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Juan Carlos Hernández-González
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A beautiful topic in its essence and content is represented by the powerful assistance of
sensing methods and techniques for automatically revealing biological agents and biological
functions in this era. This Special Issue entitled “Fundamentals of SARS-CoV-2 Biosensors”
has been mainly devoted to simultaneously integrate essential and cutting-edge discoveries
in the role of coronavirus detection and identification of molecules of immune response
as the antibodies neutralizing. This collection of papers is presented as a step towards the
development of new alternatives related to current challenges in biosensors emerging for
one of the major pandemics of this millennium up to date.

Wei Yin Lim, Boon Leong Lan and Narayanan Ramakrishnan have presented a re-
view on three particular types of biosensors employed for detecting SARS-CoV-2 based
on surface plasmon resonance effects, electrochemical measurements and field-effect tran-
sistors. Sensing principles and confrontation of the advantages and limitations of these
sensors were analyzed. The use of biorecognition elements and plasmonic nanomaterials
are proposed in order to improve the sensitivity of the biosensors [1].

Kseniya V. Serebrennikova et al. presented a lateral flow immunoassay (LFIA) includ-
ing the plasmonic advantages of gold nanoparticles and nanostructures with immobilized
antibodies and 4-mercaptobenzoic acid as surface-enhanced Raman scattering (SERS) nan-
otag. A systematic study of the compositions of SERS nanotags was carried out promoting
the acceleration of the typical response time exhibited by LFIA by the incorporation of
SERS effects in membrane immuno-analytical systems [2].

Tao Peng et al. showed an investigation about LFIA conducted by both colloidal gold
nanoparticles and copper deposition-induced signal amplification. The LFIA coupled with
the copper and gold nanostructures yield the enhancement of efficiency and sensitivity in
the biosensing processes [3].

Zhanwei Liang et al. developed a point-of-care bicolor LFIA for detecting neutralizing
(Nab) antibody against SARS-CoV-2 without sample pretreatment. It is indicated the
importance of the principle of NAb-mediated blockage on the interaction between the
receptor binding domain of the spike protein and the angiotensin-converting enzyme 2.
Red and blue latex microspheres were employed to carry out the measurement and control
lines in order to reduce the error bar usually given by monitoring and interpretation of
single-colored line data [4].

Elda A. Flores-Contreras et al. reported an analysis about comparative microfluidic
platforms employed for SARS-CoV-2 testing. The systems studied were classified according
to three different molecules to be detected, which were nucleic acid, antigens, and anti-
SARS-CoV-2 antibodies. This manuscript includes a critical report about commercially
available alternatives based on microfluidic processes [5].

Wilson A. Ameku et al. designed an electrochemical biosensor for detecting serological
immunoglobulin G (IgG) antibodies in sera against spike proteins. How the capture of
SARS-CoV-2-specific IgGs generates the formation of an immunocomplex is highlighted.
Rapid trace signatures from square-wave voltammetry and the generation of hydroquinone
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are claimed. Absence of cross-reaction between SARS-CoV-2 and Chagas disease, Chikun-
gunya, Leishmaniosis, Dengue, or new variants of SARS-CoV-2 is guaranteed by this
method [6].

Sabine Szunerits, Hiba Saada, Quentin Pagneux and Rabah Boukherroub underlined
the powerful potential of portable surface plasmon resonance systems for viral diagnostic
and monitoring. A clear review focused on modern biosensing based on surface plasmon
resonance phenomena to convert the receptor-binding event of SARS-CoV-2 viral particles
into measurable signals was developed. Advantages and details about the key roles of
plasmonics for virus particle detection as well as viral protein sensing were analyzed [7].

Geert Besselink et al. proposed a photonic integrated circuit based on an asymmet-
ric Mach–Zehnder interferometer for SARS-CoV-2 biosensing. Attractive advantages of
photonics featuring tunable and high analytical sensitivity, signal multiplexing technology,
small size, portability, and the potential for high-volume manufacturing were described.
Spike proteins, receptor-binding domain, and nucleocapsid proteins as target antigens were
experimentally tested in this work [8].

Chia-Hsuan Cheng et al. mentioned the crucial role to detect the amount of anti-
SARS-CoV-2 S protein antibodies prior to vaccination. This is regarding the fact that
vaccines, apart from inducing antibody production, could cause and adverse effects such
as myocarditis, blood clots, muscle pain and fatigue, among others. A shear-horizontal
surface acoustic wave biosensor coated with SARS-CoV-2 spike protein is presented in this
research to quantify the amount of anti-SARS-CoV-2 S protein antibodies from finger blood.
It is reported that mRNA vaccines, such as Moderna or BNT, can originate stronger effects
derived by higher concentrations of total anti-SARS-CoV-2 S protein antibodies compared
with adenovirus vaccines [9].

Kritika Srinivasan Rajsri et al. described their findings on a rapid quantitative point-
of-care serological assay for quantifying anti-SARS-CoV-2 antibodies. the potential use
of this proposed system for the timing of booster shots and measuring the level of cross-
reactive antibodies is pointed out. A lab-on-a-chip ecosystem is presented as a strategy to
easily quantitate the humoral protection against COVID-19. The design proposed includes
characteristics for the diagnostic timeline of the disease, seroconversion, and vaccination
response spanning multiple doses of immunization in just one test [10].

Nayeli Shantal Castrejón-Jiménez et al. summarized the progress and dynamic evolu-
tion of advantages and limitations concerning LFIA techniques for SARS-CoV-2 biosensors.
Advanced tools for clinical diagnostics discriminating numerous analytes, including viruses
and antibodies were explained. Central pillars for building a realistic tackling of current
challenges in diagnostic biosensors were analyzed [11].

Jose Alberto Arano-Martinez et al. elucidated a perspective to explore the future of
nonlinear optical processes and machine learning methods to improve the performance of
non-invasive biosensors. A straightforward demonstration in the effectiveness of multi-
phonic interactions assisted by machine learning, neural networks and artificial intelligence
in nonlinear systems for SARS-CoV-2 sensing is described. The impact of nonlinearities
governed with computer tools and soft computing is emphasized in biosensors suitable
for the identification of complex low-dimensional agents, viruses, or biological functions
in cells [12].

Original research, critical perspectives and panoramic discussions for envisioning new
opportunities in the direction of the progress for SARS-CoV-2 biosensors are analyzed in
each of the papers published in this Special Issue.

Author Contributions: Writing—original draft, C.T.-T. and B.E.G.-P.; Writing—review and editing,
C.T.-T. and B.E.G.-P. Conceptualization C.T.-T. and B.E.G.-P. All authors contributed equally to the
proposal and writing of this manuscript. All authors have read and agreed to the published version
of the manuscript.
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Abstract: Coronavirus disease (COVID-19) is a global health crisis caused by the severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2). Real-time reverse transcriptase-polymerase
chain reaction (RT-PCR) is the gold standard test for diagnosing COVID-19. Although it is highly
accurate, this lab test requires highly-trained personnel and the turn-around time is long. Rapid
and inexpensive immuno-diagnostic tests (antigen or antibody test) are available, but these point
of care (POC) tests are not as accurate as the RT-PCR test. Biosensors are promising alternatives
to these rapid POC tests. Here we review three types of recently developed biosensors for SARS-
CoV-2 detection: surface plasmon resonance (SPR)-based, electrochemical and field-effect transistor
(FET)-based biosensors. We explain the sensing principles and discuss the advantages and limitations
of these sensors. The accuracies of these sensors need to be improved before they could be translated
into POC devices for commercial use. We suggest potential biorecognition elements with highly
selective target-analyte binding that could be explored to increase the true negative detection rate. To
increase the true positive detection rate, we suggest two-dimensional materials and nanomaterials
that could be used to modify the sensor surface to increase the sensitivity of the sensor.

Keywords: biosensor; COVID-19 diagnosis; SARS-CoV-2; surface plasmon resonance; field-effect
transistor; electrochemical; a point-of-care device

1. Introduction

COVID-19 is an infectious disease caused by the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2). COVID-19 was first reported in Wuhan, China in December
2019 and spread rapidly across the world [1,2]. On 11 March 2020, the World Health
Organization (WHO) declared the global spread of the novel coronavirus a pandemic and
alerted the world to prepare for widespread community transmission [3]. Unfortunately,
the transmission rate of SARS-CoV-2 is greater than the coronavirus for the severe acute res-
piratory syndrome (SARS) and the Middle East respiratory syndrome (MERS) in 2002 and
2012, respectively. COVID-19 was the leading cause of death in 2020 owing to the highly
contagious and pathogenic coronavirus SARS-CoV-2. Although various vaccines have been
developed and administered in various countries, the pandemic is still ongoing due to the
emergence of multiple SARS-CoV-2 variants, particularly the Delta variant, which is much
more transmissible. Up to 31 July 2021, there have been more than 197,252,280 confirmed
COVID-19 cases globally, with 4,210,452 associated deaths [4].

The SARS-CoV-2 virus rapidly multiplies in the body tissues and triggers the immune
system. The symptoms of COVID-19 may appear 2–14 days after exposure to the virus,
ranging from mild fever to severe symptoms requiring hospitalization, such as difficulty
breathing or shortness of breath [5]. To date, several biomarkers can be used for the
detection of SARS-CoV-2: viral nucleic acid (single-stranded ribonucleic acid, RNA), viral
protein antigen (spike (S) or nucleocapsid (N)) and antibodies (IgM, IgG or IgA) [6,7].
In general, diagnostic tests for COVID-19 fall into two main categories: viral tests that

Biosensors 2021, 11, 434. https://doi.org/10.3390/bios11110434 https://www.mdpi.com/journal/biosensors5
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detect viral nucleic acid and protein antigens, and serological tests that detect anti-SARS-
CoV-2 immunoglobulins [8]. The viral nucleic acid and antigen detection tests are used to
assess the early stages of active infection, while the antibody tests provide evidence of the
previous infection (recovery phase) [9].

Real-time reverse transcription-polymerase chain reaction (RT-PCR) targeting the
SARS-CoV-2 RNA is the reference standard diagnostic test for COVID-19. The method is
based on the reverse transcription of the viral RNA into complementary DNA (cDNA),
followed by isothermally amplifying the specific regions of cDNA and detection by quanti-
tative RT-PCR [10,11]. Although the RT-PCR test has high true positive and true negative
detection rates, it is laborious, which leads to a long turn-around time from sample collec-
tion to test results. The lengthy RNA isolation steps (which takes approximately 2–4 h)
requires highly trained manpower. RT-PCR testing becomes challenging if there are reagent
shortages and a large number of samples. PCR tests are therefore not suitable for re-
mote or resource-limited settings. Moreover, false negatives may arise if the sample is
collected before the onset of symptoms or due to inadvertent contamination of reagent or
specimen [12–14].

To address these limitations, rapid diagnostic tests based on antigen or antibody
detection in respiratory samples (e.g., sputum, saliva, throat swab) or blood can pro-
vide timely detection at or near the point of care (POC) without the need for sophis-
ticated laboratory facilities. These rapid tests have numerous benefits over the labora-
tory test, including rapidity of results (within 30 min), lower cost, easy to operate and
suitable for large-scale screening outside the laboratory without the need for specialist
operators [15–17]. Rapid antigen test is useful for early detection of active infection with a
high viral load of SARS-CoV-2. The viral antigen usually appears within a few days after
the onset of symptoms before the production of antibodies. A rapid antibody test is more
suitable during the convalescent phase of the disease. The prevalence of antibodies in the
human blood serum of individuals suspected of being infected with SARS-CoV-2 may take
several days or weeks to develop after exposure to the virus. Immunoglobulin M (IgM)
will be produced after three to six days of infection and immunoglobulin G (IgG) will be
detectable after eight days of infection [18,19]. The Board Decision on Additional Support
for Country Responses to COVID-19 has approved 47 and 48 types of rapid SARS-CoV-2
antibody and antigen diagnostic tests, respectively, for home use [20]. However, although
these rapid POC tests have high true negative rates, the true positive rates are lower than
the RT-PCR test [15,21,22]. The WHO acceptable minimum true positive and true negative
rates are 80% and 97%, respectively [23].

Biosensors, which satisfy the WHO’s ASSURED criteria: Affordable, Sensitive, Specific,
User-friendly, Rapid and Robust, Equipment-free, and Deliverable to end-users [24–26],
are potential alternatives to the rapid POC antigen and antibody tests. A biosensor is an
analytical device consisting of a biological element (e.g., nucleic acids, enzymes, antibodies,
whole cells, or receptors) combined with a transducer for the detection of an analyte.
The biological element binds the analyte of interest to the biosensor, and the transducer
measures the interaction between the analyte and recognition element and converts the
output to a measurable signal proportional to the analyte concentration [27–30]. With
the integration of a suitable microfluidic platform and necessary mechanical enclosure, a
biosensor can be translated into a POC system, where the sample collection and testing can
be performed in the same device [31].

A variety of biosensors have been developed for real-time diagnostic of COVID-19,
including surface plasmon resonance (SPR)-based biosensors, electrochemical biosensors
and field-effect transistor (FET)-based biosensors. These biosensors have been successfully
tested in proof-of-concept studies. However, none of the sensors have been translated into
a POC device for commercial use yet. In this paper, we review the most recently developed
SPR-based, electrochemical, and FET-based biosensors for SARS-CoV-2 detection. We
explain how these sensors work, and discuss their advantages and limitations. Finally,
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we propose strategies to enhance the sensing performance of these biosensors to meet the
WHO minimum requirement for true positive and negative detection rates.

2. Latest Developed Biosensors for COVID-19

Compared to time staking laboratory tests, a biosensor with fast response and high
accuracy in the form of a point-of-care device would be an excellent aid for the early
diagnosis of SARS-CoV-2 infection. As shown in Figure 1A, generally a biosensor comprises
of biosensing elements such as nucleic acids, enzymes, or antibodies that can interact with
the target analyte in the form of biological or chemical sample, a transducer that can
convert the changes in the biosensing element to an electrical signal, and an amplifier and
necessary electronic system to process the electrical signal to digitise the output [27,32].
The COVID-19 outbreak has spurred the development of various types of biosensors with
different biosensing platforms that can be used for the diagnosis of COVID-19.

Figure 1. (A) Schematic diagram of a biosensor. (B) Structure and function of SARS-CoV-2 virus. The main four viral
surface proteins are Spike (S), Envelope (E), Membrane (M) and nucleocapsid (N). S protein contains the receptor-binding
domain (RBD) that recognises the host cell receptor, i.e., the human angiotensin-converting enzyme 2 (ACE2). E protein
contributes to the assembly and morphogenesis of virions. M protein, which is embedded in a lipid bilayer, is responsible
for the release of nutrients at the transmembrane and form the viral envelope. N protein binds to the RNA genome to form
the nucleocapsid. **Preferred target analyte used for current COVID-19 biosensor development.

SARS-CoV-2 contains four structural proteins, spike (S), membrane (M), envelope
(E) and nucleocapsid (N) proteins, as shown in Figure 1B. The S protein is composed
of two subunits S1 and S2, which are responsible for the attachment, fusion and entry
of the virus. The S1 subunit contains a receptor-binding domain (RBD) that recognises
host cell receptors and human angiotensin-converting enzyme 2 (ACE2). The S2 subunit
facilitates membrane fusion for virus entry. N proteins bind to the viral RNA genome to
form the nucleocapsid. M proteins release nutrients at the transmembrane and form the
viral envelope. E proteins are small polypeptides that are responsible for the assembly
and release of the virus. The SARS-CoV-2 viral RNA genome consists of open reading
frames (ORFs) genes, which encode a total of 16 non–structural proteins (e.g., ORF1ab
gene), and at least four structural proteins (e.g., S gene, E gene, M gene, N gene) [33,34]. For
SARS-CoV-2 detection, three types of diagnostic tests—on nasopharyngeal swab, throat
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swab, blood and saliva samples—have been widely used based on (i) virus detection—
hybridisation between sequence complementary (capture probe) to the target RNA genome,
(ii) antigen protein detection—interaction of monoclonal antigen-specific antibody and
virus antigen protein and (iii) antibody detection—interaction of recombinant antigen
and target neutralising antibody. As described in the following sections, the current
development of biosensors employs these approaches to target SARS-CoV-2 RNA genome
(ORF1ab gene, RNA-dependent RNA polymerase (RdRP) gene, S gene, N gene) [35–38],
specific antigen protein (S protein (S1 subunit/RBD), N protein) [39–42] and neutralising
antibody (IgM, IgG) [35,43].

2.1. Methodology Used in Review Process

We followed the Preferred Reporting Items for Systematic Review and Meta-Analysis
(PRISMA) guidelines for the review process. We searched the Web of Science and LENS.
ORG databases using these keywords: COVID-19, SARS-CoV-2 and Biosensor, for articles
dated from 1 January 2020 to 17 May 2021. A total of 439 articles were retrieved from
this comprehensive search. Removal of duplicate and non-journal articles reduced the
total to 297 articles. Subsequent screening excluded 143 review articles. Further exclusion
of articles not related to three well-established biosensors: surface plasmon resonance,
electrochemical and field-effect transistor-based sensors, reduced the total to 15 articles. We
require at least experimental proof of concept of SARS-CoV-2 detection for the SPR-based,
electrochemical and FET-based biosensors; therefore, we did not further exclude articles
that did not report the validation of the sensors in the lab, i.e., report true positive and
negative detection rates.

In the following sections, we explain how the three biosensors work and discuss their
advantages and limitations. Table 1 presents the summary of these latest biosensors.

2.2. Surface Plasmon Resonance (SPR)/Localised Surface Plasmon Resonance (LSPR) Biosensor

Surface plasmon resonance (SPR) is a well-known sensing technology used for char-
acterising kinetics of ligand–receptor interactions and these types of sensors offer unique
real-time and label-free measurement capabilities with high detection sensitivity [44–46].
Figure 2A shows a typical SPR biosensor configuration where biorecognition elements,
such as antibodies, are immobilised on the surface of a thin gold film. Surface plasmons
are charge density oscillations that propagate along the metal-dielectric (sensing-medium)
interface. They are excited by light (monochromatic) that is incident on the metal through
a prism (in the prism coupling method) at a particular incident angle, called the resonance
angle. Because some energy of the incident light is absorbed by the surface plasmons, the
intensity of the reflected light is reduced at the resonance angle. When a sample in liquid
form is allowed to flow across the sensor surface, the target analytes in the sample are
captured by the immobilised biorecognition elements resulting in a change in the refrac-
tive index (RI) of the sensing medium, which shifts the resonance angle, as depicted in
Figure 2B. This shift is proportional to the change in analyte mass on the gold film. In SPR
imaging (SPRi), the reflected light is imaged using a charge-coupled device (CCD) [47,48].
In another type of SPR configuration known as localised SPR (LSPR), where the thin gold
film is replaced by metallic nanoparticles, light incident on the nanoparticles excites co-
herent oscillations of the electron cloud around each particle, which is called a localised
surface plasmon (LSP). Resonance occurs when the frequency of the light matches the LSP
oscillation frequency. The analyte detection method is similar to conventional SPR [49,50].
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Figure 2. (A) Typical Surface Plasmon Resonance (SPR) configuration, (B) Resonance angle after antibody immobilisation
on sensor surface (θ′SPR) and after analytes bind with immobilised antibodies (θ”SPR). The resonance angle shift is
θ”SPR—θ’SPR.

2.2.1. SPR/LSPR Biosensor for COVID-19

SPR and LSPR technologies have been explored for detecting the SARS-CoV-2 virus.
Recent reports on these types of sensors show promising sensitivity with fast and reliable
detection. In one of the recent works, a two-dimensional heterostructure, PtSe2/Graphene,
was attached to the gold film of the SPR sensor—the sensor configuration is shown in
Figure 3A. The sensing region comprises three different ligand-analyte modes: (i) the
monoclonal antibodies (mAbs) as ligand and the SARS-CoV-2 virus spike RBD as analyte,
(ii) the virus spike RBD as ligand and the virus anti-spike protein (IgM, IgG) as the analyte
and (iii) the specific RNA probe as ligand and the virus single-stranded RNA as analyte [35].
The sensor employed BK7 type prism glass, which generates stronger surface plasmon
waves at the metal-dielectric interface. The hetero-structure (PtSe2/Graphene) provided
an increased surface area for better adsorption of the target analyte, and hence enhanced
sensitivity of the sensor. Graphene’s high conductivity, large surface area and chemical
stability improved interaction between the target analyte and the ligand [51]. It was
observed that the sensitivity tend to increase by (1 + 0.55) × L times for an increase
of L number of graphene layers [35]. Using multiple graphene layers is promising in
detecting different analytes such as virus spike RBD, antibodies (IgG or IgM) and viral
RNA with a detection sensitivity of 183.33◦ RIU−1, 153.85◦ RIU−1 and 140.35◦ RIU−1 in SPR
angle, respectively.

SPRi-based biosensors for detecting SARS-CoV-2 have also been developed. These
sensors follow the principles of SPR and have been utilised to study binding kinetics
between biomolecular species in the past [52–54]. SPRi assay was used for quantitative
measurement of IgG, IgM and IgA antibodies binding to the RBD spike protein in serum
sample [43]. RBD is an ideal target for blocking and neutralisation therapies. This is
because viral infection occurs when the S protein on SARS-CoV-2 recognises and binds to
the ACE2 receptor on the human host cell through its RBD [55]. Hence, this assay is ideally
suited for monitoring the concentration of anti-RBD antibodies of both COVID-19 patients
and healthy people who are vaccinated against SARS-CoV-2.
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Figure 3. SPR and LSPR biosensor for SARS-CoV-2 detection. (A) Graphene-based multiple-layer coated
(Bk7/Au/PtSe2/Graphene) SPR biosensor. Reprinted with permission from [35]. (B) Dual-functional PPT enhanced LSPR
biosensing system. Reprinted with permission from [37]. Copyright 2020, American Chemical Society. (C) Thermoplasmonic-
assisted dual-mode transducing (TP-DMT) biosensing system. Reprinted with permission from [38]. Copyright 2021,
American Chemical Society.

Qiu and co-workers [37,38] demonstrated photothermal-assisted plasmonic sensing
(PTAPS) for SARS-CoV-2 detection. Their biosensing device, as shown in Figure 3B, utilises
LSPR for the detection of unamplified SARS-CoV-2 [37]. Two-dimensional gold nano-
islands (AuNI) played the roles of nanoabsorber, nanoheater and nanotransducer. In this
dual-functional system, AuNI functionalised with cDNA receptors were used to detect
SARS-CoV-2 RNA through nucleic acid hybridisation. The entire AuNI sensing surface
functionalised with a sufficient amount of thiol-cDNA receptor increased sensitivity and
inhibit non-specific binding. Non-radiative decay of the resonantly-excited LSPs produces
heat that is localised near the AuNI [56]. This plasmonic photothermal (PPT) effect aids
the in-situ hybridisation of the RdRp-COVID sequence and its cDNA for SARS-CoV-2
detection. With the use of localised PPT heating, false positive is minimised as the im-
perfectly matched sequences have difficulty remaining attached to the probe. This LSPR
sensor has a detection limit of 0.22 ± 0.08 pM but is highly specific in discriminating the
SARS-CoV-2 sequence from similar RdRp-SARS sequence.

Qiu et al. [38] extended the previous PTAPS method by introducing a novel concept
of thermoplasmonic-assisted dual-mode transducing (TP-DMT), as shown in Figure 3C.
This dual-mode system combines (1) an amplification-free direct viral RNA detection and
(2) an amplification-based cyclic fluorescence probe cleavage (CFPC) detection to pro-
vide self-validating biosensing readout for quantifying the SARS-CoV-2 sequences within
30 min. The first LSPR signal was based on the hybridisation between the target viral
sequences and the functionalised thiol-DNA receptors. The amount of captured sequence
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is directly proportional to the virus concentration in the sample, and the limit of detection
(LOD) was as low as 0.1 ± 0.04 pM. In the CFPC detection, endonuclease IV (site-specific
nuclease) was utilised to cleave the apurinic/apyrimidinic (AP)-site modified fluorescent
probe from the target viral sequence under local PPT heating. The released fluorescent
probe was used to quantify the concentration of the virus, which improved the LOD to
0.275 ± 0.051 femtomolar (fM). This dual-mode sensing method employed two interde-
pendent yet different tests on the AuNI chip, and provides two sensitive readouts of viral
sequence to yield remarkably low limits of detection in pM and fM, respectively. When
the final readout of the direct viral hybridisation detection exhibited a weak response, the
CFPC method was used for verification and it could even detect a trace amount of virus in
the sample.

2.2.2. Advantages and Limitations

The SPR-based biosensors we have reviewed for SARS-CoV-2 detection have good
sensitivity and reusability. However, they lack selectivity and the refractive index of
the biosensors are also affected by temperature, non-specific or specific adsorption on
the sensor surface, and changes in buffer concentrations [57]. Hence, the sensor surface
needs to be modified with a ligand (e.g., antibody, DNA probe) to selectively capture the
target analyte.

On the other hand, SPR-based biosensors allow the integration of nanostructures
or nanoparticles to enhance the detection sensitivity [58,59]. The extent of improvement
depends strongly on the shape of the nanostructure and the type of metal used [49,59,60].
As mentioned in the previous section, two-dimensional heterostructure [35] and
AuNIs [37,38] attached to the gold film in the sensor exhibited maximum sensitivity
of 200◦ RIU−1 and detection of sample analytes at an ultra-low concentration in the range
of pM and fM, respectively. SPR-based sensors allow the tailoring of the sensing medium
to improve sensor performance and sensitivity by using multi-layers for the medium or
altering the medium thickness [61,62].

However, plasmonic virus detection from clinical specimens is still limited due to
surface fouling of the receptor surface and interference of non-specific bindings. Surface
fouling limits the application of plasmonic biosensors by blocking recognition element
immobilisation and specific binding [63]. It can be prevented by selecting the appropriate
sample dilution ratio or the design of ultra-low fouling surfaces with anti-fouling strategies
using polymer-based surface chemistry or zwitterionic technology [64,65].

Biosensors with good reusability are highly desirable because it lowers the cost per
test. The solvent environment is a key parameter that determines the binding of antibody-
antigen. The reversible non-covalent interaction between antibody and antigen can be
disrupted by high salt concentration, extreme pH and detergents [66]. Hence, chemical re-
generation is the most widely used approach to regenerate the sensor by chemically altering
the solvent environment with a regeneration solution (e.g., acid/base, detergent, glycine or
urea). SPR sensor could be chemically regenerated for SARS-CoV-2 detection [67].

2.3. Electrochemical Biosensor

Electrochemical biosensors are known for their small size, cost-effectiveness, ease of
use and fast response. These types of sensors are extensively used in the development
of point of care devices for diagnosing viral infections [68,69]. Among the electrochemi-
cal techniques, screen-printed electrode (SPE) technology has aided the development of
portable sensors considerably as it provides miniaturised but robust and user-friendly
electrodes at low production costs [70,71]. Figure 4 shows a typical configuration of an
SPE-based electrochemical sensor employing a three-electrode system: a reference elec-
trode, a counter electrode and a working electrode transduction element for biochemical
reaction. The working electrode surface of SPE can be easily modified to immobilise specific
biorecognition elements, such as an antibody to target the analyte. The antibody-antigen
interaction on the electrode surface is transduced into a measurable electrical quantity.
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Alternatively, the catalytic reaction of a signal probe (e.g., enzyme), which labels the detec-
tion antibody, forms an electroactive product that releases electrons, which are transduced
as a measurable electrochemical signal. The electrochemical measurement can be one of
the following: (1) potentiometric-based, (2) amperometric-based, (3) conductometric or
impedimetric-based [72,73] to determine the concentration of analyte in a sample. The
SPE-based sensor can be integrated with a portable instrument (e.g., potentiostat) or reader
(e.g., computer or a smartphone) [74] for digital processing.

Figure 4. Screen-printed-electrode based electrochemical biosensor. Typical interactions on the
working electrode among the biorecognition element, target analyte and detection antibody labelled
with an enzyme. As shown, the enzyme oxidises an enzymatic substrate to produce an electroactive
product that releases electrons, which are transduced as a measurable electrochemical signal.

Compared to conventional electrode materials (e.g., glassy carbon or carbon paste
electrodes), SPEs have the advantage of cost, disposability, size and do not require elec-
trode polishing prior to electrochemical detection. Because of its compact size, SPE only
requires a small reagent volume for assay, as low as a few μL. This makes the SPE-based
electrochemical biosensor a potential tool for on-site measurement in remote regions with
limited resources. Moreover, the electroanalytical performance and sensitivity of the sensor
can be enhanced by modifying the SPE working electrode surface with nanomaterials such
as gold nanoparticles, graphene and carbon nanotubes to increase the electroactive area
of the electrode for further immobilisation of biomolecules such as antibodies, protein
or nucleic acid [75–77]. Graphene are two-dimensional carbon nanomaterials, in which
the carbon atoms are positioned in a hexagonal honeycomb lattice [78], whereas carbon
nanotubes are an allotropic form of carbon that can be rolled up into cylindrical tubes (e.g.,
single-walled or multi-walled) [79]. They possess characteristic properties of large surface
area and excellent electrical conductivity. Hence, they are used as an electro modifier to
promote electron transfer between a target analyte and electrode and thereby achieve high
detection sensitivity [80,81].

2.3.1. Electrochemical Biosensor for COVID-19

Rural communities bear a higher burden from the COVID-19 outbreak due to limited
healthcare resources. The RT-PCR diagnostic method is costly and complicated in proce-
dures, which makes it unsuitable for the low-resource area. Disposable electrochemical
biosensors based on SPEs are promising alternatives for rapid, affordable, direct detection
of SARS-CoV-2 at the point of care.
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Figure 5A shows a recent graphene-based SPE sensor, which is functionalised with
a monoclonal anti-spike antibody for detecting SARS-CoV-2 spike antigen. The sensor
detected spike protein in a saliva sample, by using square wave voltammetry (SWV) to
measure the change of the ferri/ferrocyanide signal, in about 45 min. The ferri/ferrocyanide
couple was used as a redox probe and the electrochemical detection was achieved by
measuring the peak current of the ferro/ferricyanide redox after the biomolecular binding
event on the sensing surface. The peak current is reduced because the target analyte
prevented the redox probe from contacting the conductive surface [82]. The LOD of this
sensor for spike protein was 20 μg mL−1. However, its sensitivity is lower compared to
laboratory ELISA tests, which can detect as low as 3 ng mL−1 [39].

In another approach, magnetic beads (MBs)-based immunoassay is coupled with elec-
trochemical detection for viral RNA and antigen detection with high sensitivity. MBs have
the potential to reduce the incubation time from hours to minutes and is easily separated
from a complex matrix under the action of an external magnetic field; therefore non-specific
adsorption is almost negligible [83,84]. Fabiani et al. presented an electrochemical biosen-
sor by combining MBs-based immunoassay and SPE, modified with carbon black, with a
portable potentiostat as a reader for SARS-CoV-2 detection in saliva (Figure 5B) [40]. In the
MBs-based immunoassay, target protein (S or N protein) in the untreated saliva sample was
selectivity captured by the respective monoclonal antibody–bound MB and sandwiched
by the respective polyclonal antibody. A secondary antibody attached to the polyclonal
antibody is labelled with an alkaline phosphate enzyme. In the electrochemical detec-
tion, the labelled beads were drop cast on the working electrode of SPE with 1-naphthyl
phosphate to induce the formation of enzymatic by-product 1-napthol. The enzymatic
reaction (enzymatic by-product) was electrochemically measured via differential pulse
voltammetry (DPV) using a portable potentiostat. The sensor was tested using 24 clinical
samples (positive and negative); the true positive rate was 100% and the true negative
rate was 88.2% for detecting the S protein. The sensor required 30 min for reaction and
exhibited the lowest detection limit of 19 ng mL−1 for S proteins and 8 ng mL−1 for N
proteins, respectively. However, repeated incubation and washing steps are required to
perform the MBs-based immunoassay prior to the electrochemical detection.

Chaibun et al. developed an ultrasensitive electrochemical biosensor (as shown in
Figure 5C) based on multiplex isothermal rolling circle amplification (RCA) for rapid
detection of viral N and S genes of SARS-CoV-2 [36]. The sensor works on a one-step
strategy comprised of mixing capture probe-conjugated magnetic bead particle (CP-MBs),
silica reporter probe (silica nanoparticles coated redox dye), and the target (viral N and
S genes) in a single hybridisation step, followed by a single washing step. The sandwich
hybridisation of RCA amplicons with probes that are functionalised with redox-active
labels (e.g., methylene blue for N gene and acridine orange for S gene) was detected
by DPV. The redox-active reaction could detect as low as 1 copy μL−1 of viral N or S
genes in less than 2 hours. Moreover, the use of magnetic capture and separation of
targets from non-targets reduces the chance of residual contamination and pipetting error,
thereby reducing the risk of erroneous results and improving the assay precision [85]. The
potentiostat is a key component for reading electrochemical signals, but the traditionally
large and expensive bench-top versions limit its use in resource-limited environments.
Hence, a portable potentiostat was developed and used, in conjunction with a computer,
for electrochemical measurement at the point of use.

The smartphone is the most widely used portable device in the world. It is equipped
with powerful connectivity features and researchers have explored the use of smartphones
as a wireless diagnostic tool [74,86]. A portable potentiostat with wireless connectiv-
ity to a smartphone would facilitate electrochemical analysis at the point-of-use, where
access to a computer or wired connection to a device is difficult or impossible [87]. A
smartphone-based supersandwich-type electrochemical biosensor was demonstrated as
shown in Figure 5D for SARS-CoV-2 RNA detection without nucleic acid amplification
and reverse-transcription [88]. The assay employed for sensing utilised two different kinds
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of primer A and B. The former contains Au@Fe3O4 nanocomposites, the capture probe
(CP) and 1 mM hexane-1-thiol (HT). The latter contains Au@p-sulfocalix[8]arene(SCX8)-
toluidineblue(TB)-graphene(RGO) nanocomposites, the labelled probe (LP) and the auxil-
iary probe (AP). Primer A and then B are mixed with the target for 1 h and 2 h, respectively.
Subsequently, the sandwich structure formed was dropped on the SPE for electrochem-
ical measurement of TB signal by a smartphone in less than 10 s. TB is a basic thiazine
metachromatic dye with a high affinity for nucleic acids, thereby staining tissues with a
high DNA and RNA content [89]. This method requires a long incubation time of about 3 h
for the formation of sandwich structure and more than 12 h for the preparation of primer A
and B. For detection of SARS-CoV-2 in clinical specimens, the true positive rate was 85.5%
and 46.2% for confirmed and recovered patients, respectively. The sensor does not require
RNA amplification and it only requires two copies of SARS-CoV-2 for an assay, which is
advantageous compared to the existing PCR-based RNA assay. The detection limit of the
tested samples was found to be 200 copies mL−1.

Figure 5. Electrochemical biosensor for SARS-CoV-2 detection. (A) Graphene-based electrochemical biosensor. Reprinted
with permission from [39]. (B) MBs-based electrochemical biosensor. Reprinted with permission from [40]. Copyright 2020,
Elsevier B.V. (C) Electrochemical biosensor with RCA of the N and S genes. Reprinted with permission from Lertanantawong,
B (2021). Copyright 2021 Springer. (D) Smartphone-based supersandwich-type electrochemical biosensor. Reprinted with
permission from [88]. Copyright 2021, Elsevier B.V.
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A few other recently reported works utilised modified screen-printed electrodes with
nanostructured materials, as depicted in Figure 6A, to enhance the detection of SARS-
CoV-2 spike protein and glycoprotein. In [90], an electrochemical biosensor was fabricated
using disposable carbon-based SPE, where the electrode surface was modified with Cu2O
nanocubes. IgG anti-SARS-CoV-2 was attached to staphylococcal protein A (Prot A) that
was loaded on the surface (Figure 6B). The larger surface area of the nanocubes provided
more active sites to bind IgG and hence allowed more SARS-CoV-2 to be detected. The
biosensor exhibited a LOD of 0.04 fg mL−1, and it was 100% successful in detecting true
positive and negative samples, based on 16 clinical samples. In [91], the carbon electrode
surface was modified with carbon nanofibers (CNF), followed by immobilisation of N
protein and antibody for N protein, as depicted in Figure 6C. The CNF not only increased
the surface area for more active sites for binding but also allowed a direct collection of
nasal samples. The LOD of the sensor was 0.8 pg mL−1 for SARS-CoV-2 N protein antigen.
In [92], the SPE surface was modified with graphene oxide and gold nanostars, and S spike
glycoproteins were used to detect SARS-CoV-2 (Figure 6D). Based on 100 clinical samples,
the LOD was 1.68 × 10−22 μg mL−1 and the true positive and negative rate was 95% and
60%, respectively.

 

Figure 6. (A) Surface modification of screen printed electrodes with nanostructured materials (B) Electrochemical im-
munosensor with Cu2O nanocube coating for the detection of SARS-CoV-2 spike proteins. Bovine Serum Albumin (BSA)
is used as a blocking agent. Reprinted with permission from Roushani, M (2021). Copyright 2021 Springer. (C) Cotton-
tipped electrochemical immunosensor for the detection of virus nucleocapsid (N) protein. Reprinted with permission [91].
Copyright 2021, American Chemical Society. (D) Electrochemical diagnostic kit for the detection of SARS-CoV-2 S spike
glycoproteins. Glycoproteins can be traced through the oxidation signals of gold nanostars, which are deposited on the
surface of the modified electrode. Reprinted with permission [92]. Copyright 2021, Elsevier B.V.

15



Biosensors 2021, 11, 434

2.3.2. Advantages and Limitations

The reviewed electrochemical sensors based on SPEs for SARS-CoV-2 detection show
excellent portability, with true positive rates ranging between 46.2% and 100%. Typically,
commercially available SPEs were used as they are easy to use and disposable. The most
commonly used material for the assembly of the working electrode of SPE is carbon, gold
and platinum ink. SPEs modified with a range of nanoparticles or nanomaterials are
also commercially available. The modification of the sensing surface with a large active
surface area (e.g., gold nanoparticles, graphene, carbon nanotubes) increases the number
of immobilised biorecognition elements and thus the number of available analyte binding
sites, which increases the detection sensitivity of the biosensor. Compared to conventional
glassy carbon or carbon paste electrodes, SPEs do not require electrode polishing and
electrochemical pre-treatment by electro-deposition. Furthermore, potentiostats are already
available in miniaturised formats, which enable on-the-spot or point-of-care applications.

At present, saliva tests offer a promising alternative to nasopharyngeal swabs for
COVID-19 diagnosis, since collecting saliva is non-invasive and easy to self-
administer [93,94]. However, differences in the sample collection methods—such as cough
out (without sputum), split (exclude bubbles) or drooling—can affect the salivary com-
position and sensitivity to SARS-CoV-2. Consequently, the matrix effect may result in an
inaccurate measurement for viscous saliva without any pre-treatment (e.g., dilution with
phosphate buffer). However, high dilution of saliva samples with low viral content may
lead to a false-negative result. Recently, spike protein detection in saliva samples using an
electrochemical biosensor was proposed in [39,40]. It was suggested in [40] that using fresh
saliva sampled after drinking a glass of water obviates the need for sample pre-treatment.

2.4. Field Effect Transistor (FET) Biosensor

As shown in Figure 7A, a typical FET-based biosensor consists of a semiconductor
substrate with three terminals: (1) the source, (2) the drain and (3) reference or gate in
contact with an electrolyte. The source and drain terminals are attached to the semi-
conducting substrate and a thin oxide layer (insulator) is deposited between these two
terminals. Generally, biorecognition elements such as antibodies are immobilised on the
oxide layer (sensor surface) to complete the biosensor construction. When a bias voltage
is applied across the gate, an electric field is generated and charge carriers flow in the
semiconductor channel from the source electrode to the drain electrode. The direction of
current depends on the type of channel, either p-type or n-type [95]. The target molecules
(e.g., protein, nucleic acid) usually carry charges and they will affect the current when
they are bound to the recognition elements immobilised on the sensor surface. The current
can thus be monitored as a function of time to detect the target molecules. For the p-type
channel, negatively charged target molecules captured by the biorecognition elements
accumulate positive charge carriers (holes) in the channel, which increases the current as
depicted in Figure 7(Bi). Conversely, if positively charged target molecules bind with the
biorecognition elements, the holes are depleted and the current is decreased as depicted
in Figure 7(Bii). Different types of nanomaterials can be deposited on the sensor surface,
such as silicon nanowires [96,97], carbon nanotubes [98–100] and graphene [42,101–103],
for detecting a variety of biological analytes such as proteins, nucleic acids, ions and small
molecules, respectively.
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Figure 7. (A) Field-effect transistor (FET)-based biosensor with a p-type semiconductor channel.
(B) (i) Negatively charged target molecules captured by the biorecognition elements accumulate
positive charge carriers (holes) in the channel, which increases the current from the source to the
drain electrode. (ii) If positively charged target molecules bind with the biorecognition elements, the
holes are depleted and the current decreases.

2.4.1. FET Biosensor for COVID-19

Attachment of carbon-based two-dimensional materials and nanotubes (CNTs) on
the surface of FET biosensors have been explored to enhance the detection of the target
analyte. CNTs and graphene-based FETs have shown high sensitivity in detecting small
concentrations of target analyte [104,105].

Recently, a FET biosensor was developed by depositing SARS-CoV-2 spike pro-
tein and anti-nucleocapsid protein antibodies functionalised single-walled carbon nan-
otube (SWCNT) on the sensor surface to detect complimentary SARS-CoV-2 antigens
(Figure 8A) [99]. Based on 28 positive samples, the SWCNT-based FET biosensor exhibited
a true positive rate of 82.1% and 53.6% for detecting spike protein and nucleocapsid pro-
tein, respectively. Based on 10 negative samples, the true negative rate was 70% for both
proteins. Overall, the SWCNT-based FET sensor exhibited excellent sensitivity with a LOD
of 0.55 fg mL−1 and 0.016 fg mL−1 in detecting spike protein and nucleocapsid protein,
respectively [99]. The sensor has the potential to be used as a rapid SARS-CoV-2 antigen
test using clinical nasopharyngeal samples, without pre-processing, in less than 5 min.

In another approach, SARS-CoV-2 spike protein antibodies were functionalised on
graphene sheets, which were then deposited on the sensor surface. This graphene-based
FET biosensor is depicted in Figure 8B. The sensor was able to detect the SARS-CoV-2 spike
antigen protein down to fg mL−1 in phosphate-buffered saline samples or clinical transport
medium and with a LOD of 2.42 × 102 copies mL−1 in clinical samples, at a response rate
between 0 and 400 s [42].

However, for viral detection of SARS-CoV-2, the RNA probe is required to detect the
presence of complementary nucleic acid sequences (target sequences). To fulfil this need,
recently a liquid gated CNT network FET was fabricated on a flexible Kapton film [100],
as shown in Figure 8C. The sensor was able to selectively detect a portion of the SARS-
CoV-2 RNA through hybridisation. Here, the reverse sequence of the RNA-dependent
RNA polymerase gene of SARS-CoV-2 was immobilised onto the CNT sidewalls. The RNA
hybridisation was used as the primary signal generator and the liquid gated CNT network
FET was used as the signal transducer. The biosensor showed a selective sensing response
to the target sequence with a LOD of 10 fM.
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Figure 8. Field-effect transistor biosensor for COVID-19 detection. (A) SWCNT-based FET biosensor. Reprinted with
permission from [42]. Copyright 2020, American Chemical Society. (B) Graphene-based FET biosensor. Reprinted with
permission from [99]. Copyright 2021, American Chemical Society. (C) CNT-based FET fabricated on a flexible Kapton
substrate. Reprinted with permission from [100]. Copyright 2021, Elsevier Ltd. (D) PMO-functionalised Graphene-FET
biosensor. Reprinted with permission from [106]. Copyright 2021, Elsevier B.V.

In another remarkable FET biosensor, gold nanoparticles (AuNP) decorated graphene
sheets and phosphorodiamidate morpholino oligos (PMO) probes were employed on the
sensor surface for ultrasensitive and rapid SARS-CoV-2 detection (Figure 8D) [106]. The
PMO probe is usually 25 bases in length, and they bind to complementary sequences of
RNA or single-stranded DNA according to standard nucleic acid base-pairing [107]. The
PMO enabled direct detection of SARS-CoV-2 RNA through the hybridisation between
the PMO probe and SARS-CoV-2 RdRp without the need for further PCR amplification.
For clinical readiness, an FET biosensor needs to have good reusability [108]. For SARS-
CoV-2 RdRp detection, this sensor can be chemically regenerated for reuse by denaturing
the PMO-RNA duplex with 8.3 M urea solution for 5 min. The high surface-area-to-
volume ratio of AuNP, high conductivity of graphene, and high density of neutral PMO
immobilisation provided more responsive testing than using charged oligonucleotide
capture probe (e.g., single-stranded DNA probe) [106] for RNA detection. The sensor
accuracy was analysed with a receiver operating characteristic (ROC) curve and it achieved
an AUC of 0.995.

2.4.2. Advantages and Limitations

Overall, the FET-based sensor provides fast detection and low LOD and does not
require additional procedures for labelling during sample preparation. It is low cost,
small in size and simple to operate. Nevertheless, the device sensitivity could be further
improved, especially at a high concentration of sample analyte as the total number of
antibodies anchored on the surface is limited by the small sensor size [109]. Non-specific
interaction and screening effect could also diminish response and sensitivity [110]. To
prevent non-specific binding, a blocking reagent (e.g., BSA or polyethylene glycol) is
required to block the un-reacted active sites, or a covalent coupling (e.g., amide bond) is
required to attach the antibody to the sensor [111,112].
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The Debye length problem remains an entrenched obstacle [113,114]. A layer of ions in
the electrolyte above the sensor surface effectively ‘shields’ or ‘screens’ the analytes from the
charge carriers in the semiconductor channel. The thickness of this layer is called the Debye
length [111]. As shown in Figure 9A, the Debye length under physiological conditions (in
10 mM phosphate buffer saline (PBS) solution) is close to 0.7 nm [115], which is smaller
than the size of antibody receptor molecules immobilised on the sensor surface, which are
generally 10–15 nm in size [114]. It is difficult to detect analyte-binding that are beyond
the Debye length in the physiological environment. There have been attempts to address
this problem by using short antibody fragments (e.g., nanobody receptor) or aptamer
(Figure 9B), which enable the analyte to bind closer to the sensor surface and achieve a
detection limit down to the sub-picomolar range without the loss of selectivity [116].

Figure 9. (A) The Debye length increases with the reduction of buffer ionic strength. (B) Short
antibody fragments or aptamers could be used to bring the analyte-binding closer to the sensor
surface and within the Debye length.

The Debye length is proportional to the reciprocal of the ionic strength. To increase
the Debye length, the electrolyte ionic strength can be lowered by diluting the sample, but
this, in turn, dilutes the analyte concentration and may cause a change in protein structure,
resulting in the loss of protein activity and binding affinity as well. For example, in [41], the
10 mM PBS buffer was diluted to 0.01 mM, which increased the Debye length from 0.7 nm
to 7 nm, comparable to the size of the positive-charged spike protein S1 subunit antibody
(7–10 nm). However, dilution makes it difficult to detect low-abundance analytes [117,118].
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3. Strategies to Enhance the Biosensor Performance

The accuracy of the reviewed biosensors in detecting negative samples are short of
the WHO minimum of 97%. This can be improved by choosing biorecognition elements
that are highly selective in binding with the target analytes and hence cross-reactivity with
unrelated molecules can be avoided to reduce false positives. Moreover, the true positive
rate (ranging from 46.2% to 100%) of the biosensors do not all meet the WHO minimum
of 80%. This can be improved by increasing the surface area of the sensor site using
surface modification techniques to enhance the sensor sensitivity to a low concentration
of bioanalytes. These enhancement strategies for COVID-19 biosensor performance are
elaborated in the following sections.

3.1. Potential Biorecognition Elements

In general, the detection technique used in biosensors can be classified as labelled
or label-free. Labelled biosensors commonly rely on specific labels, such as enzymes
(e.g., horseradish peroxidase (HRP), alkaline phosphatase (ALP)), fluorescent molecules or
electroactive compounds, to detect analytes. The label helps in signal amplification and
increase sensing selectivity, but at the same time, it increases the overall sensor cost and
response time. On the other hand, label-free biosensors rely on biorecognition elements to
directly detect different types of analyte targets ranging from proteins to DNA and viruses.
There is a wide range of biorecognition elements—such as enzyme, antibody, nucleic acid,
aptamers, molecularly imprinted polymers—with unique characteristics for the interaction
with a specific target of interest [119,120].

In COVID-19 biosensors, antibodies and nucleic acid probes are the most common
biorecognition elements used for recognising SARS-CoV-2 biomarkers (e.g., viral pro-
teins, human immunoglobulins or viral RNA) through the formation of antigen-antibody
immunocomplex and single-stranded-DNA/oligonucleotide complementary strands com-
plexes, respectively.

In general, monoclonal antibodies are preferred for assay involving binding of a
specific antigen. These antibodies are specific to a single epitope of a target molecule,
but a slight change in conformation may lead to a dramatically reduced binding capac-
ity [121,122]. However, an alternative approach known as antibody phage display can be
employed, where the monoclonal antibodies can be engineered to improve binding affinity
with specific viral markers [123,124]. The conventional method of producing monoclonal
antibodies requires expensive experimentation with animals and labour-intensive proce-
dures. Besides high cost, the antibodies have a limited lifespan and are susceptible to high
temperature [125,126].

Alternatively, high affinity and specificity aptamers have emerged as a substitute to
monoclonal antibodies as biorecognition elements in biosensing. Aptamers are artificial
single-stranded RNA or DNA oligonucleotides that can be chemically synthesised by an
in vitro selection process called Systematic Evolution of Ligands by Exponential Enrich-
ment (SELEX) [127]. Similar to antibodies, aptamers can bind specifically to the target
based on structural recognition [127]. Furthermore, aptamers offer many advantages over
antibodies, including smaller size, long shelf-life, stable to changes in pH, temperature,
and ionic strength [128]. Compared to antibodies, aptamers have a much lower molecular
weight (6–30 KDa, 2 nm) than antibodies (150–180 kDa, 15 nm), which allows them to
bind with a wide range of potential targets such as ions, small molecules, viruses, and
proteins [129–132]. Aptamers also have high thermal stability (up to 95 ◦C), and they are
suitable for repeated use as they can be regenerated easily after denaturation [133]. In
particular, when used as a biorecognition element in FET biosensors, the smaller size and
compact structure of the aptamers allow the binding event to take place within the Debye
length, thus overcoming the Debye length limitation. The bound targets are located closer
to the sensor surface, and therefore stronger electrical signal is transduced from the binding
event [134].
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Phosphorodiamidatemorpholino oligomers (PMO) are uncharged analogues of nucleic
acids. Compared to natural nucleic acid probes, the PMO probe offers better stability and
higher binding strength owing to its neutral character [135]. RNA and DNA probes are
negatively charged in physiological conditions due to their phosphate groups on the
nucleic acid backbone. Therefore, electrostatic repulsion exists between the highly negative
charged probe and target sequence, which decreases the hybridisation efficiency. Hence,
RNA and DNA probes require high ionic strength conditions to shield their intermolecular
repulsive force for hybridisations [136]. However, PMO probes have no net charge and they
are insensitive to the ionic strength of the buffer, so they can retain their excellent binding
affinity to target nucleic acid under the condition of low or high ionic strength [137].

3.2. Potential Nanomaterials for Sensor Surface Modification

With the rapid development of nanotechnology in the past few years, various nano-
materials, such as gold nanoparticles, graphene and carbon nanotubes, have been widely
used in the design of biosensors as transduction substrates to enhance sensing performance.
Nanomaterials characteristics, such as nano-scale size, larger surface area and higher con-
ductivity, aid in signal amplification [138]. Besides that, the inherent large surface areas
of nanomaterials can enhance the loading effect caused by the bioreceptor [139], thereby
improving the sensitivity and stability of the biosensor.

In SPR-based sensors, metal nanoparticles (e.g., gold nanoparticles) have been com-
monly incorporated on the sensor surface [140,141]. As nanoparticles possess unique
physical, electronic and chemical properties, large surface area and high free surface energy,
biomolecules (e.g., antibody) are strongly adsorbed onto the surface. This improved the
SPR detection limit from the nM range to the pM range [142]. The sensitivity improvement
by nanomaterials also depends on the type of structures such as nanoshells, nanospheres,
nanorods and nanowires. Compared to other shapes, high aspect ratio nanorods (NRs)
offer a higher sensitivity to refractive index changes [143,144]. When NRs are used in
a sandwich assay format, concentrations in the fM range can be detected [145,146]. In
another strategy, dual nanomaterials (e.g., NRs and quasi-spherical nanoparticles (qsNPs))
have yielded attomolar range (aM) detection, which is about a 10-fold enhancement in
sensitivity compared to sensor employing a single type of nanoparticles [141].

In addition, two-dimensional materials such as graphene are widely used in SPR, FET
and electrochemical based biosensors. The high surface area to volume ratio and carbon-
based ring structures of graphene enhances the adsorption of biorecognition elements onto
the sensor surface [147,148]. Adding graphene-based materials on the gold film of SPR
sensors allow detection down to fg/mL of mass change [149]. Graphene and reduced
graphene oxide possess excellent electronic properties, which allow them to be used as
sensor surface material in FET [150] and electrochemical sensors [151]. Due to the excellent
electronic and adsorption properties of these materials, the LOD of the FET biosensor
reported in [147] is 1 fM and 10 fM for the detection of the Japanese encephalitis and avian
influenza virus, respectively. However, graphene yields a small current on-off ratio in
FETs, which limits its sensitivity [136]. A large on-off ratio is required to reduce static
leakage current for the sensor. To achieve this, two-dimensional semiconducting transition
metal dichalcogenides (TMDCs) (e.g., molybdenum disulfide (MoS2) nanoflakes, tungsten
disulfide (WS2) nanosheets) and black phosphorus (BP) can be explored. TMDCs have
a larger bandgap than graphene and excellent characteristics such as large surface area
and high electron transfer [152,153]. BP has adjustable band gap value and high carrier
mobility [154,155].

4. Conclusions

The recently developed SPR-based, electrochemical and FET-based biosensors for
SARS-CoV-2 detection we have reviewed are promising alternatives to currently available
point of care (POC) tests. However, in addition to the limitations we have highlighted, none
of the sensors met the WHO minimum requirement for true positive and true negative
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detection rates. Some of the sensors met the former requirement, but none met the latter
requirement. The detection accuracies (particularly the true negative/false positive rate)
need to be significantly improved before the sensors could be translated into POC devices
for commercial use. The biorecognition elements and sensor surface modification materials
we have suggested could be explored to improve the true negative and true positive
rate, respectively.
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Abstract: The current COVID-19 pandemic has increased the demand for pathogen detection methods
that combine low detection limits with rapid results. Despite the significant progress in methods
and devices for nucleic acid amplification, immunochemical methods are still preferred for mass
testing without specialized laboratories and highly qualified personnel. The most widely used
immunoassays are microplate enzyme-linked immunosorbent assay (ELISA) with photometric
detection and lateral flow immunoassay (LFIA) with visual results assessment. However, the
disadvantage of ELISA is its considerable duration, and that of LFIA is its low sensitivity. In this
study, the modified LFIA of a specific antigen of the causative agent of COVID-19, spike receptor-
binding domain, was developed and characterized. This modified LFIA includes the use of gold
nanoparticles with immobilized antibodies and 4-mercaptobenzoic acid as surface-enhanced Raman
scattering (SERS) nanotag and registration of the nanotag binding by SERS spectrometry. To enhance
the sensitivity of LFIA-SERS analysis, we determined the optimal compositions of SERS nanotags
and membranes used in LFIA. For benchmark comparison, ELISA and conventional colorimetric
LFIA were used with the same immune reagents. The proposed method combines a low detection
limit of 0.1 ng/mL (at 0.4 ng/mL for ELISA and 1 ng/mL for qualitative LFIA) with a short assay
time equal to 20 min (at 3.5 h for ELISA and 15 min for LFIA). The results obtained demonstrate the
promise of using the SERS effects in membrane immuno-analytical systems.

Keywords: SARS-CoV-2; immunochromatography; test strips; surface antigen; Raman spectra

1. Introduction

The current COVID-19 pandemic has challenged the global healthcare system [1,2].
The SARS-CoV-2 virus causing this disease has four main structural proteins (spike, enve-
lope, membrane, and nucleocapsid), which contribute to the assembly of the virus and its
penetration into target cells (in the case of spike protein) [3,4]. Both spike and nucleocapsid
proteins are considered antigens for the serodiagnosis of SARS-CoV-2. The incubation
period for COVID-19 after the virus enters the host is estimated to be 5–6 days [5,6]. During
this time, the patient is contagious, and the virus is easily transmitted from person to
person by airborne droplets or direct contact.

To prevent high mortality and the risk of a severe course of the disease, timely and
rapid detection of SARS-CoV-2 as well as the differential diagnoses from other coronavirus
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infections and influenza or SARS viruses is required [7–10]. The use of polymerase chain re-
action or other amplification techniques for this purpose is associated with a long duration,
specialized and expensive equipment, and skilled personnel [11,12]. Therefore, accurate
point-of-care COVID-19 tests are attracting a lot of attention thanks to their speed, ease
of use, and potential for diagnostic implementation. Immunoassay techniques, such as
microplate enzyme-linked immunosorbent assay (ELISA) and lateral flow immunoassay
(LFIA), provide more simple testing than the amplification techniques. The effectiveness of
both methods for rapid mass screening of COVID-19 in routine clinical practice has been
confirmed [13,14]. However, the principle of visual colorimetric detection underlining the
assessment of LFIA testing results limits the sensitivity and reliability of this method. In
contrast, the main disadvantage of ELISA is prolonged (several hours) testing.

To overcome the sensitivity barrier of common LFIA, the integration of surface-
enhanced Raman scattering (SERS) nanotags with LFIA based on specific antigen-antibody
interactions, resulting in the detection of SERS signals for quantitative interpretation of the
results, was proposed [15]. The enhancing possibilities of Raman signals are attributed
to the enhanced electromagnetic field near the noble metal surface under conditions of
plasmon resonance [16]. According to theoretical calculations, the decrease in the detection
limit provided by SERS signal enhancement can reach up to eight orders of magnitude.
However, such results are rarely reached, and the typical gain in sensitivity is limited to
one to two orders of magnitude [17,18]. The effectiveness of the implementation of SERS
nanotags in LFIA tests for the detection of various analytes was evaluated in a review by
Khlebtsov et al. [15]. The SERS-based LFIAs were successfully applied for quantitative
detection of antibiotics [19], biomarkers [20–23], allergens [24], pathogens [25,26], and so
on. To date, only a few researchers have proposed the integration of SERS nanotags with
LFIA to improve the efficiency of COVID-19 diagnostics through serological IgM and IgG
testing [18,27], whereas in the case of SARS-CoV-2 antigen detection, the SERS technique
was not earlier applied.

In this study, we developed a novel SERS-based LFIA for the detection of the SARS-
CoV-2 spike receptor-binding domain (RBD). A conjugate of anti-SARS-CoV-2 spike RBD
antibodies with 4-mercaptobenzoic acid (MBA)-modified spherical gold nanoparticles
(AuNPs) was synthesized and used as a SERS nanotag. Parameters such as the loading of
the Raman reporter molecule and concentration of specific antibodies in the SERS nanotag
as well as the choice of the analytical membrane for the SERS-based LFIA were optimized.
After the conventional sandwich LFIA procedure, the intensity of MBA Raman scattering
in the test zone was measured for quantitative assessment of the analyte. The analytical
performance of SERS-based LFIA was compared with ELISA and standard AuNP-based
LFIA for SARS-CoV-2 spike RBD detection using the same immunoreagents. The effectivity
of SERS-based LFIA for COVID-19 diagnosis was confirmed by detecting spike RBD protein
in the SARS-CoV-2 lysate. Compared to the previously mentioned LFIAs for anti-SARS-
CoV-2 IgM/IgG detection, which are not recommended for use as the only diagnostic
tool as well as for controlling the spread of the virus, the proposed test for determining
SARS-CoV-2 Spike RBD, on the contrary, will allow for detecting the virus in the first days
following infection.

2. Materials and Methods

2.1. Materials, Chemicals, and Apparatuses

Monoclonal anti-RBD antibodies (MAb), clones RBDF5 and RBDB2, and recombi-
nant RBD were provided by HyTest (Moscow, Russia). Inactivated SARS-CoV-2 virions
(2019-nCoV/Victoria/1/2020) in the form of infected Vero cells lysate were obtained from
the State Research Center of Virology and Biotechnology «Vector» (Novosibirsk Region,
Russia). Goat anti-mouse IgG (GAMI) antibodies were obtained from Arista Biologicals
(Allentown, PA, USA). Hydrogen tetrachloroaurate(III) (HAuCl4), sodium citrate, sodium
azide, bovine serum albumin (BSA), d-biotin-N-hydroxysuccinimide ester, dimethyl sul-
foxide (DMSO), streptavidin conjugated with horseradish peroxidase (STR–HRP), 3,3′,5,5′-
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tetramethylbenzidine dihydrochloride (TMB), sucrose, Tris, Tween-20, Triton X-100, and
4-mercaptobenzoic acid were purchased from Sigma-Aldrich (St. Louis, MO, USA). All
other chemicals were of analytical grade and used without further purification. All solu-
tions were prepared with ultrapure water (Millipore Corporation, Burlington, MA, USA)
with the resistivity of 18.2 MΩ.

The nitrocellulose membranes (CNPC-15 μm, CNPF-10 μm, and 90CNPH), conjugate
fiberglass pad (PT-R7), sample pad (GFB-R4), and absorbent pad (AP045) were obtained
from Mdi Easypack (Advanced Microdevices; Ambala Cantonment, Haryana, India).
Absorption spectra were acquired using spectrophotometer UV-2450 (Shimadzu, Kyoto,
Japan). Raman spectra were obtained using Peak seeker Pro 785 Raman spectrometer
(Agiltron Inc.; Woburn, MA, USA). The 96-well transparent polystyrene microplates for
ELISA were purchased from Corning Costar (Tewksbury, MA, USA). The ELISA results
were measured using a Zenyth 3100 microplate spectrophotometer (Anthos Labtec Instru-
ments; Wals, Austria). Transmission electron microscopy (TEM) images were obtained with
a JEM-100C electron microscope (JEOL, Tokyo, Japan) operating at 80 kV. The nitrocellulose
membranes were processed using an IsoFlow dispenser (Imagene Technology; Lebanon,
NH, USA). Test strips were cut using an automatic guillotine Index Cutter-1 (A-Point
Technologies; Gibbstown, NJ, USA). The intensity of the coloration was recorded using
a CanoScan 9000F (Canon; Tochigi, Japan) scanner. The scanned images were digitally
processed by TotalLAB software (Cleaver Scientific; Rugby, UK).

2.2. Biotinylation of Antibody RBDF5

Biotinylation of MAb RBDF5 was carried out as described previously [28]. The molar
ratio of biotin to MAb was 10:1. A freshly prepared solution of d-biotin-N-hydroxysuccinimide
ester with a concentration of 1 mM in DMSO was added to 200 μL of MAb solution with a
concentration of 100 μM in 50 mM PBS containing 0.1 M NaCl (pH 7.4). The mixture was
incubated for 2 h on a shaker at room temperature. Thereafter, dialysis against PBS was
performed to remove the unbound low molecular weight reagents.

2.3. Sandwich ELISA of RBD

An amount of 100 μL of MAb RBDB2 with a concentration of 1 μg/mL in PBS was
added to microplate wells. After incubation at 4 ◦C for 16 h and four washes by PBS
containing 0.05% Triton X-100 (PBST), 100 μL of PBST solutions, containing RBD from
0.5 μg/mL to 0.5 ng/mL, were added and left to bind at 37 ◦C for 1 h. After the second
washing step, 100 μL of biotinylated MAb RBDF5 with a concentration of 1 μg/mL was
added to the wells. After incubation at 37 ◦C for 1 h and washing with PBST, 100 μL of
STR–HRP (diluted 1:5000 with PBST) was added to the wells. Following a 1 h incubation at
37 ◦C, the wells were washed four times with PBST and one time with distilled water, and
100 μL of the substrate solution (0.4 mM TMB and 3 mM H2O2 in 40 mM sodium citrate
buffer, pH 4.0) was added to the wells. After a further 15 min for the color development,
50 μL of 1 M H2SO4 were added to stop the reaction. The resulting optical density at
450 nm (OD450) was measured.

2.4. Preparation of AuNP

AuNPs were prepared using the citrate method [29]. An amount of 10 mL of a 0.01%
aqueous solution of HAuCl4 was heated to boiling with the subsequent addition of 0.1 mL
of sodium citrate under vigorous stirring. After boiling for 25 min to complete the reduction
reaction, the colloidal solution was cooled to room temperature. The AuNP solution was
kept in a glass bottle at 4 ◦C for future use.

2.5. Preparation of Antibody RBDF5 Conjugate with AuNP

MAb RBDF5 were conjugated with AuNPs (RBDF5–AuNP) as described by Panferov
et al. [30]. Before the conjugation, the MAb were dialyzed against 10 mM Tris buffer, pH 9.0,
for 1 h, at 4 ◦C. The pH of the AuNP solution was adjusted to 9.0 with 0.1 M K2CO3,
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and then the MAb were added with a concentration of 10 μg/mL. After 45 min stirring,
BSA was added to the mixture at a final concentration of 0.25% in solution. The resultant
mixture was centrifuged at 15,000× g for 15 min to remove unbound antibodies, followed
by sediment resuspension in a 10 mM Tris buffer containing 1% BSA, 1% sucrose, and
0.05% NaN3 (pH 8.5), and storage at 4 ◦C.

2.6. Preparation of SERS Nanotag

To prepare the MBA-modified AuNPs (AuMBA), 1 mM MBA solution was added to
10 mL AuNPs to a final concentration in a solution of 1–10 μM. The solution was kept
under constant stirring for 3 h to ensure self-assembly of the reporter molecule on the
surface of the AuNP. AuMBA were characterized by absorption spectra and TEM.

Anti-RBDF5 antibody-labeled AuMBA (SERS nanotag) was prepared by physical ad-
sorption of antibodies onto AuNPs. First, 10 mL of the AuMBA solution was centrifuged,
and the precipitate was redispersed in Milli-Q. After that, 1 mL of AuMBA was adjusted to
pH 8.5 with K2CO3, and 100 μL of MAb (MAb concentration was from 50 to 250 μg/mL)
was added. The mixture was left under constant stirring for 3 h. Finally, 50 μL of 10% BSA
was added to block nonspecific binding sites on the surface of the AuNPs. The resulting
solution was left to incubate overnight. The next day, the SERS nanotag was centrifuged at
6000 rpm for 20 min at 4 ◦C, and the pellet was resuspended in PBS containing 5% BSA,
0.025% Tween 20, and 0.05% NaN3. The SERS nanotag solution was stored at 4 ◦C for
future use.

2.7. Manufacturing of Tests Strips for LFIA

The nitrocellulose membranes were processed using an IsoFlow dispenser. To form
the control zone (CZ), a GAMI solution with a concentration of 0.5 mg/mL in PBS was used.
To form the test zone (TZ), a solution of MAb RBDB2 with a concentration of 1.0 mg/mL
in PBS was used. Of each solution, 32 μL was applied per 240 mm of the width of the
sheet of the nitrocellulose membranes. For standard LFIA, the conjugate RBDF5–AuNP
(OD = 4.0) was sprayed onto the conjugate membrane in 400 μL per 240 mm membrane
length. To form test strips for SERS-based LFIA, the SERS nanotag was applied to the
conjugate membrane through the same protocol. After dispensing, all membranes were
left to dry at room temperature for about 20 h. The obtained sheets with applied reactants
were assembled, including the separation and absorption membranes, and were cut into
strips 3.5 mm wide.

2.8. LFIA and Data Processing

Standard AuNP-based LFIA and SERS-based LFIA were performed at room temper-
ature, and solutions of spike RBD protein were prepared in PBST with concentrations
from 0.01 to 100 ng/mL and added to the microplate wells in a volume of 100 μL. The test
strips were immersed in a vertical position with their lower end for 1 min in an aliquot
of the sample, after which they were placed on a horizontal surface. The intensity of the
TZ coloration was assessed after 10 min and recorded using a scanner, after which the
images were digitally processed by TotalLAB software. The LFIA results were presented
as the dependence of the colorimetric intensity on the log concentration to produce a
sigmoidal curve.

2.9. SERS-Based LFIA and Data Processing

After the conventional procedure of LFIA, SERS spectra of the TZ were recorded with
a Peak seeker Pro 785 Raman spectrometer (785 nm, 30 mW, the integration time was 10 s).
The measurements were carried out in three independent repetitions (for three different
points inside TZ and for two sets of test strips). The peak intensity of the SERS nanotag
at 1076 cm−1 was used to quantify SESR signal. The background signal was counted
as three times the standard deviation of the signal from the analytical membrane and
nonspecifically adsorbed nanotags.
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2.10. Spike RBD Protein Detection in the Lysate of SARS-CoV-2 Infected Vero Cell

The effectivity and reliability of the developed SERS-based LFIA were assessed by
detecting the spike RBD protein in Vero cell lysates that contained infectious SARS-CoV-2
virions [30]. The inactivation of SARS-CoV-2 virus was performed by treatment with
β-propiolactone. Since the concentration of epitopes could not be determined, solutions of
the viral lysate in PBST to be analyzed were prepared by serial dilutions in the microplate
wells, followed by the SERS-based LFIA procedure described in Section 2.5.

3. Results

3.1. Principle of SERS-Based LFIA for Detection of SARS-CoV-2 RBD

The principle of SERS-based LFIA depicted in Figure 1 is similar to the standard
sandwich scheme of LFIA, except for the composition of the immunoconjugate (SERS
nanotag in this case), which provides a detectable SERS signal for quantitative analysis of
SARS-CoV-2 RBD spike protein. When the sample reached the conjugate pad, the RBD
interacted with the SERS nanotag to form an immunocomplex, SERS Nanotag–RBD. The
immunocomplex continued to move along the analytical membrane and was captured
by immobilized anti-RBD MAb in the TZ, forming a colored band corresponding to the
sandwich immunocomplex anti-RBD MAb–RBD–SERS Nanotag. The excess of SERS
nanotag continued to move to the CZ, where it was captured by GAMI, forming a colored
control band. Thus, the presence of the target protein in the sample results in the formation
of two colored bands. Accordingly, the intensity of the characteristic peaks in the SERS
spectra from the SERS nanotag is directly proportional to the protein content in the sample
and can be used to graph a calibration curve for the quantitative determination of the RBD.

 

Figure 1. Schematic principle of SERS-based LFIA for RBD protein detection using SERS nanotag.

3.2. Characterization of AuNP and MBA-Modified AuNP

The structure and morphology of AuNP and AuMBA were characterized by TEM and
absorption spectroscopy. The TEM image revealed the monodispersed nanoparticles with
a diameter distribution in the range of 24.2–40.3 nm. The average diameter of AuNPs was
31.4 ± 3.6 nm with an ellipticity of 1.1 (Figure 2A). In this study, non-covalent conjugation
was preferable since this method is gentle and straightforward and allows antibodies to be
immobilized on the surface of nanoparticles modified by reporter molecules with minimal
conformational changes. Since 4-mercaptobenzoic acid molecules are adsorbed on the
surface of AuNPs through the S-atom, and the binding of antibodies to AuNPs is domi-
nated by electrostatic interactions between the negatively charged surface of nanoparticles
promoted by carboxylic groups of MBA and antibodies containing a positive charge, it is
assumed that the reporter does not significantly affect the adsorption of antibodies [31,32].
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For adsorption of MBA on the surface of AuNP through thiol groups, different amounts of
MBA were added to 10 mL of the colloidal solution so that its final concentration was from
1 to 10 μM. TEM measurements of AuNPs modified by 1 μM MBA demonstrated a slight
increase in the average diameter up to 31.3 ± 2.9 nm with an ellipticity of 1.2 (Figure 2B).
The diameter distribution was from 23.8 nm to 40.2 nm.

Figure 2. TEM image of bare AuNPs (A) and MBA-modified AuNP (B). (C) Absorbance spectra of
bare AuNP (1) and AuMBA at 1 μM (2), 3 μM (3), 5 μM (4), and 10 μM (5) concentrations. The inset
shows an enlarged portion of spectra.

Figure 2C displays the spectra of nanoparticles after incubation with MBA. Bare
AuNPs demonstrate surface plasmon resonance at 525 nm. AuNP solutions functionalized
with 1 μM, 3 μM, and 5 μM MBA demonstrate a gradual shift in the absorption peak
(insert in Figure 2C), which is associated with the formation of an MBA shell around the
nanoparticles and an increase in the aggregation of nanoparticles. However, the AuMBA

functionalized with 10 μM MBA aggregated, as evidenced by the shift of the peak and
broadening of the absorption spectrum. Therefore, further experiments continued with
AuNPs containing 1 μM, 3 μM, and 5 μM MBA.

3.3. The Optimization of Experimental Conditions of SERS-Based LFIA

To achieve the best performance of SERS-based LFIA, several experimental condi-
tions were investigated. The concentrations of capture antibodies and GAMI applied to
the analytical membrane to form TZ and CZ, respectively, were adjusted in a previous
study [30]. In this work, the parameters that affect the performance of the SERS-based
LFIA were optimized, namely, the MBA and MAb RBDF5 content in SERS nanotag and
the choice of the analytical membrane. At the first stage, AuNPs modified with MBA,
where the concentration of reporter molecule was 1 μM, 3 μM, and 5 μM, were obtained
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and 2 μL of the as-prepared AuMBA probes with the AuNPs concentration of 30 nM was
pipetted onto the analytical membrane in the form of a spot. Comparison of the Raman
intensity of the characteristic band at 1076 cm−1 versus the MBA concentration, illustrated
in Figure 3A, showed a higher value of Raman signal for the AuMBA containing 3 μM
MBA. A slight decrease in the SERS intensity when applying AuNPs modified with 5 μM
MBA can be explained by the inverse effect of aggregation of nanoparticles, which leads
to an unreproducible SERS signal and photodamage of analyte in the hot spot [33,34].
Further investigation of the dependences of the Raman intensity on the MBA concentration
in the SERS nanotag after conjugation with MAb RBDF5, carried out as in the previous
experiment, revealed similar results (Figure 3A). Therefore, for the development of the
SERS-based LFIA, two SERS nanotags containing 1 μM and 3 μM of MBA were chosen.

 
Figure 3. (A) Dependence of the Raman intensity on the concentration of MBA in the AuMBA

probe and SERS nanotag. (B) Optimization of analytical membrane. (C) Images of test strips after
conventional procedure of LFIA using SERS nanotags with 1 μM (1), 3 μM (2), and 5 μM (3) of MBA.
(D) Optimization of antibody concentration to prepare SERS nanotags; the positive control contains
10 or 30 ng/mL of RBD. PBS containing 1% v/v Tween 20 is used as a negative control.

The choice of the analytical membrane is an important step in the SERS-based LFIA
development because it contributes to the flow rate of the SERS nanotag and to the binding
of the SERS nanotag–RBD immunoprobe to the immobilized MAb in the TZ. The effect of
three analytical membranes (namely, CNPC, CNPF, and CNPH) was investigated. The pore
size and flow rate for the used analytical membranes differ at no more than one and a half
times (https://mdimembrane.com/, accessed on 30 October 2021). The membranes differ
also in the used additional reactants to vary protein-binding capacity, but the chemical
nature of these reactants is a know-how of the manufacturer. It may be noted that the
lowest colorimetric signal for membrane CNPH accords to the maximal flow rate that
could be insufficient to complete the immunoreaction. The highest colorimetric signal
for membrane CNPC was confirmed by the SERS measurements, according to its higher
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protein binding capacity than CNPF. As shown in Figure 3B, the normalized intensity (I/I0)
of the characteristic band at 1076 cm−1 was significantly higher than the bands for CNPF
and CNPH. Therefore, CNPC membrane was chosen for further study.

At the next stage, the selected SERS nanotags were immobilized on the conjugate
pad, and the standard procedure of colorimetric LFIA was carried out. As shown in the
images of the scanned test strips after analysis (Figure 3C), in the case of the SERS nanotag
containing 3 μM MBA, a background signal was observed in the absence of the target RBD.
Thus, the obtained results showed that the SERS nanotag containing 1 μM MBA is optimal
for SERS-based LFIA.

Another important parameter affecting the sensitivity of the SERS-based LFIA is the
MAb load in the SERS nanotag. In the preparation of SERS nanotag, different amounts
of anti-RBDF5 MAb were added so that the final concentration of MAb in the solution
was from 5 to 25 μg/mL. The effect of MAb concentration on normalized SERS intensity
(I/I0) was investigated (Figure 3D). An increase in the normalized SERS intensity was
observed with an increase in the concentration of MAb up to 15 μg/mL, whereas a further
increase in a load of antibodies in the SERS nanotag was accompanied by a plateau for
the dependence of I/I0 on MAb concentration. Thus, 15 μg/mL of MAb RBDF5 is the
optimal concentration for the preparation of the SERS nanotag, which provides the highest
signal-to-background ratio.

3.4. SERS-Based LFIA for RBD Detection

To assess the analytical performance of SERS-based LFIA, RBD solutions were pre-
pared in the range from 0.01 to 100 ng/mL by diluting the analyte in PBST. After the
completion of the colorimetric LFIA procedure, the color changes provided by the binding
of the SERS nanotag in the TZ were observed (Figure 4A). In the colorimetric-based LFIA, a
red band was visually observed where the analyte concentration was above 1 ng/mL. The
quantitative assessment of colorimetric-based LFIA resulted in a 1.2 ng/mL detection limit
and an operating range from 4.2 to 60.4 ng/mL (Figure 4B). The duration of the colorimetric
LFIA was 15 min. Figure 4C displays the average SERS spectra acquired in the TZ for
different analyte concentrations. According to the sandwich scheme of analysis, with an
increase in the RBD concentration, the SERS intensity at 1076 cm−1 generated from the
SERS nanotag gradually increases. Compared to colorimetric LFIA, characteristic MBA
bands are observed in the SERS spectra without the target analyte. This phenomenon may
be associated with the nonspecific binding of the SERS nanotag on the analytical membrane.
Starting from the analyte concentration of 0.1 ng/mL, the characteristic peak of the SERS
nanotag is reliably distinguishable from the background signal. The calibration curve
represented by the dependence of the SERS signal intensity on the analyte concentration is
shown in Figure 4D. The detection limit of RBD was defined as the minimum concentration
at which the signal was three times the standard deviation of the background signal. The
limit of RBD detection was calculated to be 0.1 ng/mL, with a working range from 0.1 to
10 ng/mL. Comparison of the results obtained by colorimetric LFIA with SERS-based LFIA
for RBD detection demonstrated enhanced sensitivity by one order of magnitude. Based on
the molecular weights of RBD, protein S and SARS-CoV-2 virion and S protein content in
the virion [35–37], the given LOD value corresponds to 4 pM RBD (or protein S monomer).
This concentration can be achieved in the case of complete lysis while maintaining the
antigenic properties of SARS-CoV-2 virions at a concentration of 0.06 pM.
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Figure 4. (A) Photographic images of LFIA strips after application of RBD at concentrations 0 (1),
0.01 (2). 0.03 (3), 0.1 (4), 0.3 (5), 1 (6), 3 (7), 10 (8), 30 (9), and 100 ng/mL (10). The top and bottom
lines correspond to the control and test zones, respectively. (B) Calibration curve obtained after
conventional LFIA procedure using SERS nanotags. The error bars indicate the STD for three
measurements; (C) SERS spectra measured in the test line for RBD concentrations from 0.01 to
100 ng/mL. (D) Calibration curve of SERS-LFIA for RBD. The bars show the STD of the Raman signal
at 1076 cm−1, measured from three independent SERS-based LFIA runs.

The effectiveness of the developed SERS-based LFIA was evaluated in the determina-
tion of RBD protein in the SARS-CoV-2 lysate. SARS-CoV-2-inactivated virions were diluted
multiple times in PBST and applied to the sample pad. Figure 5 demonstrates photographic
images of test strips after completion of colorimetric LFIA procedure (Figure 5A) and com-
pares the calibration curves obtained for colorimetric (Figure 5B) and SERS (Figure 5D)
detection, respectively. The background signal consists of two sources: (1) the membrane
background and (2) the signal from nonspecifically captured nanoparticles when the buffer
is used instead of an analyte solution. In SERS-based LFIA for protein determination
in lysate, the second contribution seems to be more intensive compared to that for RBD
detection due to enhanced signal from nonspecifically captured particles. As follows from
the SERS spectra acquired in the TZ after the analysis of the lysate, the SERS intensity of the
band at 1076 cm−1 decreased with increasing sample dilution (Figure 5C). The spike protein
was detected colorimetrically under conditions when the lysate was diluted 222 times,
while SERS-based LFIA allowed for identifying the protein when the lysate was diluted
1250 times.
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Figure 5. (A) Photographic images of LFIA strips after application of the lysate at sequential two-fold
dilutions of 20 (1), 40 (2), 80 (3), 160 (4), 320 (5), 640 (6), 1280 (7), and 2560 (8); (B) Calibration curve
obtained after conventional LFIA procedure using SERS nanotags as immunoprobe for spike RBD
detection in SARS-CoV-2 viral lysate. The error bars indicate the STD for three measurements; (C)
SERS spectra measured in the TZ for different lysate dilutions. The numbers mean the dilution. (D)
Dependence of the SERS intensity on the lysate dilution. The bars show the STD of the Raman signal
at 1076 cm−1, measured at five points in the middle of the test line.

3.5. Comparison of SERS-Based LFIA with ELISA and Standard AuNP-Based LFIA

Of particular interest when integrating an immunoassay with quantitative readout
techniques is the comparison of the achieved analytical characteristics with those obtained
by standard ELISA and AuNP-based LFIA methods. For the grounded conclusion from
the experimental data, three formats of immunoassay were carried out using the same
immunoreagents. Moreover, the concentration of capture MAb immobilized on the an-
alytical membrane and detecting MAb in the labeled immunoconjugate was the same
for standard LFIA and SERS-based LFIA using SERS nanotag. The calibration curve of
ELISA for RBD is shown in Figure 6A. Under optimized conditions, the ELISA demon-
strated a working range between 7.8 and 59.9 ng/mL with a detection limit of RBD at
0.4 ng/mL. The time of analysis was 3.5 h. After assembly of standard LFIA test strips
with pre-impregnated immunocomponents, analysis of samples containing RBD in the
range from 0.01 to 100 ng/mL showed a visual limit of detection at 1 ng/mL. Instrumental
assessment of the LFIA results with plotting the dependence of the staining intensity of the
TZ on the RBD concentration revealed a working range between 1.3 and 35.4 ng/mL with a
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detection limit of 0.5 ng/mL (Figure 6B). The standard qualitative AuNP-based LFIA takes
15 min. Comparing the three formats of immunoassay, it should be noted that the proposed
SERS-based LFIA format combines the advantages of the considered standard ELISA and
LFIA and provides an increase in the sensitivity owing to the implementation of SERS as a
readout technique. Clearly, the integration of LFIA with the SERS technique involves using
an additional device—a Raman spectrometer. However, today—thanks to the popularity
and advantages of this method—the SERS technique is developing toward miniaturization
and cost reduction. Recently, the successful development and applications of handheld
Raman spectrometers were demonstrated for LFIA of various biomarkers [22,38]. The
miniaturization and cost reduction of SERS-based readers makes them a promising and
potential tool for developing rapid, highly sensitive, and quantitative on-site LFIA tests. In
view of the aforementioned, the current study can be considered as confirmation of the
prospects for further technical development of SERS-based LFIA.

 

Figure 6. Calibration curves for spike RBD protein using ELISA (A) and standard AuNP-based LFIA
(B). The error bars indicate the STD for three measurements.

4. Discussion

In the context of the ongoing COVID-19 pandemic, the development of new tech-
nologies for early detection of the virus and determination of the body’s response to the
virus, complementing the laborious PCR testing and expanding the range of diagnostic
techniques, is a priority area of research worldwide. Rapid lateral flow assay is a valuable
tool for diagnosing and monitoring various diseases [39–42]. To date, rapid diagnostics of
COVID-19 to determine the antigen and the presence of IgG/IgM antibodies to SARS-CoV-
2 to prevent the spread of the virus is carried out using lateral flow tests [43,44]. In parallel,
other methods of virus identification are being developed, including electrochemical sen-
sors, colorimetric tests, and SERS sensors [45–47]. The latter has limitations associated
with complex procedures for preparing the metal substrate, and in the case of direct SERS
detection, with the difficulty of obtaining an intrinsic spectrum of the target analyte.

This study offers an integrated approach of lateral flow assay with a highly sensitive
SERS detection, where the concentration of the analyte in one place and its highly specific
determination is provided by the immunochemical principles of the analysis. The AuNP
modified by MBA and conjugated with anti-RBD MAb were used as a SERS nanotag for
quantitative LFIA detection. Compared to the preparation of SERS substrates, ensuring
the reproducibility of SERS biosensors, the colloidal gold solution used in this work is
easy to synthesize, is homogeneous, and allows for the measurements of AuNPs-based
SERS nanotags on portable Raman spectrometers with high laser power and long exposure
times. To achieve high analytical characteristics, the concentration of the reporter molecule
and MAb in the SERS nanotag as well as the type of analytical membrane were optimized.
Summarizing the results obtained, the proposed SERS-based LFIA demonstrates good
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performance for the detection of spike RBD protein and exhibits the effectiveness for
identifying spike RBD protein in the viral lysate.

Comparison of the analytical performance of the developed SERS-based LFIA with
those obtained by the membrane-based tests for detection of RBD of surface S-protein
of SARS-CoV-2 is shown in Table 1. According to the overviewed membrane-based im-
munoassay techniques, the proposed SERS-based LFIA demonstrates comparable, and in
some cases, superior performance for RBD determination.

Table 1. Comparison of different SERS detection strategies for SARS-CoV-2 spike RBD protein.

Sensor Limit of Detection Sample Ref.

Colloidal gold-based immunochromatographic strip 62.5 ng/mL Standard solution [48]
Chemiluminescence paper assay using Co–Fe@hemin-peroxidase nanozyme 0.1 ng/mL Standard solution [49]
LFIA using gold-enhanced AuNP 1 pg/mL Saliva [30]
Paper-based antigen test 0.07 nM Standard solution [50]
LFIA using mesoporous Si encapsulated up-conversion nanoparticles 1.6 ng/mL Standard solution [51]
SERS-based LFIA 0.1 ng/mL Standard solution This work

5. Conclusions

In this study, the SERS-based LFIA, combining the specificity and rapidity of tradi-
tional ELISA and LFIA methods with susceptible SERS readout technique, was developed
for SARS-CoV-2 spike RBD protein detection. Comparison of the three immunoassay
formats revealed a decrease in the order of magnitude in the antigen detection limit after
quantitative measurement of the Raman intensities of the captured SERS nanotag. The
SERS-based LFIA allows for the quantitative determination of RBD in 20 min. The devel-
oped SERS-based LFIA was validated by spike RBD protein determination in inactivated
SARS-CoV-2 virions. In summary, the proposed SERS-based LFIA is an alternative and
complementary approach to current laboratory methods providing early, rapid, and on-site
diagnosis of COVID-19.
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Abstract: The coronavirus disease 2019 (COVID-19) pandemic caused by severe acute respiratory
coronavirus 2 (SARS-CoV-2) is still raging all over the world. Hence, the rapid and sensitive screening
of the suspected population is in high demand. The nucleocapsid protein (NP) of SARS-CoV-2 has
been selected as an ideal marker for viral antigen detection. This study describes a lateral flow
immunoassay (LFIA) based on colloidal gold nanoparticles for rapid NP antigen detection, in which
sensitivity was improved through copper deposition-induced signal amplification. The detection
sensitivity of the developed LFIA for NP antigen detection (using certified reference materials)
under the optimized parameters was 0.01 μg/mL and was promoted by three orders of magnitude
to 10 pg/mL after copper deposition signal amplification. The LFIA coupled with the copper
enhancement technique has many merits such as low cost, high efficiency, and high sensitivity. It
provides an effective approach to the rapid screening, diagnosis, and monitoring of the suspected
population in the COVID-19 outbreak.

Keywords: SARS-CoV-2; nucleocapsid protein; signal amplification; copper deposition

1. Introduction

The coronavirus disease 2019 (COVID-19) pandemic caused by severe acute res-
piratory coronavirus 2 (SARS-CoV-2) has spread to 216 countries, and the cumulative
number of confirmed cases has exceeded 200 million around the world. Some vaccines
have been developed and administered, but the cumulative number of confirmed cases
continues to increase every day. Thus, rapid screening, early detection, and timely
diagnosis are still the main measures to prevent and control SARS-CoV-2 transmission.
Rapid antibody detection was used as the supplementary means of nucleic acid de-
tection for COVID-19 diagnosis before 2021 [1–3]. However, antibody detection has
become meaningless for the screening of suspected populations since the beginning of
vaccination against COVID-19. Nucleic acid detection is considered the gold standard,
but its use is limited because of the time-consuming process, relatively high cost, and
high professional and equipment requirements [4]. Hence, direct, rapid, point-of-care
viral antigen detection methods without pretreatment are highly needed, especially in
countries with serious outbreaks.

Coronavirus particles contain four structural proteins, namely, the nucleocapsid pro-
tein (NP), envelope protein, membrane protein, and spike protein [5]. Among them, the
NP has been considered an ideal target for early diagnosis since the severe acute respira-
tory syndrome (SARS) outbreak in 2003 because the NP is predominantly and profusely
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expressed by severe acute respiratory syndrome coronavirus (SARS-CoV) [6]. The NP
antigen can be detected up to 1 day before the appearance of clinical symptoms; thus, NP
is considered one of the best markers for SARS-CoV detection [7]. SARS-CoV-2 has high
genetic similarity to SARS-CoV [8]; therefore, theoretically, the NP antigen of SARS-CoV-2
can also be used as the diagnostic marker for COVID-19.

Mass spectrometry assays [9], electrochemical immunosensor assays [10,11], and
lateral flow immunoassays (LFIAs) [12] have been developed for the detection of the
SARS-CoV-2 NP antigen. Immunoassays, which are based on the specific reactions be-
tween antigen and antibody, may be a good choice for NP antigen detection because of
their simple, convenient, and quick process. The 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 [13]. Recently, colloidal gold nanoparticles
(GCNPs), latex beads, fluorescent microspheres, and quantum dots have been used as
labels to develop LFIAs for the rapid and sensitive screening of the NP antigen. For
instance, Kim et al. [14] developed a cellulose nanobead-based LFIA platform using
NP-specific single-chain variable fragment-crystallizable fragment fusion antibodies;
Nichols’ group [12] described a half-strip LFIA with latex beads as the indicator, and
Diao et al. [15] developed a fluorescence LFIA to rapidly detect the SARS-CoV-2 NP
antigen in the laboratory. In addition, several antigen detection kits based on LFIAs
have been approved by the National Medical Products Administration and marked as
“Conformité Européenne”. However, the sensitivity of antigen detection was unsat-
isfactory compared with that of the reverse transcription-polymerase chain reaction
assay [16,17]. Hence, the promotion of LFIA sensitivity is key for the rapid detection of
SARS-CoV-2 NP antigen.

Wang’s group have applied a high-performance quantum dot nanobead [18] and
magnetic quantum dot with a triple quantum dot shell [19] as novel labels to improve the
sensitivity of the LFIA and accurately diagnose SARS-CoV-2; both labels exhibited good
performances with sensitivity of 5.0 and 0.5 pg/mL in NP antigen detection, respectively.
In addition, a robust Co–Fe@hemin-peroxidase nanozyme was used to amplify the immune
reaction signal of a chemiluminescence paper assay with high sensitivity [20]. At present,
GCNPs are the most common and popular signal indicators in LFIA because of their
extraordinary physicochemical properties, such as good optical vision and high stability.
Many strategies, such as silver staining, double labelling, enzyme catalysis, and a biotin-
avidin system, have been applied to promote the sensitivity of GCNP-based LFIAs [21]. In
addition to these strategies, GCNP-induced copper deposition can also enhance the LFIA
signal and has the advantages of low cost, safety, and easy storage. Theoretically, Cu2+

is reduced into Cu+ in the presence of ascorbic acid, and then Cu+ is converted into Cu,
which is deposited with the assistance of GCNPs and remarkably enhances the optical
signal intensity of the LFIA. Liu’s group has taken advantage of this feature to improve the
sensitivity of the colorimetric immunoassay and LFIA, which exhibited good performances
in rapid detection [22–24].

In this work, a GCNP-based LFIA coupled with copper deposition-induced signal am-
plification has been developed for rapid SARS-CoV-2 NP antigen detection. As shown in the
scheme in Figure 1A, the developed NP antigen detection system includes a GCNP-based
LFIA test strip, copper deposition, a simple homemade device for signal amplification, and
a lysis buffer. In theory, the LFIA for NP antigen detection was based on the sandwich
mode. Briefly, the test line without a red band indicates that the sample is negative for the
antigen; the red band appears in the presence of the NP antigen, and the signal intensity of
the test line is positively correlated with the NP antigen concentration. First, the LFIA test
strips were immersed in CuSO4 solution. Then, the Cu2+ ions were reduced into Cu+ ions
with the addition of L-sodium ascorbate (L-AANa) solution. Finally, with the assistance of
the GCNPs captured on the test and control lines, the Cu+ ions were converted into Cu and
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deposited on the surface of GCNPs, which remarkably enhanced the visual signal intensity.
Consequently, the sensitivity of LFIA for NP antigen detection improved considerably
(Figure 1B). The developed direct, rapid point-of-care detection method for the SARS-CoV-2
NP antigen via copper deposition signal amplification was predicted to be a convenient
supplementary approach to rapidly and effectively screen the suspected population in the
COVID-19 pandemic.

 
Figure 1. The diagram of GCNP-based LFIA coupled with copper deposition-introduced signal
amplification for NP antigen detection. (A) Elements of the developed NP antigen detection system.
(B) Results of antigen detection and signal amplification.

2. Materials and Methods

2.1. Reagents and Apparatus

Mouse monoclonal antibodies I (No. DA027) and II (No. CSB-MA33255A2m) against
SARS-CoV-2 NP antigen were purchased from Shanghai Jin’an Biotechnology Co. Ltd.
(Shanghai, China) and Wuhan Huamei Biotechnology Co. Ltd. (Wuhan, China), respectively.
Goat anti-mouse IgG was purchased from Beijing Yongjia Venture Company (Beijing, China).
The NP solution reference material for COVID-19 (Code: GBW(E)091097) was provided
by the National Institute of Metrology (Beijing, China). Chloroauric acid (HAuCl4·3H2O)
was purchased from Sigma–Aldrich Chemical Corporation (St. Louis, Mo, USA). Copper
sulfate pentahydrate (CuSO4·5H2O), L-AANa, trisodium citrate, PEG20000, bovine serum
albumin (BSA), and Tween-20 were purchased from Aladdin Reagent Co., Ltd. (Shanghai,
China). Sample pad, glass-fiber membrane, PVC pad, and absorbent pad were obtained from
Kinbio Tech Co., Ltd. (Shanghai, China). Nitrocellulose (NC) membrane was purchased
from Sartorius (Gottingen, Germany). All solvents and other chemicals were of analytical
reagent grade.

The XYZ 3D film spraying instrument, CNC cutting machine (CTS300), and micro-
computer automatic cutting machine (ZQ2402) were supplied by Kinbio Tech Co., Ltd.
(Shanghai, China). Ultrapure water was purified with Milli-Q system from Millipore Corp.
(Bedford, MA, USA).
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2.2. Preparation of GCNPs

GCNPs were prepared according to the reference [25]. Briefly, 1 mL of HAuCl4·3H2O
solution (1%, w/v) was added to 99 mL of ultrapure water and heated to boil. Then, 1.8 mL
of 1% (w/v) sodium citrate solution was added quickly under rapid stirring. After the
solution turned clear red, the solution was heated for another 5 min. The GCNP solution
was cooled to room temperature naturally and then stored at 4 ◦C.

2.3. Synthesis of GCNP-Antibody I Detection Probes

The GCNP solution was adjusted to pH 8.0 by adding 0.2 M K2CO3 and then stirred
with a constant speed mixer. Mouse monoclonal antibody I against NP antigen was diluted
with phosphate buffer and added drop by drop under rapid stirring. After 1 h, 1% (w/v)
PEG20000 solution and 10% (w/v) BSA solution were added successively to block the spare
sites on the GCNPs for 20 min. The mixture was centrifuged at 8000 rpm at 4 ◦C for 30 min
to remove the unconjugated free antibodies. The supernatant was discarded, and the
precipitate was resuspensed with 1.0 M Tris-HCl containing 0.5% polyvinylpyrrolidone
K30, 10% sucrose, 1% BSA, and 0.05% ProClin300. Finally, the GCNP-antibody I detection
probe solution was obtained and stored at 4 ◦C until use.

2.4. Preparation of LFIA Test Strips

The LFIA test strip was composed of a sample pad, a conjugated pad, a NC membrane,
an absorbent paper, and an adhesive PVC bottom plate. The prepared GCNP-antibody I
detection probe solution was sprayed on the conjugated pad using an XYZ 3D film spraying
instrument at a spray rate of 3 μL/cm, and the pad was dried at 37 ◦C for 2 h with a vacuum
dryer. Goat anti-mouse IgG and mouse monoclonal antibody II were dispensed onto the
NC membrane as the control and test lines, respectively, and then dried at 37 ◦C for 16 h.
The fabricated LFIA test strip was cut into 3.0 mm-wide strips, stored at room temperature,
and kept dry.

2.5. Copper Deposition-Induced Signal Amplification on the LFIA Strip

The NP antigen solution reference material was diluted into a series of standard
solutions at concentrations of 1.0, 1.0 × 10−1, 1.0 × 10−2, 1.0 × 10−3, 1.0 × 10−4, 1.0 × 10−5,
and 1.0 × 10−6 μg/mL, and 10 μL of each solution was mixed with 80 μL of lysis buffer
(0.4% SDS, 0.6% TritonX-100, and 0.4% PVP were dissolved in 1.0 M Tris-HCl, pH 8.0) for
3 min. Each liquid was added to the sample pad of the LFIA strips, and the results could be
observed by the naked eye after 15 min. Then, the strips were placed into the homemade
device with the copper enhancement solution (50 mM L-AANa and 50 Mm CuSO4), and
the results were obtained after 3 min.

3. Results and Discussion

3.1. Validation of GCNP-Mediated Copper Deposition

The developed LFIA test strips were used to detect 0–10 μg/mL NP antigen to validate
whether the signal was amplified by GCNP-mediated copper deposition. As shown in
Figure 2, 0.1 μg/mL of the NP antigen could be distinguished from the negative before
signal amplification. CuSO4 and L-AANa solutions with the same volume were added
sequentially to the test strips. After 3 min, the red bands turned into black bands, and the
LFIA strip for 0.01 μg/mL NP antigen detection also presented a clear band on the test line,
which suggests that the detection sensitivity was successfully promoted by GCNP-mediated
copper deposition.
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Figure 2. Comparison of the detection sensitivity before and after signal amplifying introduced by
copper deposition.

3.2. Optimization of the Parameters

Six anti-NP antibodies were obtained from different companies and primarily eval-
uated by LFIA. Antibodies I and II from Shanghai Jin’an Biotechnology Co. Ltd. and
Wuhan Huamei Biotechnology Co. Ltd. were selected in the present work (Figure S1). First,
the pH and antibody amount of the GCNP-antibody I detection probe were optimized.
Different volumes (4, 6, 8, and 10 μL) of 0.2 M K2CO3 solution were added to 1 mL of
GCNP solution in order to adjust the pH of the detection probes. As shown in Figure 3A,
the probes on the conjugated pad released completely, and the test line showed a clear
red band without nonspecific adsorption when 8 μL of 0.2 M K2CO3 solution was added.
Under the optimized pH, different amounts of antibody I (5, 10, 20, and 40 μg) was diluted
with phosphate buffer, and then added into 1 mL of the GCNP solution. The prepared
detection probes were evaluated with 0.1 μg/mL of the NP antigen; the result suggested
that 10 μg of antibody I is the optimum amount (Figure 3B). Moreover, the UV-vis spectra
of the GCNPs and detection probes (Figure S2) indicate that the characteristic absorption
peak red shifted, which demonstrates that the antibody I conjugated with the GCNPs
successfully. The amount of goat anti-mouse IgG coated on the control line seemed to
have no significant influence on the detection result (Figure 3C); thus, 0.3 mg/mL of goat
anti-mouse IgG was selected, in consideration of the cost.

The sensitivity of the strip was affected by the amount of antibody coated on the test
line. The mouse monoclonal antibody II against the NP antigen was diluted to 0.2, 0.4, 0.6,
and 0.8 mg/mL with PBS buffer (0.01 M, pH = 7.4) and then sprayed on the NC membrane
as the test lines. The positive sample with 0.1 μg/mL of the NP antigen was used to select
the optimum amount of the antibody II. Based on the result in Figure 4A, 0.6 mg/mL
of antibody II was selected. In addition, the liquid flow rate on the NC membrane is
related to the width of the LFIA test strips, and a slower flow rate leads to a better immune
reaction, which may directly impact the sensitivity of the LFIA. Hence, the fabricated LFIA
was cut into 3.0, 3.5, and 4.0 mm widths to investigate the influence of test strip width
on the sensitivity of the strip. The results in Figure 4B suggested that the color of the test
line on the strip with a 3.0 mm width was the clearest. The results confirmed that the
flow rate of liquid on the narrow test strip was the lowest, which increased the reaction
time between the target and the detection probes and resulted in the improvement of the
signal intensity.
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Figure 3. Optimization of the amount of 0.2 M K2CO3 solution used (A), antibody I used in the
detection probes (B), and goat anti-mouse IgG on the control line (C). The positive sample was buffer
spiked with 0.1 μg/mL of the NP antigen.

Figure 4. Optimization of the antibody II amount on the test line (A) and the width of LFIA test
strip (B).

3.3. Signal Amplification for NP Antigen Detection

First, a simple and portable device for copper deposition signal amplification was
fabricated by 3D printing (Figure 5A). The signal amplification of each LFIA test strip can
be carried out on separate trough (Figure 5B). Subsequently, the COVID-19 NP solution
reference material (GBW(E)091097) was diluted into a series of standard solutions (1.0,
0.1, 10−2, 10−3, 10−4, 10−5, 10−6, and 0 μg/mL) with lysis buffer and then detected by
the LFIA test strips assembled with the optimized parameters. The results are shown in
Figure 5C: the signal intensity detected by the naked eye increased with the concentration
increasing from 0.01 μg/mL to 1.0 μg/mL, and only a weak red band was presented on
the test line when the concentration was 0.01 μg/mL, which indicates that the detection
sensitivity was 0.01 μg/mL. However, the signal intensity on the test lines was enhanced
after copper deposition-induced signal amplification, and a weak band was also developed
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in 0.01 ng/mL; the results demonstrate that the sensitivity was increased by three orders of
magnitude after copper deposition. The detection limit of the developed GCNP-LFIA for
the SARS-CoV-2 NP antigen was 10 pg/mL. Because the sample volume used for detection
was only 10 μL, the developed method has the capability of detecting 0.1 pg NP antigen
within 20 min.

Figure 5. Simple device for copper deposition signal amplification (A,B); detection of NP antigen
standard solutions before and after signal amplification (C).

The specificity of the proposed GCNP-LFIA was evaluated using the recombinant
proteins of SARS-CoV and Middle East respiratory syndrome coronavirus. GCNP-LFIA
had a cross-reactivity with SARS-CoV because of the high homology between SARS-CoV-2
and SARS-CoV (Figure S3). However, almost no SARS-CoV infection has been reported
at present; therefore, the accuracy of the results obtained by GCNP-LFIA is considered
reliable. As shown in Table 1, the sensitivity of the proposed LFIA is not superior to the
previously reported LFIAs. However, the results prove the feasibility of copper deposition
signal enhancement technology for GCNP-based LFIAs, which exhibit broad prospects
for applications and social benefits. As for the SARS-CoV-2 detection, the LOD of the
proposed detection method was lower, and the virus infection could be found earlier;
thus, its detection capability needs to be improved in our further work. Additionally,
the limitation of this work is the lack of evaluation of cultured virus or real samples,
although the detection of the NP antigen in nasopharyngeal swab samples was expected.
Nonetheless, the imperfection of this work does not obscure its implication for copper
deposition signal enhancement.

In this work, a simple and portable device was designed to allow the copper deposition
reaction to take place in an independent space for each LFIA strip, which can simplify the
operational process and improve the reaction efficiency. This work extensively applied the
GCNP-mediated copper deposition signal amplification to the LFIA in accordance with
the research achievements of Liu’s group [22]. The results indicated that the GCNP-based
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LFIA combined with copper deposition is worthy of popularization and application in
COVID-19 detection and even in other areas.

Table 1. Comparison of the performances among the developed method and other reported methods
for SARS-CoV-2 NP antigen detection.

Method Sensitivity Time Reference

Colloidal gold nanoparticle based LFIA 250 pg/mL 15 min Mertens et al. [26]
Half-strip lateral flow assay 650 pg/mL about 20 min BD Grant et al. [12]

Cellulose nanobead-based LFIA 20 ng/mL 20 min Kim et al. [14]
Fluorescent immunochromatographic assay / 10 min Diao et al. [15]
Fluorescent immunochromatographic assay
based on multilayer quantum dot nanobeads 5.0 pg/mL 15 min Wang et al. [18]

Dual-Mode fluorescence lateral flow
immunoassay 0.5 pg/mL 10 min Wang et al. [19]

Cotton-tipped electrochemical
immunosensor 0.8 pg/mL about 20 min Shimaa Eissa and Mohammed

Zourob [9,10]
Parallel reaction monitoring mass

spectrometry assay 2 × 105 viral particles/mL about 3 h Cazares et al. [9]

Colloidal gold nanoparticles based LFIA
with copper deposition 10 pg/mL Within 20 min This work

4. Conclusions

This study developed a GCNP-based LFIA for sensitive SARS-CoV-2 NP antigen
detection and proved that a GCNP-mediated copper deposition technique further enhances
the LFIA signal. Under the optimized parameters, the detection limit of the developed
GCNP-LFIA coupled with copper deposition for SARS-CoV-2 NP antigen detection was
10 pg/mL, which indicates a better sensitivity than the reported GCNP-LFIA. It provides a
convenient supplementary approach to rapidly screen the suspected population for the
prevention and control of the COVID-19 pandemic. However, further investigation with
real samples is warranted.
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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.

 
Figure 2. Evaluation of the interference between RLM@RBD and BLM@IgG probes.

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.

 

Figure 3. Optimization of pH for probe preparation, each measurement was tested in duplicate.

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.

 

Figure 4. Result of the detection probe amount optimization, each measurement was tested
in duplicate.

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.

Figure 5. A series of spiked serum samples detected using the LM-based bicolor LFIA.

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.

 

Figure 6. Results of the developed LM-based bicolor LFIA for 13 human serum samples point-of-care
detection (1#–10# negative samples and 11#–13# positive samples).

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.
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Abstract: Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) caused the ongoing
COVID-19 (coronavirus disease-2019) outbreak and has unprecedentedly impacted the public health
and economic sector. The pandemic has forced researchers to focus on the accurate and early detection
of SARS-CoV-2, developing novel diagnostic tests. Among these, microfluidic-based tests stand out
for their multiple benefits, such as their portability, low cost, and minimal reagents used. This review
discusses the different microfluidic platforms applied in detecting SARS-CoV-2 and seroprevalence,
classified into three sections according to the molecules to be detected, i.e., (1) nucleic acid, (2) anti-
gens, and (3) anti-SARS-CoV-2 antibodies. Moreover, commercially available alternatives based on
microfluidic platforms are described. Timely and accurate results allow healthcare professionals to
perform efficient treatments and make appropriate decisions for infection control; therefore, novel
developments that integrate microfluidic technology may provide solutions in the form of massive
diagnostics to control the spread of infectious diseases.

Keywords: SARS-CoV-2; COVID-19; microfluidic; chip; biosensors; diagnostics

1. Introduction

The World Health Organization (WHO) has reported that, up to January 2022, the
number of confirmed COVID-19 infections exceeded 340 million cases worldwide. More-
over, consequences in terms of public health have been severely exacerbated due to the
viral evolution over time, which is causing the emergence of new variants. These mutations
can give rise to substitutions in the amino acids of the viral proteins, affecting properties
such as the propagation of the virus and the severity of symptoms post-infection, causing
changes in public health measures and a loss in the effectiveness of drugs, vaccines, and
diagnostic methods [1].

Therefore, massive diagnostic tests for detecting SARS-CoV-2 have been suggested by
the WHO to decrease the spread of the virus and its consequences on populations’ health
and the global economy. In this manner, accessible, affordable, and accurate diagnostic de-
vices are urgently required for SARS-CoV-2 and its emerging variants, both for controlling
the spread of COVID-19 and for the resumption of economic activities [2]. In this regard,
quantitative reverse-transcription–polymerase chain reaction (RT-qPCR) has been reported
to be the most reliable method for the screening and diagnosis of COVID-19 [3,4], and is
the most predominantly used method through the analysis of respiratory samples [3,4].
Although this method is highly sensitive, it requires expensive instruments and reagents,
extensive sample processing, and specialized personnel, limiting its large-scale application
outside equipped clinical laboratories [2,5].
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To overcome these challenges, microfluidics for point-of-care (POC) testing devices
have been recently applied for COVID-19 [2,6]. In this work, we review and discuss the
different types of microfluidic-based tests relevant to COVID-19. We divide the tests into
three categories based on their detection targets: nucleic acid, antigens, and anti-SARS-
CoV-2 antibodies. This review examines the emerging role of microfluidics in a pandemic
context that demands a reduction in costs and the substitution of sophisticated equipment,
massifying and democratizing diagnosis for the entire population.

2. Microfluidics Applied to COVID-19

Microfluidics is an emerging technology that studies the behavior, control, and manip-
ulation of fluids, either gases or liquids, constrained into micrometer- or nanometer-sized
structures or channels [7]. The behavior of the fluids in such microchannels is different
in comparison to the macroscale. Consequently, microfluidic systems exhibit apparent
advantages such as: (i) less sample is required, (ii) lower consumption of reagents, (iii) the
ability for simultaneous sample processing, (iv) accelerated reaction rates, (v) enhanced
precision and sensitivity, and (vi) reductions in the quantities of waste products [8,9].

Due to the ability of microfluidics to accurately handle small quantities of samples
and its use of well-controlled environments, it has been effectively applied in different
applications such as nanofabrication [10], energy generation [11], and optofluidic reactors
for water treatment [12]. Moreover, microfluidic systems have been successfully applied
as diagnostic devices, motivated by the inaccessibility, impracticality, unaffordability, and
high costs of fully equipped laboratories for a large part of the population [13].

Microfluidics forms the basis of technologies such as lab-on-a-chip, which allows
any sample analysis procedure—separation, concentration, dosing, mixing, incubation,
reaction, and detection—to be integrated on a microfluidic chip [9]. Moreover, the operation
of microfluidic platforms can be completely automated, thus reducing human errors and
improving repeatability [14]. In this sense, microfluidic research on diagnosis has been
rapidly increasing in recent times (Figure 1).

Figure 1. The number of publications per year on microfluidics applied in diagnosis. Note: Scopus
database using a combination of the keywords “microfluidics” and “diagnosis”.

Microfluidics diagnostic systems are integrated by detection components and fluid
regulatory elements that can detect different molecules such as nucleic acid, antigens, or
antibodies, producing an optical, electrical, or electrochemical signal with a diagnostic
result [15] (Figure 2). In addition, their portability, convenience, and connectivity allow for
the rapid examination of diagnostic results near the patient site (point-of-care devices) [16].
Therefore, research efforts in microfluidics have been focused on the diagnosis of different
infectious diseases, such as dengue [17,18], Malaria [19], Zika [18], and more recently,
SARS-CoV-2 [2].
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Figure 2. Schematic representation of a basic workflow using a microfluidic platform capable of
sensing molecules such as nucleic acid, antigens, and anti-SARS-CoV-2 antibodies, producing a
signal output. Created with Biorender.com (accessed on 11 February 2022) and extracted under
premium membership.

3. Nucleic Acid Detection

The first sequence of the SARS-CoV-2 virus was obtained at the end of 2019. This
achievement enabled the possibility of accessing its genetic code in databases, which is
the most critical information for developing diagnostic techniques based on nucleic acid
detection. SARS-CoV-2 is a single-stranded positive RNA virus with several genes such
as the ORF1ab, RdRP, E, N, and S genes. The first diagnostic tests approved and used in
this pandemic were designed to detect the N gene. Currently, researchers have developed
different tests with multiple-gene detection to increase the certainty and ability to identify
viral variants [20,21]. RT-qPCR is the gold standard for COVID diagnosis and the test
recommended by the WHO due to its relatively elevated sensitivity and specificity. In
addition, RT-qPCR tests have been extensively studied, showing significant advances
in understanding the technology and infrastructure necessary to implement protocols
worldwide [22]. However, the pandemic requires better techniques to manage the outbreak
efficiently; thus, research efforts are imperative to develop new diagnostic tools that meet
the current demands. We present several proposals regarding nucleic acid detection by
means of microfluidics, divided into three main sections depending on the technology
used: PCR, isothermal amplification, and clustered regularly interspaced short palindromic
repeats (CRISPR)/biosensors. Figure 3 presents a graphical overview of microfluidic
techniques used to detect nucleic acid from SARS-CoV-2.

3.1. Based on PCR

Millions of RT-qPCR tests have been performed worldwide, which have significantly
helped to diagnose COVID-19. However, the severity of the pandemic makes the traditional
PCR method insufficient to control the problem. The most important limitations are
shortages of reagents, limited staff, the analysis time, and the massive sample processing
requirements [22]. Several proposals have recently been reported in scientific journals to
solve those challenges. For example, a portable microfluidic-chip qPCR method that can
detect the SARS-CoV-2 virus directly from saliva samples has been recently reported. This
technique utilized a microfluidic chip where the sample is placed, and all the reaction stages
(heat, mix, and detection) are performed; this device can perform multiplex assays detecting
up to three targets, showing a virus detection of 1000 copies/mL in saliva samples [23].

An essential approach in microfluidics is high-throughput sample processing. Fassy
et al. and Xie et al. have reported the use of a qPCR method with the potential to perform
massive assays to detect the SARS-CoV-2 virus [24,25]. The reported technology is based
on a nanofluidic qPCR method using the 192.24 IFC chip (Fluidigm, CA, USA) (Figure 3),
which can process 4608 samples in a single run. This technology also performs multiplex
assays with 24 different probe sets, which is very convenient for identifying SARS-CoV-2
variants or confirming the diagnosis with the amplification of other targets. Moreover, the
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reaction volume was reported to be as low as 10 nL, which is an important characteristic in
terms of reducing the amount of reagents used and the consequent decrease in the price of
tests [24,25].

 

Figure 3. Graphical summary of microfluidic techniques used to detect nucleic acid from SARS-CoV-2
and its main characteristics. Created with Biorender.com (accessed on 11 February 2022) and extracted
under premium membership.

Using this technology, Fassy et al. proposed an optimized protocol for SARS-CoV-2
RNA detection without the need for viral RNA extraction, which reduces the processing
time [24]. Through microfluidics, researchers have pursued volume reduction with the aim
of producing low-cost tests. For example, Cojocaru et al. reported a PCR test based on a
disposable microchip with lyophilized primers and probes capable of providing results in
less than 30 min using a volume of 1.2 μL per reaction. They determined a limit of detection
(LOD) of one copy per reaction with clinical samples from Canadian patients [26]. Moreover,
another microfluidic form of PCR is the lab-on-a-disc, applied to COVID-19, including the
multi-detection of Influenza A and B. The LOD of this device was 20 viral copies, with a test
time of 1.5 h [27]. Another recent and novel development is a microfluidic nanoplasmonic
qPCR method based on a microfluidic chip that integrates glass nanopillar arrays with Au
nanoislands and microfluidic channels, in which the PCR reaction amplifies the E gene
from SARS-CoV-2. The main characteristic of the reported microfluidic system is its rapid
capacity to detect the presence of SARS-CoV-2, requiring around five minutes with an LOD
of 259 copies/μL [28]. Overall, these microfluidic PCR platforms have demonstrated the
potential for optimal and rapid virus detection.

In addition, one of the objectives of microfluidics is to integrate molecular techniques
in microfluidic chips, developing complete laboratories on a chip that provide relevant
information for a more precise diagnosis. Li et al. [29] reported the synergistic potential of
combined technologies and proposed a workflow using a microfluidic platform to detect
SARS-CoV-2 and then performing whole-genome sequencing. These devices could be
responsible for controlling the pandemic in the future due to the possibility of increasing
the sensitivity of the tests and reducing the costs and time of the tests [29].

68



Biosensors 2022, 12, 179

Digital PCR (dPCR) is an emergent and highly precise PCR test, which has received
increasing research attention since it provides absolute quantification of nucleic acid
molecules from very small samples [30]. The most crucial difference between traditional
qPCR and dPCR is the reaction preparation and the equipment required; dPCR requires, as
the first step, the preparation of the sample to be separated in the dispensed reaction, mainly
by means of micropores and droplets. In this way, the overall response can be divided
into multiple compartmentalized reactions, generating small reactors to amplify nucleic
acid independently with a Poisson distribution, leading to analysis based on fluorescent
signals in each compartment. dPCR has shown potential for its use in the clinical field.
Thus, several research groups have employed it to diagnose COVID-19. Bu et al. developed
a microfluidic system that generates programmable on-demand droplets, with the viral de-
tection of 4.68 copies/μL, amplifying the ORF1ab and N genes [31]. A similar SARS-CoV-2
dPCR test was reported by Yin et al., which showed equivalent results in viral detection
(five copies/reaction), amplifying the same two genes with the ability to detect the virus
in less than 5 min [32] (Figure 3). Recently, Sun et al. reported a dPCR test composed of a
microfluidic chamber manufactured using a wet-etching process and silicon-glass bonding.
Some interesting features of this microfluidic chip are the low-cost fabrication method,
the generation of microdroplets of uniform volume, and higher stability, with the authors
reporting an LOD of 10 copies/μL, using the ORF1ab gene as the target [33].

3.2. Based on Isothermal Amplification

The use of a thermocycler is essential to perform PCR tests. However, infrastructure
deficits in underdeveloped places is one of the most critical limitations. Therefore, there
is an urgent need to develop strategies that do not require expensive equipment, thus
achieving a diagnosis that is accessible to the entire population, regardless of their economic
context. For example, there is an approach based on the isothermal amplification of nucleic
acid, which avoids the use of a thermocycler, replacing it with a simple water bath or
incubator. Several isothermal techniques have been developed and deployed, such as
loop-mediated isothermal amplification (LAMP), rolling circle amplification (RCA), and
recombinase polymerase amplification (RPA) [34]. The isothermal COVID-19 diagnosis
method has attracted worldwide attention due to its potential to massify the diagnosis in
places where there are no laboratories or expensive facilities.

LAMP is a technology that employs four to six primers to recognize different regions
from a target sequence; it is distinguished by requiring a temperature reaction around
65 ◦C and having shorter reaction times compared to other techniques such as PCR. To
date, the FDA has approved ten COVID-19 tests based on LAMP, and this technology
has been widely applied for the development of COVID-19 microfluidic devices. One
of the first developments was an automated microfluidic disc that is able to perform the
entire process—sample treatment, LAMP reaction, and fluorescence signal detection—after
injecting samples into the disc. The estimated LOD is two copies per reaction, enabling
the processing of up to 21 samples per microfluidic disc in 70 min [35]. Another successful
example of this technology is a device integrated within an aluminum block, detecting
fluorescence emission using a camera controlled by a single-board computer. The au-
thors demonstrated the ability to detect 100 copies of viral RNA within 10 to 20 min,
estimating the device’s cost at around 150 USD [36]. Ganguli et al. created a platform that
includes a microfluidic chip and a smartphone-based reader that demonstrated an LOD of
50 copies/μL within 30 min [37]. Similarly, de Oliveira et al. employed a cell phone as a
reader; they printed a polyester-toner microfluidic device controlled by a fidget spinner
using centrifugal force. The microfluidic chip contains chambers with a 5 μL of volume
capacity, and to perform the LAMP reaction, the sample is incubated using a thermoblock.
They reported a time assay of 10 min, with an LOD of 10−3 copies of viral RNA and an
estimated cost of 5 USD per test [38].

Recently, colorimetric LAMP tests based on changes in pH values have been devel-
oped, which have also been implemented in microfluidics. Davidson et al. prepared
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microfluidic paper-based analytical devices (μPADs) to detect SARS-CoV-2 via colorimetry.
They demonstrated direct viral detection from saliva samples (without sample processing),
obtaining results that were visible to the naked eye. The microfluidic device could detect up
to 200 copies/μL from saliva samples within 60 min, with an estimated cost of 10 USD per
test [39]. Furthermore, Deng et al. developed a portable device that employs a colorimetric
LAMP with an LOD of 300 copies/reaction within 35 min [40]. On the other hand, Kim
et al. reported a microfluidic device using RCA, which is another isothermal technique
that employs a short primer and is amplified to form long single-stranded nucleic acid
using a circular template and polymerases. This test is based on a device integrated with a
nylon mesh with multiple microfluidic pores and an immobilized primer. Its operation is
based on the fact that RCA amplification occurs when the viral target is present, causing
DNA gelation and, consequently, a blockage of the micropores, preventing the flow of
microfluidics. This device was able to detect SARS-SoV-2 within 5 min at a concentration
of 30 aM [41] (Figure 3).

The RPA isothermal assay has also been applied in microfluidic testing for COVID-19;
this technology has interesting features such as high sensitivity, fast reaction times, lower
temperatures (37 ◦C to 42 ◦C), and simple protocols and primer design. RPA is based
on recombinase enzymes to facilitate primer binding to templates and the synthesis of
strands. As in other methods, it is also possible to quantify the amplification process via
fluorescence or colorimetry using lateral flow assays. For example, Liu et al. developed a
microfluidic chip and combined RPA and lateral flow assays to diagnose COVID-19. They
fabricated a PMMA (polymethyl methacrylate) microfluidic chip with two reservoirs, in
which the reactants are mixed, and the reaction is conducted. It also includes a strip with
the conjugated antibodies to perform the colorimetric detection. The chip is incubated at
42 ◦C for 15 min using a thermoblock; after the amplification time, the chip is inverted to
start the reveal process with the lateral flow assay. They reported an LOD of 1 copy/μL
within 30 min [42] (Figure 3). Interestingly, a microfluidic disc combining LAMP and RPA
technologies was recently developed, demonstrating the ability to detect multiple targets
of SARS-CoV-2 and measles virus via fluorescence, with an LOD as low as 10 copies within
one hour of the reaction [43].

3.3. Based on CRISPR

CRISPR is an emerging and powerful technique that has also been applied to detect
nucleic acid, exhibiting high versatility, sensitivity, and specificity. The use of CRISPR in
diagnostics is based on the reaction of “collateral cleavage” induced by a nuclease, such as
Cas12 and Cas13. These CRISPR-Cas nucleases can be directed to a guide RNA (gRNA)-
specific target sequence. Furthermore, this reaction can be analyzed through fluorescence
signals, a practical approach to detecting pathogens.

Several research groups have integrated CRISPR into microfluidic technology to
detect SARS-CoV-2, developing novel devices to improve diagnosis. One of the first
CRISPR microfluidic chips developments applied to the diagnosis of COVID-19 used an
electrokinetic microfluidic technique termed “isotachophoresis” (ITP) (Figure 3). Using
this technology, Ramachandran et al. developed a microfluidic chip to extract nucleic acid
from raw biological samples. Furthermore, the chip can mix the reagents and accelerate
enzymatic reactions with the viral target. The authors reported multiple benefits obtained
using this technique, such as lower consumption of reagents in comparison to traditional
methods (lower than 0.2 μL), a decrease in the sample processing time (30–40 min from
sample to results), and an LOD as low as 10 copies/μL [44].

Li et al. proposed a microfluidic system combining RPA amplification, CRISPR cleav-
age, and lateral flow detection. Their developed microfluidic chip was integrated with a
reaction chamber that stored lyophilized reagents and a portable hand warmer to incubate
the reactions to amplify SARS-CoV-2 nucleic acid, avoiding the use of electricity; this
portable microfluidic system displayed an LOD as low as 100 copies [45] (Figure 3). Simi-
larly, a CRISPR assay that is able to detect SARS-CoV-2 was implemented in a microfluidic
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chip with reaction chambers, a heating module to incubate the reactions at 37 ◦C, and a
compact fluorescence imaging system for monitoring the fluorescence signal; an LOD of
31 copies/μL within 20 min of reaction was reported [46].

3.4. Other Microfluidic Developments

The detection of SARS-CoV-2 nucleic acid has also been achieved using other types of
microfluidic biosensors. For example, Zhao et al. developed an automated microfluidic
platform based on nanotechnology to detect the S gene from the SARS-CoV-2 virus. This
technology, known as the “electrochemical system integrating reconfigurable enzyme-DNA
nanostructures” (eSIREN), integrates multiple responsive molecular nanostructures to form
a catalytic molecular circuit with the aim of sensing the viral presence. It presented an LOD
of 7 copies/μL after approximately 20 min of reaction at room temperature [2].

Another example of technologies not frequently explored is the one developed by
Hwang et al., which consists of interdigitated platinum/titanium electrodes to detect
SARS-CoV-2 nucleic acid. In this technique, the detection is based on sensing the hy-
bridization from the viral analyte with probe DNA, and using physicochemical analytical
techniques such as Fourier-transform infrared (FTIR) spectrometry, contact-angle analysis,
and capacitance-frequency measurements. This approach allowed the detection of the RdRp
gene with a sensitivity of 0.843 nF/nM [47]. Finally, Iwanaga reported the development of
a microfluidic chip using a biosensor based on an all-dielectric metasurface fabricated with
silicon-on-insulator nanorod arrays to enhance the fluorescence signal and demonstrated
an LOD of 250 amol/mL within 30 min of the reaction [48]. Table 1 summarizes the diverse
microfluidic assays used for the detection of SARS-CoV-2 nucleic acid.

Table 1. Microfluidic assays for the detection of SARS-CoV-2 nucleic acid.

Type of
Technique

LOD
Target
Gene

Detection
Method

Processing
Time

(Minutes)
Reference

qPCR 9 copies/rxn N Fluorescence NR [23]

qPCR 7 copies/rxn N, E, ORF1ab, S and NSP6 Fluorescence <120 [24]

qPCR 7 copies/μL N Fluorescence <120 [25]

qPCR 1 copy/rxn N Fluorescence 30 [26]

qPCR 20 copies/rxn N Fluorescence 90 [27]

qPCR 259 copies/μL E Nanoplasmonic 5 [28]

dPCR 4.68 copies/μL N and ORF1ab Fluorescence 45 [31]

dPCR 5 copies/rxn N and ORF1ab Fluorescence 5 [32]

dPCR 10 copies/μL ORF1ab Fluorescence <60 [33]

LAMP 2 copies/rxn N, E and ORF1ab Fluorescence 70 [35]

LAMP 100 copies/rxn ORF1ab Fluorescence 20 [36]

LAMP 50 copies/μL N, ORF1ab and ORF8 Fluorescence 30 [37]

LAMP <1 copy/μL N Fluorescence 10 [38]

LAMP 200 copies/μL N and ORF1ab Colorimetric 60 [39]

LAMP 300 copies/rxn N and E Colorimetric 35 [40]

RCA 30 aM/rxn ORF1ab Gelation 5 [41]

RPA-LFA 1 copy/μL N Colorimetric 30 [42]

RPA-LAMP 10 copies/rxn S Fluorescence 60 [43]

CRISPR 10 copies/μL N and E Fluorescence 40 [44]

CRISPR-LFA 100 copies/rxn N Colorimetric NR [45]

CRISPR 31 copies/μL N, S and ORF1ab Fluorescence 20 [46]
Abbreviations: LOD (limit of detection); NR (not reported); rxn (reaction); LFA (lateral flow assay).
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4. Antigen Detection

Currently, there are a few reports on microfluidic immunoassays for the detection
of SARS-CoV-2 viral proteins, despite their multiple benefits such as their low cost and
the rapid processing of samples compared to PCR tests that use nucleic acid detection.
In addition, antigen immunoassays can perform more convenient detection since they
can detect the presence of the virus when the person can transmit it, unlike serological
immunoassays that identify IgG and IgM antibodies against SARS-CoV-2, which require at
least a few weeks for their detection. Therefore, immunoassays of antigens allow effective
measurements of viral proteins, obtaining results in less than an hour with detection ranges
from fg to μg (Table 2).

The most relevant antigens for detecting SARS-CoV-2 in clinical samples are the nu-
cleocapsid protein (N) and the spike protein (S). The S protein is a glycoprotein on the
virus’s surface, composed of S1 and S2. In addition, S1 contains a region known as the
receptor-binding domain (RBD), which facilitates the entry of SARS-CoV-2 into the host
cells [49,50]. The N protein is an immunogenic protein that packages the genome RNA
of the virus, forming helical nucleocapsids [50,51]; it is used as an early indicator since
it allows the identification of SARS-CoV-2 up to one day before symptoms appear [52].
Furthermore, the N protein is considered a better target than the S protein because the
latter is less abundant and, under selective pressure, is more prone to mutations [53].
The detection of SARS-CoV-2 proteins by means of microfluidic immunoassays consists
mainly of flow-through assays [54]. The sample obtained from serum or nasopharyngeal
or oropharyngeal swabs [55] is subjected to this flow to identify viral SARS-CoV-2 proteins
via direct or sandwich immunoassays. Direct immunoassays consist of immobilized anti-
SARS-CoV-2 antibodies or nanomaterials (polymers and fibronectin) on a sensor’s surface,
which allows one to identify the presence of proteins such as S, RBD, and N [56–59]. In
contrast, sandwich-type immunoassays consist of the formation of complexes between
anti-SARS-CoV-2 antibodies anchored to microspheres, nanobeads, or microbeads that
interact with SARS-CoV-2 viral proteins such as S, RBD, and N. These complexes are
subsequently captured by aptamers or a second anti-SARS-CoV-2 antibody, either immo-
bilized (on a gold electrode or silica) or free (attached to fluorescent reporters or colored
nanobeads) [53,57,60,61]. The identification of SARS-CoV-2 virus in samples of interest
by means of direct or sandwich microfluidic immunoassays is performed after the in-
teraction of the anti-SARS-CoV-2 antibodies, nanomaterials, or aptamers with the viral
proteins, which produes a fluorescence signal, or changes in electric current, absorbance, or
color [62–64].

The primary type of microfluidic immunoassays is based on the interaction of viral pro-
teins with anti-SARS-CoV-2 antibodies or nanomaterials immobilized on a sensor (which
detects changes in the electric current) or an electrode, typically covered with graphene,
aluminum, fluorine-doped tin oxide electrode (FTO), screen-printed carbon electrode (SPE),
or gold nanoparticles (AuNPs). These materials allow the identification of electrical conduc-
tivity changes when the antibodies interact with the antigens [57,59,65]. As a representative
work of this type of immunoassay, Seo et al. developed a direct microfluidic immunoas-
say that uses a field-effect transistor (FET) coated with graphene sheets conjugated with
anti-SARS-CoV-2-Spike antibodies that cause a voltage change when interacting with the
viral particles. This chip did not require the processing or labeling of samples obtained
from a nasopharyngeal swab and presented an LOD of 2.42 × 102 copies/mL in less than
5 min [66]. Another important type of microfluidic immunoassay is generating a redox
reaction caused by anti-SARS-CoV-2 antibodies conjugated with enzymes (that interact
with their substrate) or redox probes (electron transfer) in the presence of the SARS-CoV-2
viral proteins. Li and Lillehoj reported an immunoassay using this type of signal, which
consumes minimum quantities of reagents and enhances the detection sensitivity. Their
immunosensor comprises a novel sandwich immunoassay. It uses dually-labeled magnetic
nanobeads tagged with HRP (horseradish peroxidase). It is covered with anti-SARS-CoV-2
antibodies that interact with the viral proteins, forming a complex captured by a second
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anti-SARS-CoV-2 antibody immobilized on a gold electrode. In the presence of a TMB
substrate, this complex produces an electrochemical signal that can be detected by smart-
phones or electronic devices, with an LOD of 50 pg/mL in whole serum samples, providing
results in less than an hour [60].

Interestingly, Yousefi et al. designed a direct immunoassay that integrates an antibody
conjugated with a negatively charged DNA linker, labeled with a redox probe (ferrocene),
which binds to the surface of the positively charged sensor when it interacts with an S
protein, thus generating a redox reaction that the sensor detects. This immunosensor
has an LOD of 4 × 103 viral particles/mL in unprocessed saliva samples, generating
results in approximately five minutes [58]. On the other hand, Raziq et al. proposed
an electrochemical sensor using molecularly imprinted polymers (MIPs) acting as the
antibodies; they were interfaced with a thin film electrode and connected to a portable
potentiostat, providing high sensitivity and the ability to discriminate between molecules
to exclusively detect N proteins from nasopharyngeal samples with an LOD of 15 fM [63].

Microfluidic immunoassays that use fluorescence signals to detect SARS-CoV-2 consist
of antibodies or aptamers labeled with fluorescent reporters (probes, fluorophores, or
submicron particles) that emit a signal that is directly proportional to the viral particles
dispersed in the analyzed sample [56,67]. Stambaugh et al. presented a successful example
of this technique, creating a photonic chip-based sandwich immunoassay. Basically, the
anti-SARS-CoV-2 antibody is linked to a fluorescent DNA probe that has a photo-cleavable
spacer, which interacts with the SARS-CoV-2 viral proteins, forming a complex. This
complex is captured by a second antibody, which emits a fluorescence signal when is
exposed to UV radiation. This compact device allows the simultaneous detection of
Influenza A and SARS-CoV-2 with an LOD of 30 ng/mL from nasopharyngeal samples [68].
Alternatively, Ge et al. developed a test for the effective detection of the SARS-CoV-2
virus at the femtoliter scale. The device confined magnetic beads covered with anti-SARS-
CoV-2-N antibodies and biotin-labeled aptamers interacting with the N protein, forming a
sandwich immunoassay. The fluorescence signal was observed in the presence of the SARS-
CoV-2 virus and streptavidin-B-galactosidase. This device had an LOD of 33.28 pg/mL,
which is 300 times lower than that of the traditional ELISA sandwich method [61].

Optical techniques have also been used to detect SARS-CoV-2 proteins, in which
antibodies anchored to AuNPs, enzymes, or colored nanobeads are used; their interaction
with viral proteins leads to changes in the absorbance or the observation of a color signal in
the visible spectrum. An excellent example of this technique was reported by Xu et al., who
prepared a handheld microfluidic hydrodynamic filtration device based on a sandwich
immunoassay, in which the N protein of SARS-CoV-2 interacts with anti-SARS-CoV-2-
N antibodies, binding to white microbeads and to a second antibody anchored to a red
nanobead, forming a complex. Then, the complex enters the observation zone (OZ) via
microfluidic filtration; a red color is observed when the antigen is present, whereas a white
color is observed in the absence of the antigen since free red nanobeads pass through the
pillar gaps, leaving the white beads in the OZ. This device had an LOD of <100 copies/mL in
nasal samples, with outstanding sensitivity and specificity of 95.4% and 100%, respectively.
In addition, they reported an estimated cost of 0.98 USD per test and the possibility of
reusing the device more than 50 times [53].

Regarding the use of conjugated enzymes, Sun et al. proposed a paper-based mi-
crofluidic sandwich immunoassay, which consists of an antibody conjugated to HRP and a
second anti-SARS-CoV-2-N antibody immobilized on the chitosan-glutaraldehyde surface
of the immunosensor. In the presence of the N protein, this biosensor generates a black
spot observed with the naked eye with an LOD of 8 μg/mL [64]. On the other hand,
Murugan et al. reported a biosensor based on absorbance changes. The authors created a
plasmonic fiber-optic absorbance biosensor (P-FAB) on a U-bent optical fiber probe. In their
work, two different types of design were proposed: a direct immunoassay and a sandwich
immunoassay. In the direct immunoassay, antibodies were immobilized to AuNPs placed
on the biosensor’s surface. In contrast, the sandwich immunoassay consisted of antibodies
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anchored to the biosensor’s surface and secondary antibodies conjugated with AuNPs. In
both designs, the interaction of the N proteins with the antibodies resulted in absorbance
changes. This portable device had an LOD of 10−8 M for saliva samples (using a volume of
25 μL) with minimal pre-processing procedures, obtaining results within 15 min [62]. These
types of microfluidic immunoassays allow the rapid detection of SARS-CoV-2 proteins
(<1 h) and involve minimum or null sample processing, compared to ELISA. However, this
traditional technique involves time-consuming processes ranging from several hours to
days. Another emergent method to detect viral antigens is through Raman spectroscopy.
Recently, Huang et al. reported a rapid assay combing Raman spectroscopy and a deep
learning model to detect the S protein from COVID-19 patients within 20 min [69].

Table 2. Microfluidic immunoassays for the detection of SARS-CoV-2 proteins.

Type
Immunoassay

Specimen LOD
Target
Protein

Detection
Method

Processing
Time

(Minutes)
Reference

Sandwich
Immunoassay Serum 33.28 pg/mL N Fluorescence <120 [61]

Direct
Immunoassay Saliva NR VP Fluorescence <30 [56]

Sandwich
Immunoassay

Serum, Saliva,
Nasopharyngeal

and urine
8 μg/mL N Colorimetric >30 [64]

Direct and
sandwich

Immunoassay
Saliva NR N Absorbance 15 [62]

Direct
Immunoassay Blood 1 fg/mL S Voltage 0.05 [57]

Direct
Immunoassay Saliva 4000 viral

particles/mL S Electrochemical 5 [58]

Direct
Immunoassay Food 2.29 × 10−6

ng/mL
S Voltage 0.33 [59]

Direct
immunoassay Saliva 90 fM S Electrochemical 0.5 [65]

Sandwich
immunoassay Serum 230 pg/mL N Electrochemical <60 [60]

Sandwich
immunoassay

Nasopharyngeal
and serum NR VP Fluorescence 15 [67]

Sandwich
immunoassay Nasopharyngeal <100

copies/mL N Colorimetric >30 [53]

Sandwich
immunoassay Nasopharyngeal 30 ng/mL N Fluorescence <120 [68]

Direct
immunoassay Nasopharyngeal 2.42 × 102

copies/mL
S Voltage >1 [66]

Direct
immunoassay Serum 1 pg/mL S Voltage 15 [70]

Direct
immunoassay Nasopharyngeal 15 fM N Electrochemical >30 [63]

Abbreviations: LOD (limit of detection); N (nucleocapsid protein); S (spike protein); VP (unspecified SARS-CoV-2
viral proteins); NR (not reported).

5. Anti-SARS-CoV-2 Antibody Detection

Serological tests for SARS-CoV-2 are highly relevant since they not only provide
information on the existence of a viral infection but also on the severity of the disease
(which is correlated with age and antibody expression), as well as information on the
success of vaccination in people not infected with SARS-CoV-2 [71,72]. Antibody expression
occurs as a reaction to the SARS-CoV-2 virus, secreted by B lymphocytes. There are various
antibodies involved; however, IgG and IgM isotypes are the most relevant for developing

74



Biosensors 2022, 12, 179

serological tests since these isotypes are found more frequently in the blood and are
expressed during different periods [73–75]. IgM antibodies appear between the fourth
and tenth day post-infection, whereas IgG antibodies are expressed during the second
week post-infection [74,76–78]. Microfluidic immunoassays for detecting antibodies against
SARS-CoV-2 consist mainly of antigens (S, RBD, or N proteins) that capture IgM or IgG
antibodies depending on the post-inoculation time of SARS-CoV-2 via direct, indirect, and
sandwich immunoassays (Table 3) [79–81].

Direct immunoassays consist of an immobilized antigen on a sensor or electrode
that captures IgG or IgM antibodies. In contrast, indirect immunoassays consist of
an antigen immobilized on the surface of the microfluidic chip, sensor, or electrode
(glass/polydimethylsiloxane, polystyrene, silicon, or paper) that binds to IgG and IgM
antibodies. However, it is necessary to use a second antibody, either label-free or labeled
by an enzyme or fluorophore, in the microfluidic environment emitting a signal (fluores-
cence, voltage change, electrochemical, or colorimetric) in the presence of antibodies against
the SARS-CoV-2 virus [81]. On the other hand, sandwich-type immunoassays consist of an
antigen fixed on the surface of the microfluidic device. They require a second antigen that
is labeled (not immobilized); if the antibodies are against SARS-CoV-2, they will interact
with both antigens producing a fluorescent signal [82].

The signals produced by microfluidic immunoassays to detect anti-SARS-CoV-2 anti-
bodies (IgG or IgM) include fluorescence, colorimetry, and electrochemical signals. Thus,
microfluidic immunoassays can be classified as label-based or label-free assays [83–85].
Label-based microfluidic biosensors for detecting antibodies are usually indirect or sand-
wich immunoassays. They typically consist of secondary antibodies (anti IgG or IgM)
linked to enzymes (in the presence of their substrates) and fluorophores producing color
changes and fluorescence signals, respectively, when they interact with antibodies against
SARS-CoV-2. They can reach low LODs in the range of pg/mL to ng/mL, providing results
in less than one hour [82,86,87].

Regarding microfluidic assays based on colorimetry changes, González-González et al.
reported an automated ELISA on-chip of polystyrene with four straight channels (with a
capacity of 50 μL/channel). This device is based on an indirect immunoassay that is able
to detect anti-SARS-CoV-2 antibodies against the S protein from serum samples, either
from vaccinated or COVID-19 patients. This microfluidic device consists of S proteins
immobilized on the surface of a microfluidic chip that, using a secondary antibody labeled
with HRP (in the presence of the substrate TMB), detects anti-SARS-CoV-2 (IgG) antibodies.
A colorimetric signal is visible through the use of a smartphone or a microplate reader. In
addition, processes can be programmed using Zen lab software, avoiding sample manipu-
lation and human error [80]. Tripathi and Agrawal developed a semi-automated on-chip
ELISA to detect anti-SARS-CoV-2 antibodies and were able to separate 10 μL of serum from
1 mL of whole blood in approximately 3 min. They used a microfluidic chip fabricated out
of polydimethylsiloxane (PDMS) and glass covered with the S protein [81].

Tan et al. developed a microfluidic immunoassay that detects anti-SARS-CoV-2 (IgG)
antibodies using portable microfluidic chemiluminescent ELISA technology. The device
is made of polystyrene and has 12 channels, with an inner diameter of 0.8 mm, requiring
only 8 μL of serum. This immunoassay consists of an anti-polyhistidine antibody that
immobilizes the S and N proteins that interact with anti-SARS-CoV-2 antibodies, which
in turn bind to the secondary antibody (anti-IgG) labeled with HRP. This immunosensor
has an LOD of 0.06 ng/mL and 1 ng/mL for the N and S proteins, respectively. This
microfluidic chip also allows the detection of antigens (S and N proteins) by immobilizing
a captured antibody on the surface of the chip [88].

On the other hand, the devices that use fluorescence signals to identify anti-SARS-CoV-
2 antibodies consist of antigens or secondary anti-IgG or anti-IgM antibodies labeled with
fluorophores (phycoerythrin and Dylight 550). An example of their successful application
for the detection of SARS-CoV-2 is a polydimethylsiloxane (PDMS) microfluidic chip
developed by Lee et al., which comprises carboxylate polystyrene beads that immobilize
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the RBD protein on the microfluidic chip and conjugated secondary antibodies with Dylight
550 (not immobilized) that release a fluorescence signal when they bind to anti-SARS-CoV-2
antibodies. Furthermore, this microfluidic chip allows the detection of Zika, Dengue, and
Chikungunya viruses within 30 min [86]. Another example of fluorescence immunoassays
was proposed by Rodriguez-Moncayo et al., who used a multiplex format on a semi-
automated platform made of PDMS/glass that allows the identification of the affinity of
anti-SARS-CoV-2 antibodies (IgG or IgM) towards different viral proteins (S, N, RBD, and
S1). This device can process up to 50 samples with an LOD of 1.6 ng/mL, and a sensitivity
and specificity of 95% and 91%, respectively [87].

Similarly, Heggestad et al. reported a microfluidic immunoassay that determines the
affinity of different SARS-CoV-2 viral proteins (S1, N, and RBD). They used labeled antigens
with fluorophores on a platform that consisted of a completely autonomous immunoassay.
All the reagents were added to the surface of the platform via inkjet printing. The reported
sensitivity of this device was 100% for antibodies that recognize S1 and RBD proteins and
96.3% for antibodies that interact with the N protein. The specificity for the S1, RBD, and N
proteins was 100% two weeks after the appearance of symptoms [82].

On the other hand, label-free microfluidic assays detect changes in the electrical current
and refractive index. They are typically used in direct or indirect immunoassays to detect
the presence of anti-SARS-CoV-2 antibodies (IgG or IgM). These types of immunoassays
have an LOD for antibodies (IgG or IgM) against SARS-CoV-2 in the range of ng/mL in
diluted serum samples. Qualitative microfluidic chips have also been reported, indicating
only the presence of anti-SARS-CoV-2 antibodies. Sample processing and collection for
label-free-type immunoassays require less than an hour [84,89,90]. An example of this type
of biosensor was proposed by Li et al., consisting of a direct immunoassay on a working
electrode of pieces of paper and carbon ink and zinc oxide nanowires (ZnO NWs), with
an LOD of 10 ng/mL in serum samples. The RBD protein was immobilized, detecting a
current change via electrochemical impedance spectroscopy (EIS) when it interacts with
the anti-SARS-CoV-2 antibodies (IgG) [84]. Another novel immunoassay was reported
by Djaileb et al., detecting IgG antibodies specific for the N and S proteins of infected or
vaccinated patients in serum, plasma, and dried blood spot samples. The immobilized
viral proteins on the surface of the plasmon resonance instrument produced a shift in the
refractive index when they interacted with anti-SARS-CoV-2 antibodies. The LOD was
2 nM for indirect immunoassays and 3 nM for direct immunoassays [89].

Funari et al. developed an indirect immunoassay based on a localized surface plasmon
in an opto-microfluidic chip. The S protein was immobilized on gold nanostructures, caus-
ing a change in the refractive index after interacting with anti-SARS-CoV-2 (IgG) antibodies
and a secondary anti-IgG antibody. This immunoassay has an LOD of approximately
0.08 ng/mL (0.5 pM), and the results are obtained in 30 min [79]. Xu et al. developed an
all-fiber Fresnel reflection microfluidic (FRMB) that detects IgG and IgM antibodies against
the S protein through a secondary antibody (anti IgG or IgM) acting as a transducer and
biorecognition element. The quantification is achieved according to the relationship of the
intensity of Fresnel reflection light. This biosensor provided results in 7 min and presented
an LOD of 0.82 ng/mL for IgM and 0.45 ng/mL for IgG antibodies [90].

Overall, these microfluidic chips have a lower LOD and higher specificity than tra-
ditional ELISA methods [91]. Furthermore, these devices are highly useful for evaluating
the success of vaccination programs, estimating the affinity of anti-SARS-CoV-2 antibodies
for new variants, and finding plasma donors for patients severely affected by SARS-CoV-2.
However, there are still limitations, such as the production time required for the antibodies,
on which the sensitivity depends, to avoid false negatives. Therefore, further research is
still required to achieve accurate results and practical application.
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Table 3. Microfluidic immunoassays for the detection of anti-SARS-CoV-2 antibodies.

Type
Immunoassay

Specimen LOD
Target

Antibodies
Detection
Method

Processing
Time

(Minutes)
Reference

Indirect
immunoassay Serum NR Anti-S Colorimetric <150 [80]

Sandwich
immunoassay Blood NR Anti-S Colorimetric <5 [81]

Indirect
immunoassay Serum 0.06–1

ng/mL
Anti-N
and S Chemiluminescent 15 [88]

Indirect
immunoassay

Serum,
nasopha-
ryngeal

NR Anti-RBD Fluorescence 30 [86]

Indirect
immunoassay Serum 1.6 ng/mL Anti-N, S

and RBD Fluorescence <90 [87]

Sandwich
immunoassay Blood 0.12 ng/mL Anti-N, S

and RBD Fluorescence 60 [82]

Direct
immunoassay Serum 10 ng/mL Anti-RBD Electrochemical 30 [84]

Direct and
indirect

immunoassay
Blood 2–3 nM Anti-N

and S Absorbance 30 [89]

Indirect
immunoassay Blood 0.08 ng/mL Anti-S Absorbance 30 [79]

Indirect
immunoassay Serum 0.82–0.45

ng/mL Anti-S Absorbance 7 [90]

Indirect
immunoassay Serum NR Anti-S

and RBD Absorbance NR [83]

Abbreviations: LOD (limit of detection); N (nucleocapsid protein); S (spike protein); RBD (receptor-binding
domain); NR (not reported).

6. Commercially Available Microfluidic Tests for SARS-CoV-2

The ongoing COVID-19 outbreak has led to high demand for diagnostic tests and
their development; thus, some companies have launched different microfluidic products
on the market. These devices can provide a qualitative diagnosis of the presence of nucleic
acid [91–97] or viral antigens [98–100] of SARS-CoV-2; however, most of them are highly
specialized and exclusive to laboratory use [91–93,95–100]. In addition, these platforms
can be fully automated without requiring sample processing, minimizing contamination or
human error due to manual handling [91–94,96]. Semi-automated modalities can also be
found. However, the processing of the sample plays a fundamental role since purification
and extraction are required to obtain nucleic acid [95,97] or proteins [98,99] before they are
loaded into the equipment.

The microfluidic equipment used to identify SARS-CoV-2 nucleic acid is based on
assays using RT-qPCR, multiplex RT-qPCR (identifying pathogens and respiratory viruses),
RT-LAMP, and isothermal amplification, and in the presence of SARS-CoV-2. These devices
release signals that are directly proportional to the number of viral particles present in the
sample, detected by fluorescence, voltage, or colorimetric sensors (Table 4). On the other
hand, a few commercial microfluidic tests identify SARS-CoV-2 antigens. These are mainly
based on sandwich-type immunoassays, which are released in the presence of SARS-CoV-2
fluorescence, electrochemical signals, or resonance frequency changes (Table 4).
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Table 4. Commercially available microfluidic tests for SARS-CoV-2.

Product
Manufacturer

Name
Type of

Platform
Target

Detection
Method

Processing
Time

(Minutes)
Reference

ePlex
SARS-CoV-2

Test

GenMark
Diagnostics,

Inc.
RT-qPCR Nucleic

Acid Voltage ~120 [92]

BioFire
COVID-19 test

BioFire
Defense, LLC

Multiplex
RT-qPCR

Nucleic
Acid Fluorescence 50 [93]

QIAstat-Dx
Respiratory
SARS-CoV-2

panel

QIAGEN
GmbH

Multiplex
RT-qPCR

Nucleic
Acid Fluorescence ~60 [94]

Lucira
COVID-19
All-In-One

Test Kit

Lucira Health,
Inc. RT-LAMP Nucleic

Acid Colorimetric 30 [95]

Respiratory
Virus Nucleic
Acid Detection

kit

CapitalBio
Technology

Isothermal
amplification

Nucleic
Acid Fluorescence 90 [96]

Xpert Xpress
SARS-CoV-2

test
Cepheid RT-qPCR Nucleic

Acid Fluorescence 45 [97]

Microchip
RT-PCR

COVID-19
detection
system

Lumex
Instruments

Canada
RT-qPCR Nucleic

Acid Fluorescence 50 [98]

Omnia
SARS-CoV-2

Qorvo Biotech-
nologies

Antigen
immunoassay Proteins Resonance

frequency ~20 [99]

LumiraDx
SARS-CoV-2

Ag test
LumiraDx Antigen

immunoassay Proteins Fluorescence 12 [100]

Sampinute
COVID-19 Celltrion Antigen

immunoassay Proteins Electrochemical 30–45 [101]

Overall, these diagnostic tests provide results within a few minutes, representing a
valuable benefit in contrast to technologies that require a long time from sample processing
to obtaining the result, allowing the immediate implementation of preventive measures.

7. Limitations and Perspectives

An upward trend related to microfluidics, mainly applied for diagnostics, has recently
emerged; unfortunately, most of the microfluidic-based diagnostic devices are in a proof-of-
concept or prototype stage, which is why more microchips are reported in the literature
than are commercially available. Therefore, there is an evident necessity to mature this
technology for its practical application in diagnosing infectious diseases. Such microfluidic
devices would involve multidisciplinary expertise, compatibility in biological aspects,
and feasible manufacturing at a large scale. For example, the materials used for the
fabrication of microfluidic chips must be designed for final applications to achieve the
optimal performance; a microfluidic chip that requires functionalizing an antibody to detect
a viral antigen will use different materials than those used in a microfluidic device capable
of performing qPCR to detect a viral gene.

Commonly used materials for the fabrication of microfluidic chips that allow the
detection of nucleic acid, antibodies, and proteins of SARS-CoV-2 are based on glass, silicon,
polymers (e.g., PDMS), paper, and metal. With respect to glass, this material is ideal for
chemical reactions in extreme conditions. One of the significant advantages of silicon is
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that it allows the molecular diagnosis of biomolecules from diverse samples. However, its
high cost for large-scale production is a disadvantage that hinders its application.

On the other hand, microfluidic assays using polymers, paper, or metal have accessible
costs for large-scale production; however, they have other drawbacks. The sample should
be selected appropriately in the case of platforms that use polymers since this material
can present a high or low capacity to adsorb diverse molecules. In comparison, paper-
based microfluidic assays are characterized by low cost and small mechanical resistance.
A significant limitation is that if the microfluidic device uses passive pumping, it can be
a considerable challenge to design the fluid circuit’s hydrodynamic resistance properly.
Microfluidic devices made from metal are incompatible with optical detection [102].

Therefore, for large-scale production, it is important to consider the materials to be
used, since the transition from the “proof-of-concept” stage to the “final product” stage,
especially in microfluidics, can result in drastic changes to the original microfluidic chip
design, such as modifications to microfluidic chip materials, dimensions, and structures.
Profitability and large-scale manufacturing capacity are the main factors involved in launch-
ing a microfluidic product to the market, mainly when it is intended to be widely distributed
in a pandemic situation.

Another important factor is the type of biomolecules to be detected. For example,
microfluidic assays that detect SARS-CoV-2 nucleic acid have advantages such as high
sensitivity compared to microfluidic platforms for antigens or antibodies, requiring up
to two viral copies and volumes up to 10 nL due to the exponential amplification [24,25],
indicating the presence of the virus in the early stages of infection [103]. These microfluidic
devices are the market leaders; however, their high costs compared to immunoassays
and the fast degradation of nucleic acids if the samples are not processed immediately or
properly stored represent significant disadvantages.

Microfluidic assays for SARS-CoV-2 antigens are used due to the excellent stability
that the proteins present compared with the nucleic acid. This type of microfluidic assays
can detect SARS-CoV-2 proteins in concentration ranges from fg/mL to μg/mL [57,64].

To avoid false negatives, the proper detection of SARS-CoV-2 proteins should be per-
formed approximately on the fifth day after the infection, which is typically accompanied by
tests of nucleic acid to confirm the results [49,50]. On the other hand, microfluidic platforms
based on immunoassays to detect antibodies identify the severity of the disease depend-
ing on age and levels of expression of anti-SARS-CoV-2 antibodies. They also allow the
identification of asymptomatic patients and the evaluation of or the success of vaccination
against SARS-CoV-2 with LODs of ng/mL. However, they cannot provide early diagnosis
since the production of antibodies takes approximately two weeks post-inoculation [70,71].

The commercially available microfluidic equipment is based on the analysis of nucleic
acid or viral antigens of SARS-CoV-2. Currently, there are no commercial microfluidic
platforms for identifying anti-SARS-CoV-2 antibodies, for which ELISA is the main method
used [90]. In addition, most microfluidic devices are highly specialized and require labora-
tories to handle them, making them inaccessible in rural areas. In this manner, a significant
limitation is the transportation of samples from the collection site to the laboratories, which
can cause degradation of the nucleic acid or proteins.

Therefore, the different microfluidic platforms used for diagnosing SARS-CoV-2 and
seroprevalence are equally important and complementary to each other, since each one
offers valuable results that will indicate the presence or absence of the virus or the state
of health of the patient. Furthermore, these devices require similar test times for sample
processing and obtaining results and their costs will depend on the material used for
their design.

To achieve progress in microfluidic diagnosis, it is also fundamental to consider that
some microfluidic chips require pumps or fluid controllers to supply the necessary reagents,
which are specialized instruments that many laboratories do not possess. Therefore, one
of the main approaches regarding microfluidics in diagnosis is to simplify or avoid using
specialized or expensive equipment. This will lead to a greater adaptation of microfluidic
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systems in different research groups worldwide, improving accessibility to this technology.
Consequently, a greater understanding of microfluidics would broaden its applications.
The microfluidic proposals applied to COVID-19 reviewed in this work show that a search
is evidently occurring in the scientific community for means of reducing test times and
costs, improving sensitivity, and simplifying or automating the processing of a test through
the employment of microfluidics.

8. Conclusions

This review article describes the diagnostic tools that have emerged to detect nucleic
acid, viral antigens, and anti-SARS-CoV-2 antibodies, using several techniques such as
PCR, isothermal amplification, CRISPR, and immunoassays on microfluidic platforms.
Most of these devices are innovative and portable, with the capacity to be stored for
months, allowing them to reach communities or places without access to laboratories or
hospitals. Furthermore, the microfluidic tests reviewed in this work use minimal amounts
of reagents, reducing the total cost and the need for highly qualified personnel. Compared
to conventional techniques, microfluidic tests can take minutes to a few hours to obtain
accurate results, enabling healthcare professionals to implement efficient treatments and
more appropriate infection control decisions. Microfluidic technology can gradually change
the course of diagnosis in infectious diseases, especially in successive contagious disease
outbreaks. COVID-19 has highlighted the importance of having sufficient supplies and
technology that can to be applied directly to the clinical area. The pandemic has left us
with several interesting proposals for microfluidic chips that may provide solutions in the
near future to enable massive diagnosis, replacing qPCR as the gold standard.
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Abstract: Background: The coronavirus disease of 2019 (COVID-19) is caused by an infection with
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). It was recognized in late 2019
and has since spread worldwide, leading to a pandemic with unprecedented health and financial
consequences. There remains an enormous demand for new diagnostic methods that can deliver fast,
low-cost, and easy-to-use confirmation of a SARS-CoV-2 infection. We have developed an affordable
electrochemical biosensor for the rapid detection of serological immunoglobulin G (IgG) antibody in
sera against the spike protein. Materials and Methods: A previously identified linear B-cell epitope
(EP) specific to the SARS-CoV-2 spike glycoprotein and recognized by IgG in patient sera was selected
for the target molecule. After synthesis, the EP was immobilized onto the surface of the working
electrode of a commercially available screen-printed electrode (SPE). The capture of SARS-CoV-
2-specific IgGs allowed the formation of an immunocomplex that was measured by square-wave
voltammetry from its generation of hydroquinone (HQ). Results: An evaluation of the performance
of the EP-based biosensor presented a selectivity and specificity for COVID-19 of 93% and 100%,
respectively. No cross-reaction was observed to antibodies against other diseases that included
Chagas disease, Chikungunya, Leishmaniosis, and Dengue. Differentiation of infected and non-
infected individuals was possible even at a high dilution factor that decreased the required sample
volumes to a few microliters. Conclusion: The final device proved suitable for diagnosing COVID-19
by assaying actual serum samples, and the results displayed good agreement with the molecular
biology diagnoses. The flexibility to conjugate other EPs to SPEs suggests that this technology could
be rapidly adapted to diagnose new variants of SARS-CoV-2 or other pathogens.

Keywords: SARS-CoV-2; COVID-19; spike glycoprotein; epitope; electrochemical biosensor; point of
care; immunological diagnostic

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has led to a global
pandemic of coronavirus disease 2019 (COVID-19) [1]. Citizens of many countries were
compelled to stay under partial or complete lockdown for months due to high transmis-
sibility and disease severity [2]. Driven by the uncertainty concerning the effectiveness
of rapidly deployed vaccines against severe disease, an absence of adequate therapies
and appearance of new variants [1], diagnosis has played an important role in decision
making. Case detection, monitoring, infection prevention, and supportive care are all tools
for fighting the SARS-CoV-2 pandemic [1,3].
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To keep up with our healthcare needs, it is crucial to develop a rapid point-of-care test
to detect potential carriers of COVID-19 and those who have recovered as disease dynamics
change at the speed of its spread [1]. While the gold standard technique for the diagnosis
of the initial phase of an infection is the detection of viral genomic nucleic acid through
reverse transcription-polymerase chain reactions (RT-PCR) from nasal and mouth swabs,
its implementation in resource-limited settings is restricted due to infrastructure, skilled
personnel, and time restrictions [1]. Serological assays for the presence of COVID-19-related
immunoglobulin M (IgM) or IgG antibodies have provided a cost-effective and accurate
method of tracking virus transmission to implement socio-political strategies against the
spread of the contagion [1,4,5].

As a platform, electrochemical biosensors stand out to meet the demands for serologi-
cal diagnostics through their characteristics: rapid, simple, portable, sensitive, easy-to-use,
miniaturized, and compatible with portable instruments [6–9]. They can be combined with
a wide range of biological recognition elements to detect clinically relevant compounds
such as enzymes, nucleic acid, antibodies, epitopes, and others [10–15]. Among these
choices, epitopes (EPs) hold a high interest since they represent the minimum amino acid
sequences in a pathogen’s proteome that are bound by antibodies generated in a patient
in response to an infection [7]. Their use can improve selectivity by the elimination of
cross-reactivity based on sequence similarity to other pathogens, which is a major concern
when whole antigens are used due to the presence of non-specific epitopes that can react
with antibodies [16].

Here, the sensitivity of electrochemical measurements was combined with the speci-
ficity of EPs to develop an affordable biosensor for a serological assay to detect the presence
of anti-SARS-CoV-2 antibodies as a diagnosis of COVID-19. A commercially available
screen-printed electrode (SPE) was employed, while an epitope in SARS-CoV-2 spike (S)
glycoprotein was employed as a binding target for antibody capture. The high performance
in identifying infected patients and the absence of cross-reactivity suggests that his platform
could be a viable solution for screening a large number of people. The flexibility of the
proposed technology also presents the advantage of being rapidly adaptable to var-iants
along with wide range of diseases by altering only the binding target.

2. Materials and Methods

2.1. Patient Samples and Project Approval

Positive controls consisted of fourteen serum samples from patients confirmed with
COVID-19 by RT-PCR tests on nasopharyngeal or oropharyngeal swabs. Negative controls
consisted of serum samples from blood bank donors (HEMORIO, Rio de Janeiro) collected
before the pandemic (pre-November, 2019). For cross-reactivity, serum samples from
patients diagnosed with Chagas disease, Dengue, Leshmaniose, and Chikungunya were
used. For performance evaluations, a panel of 14 sera was used, collected from individuals
who had suspected contact with individuals with COVID-19 and who were subsequently
diagnosed by RT-PCR on nasopharyngeal or oropharyngeal swabs. Patient privacy was
preserved by disassociating identifying information from the samples. The study was
conducted following the International Coordinating Council for Clinical Trials and the
Helsinki Declaration and was approved by the Local Ethics Committee UNIGRANRIO
(No. 21362220.1.0000.5283) and Estacio de Sá University (No. 33090820. 8.0000.5284).

2.2. Chemicals and Reagents

Reagent-grade chemicals and peptide synthesis reagents were purchased from Sigma-
Merck (St. Louis, MO, USA). Secondary antibodies were purchased from ThermoFisher
(São Paulo, SP, Brazil). Hydroquinone diphosphate (diPho-HQ) salt was purchased
from Metrohm Dropsens (Astúrias, Astúrias, Spain). All solutions were prepared with
deionized water (>18.1 MΩ cm) obtained from a Nanopure Diamond system (Barnstead,
Dubuque, IA, USA).
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2.3. Solid-Phase Peptide Synthesis

Epitopes in the SARS-CoV-2 spike protein were prepared as amidated peptides
on a Multipep-1 automated synthesizer (CEM Corp., Charlotte, NC, USA), as previ-
ously described [17]. Peptides were synthesized in a solid state on sintered glass filters
containing Rink amide AM resin using the 9-fluorenylmethoxy carbonyl (F-moc) strat-
egy. Finally, resin-bound peptides were deprotected and cleaved using trifluoroacetic
acid and triisopropylsilane precipitated with diethyl ether and then lyophilized. Stock
solutions were prepared with PBS and their concentration was determined by optical
density and the theoretical molar extinction coefficient generated by the PROTPARAM
software package (http://www.expasy.ch; accessed on 21 October 2021). Peptide se-
quences were confirmed by matrix-assisted laser desorption ionization time-of-flight mass
spectrometry (MALDI-TOF MS).

2.4. Modification of the SPE’s Working Electrode

Carbon SPE working electrodes (DRP-110, Metrohm DropSend, Oviedo, Spain) were
sensitized with peptides by a drop-casting method. First, the SPE was electrochemically
treated in 0.1 mol L−1 of phosphate buffer solution (PBS), pH 7.4, applying +2 V (vs. Ag)
for 60 s using a CompactState portable potentiostat (Ivium Technologies B.V., Eindhoven,
Netherlands), rinsed with PBS, and allowed to dry at room temperature. Next, 2 μL of EP
(100 μg mL−1 in PBS) was placed onto the surface of the SPE, followed by 10 μL of 2.5%
(w/w) glutaraldehyde. After 30 min at room temperature, the peptide-modified SPEs were
blocked overnight at 4 ◦C with 1% (w/w) BSA prepared in 0.1 mol L−1 PBS (pH 7.4).

2.5. Electrochemical Assay to Detect Antibodies COVID-19 Antibody IgG

The detection of anti-SARS-CoV-2 IgG antibodies was based on an indirect immunoas-
say wherein the subsequent binding of anti-human IgG conjugated with alkaline phos-
phatase (AP) hydrolyzed diPho-HQ to hydroquinone (HQ) that could be measured as
electrochemical signals, shown schematically in Figure 1. Briefly, EP-specific IgGs (COVID-
19 antibodies) present in 4 μL of diluted patient serum (1:100 in PBS with 1% BSA) were
captured onto the sensitized working electrode surface of the SPE after a minimum
10 min incubation at 37 ◦C for complete drying. Then, SPEs were rinsed in PBS, and
4 μL of anti-human IgG secondary antibody solution conjugated with AP was added for
another incubation to dry at 37 ◦C before rinsing in reaction buffer (0.1 mol L−1 Tris-HCl
and 20 mmol L−1 MgCl2, pH 9.8). Next, the reaction buffer with 5 mM diPho-HQ was
placed onto the SPE. After brief incubation (2 min), the presence of HQ was measured
by square-wave voltammetry (SWV) with the following parameters: amplitude, 10 mV;
frequency, 6.3 Hz; step, 10 mV; applied potential window, −0.5 to 0.2 V vs. Ag. Each
cycle required 11 s, and a stable measurement was observed after the twentieth cycle
(3.7 min total time).

Figure 1. Schematic representation of a positive indirect immunoassay to detect COVID-19. Anti-
SARS-CoV-2 IgG antibody (primary antibody) in patient serum samples is captured onto the surface
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of the SPE’s peptide-modified working electrode. Retained human antibodies are bound by AP-
conjugated anti-human antibodies (Secondary antibodies). Enzymatic activity converts diPho-HQ
into HQ, which can be measured by square-wave voltammetry.

2.6. Analysis of Blood Serum Samples

Electrochemical signals from positive and negative serum control samples were
recorded to determine the cut-off value from Equation (1) (described in item 3.3) that
was used to normalize all data as a reactivity index. A gray zone was defined as 1.0 ± 0.1.
Next, sera were analyzed from persons with suspected contact with individuals diagnosed
with COVID-19. Patient serum dilutions of 1:100 with PBS were used to perform the
indirect immunoassays. The optimal dilution of 1:50,000 was employed for the secondary.
Both incubations with antibodies were 8 min at 37 ◦C, which was sufficient to allow full
evaporation of the applied solution. Differentially elevated currents were associated with
serum from persons infected with SARS-CoV-2.

2.7. Statistical Analysis

One-way ANOVA tests were performed to evaluate the variation between prepared
SPEs. Two-tailed Student’s t-tests with a confidence level of 95% were performed for
pairwise comparisons [7,17,18].

3. Results

3.1. Development of Electrochemical Immunosensor

Previously, IgG linear B-cell epitopes (EPs) in the spike protein of SARS-CoV-2 were
mapped by spot synthesis analysis [16]. Four of these were chosen to serve as antibody
capture molecules on the surface of screen-printed electrodes. The intention was to develop
an immunosensor utilizing a drop-casting approach with glutaraldehyde (GA) to sensitize
the electrode surface. GA has been widely used to modify electrode surfaces due to its
introduction of aldehyde functional groups that allow the covalent bonding of compounds
containing terminal amino moieties such as EPs [19]. Single-use SPEs were fabricated by
mixing PBS solutions containing a prospective EP and GA onto the surface of the electrode.
After drying and washing, its ability to differentially detect anti-SARS-CoV-2 antibodies
as a diagnosis for COVID-19 was evaluated. The formation of immunocomplexes with
AP-conjugated sec-IgG antibodies allowed enzymatic reduction of diPho-HQ to generate
HQ, a redox molecule measurable by square-wave voltammetry (SWV) [7].

Initially, the performance of SPEs conjugated to peptides EP1 (GPLQSYGFQPTG),
EP2 (LPPLLTDEMIAQYTS), EP3 (GLDSKVGGNYNYG), and EP4 (RSYTPGDSSSGWTAG),
which represent different EPs in the spike protein, was evaluated. The peak currents
were recorded from measurements of an SWV while exposed to diluted serum samples
from patients who tested positive and negative for COVID-19 (Figure 2A). From the ratio
of the positive to negative peak currents (Figure 2B), the most robust measurement was
obtained with EP2 as it demonstrated a significantly higher positive/negative signal ratio
(p-value < 0.001) than the others. Therefore, EP2 was chosen for additional optimization.

Next, the production of the SPE was optimized. Figure 2B shows that the EP con-
centration on the SPE surface affected the current measured from the immunoreaction
(Figure 2B). The ratio between SWV signals obtained after incubation in positive and neg-
ative samples significantly rose as increasing concentrations of EP were used (p < 0.01,
Figure 2D), reaching a plateau at 100 μg mL−1 (p = 0.08). This suggested that antibodies
were increasingly captured until reaching electrode surface saturation. Therefore, the most
suitable EP concentration was 100 μg mL−1 and was used to produce all subsequent SPEs.
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Figure 2. Target choice for conjugation to SPE and measurement optimization. SPEs were sensitized
with peptides that represented four EPs identified in the SARS-CoV-2 spike protein. Next, SPEs
were incubated with patient sera diluted 1:100 in PBS for 10 min at 37 ◦C before rinsing. SPEs were
similarly incubated with an AP-labeled anti-human secondary (1:30,000), rinsed and presented with
5 mM diPho-HQ in 100 mM Tris-HCl and 20 mM MgCl2 (pH 9.8) for its enzymatic conversion to
HQ. (A) Peak currents measured by SWV from positive (blue) or negative (light blue) sera using
SPE sensitized with EP1-EP4. (B) Ratio between positive and negative signals (P/N) from graph A.
(C) Peak currents measured from positive (blue) and negative (light blue) sera with SPEs sensitized
over a range of EP2 peptide concentrations (10–250 μg mL−1). (D) Ratio between positive and
nega-tive signals (P/N) for data in graph C. All experiments were performed in duplicate. Solution
vol-umes were 2 μL for antibody solutions and 50 μL for washes. Antibody incubations were for
8 min at 37 ◦C. The parameters of SWVs for amplitude, frequency, step, and applied potential window
were 10 mV, 6.3 Hz, 10 mV, −0.6–0.6 V (vs. Ag), respectively.

3.2. Optimization of Experimental Parameters, Reproducibility, and Stability

To optimize the analytical signal, the level of dilution for patient serum and secondary
antibodies was evaluated. A fixed time of 16 min for the incubation times was chosen
for antibodies. As the dilution of the positive serum sample was increased, there was a
decrease in the signal from the positive samples (Figure 3A). Similarly, the non-specific
binding of antibodies to the surface of the EP-sensitized SPE, represented by the negative
controls, showed decreasing signals with higher dilutions. A maximum difference in the
ratio of the SWV measurements obtained from positive and negative control sera was
observed for sample dilutions of 1:100 (p < 0.001, Figure 3B), which was subsequently
chosen as the optimal dilution factor. Differential signals between positive and negative
samples were detectable up to a dilution factor of 1000 (p < 0.02), which suggested that the
dynamic range of the approach was greater than 10-fold and could permit the detection of
antibodies of low titers.
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Figure 3. Optimization of primary and secondary antibody dilutions. All SPEs were sensitized
with 100 μg/mL of EP2. (A) Peak currents measured over a dilution range of positive (blue) and
negative (light blue) patient sera. (B) Ratio between positive and negative signals (P/N) from graph A.
(C) Peak currents measured from positive (blue) and negative (light blue) patient sera diluted 1:100
in combination with a range of dilutions of the secondary antibody. (D) Ratio between positive and
negative signals (P/N) from graph C. All experiments were performed in duplicate.

Another critical factor for detecting EP/IgG immunocomplexes was the concentration
of the secondary antibodies. Small decreases in the positive signals over the range of
secondary antibody concentrations suggested that its presence is not a limiting factor to the
measurement (Figure 3C). However, a large difference in the measurement of negative sera
suggests there is a potential for non-specific background signals at higher concentrations.
The background signal significantly decreased to the lowest levels at a dilution of 1:50,000
(p < 0.02), which did not meaningfully impact the signal from the positive control (compari-
son between 1:5000 and 1:30,000 and between 1:30,000 and 1:50,000 provided p = 0.08 and
0.30, respectively) and provided the most prominent signal-to-noise ratio (Figure 3D).

3.3. Biosensor Performance

The reproducibility of the SPEs was analyzed by evaluating electrodes prepared on
different days using the same protocol. A relative standard deviation (RSD) of 5% in the
SWV HQ response was calculated from three measurements of a 1:100 diluted positive
serum on the electrodes prepared on different days, which demonstrated the practical
reproducibility of the method (Figure 4B). SPEs prepared on the same day were stored at
4 ◦C in PBS to test stability. After 14 days of storage, the signal obtained from a positive
sample diluted at 1:100 showed an RSD of 7% (n = 3) and decay in the average response of
10% compared to using an SPE prepared on the same day. The measurements showed that
the response was preserved statistically (p = 0.1) (Figure 4B). However, the SWV current
decreased by 20% and presented an RSD of 8% (n = 3) after 30 days of storage. These levels
suggested that the performance of the SPE was significantly decreased compared to the
same day as prepared (p = 0.01). Thus, these biosensors had only a 14-day shelf life at 4 ◦C.
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Figure 4. Stability, performance, and cross-reactivity of EP2 conjugated SPEs. (A) SPE reproducibility
was evaluated by fabricating multiple SPEs according to the optimized protocol and performing
SWVs in positive serum (1:100) on the day of fabrication (black line, n = 3), after 14 days of storage at
4 ◦C (red line, n = 3) and 30 days of storage at 4 ◦C (blue line, n = 3). (B) The graph shows the
variations in recordings. (C) For real-world applications, the cut-off was determined using positive
and negative controls (dark blue). Multiple serum samples from persons suspected of having COVID-
19 (light blue); individuals with Chagas disease (CD; Trypanosoma cruzi), leishmaniosis (LESH),
dengue (DEN), and chikungunya (CHIK); and healthy (HEA) patients were assayed. The gray
region represents ±10%.

To evaluate the performance of the EP2-sensitized SPEs, a confirmed panel of positive
(n = 14) and negative (n = 17) patient samples (1:100 in PBS) previously assayed by a
commercial assay for COVID-19 (DiaPro Diagnostic Bioprobes Srl, Mi, Italy) was measured
(Figure 4B). Using Equation (1), a cut-off was calculated as 1.4 μA for detecting COVID-19.

Cut − o f f = a·X + f ·SD (1)

where X is the mean and SD is the standard deviation of independent negative control
readings, and a and f are two arbitrary multipliers, which were 1 and 3 in the present case,
respectively [20,21]. The final results were normalized as the ratio of the sampled signal to
the cut-off value (S/co). A gray zone was defined between ±10% of 1.0 wherein results
between 0.9–1.1 were considered indeterminate, >1.1 as positive, and <0.9 as negative.
Cross-reactivity was evaluated with sera collected from patients diagnosed with Chagas
disease, dengue, leshmaniose, and chikungunya. Each presented a S/CO value of less
than 0.9 which corresponds to a specificity of 100%. Positive controls collected from those
confirmed with COVID-19 analyzed previously by RT-PCR demonstrated a median S/CO
ratio near 1.7 (Figure 4B, dark blue). To simulate a real-world application for the diagnosis
of COVID-19, 14 samples from persons with suspected contacts were assayed with the
SPE. From these, 13 volunteers were considered positive and 1 was in the gray zone for
selectivity of 93%.

4. Discussion

Serological diagnostic tests that utilize the presence of antibodies as the definition of
whether an individual was infected by a pathogen detect antibodies in their serum or blood.
This can be conducted as a lab-based assay such as an enzyme-linked immunosorbent
assay (ELISA) [7] or chemiluminescent immunoassay [22], which are time-consuming and
expensive, or a point-of-care test based on lateral flow technology that can show limited
sensitivity [23,24]. We propose an electrochemical assay based on commercially available
SPEs that can be easily sensitized to capture diagnostic antibodies. We began with the
diagnosis of COVID-19 by choosing to sensitize the SPE with a peptide that represents
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an epitope in the spike protein to capture anti-SARS-CoV-2 IgG antibodies. The S protein
is a highly exposed part of the viral structure [3] and contains several immunodominant
epitopes [1,23]. The use of a single epitope allows for the development of highly specific
serological assays. Furthermore, a focus on IgG antibodies, which are more prevalent than
IgM antibodies [1,3], enabled improvements in sensitivity and specificity [1]. Ultimately,
sensitized SPEs can be easily fabricated at a low cost that is compatible with portable
equipment to provide rapid results in non-laboratory settings.

Generally, an electrochemical immunosensor consists of an electron-conducting solid
surface where the molecule of interest (antibody or antigen) can be selectively captured,
and its presence detected by the amplification [7] or suppression [25] of an electrochemical
signal. A key element of the biosensor is the biological component that can be immobilized
onto its surface, such as an antigen [25] or EP [7]. Here, the SPE was modified with a
peptide representing an EP specific to the S protein of SARS-CoV-2. No cross-reactivity
was displayed against serum from patients with Chagas, chikungunya, leishmaniosis, and
dengue (Figure 3B), all pathogens endemic to Rio de Janeiro, Brazil [26]. The single sample
that presented a S/CO ratio in the gray zone was from an individual whose blood sample
was collected soon after presenting symptoms that may not have been seroconverted.
Overall, within the electrochemical platform, the biosensor showed high specificity and
sensitivity of 100% and 93%, respectively.

The requirement of a small patient sample combined with a low cost could make
it economically viable to perform multiple assays to ensure a confident result [1,3]. The
diagnostic accuracy of different assays is variable [27–30] and a recent work compared
the performance of ten assays. Sensitivities of 40–77% (65–81% considering IgG plus IgM)
were found [31], making our electrochemical platform a competitive methodology for the
diagnosis of COVID-19. In addition, the proposed device provided a reliable method for
detecting COVID-19 IgG in serum and was rapid (22 min compared to >90 min required
for an ELISA), even though the time spent to modify the substrates with antigens and
block them was comparable in both mentioned techniques. Notably, the measurements
can be performed in volumes lesser than 100 μL, the required volume for an ELISA assay,
which translates to 2 nL of serum that can be easily acquired from a single finger prick
sample of blood. Furthermore, the simplicity of electrode preparation, ease of use, accuracy,
and low cost all suggest that this platform could be utilized as a point-of-care diagnostic
assay to detect infected individuals for observation and to track the spread of disease, as
well as identify high titer samples for recruiting potential donors to provide convalescent
plasma therapy [32,33]. Considering that the relevance of the information obtained from
the measurements was defined by the peptide used to sensitize the SPE, this platform has
a high potential to be modified towards other pathogens and aspects of the COVID-19
pandemic, such as antibody titer post-vaccination, temporal changes in antibody response,
and altered reactivity to variants.

5. Conclusions

We developed a portable and affordable biosensor to rapidly detect COVID-19 in-
fection by detecting anti-SARS-CoV-2-specific IgG antibodies in patient serum. Based on
electrochemical reactivity, it showed a sensitivity of 93% and a specificity of 100%. Single-
use electrodes were fabricated by the surface modification of commercially available SPE
with a peptide that represents an epitope-specific SARS-CoV-2 spike glycoprotein. The
immobilized peptide could capture COVID-19-specific IgG antibodies for measurement
by an indirect immunoassay using an enzyme-conjugated secondary IgG that hydrolyzed
diPho-HQ into HQ, a redox molecule detectable by SWV. Under optimized conditions, it
differentiates infected and non-infected individuals that correlated with RT-PCR diagnosis.
No cross-reactivity was displayed to other pathogens such as Trypanosoma cruzi (Chagas dis-
ease), chikungunya, leishmaniosis, and dengue. The biosensor platform has the flexibility
to meet the demands of other pathogens and their respective diseases
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6. Patents

The peptide described in this study is protected under Brazilian and US provisional
patent applications BR 10.2019.017792.6 and PCT/BR2020/050341, respectively, filed by
FIOCRUZ, and may serve as a future source of funding.
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Abstract: The ongoing highly contagious Coronavirus disease 2019 (COVID-19) pandemic, caused
by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), underlines the fundamental
position of diagnostic testing in outbreak control by allowing a distinction of the infected from the
non-infected people. Diagnosis of COVID-19 remains largely based on reverse transcription PCR
(RT-PCR), identifying the genetic material of the virus. Molecular testing approaches have been largely
proposed in addition to infectivity testing of patients via sensing the presence of viral particles of
SARS-CoV-2 specific structural proteins, such as the spike glycoproteins (S1, S2) and the nucleocapsid
(N) protein. While the S1 protein remains the main target for neutralizing antibody treatment upon
infection and the focus of vaccine and therapeutic design, it has also become a major target for the
development of point-of care testing (POCT) devices. This review will focus on the possibility of
surface plasmon resonance (SPR)-based sensing platforms to convert the receptor-binding event of
SARS-CoV-2 viral particles into measurable signals. The state-of-the-art SPR-based SARS-CoV-2
sensing devices will be provided, and highlights about the applicability of plasmonic sensors as
POCT for virus particle as well as viral protein sensing will be discussed.

Keywords: SARSC-CoV-2; diagnostics; surface plasmonic resonance (SPR); spike protein; point-of-
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1. Introduction

Infection with the recent coronavirus COVID-19 leads to severe illness, which derives
from the host’s immune response, especially the release of a storm of pro-inflammatory
cytokines. This cytokine storm produces extreme inflammatory and immune responses,
especially in the lungs, leading to acute respiratory distress. Hope that SARS-CoV-2, the
virus that causes COVID-19, becomes endemic over time is still pending. Widespread
vaccination has contributed to fewer people becoming infected and hospitalized, ultimately
alleviating the burden of COVID-19. Vaccines play a critical role in preventing deaths
and hospitalization caused by this infectious disease and are contributing to controlling
the spread of the disease. However, both vaccinated and nonvaccinated people need to
remain aware of the additional protective behaviors required to control the pandemic.
Several strategies were implemented to combat COVID-19, including wearing masks, hand
hygiene and social distancing [1]. The impact of these strategies on COVID-19 remains
largely unclear. However, a recent meta-analysis demonstrated that face mask use was
associated with an 85% reduced risk of developing clinical symptoms of the viral infection
causing COVID-19 [2].

Next to vaccination and protection strategies, the implementation of an early diagnos-
tics of people infected with COVID-19 has proven to be crucial to the COVID-19 pandemic
management. There are mainly three major methods for the detection of SARS-CoV-2
infection [3]. Molecular tests, such as polymerase chain reaction (PCR) approaches, are
highly sensitive and specific for detecting viral RNA and are recommended for those
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symptomatic and for activating public health measures. Lateral-flow-based antigen rapid
detection assays [4] detect viral proteins and, although less sensitive than the molecular
tests, have the advantages of being cheap, fast and easy to be performed by any individual.
Antigen rapid detection tests, mainly in the form of lateral flow devices, can be used as a
public health tool for screening individuals at enhanced risk of infection, to protect people
who are clinically vulnerable, to ensure safe travel and the resumption of schooling and
social activities, and to enable economic recovery [3]. Realistically, the expansion of regular
testing relies on the development of fast, low-infrastructure testing or self-testing, such
as antigenic rapid tests with a sensitivity comparable to that of PCR [5]. Such COVID-19
diagnostic tests will continue to play a crucial role in the transition from pandemic response
to pandemic control.

Concerns about the reduced sensitivity of lateral flow antigenic tests in comparison to
PCR have resulted in the consideration of alternative approaches and concepts [6,7]. To
evaluate the quality of these new diagnostic concepts, it is primordial to define a target
sensitivity in terms of the minimal viral particles per mL concentration to be sensed, how
this value correlates to plaque-forming units per mL (PFU mL−1) and what the correction to
cycle threshold (Ct) values from RT-PCR could be. It is believed that infectiousness begins
2–3 days prior to symptoms onset, with people being most infectious around the time of
symptom onset (Figure 1a) [8]. Asymptomatic and symptomatic SARS-CoV-2 infections
can have different characteristic time scales of transmission, with a mean infectious period
of about 9–10 days for asymptomatic individuals [9–11] compared to symptomatic ones of
about 1–4 days [12].

One fundamental issue in considering viral diagnostics sensitivity is consequently
related to the question of how to compare/relate cycle threshold (Ct) values form RT-PCR
obtained from different protocols and viral samples [13]. This exercise remains complex, as
Ct values can only be interpreted correctly by having an idea about the health history of the
patient [14]. The uncertainty about the range of viral loads that constitute a transmission
risk is an additional factor when considering Ct cut-off values and diagnostic sensitivity [15].
People are most infectious around the time of symptom onset (Figure 1a), for whom the
viral load in the upper respiratory tract is the highest [8]. Asymptotic individuals follow a
similar dynamic and contribute in the same manner as pre-symptomatic individuals to the
viral spread. There is a general agreement that Ct values are linked to SARS-CoV-2 viral
load, with Ct of 33–35 being associated with low infectivity, Ct value < 20 being linked to
high viral load and Ct = 40 being the cut-off between positively and negatively identified
individuals. The timeline of SARS-CoV-2 RNA was lately confirmed by some of us [16]
using data from 520 COVID-19 patients (Figure 1b). The lowest Ct values, corresponding
to the highest virus loads, were recorded early after symptom onset, followed by a decline
in virus load with increasing time after symptom onset.

To correlate Ct values with the absolute number of virions, the number of viral RNA
copies can be determined in parallel (Figure 1c). As expected, a linear relation between
RT-PCR Ct values and viral RNA copies mL−1 was observed. A Ct value thus corresponds
to 2.1 × 103 viral RNA mL−1, while a Ct = 12 correlates with 7.1 × 109 viral RNA mL−1. The
presence of viral RNA does not necessarily imply the presence of infectious virions. Virions
could be defective (e.g., by mutation) or might have been deactivated by environmental
conditions. Therefore, the use of viral RNA copies as an approximation for the number
of infectious viral particles leads to an overestimation. It is important to keep this caveat
in mind when interpreting the data about viral loads. Nevertheless, for many viruses,
even a small dose of virions can lead to infection. For the common cold, for example,
~0.1 TCID50 is sufficient to infect half of the exposed people [17]. To assess the concen-
tration of infectious viruses, the 50% tissue-culture infectious dose with 1 PFU mL−1 =
TCID50/mL × 0.7 has to be determined by infecting replicate cultures of susceptible cells
with dilutions of the virus and noting the dilution at which half the replicate dishes become
infected. Figure 1d indicates that 2.1 × 103 viral particles mL−1 results in no palatable
virus. The onset for forming 1 PFU mL−1 corresponds with a minimal viral particle load of
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(4.0 ± 1.9) × 104 viral particles mL−1. This correlates with about Ct = 32 ± 1. In a recent
wok by Pickering et al. [6], Ct values of 30 were correlated to 1 PFU mL−1 and 5 × 104 RNA
viral particles mL−1. The viral particle load correlates extremely well with our findings.
The difference in Ct values is linked to the different fragments being used, i.e., the N gene
by Pickering et al. [6] and IP targets by us [18]. Such benchmarking is of high importance for
evaluating novel sensing approaches and their performance level. For RT-PCR, 100 copies
of viral RNA per mL corresponds with a positive result. In addition, serological tests can
provide valuable information on the immune response and are a good complement to
SARS-CoV-2 RNA test. In fact, as a patient recovers, the viral load starts to decrease, and
immunoglobulin levels increase until about 10 days after symptom onset. Serological tests
can be performed at this timepoint.

Figure 1. Clinical significance of Ct values and correlation with viral RNA copies as well as plaque-
forming units (PFU): (a) Timeline of SARS-CoV-2 infectivity taking into account our own findings and
those of others [12,14]. (b) Ct values as a function of time after symptom onset in nasopharyngeal swab
specimens of COVID-19 patients. (c) Correlation of Ct counts with viral RNA copies. (d) Correlation
of viral RNA copies mL−1 with plaque-forming units (PFU) of SARS-CoV-2 as a measure of infectivity.
Vero E6 cells were infected with 10-fold dilutions of a SARS-CoV-2 isolate clade 20A.EU2 (EU variant).
Calculation of estimated virus concentration was carried out by the Spearman and Karber method
and expressed as TCID50/mL (1 pfu mL−1 = TCID50/mL × 0.7). The results are expressed as the
mean ± SEM of at least three independent measurements for each group.

SARS-CoV-2 causes mild or asymptomatic disease in most cases; however, severe
to critical illness occurs in a small proportion of infected individuals, with the highest
rate seen in people older than 70 years. Compared to other viruses, SARS-CoV-2 has a
medium reproduction rate of R0 = 2.5 compared with R0 = 2 0–3 0 for SARS-CoV and
the 1918 influenza pandemic, R0 = 0·9 for MERS-CoV and R0 = 1·5 for the 2009 influenza
pandemic [19]. It is generally true that for a rapid transmitted disease, such as SARS-
CoV-2, the most efficient way to curb its spread is early detection to isolate patients. The
gold standard for COVID-19 diagnosis is nucleotide-based testing (qRT-PCR) of viral
RNA in nasopharyngeal swabs, collected from the upper respiratory tracts of suspected
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individuals. Next to viral ssRNA, most FDA-approved commercial antigen kits target the
nucleocapsid (Figure 2).

Figure 2. Structural proteins of SARS-CoV-2 for sensing: Viral replication requires other aux-
iliary genes, including open reading frame 1a (ORF1a), ORF1b and RNA-dependent RNA
polymerase (RdRp).

The structural proteins of SARS-CoV-2 are next to the spike glycoproteins (S1, S2),
the envelop (E), the membrane (M) and the nucleocapsid (N) proteins. The M protein is
the most abundant protein on the viral particles, with the E protein being the smallest
major structural protein of viral particles. The S envelop protein consists of two functional
subunits, S1 and S2; the S1 subunit binds to the host cell receptors, while the S2 subunit fuses
with the viral and cell membranes. The S-protein remains the main target for neutralizing
antibody treatment upon infection and the focus of vaccine and therapeutic design. It
is also a major target for the development of diagnostic approaches but has not been
widely integrated into commercial antigen kits, which are mainly based on targeting the
nucleocapsid protein. The N-protein is indeed the main structural protein and responsible
for the replication and transcription of the viral RNA, the packaging of the enveloped
genome into viral particles and interaction with the cell cycle of host cells. It is also the
most abundant protein produced and released during viral infections and can be detected
in serum and urine within the first hours of infection, reaching a maximum at about
10 days after infection. In addition, only about 100 spike trimers are present on each
SARS-CoV-2 virion, with an estimated total of 300 monomers, which can be targeted for
sensing, while around 1000 copies of the nucleocapsid are expressed in each virion [17,20].
A comparison was recently implemented using monoclonal anti-spike antibodies [21] in
an in-house-developed antigenic test for SARS-CoV-2 and a comparable test targeting the
nucleocapsid protein [20] using, in particular, a novel monoclonal antibody with an affinity
constant KD = 0.7 nM. The antigen choice in most commercial assays, the nucleocapsid
was confirmed with higher sensitivity than the spike-based assay. The spike-based assays
were, however, significantly more specific than the nucleocapsid-based ones. As escape
mutants have found to be manifested in these spikes as well as in the nucleocapsid proteins,
a combination of both antigens on the same diagnostic device might be the way to go
forward and strengthen the reliability of COVID-19 tests, an approach recently proposed
by Cai et al. [22]. So, where are we standing in terms of alternatives to enzyme-linked
immunosorbent assay (ELISA) and PCR using S- and N-protein targets?

This review can be seen as an addition to other ones [23,24], with recent results on
clinical samples [25], underlining the high potential of portable SPR as a viral diagnostic
device. A special focus will be on the potential of SPR to characterize affinity constants
between bioreceptors and COVID-19 targets, an aspect often not described in more detail.
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However, localized surface plasmon resonance (LSPR) sensors will not be discussed, and
voluble information can be found in the paper by Takemura [23]. The review will focus
mainly on the detection of SARS-CoV-2 viral particles by SPR. While genes remain one
of the most widely used viral biomarkers, and more sensitive and novel methods for the
detection of viral genes have been implemented [26–29], such as CRISPR-associated protein
9 combined with SPR [28], we believed that molecular testing focusing on the presence
of SARS-CoV-2 proteins, such as S- and N-proteins, to identify those individuals who are
infected at the time of testing is more effective in directly correlating with infectivity if
performed in a quantitative or at least semi-quantitative manner. In the discussion, which
follows, viral-particles-based SPR sensing will be focused upon.

2. Surface Plasmon Resonance as a Tool for Binding Kinetics Analysis

The key to biological ligand development is understanding the binding interaction
strength between the bioreceptor and the target (analyte) of interest. Classical biochem-
ical approaches, such as Western blots, and co-immunoprecipitation approaches, only
tell whether binding is occurring among biomolecules. ELISA provides more detailed
information, such as binding affinity, but not without complicated and time-consuming
enzyme-based amplification and labeling steps. The advantage of SPR, commercially
available for more than 30 years [30], is that it uncovers accurately binding interactions
in a label-free manner. In the classical gold-prism-based SPR approach, this information
is obtained by flowing the analyte over the SPR prism modified with bioreceptors. The
accumulation of analytes onto the sensor’s surface due to bioreceptor–analyte interactions
results in an increase in the refractive index near to the sensor surface, leading to changes in
SPR conditions in real time and providing information about the binding efficiency in min-
utes. The approach requires minimal amounts of sample for binding kinetics experiment
and provides information on the rates of association and dissociation events without the
use of fluorescent, magnetic or radioactive labels. A handful of different bioreceptors can be
integrated on SPR sensors using different surface chemistry approaches [31], ranging from
the use of classical antibodies and engineered antibodies [25] to DNA [32], aptamers [33],
sugars [34], etc. The cost and complexity of SPR analysis have been largely decreased in re-
cent years with the advent of access to affordable and portable SPR technologies [25,35,36].
SPR methods remained, however, up to recent achievements, useless for the detection
of single viral particles and low viral particle concentration in general. As their prompt
detection and quantification remain extremely important for precise disease diagnostics, as
exemplified for COVID-19, different efforts in this direction have been described recently
and will be discussed in more detail in the following.

SARS-CoV-2 viral particles have a reported isoelectric point pI of 10.07 and are pos-
itively charged at physiological pH [37]. Non-specific interaction with the negatively
charged backbones of aptamers might occur, requiring the design of highly specific biore-
ceptors. A handful of SARS-CoV-2 aptamers targeting the spike protein [38–40] as well
as the N-protein [41] have indeed been reported. In this case, and others, SPR proved to
be an efficient tool for understanding the affinity between the receptor binding domains
(RBD) and the full S1 protein of SARS-CoV-2 and the surface bioreceptor, preferentially
immobilized on the surface of the SPR chip to make the binding kinetics analysis compa-
rable to future plasmonic sensing. In the case of the 20-base aptamer “CFA0688T” (Base
Pair Bio) with one loop modified on the 5′ end with a thiol-TTT-TTT to give the aptamer
some flexibility for its anchoring onto gold interfaces, the binding affinity to the recom-
binant SARS-CoV-2 S1 spike protein was determined as KD = 3.4 ± 0.2 nM (R2 = 0.9985)
(Figure 3a). The attachment of the SARS-CoV-2 aptamer to gold SPR chips was based on
maleimide-thiol chemistry by first coupling 3-mercaptopropionic acid to the gold chip
followed by EDC/NHS linking of maleimide-PEG6-amine (Figure 3a).
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Figure 3. SPR as a valuable tool for the determination of affinity between SARS-CoV-2 bioreceptors
and viral proteins: (a) SPR sensogram of the binding kinetics for S1 spike protein to 20-base aptamer
“CFA0688T” from BasePairBio together with surface chemistry architecture. (b) SPR sensograms of
the binding kinetics of N-protein specific aptamers to SARS-CoV-2 N-protein modified SPR chips
(CM5 chip using EDC/NHS chemistry) with a sequence of different aptamers flown over the sensor
chip (Reprinted with permission from Ref. [41]), 2020, RSC, (c) Schematic of SPR assay on monolayer
and dimer ACE-2 modified SPR chips together with binding kinetics (Reprinted with permission
from Ref. [42], 2021, ACS).

Zhang et al., reported a 58-base N-protein specific aptamer (A48) with a KD of
0.49 nM, a kon = 8.80 × 105 M−1 s−1 and koff = 3.48 × 10−4 s−1, as determined by SPR.
However, in this experiment, the N-protein was attached to the surface using a typical
EDC/NHS protocol and the aptamers flown over the surface (Figure 3b). By adopting
this approach, the possibility of sandwich-type binding between different aptamers and
the N-protein can be evaluated. In the first run, aptamer A48 was flown over the channel
resulting in a shift of 47 RU. In the following run, a second aptamer specific to the N-protein
was flown over the same channel. If this aptamer binds to different epitopes of the protein,
the response signal should feature a second plateau, which was observed for A58, A61 but
not for A15 and A48 as controls.

Similarly, SPR was used for the deconvolution of the avidity-induced affinity en-
hancement for SARS-CoV-2 spike protein and the human receptor angiotensin-converting
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enzyme 2 (ACE-2) [42]. Indeed, similar to other coronaviruses, the glycosylated spike
proteins of the SARS-CoV-2 envelop bind to host ACE-2 receptors to mediate the fusion of
the viral particles and host cell membrane. It has been shown that the chimeric structure
of the SARS-CoV-2 RBD possesses higher binding affinity toward the ACE-2 compared
to SARS-CoV [43]. Geschinder and co-workers [42] pointed out that the commonly con-
sidered 1:1 binding interaction between an isolated RBD of the spike protein and a single
ACE-2 monomer is oversimplified and does not account for avidity effects. By designing a
sensor surface favoring monovalent interaction events between the full-length S-protein
and ACE-2 as well as a surface that favors the generation of multivalent effects, a KD of
60 nM was determined in the first case, while in the multivalent case, the signal accounts
for a 125 nM affinity interaction (62%) but also a 4 nM affinity (28%). In the following,
monomeric and multimeric ACE-2 species were linked to switch-avidin modified SPR
chips, allowing resolving multiple binding events on each surface. On the dimeric ACE-2
surface, a high affinity of 283 pM was observed, mainly due to the lower koff rate (Figure 3c).

Next to aptamers and ACE-2, the most widely investigated bioreceptors for
SARS-CoV-2 remain the antibodies and engineered antibodies. Nanobodies have, in
this respect, found a wider interest, and SPR was largely used to obtain their affinity
characteristics to RBD and full-length S1 protein of SARS-CoV-2. We selected VHH-72
(PDB ID 6WAQ) [44], an anti SARS-CoV-1 anti-spike nanobody, which cross-neutralizes
SARS-CoV-2, for SPR-based investigations and sensing. Despite the nanomolar affinity
of VHH-72 for the SARS-CoV-2 RBD [44], the rapid dissociation is believed to negatively
affect the SPR-based sensing. In addition, a common drawback of biosensors relates to the
immobilization of proteins such as VHH-72 onto the transducer using EDC/NHS. Random
attachment of VHH-72 is most likely to decrease the binding efficiency of a bulky target,
such as the SARS-CoV-2 viral particle. Immunoglobulin or Fab fragments are the favorite
binder candidates to surfaces, allowing the orientation of the nanobody’s recognition epi-
tope toward the solution and thus the viral target. The bivalence of VHH-72-Fc, due to
the Fc domain of human IgG1 genetically linked by a HHHHHHRENLYFQG linker to
the VHH domain, results in nanomolar affinity constant KD = 1.5 × 10−9 M with a kon of
1.2 × 105 M−1 s−1 and an improved koff equal to 1.8 × 10−4 s−1 (Figure 4a).

Figure 4. Affinity of different engineered SARS-CoV-2 antibodies: (a) Oriented linkage of nanobody
VHH-72-Fc together with sensogram (Reprinted with permission from Ref. [25], 2022, RSC). (b) Binding
affinities of nanoCLAMP P2712L (6His-P2710-linker-P2609-linker-Cys) to Wuhan-RBD. Gold chips
were modified with a maleimide linker. Running buffer: 20 mM MOPS, 150 mM NaCl, 1 mM CaCl2
and 1% BSA as blocking agent (pH 6.5). Black lines depict binding data, and red lines display the 1:1
binding model fit.
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More recently, novel SARS-CoV-2 RBD-specific antibody mimetics called nanoCLAMPs
(nano-CLostridial Antibody Mimetic Proteins) have been investigated with SPR [45]. nan-
oCLAMPs, derived from an immunoglobulin-like carbohydrate binding module from a
Clostridium hyaluronidase, are 4 nm × 2.5 nm antibody mimetics with distinctive advan-
tages over other antibody mimetics as well as nanobodies. They can be screened from a
naïve phage display library for high specificity target affinity in as little as 6 weeks. Their
production from the cytosol of E. coli is cheap, with yields over 200 g/L. The high melting
point >75 ◦C makes them stable at room temperature and thus ideal for sensor develop-
ment, as the modified interfaces might be stored at room temperature over an extended
period of time without any degradation of their sensing performance. The absence of
other cysteine units in nanoCLAMPs makes cysteine-based surface attachment particularly
easy, as reducing agents, such DTT, do not alter the protein binding structure. An affinity
maturation nanoCLAMP with cysteine end, nanoCLAMP P2712 (6His-P2710-linker-P2609-
linker-Cys), was lately tested and showed a KD of 80 pM for the Wuhan RBD (Figure 4b).
The ligand was covalently conjugated to gold chips modified with maleimide units via its
single C-terminal Cys and, in addition, could be easily refolded on the surface following
chemical denaturation with 6 M GuHCl/0.1 N NaOH.

3. Plasmonic Sensors of SARS-CoV-2

The development of COVID-19-specific and high-affinity biomarkers is not only useful
for the design of therapeutics but has become an essential part of plasmonic SARS-CoV-2
sensors [23,46–48]. One of the first examples of SPR, notably intensity-modulated SPR-
based virus sensing, is that reported by Chang et al. [49]. An antibody-based H7N9
virus sensing was proposed with a detection limit of 144 copies mL−1, a 20-fold increase
in sensitivity compared with a homemade target-capture ELISA using the identical an-
tibody. These conventional SPR testing machines were rather bulky and not adapted
for implementation in clinical settings. Therefore, the SPR virus detection schemes per-
formed in research laboratories were rarely considered as viable methods and accessible
to clinical and point-of care applications. A low-cost nanoplasmonic sensor, allowing for
one-step rapid detection and quantification of SARS-CoV-2 pseudoviral, was proposed by
Huang et al. [50]. The concept was based on a gold nanocup array modified with anti-
bodies; the attachment of SARS-CoV-2 to it results in a change in the plasmon resonance
wavelength and intensity. Further interaction with gold nanoparticles modified with the
ACE-2 protein resulted in a sensitive sandwich assay with sensing capability in the range
of 102–107 viral particles mL−1 and a detection limit of 370 pseudoviral particles mL−1

(Table 1) within 15 min (Figure 5a). Graphene-coated SPR was proposed by Akib et al.
for COVID sensing [51] with the main focus on the demonstration of the advantage of
graphene SPR rather than on real sensing of virus samples.

As stated in a recent review by Jean-Francois Masson, plasmonic sensors are ideal
for small and portable diagnostic devices [52]. The field has progressed lately from the
use of prism-based approaches to the use of plasmonic nanomaterials, optical fibers and
smartphones as optical components in the diagnostics system [53–56]. Indeed, plasmonic
devices can be downscaled with limited loss in performance, as the optical measurements
rely rather on wavelength or plasmonic resonance angle shift than on intensity. Signal
to noise ratios remain consequently unchanged as long as the detector sensitivity is not
compromised. The use of inexpensive light-emitting diode (LED) sources rather than
lasers together with small USB spectrometers [57] or even smartphones [58] for read out
makes the instrumentation portable and of low cost. The sensor chip can, in addition, be
downscaled with no loss in analytical sensitivity, as the propagation length of plasmons
is in the tens of micrometers range. The use of refractive index matching fluids, which
are untidy and can interfere with the optical read out, can be avoided when disposable
gold-coated prims are employed [35]. It is around sample handling where the costs of SPR
and its complexity remain to be improved. The fluid handling in a portable device should
be under low pressure or even without pumps required, such as passive transport of the
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analyte to the sensing chip [59]. Reproducible and bioreceptor-oriented surface chemistries
remain, in addition, an ultimate step to be optimized for each analyte, even for portable
SPR devices. The integration of deep- and machine-learning approaches to improve the
detection characteristics of SPR is becoming an important and integral part for faster and
sustainable sensing [25,60–62]. Some portable plasmonic devices had been reported, such
as the smart-phone-based SPRI by Guner at al. [56], displaying refractive index changes as
low as 4.12 × 10−5 RIU, comparable to the performance of commercial instruments as well
as miniaturized platforms by PhotonicSys SPR H5 [36], Affinité Instrument [63,64] or the
phase-sensitive compact IPOS-Lab SPR by Phaselab Instruments [65]. In the case of Affinité
Instrument, the minimum in the spectral SPR signal is followed using a proprietary algo-
rithm that provides a final instrumental resolution of 0.004 nm with a noise level < 5 RIU.

Figure 5. Portable SPR concepts applied to SARS-CoV-2 sensing: (a) Principle of nanoplasmonic
resonance sensor for the detection of SARS-CoV-2 viral particles in a sandwich assay together with a
photo of the developed sensor chip cartridge to be inserted into a handheld device with smartphone
for data read out and binding curve to different SARS-CoV-2 pseudoviral particles concentrations
(Reprinted with permission of Ref. [50], 2021, Elsevier).(b) (left) Image of a desk-top SPR POC testing
device with cartridge-based sensing ability. (middle) SPR sensograms upon flowing cultured SARS-
CoV-2 viral particles over cartridge-based SPR chip modified with VHH-72-Fc (Figure 4b), running
buffer HBS-P + 1× containing 0.01 M HEPES, 0.15 M NaCl and 0.05% v/v Surfactant P20 as well as a
correlation between RT-qPCR positive (50) and negative (69) nasopharyngeal samples and SPR data.
Cut-off between positive and negative was 186 RIU (red line).

The use of portable SPR for diagnostics was also the focus point for studies during
the COVID-19 pandemic. How to break the defect of conventional and portable SPR for
their implementation in clinical settings was recently exemplified by us, using the sensing
of the presence of the S1 protein of SARS-CoV-2 as an example [25]. To demonstrate
how a portable SPR technology can be implemented for the sensing of SARS-CoV-2 viral
particles via the S1 spike protein, we lately focused on three scientific and technological
elements important for bringing SPR to the POC testing level: the oriented attachment of
an engineered antibody of high affinity for the envelop S1 protein of SARS-CoV-2 and the
use of a sensing cartridge, one of the first instrument considerations for achieving state-
of-the-art point-of-care sensing (Figure 4b). The implementation of machine learning for
predicting the cut-off value between positive and negative nasopharyngeal swab samples
proved to also be essential for improving the performance of the sensor. When exposed to
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cultured SARS-CoV-2 viral particles (clade 20A.EU2, EU variant) of different concentrations,
a sample of 5.9 × 104 viral particles mL−1 could still be distinguished from the noise, being
RU = 10 (Figure 5b), and correlated with an RT-qPCR value of around Ct = 32. To push
the analysis further, the number of viral particles required to kill 50% of Vero E6 cells
allowed the determination of the infectious titer and was found to be 10 PFU mL−1 for
5.9 × 104 viral particles mL−1.

The clinical performance of the cartridge-based sensor was, in addition, evaluated
on 50 nasopharyngeal swab samples (25 positive and 25 negative samples, as identified
by RT-qPCR collected from patients at a clinical testing facility). Using a cut-off value
of 186 RU (Figure 5b), from the 50 nasal swab samples that had been confirmed by RT-
qPCR to be positive, 4 were identified as COVID-19 positive. With 21 samples correctly
identified out of 25, in accordance with RT-qPCR, an 84% positive percentage agreement
(PPA) was determined. Out of 25 nasal samples confirmed by RT-qPCR as negative, 6
were identified as negative by SPR, revealing a 76% negative percentage agreement (NPA).
Using a machine-learning algorithm with 250 ms sampling time and 1 min acquisition time
instead of 15 min, it was still possible to match the same results. Interestingly, the results of
the cartridge-based sensor are comparable to those of SPR using microfluid channels [25].
Such work opens up the possibility of point-of-care detection of SARS-CoV-2 infection due
to the unique sensitivity and lateral flow assay-comparable response time and could add
strongly to virus diagnosis scenarios.

How the performance of this and other COVID-19 SPR sensors compares to other
alternative portable sensing approaches can be seen from Table 1. Indeed, RT-PCR remains
the most sensitive approach for viral diagnostics. Comparing an optical [25] and electro-
chemical sensor [18] using the same surface ligand resulted in comparable sensitivities.
Both of them outperformed the lateral-flow-based assays.

Table 1. Comparison of different SARS-CoV-2 detection principles.

Method Ligand Target LoD Viral Particles mL−1 Ref.

RT-PCR Nucleic acid against ORF/N <10 [66]
RT-LAMP Nucleic acid against N 50 [67]

GFET antibody against S1 242 [68]
Nanoplasmonic Antibody against S1/Au-NP with ACE2 370 [50]

paper-based EC sensor Nucleic acid 6.9 × 103 [69]
Portable EC sensor Nanobody against S1 1.2 × 104 [18]

SPR Nanobody against S1 5.9 × 104 [25]
Lateral flow assays N gene 3.0 × 106 [6]

EC = electrochemical; GFET = graphene-based field effect transistor; RT-LAMP: Reverse transcription loop-
mediated isothermal amplification.

4. Conclusions and Perspectives

Currently, various commercial POCT devices have been developed for the purpose of
detecting early pandemic outbreaks. Innovative advances in microfluidics, microelectron-
mechanical systems technology, nanotechnology and 3D printing, as well as data analytics
and development of efficient surface ligands have significantly facilitated the development
of POCT diagnosis in the last two years. POCT is still in its infancy on a global scale, with
technological advancements needing to be addressed in the future. This is also valid for
an SPR-based sensor. While still mostly research-based instrumentations, portable surface
plasmon resonance devices have proven to be of great value for the current SARS-CoV-2
pandemic. We hope to have shown here that some of the disadvantages of conventional
SPR testing, such as bulky instrumentation and its difficult implementation in clinical
settings, have been partially overcome with such miniaturized approaches. Their miniatur-
ized nature combined with adequate surface architecture allow for their implementation
in biosafety-level-3 conditions to screen novel bioreceptors for their affinity to different
virus epitopes and results in a handful of sensitive SARS-CoV-2 diagnostic platforms.
With reliable SPR tests down to 10 PFU/mL, they can be seen as alternative to lateral
flow antigenic assays for which most reliable tests detect 50 PFU/mL equivalent to about
3 × 106 RNA copies/mL. The possibility of multichannel and multianalyte analysis might
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offer SPR additional advantages in clinical settings. The clinical performance was tested
more closely in at least one approach under an EU-funded project, CorDial-S. The evalua-
tion of 119 nasopharyngeal swab samples achieved an 88% positive percentage agreement
(PPA) and a 92% negative percentage agreement (NPA). The sensors could only be used
one time, as the regeneration of the surface resulted in decreased performance, i.e., an
86% positive percentage agreement (PPA) and an 82% negative percentage agreement
(NPA). Interestingly, the regeneration of the surface mainly had a large effect on the nega-
tive samples, with false positive responses obtained. Out of 50 negative samples screened
on reused interfaces, 41 were assigned by RT-PCR and SPR as negative.

With these results at hand, what are the SPR perspectives in viral detection? The liquid
sample volumes as well as power consumption of SPR-based biosensors remain the main
bottlenecks for biomedical applications. To circumvent these drawbacks, improved and
compact microfluid devices, as power-free pump systems, have to be considered for the
next generation of integrated SPR-based biosensors. The use of sensing cartridges is one
attempt taken by Affinité Instruments together with us to reduce the implementation of
costly pumps. These disposable SPR sensors are low-cost and easy-to-use sensing devices
intended for rapid single-point measurements. The integration of nanomaterials into SPR-
based sensors needs to be pursued in this field if ultra-sensitivity becomes an important
parameter. The integration of magnetic fields into SPR and the use of magnetic particles
might be a way toward improved viral sensing. A magnetically enhanced SPR (M-SPR)
was investigated lately (unpublished data) and showed to result in a detection limit as low
as 1.5 × 103 viral particles mL−1, two orders lower than the detection limit of conventional
SPR, being 5.9 × 104 viral particles mL−1. This and other concepts will allow driving the
SPR field in the future.

It can be inferred that the plasmonic approach might also be adapted for the post-
COVID crisis, notably for providing diagnostic parameters for distinguishing long-COVID
patients from others. It is now recognized that many patients infected with SARS-CoV-
2- can develop post-acute COVID syndromes a few months after the initial infection.
This health stage, called long-COVID, occurs in 30–50% of COVID-19 patients and is
characterized by multisystem symptoms, persistent fatigue and cogitative impairment
more present with increasing age and female sex. In spite of the early impression that
long COVID can only develop in patients who were hospitalized and intubated, increasing
evidence indicates that long COVID can develop regardless of the severity of the original
symptoms [70].
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Abstract: The Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2) pandemic has once
more emphasized the urgent need for accurate and fast point-of-care (POC) diagnostics for outbreak
control and prevention. The main challenge in the development of POC in vitro diagnostics (IVD)
is to combine a short time to result with a high sensitivity, and to keep the testing cost-effective. In
this respect, sensors based on photonic integrated circuits (PICs) may offer advantages as they have
features such as a high analytical sensitivity, capability for multiplexing, ease of miniaturization, and
the potential for high-volume manufacturing. One special type of PIC sensor is the asymmetric Mach–
Zehnder Interferometer (aMZI), which is characterized by a high and tunable analytical sensitivity.
The current work describes the application of an aMZI-based biosensor platform for sensitive and
multiplex detection of anti-SARS-CoV-2 antibodies in human plasma samples using the spike protein
(SP), the receptor-binding domain (RBD), and the nucleocapsid protein (NP) as target antigens. The
results are in good agreement with several CE-IVD marked reference methods and demonstrate the
potential of the aMZI biosensor technology for further development into a photonic IVD platform.

Keywords: biosensor; photonics; SARS-CoV-2; antibodies; diagnostics; serology

1. Introduction

Biosensors are valuable tools in a wide range of application areas such as medical
diagnostics, agri-food, and environmental monitoring [1,2]. Application of biosensors in
point-of-care (POC) in vitro diagnostics (IVD) is promising as they may fulfill the need for
sensitive, robust, and cost-effective POC testing platforms for disease diagnosis outside of
the lab. Early diagnosis and effective treatment enabled by POC diagnostics support a more
efficient and patient-centered healthcare system. Moreover, the availability of affordable
POC diagnostics is of crucial importance for developing countries, where resources and
access to healthcare facilities are limited [3]. The Severe Acute Respiratory Syndrome Coro-
navirus 2 (SARS-CoV-2) pandemic has once more emphasized the value of and the urgent
need for accurate and fast POC diagnostics for outbreak control and prevention [4–6].

Infection with SARS-CoV-2 induces an immune response in the host that normally
results in the generation of different isotype antibodies (IgM, IgG, and IgA) against specific
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viral antigens such as the spike protein (SP), the receptor-binding domain (RBD), and
the nucleocapsid protein (NP) [7]. Seroconversion for IgG typically takes about two to
three weeks after symptoms onset while IgG antibody waning typically sets in after two
to three months [8,9]. Serological testing is useful for confirming if individual cases have
been infected in the past, for assessing seroprevalence and overall exposure of the host
population [10], and for assessing vaccination response and efficiency.

Various IVD tests for SARS-CoV-2 specific antibodies are being used in the laboratory.
Up till now, worldwide, 356 IVD registered serology tests are available, of which 219 are CE-
IVD marked and 73 have obtained the FDA Emergency Use Authorization (EUA) [11]. Most
of these tests involve enzyme-linked immunosorbent assay (ELISA), chemiluminescent
immunoassay (CLIA), and lateral flow assay (LFA) test formats. Each test format has
its own advantages and disadvantages: ELISA is a well-known and proven quantitative
test, but the method is laborious and time-consuming and has to be performed by skilled
personnel. CLIA is a highly automated and high-throughput quantitative method, but
mostly depends on bulky and expensive measurement platforms. LFA is fast, simple, and
relatively inexpensive, which explains why testing with lateral flow test strips has become
rather customary for POC applications. However, LFA is not a quantitative test and may
have a lower performance, especially with regard to sensitivity [12].

To bridge the gap between POC testing with LFA and remote (clinical lab) testing
with ELISA or CLIA, several alternative POC testing formats are being developed such
as lab-on-a-chip (LOC) and lab-on-a-disc (LOAD) [4,13–15]. Integration of microfluidics
in the POC device might be beneficial as it offers possibilities for improving compactness
and limiting reagent consumption and might also help in further reducing the amount
of required patient sample [16]. To improve POC biomarker detection, different types of
sensitive and real-time measuring biosensors have been suggested for implementation
in POC devices [5,17–19] such as electrochemical sensors and optical sensors based on
surface plasmon resonance (SPR), surface-enhanced Raman scattering (SERS), fluorescence,
and chemiluminescence. Photonic biosensing technologies that have been explored for
the possible use in SARS-CoV-2 serology include SPR [20–24], biolayer interferometry
(BLI) [25], and microring resonators (MRRs) [26,27]. The last mentioned is a member of a
special group of sensors called the photonic integrated circuit (PIC) biosensors.

PIC biosensors offer advantageous features such as a high analytical sensitivity, the ca-
pability for multiplexing and miniaturization, and the suitability for integration in optoflu-
idic devices [28,29]. Additionally, these sensors offer advantages such as the prospect of
label-free detection, the possibility of real-time measurement, immunity to electromagnetic
interference, and the high potential for integration with other (micro) components. In
addition, the photonic chips are manufactured by standard complementary metal-oxide
semiconductor (CMOS)-compatible fabrication techniques. This is important to reduce the
cost price of the chips as CMOS technology is ideally suited for high-volume manufacturing.
Many types of PIC sensors have been described in the literature such as MRRs, grating
coupler devices, photonic crystals, and interferometric waveguide sensors [19].

Surfix Diagnostics has developed a photonic biosensor platform based on the asym-
metric Mach–Zehnder Interferometer (aMZI), which is intended for generic, label-free, and
sensitive multiplex detection of a wide variety of targets, such as proteins, DNA, RNA,
viruses, bacteria, etc. A major advantage of the aMZI design is that the sensor sensitivity
can be tailored by increasing the geometrical pathlength of the sensing arm and/or by
decreasing the asymmetry of the aMZI (the difference in pathlength between the two inter-
ferometer arms) [30,31]. When combining the high intrinsic sensitivity of the aMZI sensor
with Surfix’s proprietary material-selective surface modification, the analytical sensitivity
can be even further enhanced [32]. In previous studies, aMZI-based biosensors have been
used for the detection of food contaminants [33,34], ocean pollutants [35], streptavidin [36],
and protein biomarkers for cancer [30]. While these studies show the potential and broad
applicability of the technology, the amount of data presented was limited.
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This paper describes the detection of different anti-SARS-CoV-2 specific antibodies
(anti-SP, anti-RBD, and anti-NP) in a dilution series of an NIBSC-verified plasma calibrant
in order to assess the analytical sensitivity and dynamic range of the photonic biosensor
platform. Moreover, the diagnostic performance of the platform was evaluated by the
detection of anti-SARS-CoV-2 specific antibodies in plasmas from a NIBSC verification
panel. All results were compared to testing results obtained with several CE-IVD marked
serology tests. Calibrant dilution tests showed a good limit of detection (LODs down to
0.3 IU/mL of calibrant) and dynamic ranges that were in accordance with most of the
reference methods. The data obtained with the verification panel showed good scores for
the Surfix photonic biosensor for distinguishing anti-SARS-CoV-2 antibody positive and
anti-SARS-CoV-2 antibody negative plasmas.

In this explorative validation study, the performance of the Surfix photonic biosensor
platform was successfully tested in a comparison with different CE-IVD marked reference
methods, which demonstrates the potential of the method. Currently, efforts are directed at
increasing the manufacturability of the system and developing it into an IVD platform for
POC testing.

2. Materials and Methods

2.1. Materials

N-Hydroxysuccinimide (NHS), (1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hy-
drochloride (EDC), trehalose, bovine serum albumin (BSA; heat shock fraction, ≥98%),
sodium dodecyl sulfate solution (SDS, 10% in H2O), Tween 20, sodium chloride (NaCl),
sodium hydroxide (NaOH), hydrochloric acid solution (1 M), phosphate-buffered saline
(PBS) tablets (0.01 M phosphate buffer, 0.0027 M potassium chloride and 0.137 M sodium
chloride, pH 7.4), sodium phosphate (dibasic dihydrate and monobasic monohydrate,
respectively), bicine (≥99%), sodium carbonate, and sodium bicarbonate were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Methanol (≥99.5%) was obtained from VWR.
2-(N-morpholino)ethanesulfonic acid (MES hydrate, ≥99.5%) was obtained from Fluka.
SARS-CoV-2 (2019-nCoV) Spike S1 + S2 ECD-His (referred to as SP; 40589-V08H4, host:
HEK293 cells), SARS-CoV-2 Nucleocapsid-His SARS-CoV-2 (2019-nCoV) Nucleocapsid-His
(referred to as NP; 40588-V07E, supplied in PBS, host: E. coli), and SARS-CoV-2 (2019-
nCov) Spike RBD-His (referred to as RBD; 40592-V08H, supplied in PBS, host: HEK293
cells) recombinant proteins were obtained from Sino Biological Europe GmbH (Eschborn,
Germany). Affinity-purified polyclonal rabbit anti-human IgG (Fcγ fragment-specific,
309-005-008) was obtained from Jackson ImmunoResearch (Cambridgeshire, UK). Affinity-
purified polyclonal rabbit anti-nucleocapsid IgG (GTX135361) was obtained from GeneTex,
Inc. (Irvine, CA, USA). Affinity-purified polyclonal goat anti-rabbit IgG (heavy&light chain-
specific, Atto 488 labeled, ABIN964982) was purchased from antibodies-online GmbH
(Aachen, Germany). Anti-SARS-CoV-2 antibody negative plasma panel (DSPA 4.9.11.1) was
obtained from in.vent Diagnostica GmbH (Hennigsdorf, Germany). CE-marked material
anti-SARS-CoV-2 verification panel for serology assays (20/B770-02) and Anti-SARS-CoV-2
antibody diagnostic calibrant reagent (20/162) were obtained from the National Institute for
Biological Standards and Control (NIBSC, Potters Bar, UK). Ultrapure water (18.2 MΩ.cm
at 25 ◦C) was prepared using the Puranity TU3 UV/UF+ system (VWR International).

2.2. Chip Design and Operation

The heart of the system is the photonic chip, which contains an array of planar
waveguide-based aMZI biosensors (Figure 1). The chips were fabricated by LioniX Interna-
tional (Enschede, The Netherlands). The photonic chips have dimensions of 10 mm × 5 mm
and are based on a single stripe TriPleX™ geometry [37] containing a stoichiometric Si3N4
core (a height of 100 nm and a width of 1000 nm), on top of a 6 μm thermal SiO2 substrate,
and 4 μm top cladding. The on-chip circuitry consists of a spot-size convertor (allowing
for a very efficient fiber-to-chip light coupling) and a 1 × 8 splitter (based on subsequent
Y-branches) in order to achieve an even distribution of the input light over the 8 individual
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aMZI sensor elements (6 aMZI biosensors and 2 auxiliary aMZI’s), with each aMZI sensor
being connected to an individual output waveguide.

Figure 1. (A) Photomicrograph of the asymmetric Mach–Zehnder (aMZI) chip (dimensions:
5 × 10 mm) with an aligned Fiber Array (FA). (B) Assignment scheme for the five balanced and
the one unbalanced aMZI biosensors regarding the spotting of viral antigens: 1, 4: spike protein
(SP); 2: receptor binding domain (RBD); 3, 5: nucleocapsid protein (NP); 6–11: bovine serum albu-
min (BSA). (C) Zoom-in on two balanced aMZI sensors with a view of the waveguide spirals and
sensing windows.

In-coupling and out-coupling of light was realized by butt-end coupling of fibers
to the chip facet by means of an optimized fiber array (Figure 1A). The operating wave-
length is about 850 nm, allowing the use of cost-effective and high-quality light sources
(vertical-cavity surface-emitting lasers (VCSELs)) and detectors (photodiodes). A large
part of the mode field of the light is confined to the waveguide core but a significant part
propagates outside the waveguide. This component is called the evanescent field, which
decays exponentially as a function of the distance to the waveguide surface (penetration
depth ≈ 200 nm). At places where the sensor needs to interact with the sample, the SiO2
top cladding had been etched away locally (yielding the so-called sensing window) for
exposing the Si3N4 waveguide to the sample or buffer solution. The specific binding of
antibodies or other (bio)molecules onto the waveguide surface causes a local increase of the
effective index of the propagating mode of the aMZI arm and, concomitantly, an increase of
the optical pathlength. This leads to a phase shift in the sinusoidal optical power transfer
function of the aMZI that can be measured as a shift in the transmission spectrum [30,33].
The transmission spectrum is continuously determined by measuring the optical power
output of the aMZI as a function of the operating wavelength of the incoming light during
wavelength scanning (Figure 2), which enables monitoring of the shift (in picometer) of the
transmission spectrum. Wavelength scanning is performed by electrical modulation of the
VCSEL at a frequency of 10 Hz (see Section 2.3).

Each aMZI biosensor contains two spiral-shaped sensor arms (a signal arm and a
reference arm) with a geometrical pathlength of the waveguide within the sensing window
of 12.5 mm (Figure 1C). The bulk sensitivity of each sensor is about 2000 nm per refractive
index unit (RIU). Each chip contains five balanced biosensors and one unbalanced aMZI
biosensor (Figure 1A,B). The term balanced means that both the signal arm and the reference
arm are in direct contact with the sample or buffer solutions at the place of the sensing
window (Figure 1C). Use of a reference arm that contacts the fluid has advantages as it
allows for compensation for differences in bulk refractive index (as may exist, for example,
between sample and run buffer) and is relatively insensitive to changes in temperature. The
unbalanced aMZI (Figure 1B: sensor 6) has a signal arm that is in contact with the sample
or buffer solutions and a reference arm that is covered with a SiO2 layer. This unbalanced
aMZI was used to measure bulk refractive index changes in the liquid in order to monitor
the injection and washing away of plasma sample.
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Figure 2. Example of a transmission spectrum overlay determined for the 6 different aMZI biosensors
(x-axis: wavelength scan position (in picometer), y-axis: optical power output (in Volt)).

2.3. Measurement Platform

The measurement platform consists of a liquid handling unit and an alignment stage
(see below), and an optical signal read-out module (OSROM) [38]. The OSROM contains a
tunable light source and 8 photodiode detectors, plus associated electronics and a built-in
data acquisition (DAQ) unit (USB-6363, National Instruments, Austin, TX, USA). As a light
source, a pigtailed VCSEL (type ULM850, TO46, 2.0 mW; obtained from Philips Technology
GmbH, U-L-M Photonics, Ulm, Germany) with a nominal wavelength of 850 nm was used.
The VCSEL is part of a thermally isolated compartment that is temperature controlled at
about 40 ◦C (with a temperature stability of about 0.02 ◦C) by means of a Peltier element
and a thermocouple. By varying the voltage/drive current over the VCSEL diode, a linear
wavelength scan of the VCSEL light output is performed over a range of about 3 nm and at
a frequency of 10 Hz, and simultaneously the optical power output of all 8 aMZI sensor
elements is being monitored by means of the connected 8 photodiodes. The photodiode
signals are amplified with low noise transimpedance amplifiers with adjustable gains.
The obtained output is measured with the DAQ card enabling data transfer at 2 MB/s to
the laptop.

The liquid handling unit contains components such as a peristaltic pump (P625/TS020P;
Instech Laboratories, Inc., Plymouth Meeting, PA, USA), a syringe pump (NE-501; KF Tech-
nology, Rome, Italy), three automated stream selector valves (1 × 8, 1 × 6, and adapted
load/inject valve; VICI AG, Schenkon, Switzerland) and associated polyether ether ketone
(PEEK) tubing (inner diameter 0.01”, 0.02” and 0.03”) with supply vials. All these com-
ponents are brought together and connected to driving electronics and controlled by the
software. Pumps and valves are operated via LabView based user-defined liquid handling
scripts. Supply of liquid to the chip proceeds via a load/inject valve that is connected to a
sample loop with an internal volume of 200 μL.

The photonic chip is placed on an alignment stage (Figure 3) to allow in-coupling and
out-coupling of light, and to allow the flow of liquids over the chip. The alignment stage is
custom designed and manufactured and has three main components: a frame that holds the
chip, a clamp with a Teflon holder for the fluidic connection, and two piezoelectric linear
stages with a control unit (12 mm travel, SLC; SmarAct GmbH, Oldenburg, Germany) to
align the fiber array with respect to the chip (Figure 3).

2.4. Chip Functionalization

Functionalization of the chip surface was done by Surfix’s proprietary material-
selective coating technology. This results in a carboxylate-terminated layer on the Si3N4
waveguide surface while the surrounding SiO2 surface is modified with a polyethylene gly-
col (PEG)-based antifouling layer. This way, bioreceptor immobilization and, consequently,
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analyte binding are confined exclusively to the waveguide surface, which leads to a higher
analytical sensitivity and improved limit of detection [32].

Figure 3. (A) Photograph of the alignment unit, where the chip is placed and brought in close contact
with the fiber array. The flow cell is realized by clamping the Teflon holder on the chip. (B) Teflon
holder close-up. (C) Cross-section of the Teflon holder on the chip, which defines the flow cell (liquid
indicated in blue).

Shortly before spotting of protein, the coated aMZI chip was sonicated in ultrapure
water for 10 min and this step was repeated in methanol after which the chip was dried
quickly by means of nitrogen blowing. Subsequently, a chemical activation of the carboxy-
late coating was performed by application on top of the chip of a 60 μL sessile drop of a
freshly prepared EDC/NHS solution (0.2 M EDC and 0.1 M NHS in 10 mM MES pH 5.5)
for 15 min. Then, after a quick rinse with ultrapure water and drying by means of nitrogen
blowing, spotting was performed by means of the sciFLEXARRAYER S3 piezoelectric ar-
rayer spotter (Scienion, Berlin, Germany). Spotting was performed with 4 different proteins
according to the assignment shown in the caption of Figure 1B. The viral antigens were
spotted at a concentration of 100 μg/mL in spotting buffer (for SP: 10 mM MES pH 5.3, for
RBD: 10 mM bicine pH 9.0, for NP: 10 mM bicarbonate pH 9.8, all with 3% trehalose), while
bovine serum albumin (BSA) was spotted in the MES spotting buffer at a concentration
of 500 μg/mL. The spotted chips were incubated for 15 min and afterwards blocked by
incubation with blocking buffer (PBS + 7% BSA) for 30 min. Finally, the chips were washed
with buffer (PBS + 0.05% v/v Tween 20) for 5 min under gentle shaking followed by wash-
ing for 5 min with storage buffer (PBS + 3% trehalose) also under gentle shaking. The chips
were stored in storage buffer at 4 ◦C for a maximum of three days until further use.

2.5. Plasma Measurements

Using the liquid handling system, the spotted photonic chips were conditioned for
a maximum of 30 min at a flow of 15 μL/min with run buffer (PBS + 1% BSA + 0.05%
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v/v Tween 20). Then, sample was injected over the sensor surface for 10 min at a flow of
15 μL/min. For the NIBSC calibrant study, the calibrant (stock concentration 1000 IU/mL)
was diluted with different amounts of anti-SARS-CoV-2 antibody negative plasma (pooled
from three plasmas) resulting in calibrant concentrations of 0.25, 0.5, 1, 2, 5, 10, 20, 50, 100,
200, and 500 IU/mL. These different plasma mixtures were then diluted 10-fold with run
buffer, resulting in 10% v/v plasma. The plasmas of the NIBSC verification panel were
diluted 25-fold with run buffer, resulting in 4% v/v plasma. All samples from the NIBSC
verification panel were measured in a blind manner, meaning that the operator did not
know if the plasma was anti-SARS-CoV-2 positive or anti-SARS-CoV-2 negative. After
plasma sample injection, the chips were washed with run buffer followed by an injection
of secondary antibody (rabbit anti-human IgG, 24 μg/mL in run buffer) for 10 min at a
flow of 15 μL/min. The resulting sensorgrams were recorded and from this, the total shifts
in transmission spectrum (in picometer) that resulted from the incubation with human
plasma sample and the incubation with secondary antibody, were determined. After each
measurement, and before inserting a new aMZI chip, the liquid handling system was
cleaned by flowing of 0.5% SDS solution for 6 min at a flow of 15 μL/min.

For comparison with the biosensor, plasma samples were also tested at Innatoss
Laboratories (Oss, The Netherlands) with two commercial CE-IVD marked ELISAs: the Eu-
roimmun SARS-CoV-2 IgG-S1 ELISA, which employs the S1-domain, and the Euroimmun
SARS-CoV-2 IgG–NCP ELISA, modified to only contain diagnostically relevant epitopes of
the NP antigen (Euroimmun, Lubeck, Germany). Furthermore, plasma samples were tested
at Future Diagnostics (Wijchen, The Netherlands) with two commercial CE-IVD-marked
CLIAs: the Abbott Architect SARS-CoV-2 IgG II assay, which uses the NP antigen (reference
06R8622, Abbott Laboratories Inc., Chicago, IL, USA), and the ADVIA Centaur SARS-CoV-2
IgG (sCOVG) assay, which uses the RBD domain (Siemens Centaur sCOVG assay, reference
11207376, Siemens Healthcare Diagnostics Inc., New York, NY, USA). All reference tests
were performed in accordance with the manufacturer’s instructions.

For representation in dose-response curves, all data obtained on the calibrant were
fitted by non-linear regression using a 4-parameter logistic (4PL) model (GraphPad Prism
9). Blank measurements were done in replicate (n = 10) on the anti-SARS-CoV-2 antibody
negative plasma (pooled from three plasmas), used for diluting the calibrant, yielding
values for each antigen (SP, RBD, NP) for both assay steps (incubation with plasma and
with secondary antibody) from which the means and standard deviations were calculated.

3. Results

3.1. Material-Selective Sensor Modification

To demonstrate the effectiveness of the material-selective functionalization (a carboxylate-
terminated layer on Si3N4 and a polyethylene glycol (PEG)-based layer on SiO2) for achiev-
ing selective immobilization of viral antigen to the Si3N4 waveguide surface, functionalized
photonic chips were spotted with NP (viral antigen) and BSA (negative control protein).
Next, the modified chips were incubated with rabbit anti-NP antibody followed by incuba-
tion with Atto 488 labeled goat anti-rabbit IgG. Finally, the chips were examined by means
of fluorescence microscopy. As can be seen in Figure 4A, the resulting fluorescence was
exclusively localized on the waveguide spiral indicating that modification of the sensor
with NP antigen was confined to the carboxylate-terminated Si3N4 waveguide surface. In
previous work, the added value of material-selective functionalization was demonstrated
for improving the analytical sensitivity of a model system [32]. In addition, spiral arms
modified with BSA (the negative control protein) did not show any fluorescence signal
indicating a virtual absence of non-specific binding (Figure 4B).

3.2. Testing on Calibrant Dilution Series

To examine the dynamic range and analytical sensitivity of the six Surfix assays (direct
and indirect detection of each of three antigens), a dilution series of anti-SARS-CoV-2
antibody plasma calibrant (NIBSC, 20/162) was measured. For comparison, the same
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dilution series was also measured by four CE-IVD-marked reference assays (two ELISA
and two CLIA methods).

Figure 4. Fluorescence photomicrograph of (A) an NP-modified and (B) a BSA-modified spiral arm
after incubation with polyclonal rabbit anti-NP antibody and subsequent incubation with Atto 488
labeled goat anti-rabbit IgG antibody. Note: the dotted orange line indicates the perimeter of the
sensing window.

Figure 5A shows a schematic of the binding complex that is formed on the biosensor
surface illustrating the direct and indirect assay option. Also shown are sensorgrams
(Figure 5B) obtained with the Surfix method on a negative control sample (10 times diluted
negative plasma in buffer) and a calibrant sample (10 times diluted calibrant stock in buffer).
Incubation with negative plasma did not lead to a shift in signal indicating the absence
of non-specific binding. Incubation with calibrant plasma induced a large shift of the
signal, which indicated binding of a plasma component, most probably IgG. Subsequent
incubation with anti-human IgG secondary antibody also resulted in a substantial binding,
confirming the identity of the previously bound component.

Figure 5. (A) Schematic representation of the binding complex that is formed during the assay.
SARS-CoV-2 antigens (NP, RBD, and SP) are immobilized onto the sensor surface; during injec-
tion of plasma sample, SARS-CoV-2 specific antibodies (if present) bind to the antigens and, in
turn, can be recognized and bound by secondary antibodies during the second incubation step.
(B) Overlay of sensorgrams obtained for plasma calibrant (1000 IU/mL) and anti-SARS-CoV-2 anti-
body negative plasma.

The dose-response curves of all Surfix assays as obtained on the calibrant dilution
series (12 concentrations) are shown in Figure 6. For both the direct and the indirect assay,
a difference between the antigens was found with an increase of the signal in the order
NP < SP < RBD. Furthermore, the indirect assay showed an amplification with a factor of
about three as compared to the signal obtained with the direct assay.

Replicate measurements (n = 10) were done on the anti-SARS-CoV-2 antibody negative
pooled plasma while employing a new chip for each measurement. For each assay, the mean
and standard deviation (SD) of the replicate measurements on negative pooled plasma
were calculated and used to derive the limit of detection (LOD). The LOD was defined as
the calibrant concentration at which the signal was equal to the mean plus three times the
SD of the blank measurement (Table 1).
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The samples from the dilution series of the plasma calibrant were also tested with
four CE-IVD-marked reference methods in order to validate the results from the photonic
biosensor. Comparison of the dose-response curves generally shows a high resemblance
between the Surfix indirect immunoassay and the reference tests (Figure 7).

Figure 6. Dose-response curves obtained with the photonic biosensor when measuring the dilution
series of plasma calibrant. Results are shown for (A) the incubation with diluted calibrant (direct
assay) and (B) the incubation with anti-human IgG secondary antibody (indirect assay).

Table 1. Overview of the blank signals (mean ± standard deviation (SD), n = 10) as were found for
each of the Surfix assays, and the calculated limits of detection (LODs).

Assay Mean ± SD (pm) LOD (IU/mL)

SP/Direct −66 ± 21 1.4
SP/Indirect 22 ± 10 0.3
RBD/Direct 201 ± 40 9.7

RBD/Indirect 57 ± 25 0.5
NP/Direct 79 ± 34 4.8

NP/Indirect 111 ± 40 2.0

The LODs of the Surfix indirect immunoassay (Table 1) are indicated in Figure 7 (arrow
symbols near the x-axis) in order to mark the large dynamic range of the photonic biosensor,
which is more than 3 decades. These LODs are comparable to the detection capability of
the reference assays used in the comparison study.

Subsequently, correlation plots were constructed in order to assess the linear relation
between the results obtained on the calibrant dilution series with the Surfix method
and the reference methods (Figure 8). Very strong, up to near-perfect linear correlations
(0.9 < R2 < 1) were found when comparing the data from the Surfix direct assay method
and all reference methods; the same applies to the Surfix indirect assay method and
three of the four (the ELISAs and Abbott CLIA) reference methods, indicating that the
dynamic ranges are comparable. Only for the Siemens CLIA method, the correlation was
non-linear in the comparison with the Surfix indirect assay method (Figure 8B), which
may be related to the higher sensitivity of the Surfix method at lower concentrations (see
also Figure 7B).
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Figure 7. Dose-response curves for the plasma calibrant dilution series obtained with the photonic
biosensor (n = 2) in a comparison with the outcome of the relevant reference test: (A) S1/reference
test: Euroimmun SARS-CoV-2 IgG-S1 ELISA (IgG) (n = 3). (B) RBD/reference test: Siemens ADVIA
Centaur SARS-CoV-2 IgG (sCOVG)) (n = 2). (C) NP/reference test: Euroimmun SARS-CoV-2 IgG-
NCP ELISA (n = 3). (D) NP/reference test: Abbott Architect SARS-CoV-2 IgG (n = 2). Meaning of
symbols: circles = plasma (direct assay), triangles = secondary antibody (indirect assay), squares:
reference test. Note: the arrow near the x-axis indicates the LOD of each indirect Surfix assay.

3.3. Testing of the Plasma Verification Panel

In a second set of experiments, the diagnostic performance (sensitivity and specificity)
of the six Surfix assays was examined by testing 23 anti-SARS-CoV-2 antibody positive
and 14 anti-SARS-CoV-2 antibody negative plasma samples of the NIBSC anti-SARS-CoV-2
verification panel. Figure 9 shows a few examples of sensorgrams. Figure 9A is a represen-
tative example obtained with one of the negative plasmas (panel #27) exhibiting low but
significant binding (signal shift of 100–300 pm) to the immobilized NP and RBD antigens
and virtually no binding to the SP antigen (see also the inset). The two positive plasmas
(panel #1 (Figure 9B) and #10 (Figure 9C)) both showed substantial binding but on a differ-
ent overall level and with a different selectivity profile. Plasma #1 showed a clear order
in the extent of antibody binding to the different antigens (i.e., NP > RBD > SP), whereas
plasma #10 demonstrated a near equal binding outcome for RBD and NP, and a somewhat
lower signal for SP. The average binding signal for the three antigens obtained during
the incubation with plasma #10 (first incubation step) was approximately 5000 picometer,
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which corresponds to a calculated binding amount of protein of about 150 ng/cm2. The
way to calculate the adsorbed surface mass density of protein (ng/cm2) from the signal
(shift in transmission spectrum in picometer) is explained elsewhere [36]. Assuming that
the bound protein consists of head-on oriented IgG (Fc-up; both Fabs bound to the antigen
on the surface), a value of 150 ng/cm2 represents about half of a monolayer [39]. The ratio
between the binding signal that results from the first (plasma) and the second incubation
(secondary antibody) is about 1:4 and 1:2 for the sensorgrams in Figure 9B and C, respec-
tively. This signal amplification is in reasonable agreement with the average threefold
signal amplification that was found in the calibrant dilution experiments (see above).

Figure 8. Correlation plots of the Surfix photonic biosensor results versus the results obtained
with each of the reference methods: (A) Euroimmun SARS-CoV-2 IgG-S1 ELISA (IgG); (B) Siemens
ADVIA Centaur® SARS-CoV-2 IgG (sCOVG) CLIA; (C) Euroimmun SARS-CoV-2 IgG-NCP ELISA;
(D) Abbott Architect SARS-CoV-2 IgG CLIA. Meaning of symbols: circles = plasma (direct immunoas-
say), triangles = secondary antibody (indirect immunoassay).

A summary of the results obtained with the plasma panel is shown in Figure 10, which
shows the binding signal distributions for the plasma incubation (direct assay) and the
secondary antibody incubation (indirect assay) as found for the SP, RBD, and NP antigen.
What stands out is the excellent performance of the SP assay regarding the distinction
between negative and positive samples, which is related to the very low background
level of the binding signal as was found for all negative samples. Compared to the SP
assay, the RBD and NP assays showed a relatively high and more variable amount of
non-specific binding in plasma. At least part of this unwanted background binding signal
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can be attributed to IgG antibodies since subsequent incubation with the anti-human IgG
secondary antibody resulted in a further increased signal.

Figure 9. Sensorgrams showing the plasma incubation (direct assay) and the secondary antibody
incubation (indirect assay) for (A) plasma #27, an anti-SARS-CoV-2 antibody negative plasma (the
inset shows a zoom-in), and (B) plasma #1, and (C) plasma #10, both anti-SARS-CoV-2 antibody
positive plasmas.

Cut-off values were determined as the mean plus three times the standard deviation
of the binding signals obtained for all negative plasmas. Based on these cut-off values,
diagnostic sensitivity and specificity were calculated for each assay (Figure 10). All assays
showed a specificity of 100%. Furthermore, four out of the six assays showed a sensitivity
of 100%; only the direct immunoassay with RBD and NP antigen revealed a lower sen-
sitivity of 87%. Please note that these values should be treated with care as the number
of samples was limited (23 positive and 14 negative plasmas), which is reflected in the
calculated 95% confidence interval (CI) of 85.2–100% and 76.8–100% for the sensitivity and
specificity, respectively.

120



Biosensors 2022, 12, 553

Figure 10. Binding signal distribution of 23 anti-SARS-CoV-2 antibody positive and 14 anti-SARS-
CoV-2 antibody negative human plasma samples obtained for the plasma incubation (direct assay:
top row) and the secondary antibody incubation (indirect assay: bottom row) shown for the SP
(left), RBD (middle) and NP antigen (right). Note 1: for the SP assay, all but one of the negative
plasma samples had a small negative binding signal (mean ± standard deviation: −32 ± 13 pm). In
order to enable logarithmic presentation all negative values were assigned a value of 1 picometer.
Note 2: the small table and the equations at the bottom explains how the sensitivity and specificity
was calculated.

4. Discussion

The outcome of this explorative study shows very promising results for the Surfix
photonic biosensor platform especially regarding its analytical performance in terms of
analytical sensitivity and dynamic range. Furthermore, the measurement results are in
accordance with the results obtained by different CE-IVD marked ELISA and CLIA refer-
ence methods. The aMZI-based approach is a label-free mass sensing method that very
efficiently measures changes in surface mass amounts that come about by the binding of
molecules to the sensor surface [40]. Despite the fact that no exogenous labeling (such as
chemiluminescence or enzyme labeling) is needed for detection, the added value of the use
of a secondary antibody has been clearly demonstrated in the current work by the much
improved detection levels of the indirect assay (Table 1). That said, very sensitive detection
may not be very relevant for SARS-CoV-2 serology testing but might be relevant for other
applications where small analytes or lower clinically relevant concentrations of biomarkers
are involved.

The upper limit of the dynamic range of the Surfix assays could not be accurately
determined, since no signal saturation was observed at the highest calibrant concentration
used (1000 IU/mL, Figure 6). Especially the direct assays are expected to have a very high
upper limit. It may therefore be worthwhile to explore the performance of the Surfix assays
at higher concentrations of calibrant, since this might be relevant for applications where
high antibody titers are expected, for example, in studies concerning vaccine effectiveness.
For such applications, the upper limit of currently available assays may be too limited.

Prevention of non-specific binding in the case of plasma sample is challenging because
of its high and complex biochemical content. Especially in the case of a direct binding
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approach, non-specific binding of plasma constituents onto the biosensor surface (fouling)
is unwanted, as discrimination between non-specific and specific binding events will
be limited [41]. Due to the ease of multiplexing on the photonic biosensor platform,
negative control or reference sensors can be easily implemented to compensate for this
non-specific binding. Use of an internal reference arm in the balanced aMZI configuration
(self-referencing) has an extra advantage as it allows for the direct compensation of the
effect from changes in bulk refractive index as can be seen in Figure 9A where the one
unbalanced reference sensor exhibits a step-in signal upon introduction of the plasma
sample while the other (balanced) sensors show no response. Also shown in Figure 9A is
that the SP/BSA balanced aMZI sensor reveals no sign of non-specific binding, but instead,
it even shows a slight decrease of signal during incubation with negative control plasma.
This is probably explained by a lower degree of non-specific binding that takes place to
SP as compared to BSA. In contrast to SP, sensors modified with the RBD and NP antigen
did show low but significant non-specific binding when testing the negative controls of
the plasma panel (Figure 9A). As a consequence, a poorer discrimination between the anti-
SARS-CoV-2 antibody negative and anti-SARS-CoV-2 antibody positive plasma samples
was found for the RBD and NP as compared to the SP antigen (Figure 10). The higher
level of non-specific binding is very likely attributed to a higher cross-reactivity and/or
the higher isoelectric point of the proteins (10.07 for NP and 8.91 for RBD), which makes
the proteins positively charged at the near-neutral pH of the assay buffers. Some of the
commercial tests for detecting anti-NP antibodies use modified recombinant antigens,
for example, the Euroimmun NCP ELISA employs a modified NP that contains only the
relevant epitopes in order to prevent background binding. The use of such a truncated
NP or other modified viral antigens might also reduce non-specific binding in our NP
and/or RBD assay. An alternative to the use of native or recombinant SARS-CoV-2 protein
antigen is to employ synthetic peptides that are derived from distinct linear epitope sites
of the different SARS-CoV-2 antigens. An increasing number of linear epitopes have been
described resulting from immunoinformatic analysis [42], studies with peptide-based
ELISA [43] and proteome microarrays [44].

The Surfix photonic biosensor platform enables multiplex detection of antibodies that
target viral antigens. The results obtained for three different SARS-CoV-2 antigens (SP,
RBD, and NP) were found to correlate well with tests performed with the different CE-IVD
marked reference methods (Figure 8). A multiplexing approach opens possibilities for
advanced clinical analysis such as: (1) ruling out cross-reactivity with antibodies targeted
against other coronaviruses, e.g., the different common cold viruses, to avoid false positive
results; (2) simultaneously testing for antibodies against multiple viral antigens may lead to
a better reliability of the test; (3) estimating disease severity in COVID-19 patients by using
certain peptide epitopes that serve as a disease severity marker [43]; and (4) differentiation
and detection of emerging SARS-CoV-2 variants-of-concern.

The presented work shows the potential of the Surfix photonic biosensor for further
development into a POC IVD platform. To achieve this, several improvements are currently
being implemented. Current developments are focusing on further miniaturization and
cost reduction of the photonic chip itself, but also integration of the chip in a microfluidic
cartridge to facilitate liquid handling and improve the user-friendliness of the system.
Moreover, the read-out instrument and the user interface are being redesigned to meet the
requirements of a practical and manufacturable POC IVD platform. In this paper, we have
presented results on the sensitive detection of anti-SARS-CoV-2 antibodies in human plasma
that target one or more viral antigens. Obviously, by immobilizing different bioreceptors on
the sensor waveguides, the aMZI chips can easily be reconfigured for the detection of other
targets such as nucleic acids, carbohydrates, viruses, bacteria, as well as small molecules.
Hence, the Surfix photonic biosensor is truly a versatile platform technology that can be
used in many different application areas. To facilitate the development of devices and
applications based on this technology, an R&D system for assay development is being
developed in parallel to an IVD system.
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Abstract: To prevent the COVID-19 pandemic that threatens human health, vaccination has become
a useful and necessary tool in the response to the pandemic. The vaccine not only induces antibodies
in the body, but may also cause adverse effects such as fatigue, muscle pain, blood clots, and
myocarditis, especially in patients with chronic disease. To reduce unnecessary vaccinations, it is
becoming increasingly important to monitor the amount of anti-SARS-CoV-2 S protein antibodies
prior to vaccination. A novel SH-SAW biosensor, coated with SARS-CoV-2 spike protein, can help
quantify the amount of anti-SARS-CoV-2 S protein antibodies with 5 μL of finger blood within 40 s.
The LoD of the spike-protein-coated SAW biosensor was determined to be 41.91 BAU/mL, and
the cut-off point was determined to be 50 BAU/mL (Youden’s J statistic = 0.94733). By using the
SH-SAW biosensor, we found that the total anti-SARS-CoV-2 S protein antibody concentrations spiked
10–14 days after the first vaccination (p = 0.0002) and 7–9 days after the second vaccination (p = 0.0116).
Furthermore, mRNA vaccines, such as Moderna or BNT, could achieve higher concentrations of total
anti-SARS-CoV-2 S protein antibodies compared with adenovirus vaccine, AZ (p < 0.0001). SH-SAW
sensors in vitro diagnostic systems are a simple and powerful technology to investigate the local
prevalence of COVID-19.

Keywords: SARS-CoV-2; SH-SAW biosensor; vaccine; antibody

1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the cause of the
2019 coronavirus (COVID-19) pandemic [1]. It is an enveloped, positive-sense, and single-
stranded RNA virus, which is transmitted through surface contamination, aerosol, and the
fecal-oral route. The SARS-CoV-2 genome encodes four structural proteins including nucle-
ocapsid (N) protein, spike (S) protein, membrane (M) protein, and envelop (E) protein [2,3].
The S and N proteins are the most immunogenic proteins of SARS-CoV-2 [4]. Recently,
there are several COVID-19 vaccines in development for pandemic control and prevention
of COVID-19. The vaccines include adenoviral-vectored vaccines, nucleic acid vaccines,
subunit protein vaccines, and whole-cell inactivated virus vaccines [5,6]. The available
COVID-19 vaccines in Taiwan are ChAdOx1 nCoV-19 by AstraZeneca/Oxford, BNT-162b2
by BioNTech/Pfizer, mRNA-1273 by Moderna, and MVC-COV1901 by Medigen. ChAdOx1
nCoV-19 is the adenoviral-vectored vaccine. Both BNT-162b2 and mRNA-1273 are mRNA
vaccines. MVC-COV1901 is a recombinant protein subunit vaccine [6,7].
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Follow-up measurements of anti-SARS-CoV-2 antibodies after vaccination are a poten-
tial surrogate marker of protection [5,8]. The general anti-SARS-CoV-2 antibody detection
methods include enzyme-linked immunosorbent assay (ELISA) and lateral flow immunoas-
say (LFIA). ELISA is characterized by high throughput and high sensitivity. It needs to be
performed in a conditioned laboratory due to the complexity of the operation steps. The
measurement time of LFIA is short and some interfering factors may lead to false positive
results [9,10]. Surface acoustic wave (SAW) biosensors have been used to detect various
biomarkers with high selectivity, high sensitivity, and low cost [11,12]. Our previous study
showed that shear-horizontal surface acoustic wave (SH-SAW) biosensors can measure
anti-SARS-CoV-2 N protein antibodies with good sensitivity [13]. The SH-SAW biosensor
contains an input and output interdigital transducer (IDT), a sensing area coated with
antibodies or antigens of the target molecules, and a reflector. When the measurement
starts, the incoming electrical signal is converted into surface acoustic waves by the input
IDT. The wave then propagates along the sensing zone and is reflected through the reflector
to the output IDT. Finally, the wave is converted into an electrical signal. The output signal
is associated with the binding of the sensing zone. As the target molecules bind to the
sensing region, the velocity and amplitude of the wave attenuate. The more the target
molecules bind to the sensing region, the larger the signal it produces [12,14,15].

In this study, we demonstrated the performance of an S-protein coated SH-SAW biosen-
sor and established a 4PL curve. Afterwards, we compared the antibody responses to each
vaccine (AstraZeneca/Oxford, BioNTech/Pfizer, Moderna, and Medigen). In addition, we
investigated the kinetic properties of total anti-SARS-CoV-2 S protein antibody levels in
whole blood after vaccination. Our study showed that the concentrations of total anti-SARS-
CoV-2 S protein antibodies spiked 10–14 days after the first vaccination. The concentra-
tion of total anti-SARS-CoV-2 S protein antibodies could reach 322.9 ± 614.4 BAU/mL at
29–56 days after the first vaccination. The concentration of total anti-SARS-CoV-2 S protein
antibodies spiked and peaked 7–9 days after the second vaccination. This SH-SAW sensor
system can easily confirm the amount of anti-S antibodies before additional injections of
COVID-19 vaccine. This must be very effective for additional vaccination decisions.

2. Materials and Methods

2.1. Materials

iProtin immunoassay reader and SH-SAW biosensor chips were supplied by tst
biomedical electronics Co., Ltd. (Taoyuan, Taiwan). Hellmanex III (259304) was pur-
chased from Hellma Analytics (Munich, Germany). Dithiobis [succinimidyl propionate]
(DSP) (VI309258) and dimethyl sulfoxide (DMSO) (TH270381) were obtained from Thermo
Fisher Scientific (Waltham, MA, USA). The SARS-CoV-2 trimeric S protein coated on the
capture channel of the SH-SAW biosensor chip was from the National Health Research
Institutes. Casein (97062-926) was purchased from VWR (Radnor, PA, USA). Phosphate
buffered saline (CWFF0613) and bovine albumin serum (FUBSA001.100) were bought from
Bio-Future company (BioFuture biotech, Taoyuan, Taiwan). The first WHO International
Standard for anti-SARS-CoV-2 immunoglobulin (human) (NIBSC code: 20/136) was pur-
chased from the National Institute for Biological Standards and Control. The stabilizer
was prepared by adding 15 μL of Tween 20 to 10% sucrose (BCBV9208, Sigma, St. Louis,
MO, USA).

In this study, we used a 3 mm × 5 mm dual-channel SH-SAW biosensor chip; one
channel for reference and the other for capture. Each channel on the chip has an IDT,
a reflector, and a sensing zone between them. The dual-channel SH-SW biosensor chip
mounted on a printed circuit board (PCB) is shown in Figure 1.

128



Biosensors 2022, 12, 599

Figure 1. The dual-channel SH-SAW sensor chip. (a) Photograph of SH-SAW sensor chip;
(b) schematic coated proteins in the dual-channel SH-SAW sensor chip.

2.2. Fabrication of SH-SAW Biosensor Chips Coated with S Protein

First, the sensing area of the SH-SAW biosensor chip was cleaned with O2 plasma
for 10 min. 2% of Hellmanex III was added and incubated for 20 min. Then, the chip was
rinsed twice with double distilled water. We then added 0.4 mg/mL of DSP solution (in
DMSO) and incubated for 20 min. After that, the chip was rinsed with DMSO. The chip was
then washed with double distilled water and air dried. The reference and capture channels
were coated with 10% bovine albumin serum (in double distilled water) and 0.45 mg/mL
of SARS-CoV-2 trimeric S protein, respectively. After that, the chips were blocked with 2%
casein pH 7.4 (in PBS). Finally, stabilizer was added and the chips were blown dry. The
chips were labeled and stored in the dry carbinet.

2.3. Establishment of the 4PL Standard Curve

The WHO International Standard for anti-SARS-CoV-2 immunoglobulin (human) was
used as the standard. The standard was serially diluted and mixed with whole blood. The
standards were measured and a 4PL standard curve was established; the equation for the
4PL standard curve is as follows:

y = d +
a − d

1 + ( x
c )

b

where a, b, c, and d are coefficients. X is the titre of anti-SARS-CoV-2 S protein total antibody.
Anti-SARS-CoV-2 S protein total antibody levels were quantified in BAU/mL.

2.4. Measurement of Total Anti-S Protein Antibody Using SH-SAW Biosensor

Total anti-SARS-CoV-2 trimeric S protein antibodies were measured by iProtin im-
munoassay and SARS-CoV-2 S protein-coated SH-SAW sensor chips (Figure 2). After the
iProtin immunoassay was pre-warmed, the QR code containing the 4PL standard curve
was scanned. The SARS-CoV-2 S protein assay cassette was inserted into the slot of the
iProtin immunoassay reader. Then, 5 μL of whole blood was dropped onto the chip. Af-
ter 3 min of incubation, the antibody level was displayed on the screen of the iProtin
immunoassay reader.

Figure 2. Physical photograph of the iProtin immunoassay and SH-SAW sensor chip coated with
SARS-CoV-2 S protein.
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2.5. Clinical Trial

Participants in this study included subjects who had received a SARS-CoV-2 vac-
cine. The study protocol was reviewed and approved by the Institutional Review Board
(IRB2108130013). Inclusion criteria were adults between the ages of 20 and 65 years. Sub-
jects diagnosed with metabolic disorders or immunodeficiency diseases were excluded.
Whole blood was collected from participants who consented to participate in this study.

2.6. Statistical Analysis

Quantitative data were expressed as means ± standard deviation (SD) and compared
using the Student’s t-test. A p-value < 0.05 was considered statistically significant. Statistical
analyses were performed using SPSS statistics 17 (SPSS, Chicago, IL, USA).

3. Results

3.1. Characterization of S Protein Coated SAW Biosensor

To establish the standard curve, the SAW signals for different concentrations of total
anti-S protein antibodies are plotted in Figure 3 and fitted with the following four-parameter
logistics (4PL) equation (Figure 4):

SAW signal = A + (B − A)/{1 + ([Anti-S tAb]/C)ˆD}

where A = 0.9199, B = 0.0255, C = 1066.4, and D = 1.5054 are the coefficients for the SAW
biosensor chip with a coefficient of correlation (R) of 0.9947; [Anti-S tAb] is the concentration
of the first WHO international standard for anti-SARS-CoV-2 immunoglobulin (human).

Figure 3. Real-time measurement of various concentrations of total anti-S protein antibodies in the
reference and capture channels.

Figure 4. Establishment of four parameter logistics (4PL) standard curve.
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3.2. Performance of S Protein Coated SAW Biosensor

To determine the limit of detection (LoD) of the S protein-coated SAW biosensor, the
LoD was determined by the mean (MeanBLK) of 60 blank samples plus 1.645 times (σ) the
standard deviation of the 60 lowest concentrations, with the following equation:

LoD = MeanBLK + 1.645 σlowest conce.

The LoD of the S protein-coated SAW biosensor was determined to be 41.91 BAU/mL.
From a linearity study, the S protein-coated SAW biosensor was tested between 48.3 to
1597.2 BAU/mL, with a linear regression of 0.9935. According to the receiver operating
characteristic (ROC) analysis shown in Figure 5, when the cut-off point was determined to
be 50 BAU/mL, the Youden’s J statistic was 0.94733.

Figure 5. Receiver operating characteristic (ROC) analysis of S protein coated SAW biosensors.

3.3. Epidemiologic Surveillance of the Total Anti-SARS-CoV-2 S Protein Antibodies after
Vaccination

A total of 25 subjects participated in the follow-up measurements of total anti-SARS-
CoV-2 S protein antibodies after vaccination from July 2021 to February 2022, as shown
in Figure 6. Among them, 16 subjects received the AZ vaccine, 4 subjects received BNT,
1 subject received Medigen, and 4 subjects received Moderna in the first vaccination;
10 subjects received AZ, 4 subjects received BNT, 1 subject received Medigen, and 5 subjects
received Moderna in the second vaccination. Subsequently, 2 subjects received a third
dose of Medigen vaccine, and 5 subjects received a third dose of Moderna vaccine in the
third vaccination.

Figure 6. Distribution of vaccine brands received by subjects.
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3.4. Quantitative Analysis of the Total Anti-SARS-CoV-2 S Protein Antibodies

The concentrations of total anti-SARS-CoV-2 S protein antibodies after vaccination with
different brands of vaccines were analyzed (Figure 7). First, we collected and measured the
antibodies after the vaccination, regardless of the brand, and found that the concentrations
of total anti-SARS-CoV-2 S protein antibodies in the second vaccination samples were much
higher than the first vaccination (Figure 7a,b). Interestingly, we found that mRNA vaccines,
such as Moderna or BNT, could achieve higher concentrations of total anti-SARS-CoV-2
S protein antibodies than the adenovirus vaccine, AZ (p < 0.0001) (Figure 7c). Moreover,
the concentrations of total anti-SARS-CoV-2 S protein antibodies could reach more than
3000.5 ± 0.71 BAU/mL after two BNT vaccinations, which was higher than that of two
Moderna vaccinations (1708.5 ± 632.39 BAU/mL, p = 0.03) (Figure 7d).

Figure 7. Follow-up and comparison of total anti-SARS-CoV-2 S protein antibody concentrations
after the first (a,c) and second (b,d) vaccination. (a,b) All brands of vaccines; (c,d) different brands
of vaccines.

3.5. Follow-Up Measurements of Total Anti-SARS-CoV-2 S Protein Antibodies after Vaccination

In all vaccinated subjects, the concentrations of total anti-SARS-CoV-2 S protein an-
tibodies spiked 10–14 days after the first vaccination (p = 0.0002, compared with pre-
inoculation antibody concentrations) (Figure 8a). The concentration of total anti-SARS-
CoV-2 S protein antibodies could reach 322.9 ± 614.4 BAU/mL at 29–56 days after the first
vaccination (Figure 8a). The concentration of total anti-SARS-CoV-2 S protein antibodies
spiked and peaked 7–9 days after the second vaccination (p = 0.0116, compared with the
pr-inoculation antibody concentration) (Figure 8b).
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Figure 8. Follow-up measurements of anti-SARS-CoV-2 S protein total antibodies (a) at the indicated
days after the first vaccination (b) at the indicated days after the second vaccination. Each line
represents the concentration of antibodies in the blood continuously measured after receiving one
brand of vaccine on the specified date.

4. Discussion

The SH-SAW biosensor measures the phase shifts of the output signal based on binding
event on the sensing region. After dropping the sample, the target antibody in the sample
is bound to the S proteins on the surface of the chip. Since all anti-S antibodies, such as
IgA, IgM, and IgG, bind to S proteins on the surface, the SH-SAW biosensor detects total
anti-S antibodies. To establish the calibration curve, the WHO international SARS-CoV-2
antibody standard (20/136) was used. The electrical phase shifts of the output signal were
measured 3 min after dropping the sample. The data were analyzed. As shown in Figure 3,
for the range of concentrations to be measured, the concentration can be estimated by the
time rate of the phase shifts for tens of seconds after the sample drop. We confirmed that
a 40 s measurement time is good enough and have performed a number of experiments
using a 40 s measurement time.

This study showed the kinetic properties of total anti-SARS-CoV-2 S protein antibodies
after vaccination. The results showed that total anti-SARS-CoV-2 S protein antibodies
spiked on days 10 to 14 after the first dose, and on days 7 to 9 after the second dose. For
the mRNA vaccines, some studies showed that the vaccine-induced antibody production
occurred within 2 weeks after the first dose. Additionally, antibody levels increase to a
peak within a week after the second dose [1,5]. Anti-SARS-CoV-2 S protein antibodies were
detectable 14 days after the first dose of AZ vaccine and peaked at 28 days. Additionally,
antibody levels increase to a peak at 14 days after the second dose of AZ vaccine [6,16].

The results of this study also suggested that there are individual differences in the
antibody response to vaccination. Potential factors are age, gender, and genetics [17].
Several studies have shown that women and men have an overall similar antibody re-
sponse after vaccination, however some women have a faster decrease in antibody levels.
In contrast, women have an overall stronger immune response after vaccination than
men [18,19]. The antibody responses after vaccination were lower and antibody levels
decreased more rapidly in older adults. A study showed that there were significant dif-
ferences in vaccine-initiated antibody responses between older and younger people after
BNT vaccination [19,20].

The SH-SAW biosensor-based anti-SARS-CoV-2 S protein antibody assay has many
advantages. First, the operation procedure is simple. No labeling and washing process is
required. Furthermore, the SAW platform assay does not require secondary antibodies or
antibody-conjugated gold nanoparticles to enhance the signal. Secondly, it takes only forty
seconds to achieve quantitative results, which is much faster than other immunoassays
such as ELISA or high sensitivity chemiluminescence enzyme immunoassay (HISCL) [21].

133



Biosensors 2022, 12, 599

Forty seconds of measurement time constitutes a great benefit for practical applications in
clinics. Third, the exact volume of the sample is not required, and the sample can be whole
blood, plasma, serum, or saliva [22]. Even for whole blood samples with blood cells and
many different proteins, the binding event between the capture protein causes a change in
the SAW velocity and the concentration estimated. On our SH-SAW biosensor platform,
a physician can apply around 5 micro-liters of finger-pricked blood on the sensor chip
and then obtain a quantitative result after 40 s. Compared to electrochemistry methods,
it greatly simplifies the procedure and avoids the pain of venipuncture [23]. Finally, the
SH-SAW biosensor can measure antibodies against SARS-CoV-2 total S protein. Much
has been reported about the increase of IgA, IgM, IgG, and other antibody levels after
SARS-CoV-2 infection. During the infection phase, the dynamics of the different antibody
isotypes are different. Over time, IgG becomes dominant compared with IgA and IgM [24].
When total antibody levels are measured, it can be assumed that they are almost exclusively
IgG antibody levels. Total anti-S antibodies measurement is valid for true commercial use.

Neutralization levels were highly predictive of immune protection, with 50% protection
at a neutralization level equivalent to 20.2% of the mean convalescent level [25]. Moreover,
the presence of RBD- or S protein-directed antibodies correlated with the level of neutral-
ization of SARS-CoV-2, which strongly suggests that monitoring of anti-RBD and anti-S
protein antibody responses could be a reliable and high-throughput compatible alternative
to neutralization assays [26]. Therefore, a reliable quantitative method of SARS-CoV-2
antibody detection is needed to identify possible vaccine failure and estimate the duration of
protection. The SAW platform can be used as a rapid and convenient method to determine
vaccine immune protection and to help control future epidemiological trajectories.

Although we now have access to a variety of quantitative assays with CE marked
antibodies against viral spike proteins, their results are not interchangeable, even when
converted to BAU per milliliter using the NIBSC WHO international standard for SARS-
CoV-2 immunoglobulin [27]. It is better to track one’s antibody levels with the same
quantitative assay, and the palm-sized iProtin immunoassay reader is a good device for
long-term monitoring of the number of antibodies after vaccination. To date, all good
quantitative assays of relevance are for informational purposes only, the assay still needs
to provide a cut-off point for determining the presence of antibodies to the SARS-CoV-
2 S protein.

We are now developing a two-in-one kit for COVID anti-S and anti-N antibodies. The
test kit has three channels; the first channel is coated with S proteins, the second channel
is coated with N proteins, and the third channel is coated with blocking proteins. The
third channel is used as a reference. The test kit informs us whether we are infected or
not, as well as the amount of the anti-S antibodies at the same time. It is very useful in
commercial applications.

5. Conclusions

It is important for us to know the amount of anti-SARS-CoV-2 S protein antibodies
produced after vaccination, and it is also important to know if we have been infected. If
we measure anti-SARS-CoV-2 N protein antibodies, we know whether we have previously
been infected. The SH-SAW sensor system is useful to investigate the local prevalence of
COVID-19. The simple test procedure of placing a drop of whole blood from the fingertip on
the test kit, and then getting the results after 40 s provides more opportunities to obtain big
data. In addition, we can easily confirm the amount of anti-S and anti-N antibodies before
additional booster injections of COVID-19 vaccines. This information is very effective for
additional vaccination decisions.
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Abstract: As of 8 August 2022, SARS-CoV-2, the causative agent of COVID-19, has infected over
585 million people and resulted in more than 6.42 million deaths worldwide. While approved
SARS-CoV-2 spike (S) protein-based vaccines induce robust seroconversion in most individuals,
dramatically reducing disease severity and the risk of hospitalization, poorer responses are observed
in aged, immunocompromised individuals and patients with certain pre-existing health conditions.
Further, it is difficult to predict the protection conferred through vaccination or previous infection
against new viral variants of concern (VoC) as they emerge. In this context, a rapid quantitative point-
of-care (POC) serological assay able to quantify circulating anti-SARS-CoV-2 antibodies would allow
clinicians to make informed decisions on the timing of booster shots, permit researchers to measure
the level of cross-reactive antibody against new VoC in a previously immunized and/or infected
individual, and help assess appropriate convalescent plasma donors, among other applications.
Utilizing a lab-on-a-chip ecosystem, we present proof of concept, optimization, and validation
of a POC strategy to quantitate COVID-19 humoral protection. This platform covers the entire
diagnostic timeline of the disease, seroconversion, and vaccination response spanning multiple doses
of immunization in a single POC test. Our results demonstrate that this platform is rapid (~15 min)
and quantitative for SARS-CoV-2-specific IgG detection.

Keywords: COVID-19; SARS-CoV-2; seroprevalence; humoral immunity; diagnostics; point of care;
microfluidics; clinical decision support tool

1. Introduction

Vaccines and testing play parallel roles in the COVID-19 pandemic response and
containment. Multiple studies have indicated that serum binding antibodies to SARS-CoV-
2 spike receptor binding domain (RBD) and S proteins and neutralizing antibodies from
COVID-19 convalescent plasma are maintained from 6 months to 1 year [1–4]. Additionally,
studies have shown the presence of these antibodies correlates with protection against
COVID-19 [5,6]. Conversely, other studies have shown that vaccination of otherwise
healthy individuals elicited B cell antibody seroconversion, neutralizing antibodies, and
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T cell response-based immunity against reinfection and, importantly, protection against
exhibiting severe COVID-19 for at least 6 months [7]. Although there is insufficient data on
antibody titer thresholds that might indicate protection from infection, substantial evidence
suggests that the immune response after infection plus vaccination typically leads to higher
antibody titers [5,8–10]. These effects are not as robust in aging and immunocompromised
individuals. Studies suggest that a smaller percentage of individuals seroconvert and
sustain the neutralizing antibodies, making this population vulnerable to infection and
potentially severe disease [11].

With at least 585 million people known to have been infected with SARS-CoV-2 world-
wide to date and likely many more undetected/unreported cases, antibody responses could
be measured across this population [12–14] to determine seroconversion against existing
and rapidly mutating viral antigens. With the emergence of constantly mutating strains of
COVID-19—some termed VoC—understanding infection history, the vaccination response,
and the antibody response elicited becomes important and adds value to vaccine recep-
tion and dosage [15–17]. Thus, understanding and quantitatively screening the immune
response is highly valuable, not just in immunocompromised individuals. Serosurveillance
has insightful applications in diagnostics relating to COVID vaccination and/or infection
elicited immune response [5,18].

There is currently significant interest in screening and understanding both humoral and
cellular immunity [5,19], as our study also represents. The humoral or B cell antibody response
demonstrates a significant aspect of the immunity conferred against SARS-CoV-2, being
evaluated with significant importance [19–23]. Multiple labs are also assessing the cellular
or T cell response to evaluate immunity induced by vaccination and/or infection [24,25].
These studies signify immense value to the understanding of immunity but have a high
turnaround time, high cost, and need for skilled personnel to run an assay in a centralized lab
involving stimulation of T cells and RNA purification steps prior to running an elaborate qPCR
assessment of the T cell gene expression [24]. Importantly, all these immunity assessment
studies represent time-consuming procedures not suitable for POC settings. Across studies,
the S protein is shown to be highly immunogenic in eliciting a robust humoral response and
is quite conserved among human coronaviruses [26,27]. Further, their interaction with the
host cells has made them, and the less conserved RBD subunit, indispensable targets for
diagnostics, vaccines, and therapeutic neutralizing antibodies [26]. Due to varying antibody
levels based on individual immunity dynamics and the timeline of sample collection, the
sensitivity of antibody tests may be variable, being more sensitive as the infection progresses
and in individuals with established postinfection and postvaccine seroconversion [11,15,16].
Although IgM may have an early serological appearance, it usually has a low affinity to
the target antigen. In contrast, IgG antibodies, which appear later, have higher titers and
better affinities, making them better candidates for a detection test [28]. The enzyme-linked
immunosorbent assay (ELISA) techniques commonly used in centralized clinical lab settings
provide accurate and sensitive quantitative results but require long processing to result time,
which delays onsite testing [29].

Over the last year, multiple microfluidics POC technologies have been reported,
each quantifying viral proteins and antibodies with good precision and ease of use com-
pared with traditional benchtop technologies [30]. Some integrated microfluidic detection
systems have explored enhanced detection of SARS-CoV-2 nucleic acid compared with
lateral flow assays, most based on the RT-LAMP technology [31–33]. Other POC devices
with alternative microfluidics approaches—through fluorescence-based detection [34],
impedance-based sensors [35], electrochemical-based sensors [36], and colorimetric de-
tection [37]—have been reported in the past with application in infectious diseases and
potential utility in the COVID-19 detection trail. Recently, some multiplexed SARS-CoV-2
antibody detection systems of interest have also been reported [38,39], although none of
these have simultaneous rapid POC and quantitative capabilities.

In accordance with multiple studies demonstrating the significant value in assessing
the SARS-CoV-2 antibody response in mitigating COVID-19 [19,22,40] and the ability to
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develop a rapidly (<20 min) quantitative and inexpensive antibody screen utilizing the
anti-S RBD IgG at a POC setting, we have strived to develop an integrated lab-on-a-chip
platform-based methodology that is rapid, quantitative and accurate while being easily
accessible. This information, when available in quantitative, rapidly measurable POC
settings, can help clinicians and scientists strategize evaluating the immune response after
each vaccine dose and can also add insight toward the timing of subsequent boosts, ensure
robust seroconversion in highly vulnerable patient populations and the selection of conva-
lescent plasma donors and therapeutics to mitigate disease risk, and add essential value to
vaccine perception and reception [41]. Critically, POC antibody tests are viable options for
scaling up in community screening—being fast, easily accessible, and convenient.

We have recently published a general framework for implementing a POC clinical
decision support system [42] that was adapted to the task of predicting mortality in cardiac
patients with COVID-19 [43]. Additionally, a two-tiered system for evaluating COVID-19
prognosis in inpatient and outpatient settings was developed using data from a diverse
population of patients across the New York City metropolitan area and externally vali-
dated using data from hospitals in Wuhan, China. Building upon this work, we present
here the development and initial validation of a POC strategy for quantitative COVID-
19 seroprevalence screening involving a SARS-CoV-2 antibody (IgG) test that covers the
entire seroconversion timeline of the infection and vaccination response spanning across
single and multidose vaccines—all over a single POC test. The work presented here is
an important step forward toward completing the development of an integrated, acces-
sible, and quantitative immunity screener, aiding the monitoring of seroconversion for
epidemiological, preventive, and therapeutic applications at POC.

2. Materials and Methods

2.1. Immunoreagents and Buffers

All reagents used in the immunoassay were prepared with phosphate-buffered saline
(PBS) buffer (Thermo Fisher Scientific Inc., Waltham, MA, USA). Additionally, a 3% bovine
serum albumin (BSA) (Sigma-Aldrich, Burlington, MA, USA) solution was used for reagent
stability and blocking nonspecific binding, and a sample carrier spiked in a dose-dependent
manner with the analyte was also used. The RBD protein was produced in Expi293F cells
transfected with the vector pCAGGS SARS-CoV-2 RBD (BEI Resources #NR-52309) follow-
ing the methods of Stadlbauer et al., 2020, but using PEI as the transfection reagent, then
supplementing the media with valproic acid as per Fang et al., 2017; protein purification was
performed by gravity flow using Ni Sepharose excel resin (Cytiva, Marlborough, MA, USA).
Antibody anti-Spike protein (RBD) (Sb#15), human IgG1-Fc fusion—Absolute antibody
#ab02013-10.159, US and Canada, and nucleocapsid (NP) antigen (2019-nCoV—NP-His
recombinant protein #40588-V08B, Beijing, China), and a goat antihuman IgG (H + L) cross-
adsorbed secondary antibody Alexa fluor 488 (#A-11013, Invitrogen, Waltham, MA, USA)
were procured. Human serum (Sigma-Aldrich; human male AB plasma, sterile-filtered)
was utilized as a sample and tested spiked with or without the anti-RBD IgG antibody
in different predetermined concentrations. Once acquired, the serum was tested to have
not contained any pre-existing human COVID antibodies using clinical laboratory-based
ELISA. For concerns of safety and toxicity of the human serum, each donor was tested
and found nonreactive for HIV and hepatitis B and C antibodies by ELISA. Furthermore,
the sterile-filtered human serum was heat inactivated at 56 ◦C for 30 min. Nevertheless,
each reagent of human origin or otherwise used for this work was considered potentially
infectious and handled safely with complete BSL-2 compliance.

2.2. Fabrication of the Microfluidic Cartridge

Assays were performed using prototype microfluidic cartridges and custom instru-
mentation and software, as described previously [44,45]. The base form of the cartridges,
injection-molded polymethyl methacrylate (PMMA) prototype cartridges, were designed
in-house and manufactured by Protolabs (USA). The top layers of the cartridges are con-
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structed with 3M 9500PC double-sided adhesive and 3M AF4300 polyethylene terephthalate
(3M Company, Maplewood, MN, USA) laminates, while the bottom layer utilizes Adhe-
sives Research ARflow® 93049 material, bound to the PMMA using a table-top hydraulic
lab press (Carver, Inc). This specialty adhesive is hydrophilic and wicks the sample fluid
into the cartridge via capillary action. Glass fiber pads (EMD Millipore, Burlington, MA,
USA) were cut into 2 × 15 mm rectangles with SummaCut D75 and used to store detecting
antibodies in the card. Agarose beads sensors were contained in a modular chip that
features a 4 × 5 array of hexagon-shaped wells, cast using a UV-curable photopolymer
(Norland Products Inc., East Windsor, NJ, USA) on a custom machined aluminum mold
and cured for 30 min. Air vents were built into the card using hydrophobic SurePVDF
membranes (EMD Millipore, USA) to mitigate bubble formation. To address the concerns
of toxicity through the process of fabrication of these synthetic supplies, the entire process
was performed in the presence of an industry-standard filter and fume extractor (BOFATM).
Additionally, all assembly was performed with the use of appropriate personal protective
equipment (PPE).

2.3. Immunoassay, Imaging, and Analysis

Initial reagent validation and proof-of-concept assays were performed with Transwell
membrane plates and inserts (Corning HTS Transwell—24-well permeable units w/0.4
and 3 μm polycarbonate membrane, USA) (Supplementary Figure S1). A volume of 10 μL
of in-house activated conjugated agarose beads (250–300 μm size) was placed onto a
polycarbonate membrane support. The phosphate-buffered saline (PBS) solution and 3%
normal goat serum buffer sample (with or without anti-RBD antibody) were dispensed
to the beads and incubated for 1 h while being mixed at low speed on a plate mixer. A
wash was performed with 200 μL of PBS, and the beads were resuspended in the detection
antibody and incubated before a final wash in PBS. After the beads settled on the membrane,
they were imaged by fluorescence microscopy. The total assay time was about 4 h performed
on a plate mixer. Imaging was performed using an Olympus BXFM fluorescent microscope.
Images were analyzed using ImageJ (NIH) software using a region of interest (ROI) that
encompassed the outer 10% of the bead sensor, calculating the corrected total cell/bead
fluorescence method described in a protocol [46].

More integrated testing was completed on assay cartridges. Here, images were cap-
tured after each assay step using 5× magnification on a modified Olympus BXFM epifluo-
rescent microscope (exposure at 1500 ms). Images were analyzed using software previously
described [45], which averages the fluorescence intensity within an annular region of inter-
est between the bead outer diameter and 90% of the bead radius. Calibration curves for
the assays were completed and fit to a four-parameter logistic regression with MyCurveFit
and SigmaPlot software. Unknown concentrations for samples were interpreted from the
standard curve using spiked sampling methodology: 0 (Blank), 2.5, 12.8, 64, 320, and 1600,
8000, 40,000, and 200,000 ng of anti-RBD IgG/mL. Limit-of-detection (LOD) values were
calculated using blank control replicates (average signal intensity plus three standard devi-
ations). In the final stages of these studies, the complete set of chip-based measurements
was completed using the fully integrated instrumentation

3. Results and Discussion

3.1. Assay Development

In order to produce lab-quality results in near-patient settings, it is necessary to
have access to a testing platform that can complete all the sample processing, analyte
capture, signal generation, and data processing within an integrated diagnostic platform.
Using our previously described programmable bio-nano-chip (p-BNC) platform [47,48], we
adapted this flexible tool to service the needs of a quantitative immunity screening device.
Likewise, a quantitative microfluidics-based lab-on-a-chip POC antibody combination test
was developed for the detection of anti-SARS-CoV-2 RBD IgG. Here, in-house fabricated
agarose beads sensors (250–300 μm, 2% porosity), with the potential to host a variety of
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proteins and molecules, were utilized as the backbone for assay chemistry. Before moving
these bead sensors into the final diagnostic cartridge, a surrogate method was used to
optimize the bead sensor ensemble.

Likewise, the recombinant SARS-CoV-2 WA-1 RBD protein was conjugated in-house
to the agarose bead sensors. Agarose beads hosting the antihuman IgG and nucleocapsid
antigen were used as positive and negative controls, respectively. Initial reagent validation
and proof of concept were performed with membrane plates and inserts (Supplementary
Figure S1a) to serve as a surrogate test platform prior to the development of the microfluidic
assays. The inserts allowed for the placement of the agarose beads onto the polycarbonate
membrane while consistently being immersed in the sample buffer to allow the completion
of different assay steps. Postwash beads were imaged under the fluorescence microscope
by separating the inserts onto the imaging tray. The assay was performed in a sample
(with and without antibody) titrated manner with appropriate controls (Supplementary
Figure S1b). Images were captured on a fluorescent microscope on FITC, Cy5, and DAPI
channels and stacked to generate image outputs used for analysis, followed by whole
bead fluorescence measurements (Supplementary Figure S1c). A subsequent concentration
vs. intensity curve was generated (Supplementary Figure S1d) to determine an initial
detection range.

3.2. Assay Optimization and Instrumentation

Reagent and assay validation on the Transwell plates with inserts permitted the transi-
tion to validation and optimization of assays on the cartridge. The assay system is a fully
integrated microfluidic network that functions as a portable diagnostic cartridge/reader
system applicable for POC testing of a wide variety of clinical interest areas. The dispos-
able injection-molded cartridge system consists of interconnected individual segments for
parsing the various immunoassay steps, including sample and reagent introduction and
delivery, fluid mixing, bubbles and debris removal, and dedicated analyte image capture
through optical fluorescence signal readout. The cartridge functions through fluid/buffer
delivery via three blisters and robust dual waste collection. The multilayer microfluidics
immunoassay cartridge is a lab-on-a-chip platform featuring a network of microfluidic
channels for sample delivery and metering, with detecting reagents embedded within the
fluidic network and delivered through a series of flow steps. Additionally, mixers are
patterned into the cartridge layer’s channels to ensure homogenous reagent delivery of
fluids across the bead array (Figure 1A). Any bubbles entrained in flow are captured by
the hydrophobic filter membrane material designed specifically as bubble trap structures.
The analyte capture segment houses the 4 × 5 format bead array, with each vertically
tapering well able to house a 250–300 μm agarose bead (Figure 1B), which accommodates
the immunocomplex (Figure 1C). This design allows for connected fluid/buffer transport
over the beads, allowing robust analyte capture across the 3D matrix of the porous agarose
sensors and subsequent ease of quantitation. In addition, the reader features advanced
optics, a complementary metal oxide semiconductor (CMOS) camera, a focus actuator, blis-
ter actuators, an external and internal code scanner, an integrated computer, display, and
software to support automated analysis (Figure 1D). This evolution of this instrumentation
system is summarized in Supplementary Figure S2.

This unified mini-sensor system allows for multiplexing biomarker detection and
quantification of analyte and parallel immunoassay platforms while simultaneously help-
ing translate tedious benchtop chemistry steps to POC. Each of these microporous ensemble
beads hosts a network of ‘nano net’ structures that significantly increase the signal capture
footprint and directly influence the assay timeline while being sensitive microsponge-
like mediums. Recently, some groups have also shown significant applications of other
nanotechnology and similar hydrogel-like materials; in diagnostics, vaccine delivery, and
therapeutics, including polyanhydride, chitosan, poly(lactic-co-glycolic acid), and gold
nanoparticles, among others [49]. Our novel biomimetic ‘nano net’ adapters resemble
hydrogels and demonstrate a uniquely advanced application of nanotechnology in diag-
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nostic applications, the other exception being gold nanoparticles capped with antisense
oligonucleotide for detecting viral RNA in a sample [49].

Figure 1. The point-of-care microfluidics-based combination antigen/antibody assay cartridge and
analyzer. Illustration of assay cartridge (A) with sample input port (i), syringe pump adapter port
(ii), sample loop (iii), glass fiber pad slot for detection reagent (iv), bubble trap (v), waste reservoir
chamber (vi), and 4 × 5 bead array chamber (vii) shows an array of 20 programmable agarose bead
sensors (B), with control and antibody capture beads imaged at steps 6 of the assay. The bead sensor
serves as a high surface area substrate for developing programmable immunoassays for COVID-19
antibody detection and houses the immunocomplex (C.i). Image analysis for each individual bead
sensor is performed by measuring 95% region of interest (ROI) on the bead (C.ii), capturing the
many optimally stained and washed immune complexes formed over the bead. The integrated
assay is completed in an automated fashion housed in the analyzer with optics, camera, actuator,
blister actuators, integrated computer and display, and software to support automated analysis (D).
While initial development work was completed with the aid of a commercial microscope, the final
implementation was completed using the integrated instrumentation shown here.

3.3. Assay Execution and Integration

The cartridge design allows for key immunoassay complexes to form on programmable
3D agarose bead sensors contained in the bead chip, integrated into the microfluidic envi-
ronment, which aids optimal analyte capture and immunoassay completion and achieves
low limits of detection. The spatial arrangement and redundancy of predefined beads
and controls permit multiplexing and robust quantitative measurements. After the initial
sample delivery to the bead array is completed via activation of flow pumps attached to the
cartridge, subsequent incubation allows the capture of the analyte to the 3D bead sensor
containing the capture reagent. The sample is delivered by pushing flow in through the
right fluid input, which displaces the sample fluid to the bead sensors. Here the target-
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specific antibody present in the sample binds to the SARS-CoV-2 spike RBD bound to the
bead sensor. After the sample is depleted, the composition of the flow grades to PBS buffer,
automatically initiating a wash step to remove unbound analytes. In the next step, PBS
buffer is delivered through the middle fluid input, which reconstitutes and releases the
detecting reagent from the glass reagent pad. The detection reagent binds to the anti-SARS-
CoV-2 antibody, which yields a fluorescent signal. Any unbound material is removed in a
final wash step that removes all debris and analytes not specifically captured by the beads.
All assay steps are summarized in Figure 2.

Figure 2. The COVID-19 antibody assay sequence. Step 1 shows the sample (+/− antibody) loaded
to the cartridge input port, followed by sample delivery over the bead array through buffer flow
via right blister (Step 2) and finished with a wash step (Step 3). Step 4 shows introduction of the
antibody detection reagent conjugated to Alexa Fluor 488 that is eluted from the reagent pad over
the bead array, followed by final incubation (Step 5) and final wash (Step 6) steps. In the presence
of SARS-CoV-2 IgG1 antibody in the sample, the postassay completion image shows the antibody
capture beads fluorescing as a result of the antibody immune complex formation (Step 6b).

Here a 100 μL total sample volume (human serum spiked with or without the anti-
body) was introduced to the input port of the cartridge. The detection antibodies were
deposited on the glass reagent pad. Agarose beads functionalized with capture reagents (re-
combinant SARS-CoV-2 WA-1 RBD protein) were placed in the 4 × 5 wells, with four-fold
redundancy per analyte, permitting robust variance measurement and spatial identification
while multiplexing. Positive (conjugated with antihuman IgG) and negative control beads
(conjugated with NP antigen beads) were placed in the first and fifth columns, respectively.
The positive and negative controls represent internal quality assurance and quality control
beads in which the response parameters can be used as the basis for run rejection in the
event of an error. A standard protocol was developed using automated fluid routing to
control buffer flow across priming, sample/reagent delivery and incubation, and wash for
sample (segment I: stages 1–3) and reagent (segment II: stages 4–6) introduction (Figure 2).

By actuating two different fluidic streams, approximately 350 μL of PBS was passed
over the beads during each segment of the assay. Total time for each assay segment was
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approx. 5 min, and the total assay time was 15 min. For these initial experiments, the
bead sensor priming, sample delivery, reagent incubation, and wash steps were performed
using syringe pumps attached to the cartridge platform and imaged under the fluorescent
microscope. Importantly, these lab-based research tools have been shown to produce
nearly identical results as the fully integrated single push of the button point-of-care
instrumentation described previously [44]. Integrated measurements that replicate the
function and performance of the microscope and external syringe pump measurements
were also completed for the studies presented here (see below). The formation of completed
immune complexes (Figure 2—6b) over the 3D beads allows them to fluoresce in the FITC
channel, captured under consistent imaging settings across samples.

After the initial validation and optimization studies were complete, standard curves for
the antibody (anti-spike RBD) were completed with the five-fold serially diluted anti-RBD
IgG-spiked sample buffer (Figure 3A), covering a range from very high Ig titers (200 μg IgG
per ml) to very low titers (2 ng IgG per ml), as indicated in the recent literature [13,14,50].
Image analysis extracts the fluorescent intensity of the beads (Figure 3B), generating data
sets to measure variances and signal-to-noise ratios. The resulting standard curves show
increases in fluorescence intensity proportional to target analyte (IgG) concentration, with
intra-assay precision ranging from 10–20%, encompassing a wide range required to cover
the potential physiological range of anti-RBD antibody detection (Figure 3C). The limit-
of-detection (LOD) calculations suggest 47 ng/mL for anti-SARS-CoV-2 IgG antibody
detection, consistent with the lower biological threshold that would indicate positive
SARS-CoV-2 antibody detection. Assay functionality was further demonstrated by the
signal-to-noise ratio (SNR), showing a robust monotonic increase from low to high loads
(SNR ~1 to 15, respectively) (Figure 3D).

 

A B

C D
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A B
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Figure 3. Fluorescent images show bead sensor arrangement and captured analyte, with variation in
signal intensity at various concentrations (A). Image analysis was performed by measuring 95% ROI
on sensor beads on a dark subtracted image captured during last stage of assay (B). The SARS-CoV-2
antibody concentration was assessed on the McDevitt lab point-of-care quantitative immunity scoring
assay tool, and the dose curve here depicts a dynamic range between 100 and 105 (with potential
to capture titers up to ~106); all values depicted in the curve are represented by mean and error
bars—standard deviation (C). Subsequently, signal-to-noise ratio (SNR) was calculated to indicate
assay robustness and functionality (D).
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Following the completion of the assay development and initial validation, it will be
necessary to develop and clinically model the sample collection methodology that will be
used within an integrated POC setting. A critical part of this process is to translate the assay
parameters to completely integrated metrics, and we have most recently demonstrated a
successful integration and validation of the immunity screening assay onto the existing
p-BNC technology, as seen in Figure 4. The initial developments described here pave the
pathway for the movement of immunity screening methods into real-world clinical practice.
These integrated tests have the potential to reduce the time and costs associated with
currently available approaches that target antibody detection via clinical lab-based tests,
helping to address unmet needs in community settings and, in doing so, address concerns
about the current gaps in testing associated with remote laboratory testing. This also
reduces plastic waste and infectious material waste, which is better for the environment and
reduces cost. In comparing this technology with other microfluidics-based POC tests [51],
we demonstrate the advances and advantages of our technology and instrumentation in
the ease of handling, including minimal training to run the assay, high sensitivity while
being quantitative, and a potential capability to be coupled with smart devices and cloud
services for ease of data transmission and tether patient history and other datasets for
comprehensive diagnostic reporting, demonstrated in our previous work [43,52,53].

 

Buffer filled blisters

CartridgeAnalyzerA B C

D

Blank Blank

40,000 8000 4800 1600

960 320 192 64

Figure 4. Initial proof of concept and reagent validation demonstration in an integrated POC format.
The analyzer (A) with inserted blister mounted cartridge (B) allows for assay automation through
integration of blister actuation, imaging, and data analysis, with visual engagement of each step
through the touchscreen interface. Blank (no antibody) and positive (antibody present) sample assays
were run on the integrated platform, and images were captured postassay run (C), followed by bead-
to-bead fluorescent intensity measurement, data analysis followed by generation of dose–response
curve (D).

3.4. Development of Immunity Assessment

Having developed a robust assay and having shown its functionality in both lab-based
and integrated instrumentation, our next step involved the exploration of how these assays
might be used in the context of a clinical decision support tool. To explore this area, we
also combined data sets from the recent literature that observe seroconversion responses,
allowing us to model and compare antibody responses, including naïve and vaccinated
data points (Figure 5A). This data helped generate a foundation for the immunity screening
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range, indicating individuals demonstrating no immunity at the lower end, partially
immune moderate antibody response, and fully immune antibody titers at the highest
range, corroborating with vaccination status and/or history of previous infection with
vaccination adding a booster response. We have then overlaid these reference ranges to our
standard curve, indicating the coverage of this range on our platform, as well as the ability
to quantitatively report the antibody response (Figure 5B).

Figure 5. Median SARS-CoV-2 spike antibody titers compared in COVID-19 naïve (round blue end
dots) vs. recovered square gray end dots) individuals—prevaccination and postvaccination, across
six study data sets (Samanovic et al., Saadat et al., Stamatatos et al., Krammer et al., Rishi R. Goel
et al., Joseph E. Ebinger et al.) (A). Panel (B) shows a standard curve from Figure 3C now depicting
the SARS-CoV-2 antibody concentrations assessed on the McDevitt lab point-of-care quantitative
immunity scoring assay tool, fitting the physiological range for anti-spike IgG antibody response, as
seen above.

Backing the concept of a POC immunity screen, recent studies have made suggestions
that individuals with prior infection exposure, leading to seroconversion, may achieve
high antibody titers post one vaccine dosage compared with previously noninfected indi-
viduals [15]. In one study, the median baseline IgG antibody titers were 3–4 logs higher
in the SARS-CoV-2 recovered compared with SARS-CoV-2 naïve individuals [54]. In the
postvaccination, infection-recovered individuals were able to maintain a 1-to-2-log higher
IgG titer than infection-naïve individuals only after the dose [13,55]. However, the booster
(2nd) dose was able to raise the IgG tiers in infection-naïve individuals to the same levels
as infection-recovered individuals. Surprisingly, the increase in IgG tiers was significantly
improved in infection-naïve individuals after both doses but seemed to plateau after the
first dose in infection-recovered subjects [12–14,54–57]. Other studies have shown similar
results, with infection-recovered individuals showing higher antibody titers post the first
dose but infection-naïve individuals requiring a second dose to improve their antibody
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titers to match that of the former (data points from these studies have been summarized
and modeled in Figure 5A) [12,13,50,54–56].

Recent studies indicate that vaccination elicits distinct B cell and T cell responses
between infection-recovered and -naïve subjects, pointing toward a robust antibody recall
post the first dose of vaccine in the former group [54,55,58]. Thus, this indicates the impor-
tance for previously seropositive individuals to require vaccination to achieve significantly
increased seroconversion with each vaccine dose. Serological testing alongside vaccina-
tion may add significant value in assessing prior and currently infected individuals who
remain undiagnosed or undocumented [59], aiding in disease prevention, the assessment
of potential convalescent plasma donors [60], and seroprevalence and serosurveillance
studies [5]. Further, with a constant evolutionary race between the virus and host response,
screening antibody titers in post vaccinated individuals may also provide insight into
the efficacy and robust seroconversion against the newer VoC. Our tool can be tailored
and multiplexed rapidly to sensitively screen antibody responses from the newer viral
mutations. Antibody/seroconversion screening will potentially be utilized in upcoming
months by epidemiological, healthcare, and various governing bodies, tailoring guidelines
toward bringing societal normalcy and, importantly, managing immunocompromised and
aging individuals [12–14,50,61].

The POC tools with enhanced diagnostic accuracy could be used in easily accessible
settings with the potential to have a dramatic influence on community screening and
immunity profiling alongside safe management of COVID-19 spread. With the advent of
COVID-19 vaccinations playing a role in disease prevention, robust immune responses in
individuals postvaccination will not only play a protective role individually but also achieve
herd immunity [5]. Continuous improvements in diagnostic tests are essential for rapid
detection of patients, surveillance, and healthcare preparedness, both in high- and low-
resource settings. While these kits are not currently available for widespread use, public
and private organizations worldwide are working on prototypes, with over 50 currently
in development [62]. To date, these new diagnostic tests have been developed outside an
integrated screening procedure. The development and customization of diagnostic tests is a
key priority alongside its use with gated patient screening and risk-based triage procedures.
None of the existing diagnostic tests cover the initial screening process, comprehensive
POC diagnostic testing, as well as immunity screening for community risk assessment.

A significant challenge faced in the development of various tests in the diagnostic
menu, including antibody-specific assays, relates to the highly evolving viral strain and
cross-reactivity between other coronaviruses (SARS-CoV, MERS), as well as lowered sen-
sitivity due to epitope changes/mismatches [63]. These issues can be mitigated through
optimization of reagent sources, subtypes, blocking strategies, assay flow rates, and vol-
umes. Further, limitations of this testing strategy include obtaining negative results in
patients during the early incubation period of an ongoing infection later becoming infec-
tious. Cost, complexity, and supply chain shortages are bottlenecks for scaling SARS-CoV-2
immunity screening. This work serves to demonstrate a new technology for assessing
antibodies to screen immunity associated with COVID-19 and vaccination. This promising
tool can be implemented in high-risk settings requiring rapid, cost-effective, convenient,
and accurate screening results. The next steps of this study will explore the analytical
performance of this system and will involve the assessment of qualitative performance
(sensitivity and specificity) and blinded validation of the combinatorial format with the
“spiked sera” and “patient samples” compared with control samples, confirmed by RT-PCR
and lab-based serological testing methods. Data from these studies will be collected to the
end of precision studies and clinical validation, including logistic regression modeling, to
generate ROC curves and correlation assessment. Additionally, longitudinal, multi-time
point assessments will be made to assess changes in immunity across horizontal timelines.
Establishing sensitivity and specificity for POC tests is a critical step in establishing their
efficiency as a diagnostic screening tool. Either in the current assay state, progressing
toward initial clinical validation, or introducing evidence-based changes into the assay
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format (that is, swapping reagents or adding additional data points for improving testing
efficiency) would entail rigorous reagent assessment through validation, optimization,
and quantitation—requiring a robust supply chain of working reagents. The use of a
programmable diagnostics platform, as described in this study already, allows for an agile
approach well suited for this dynamically changing infectious disease target.

4. Conclusions

In closing, we have developed a novel application of a programmable microfluidic
platform for rapid, accurate, and quantitative detection of SARS-CoV-2-specific humoral
response to assess seroprevalence and humoral immunity. These new integrated medical
microdevice systems have the potential to help profile the immune status of individuals,
informing public health strategies: risk stratification of individuals, particularly in the aging
and immune-compromised population, to isolate the variables contributing to increased
morbidity and mortality, rational designing and deployment of vaccine doses, rapid iden-
tification of a convalescent plasma donor, a better understanding of the mechanisms of
immunity, facilitate individual or institutional decision-making, and epidemiological moni-
toring of seroconversion. We believe that understanding the specific role of the humoral
response to SARS-CoV-2, gathered in a rapid quantitative POC setting, can complement
the lab-based cellular and humoral immune response assessments to further mitigate our
vulnerability to the virus.
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Abstract: SARS-CoV-2 is an emerging infectious disease of zoonotic origin that caused the coronavirus
disease in late 2019 and triggered a pandemic that has severely affected human health and caused
millions of deaths. Early and massive diagnosis of SARS-CoV-2 infected patients is the key to
preventing the spread of the virus and controlling the outbreak. Lateral flow immunoassays (LFIA)
are the simplest biosensors. These devices are clinical diagnostic tools that can detect various analytes,
including viruses and antibodies, with high sensitivity and specificity. This review summarizes the
advantages, limitations, and evolution of LFIA during the SARS-CoV-2 pandemic and the challenges
of improving these diagnostic devices.
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1. Introduction

In December 2019, in Wuhan, China, a severe outbreak of acute respiratory illness caused
by a novel beta-coronavirus identified as SARS-CoV-2 (severe acute respiratory syndrome
associated coronavirus-2) was reported. The virus spread rapidly, and on 11 March 2020,
the World Health Organization (WHO) declared COVID-19 (coronavirus disease-19) as a
pandemic causing high severe morbidity and mortality worldwide. The reported cases
globally exceed 596 million, and deaths are nearly 6.4 million as of 24 August 2022 [1].

Accurate diagnostic tests to identify the causative agent of COVID-19 are essential to
prevent the spread of the virus in the population, provide prompt and timely treatment,
and avoid future viral variants. The WHO recommends viral gene detection by reverse
transcription-polymerase chain reaction (RT-PCR) as the gold standard for diagnosing a
SARS-CoV-2 infection [2,3]. However, RT-PCR demands trained personnel, laboratory
equipment, and expensive reagents, limiting its implementation in point-of-care testing
(POC) in the field [4,5]. Moreover, inadequate collection of clinical specimens or poor
handling of a sample during testing can result in false-negative RT-PCR [6].

The pandemic SARS-CoV-2 represents an unprecedented emergency globally, and its
dissemination in the future leaves an uncertain path forward. The immunization expressed
the hope for COVID-19 control and possible eradication [7]. The WHO reported that the
new variant B.1.1.529, also known as omicron, has a deletion in the S gene, which can
cause failure in some RT-PCR assays. Other PCR methods are proposed in these cases,
such as Single Nucleotide Polymorphism (SNP) [8]. SNP assays enable the detection of
single nucleotide changes within the SARS-CoV-2 genome to detect variants of concern as
a complement to whole genome sequencing [8]. However, this diagnostic resource implies
a high cost of specialized equipment and trained personnel.
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Recent advances in nanotechnology and biotechnology have enabled the development
of biosensors for disease diagnosis. A conventional biosensor device consists of a bio-
receptor where an immobilized biological component is supported in nanomaterials, a
site that recognizes the analyte in the sample. The transducer confers classification to a
biosensor by the type of signal (electric current, thermal changes, magnetic fields, etc.),
which sends analog data to the processing system that converts them into digital data [9].
The biosensors developed in the diagnosis of COVID-19, according to the target molecule
identified in the sample, can detect high specificity antibodies in serum or high-affinity
molecules of the SARS-CoV-2 virus [10–12]. Biosensor development for SARS-CoV-2
diagnostic is a challenge to researchers. Biosensors with transducers have demonstrated
superior specificity and sensitivity to other diagnostic techniques, but only under controlled
laboratory conditions (known virus concentration in buffered solution or hyperimmune
sera produced in laboratory animals) [13,14]. Most of these devices show poor performance
when tested in clinical practice due to contaminants abundant in enzymes in pharyngeal
swabs, mucus, and cellular detritus, among others. The difficulties in clinical aspects are
threshold (cut-off value), qualitative or quantitative reader, and others [15]. Sometimes,
the material that makes up the biosensor is not easy to obtain and manipulate, as is the
case of graphene, which requires nanotechnology facilities. These devices for SARS-CoV-2
diagnostic are in the experimental phase, and most are not commercially available.

Recent decades’ development of rapid test biosensors represents a remarkably effective
tool for diagnosis, including SARS-CoV-2, as they are fast, sensitive, and inexpensive. The
simplest biosensors (without transducer) are paper-based and do not require multiple
steps or the addition of any solution other than the patient sample [16]. The lateral flow
immunoassay (LFIA) is the most representative and commercially available among the
different types of biosensors. LFIAs have been widely recognized as fast biosensors with
point of care (POC) status [17–19]. LFIA test detects the target molecule on an absorbent
membrane with antibodies aligned to form the test and control lines; the signal is analyzed
qualitatively in a visual or semi-quantitative reading [18,20] (Figure 1). LFIA is a valuable
tool that has been used for detecting, diagnosing, and monitoring various viruses such as
human immunodeficiency virus (HIV), human adenovirus, influenza A H1N1 virus, and
SARS-CoV-2 [21–23].

Figure 1. Principle of LFIA test. LFIA test detects the target molecule on an absorbent membrane
with antibodies aligned to form the test and control lines. The sample is placed on a sample pad,
then migrates to the conjugate pad, which contains the immobilized conjugate, usually made of
nanoparticles (colloidal gold, colored or fluorescent latex, colored cellulose) conjugated to antibodies
or antigens. The sample interacts with the conjugate, and both migrate to the next section of the strip,
where the biological components of the assay (proteins/antibodies/antigens) are immobilized. In
this section, the analyte and conjugate are captured. Excess reagent passes through the capture lines
and accumulates on the absorbent pad. The results are interpreted on the nitrocellulose membrane as
the presence or absence of the test and control lines.
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During the pandemic, LFIA has been used as a mass test of POC for early detection
of SARS-CoV-2 globally, in contrast to RT-PCR testing [24]. LFIA diagnostic tests have
a dual function: on the one hand, they can detect the patient’s antibodies to determine
protection against SARS-CoV-2, and on the other hand, they can detect viral antigens for
early diagnosis of infection, including asymptomatic people. This review analyzes the
evolution of the LFIA biosensor for the early diagnosis of SARS-CoV-2, highlighting its
improvements since the pandemic began.

2. SARS-CoV-2 Overview

Coronaviruses are a large family of well-established pathogens of various hosts, in-
cluding domestic animals, wild animals, and humans [25]. Viruses that caused previous
outbreaks in humans, causing severe respiratory illness, lung injury, and death, are SARS-
CoV (severe acute respiratory syndrome coronavirus) in 2003 and MERS-CoV (Middle
East respiratory syndrome coronavirus) in 2012 [26]. Recent genome analysis with various
bioinformatics tools demonstrated that SARS-CoV-2 has a highly similar genome as the
Bat coronavirus and receptor-binding domain (RBD) of spike glycoprotein as Malayan
pangolin coronavirus [27]. This evidence indicates that the horseshoe bat is the natural
reservoir, and primary evidence suggests that the Malayan pangolin is an intermediate
host [27].

SARS-CoV-2 is an enveloped virus with a positive-sense single-stranded RNA. The
genome size of this pathogen varies from 29.8 kb to 29.9 kb [28]. The virus encodes at
least 29 proteins. The structural proteins are spike (S), membrane (M), envelope (E), and
nucleocapsid (NP) proteins [29]. The non-structural proteins (nsps) have functions required
for replication and transcription in the virus life cycle [30]. The viral particle size ranges
from 80 to 120 nm [31].

The mechanism of viral infection in humans is through droplets and aerosols, which
can travel through the air [32]. Infection occurs in cells that express ACE2 (angiotensin-
converting enzyme 2) and TMPRSS2 (transmembrane serine protease 2) [33]. The coron-
avirus S protein binds to the ACE2, the primary receptor for SARS-CoV-2 that mediates
virus entry into cells, and TMPRSS2 cleaves the S protein (into S1 and S2 subunits) of SARS-
CoV-2 facilitating the fusion of SARS-CoV-2 and cellular membrane [33–35]. Moreover, it
has been demonstrated that the endosomal cysteine proteases cathepsin B and cathepsin L
can also contribute to this process [34,36,37]. In the respiratory tract, ACE2 and TMPRSS2
are expressed in the secretory and ciliated cells in the nose, secretory and ciliated cells in the
conductive airways, in the type II alveolar cells in the lung as well as in corneal conjunctiva
in the eye [38–41].

The etiological virus of the pandemic has continuously evolved, with many variants
emerging worldwide. Variants are categorized as the variant of interest, variant of concern,
and variant under monitoring [42]. There are five SARS-CoV-2 lineages designated as the
variant of concern alpha, beta, gamma, delta, and omicron variants [43]. These variants
increase transmissibility compared to the original virus and potentially increase disease
severity [44].

3. Immune Response against SARS-CoV-2 in Brief

The SARS-CoV-2 infection involves diverse stages in the individual: start of infection,
disease development, recovery, or systemic compromise. Each infection stage triggers and
modulates innate and adaptative immune system mechanisms. Although SARS-CoV-2 is a
virus that humanity is learning about, the immune response is equipped with mechanisms
capable of dealing with this new threat. In the initial phase of SARS-CoV-2 infection, the
individual presents a presymptomatic phase lasting up to 5 days, in which a high viral load
is present [45]. In these early days of infection, antibodies may not have been produced.
Therefore, innate immunity is the first activated. The innate immune response comprises
soluble and cellular components that respond nonspecifically against the virus. The cellular
compounds include dendritic cells (DC), monocytes, macrophages, neutrophils, natural
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killer (NK) cells, and other innate lymphoid cells (ILCs) [46]. Whereas soluble components
include complement systems, soluble proteins, interferons, chemokines, and naturally
occurring antibodies [47]. Immune response cells recognize pathogen-associated molecular
patterns (PAMPs) of SARS-CoV-2 through pattern recognition receptors (PRRs) such as Toll-
like receptors (TLR), RIG-I-like receptors (RLR), and melanoma differentiation-associated
protein 5 (MDA5). The viral sensing triggers the activation of signaling pathways which
induce the production of immune mediators to generate an antiviral state mainly mediated
by type I (IFN-α/β) and type III (IFN-λ) interferons (IFNs) [48]. Reports have described that
robust IFNs production during the early stage of infection is required to have a protective
innate immune response against the virus [49]. On the contrary, an inadequate and slow
response to type I and type III IFNs due to virus evasion mechanisms, host comorbidities, or
genetic defects cause an exacerbated immune response. This inadequate response induces
elevated levels of chemokines (CCL2, CCL8, CXCL2, CXCL8, CXCL9, and CXCL16), high
expression of proinflammatory cytokines such as IL-6, IL-10, IL-1, and TNF, in addition
to activation, and recruitment of immune cells [50,51]. The called “cytokine storm” leads
to unbalanced levels of proinflammatory and antiviral mediators that remain the leading
cause of ARDS and multi-organ failure [49,50,52].

On the other hand, the adaptive immune response is orchestrated by CD8+ T lympho-
cytes, TCD4+, and B lymphocytes, responsible for immunological memory. In response
to SARS-CoV-2 infection, it has been shown that non-severe patients or patients with
mild symptoms have a low viral load and may not have produced antibodies [53,54]. In
contrast, antibodies have been detected by immunoassay tests and biosensors in patients
with severe symptoms or cases [53,55]. Patients with a high viral load activate the hu-
moral immune response in the first two weeks of infection [56]. The first seroconversion
of antibodies is against protein N, followed by protein S of SARS-CoV-2 in patients with
disease symptoms [57]. Immunoglobulins IgA and IgM begin to be detected within the
first ten days of infection; however, both antibodies can cross-react with protein N, which
is highly conserved among coronaviruses [58,59]. Moreover, high levels of IgG1 and IgG3
are expressed ten to fourteen days after infection in patients with disease symptoms [60,61].
Older adults and seriously ill individuals reach high specificity antibodies concentrations
against SARS-CoV-2 S protein.

Due to the urgency of reducing thousands of people’s cases and deaths, scientists have
developed several vaccines against COVID-19. Efforts are being made to apply vaccines
with emergency use authorization to the world population. Vaccination elicits immune
responses capable of potently neutralizing SARS-CoV-2. However, the available data show
that most approved COVID-19 vaccines protect against severe disease but do not prevent
the clinical manifestation of COVID-19 [62]. Instead, it has been demonstrated that new
variants with mutations in the spike, the main target of neutralizing antibodies, can escape
the neutralization of humoral immunity [63,64].

4. SARS-CoV-2 Detection

Molecular tests or biosensors are the tools for detecting SARS-CoV-2 nucleic acids/
antigens/antibodies against the virus (Figure 1). In the early part of the illness, viral
particles and their subunits can be detected; beyond the first two weeks of illness onset,
antibodies against the virus could be detected [65]. The SARS-CoV-2 infection stage is highly
correlated to the diagnostic technique recommended for the pandemic. Early diagnosis
of the disease and isolation of infected people is key to controlling the transmission of
SARS-CoV-2 [66,67]. In the initial phase of SARS-CoV-2 infection, the individual presents
a presymptomatic phase lasting up to 5 days, in which a high viral load is present [45].
During these early days of infection, antibodies may not be detected. Therefore, since the
pandemic began, the diagnostic method has been based on detecting viral genes using
the molecular PCR technique, the gold standard worldwide [2,3,68]. The pandemic has
exceeded the ability to identify the virus in laboratories using molecular techniques; this
has motivated the development of new technologies for the rapid detection of SARS-CoV-2

156



Biosensors 2022, 12, 728

that are easy to perform compared to molecular tests in clinical laboratories. LFIA has
been the unique device approved and available to use in mass worldwide. Biosensors with
transducers are developing in SARS-CoV-2 diagnostic. However, most nanomaterials used
in these biosensors present interferences with contaminants in human samples compared to
performance under experimental conditions. It is important to emphasize that LFIAs have
the unique properties of availability, accessibility, economy, and POC (including home use),
these characteristics that are not shared by all biosensors with a transducer. In addition,
biosensors with transducers require exclusive handling in laboratories certified under the
Clinical Laboratory Improvement Amendments of 1998 [69,70]. The FDA have to date
approved only one piezoelectric biosensor [69] (Figure 1).

5. Lateral Flow Immunoassay Evolution in the Pandemic

LFIAs are devices with features designed into POC testing technologies that fulfill AS-
SURED criteria (affordable, sensitive, specific, user-friendly, rapid and robust, equipment-
free, deliverable to end-user) [71]. LFIAs have been widely used to diagnose bacterial
and viral infections, including SARS-CoV-2. At the beginning of the pandemic, in North
America and Europe, patients with symptoms consistent with COVID-19 but negative
for SARS-CoV-2 by RT-PCR could be diagnosed by serological testing using LFIA [72].
Furthermore, these rapid detection tests were approved for emergency to detect serum
antibodies in symptomatic patients [69]. However, the start of vaccination stimulated the
production of protective antibodies in the world population, so the LFIA that detected
antibodies became obsolete for early diagnosis of the disease.

Only LFIAs that detect viral antigens have been approved worldwide for the diagnosis
of COVID-19 [69,73]. The manufacture of LFIAs continues to be developed to increase their
sensitivity and specificity, implementing nanomaterials for their manufacture and advanced
technology in chromatography. The future of these devices makes them as efficient as
biosensors in diagnosing SARS-CoV-2, maintaining their application as a complementary
test to PCR.

5.1. Lateral Flow Immunoassay Antibody Testing in COVID-19 Pandemic

At the beginning of 2020, LFIAs biosensors were commercially available to be used
in mass to detect IgM/IgG antibodies against the new SARS-CoV-2 virus [3]. These
devices were recommended in patients with clinical symptoms of SARS-CoV-2. Their
main advantages were used at the POC, with qualitative outcomes in just 15 min or
less, reaching a larger population without saturating the capacity of laboratories [74].
The pressing need to diagnose COVID-19 rushed manufacturing of large-scale, accurate,
and affordable diagnostic immunoassays, including LFIA [69] (Figure 2). As of 2020,
after evaluating five immunoassays and one lateral flow immunochromatography for
anti-SARS-CoV-2 antibodies detection, FDA-EUA (Food and Drug Administration—
Emergency Use Authorization) approved only two manufacturers of LFIAs to detect
IgG/IgM anti-SARS-CoV-2 [3]. At the moment, forty-eight LFIAs manufacturing labora-
tories were granted EUA authorization to apply for SARS-CoV-2 diagnostic [69]. The
marketing was exceptionally authorized without prior evaluation in the interest of world
public health. Whereas the pandemic started, LFIAs tests showed variable performance
when assessing test sensitivity and specificity towards the main immunogenic structures
of the virus. In pediatric age (2 months to 18 years), COVID-19 symptoms are generally
less severe than in adults, and a low level of antibodies is produced [75]. This immune
response is associated with a low yield of sensitivity of LFIA antibody detection (about
70%); this value was lower in the second week after disease onset. [76]. In England,
LFIA was applied twice per week to the general population, including asymptomatic
individuals. False-positive results caused unnecessary isolation involving the cost of
shutting down entire economic sectors [77].
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Figure 2. Main methods for detecting SARS-CoV-2. Currently, the detection of SARS-CoV-2 is carried
out using molecular tests and biosensors. RT-PCR is the gold standard for detecting SARS-CoV-2 viral
RNA. There are other available molecular tests used based on RT-LAMP. Biosensors with transducers
have been developed to detect viral antigens or antibodies. LFIA is the representative test for mass
diagnosis of SARS-CoV-2 in POC and antibody prevalence studies worldwide. These biosensors have
been widely marketed because they can be applied at the POC and are inexpensive, fast, and easy to read.

LFIA Is a Quantitative Tool for Detecting Antibodies against SARS-CoV-2

Serological tests detect the presence of antibodies in the blood from the adaptive
immune response to an infection. LFIAs as diagnostic serological tests for COVID-19, are
designed to absorb a blood drop sample obtained by puncture onto a nitrocellulose mem-
brane that captures and detects IgG antibodies or IgM/IgG antibodies [78–81]. The result
is visualized by precipitation of usually gold nanoparticles or other colored nanoparticles
to generate colored lines on the membrane [82]. Early in the pandemic, the FDA granted
emergency clearance to LFIAs that detect IgG/IgM antibodies to diagnose COVID-19.
Some of these tests did not meet the clinical serologic performance estimates required to
meet EUA efficacy and risk/benefit standards, so they were revoked [3]. This evidence
contributed to the withdrawal of most LFIA antibody screening tests for the diagnosis of
COVID-19.

In 2021, the need for LFIAs antibody tests to detect with high sensitivity and/or
quantitative mode neutralizing antibodies in individuals immunized or recovered from
natural COVID-19 illness resurfaced [83–85]. The novel vaccines manufactured against
SARS-CoV-2 make it necessary to assess the efficiency of immunization to produce
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neutralizing antibodies against SARS-CoV-2 and how long they last in the vaccinated
individual [84,86]. The speed and affordability of the LFIA test allow timely detection of
individuals who show a short or absent humoral immune response. On the other hand,
in 2020, the USA approved an emergency authorization to use plasma therapy as part of
treatment in patients with COVID-19 [87]. This process consists of obtaining convalescent
plasma from patients recovered from COVID-19, abundant in neutralizing antibodies, to
treat patients. [88]. LFIA is an effective tool in both cases because of its speed and lack
of laboratory equipment requirements. LFIAs have shifted from COVID-19 diagnosis
to monitoring post-infection or post-vaccination antibody production in the global
population. However, LFIA tests had to improve sensitivity and a positive cut-off
threshold limit for post-vaccination antibody detection and/or convalescent patients.
COVID-19 being a newly emerging disease, it was necessary to determine the exact
disease stage in which the LFIA antibody tests should be applied to the global population.
It was necessary to analyze the humoral immune response in the world population at
different stages of the disease (uninfected, asymptomatic, symptomatic, convalescent,
and reinfected) [89–92]. Other factors such as age, sex, comorbidities, or high risk in
healthcare personnel are involved in the variations of the humoral response [93]. On
the other hand, the manufacture of LFIAs focused its development on the incorporation
of new nanomaterials and biomaterials, which in conjunction with the highly antigenic
regions and/or subunits of the SARS-CoV-2 virus (S, N, or both), improved the affinity
of the antibodies and/or increased the visible signal of antigen–antibody binding [94].
The main LFIA models for the detection of antibodies against SARS-CoV-2 have been
designed in a competitive and sandwich type with antibodies coupled to colloidal gold
nanoparticles (AuNPs), QDs, and fluorescent nanomaterials (FND) as visual reporters.

The LFIAs that use N (N-LFIA) viral antigen to detect IgG antibodies against SARS-
CoV-2 contribute to identifying natural COVID-19 illness individuals that, once infected,
produced high levels of neutralizing antibodies against N viral antigen up to two months
after the onset of symptoms [95,96]. This time could be considered a diagnostic limit for the
use of N-LFIA. Even it is possible that N-LFIA could detect SARS-CoV-2 in asymptomatic
personnel at high risk. Nickel and colleagues (2022) carried out the N-LFIA serological
test on at-risk healthcare workers and detected antibodies to the N viral protein with a
sensitivity of >99%, indicating prior infection [86]. The early identification of individuals
with antibodies against viral protein N could be considered a biomarker of the previous
infection. The condition of the previous infection gives them an advantage from the first
dose of vaccine (tested with Pfizer/BioNTech); they form antibodies against viral protein
S, 2.7 times more than those not exposed to the virus [96]. Identifying anti-N antibody-
negative individuals means there is no prior SARS-CoV-2 infection, so they will require
a second dose of vaccine (Pfizer/BioNTech) to produce neutralizing antibodies against
the antigenic S protein [96]. It has been proposed that in countries where vaccination
against SARS-CoV-2 is of low availability, the N-LFIAs that detect previous SARS-CoV-2
infected individuals allow identifying naturally immunized individuals who could receive
the vaccine some weeks later [97].

In regions where other beta-coronaviruses are present, their N-terminal domain of
the N antigen is highly conserved, which may cause N-LFIAs to give false-positive results
and/or fail to detect true early sensitization [98]. LFIA targeting the S antigens does
not distinguish between vaccine- and infection-induced antibodies [99] (Figure 3A). The
incorporation of the ACE2 receptor as an immobilized protein in the test pad assay line
enhanced the LFIA sensitivity. This improvement favored an increased detection of the
serum antibody complex with the receptor binding domain (RBD) of the S1 subunit of
the SARS-CoV-2 virus. If a neutralizing antibody were present, it would bind to AuNP-
RBD and prevent the AuNP-RBD from being captured by the immobilized ACE2 protein,
indicating the absence of a tag in the test line [100].
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Figure 3. LFIAs detect IgG and/or IgM antibodies in asymptomatic, symptomatic, and immunized
individuals. (A) LFIAs with qualitative readouts are available with the SARS-CoV-2 NP antigenic
protein and the S protein. (B) LFIAs coupled to portable spectrophotometer have a greater sensitivity
for evaluating the humoral response of convalescent, symptomatic, asymptomatic, and immunized
individuals. The graphs on the right indicate the interpretation of LFIA results showing the humoral
response in SARS-CoV-2 infected and uninfected individuals and those who have received at least
the first dose of vaccine.

A qualitative positive LFIA result is when the test line region is observed with low to
marked color intensity. If the test line is not marked, the result is declared negative. The test
is only valid if the control line shows a visible color in all cases. In some cases, it is difficult
to interpret the color band by the naked eye when the intensity is low [101]. The strategy
to increase the sensitivity of LFIA to detect IgG/IgM against SARS-CoV-2 and a positive
cut-off threshold limit has been to transform the qualitative reading with the naked eye for a
quantitative measure with the help of a portable spectrophotometer [94,101,102]. It was also
observed that depending on the format in which the LFIA was manufactured (sandwich
or competition type) and the viral antigen immobilized in the conjugation pad region, the
test’s sensitivity could be improved. Chen and colleagues (2021) designed a combined
LFIA with N and S antigens on the solid phase (conjugate pad) to recognize IgM/IgG from
the serum sample. After antigen–antibody binding occurs, the complex migrates to the
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test line. A second binding is conjugated with colloidal gold-labeled anti-human IgM/IgG
antibodies, evidencing the positive mark that a spectrophotometer quantifies. This LFIA
coupled to a portable spectrophotometer detects a positive cut-off threshold of 0.5 ng/mL
compared to 5–10 ng/mL detected by a qualitative LFIA. The LFIA spectrum analyzer uses
a primary reflectance wavelength of 540–470 nm for samples with a low IgG concentration
and a wavelength of 650 nm to reference IgG concentrations. The ratio between both
wavelengths obtains the α value. A higher α value indicates a stronger reflection color
intensity of the colloidal gold antibody-conjugated IgG and IgM complexes [94]. Hung
and colleagues (2021) used an LFIA, with N protein as antigen in the conjugated pad,
and anti-human IgG/IgM antibodies in the test line conjugate region [102]. The measure
was performed using the same spectrophotometer as Chen and colleagues (2021) [94].
The authors reported an increase in the antibody detection limit to 186 pg/mL on these
assays [102].

Chen and colleagues (2021) replaced colloidal gold with gap-enhanced Raman nano-
tags (GERTs) in an LFIA to detection of human IgM and IgG against SARS-CoV-2 recombi-
nant antigens. The sensitivity was 1 ng/mL and 0.1 ng/mL for detection of IgM and IgG
respectively [103]. Furthermore, in another study, Huang and colleagues (2022) included
an LFIA with a competitive format, using the S antigen to detect IgG/IgM antibodies, a
final capture in the test line region with the ACE-2 receptor, and the quantitative analy-
sis was performed with a spectrophotometer [101]. The authors changed the antigen to
detect neutralizing IgG/IgM antibodies in individuals vaccinated with the AstraZeneca
COVID-19 vaccine. Moreover, they demonstrated that LFIA had efficient sensitivity and
sensitivity as the ELISA assay (80 and 100%, respectively), with a Rho coefficient of 0.933.
The LFIAs for detecting antibodies described here still require evaluating their efficacy with
the new variants of the SARS-CoV-2 virus [101]. Pieri and colleagues (2022) used a kit that
includes the LFIA sandwich-type (Affimedix Inc., Hayward, USA) that detects qualitative
IgG neutralizing antibodies that recognize the S protein receptor-binding domain antigen.
The cassette is placed in a RapidRead reader system (Affimedix Inc., Hayward, USA) for
quantitative diagnosis of COVID-19 antibodies. The kit LFIA and reflective optical density
reader have equal sensitivity to two chemiluminescence immunoassay methods [83].

The fluorescence LFIA (FLFIA) with a quantitative reading by a spectrofluorometer has
high sensitivity to detect total antibodies. The evaluation of an FLFIA test with sandwich
immunodetection method has included the N antigenic recombinant protein or S-RBD
proteins as immobilized antigens. Both showed a high sensitivity (92–98.68%) to detect
serum antibodies in SARS-CoV-2 symptomatic and asymptomatic patients. The authors
recommend that these commercial tests assess binding and neutralizing antibody response
after SARS-CoV-2 infection or vaccination (Figure 3B) [104,105].

Novel labeling nanomaterials can enhance fluorescence as a signal amplification label,
improving the sensitivity of LFIA for detections of antibodies against SARS-CoV-2 antigens.
Lanthanide-doped polystyrene nanoparticles (LNPs) can bind to mouse anti-human IgG
antibodies, which are located on a conjugate pad as a fluorescent reporter. The readout was
performed with a fluorescent reader, and the detection took 10 min. The test’s sensitivity
was comparable to RT-PCR in 51 human serum samples [106].

Quantum dots nanobeads (QBs) made with CdSe/ZnS can be coated with Octade-
cylamine, which gives them highly luminescent properties. These QBs linked to the
recombinant SARS-CoV-2 spike protein are placed on the conjugated pad where antibod-
ies in the serum can recognize them. In experimental conditions, the QB-LFIA has high
sensitivity with positive samples up to 10 times higher than a traditional AuNP-LFIA. The
QB-LFIA showed a sensitivity of 97.1% and a specificity of 100% in assays with serum
samples, although analysis with whole blood is required [107].

All quantitative LFIAs require a portable device as a reader, which could compromise
their POC status. On the other hand, the amount of reagents required is considerably less
than with traditional LFIAs, which would justify the cost/benefit for mass implementation.
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Moreover, the humoral immune response against SARS-CoV-2 can generate null or
high antibody production, which must be considered for any antibody test. It is recom-
mended that the results of LFIA be complemented with RT-PCR for greater sensitivity in
the diagnosis of SARS-CoV-2, as the detection of IgM/IgG antibodies by ELISA has been
shown to have higher sensitivity when combined with RT-PCR (98.6%) than RT-PCR alone
(92.2%) [108].

5.2. Lateral Flow Immunoassay Viral Antigen Testing for COVID-19

In 2020, the manufacture of LFIAs that detect SARS-CoV-2 specific viral structures
(SARS-CoV-2 protein antigens N and S) increased because COVID-19 infection remains
present in the vaccinated population worldwide. At the pandemic’s start, LFIA devices that
detect the SARS-CoV-2 viral antigen were discarded and not recommended due to their
limited reliability in patients with low viral load [108,109]. In regions of the world with
a disease prevalence of less than 0.5%, antigen-based LFIAs were not recommended due
asymptomatic individuals showed a positive predictive value of 11% to 28%, meaning that 7
out of 10 to 9 out of 10 positive results will be false positives, and 1 out of 2 to 1 out of 3 cases
will be missed [109]. By increasing the spread of SARS-CoV-2 and turning it into a pandemic,
the LFIAs were redesigned for the detection of SARS-CoV-2 antigens, highlighting that the
S protein possessed the antigenicity that gave a remarkable improvement in the sensitivity
and specificity of the test, although still below the standard test accepted worldwide,
RT-PCR [104].

Improvements in LFIA testing led to clinical trials in Europe, Asia, and the USA,
using various LFIA devices that showed high specificity (95–100%) while sensitivity was
low (30–78%) [110]. The factors involved in the low sensitivity of the LFIAs tests that
detect SARS-CoV-2 antigens were the time of infection, age, inadequate collection, sample
conservation, and the quality of the product by the manufacturer. It has been determined
that the time to detect the viral antigen with LFIA is in the first 7 days the patient develops
symptoms because the highest viral load occurs in this period. Individuals with mild or
asymptomatic symptoms or who exceed this time could have a low viral load [111]. In this
disease period, LFIAs detect at least a Ct value < 25 (~100,000 RNA copies/mL), which is
sufficiently accurate and helpful for mass population screening programs [112,113]. The
WHO recommends using LFIAs, which meet the minimum performance requirements of
≥80% sensitivity and ≥97% specificity. To detect cases in symptomatic people suspected
of being infected and asymptomatic people at high risk of COVID-19; for contact tracing;
during outbreak investigations; and to monitor trends in disease incidence in commu-
nities [114]. The LFIAs are designed to take a nasopharyngeal swab sample. However,
some researchers switched to saliva to reduce the risks of infection for the sampler. Saliva
may affect the test due to the sample collection and storage technique, which could have
implications for the low sensitivity of the assay [115,116]. These conditions have not yet
been analyzed.

The main LFIA models for detecting SARS-CoV-2 antigen were competitive and
sandwich types with antibodies coupled to AuNPs, quantum dots (QDs), and fluorescent
nanodiamond (FND) as a visual reporter [117,118]. Afterward, LFIAs that detect viral anti-
gens in the detection of SARS-CoV-2 focused the improvement of sensitivity on increasing
the specificity of antibodies immobilized in the test, using nanomaterials as labels that
increase the signal generated by antigen–antibody binding, and detection of nucleic acids
(Figure 4).

The classical technology to produce monoclonal antibodies incorporated into LFIAs is
insufficient to improve sensitivity against SARS-CoV-2 target proteins. Kim and colleagues
(2021) resolved antibody affinity enhancement using phage display technology to develop
an LFIA-based biosensor specific for SARS-CoV-2. Researchers generate phage-engineered
monoclonal antibodies against SARS-CoV-2 NP. Newly developed antibodies specific for
SARS-CoV-2 were conjugated to nanobead, with a sensitivity of 2 ng antigen protein
and 2.5 × 104 pfu cultured virus. The new LFIA platform gives an outcome that can be
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confirmed with the naked eye in 20 min and has a sensitivity of 100%, detecting only
SARS-CoV-2 NP, not NPs from MERS-CoV, SARS-CoV, or influenza H1N1 [17]. Another
advantage of this new LFIA is that the outcome can be analyzed and quantified using a
portable LFIA reader. The authors tested the diagnostic device in experimental laboratory
conditions, and non-human samples were tested [17]

Figure 4. Strategies to improve the detection of SARS-CoV-2 antigens or nucleic acids by Lateral flow
immunoassay. (A) The sensitivity of LFIAs focuses on developing high-affinity antibodies for the
antigen. (B) Use of nanomaterials as markers that potentiate the antigen–antibody signal. (C) The
detection of nucleic acids, incorporating different isothermal amplification techniques.

Concerning labels that amplify the antigen–antibody binding signal, copper coupled
to antibodies has been used to amplify the chromatographic signal for a minimum detection
limit in the sample of 10 pg/mL [119].

The fluorescence immunochromatographic (FIC) method uses antibodies conjugated
to fluorochromes to detect SARS-CoV-2 viral antigens. This test requires an immunofluo-
rescence analyzer for the quantitative results. Diao and colleagues (2021) developed an FIC
with mouse polyclonal antibodies and labeled them with fluorescent europium microparti-
cles to detect the antigenic protein N of SARS-CoV-2. The authors reported a sensitivity
of 75.6% [120]. In India, using a commercially available FIC (Standard F, SD Biosensor)
made with monoclonal antibodies did not improve the sensitivity and was reported to be
38% [121]. The FIC assay is slower and less convenient than LFIAs and requires a battery-
powered immunofluorescence analyzer. Incubation time can be up to 30 min, which affects
test performance at the POC. Europium, used in ICF, has a fluorescence stability limit. It
has been established that the time limit for performing the hybridization process is 30 min.
After this time, a positive sample by RT-PCR will give a false positive. The limit to the
correct detection of positive and negative reference samples is 15 min [122].

The fluorescent signal can be amplified by magnetic QD tags (Fe3O4-QD) (MagTQD).
When this nanomaterial is used to amplify fluorescence in an LFIA strip, the biosensor could
simultaneously detect SARS-CoV-2 S/NP antigens with high sensitivity (0.5–1 pg/mL). The
biosensor is not yet tested with clinical samples [123]. Interestingly, high-affinity peptides
have been developed that detect the RBD protein of the SARS-CoV-2 virus at levels as low
as 0.01 nM. These peptides are inexpensive and easy to synthesize and could be coupled to
LFIA to improve their sensitivity and reduce costs [124].

5.3. LFIA Simultaneously Detects Antigens and Antibodies

The biotechnology applied at LFIA has succeeded in developing a biosensor that
simultaneously detects the alpha and beta antigenic variants of SARS-CoV-2 and the
neutralizing antibodies. This device uses an immobilized ACE2 receptor to detect antigenic
variants of the SARS-CoV-2 S protein from the nasopharyngeal sample via color differences
of substrates. Antibody detection is achieved by a competition LFIA, where a sample
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containing neutralizing antibodies binds to the RBD antigen blocking the binding to the
ACE2 receptor; thus t (test) line is absent [125].

6. LFIA Detects Nucleic Acids of SARS-CoV-2

The sensitivity of LFIAs remained questionable because, unlike RT-PCR, they could
not be designed to detect SARS-CoV-2 nucleic acid (NA). Interestingly, advances in biotech-
nology have made it possible for LFIAs to integrate new methods of NA detection. The
main methods for this detection are new high-affinity monoclonal antibodies and coupling
isothermal amplification methods (IAM), such as RT-PCR and LAMP.

The method called hybrid capture fluorescence immunoassay (HC-FIA) uses S9.6
monoclonal antibodies, which were used to capture the hybridization of nucleic acids
(SARS-CoV-2 DNA and RNA probes) on a lateral flow strip and immunofluorescence
analysis. The HC-FIA test showed 100% sensitivity and 99% specificity from throat swabs
and sputum samples [122].

Avidin-carbon nanoparticles (CNPs) have been evaluated as a label in LFIA for NA
detection. This method increases the contrast in the paper background after the nucleic
acid-antibody complex union. The visual limit of detection is in the nanomolar range
(2.2 × 10−2 pg μL−1) without the assistance of any instrumentation. The advantages of
CNPs are they are cheaper labels; the suspension is very stable and easy to modify. The
critical point of this method is the double tagging of primers in the PCR procedure, which
allows the posterior binding with Av-CNPs [126].

The IAM method tests Accula SARS-CoV-2 of Mesa Biotech combined RT-PCR and
LFIA. The test cassette contains all reaction reagents and targets the N gene of SARS-CoV-2
from nasal and throat samples in 30 min, and the results are interpreted visually. The ana-
lytical sensitivity reported is 200 copies/mL (Mesa Biotech Inc., San Diego, USA, 2020). The
clinical performance with 30 positive and 30 negative samples showed clinical sensitivity
and specificity of 100% [3]. The disadvantage of this test is that it is limited to laboratories
certified in EUA under the Clinical Laboratory Improvement Amendments of 1988 (CLIA).
Still, where available, the test is considered POC (Mesa Biotech Inc., San Diego, USA, 2020).
The methodology of combining LFIA and PCR implied a breakthrough in the fusion of
reagents and biomaterials of both techniques. However, the complexity of manufacturing
increased the risks of kit contamination. On 6 April 2022, Mesa Biotech, Inc. announced the
recall of Accula SARS-CoV-2 tests due to possible contamination of the kit causing false
positives in the individuals to which they are applied [127]. Agarwal and colleagues (2022)
developed an LFIA that detects antigenic protein N in cDNA by combining RT-LAMP
methodology [128]. In SARS-CoV-2 positive patients, the test demonstrated an accuracy
of 81.66% and a minimum viral RNA detection limit of Ct < 33. The result of RT-LAMP
in combination with LFA can be completed with a smartphone-based semi-quantitative
data analysis [128]. The challenges of LFIA for nucleic acid detection are that isothermal
amplification requires a complex primer design, and the signal can only be analyzed by
portable readers [129,130].

7. Conclusions and Perspectives

LFIAs have been a very efficient tool during the pandemic due to their simplicity,
speed, and cost-effectiveness. LFIAs can be used in low-resource field settings and in
developing countries that cannot use other methods for SARS-CoV-2 detection. However,
there are still some challenges to face. One of the main challenges is to develop their
ultra-sensitivity, together with POC advantages, especially in samples that require more
than one step to detect the virus. The improvement in LFIAs includes: (1) the synthesis
of immobilized biomaterials, antigens, or antibodies in the conjugation region with high
affinity to the analyte; (2) the use of new nanomaterials to label the antigen or antibody
that is conjugated to the analyte; (3) quantitative analysis using an external device. It is
important to highlight that current LFIAs’ performances are comparable with ELISA and
chemiluminescence immunoassay methods. The results can be quantitative and qualitative
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according to the epidemiological needs or the vaccination present in the region or country.
In addition, the quantitative LFIAs could contribute to data digitization, allowing the mon-
itoring, storage, and transmission of data, reducing interpretation and transcription errors,
and thus ensuring the quality and control of the tests. LFIAs are highly adaptable devices.
In the future, it has been proposed that LFIA will focus on detecting SARS-CoV-2 virus
nucleic acids by incorporating isothermal amplification methods under non-laboratory
conditions and novel labeling materials that amplify the signal. The implementation of
low-cost handheld readers, including smartphones, will be able to match or even improve
the efficiency of LFIA on par with the RT-PCR test.
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of SARS-CoV-2, SARS-CoV, and HCoV-NL63. Appl. Sci. 2021, 11, 1497. [CrossRef]
31. Kirtipal, N.; Bharadwaj, S.; Kang, S.G. From SARS to SARS-CoV-2, Insights on Structure, Pathogenicity and Immunity Aspects of

Pandemic Human Coronaviruses. Infect. Genet. Evol. 2020, 85, 104502. [CrossRef]
32. Greenhalgh, T.; Jimenez, J.L.; Prather, K.A.; Tufekci, Z.; Fisman, D.; Schooley, R. Ten Scientific Reasons in Support of Airborne

Transmission of SARS-CoV-2. Lancet 2021, 397, 1603–1605. [CrossRef]
33. Jackson, C.B.; Farzan, M.; Chen, B.; Choe, H. Mechanisms of SARS-CoV-2 Entry into Cells. Nat. Rev. Mol. Cell Biol. 2021, 23, 3–20.

[CrossRef]
34. 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]

35. Papa, G.; Mallery, D.L.; Albecka, A.; Welch, L.G.; Cattin-Ortolá, J.; Luptak, J.; Paul, D.; McMahon, H.T.; Goodfellow, I.G.;
Carter, A.; et al. Furin Cleavage of SARS-CoV-2 Spike Promotes but Is Not Essential for Infection and Cell-Cell Fusion. PLoS
Pathog. 2021, 17, e1009246. [CrossRef] [PubMed]

36. Padmanabhan, P.; Desikan, R.; Dixit, N.M. Targeting TMPRSS2 and Cathepsin B/L Together May Be Synergistic against
SARS-CoV-2 Infection. PLoS Comput. Biol. 2020, 16, e1008461. [CrossRef] [PubMed]

37. Prasad, K.; AlOmar, S.Y.; Almuqri, E.A.; Rudayni, H.A.; Kumar, V. Genomics-Guided Identification of Potential Modulators of
SARS-CoV-2 Entry Proteases, TMPRSS2 and Cathepsins B/L. PLoS ONE 2021, 16, e0256141. [CrossRef] [PubMed]

166



Biosensors 2022, 12, 728

38. Sungnak, W.; Huang, N.; Bécavin, C.; Berg, M.; Queen, R.; Litvinukova, M.; Talavera-López, C.; Maatz, H.; Reichart, D.;
Sampaziotis, F.; et al. SARS-CoV-2 Entry Factors Are Highly Expressed in Nasal Epithelial Cells Together with Innate Immune
Genes. Nat. Med. 2020, 26, 681–687. [CrossRef]

39. Lukassen, S.; Chua, R.L.; Trefzer, T.; Kahn, N.C.; Schneider, M.A.; Muley, T.; Winter, H.; Meister, M.; Veith, C.; Boots, A.W.; et al.
SARS-CoV-2 Receptor ACE2 and TMPRSS2 Are Primarily Expressed in Bronchial Transient Secretory Cells. EMBO J. 2020,
39, e105114. [CrossRef] [PubMed]

40. Zhou, L.; Xu, Z.; Castiglione, G.M.; Soiberman, U.S.; Eberhart, C.G.; Duh, E.J. ACE2 and TMPRSS2 Are Expressed on the Human
Ocular Surface, Suggesting Susceptibility to SARS-CoV-2 Infection. Ocul. Surf. 2020, 18, 537–544. [CrossRef]

41. Fodoulian, L.; Tuberosa, J.; Rossier, D.; Boillat, M.; Kan, C.; Pauli, V.; Egervari, K.; Lobrinus, J.A.; Landis, B.N.; Carleton, A.; et al.
SARS-CoV-2 Receptors and Entry Genes Are Expressed in the Human Olfactory Neuroepithelium and Brain. iScience 2020,
23, 101839. [CrossRef]

42. World Health Organization. Tracking SARS-CoV-2 Variants. Available online: https://www.who.int/activities/tracking-SARS-
CoV-2-variants (accessed on 23 May 2022).

43. Khandia, R.; Singhal, S.; Alqahtani, T.; Kamal, M.A.; El-Shall, N.A.; Nainu, F.; Desingu, P.A.; Dhama, K. Emergence of SARS-CoV-2
Omicron (B.1.1.529) Variant, Salient Features, High Global Health Concerns and Strategies to Counter It amid Ongoing COVID-19
Pandemic. Environ. Res. 2022, 209, 112816. [CrossRef]

44. Choi, J.Y.; Smith, D.M. SARS-CoV-2 Variants of Concern. Yonsei Med. J. 2021, 62, 961–968. [CrossRef]
45. Johansson, M.A.; Quandelacy, T.M.; Kada, S.; Prasad, P.V.; Steele, M.; Brooks, J.T.; Slayton, R.B.; Biggerstaff, M.; Butler, J.C.

SARS-CoV-2 Transmission from People Without COVID-19 Symptoms. JAMA Netw. Open 2021, 4, e2035057. [CrossRef]
46. Diamond, M.S.; Kanneganti, T.-D. Innate Immunity: The First Line of Defense against SARS-CoV-2. Nat. Immunol. 2022,

23, 165–176. [CrossRef] [PubMed]
47. Boechat, J.L.; Chora, I.; Morais, A.; Delgado, L. The Immune Response to SARS-CoV-2 and COVID-19 Immunopathology—Current

Perspectives. Pulmonology 2021, 27, 423–437. [CrossRef] [PubMed]
48. Thorne, L.G.; Reuschl, A.-K.; Zuliani-Alvarez, L.; Whelan, M.V.X.; Turner, J.; Noursadeghi, M.; Jolly, C.; Towers, G.J. SARS-CoV-2

Sensing by RIG-I and MDA5 Links Epithelial Infection to Macrophage Inflammation. EMBO J. 2021, 40, e107826. [CrossRef]
[PubMed]

49. Severa, M.; Diotti, R.A.; Etna, M.P.; Rizzo, F.; Fiore, S.; Ricci, D.; Iannetta, M.; Sinigaglia, A.; Lodi, A.; Mancini, N.; et al. Differential
Plasmacytoid Dendritic Cell Phenotype and Type I Interferon Response in Asymptomatic and Severe COVID-19 Infection. PLOS
Pathog. 2021, 17, e1009878. [CrossRef]

50. Blanco-Melo, D.; Nilsson-Payant, B.E.; Liu, W.-C.; Uhl, S.; Hoagland, D.; Møller, R.; Jordan, T.X.; Oishi, K.; Panis, M.; Sachs,
D.; et al. Imbalanced Host Response to SARS-CoV-2 Drives Development of COVID-19. Cell 2020, 181, 1036–1045.e9. [CrossRef]

51. Leisman, D.E.; Ronner, L.; Pinotti, R.; Taylor, M.D.; Sinha, P.; Calfee, C.S.; Hirayama, A.V.; Mastroiani, F.; Turtle, C.J.; Harhay,
M.O.; et al. Cytokine Elevation in Severe and Critical COVID-19: A Rapid Systematic Review, Meta-Analysis, and Comparison
with Other Inflammatory Syndromes. Lancet Respir. Med. 2020, 8, 1233–1244. [CrossRef]

52. García-Pérez, B.E.; González-Rojas, J.A.; Salazar, M.I.; Torres-Torres, C.; Castrejón-Jiménez, N.S. Taming the Autophagy as a
Strategy for Treating COVID-19. Cells 2020, 9, 2679. [CrossRef]

53. Casadevall, A.; Joyner, M.J.; Pirofski, L.-A. SARS-CoV-2 Viral Load and Antibody Responses: The Case for Convalescent Plasma
Therapy. J. Clin. Invest. 2020, 130, 5112–5114. [CrossRef]

54. Wang, H.; Yuan, Y.; Xiao, M.; Chen, L.; Zhao, Y.; Zhang, H.; Long, P.; Zhou, Y.; Xu, X.; Lei, Y.; et al. Dynamics of the SARS-CoV-2
Antibody Response up to 10 Months after Infection. Cell Mol. Immunol. 2021, 18, 1832–1834. [CrossRef]

55. Xu, L.; Li, D.; Ramadan, S.; Li, Y.; Klein, N. Facile Biosensors for Rapid Detection of COVID-19. Biosens. Bioelectron. 2020,
170, 112673. [CrossRef]

56. Yongchen, Z.; Shen, H.; Wang, X.; Shi, X.; Li, Y.; Yan, J.; Chen, Y.; Gu, B. Different Longitudinal Patterns of Nucleic Acid and
Serology Testing Results Based on Disease Severity of COVID-19 Patients. Emerg. Microbes Infect. 2020, 9, 833–836. [CrossRef]
[PubMed]

57. Herroelen, P.H.; Martens, G.A.; De Smet, D.; Swaerts, K.; Decavele, A.-S. Humoral Immune Response to SARS-CoV-2: Compara-
tive Clinical Performance of Seven Commercial Serology Tests. Am. J. Clin. Pathol. 2020, 154, 610–619. [CrossRef] [PubMed]

58. Okba, N.M.A.; Müller, M.A.; Li, W.; Wang, C.; GeurtsvanKessel, C.H.; Corman, V.M.; Lamers, M.M.; Sikkema, R.S.; de Bruin, E.;
Chandler, F.D.; et al. Severe Acute Respiratory Syndrome Coronavirus 2-Specific Antibody Responses in Coronavirus Disease
Patients. Emerg. Infect. Dis. 2020, 26, 1478–1488. [CrossRef] [PubMed]

59. Long, Q.-X.; Liu, B.-Z.; Deng, H.-J.; Wu, G.-C.; Deng, K.; Chen, Y.-K.; Liao, P.; Qiu, J.-F.; Lin, Y.; Cai, X.-F.; et al. Antibody Responses
to SARS-CoV-2 in Patients with COVID-19. Nat. Med. 2020, 26, 845–848. [CrossRef] [PubMed]

60. Loos, C.; Atyeo, C.; Fischinger, S.; Burke, J.; Slein, M.D.; Streeck, H.; Lauffenburger, D.; Ryan, E.T.; Charles, R.C.; Alter, G.
Evolution of Early SARS-CoV-2 and Cross-Coronavirus Immunity. mSphere 2020, 5, e00622-20. [CrossRef]

61. Luo, H.; Jia, T.; Chen, J.; Zeng, S.; Qiu, Z.; Wu, S.; Li, X.; Lei, Y.; Wang, X.; Wu, W.; et al. The Characterization of Disease Severity
Associated IgG Subclasses Response in COVID-19 Patients. Front. Immunol. 2021, 12, 632814. [CrossRef]

62. Kyei-Barffour, I.; Addo, S.A.; Aninagyei, E.; Ghartey-Kwansah, G.; Acheampong, D.O. Sterilizing Immunity against COVID-19:
Developing Helper T Cells I and II Activating Vaccines Is Imperative. Biomed. Pharmacother. 2021, 144, 112282. [CrossRef]

167



Biosensors 2022, 12, 728

63. Garcia-Beltran, W.F.; Lam, E.C.; St Denis, K.; Nitido, A.D.; Garcia, Z.H.; Hauser, B.M.; Feldman, J.; Pavlovic, M.N.; Gregory, D.J.;
Poznansky, M.C.; et al. Multiple SARS-CoV-2 Variants Escape Neutralization by Vaccine-Induced Humoral Immunity. Cell 2021,
184, 2372–2383.e9. [CrossRef]

64. Planas, D.; Veyer, D.; Baidaliuk, A.; Staropoli, I.; Guivel-Benhassine, F.; Rajah, M.M.; Planchais, C.; Porrot, F.; Robillard, N.; Puech,
J.; et al. Reduced Sensitivity of SARS-CoV-2 Variant Delta to Antibody Neutralization. Nature 2021, 596, 276–280. [CrossRef]

65. Sethuraman, N.; Jeremiah, S.S.; Ryo, A. Interpreting Diagnostic Tests for SARS-CoV-2. JAMA 2020, 323, 2249–2251. [CrossRef]
66. Caliendo, A.M.; Gilbert, D.N.; Ginocchio, C.C.; Hanson, K.E.; May, L.; Quinn, T.C.; Tenover, F.C.; Alland, D.; Blaschke, A.J.;

Bonomo, R.A.; et al. Better Tests, Better Care: Improved Diagnostics for Infectious Diseases. Clin. Infect. Dis. 2013, 57, S139–S170.
[CrossRef] [PubMed]

67. Kevadiya, B.D.; Machhi, J.; Herskovitz, J.; Oleynikov, M.D.; Blomberg, W.R.; Bajwa, N.; Soni, D.; Das, S.; Hasan, M.; Patel, M.; et al.
Diagnostics for SARS-CoV-2 Infections. Nat. Mater. 2021, 20, 593–605. [CrossRef] [PubMed]

68. Corman, V.M.; Drosten, C. Authors’ Response: SARS-CoV-2 Detection by Real-Time RT-PCR. Eurosurveillance 2020, 25, 2001035.
[CrossRef] [PubMed]

69. Food and Drug Administration. In Vitro Diagnostics EUAs—Antigen Diagnostic Tests for SARS-CoV-2; FDA: Washington, DC,
USA, 2022.

70. CDC. Clinical Laboratory Improvement Amendments (CLIA). Available online: https://www.cdc.gov/clia/index.html (accessed
on 27 August 2022).

71. St John, A.; Price, C.P. Existing and Emerging Technologies for Point-of-Care Testing. Clin. Biochem. Rev. 2014, 35, 155–167.
72. Infectious Diseases Society of America. Antibody Testing. Available online: https://www.idsociety.org/covid-19-real-time-

learning-network/diagnostics/antibody-testing/ (accessed on 24 May 2022).
73. European Commission. COVID-19 In Vitro Diagnostic Devices and Test Methods Database. Available online: https://covid-19

-diagnostics.jrc.ec.europa.eu/ (accessed on 24 May 2022).
74. Van Elslande, J.; Houben, E.; Depypere, M.; Brackenier, A.; Desmet, S.; André, E.; Van Ranst, M.; Lagrou, K.; Vermeersch, P.

Diagnostic Performance of Seven Rapid IgG/IgM Antibody Tests and the Euroimmun IgA/IgG ELISA in COVID-19 Patients.
Clin. Microbiol. Infect. 2020, 26, 1082–1087. [CrossRef]

75. Sørensen, C.A.; Clemmensen, A.; Sparrewath, C.; Tetens, M.M.; Krogfelt, K.A. Children Naturally Evading COVID-19—Why
Children Differ from Adults. COVID 2022, 2, 25. [CrossRef]

76. Scotta, M.C.; David CN, d.e.; Varela, F.H.; Sartor, I.T.S.; Polese-Bonatto, M.; Fernandes, I.R.; Zavaglia, G.O.; Ferreira, C.F.; Kern,
L.B.; Santos, A.P.; et al. Low Performance of a SARS-CoV-2 Point-of-Care Lateral Flow Immunoassay in Symptomatic Children
during the Pandemic. J. Pediatr. 2022, 98, 136–141. [CrossRef] [PubMed]

77. Fearon, E.; Buchan, I.E.; Das, R.; Davis, E.L.; Fyles, M.; Hall, I.; Hollingsworth, T.D.; House, T.; Jay, C.; Medley, G.F.; et al.
SARS-CoV-2 Antigen Testing: Weighing the False Positives against the Costs of Failing to Control Transmission. Lancet Respir.
Med. 2021, 9, 685–687. [CrossRef]

78. Andryukov, B.G. Six Decades of Lateral Flow Immunoassay: From Determining Metabolic Markers to Diagnosing COVID-19.
AIMS Microbiol. 2020, 6, 280–304. [CrossRef]

79. Wen, T.; Huang, C.; Shi, F.-J.; Zeng, X.-Y.; Lu, T.; Ding, S.-N.; Jiao, Y.-J. Development of a Lateral Flow Immunoassay Strip for
Rapid Detection of IgG Antibody against SARS-CoV-2 Virus. Analyst 2020, 145, 5345–5352. [CrossRef]

80. Mahmoudinobar, F.; Britton, D.; Montclare, J.K. Protein-Based Lateral Flow Assays for COVID-19 Detection. Protein Eng. Des. Sel.
2021, 34, gzab010. [CrossRef] [PubMed]

81. Exinger, J.; Hartard, C.; Lafferrière, F.; Fenninger, C.; Charbonnière, L.J.; Jeulin, H. Evaluation of a Lateral Flow Immunoassay
COVIDTECH® SARS-CoV-2 IgM/IgG Antibody Rapid Test. Jpn. J. Infect. Dis. 2022, 75, 334–340. [CrossRef] [PubMed]

82. Koczula, K.M.; Gallotta, A. Lateral Flow Assays. Essays Biochem. 2016, 60, 111–120. [CrossRef] [PubMed]
83. Pieri, M.; Nicolai, E.; Nuccetelli, M.; Sarubbi, S.; Tomassetti, F.; Pelagalli, M.; Minieri, M.; Terrinoni, A.; Bernardini, S. Validation of

a Quantitative Lateral Flow Immunoassay (LFIA)-Based Point-of-Care (POC) Rapid Test for SARS-CoV-2 Neutralizing Antibodies.
Arch. Virol. 2022, 167, 1285–1291. [CrossRef] [PubMed]

84. Ward, H.; Whitaker, M.; Flower, B.; Tang, S.N.; Atchison, C.; Darzi, A.; Donnelly, C.A.; Cann, A.; Diggle, P.J.; Ashby, D.; et al.
Population Antibody Responses Following COVID-19 Vaccination in 212,102 Individuals. Nat. Commun. 2022, 13, 907. [CrossRef]
[PubMed]

85. Qi, H.; Liu, B.; Wang, X.; Zhang, L. The Humoral Response and Antibodies against SARS-CoV-2 Infection. Nat. Immunol. 2022,
23, 1008–1020. [CrossRef]

86. Nickel, O.; Rockstroh, A.; Borte, S.; Wolf, J. Evaluation of Simple Lateral Flow Immunoassays for Detection of SARS-CoV-2
Neutralizing Antibodies. Vaccines 2022, 10, 347. [CrossRef]

87. Tanne, J.H. Covid-19: FDA Approves Use of Convalescent Plasma to Treat Critically Ill Patients. BMJ 2020, 368, m1256. [CrossRef]
88. Duan, K.; Liu, B.; Li, C.; Zhang, H.; Yu, T.; Qu, J.; Zhou, M.; Chen, L.; Meng, S.; Hu, Y.; et al. Effectiveness of Convalescent Plasma

Therapy in Severe COVID-19 Patients. Proc. Natl. Acad. Sci. USA 2020, 117, 9490–9496. [CrossRef]
89. Galipeau, Y.; Greig, M.; Liu, G.; Driedger, M.; Langlois, M.-A. Humoral Responses and Serological Assays in SARS-CoV-2

Infections. Front. Immunol. 2020, 11, 610688. [CrossRef]
90. Guo, L.; Ren, L.; Yang, S.; Xiao, M.; Chang, D.; Yang, F.; Dela Cruz, C.S.; Wang, Y.; Wu, C.; Xiao, Y.; et al. Profiling Early Humoral

Response to Diagnose Novel Coronavirus Disease (COVID-19). Clin. Infect. Dis. 2020, 71, 778–785. [CrossRef] [PubMed]

168



Biosensors 2022, 12, 728

91. Deeks, J.J.; Dinnes, J.; Takwoingi, Y.; Davenport, C.; Spijker, R.; Taylor-Phillips, S.; Adriano, A.; Beese, S.; Dretzke, J.; Ferrante di
Ruffano, L.; et al. Antibody Tests for Identification of Current and Past Infection with SARS-CoV-2. Cochrane Database Syst. Rev.
2020, 6, CD013652. [CrossRef] [PubMed]

92. Shen, B.; Zheng, Y.; Zhang, X.; Zhang, W.; Wang, D.; Jin, J.; Lin, R.; Zhang, Y.; Zhu, G.; Zhu, H.; et al. Clinical Evaluation of a Rapid
Colloidal Gold Immunochromatography Assay for SARS-Cov-2 IgM/IgG. Am. J. Transl. Res. 2020, 12, 1348–1354. [PubMed]

93. Novello, S.; Terzolo, M.; Paola, B.; Gianetta, M.; Bianco, V.; Arizio, F.; Brero, D.; Perini, A.M.E.; Boccuzzi, A.; Caramello, V.; et al.
Humoral Immune Response to SARS-CoV-2 in Five Different Groups of Individuals at Different Environmental and Professional
Risk of Infection. Sci. Rep. 2021, 11, 24503. [CrossRef]

94. Chen, P.-Y.; Ko, C.-H.; Wang, C.J.; Chen, C.-W.; Chiu, W.-H.; Hong, C.; Cheng, H.-M.; Wang, I.-J. The Early Detection of
Immunoglobulins via Optical-Based Lateral Flow Immunoassay Platform in COVID-19 Pandemic. PLoS ONE 2021, 16, e0254486.
[CrossRef]

95. Brochot, E.; Demey, B.; Touzé, A.; Belouzard, S.; Dubuisson, J.; Schmit, J.-L.; Duverlie, G.; Francois, C.; Castelain, S.; Helle, F.
Anti-Spike, Anti-Nucleocapsid and Neutralizing Antibodies in SARS-CoV-2 Inpatients and Asymptomatic Individuals. Front.
Microbiol. 2020, 11, 584251. [CrossRef]

96. van den Hoogen, L.L.; Smits, G.; van Hagen, C.C.E.; Wong, D.; Vos, E.R.A.; van Boven, M.; de Melker, H.E.; van Vliet, J.; Kuijer, M.;
Woudstra, L.; et al. Seropositivity to Nucleoprotein to Detect Mild and Asymptomatic SARS-CoV-2 Infections: A Complementary
Tool to Detect Breakthrough Infections after COVID-19 Vaccination? Vaccine 2022, 40, 2251–2257. [CrossRef]

97. Smits, V.A.J.; Hernández-Carralero, E.; Paz-Cabrera, M.C.; Cabrera, E.; Hernández-Reyes, Y.; Hernández-Fernaud, J.R.; Gillespie,
D.A.; Salido, E.; Hernández-Porto, M.; Freire, R. The Nucleocapsid Protein Triggers the Main Humoral Immune Response in
COVID-19 Patients. Biochem. Biophys. Res. Commun. 2021, 543, 45–49. [CrossRef]

98. Michel, M.; Bouam, A.; Edouard, S.; Fenollar, F.; Di Pinto, F.; Mège, J.-L.; Drancourt, M.; Vitte, J. Evaluating ELISA, Immunofluo-
rescence, and Lateral Flow Assay for SARS-CoV-2 Serologic Assays. Front. Microbiol. 2020, 11, 597529. [CrossRef]

99. Ochola, L.; Ogongo, P.; Mungai, S.; Gitaka, J.; Suliman, S. Performance Evaluation of Lateral Flow Assays for Coronavirus
Disease-19 Serology. Clin. Lab. Med. 2022, 42, 31–56. [CrossRef]

100. Tan, E.; Frew, E.; Cooper, J.; Humphrey, J.; Holden, M.; Mand, A.R.; Li, J.; Anderson, S.; Bi, M.; Hatler, J.; et al. Use of Lateral
Flow Immunoassay to Characterize SARS-CoV-2 RBD-Specific Antibodies and Their Ability to React with the UK, SA and BR P.1
Variant RBDs. Diagnostics 2021, 11, 1190. [CrossRef] [PubMed]

101. Huang, R.-L.; Fu, Y.-C.; Wang, Y.-C.; Hong, C.; Yang, W.-C.; Wang, I.-J.; Sun, J.-R.; Chen, Y.; Shen, C.-F.; Cheng, C.-M. A Lateral
Flow Immunoassay Coupled with a Spectrum-Based Reader for SARS-CoV-2 Neutralizing Antibody Detection. Vaccines 2022,
10, 271. [CrossRef] [PubMed]

102. Hung, K.-F.; Hung, C.-H.; Hong, C.; Chen, S.-C.; Sun, Y.-C.; Wen, J.-W.; Kuo, C.-H.; Ko, C.-H.; Cheng, C.-M. Quantitative
Spectrochip-Coupled Lateral Flow Immunoassay Demonstrates Clinical Potential for Overcoming Coronavirus Disease 2019
Pandemic Screening Challenges. Micromachines 2021, 12, 321. [CrossRef] [PubMed]

103. Chen, S.; Meng, L.; Wang, L.; Huang, X.; Ali, S.; Chen, X.; Yu, M.; Yi, M.; Li, L.; Chen, X.; et al. SERS-Based Lateral Flow
Immunoassay for Sensitive and Simultaneous Detection of Anti-SARS-CoV-2 IgM and IgG Antibodies by Using Gap-Enhanced
Raman Nanotags. Sens. Actuators B Chem. 2021, 348, 130706. [CrossRef]

104. Shurrab, F.M.; Younes, N.; Al-Sadeq, D.W.; Liu, N.; Qotba, H.; Abu-Raddad, L.J.; Nasrallah, G.K. Performance Evaluation of
Novel Fluorescent-Based Lateral Flow Immunoassay (LFIA) for Rapid Detection and Quantification of Total Anti-SARS-CoV-2
S-RBD Binding Antibodies in Infected Individuals. Int. J. Infect. Dis. 2022, 118, 132–137. [CrossRef]

105. Feng, M.; Chen, J.; Xun, J.; Dai, R.; Zhao, W.; Lu, H.; Xu, J.; Chen, L.; Sui, G.; Cheng, X. Development of a Sensitive Im-
munochromatographic Method Using Lanthanide Fluorescent Microsphere for Rapid Serodiagnosis of COVID-19. ACS Sens.
2020, 5, 2331–2337. [CrossRef]

106. Chen, Z.; Zhang, Z.; Zhai, X.; Li, Y.; Lin, L.; Zhao, H.; Bian, L.; Li, P.; Yu, L.; Wu, Y.; et al. Rapid and Sensitive Detection of Anti-
SARS-CoV-2 IgG, Using Lanthanide-Doped Nanoparticles-Based Lateral Flow Immunoassay. Anal. Chem. 2020, 92, 7226–7231.
[CrossRef]

107. Zhou, Y.; Chen, Y.; Liu, W.; Fang, H.; Li, X.; Hou, L.; Liu, Y.; Lai, W.; Huang, X.; Xiong, Y. Development of a Rapid and Sensitive
Quantum Dot Nanobead-Based Double-Antigen Sandwich Lateral Flow Immunoassay and Its Clinical Performance for the
Detection of SARS-CoV-2 Total Antibodies. Sens. Actuators B Chem. 2021, 343, 130139. [CrossRef]

108. Wang, P. Combination of Serological Total Antibody and RT-PCR Test for Detection of SARS-COV-2 Infections. J. Virol. Methods
2020, 283, 113919. [CrossRef]

109. Dinnes, J.; Deeks, J.J.; Berhane, S.; Taylor, M.; Adriano, A.; Davenport, C.; Dittrich, S.; Emperador, D.; Takwoingi, Y.; Cunningham,
J.; et al. Rapid, Point-of-care Antigen Tests for Diagnosis of SARS-CoV-2 Infection. Cochrane Database Syst. Rev. 2021, 2021,
CD013705. [CrossRef]

110. Mistry, D.A.; Wang, J.Y.; Moeser, M.-E.; Starkey, T.; Lee, L.Y.W. A Systematic Review of the Sensitivity and Specificity of Lateral
Flow Devices in the Detection of SARS-CoV-2. BMC Infect. Dis. 2021, 21, 828. [CrossRef]

111. Tapari, A.; Braliou, G.G.; Papaefthimiou, M.; Mavriki, H.; Kontou, P.I.; Nikolopoulos, G.K.; Bagos, P.G. Performance of Antigen
Detection Tests for SARS-CoV-2: A Systematic Review and Meta-Analysis. Diagnostics 2022, 12, 1388. [CrossRef] [PubMed]

169



Biosensors 2022, 12, 728

112. Peto, T.; Affron, D.; Afrough, B.; Agasu, A.; Ainsworth, M.; Allanson, A.; Allen, K.; Allen, C.; Archer, L.; Ashbridge, N.; et al.
COVID-19: Rapid Antigen Detection for SARS-CoV-2 by Lateral Flow Assay: A National Systematic Evaluation of Sensitivity and
Specificity for Mass-Testing. EClinicalMedicine 2021, 36, 100924. [CrossRef] [PubMed]

113. Giberti, I.; Costa, E.; Domnich, A.; Ricucci, V.; De Pace, V.; Garzillo, G.; Guarona, G.; Icardi, G. High Diagnostic Accuracy of a
Novel Lateral Flow Assay for the Point-of-Care Detection of SARS-CoV-2. Biomedicines 2022, 10, 1558. [CrossRef] [PubMed]

114. WHO. Antigen-Detection in the Diagnosis of SARS-CoV-2 Infection. Available online: https://www.who.int/publications-detail-
redirect/antigen-detection-in-the-diagnosis-of-sars-cov-2infection-using-rapid-immunoassays (accessed on 23 August 2022).

115. De Marinis, Y.; Pesola, A.-K.; Söderlund Strand, A.; Norman, A.; Pernow, G.; Aldén, M.; Yang, R.; Rasmussen, M. Detection of
SARS-CoV-2 by Rapid Antigen Tests on Saliva in Hospitalized Patients with COVID-19. Infect. Ecol. Epidemiol. 2021, 11, 1993535.
[CrossRef]

116. Kivrane, A.; Igumnova, V.; Liepina, E.E.; Skrastina, D.; Leonciks, A.; Rudevica, Z.; Kistkins, S.; Reinis, A.; Zilde, A.; Kazaks,
A.; et al. Development of Rapid Antigen Test Prototype for Detection of SARS-CoV-2 in Saliva Samples. Upsala J. Med. Sci. 2022,
127, e8207. [CrossRef]

117. Zhang, Y.; Liu, X.; Wang, L.; Yang, H.; Zhang, X.; Zhu, C.; Wang, W.; Yan, L.; Li, B. Improvement in Detection Limit for Lateral
Flow Assay of Biomacromolecules by Test-Zone Pre-Enrichment. Sci. Rep. 2020, 10, 9604. [CrossRef]

118. Ardekani, L.S.; Thulstrup, P.W. Gold Nanoparticle-Mediated Lateral Flow Assays for Detection of Host Antibodies and COVID-19
Proteins. Nanomaterials 2022, 12, 1456. [CrossRef]

119. 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 2022, 12, 13. [CrossRef]

120. Diao, B.; Wen, K.; Zhang, J.; Chen, J.; Han, C.; Chen, Y.; Wang, S.; Deng, G.; Zhou, H.; Wu, Y. Accuracy of a Nucleocapsid Protein
Antigen Rapid Test in the Diagnosis of SARS-CoV-2 Infection. Clin. Microbiol. Infect. 2021, 27, 289.e1–289.e4. [CrossRef]

121. Kiro, V.V.; Gupta, A.; Singh, P.; Sharad, N.; Khurana, S.; Prakash, S.; Dar, L.; Malhotra, R.; Wig, N.; Kumar, A.; et al. Evaluation
of COVID-19 Antigen Fluorescence Immunoassay Test for Rapid Detection of SARS-CoV-2. J. Glob. Infect. Dis. 2021, 13, 91.
[CrossRef] [PubMed]

122. Wang, D.; He, S.; Wang, X.; Yan, Y.; Liu, J.; Wu, S.; Liu, S.; Lei, Y.; Chen, M.; Li, L.; et al. Rapid Lateral Flow Immunoassay for the
Fluorescence Detection of SARS-CoV-2 RNA. Nat. Biomed. Eng. 2020, 4, 1150–1158. [CrossRef] [PubMed]

123. Wang, C.; Cheng, X.; Liu, L.; Zhang, X.; Yang, X.; Zheng, S.; Rong, Z.; Wang, S. Ultrasensitive and Simultaneous Detection
of Two Specific SARS-CoV-2 Antigens in Human Specimens Using Direct/Enrichment Dual-Mode Fluorescence Lateral Flow
Immunoassay. ACS Appl. Mater. Interfaces 2021, 13, 40342–40353. [CrossRef] [PubMed]

124. Zhu, Q.; Zhou, X. A Colorimetric Sandwich-Type Bioassay for SARS-CoV-2 Using a HACE2-Based Affinity Peptide Pair. J. Hazard.
Mater. 2022, 425, 127923. [CrossRef]

125. Lee, J.-H.; Lee, Y.; Lee, S.K.; Kim, J.; Lee, C.-S.; Kim, N.H.; Kim, H.G. Versatile Role of ACE2-Based Biosensors for Detection of
SARS-CoV-2 Variants and Neutralizing Antibodies. Biosens. Bioelectron. 2022, 203, 114034. [CrossRef]

126. Porras, J.C.; Bernuz, M.; Marfa, J.; Pallares-Rusiñol, A.; Martí, M.; Pividori, M.I. Comparative Study of Gold and Carbon
Nanoparticles in Nucleic Acid Lateral Flow Assay. Nanomaterials 2021, 11, 741. [CrossRef]

127. FDA. Mesa Biotech, Inc., Recalls Certain Accula SARS-CoV-2 Tests for Risk of False Positives Caused by Contamination; FDA: Washington,
DC, USA, 2022.

128. Agarwal, S.; Warmt, C.; Henkel, J.; Schrick, L.; Nitsche, A.; Bier, F.F. Lateral Flow–Based Nucleic Acid Detection of SARS-CoV-2
Using Enzymatic Incorporation of Biotin-Labeled DUTP for POCT Use. Anal. Bioanal. Chem. 2022, 414, 3177–3186. [CrossRef]

129. Zheng, C.; Wang, K.; Zheng, W.; Cheng, Y.; Li, T.; Cao, B.; Jin, Q.; Cui, D. Rapid Developments in Lateral Flow Immunoassay for
Nucleic Acid Detection. Analyst 2021, 146, 1514–1528. [CrossRef]

130. Rahman, M.M. Progress in Electrochemical Biosensing of SARS-CoV-2 Virus for COVID-19 Management. Chemosensors 2022,
10, 287. [CrossRef]

170



Citation: Arano-Martinez, J.A.;

Martínez-González, C.L.; Salazar,

M.I.; Torres-Torres, C. A Framework

for Biosensors Assisted by

Multiphoton Effects and Machine

Learning. Biosensors 2022, 12, 710.

https://doi.org/10.3390/

bios12090710

Received: 31 July 2022

Accepted: 25 August 2022

Published: 1 September 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biosensors

Review

A Framework for Biosensors Assisted by Multiphoton Effects
and Machine Learning

Jose Alberto Arano-Martinez 1, Claudia Lizbeth Martínez-González 1, Ma Isabel Salazar 2 and

Carlos Torres-Torres 1,*

1 Sección de Estudios de Posgrado e Investigación, Escuela Superior de Ingeniería Mecánica y Eléctrica,
Unidad Zacatenco, Instituto Politécnico Nacional, Mexico City 07738, Mexico

2 Departamento de Microbiología, Escuela Nacional de Ciencias Biológicas, Instituto Politécnico Nacional,
Mexico City 11340, Mexico

* Correspondence: ctorrest@ipn.mx

Abstract: The ability to interpret information through automatic sensors is one of the most important
pillars of modern technology. In particular, the potential of biosensors has been used to evaluate
biological information of living organisms, and to detect danger or predict urgent situations in
a battlefield, as in the invasion of SARS-CoV-2 in this era. This work is devoted to describing
a panoramic overview of optical biosensors that can be improved by the assistance of nonlinear
optics and machine learning methods. Optical biosensors have demonstrated their effectiveness in
detecting a diverse range of viruses. Specifically, the SARS-CoV-2 virus has generated disturbance all
over the world, and biosensors have emerged as a key for providing an analysis based on physical
and chemical phenomena. In this perspective, we highlight how multiphoton interactions can be
responsible for an enhancement in sensibility exhibited by biosensors. The nonlinear optical effects
open up a series of options to expand the applications of optical biosensors. Nonlinearities together
with computer tools are suitable for the identification of complex low-dimensional agents. Machine
learning methods can approximate functions to reveal patterns in the detection of dynamic objects in
the human body and determine viruses, harmful entities, or strange kinetics in cells.

Keywords: optical biosensors; photonics; machine learning; nonlinear optics; SARS-CoV-2

1. Introduction

The field of biosensors is highly dynamic, with scientific research advances that have
mainly flourished in the last decades. Numerous biosensors have been developed for
nanotechnology, engineering, molecular biology, computer, and optics [1]. In general, there
are three types of biosensors: electrochemical, optical, and piezoelectric; each kind has
its own method for transducing signals [2]. Nanoscale functions have been shown to be
attractive for manufacturing biosensors [3].

A biosensor is a tool with the ability to detect and determine biological expressions
in an environment [4]. This involves a biorecognition fragment for a detailed union and
specifies the target molecules (enzymes, antibodies, proteins, cell receptors, toxins, DNA,
pharmacists, etc.) [5]. Due to the powerful optical characteristics of semiconductors, they
have provided great sensitivity and repeatability for integrated photonic biosensors based
on silicon [6]. The performance of the optical sensors in semiconductor platforms may
be impacted by two-photon absorption and free carrier dispersion, even if silicon offers
optical advantages [7]. Therefore, different scientific groups have oriented their work
to design other low-cost materials with advanced characteristics for developing optical
biosensors [8].

Optical biosensors outperform standard analytical techniques by allowing real-time,
label-free detection of biological and chemical compounds in a highly sensitive, selective,
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and cost-effective way [9]. Optical biosensors have been developed for detecting optical sig-
nals related to analytes via biocatalytic or bio-affinitive processes [10]. They are categorized
according to the mechanism for biosensing, which can be refraction, reflection, Raman
scattering, infrared emission, fluorescence, chemiluminescence, absorption, dispersion, or
phosphorescence [11].

Optical biosensors can be assisted by plasmonic effects in order to easily identify
a virus confirmed by molecules in exhaled air, or droplets such as those represented by
nasopharyngeal swabs and saliva [12]. In essence, plasmonic detection techniques act as a
viral pre-screening tool to enable the detection of infected individuals [13]. Biosensors have
demonstrated their ability to detect viruses in human blood: an example is dengue [14] or
chikungunya [15].

Surface plasmon resonance (SPR) has become the most sensitive label-free technique
for the detection of various molecular species in solution, and it is of great significance in
drug, food safety, and biological reaction studies [16]. SPR excitations are the result of free
electron density oscillations and the interaction of electromagnetic waves between dielectric
and metal film surfaces; the collective electronic excitations are the fundamental mechanism
behind SPR experiments [1]. The reflected light in SPR systems is significantly reduced
when the evanescent wave and the surface plasma wave produced by light resonate.

SPR technology has been utilized to produce biosensors for a variety of uses, including
plasmonic detectors, optical polarization encoding, sensing technologies, and bio-photonic
sensors [17]. SPR has been employed in several biosensor applications because it is highly
sensitive to the refractive index of materials nearby [18]. The oscillation of free electrons
in the conducting band of the metal is known as surface plasmons. They can only be
excited by a polarized wave that is orthogonal to the plane of incidence and the direction of
propagation of the surface plasmons [19]. Additionally, remarkable discoveries have been
reported for biosensors based on the Raman effect, which is an inflexible shift in radiation
frequency caused by optical light in vibrating molecules [20].

Plasmon-based technologies, such as SPR biosensors, have outstanding performance
and versatility, and they are one kind of biosensor that is able to detect COVID-19 [21]. An
SPR biosensor is capable of completing a reliable COVID-19 test in a matter of minutes
compared to other long PCR or antigen tests that patients must perform in medical centers
or hospitals [22]. Therefore, SPR-based techniques attract attention for developing biosen-
sors. The detailed processing in SPR simply involves excitation of the coupled-resonator
optical-waveguide at a fixed wavelength and imaging of coupled-resonator optical-out-
of-plane waveguide’s elastic light-scattering huge factor [23]. The method can make use
of a discontinuous transition of the coupled-resonator optical waveguide (CROW) eigen-
state excited at a fixed laser wavelength in response to a slight change inside the coating
refractive index [24].

Single protein detection has been achieved using several label-free optical techniques,
including two with imaging capabilities. One involves heating a protein solution with a
laser in an indirect manner while the change in the solvent’s refractive index is recorded.
Interferometric scattering is the base of another technique [25]. The typical method for
detecting the scattering light of plasmonic nanoparticles is based on scanning the spectra
of nanoparticles using dark-field microscopy, which is time-consuming, laborious, and
the small capacity of the sample regularly acts as a limitation [26]. On the other hand,
surface-enhanced Raman scattering (SERS) methods are also assisted by SPR effects pro-
vided by specific metal nanoparticles such as their main component [20]. The double
recognition biosensor SERS is an effective way to measure a variety of biological agents in
the laboratory [27].

Biosensors based on bimetallic nanostructures have demonstrated high sensitivity
in the detection of different substances, acting as an alternative for use [28]. In addition
to their portability and high detection efficiency, some biosensors based on SERS can be
reused more than three times when replacing the thread of the DNA substrate and washing
the microfluidic device again [29]. Recently, several SERS substrates have been developed
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for biosensor applications with a high signal improvement for superimposed plasmonic
fields. SERS is very attractive as an alternative method for detecting quantitative and
co-multiplexed DNA because it can generate specific molecular oscillation spectra [30].

SERS -based methods have had a high impact on biomolecular analysis due to several
factors, such as the fingerprint signal from the SERS nanotag and the stability [31]. As a rule,
when a laser illuminates nanoparticles immobilized with the Raman reporter molecule,
a local hotspot is initiated, and the Raman signal intensity of the reporter molecule is
amplified by several orders of magnitude [32]. So far, research papers have been published
demonstrating the potential of SERS-based methods for detecting sensitive and multiplexed
biomarkers [33]. The dispersion of the cross-section spectrum shows a peak whose position
also depends on the thickness of the biomolecular layer of the nanoparticles. The depen-
dence of the cross-section spectra and the corresponding maximum changes in the thickness
of the biomolecular layer are presented by a dispersing effect. Compared with the peaks of
the absorption and dispersion spectra, the position of the peak of the dispersion spectrum
is more sensitive to changes in the thickness of the biomolecule layer. The peak dispersion
change can be about 8 nm, while the saturable absorption can be 2.5 nm [34]. In previous
investigations, it has been pointed out that the optical characteristics of cadmium telluride
nanorods have a better property under laser excitement with the absorption coefficient of
two-photon absorption of 12.0 × 10−10 m/W at 100 μJ. Applications of cadmium telluride
nanorods seems to be promising for the next-generation nonenzymatic biosensors and
memory devices [35]. However, nonlinear optical (NLO) properties of semiconductors are
limited by power level requirements. Nonlinear semiconductors are designed to exhibit
high nonlinearity in refraction without effects associated with two-photon absorption; this
method allows waveguides to operate at low power levels. For example, it has been indi-
cated that silicon photon waveguide biosensors can detect variations in the transmission
spectrum at 1550 nm of the urine glucose concentration with the evaluation of the refractive
index [36].

It must be highlighted that NLO processes have opened up a variety of options for
improving biosensors. There are many important factors to consider when designing
nonlinear biosensors, including the refractive index of the optical media being used [37]. In
particular, optical biosensors based on photonic crystals have been reported for detecting
the concentration of the SARS-CoV-2 pathogen in water [38].

Moreover, in view of the need to overcome these issues, two branches of artificial
intelligence (AI): machine learning (ML) and soft computing, have achieved a notable
improvement in several research fields by providing agility and efficiency in different appli-
cations. Soft computing is an approach that incorporates the uncertainty and imprecision
inherent to real world, inspired by systems in nature, mostly the human brain. Thus, a main
process in these techniques is learning; machine learning, then, is related to the capability
of a machine to infer an approximate solution from past data or to discover patterns and
rules from unknown data.

In view of all these points, we analyzed different panoramic opportunities for optical
biosensors based on NLOs for the detection of SARS-CoV-2. In this direction, we high-
light how different NLO applications assisted by ML have increased their efficiency and
speed to carry out tasks assigned to advanced algorithms with a potential for their use in
sensing performance.

2. SARS-CoV-2 Biosensors

Compared to SARS-CoV and Middle East respiratory syndrome coronavirus, SARS-
CoV-2 has been shown to be far more contagious [39]. The virus, also known as SARS-
CoV-2, has had a significant negative impact on the environment and mankind, increasing
mortality rates and causing significant economic losses around the globe [40]. In the years
2002 to 2003, the severe acute respiratory syndrome (SARS) was spread by SARS-CoV-2, a
single-stranded RNA virus from the genus Beta coronavirus [41]. In 2021, RNA SARS-CoV-
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2 was frequently detected on surfaces in the medical environment, even in adaptive and
unrelated sewage [42].

Coronavirus disease (COVID-19) outbreaks in several communities have compelled
governments worldwide to enact stringent controls such as blockades, border closures,
and widespread screening [43]. The SARS-CoV-2 virus is compatible with the coronavirus
family with single-stranded gene RNA and surface proteins such as membranes, envelopes,
nucleocapsids, and spikes [44]. Cryo-electron microscopy was utilized to establish the
structure of the SARS-CoV-2 spike glycoprotein, which was then used for the creation of
cell-specific vaccinations [45].

The symptoms of being infected by the SARS-CoV-2 virus can be varied; some symp-
toms are coughing, discomfort, and fever [46]. Several techniques are available for rapid
measurement of antigen levels from both nasopharyngeal secretions and saliva, provid-
ing fairly satisfactory duplication of molecular assay results [47]. When performing the
standard diagnosis, RNA extraction of the nasopharyngeal swab is required, followed by
quantitative reverse transcription PCR (RT-QPCR) [48]. In recent years, some of the investi-
gations have been focused on the design of optical biosensors for the efficient and rapid
detection of the SARS-CoV-2 virus. The recognition elements of optical biosensors can be
divided into aptamers, molecular imprint polymers (MIPs), and antibodies [49]. Wenjuan
and his colleagues created the first unique microfluidic biosensor using Fresnel reflection
for the detection of SARS-CoV-2 without a label that is quick, simple, and sensitive [50].

In order to identify the SARS-CoV-2 virus, optical biosensors can generate several
wavelengths and collect data on heart rate, nitric oxide levels, pulse oximetry, and kidney
function [51]. Courtney and colleagues created a successful biosensor with the ability to de-
tect nucleic acids and with the option to improve with high convergence and mismatch [52].
Silicon nitride low-loss photonic wires have been used in the optical transmission waveg-
uide devices to develop a complementary metal-oxide semiconductor compatible with
the plasma-enhanced chemical vapor deposition process [53]. Ebola, HIV, and norovirus
viruses have been detected by optical biosensors based on resonators, optical biosensors
based on the waveguides, photonic biosensors based on crystals, and fiber-based optical
biosensors [54]. In the latest investigations, the possibility of detecting the COVID-19 virus
with a low 0.22 pm detection limit has been reported and the difference between SARS-CoV
of the SARS-CoV-2 was distinguished by a plasmonic sensor [55].

One of the most intriguing and extensively researched devices is one made by utilizing
surface nanopatterning technology. Nanopattern subwavelength characteristics promote
actions such as guided mode resonance [56], SERS [56], or localized SPR [57]. Those
structures make it possible to identify light interactions with certain biological analytes at
the sensor surface effectively.

In order to increase the sensibility of sensing materials, photonic crystals have been
proposed as periodic arrangements of dielectric materials built in an area of incoming
radiation [58]. Similar to the bandgap in semiconductors, they have a photonic bandgap
where it is forbidden for some wavelengths to pass through their structure [59].

In the past two decades, integrated photonic biosensors have become the focus of
significant study because they can be miniaturized and can effectively detect relatively
low concentrations of analytes in real time [60]. According to Srivastava and colleagues,
the magnified changes caused by the conversion to photonics are sensitive to changes in
the refraction index of the sensing medium; this makes the nanostructures an excellent
choice for a biosensor [61]. Most of the photonic integrated sensors employ the concept of
evanescent field detection, where the analyte adheres to a bioreaction layer on the surface of
the wave guide and interacts with the evanescent field of the guided wave [62]. The initial
displacement in particular biosensors may be increased by about four orders of magnitude
by utilizing preselection to choose the polarization and postselection to create destructive
interference [63]. This signal enhancement approach can simplify the optical components
and lower the cost of the sensor device in addition to measuring the spin-dependent
splitting in biosensors [64]. Furthermore, due to its distinct optical characteristics, the
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photonic spin Hall effect has generated a lot of study in recent years [62]. On-chip resonant
or interferometric devices are used to translate changes in the optical phase, which cannot
be detected directly, into changes in the optical power [63].

SPR biosensors are particularly effective in detecting bacterial viruses and pathogens
among various biodetection methodologies [65]. By using this method, slow PCR and
ELISA techniques are avoided. The first investigation by Wrapp and colleagues focused
on the high affinity of the SARS-CoV-2 protein with ACE2 [66]. More recently, a unique
localized SPR biosensor with the twin capabilities of plasmonic photothermal and sensing
transduction was presented [67].

A very efficient technique for rapid detection is worth mentioning. It is without
labels and is precise for a variety of pathogens and viruses that have been based on
SPR [68]. In the past, it was asserted that an SPR-based biosensor could recognize the feline
calicivirus in about 15 min [69]. In the same way, a very similar discovery was obtained
for human enterovirus 71 (EV71) [70]. Research has found different forms of rapid and
precise detection of COVID-19, and nanophotonic biosensors have been developed [67].
An SPR optical biosensor with a gold nanoparticle coating was successfully developed by
researchers as a COVID-19 detection device [71]. For the potential detection of coronavirus
illness, different optical biosensors with localized SPR have been presented [72].

It is possible to improve SPR platforms of localized SPR devices for the identification
of COVID-19 [73]. Ren-min and Oulton’s study demonstrated the use of the nanolaser
method as a biological optical detector [74]. For monitoring small chemical molecules,
photonic glass fiber biosensors have been integrated by using porous silicon structures [75].
In order to find comparative chemical compounds, photonic crystal fiber biosensors based
on a porous silicon have also been described [76]. Typically, the SPR biosensor is employed
to identify biological or chemical materials [77]. Previous experiments demonstrated the
potential of SPR biosensors for viral detection without real-time labels [78]. An overview of
representative works in this area is shown in Table 1.

Table 1. Representative optical biosensors papers for the detection of SARS-CoV-2.

Journal Detection Limit Analyte Types Optical Effect Year Reference

Biosensors and Bioelectronics 2 μL The genes of S, N, and
Orf1ab

Evanescent wave
fluorescence 2021 [79]

Talanta 1.0 mg/mL Immunoglobulins (G, M,
and A) Colorimetric 2021 [80]

Talanta 12.5 ng/mL IgG antibody Evanescent wave
fluorescence 2021 [81]

Sensors and Actuators B: Chemical 1 and 0.033 ng/mL Spike 1 protein Fluorescent bifunctional 2022 [82]

Chemical Engineering Journal 43.70 aM RNA-dependent RNA
polymerase gene Electrochemiluminescence 2022 [83]

Environmental Science: Nano 32.80 aM RNA-dependent RNA
polymerase gene Electrochemiluminescence 2022 [84]

Biosensors and Bioelectronics 2.75 fM
Spike protein, matrix

protein, envelope protein,
and nucleocapsid

Colorimetry
G-quadruplex 2020 [85]

Virology - Nucleocapsid protein Luminescence 2021 [86]

Talanta 59 aM Nucleic acid Electrochemiluminescence 2022 [87]

Chemical Engineering Journal 7.8 aM RNA-dependent RNA
polymerase gene Electrochemiluminescence 2022 [88]

Viruses 50 μg/mL Angiotensin-converting
enzyme 2 Bioluminescent 2021 [89]

Cold Spring Harbor Laboratory 50 μg/mL Angiotensin-converting
enzyme 2 Bioluminescent 2020 [90]

Physica Scripta 1020 nm/refractive
index unit (RIU)

Pathogens of
SARS-CoV-2 Refractive index 2022 [38]
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Table 1. Cont.

Journal Detection Limit Analyte Types Optical Effect Year Reference

Sensors and Actuators B: Chemical - Spike protein Optical interferometry 2021 [91]

SSRN Electronic Journal 833.33 nm/RIU Spike glycoprotein Refractive index 2022 [92]

Talanta 514 aM

spike protein,
nucleocapsid protein, the

RNA-dependent RNA
polymerase gene

Electrochemiluminescence 2022 [93]

Sensors 0.1 fM Open reading frames 1ab
gene Electrochemiluminescence 2022 [94]

Talanta 0.22 pM Spike protein Refractive index 2021 [55]

Analytica Chimica Acta 48 ng/mL SARS-CoV-2 spike
antigen Colorimetric 2021 [95]

Analytica Chimica Acta 1.0 × 10−6 RIU
Spike protein

receptor-binding domain Fresnel reflection 2021 [96]

2021 IEEE 15th International
Conference on Nano/Molecular

Medicine & Engineering
(NANOMED)

114.07 nm RIU−1
COVID-19 virus

detection by delivering
quick, dependable results

Refractive index 2021 [22]

Scilight ∼106 virions/mL
SARS-CoV-2 proteins
(membrane, envelope,

and spike)
Colorimetric 2021 [97]

Biosensors and Bioelectronics 17 aM
SARS-CoV-2 RNAs with

single molecule
sensitivity

Electro-optofluidic 2021 [98]

Biosensors and Bioelectronics - Nucleic-acid-based
testing Colorimetric 2021 [99]

Journal of the American Chemical
Society - Spike antigen and

cultured virus Luminescent 2022 [100]

Biosensors and Bioelectronics 370 vp/mL SARS-CoV-2 virus
particles in one step

Nanoplasmonic
resonance 2021 [101]

ACS Applied Materials & Interfaces 0.21 fM RNA-dependent RNA
polymerase gene Electrochemiluminescence 2021 [102]

In vitro models 1 μg/mL S protein of SARS-CoV-2 Colorimetric 2022 [103]

Biosensors and Bioelectronics 3 copies/μL
Two regions in

nucleocapsid gene (N1
and N2 genes)

Fluorescence polarization 2021 [104]

Biosensors and Bioelectronics 1 mg/mL Immunoglobulins G and
M Optical/chemiluminescence 2021 [105]

Viruses 100 pM Spike proteins,
nucleocapsid proteins Fluorescent 2022 [106]

Microchimica Acta 4.98 ng/mL−1 Angiotensin-converting
enzyme 2 Colorimetric 2021 [107]

From Table 1, we can observe different optical and photonic biosensors that perform
the function of detecting SARS-CoV-2. The advantage of using optical biosensors is the
ease of use. The optics tools have demonstrated with some applications the ability to
improve the resolution, speed, and efficiency of biosensors. Moreover, biosensors based
on nonlinear absorption, Raman dispersion, or SPR can present advantages in biosensing
regarding the potential for multiphoton effects. Table 2 presents these characteristics for
detection of SARS-CoV-2. Table 1 describes biosensors assisted by optical effects, while
Table 2 mentions biosensors that are related to multiphoton effects.
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Table 2. Representative multiphoton biosensors papers for the detection of SARS-CoV-2.

Journal Detection Limit Analyte Types Optical Effect Year Reference

IEEE Sensors Journal 2.5 ng/mL Nucleocapsid protein Plasmonic fiber optic
absorbance 2021 [108]

Biosensors 0.047 μg/mL SARS-CoV-2 pseudovirus Surface plasmon
resonance 2022 [109]

Biosensors and Bioelectronics 0.77 fg/mL−1 Spike protein Raman scattering 2021 [110]

Sensors and Actuators B:
Chemical 50 and 10 pfu/mL Angiotensin-converting

enzyme 2 Raman scattering 2022 [111]

ECS Meeting Abstracts - Antibodies to
SARS-CoV-2

Surface plasmon
resonance 2021 [112]

Analytical Chemistry 45.6 to 86 ng mL−1 Nucleocapsid protein Plasmonics 2022 [21]

Biosensors and Bioelectronics 2 ng/spot spike S1, spike S1 S2, and
the nucleocapsid protein Fluorescent plasmonics 2021 [113]

Sensors 4.2 μg/mL Spike protein Photonics 2021 [114]

Analyst 12 fg mL−1 Spike S1 protein Surface plasmon
resonance 2022 [115]

Biomedical Vibrational
Spectroscopy 2022: Advances in

Research and Industry
- Spike protein Raman spectroscopy 2022 [116]

Plasmonics 152◦/RIU

Spike proteins,
membrane proteins,

envelop proteins, and
nucleoprotein

Surface plasmon
resonance 2022 [117]

Sensors 250 μg/mL Spike (S1 and S2) proteins Surface plasmon
resonance 2021 [118]

IEEE SENSORS 2021 8.34 ng/mL Spike protein Surface plasmon
resonance 2021 [119]

Biosensors and Bioelectronics 1 μg/mL Nucleocapsid antibody Surface plasmon
resonance 2022 [120]

AIP Advances 54.04 RIU−1 Spike glycoprotein Surface plasmon
resonance 2021 [67]

Analytical Chemistry - Spike surface
glycoprotein

Surface-enhanced
infrared absorption 2021 [13]

Matter 10 PFU/mL Spike glycoprotein and
membrane protein Raman scattering 2022 [121]

ACS Applied Nano Materials 200 PFU/mL Spike proteins Raman scattering 2022 [122]

ACS Nano 0.22 pM RNA-dependent RNA
polymerase

Localized surface
plasmon resonance 2020 [123]

Analytical Chemistry - Angiotensin-converting
enzyme 2

Surface plasmon
resonance 2020 [124]

Biosensors and Bioelectronics 150 ng/ml Detect SARS-CoV-2
nucleocapsid proteins

Localized surface
Plasmon resonance 2022 [125]

Analytical Methods 200 μL Spike and nucleocapsid
proteins

Surface plasmon
resonance 2021 [126]

Sensors & Diagnostics 10 RU Spike protein Surface plasmon
resonance 2022 [127]

Biosensors and Bioelectronics 2 × 1011

particles/mL
Nucleocapsid

phosphoprotein gene Raman scattering 2022 [128]

BioChip Journal 1.02 pM Antibodies against
nucleoprotein

Surface plasmon
resonance 2020 [129]

Nanoscale Advances 4.5 fg/mL−1 SARS-CoV-2 spike
protein Raman scattering 2022 [130]
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Table 2. Cont.

Journal Detection Limit Analyte Types Optical Effect Year Reference

Biosensors and Bioelectronics 0.08 ng/mL SARS-CoV-2 spike
protein

Localized surface
plasmon resonance 2020 [131]

Analytical Chemistry 4 mg/mL SARS-CoV-2 spike
protein

Surface plasmon
resonance 2021 [132]

Plasmonics 1 × 1013 per m2 Thiol-tethered DNA of
SARS-CoV-2

Surface plasmon
resonance 2021 [133]

Talanta 0.046 ng/mL SARS-CoV-2 spike
protein Raman scattering 2022 [134]

Talanta 100 pg/mL−1 Measurement of
SARS-CoV-2 antibody

Photonic resonator
absorption 2021 [135]

Talanta 37 nM SARS-CoV-2 spike
glycoprotein

Surface plasmon
resonance 2021 [136]

3. Biosensors Assisted by Machine Learning

As was mentioned before, ML is a subfield of artificial intelligence (AI) that provides
another way to gain insight into complex data [137]. ML uses computational systems
to simulate human learning and gives the algorithm the ability to recognize and acquire
knowledge of the environment to improve performance [138]. Complex biological systems
are naturally compatible with ML methods that can effectively detect hidden patterns [139].
Predictive information multiplexed can be obtained by increasing analysis of responses in
a sequence [140].

ML-assisted biosensors can be used in complex environments and without having the
characteristics of a laboratory study [141]. A typical process is shown in Figure 1. Raw
data acquired by a biosensor are preprocessed (data filtering, missing values, segmentation;
normalization is also carried out early in this step to homogenize scales or data types)
according to the nature of the data. Features or characteristics are then extracted to represent
the differences in the data and also to reduce the amount of data. This features set X is called
features space. Dimensionality reduction of X is carried out to select the most significant
variables and decrease complexity. It is worth mentioning that the quality of data is relevant.
ML learns from the sample; if there is noise or the sample is not significant, overfitting will
occur and the performance of the algorithm will be poor.

 

Figure 1. Biosensors assisted by ML.
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In general, three types of problems can be approximated with ML: classification,
regression, and clustering problems. Dimensionality reduction by itself is also consid-
ered a type of problem solved by ML, and clustering is commonly a previous step in a
classification problem.

According to the nature of X, the learning process in ML is divided into two main
categories: supervised and unsupervised learning (Figure 2). When the inputs X are
known or labeled, the learning process is called supervised. The objective in a problem
of classification or prediction (regression) is to approximate a function f(X) = Y + ε, to
approximate the output or labels Y with an error ε. In this learning process, ML methods
use a subset of X to train a model. Once the model has been trained, it is tested with the
rest of the available data. This step is repeated until the approximate function reaches
an error goal; then, the model is released to classify or predict new unknown data. A
balance among two types of error should be taken into account: bias, which is the result of
the assumptions of data behavior in learning the objective function, and variance, which
indicates how different the function approach will be according to the training dataset
used. Different algorithms are used for these learning processes; some of them are usually
applied to data analysis, such as linear regression. Other algorithms categorized in ML
are logistic regression, support vector machines (SVM), naïve Bayes, decision trees, and
k-nearest neighbors (KNN). On the other hand, the learning process is called unsupervised
when X is not labeled; here, the objective is to discover the patterns in the data to generate
clusters with similar features. The most popular algorithm for this learning process is
k-means.

Figure 2. ML categories according to the nature of the features space.

Soft computing algorithms are those strictly inspired by nature, for instance, artificial
neural networks (ANNs), fuzzy systems, genetic algorithms, swarm algorithms, and
ant colony optimization algorithms. Soft computing methods are especially useful for
optimization problems; in this sense, ANNs and other ML algorithms optimize the error of
the objective function.

The acquisition of information can be enhanced by automatic learning tools [142]; in
this direction, optical biosensors have made a great contribution to medicine by being non-
invasive and ultrafast. On the other hand, ML can improve these results, simplifying the
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analysis of the raw data from the biosensors output, to approximate a solution to different
problems. For instance, (a) classification, for detection or diagnosis and treatment decisions
support; (b) regression, to predict and prevent non-desirable events; and (c) clustering, to
find groups of data that share features, such as symptoms, characteristics of a disease, or a
strange behavior in different scales (e.g., enzymes, hormones, cells, organs, systems, and
the whole body). The signals provided by the optical biosensor can be monitored in real
time to outflow tract constructions that are useful in ML methods [143].

For instance, a supervised automatic learning method with optimized characteristics
has been implemented to consider the effects of decreased enzymatic activity [144] or
glucose in a sample [145]. ML regression statistical models have been applied to estimate
the current response of a second-generation amperometry glucose oxidase biosensor [146].

Neural Networks in Biosensors

An artificial neural network (ANN) consists of a node layer that has an input layer,
one or additional hidden layers, and an output layer [147]. Every node or artificial nerve
cell connects to a different node and has acceptable weights and thresholds [148]. Once
a private node output exceeds a threshold, that node is activated and sends data to a
consequent layer within the network [149], as illustrated in Figure 3.

 

Figure 3. ANN common structure.

There is research demonstrating the improvement in the use of neural networks (NNs)
in the enhancement of signal processing. In fact, it has been found that the combination of
spectrum in spectrograms is an effective way to classify strong signs of biosensors [150]. In
biosensors, pathogen agents and neurons associated with the disease have an important
value. In recognition of the excellent classification capacity of the convolutional neuronal
network model, it is also possible to perform the classification of a disease using biosen-
sors [151]. An example of this is Mennel and colleagues, who conducted an image detection
study applying an ANN [152].

In recent years, optical biosensors have received attention from the scientific com-
munity due to their advantages, such as detection with high sensitivity [153]. Different
fluorescent materials such as quantum dots [154] and fluorescent microspheres have been
used [155]. A technique to measure the fluorescent signal is excitation using a sensitive
fluorometer; this determines the concentration of the bacteria. Instead of determining
the target bacteria concentration, fluorescent bacteria can also be counted directly. NNs
algorithms fulfill the function of processing the images obtained from fluorescent bacteria.
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NNs processing manages to calculate the amount of fluorescent points faster to determine
the target bacteria [156].

4. NLO Processes Analyzed with ML

Prediction of nanoscale functions in multiphoton experiments is attractive for de-
scribing different NLO effects [157]. Analysis of third-order NLO techniques by ML has
conjointly progressed throughout the last decade [158], considering all-optical functions for
sensing and signal processing by ML [159]. There has been growing interest in generating
pulses with repetitive frequencies on the order of gigacycle per second with the assistance
of deep learning [160]. Measurements of ultrafast optical pulses for sensing represent
challenges for scientific research in ML methods [161].

A roadmap of representative research on NLO applying ML methods is shown in
Figure 4. ML for studying chaotic nonlinear dynamics [162], self-tuning for mode-locked
lasers [163], laser optimization [164], and the measurement of extremely short pulses;
it should be noted that their duration is much shorter than the response times of most
photodetectors [165]. Ultrashort pulses are widely used to monitor chemical reactions,
control THz radiation, cipher pulses for communication, and form optical pulses [166]. ML
has been used to measure time unit pulse duration using time unit detectors [167].

 

Figure 4. Roadmap of investigations based on NLO processes assisted by ML and soft
computing [168–176].

The most promising methodology to atone for nonlinearities in single channel systems
is the digital backpropagation algorithm, which works by digitally modeling the fiber chan-
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nel [177]. The disadvantages of this method are the high procedure complexity of the time
period application and also the impossibility of accurately modeling the channel because of
the looks of random parameters [178]. For these reasons, analysis on nonlinear compensa-
tion is currently centered on computing techniques [179]. Extraordinarily short pulses are
troublesome to explain due to the massive variety of the parameters concerned [180]. With
such systems, small changes in state variables will cause changes in momentum dynamics,
which is particularly necessary with ML-based algorithms [168–176] (Roadmap).

4.1. Second-Harmonic Generation

The second-order NLO process in which photons that interact with a nonlinear ma-
terial “combine” effectively is known as second-harmonic generation (SHG) [181]. SHG,
which depends on a second-order NLO difference system, permits specialists to perform
non-checking and non-horrendous imaging of tissue structures at the cell level [182]. Cur-
rently, when relevant areas in SHG images are detected, further medical actions can be
proposed [183]. However, no simplifying assumptions or analytic solutions have been
found to obtain SHG’s accurate spatial phase distribution [184]. The core measures em-
ployed in SHG simulation continue to be numerical techniques such as the split-step
method and the Fourier-space algorithm [185].

The variation that uses SHG is simple for frequency-resolved optical gating (FROG).
In fact, the pulse-shaping community frequently employs SHG FROG in nonlinear spec-
troscopy and coherent anti-Stokes Raman diffusing to discover potential extremely complex
beats [186]. Furthermore, due to well-known trivial ambiguities, it has been mathemati-
cally demonstrated that all pulses may be uniquely predicted by SHG FROG [187]. More
recently, a nonlinear time-domain finite difference method was developed by modifying
Yee’s algorithm into a potent modeling technique that can take nonlinear phenomena such
as second- or third-harmonic generation into consideration [188]. Intrinsic signals can be
viewed as label-free using a nonlinear mode of multiphoton excitation called SHG [189].
Qun and colleagues have applied the SHG effect with the help of ML methods to develop
images of the samples of thick heart tissue [190].

Since the discovery of quartz’s piezoelectricity more than a century ago, the need for
effective materials for novel piezoelectric and NLO applications has steadily increased.
Although piezoelectric materials are supposed to have the highest electromechanical co-
efficients, excellent SHG characteristics are crucial for NLO applications [191]. ANNs
speed up optimization of genetic algorithms and store sample information that can be
easily generalized to other samples with minimal additional training [192]. Hall and col-
leagues developed an impartial and efficient algorithm to quantify the images of SHG in
tissues [193].

The continuous wave laser radiation in the UV range is often realized due to nonlinear
effects such as four-wavelength mixing or SHG [194]. ANNs speed up optimization
of genetic algorithms and store sample information that can be easily generalized to
other samples with minimal additional training [195]. Deep-ultraviolet NLO crystals for
current and upcoming basic research and technology requirements, a succinct SHG output
wavelength, and a frequency conversion ratio are crucial [196]. SHG coefficients are shown
to be inversely related to the band gap via the sum-over-states formula [197].

By using second-order NLO differential elements in SHG imaging, specialists can
conduct label-free, non-destructive studies of tissue architecture [198]. Up to the current
date, there is no published study that suggests using ML to instruct users about adjustable
NLO vulnerability and exchanging behavior for sensing [199].

4.2. Nonlinear Optical Absorption

The optical absorption coefficient of a material that depends on irradiance is known as
nonlinear optical absorption [200]. The absorption coefficient disappears at the dissipation
intensity. In other cases, absorption is observed at low intensities, but the absorption
coefficient increases or decreases at high intensities [201]. In order to address nonlin-
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ear tomographic absorption spectroscopy issues, Deng et al. looked deeper into how
well other complicated deep ANNs, such as deep belief networks and recurrent ANNs,
performed [202]. It is advantageous for photonic computing applications because of its
straightforward design, very quick operation, and high NLO coefficient [203]. However,
only basic investigations of direct absorption-spectroscopy-based deep learning algorithms
for nonlinear tomography issues have been performed [204]. Only temperature or particle
concentration may be reconstructed using the deep learning network provided [202].

4.3. Optical Kerr Effect

The Kerr nonlinearity has an NLO impact when light induces a change in the refrac-
tive index by different physical mechanisms such as electronic polarization or molecular
orientation. It can be portrayed as an induced birefringence caused by optical irradiance
and is dependent on the square of the electric field that can be supervised by ML [205].

The Kerr law of nonlinearity emerges when a light wave in an optical fiber meets
nonlinear responses because of nonharmonic mobility of electrons trapped in molecules
produced by an external electric field [206]. Solli and colleagues observed for the first time
the rogue waves in one-dimensional settings in the field of optics [207]. Chalcogenide
glass, which has a very strong Kerr effect and reacts right away to electrical stimulation,
was employed by Gopalakrishnan and colleagues to obtain experimentally meaningful
values for the above described [208]. Jhangeer and his colleagues developed an algorithm
capable of obtaining wave solutions of exact paths of complex nonlinear partial differential
equations [209]. This is achieved by improving the perturbative nonlinear Schrödinger
equation with the nonlinear Kerr effect, which is an important equation for soliton testing
in optical communication networks.

4.4. Sum Frequency Generation

A second-order NLO mechanism called sum frequency generation (SFG) works by
annihilating two input photons with each frequency ω1 and ω2 while simultaneously gener-
ating one photon with frequency ω3 [210]. When imaging self-assembled thiol monolayers
on gold using the SFG spectroscopic method, ANNs are utilized as a substitute for chemical
identification [211]. ANNs are also particularly helpful for solving issues when it is difficult
or impossible to provide realistic physical or mathematical models [212].

4.5. Self-Phase Modulation

An NLO result for the interaction between matter and the vectorial nature of light is
self-phase modulation (SPM). Due to the optical Kerr effect, a medium’s refractive index
changes when an ultrashort light pulse passes across it [213]. Since NN can adaptively
correct for distortion, NN-based digital signal processing has been researched to account for
nonlinear effects in wireless communication systems [214]. Only intensity-modulated direct
detection transmission methods have been analyzed for nonlinear distortion correction
in optical communication systems. In order to correct for the distorted multilevel optical
signal caused by SPM, Shotaro and colleagues suggested a novel nonlinear equalization
technique employing NN [215]. Caballero and colleagues developed a method with the
ability to estimate signal-to-noise linear ratio and nonlinear ratio considering SPM assisted
with an NN [216].

4.6. Raman Amplifiers

The reasonable choice of pump powers and wavelengths is a key element in accom-
plishing a wanted Raman pick-up profile. This is often a challenging assignment as the
relationship between power profile versus pump powers and wavelengths is nonlinear
and requires broad numerical reenactments to anticipate [217]. Raman amplifiers have
lately attracted fresh interest as a result of their ability to amplify broadband signals by the
assistance of ML when used in a multi-pump laser arrangement [218]. In addition, they
have reduced noise when using distributed amplifiers and ML [219]. The Raman ampli-
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fiers’ capacity to arbitrarily set the gain by varying the pump power and wavelength is
another distinctive quality improved by ML [220]. This gives optical amplifiers and optical
communication systems unprecedented flexibility and capacity for dynamic adaptation by
using deep learning techniques [221]. An example is distributed Raman amplifier (DRA),
which is an important amplification method in optical communication systems due to its
low noise figure and flexible wideband gain obtained by using ML [222]. Raman gain
design and analysis have benefited greatly from the successful use of ML in other domains
of optical communication in recent years [223].

Optimizing the pump design to obtain the appropriate gain spectrum at the amplifier
output is the key research goal of the Raman amplifier [218]. This challenging optimization
issue calls for the solution of a set of nonlinear differential equations. Many algorithms
have been developed [224], as well as ANN [225] or ML [226] to find a solution to the
conflict between the pump setting and the intended spectral gain setting. Currently, an
ML strategy has been proposed for single-mode fibers [227] and few-mode fibers [225]. A
dataset of hundreds of advantage bends made with erratic pump powers and wavelengths
is used to train an NN to consider the relationship between the pump parameters [228].

4.7. Surface-Enhanced Raman Scattering

Molecular polarizability can be used to explain Raman scattering [229]. Electrons
and nuclei are shifted when a molecule is put in an electric field [230]. An electric dipole
moment is produced in the molecule because of the separation of charged species, and the
molecule is said to be polarized [231]. A molecule scatters irradiant light from a source laser
in the Raman method, which is a light scattering technique [232]. Most of the scattered
light is of the same wavelength as the laser source and hence useless, but a tiny quantity of
light is dispersed at various wavelengths and so is beneficial [233].

The molecules can be coherently driven to a state of breath and can then generate
signals that are usually of a stronger magnitude than the spontaneous Raman disper-
sion [234]. This happens when there is a difference between the pump field and the Stokes
field in the coincidence in active vibrations of the molecules in the sample [235]. By ana-
lyzing NLO effects, a quick and efficient response is required; an example is the impact of
amplified spontaneous emission and nonlinear interference reported by Margareth and
colleagues [236].

Raman microscopy is another option for label-free imaging; however, because of the
poor effectiveness of Raman scattering, neuron imaging with ordinary spontaneous Raman
scattering needs a considerable exposure period [237]. Plasmonic materials have been
employed to boost the Raman technique’s sensitivity. Pengju and colleagues utilized a
calculation based on ML to classify the ordinary and extracellular cancer vesicles and
parties [238].

SERS, which has sensitivity down to the level of a single molecule, is perfect for
multichannel detection [239]. Based on this idea, SERS physiology was very recently
developed in order to offer speculative details about nearby cellular metabolites [240] by
accumulating time-based SERS spectra constantly. The way the data were processed also
had limitations in the original photophysiological trials for SERS. An ML method that is
adaptable was proposed by Leong and colleagues [241].

4.8. Summary of Representative Nonlinear Optical Effects Assisted by ML Algorithms

The progress and development of new research in ML has opened up the opportunity
to advance new techniques for the collection and interpretation of information in applica-
tions in different sciences. By joining the different optical processes to the interpretation of
ML data, it opens up a variety of options and applications. The development of biosensors
based on optical processes has provided the ability to detect biological agents in different
organisms, facilitating their analysis. The study of the NLO processes assisted by ML
involves the extraction of the properties that can represent fundamental information for
sensitive classifying and segmentation.
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NLO processes have been developed for the use of detection of different materials that
can be used for improving biosensors. The most used multiphoton process for the detection
of the SARS-CoV-2 virus has been Raman scattering; this is due to its advantages in the field
of optics. Table 3 shows different NLO processes that are assisted by computer systems.

Table 3. NLO processes assisted by computational methods.

Journal or Conference
Event

Application Optical Effect Year Reference

Sensors Optical biosensors supported by algorithms for rigorous
monitoring and control in the identification of bacteria Light Diffraction 2020 [242]

PLOS ONE
Comparison between Marquardt Algorithm vs. Newton
Iteration Algorithm for biomolecular interaction process

between antigen and antibodies or receptors

Optical Surface Plasmon
Resonance 2015 [243]

Scientific Reports Improves the image difference between normal tissues
and tumors SHG 2021 [244]

BMC Cancer An independent predictive measure of metastasis-free
survival in patients with invasive ductal cancer SHG 2020 [245]

SPIE LASE Enhanced Pulse Extraction Algorithm FROG used
for geometry SHG 2019 [246]

Atmospheric Measurement
Techniques

Measures the error between CO and CO2 by nonlinear
absorption and fluctuations in interference coefficients Nonlinear Absorption 2013 [240]

Journal of Lightwave
Technology

A scheme allowing the soliton comb to be determined under a
specific pump scan, with an error of <8%, verified by

experimental measurements
Optical Kerr Effect 2020 [247]

SSRN Electronic Journal Tackling the effects of the intra-polarization self-phase
modulation and inter-polarization cross-phase modulation SFM 2022 [248]

Optics Express Optimizes the pump wavelength Raman Amplifiers 2020 [249]

Optical Fiber
Communication

Conference (OFC) 2020
Gains improvements for a few mode fiber amplifiers Raman Amplifiers 2020 [250]

Spectrochimica Acta Part
A: Molecular and

Biomolecular Spectroscopy
Detection of quantity of chlorpyrifos in rice. Raman Scattering 2021 [251]

Food Chemistry Quantifies the systemic fungicide residues of Benzimidazole
(Thiabendazole) in apples Raman Scattering 2021 [252]

ACS Nano Performs the measurement simultaneously from gradients, at
least eight in vitro metabolites along with different cell lines Raman Scattering 2019 [253]

2021 IEEE International
Conference on Big Data

(Big Data)

Improves rapidity in the inspection of the techniques of
images of cellular and tissue pathology Raman Scattering 2021 [254]

2018 Cross Strait
Quad-Regional Radio
Science and Wireless

Technology Conference
(CSQRWC)

Sorts different varieties of honey Raman Scattering 2018 [255]

In Proceedings of the 2021
IEEE 21st International

Conference on
Nanotechnology

Label-free method for detection of protective anthrax antigens
based on SERS Raman Scattering 2021 [256]

Table 4 shows different applications that improve the analysis of the processes of the
NLOs assisted by computer systems. Figure 5 shows the different nonlinear optical effects
mentioned in this work, with a sample of SARS-CoV-2 as an example.
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Table 4. Publications about NLO processes assisted by ML.

Journal Application Algorithm Nonlinear Optical Year Reference

Journal of Lightwave
Technology A standard for optical quality

A new approach to
direct-learning-based

pre-distortion using ANN

High throughput
coherent optical 2020 [257]

2017 International
Conference on Orange
Technologies (ICOT)

Using a Computer-Aided
Diagnosis (CAD) system, stem

cells in the stratum basale
are studied

Convolutional ANN Third-harmonic
generation 2017 [258]

Optical and Quantum
Electronics

Optimizing the wavelength
conversion for four-wave mixing
in a quantum dot semiconductor

optical amplifier

A fresh method based on
ANN and genetic algorithms Four-wave mixing 2021 [176]

IEEE Photonics Journal
Extrapolates helpful

characteristics and details from
the SERS signal

A novel approach to enhance
SERS signals using principal
component analysis as an ML

approach

Raman scattering 2020 [259]

Applied Optics Encryption scheme

A fresh nonlinear picture
encryption method using the
Fresnel transform domain’s

Gerchberg–Saxton phase
retrieval algorithm

Fresnel transform
domain 2014 [260]

Micromachines
In optical micro-resonators,

achieves high-fidelity
harmonic production

Algorithm Broyden Fletcher
Goldfarb Shanno

High-fidelity
harmonic 2020 [261]

APL Photonics

A unique method for eliminating
Cross-Phase Modulation (XPM)

coherent artifacts in
ultrafast pumping

XPMnet algorithm Cross-phase
modulation 2021 [262]

IEEE Photonics Journal
Showcases an optical phase
conjugation photoelectric

nonlinear compensation method
Complex-valued deep NN Optical phase

conjugation 2021 [263]

Optics Express

The deep residual network is
used to forecast the Raman

spectra of ice and water to detect
the ice-water contact as an

identification challenge

Deep-learning-based
component identification for

mixed Raman spectra
Raman scattering 2019 [264]

Environmental Science
and Pollution Research

Examines the impact of the
fungicide difenoconazole on the

quality of rat sperm

Compare the effectiveness of
three categorization

algorithms
Raman scattering 2019 [265]

IEICE
Communications

Express

Improved performance in terms
of bit error rate and error vector

magnitude by effectively
compensating for the nonlinear

distortion brought on by
cross-phase modulation

A cutting-edge digital signal
processing method based on

ANN for cross-phase
modulation correction

Cross-phase
modulation 2018 [266]

Optics
Communications

Creates empirical physical
formulations based on

experimental evidence for the
light-scattering amplitude

response functions of nematic
liquid crystals, which are

intrinsically nonlinear

Layered feedforward ANN Light-scattering 2011 [267]

IEICE
Communications

Express

Compensates nonlinear distortion
in optical communication systems A three-layer ANN Self-phase

modulation 2017 [268]

Scientific Reports
SHG coefficients of NLO crystals

with different diamond-like
features are being studied

Random forests regression Second-harmonic
generation 2020 [269]

IEEE Journal of
Selected Topics in

Quantum Electronics

A nonlinear activation function in
a feed forward optical NN Optical ANN Electro-optic 2019 [270]

186



Biosensors 2022, 12, 710

Table 4. Cont.

Journal Application Algorithm Nonlinear Optical Year Reference

2019 9th International
Conference on Cloud

Computing

Provides scenarios that
demonstrate the relationship

between quantum computers and
a light of light in the NLO

Algorithm assisting photonic
operations

Four-wave mixing
and cross-phase 2019 [271]

Chemical
Communications

Ratiometric analysis is used to
provide a model for the

prediction of the depth of two
“flavors” of SERS active nanotags

buried inside pig tissue

A proof-of-concept approach
for the prediction Raman scattering 2022 [272]

International Journal of
Optics

Inference abilities for the task of
classifying images

The deep NN with all-optical
diffraction Nonlinear diffraction 2021 [273]

Advanced Photonics

Enhancement of the third-
harmonic generation in optimized
metasurfaces and contributes to

improving the amplitude of
optomechanical vibrations

Deep learning techniques for
the inverse design of

nanophotonics

Third-harmonic
generation 2020 [274]

Conference on Lasers
and Electro-Optics

Performs image and audio
classification

A universal algorithm for
backpropagating

Second-harmonic
generation 2021 [275]

Optical Materials
Express

Activation functions for fully
connected ANN, emulated in

tensor flow
Photonic ANN

Induced transparency
and reverse saturated

absorption
2018 [276]

Optik
Encryption security has been

improved to the greatest extent
possible to fend off attempts

Modified Gerchberg Saxton
Iterative Algorithm

Optical nonlinear
cryptosystem 2021 [277]

Optics and Lasers in
Engineering

Checks the security of a dual
random-phase-coding-based

nonlinear optical cryptosystem

chosen-plaintext attack
algorithm and

known-plaintext attack
algorithm modifications

Based on double
random phase

encoding, the NLO
cryptosystem

2021 [278]

 

Figure 5. NLO effect schemes proposed for biosensing.
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5. Perspectives

Optical biosensors have evolved to visualize biological functions as a microscope
has evolved to identify effects of energy. Some optical biosensors can focus the impact of
optical and multiphoton nonlinearities to detect the SARS-CoV-2 virus. The optical effect
of fluorescence has been used to identify the SARS-CoV-2 virus as well as bacteria, cancer
cells, and other viruses. The signature of optics in biosensors has taken advantage of the
collection of more information for the detection of biological agents as a non-invasive tool.

Due to the frequency and phase-changing capabilities of the laser light that interacts
with NLO materials, they rank among the most intelligent materials of our time [264]. A
cutting-edge topic of study for the theoretical and experimental community is the creation
of NLO documents [279]. Organic materials must have relatively nonlinear properties due
to electrons moving to orbits π − π [280]. This expectation explains the extensive research
on NLO materials for developing biocrystals.

The use of organic crystals as NLO materials has been increasingly promoted by the
easy manipulation of these crystals, allowing control of the NLO properties of the material.
Compounds exhibiting strong nonlinearity are of great interest to the field of nonlinear
optics, as they are used to fabricate devices operating at high speeds [281]. Researchers
have been able to produce silicon-organic hybrid waveguides with bandwidths as high as
100 Gbit per second using organic NLO materials [282].

Optical biosensors can be applied to acquire information from remote sensing and one
of the tools used for the interpretation of information can be based on ML. The function of
the use of ML in biosensors allows automating the device to perform an action depending
on the information collected. The diverse forms of emission and optical absorption in
nonlinear biosensors are fascinating and are unexplored in several conditions that can be
addressed by ML techniques for describing biological functions.

The disadvantage of AI derivatives is that there is a paucity of existing information
on studies with NLO effects and nanomaterials, but this opens up an opportunity for new
discoveries.

In the collection of information, different algorithms were found that analyze NLO
effects. In Table 4, some algorithms are observed in different applications; NLO processes
are unexplored for designing platforms related to biosensing performance, but they have
promising potential.

6. Conclusions

ML has the potential to fundamentally change the practice of data analysis. Optical
biosensors are well positioned to take advantage of ML, which leads to greater efficiency
and precision. By combining the ML analysis tools and multiphotonic effects for the
increase in applications in optical biosensors, it is clear that there is potential for a better
interpretation of biological agents. In this work, a perspective for optical biosensors in
virus detection is described.

The processing and classification of large amounts of data allowed by ML lead to
extraordinary interpretations and unique predictions in the study with optical biosensors.
In this work, optical biosensors assisted by ML for virus detection are proposed, specifically
for SARS-CoV-2. By applying different NLO phenomena, the use of ML can optimize the
biosensing performance due to its ability to handle large amounts of information. It was
pointed out that there is still a vast field of research regarding the party effect of ML on
nonlinear optical biosensors.

In this work, it is observed that ML can be useful for estimating different NLO
interactions, although the current limited evidence does not support the superiority of
ML and automation over study analysis in NLO processes. However, the handling and
classification of large amounts of data allow envisioning that ML can play a crucial role in
predictions of NLO-based biosensors. In this work, various studies that can be envisioned
for the classification and organization of information in experiments with AI are proposed.
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242. Buzalewicz, I.; Suchwałko, A.; Karwańska, M.; Wieliczko, A.; Podbielska, H. Development of the Correction Algorithm to Limit
the Deformation of Bacterial Colonies Diffraction Patterns Caused by Misalignment and Its Impact on the Bacteria Identification
in the Proposed Optical Biosensor. Sensors 2020, 20, 5797. [CrossRef]

198



Biosensors 2022, 12, 710

243. Hu, J.; Ma, L.; Wang, S.; Yang, J.; Chang, K.; Hu, X.; Sun, X.; Chen, R.; Jiang, M.; Zhu, J.; et al. Biomolecular Interaction Analysis
Using an Optical Surface Plasmon Resonance Biosensor: The Marquardt Algorithm vs Newton Iteration Algorithm. PLoS ONE
2015, 10, e0132098. [CrossRef] [PubMed]

244. Mirsanaye, K.; Uribe Castaño, L.; Kamaliddin, Y.; Golaraei, A.; Augulis, R.; Kontenis, L.; Done, S.J.; Žurauskas, E.; Stambolic, V.;
Wilson, B.C.; et al. Machine Learning-Enabled Cancer Diagnostics with Widefield Polarimetric Second-Harmonic Generation
Microscopy. Sci. Rep. 2022, 12, 10290. [CrossRef] [PubMed]

245. Desa, D.E.; Strawderman, R.L.; Wu, W.; Hill, R.L.; Smid, M.; Martens, J.W.M.; Turner, B.M.; Brown, E.B. Intratumoral Heterogeneity
of Second-Harmonic Generation Scattering from Tumor Collagen and Its Effects on Metastatic Risk Prediction. BMC Cancer 2020,
20, 1217. [CrossRef]

246. Jafari, R.; Jones, T.; Trebino, R. 100% Robust and Fast Algorithm for Second-Harmonic-Generation Frequency-Resolved Optical
Gating. Real-Time Meas. Rogue Phenom. Single-Shot Appl. IV SPIE LASE 2019, 10903, 22. [CrossRef]

247. Tan, T.; Peng, C.; Yuan, Z.; Xie, X.; Liu, H.; Xie, Z.; Huang, S.-W.; Rao, Y.; Yao, B. Predicting Kerr Soliton Combs in Microresonators
via Deep Neural Networks. J. Light. Technol. 2020, 38, 6591–6599. [CrossRef]

248. Costa, C.; Borges, L.; Penchel, R.A.; Abbade, M.L.F.; Giacoumidis, E.; Wei, J.; de Oliveira, J.A.; Santos, M.; Marconi, J.D.; Pita, J.L.;
et al. Self-Phase Modulation and Inter-Polarization Cross-Phase Modulation Mitigation in Single-Channel Dp-16qam Coherent
Pon Employing 4d Clustering. SSRN Electron. J. 2022. [CrossRef]

249. Chen, Y.; Du, J.; Huang, Y.; Xu, K.; He, Z. Intelligent Gain Flattening in Wavelength and Space Domain for FMF Raman
Amplification by Machine Learning Based Inverse Design. Opt. Express 2020, 28, 11911–11920. [CrossRef]

250. Chen, Y.; Du, J.; Huang, Y.; Xu, K.; He, Z. Intelligent Gain Flattening of FMF Raman Amplification by Machine Learning Based
Inverse Design. In Proceedings of the Optical Fiber Communication Conference (OFC) 2020, San Diego, CA, USA, 8–12 March
2020; Optica Publishing Group: San Diego, CA, USA, 2020; p. T4B.1.

251. Jiang, L.; Mehedi Hassan, M.; Jiao, T.; Li, H.; Chen, Q. Rapid Detection of Chlorpyrifos Residue in Rice Using Surface-Enhanced
Raman Scattering Coupled with Chemometric Algorithm. Spectrochim. Acta Part A Mol. Biomol. Spectrosc. 2021, 261, 119996.
[CrossRef]

252. Li, H.; Mehedi Hassan, M.; Wang, J.; Wei, W.; Zou, M.; Ouyang, Q.; Chen, Q. Investigation of Nonlinear Relationship of Surface
Enhanced Raman Scattering Signal for Robust Prediction of Thiabendazole in Apple. Food Chem. 2021, 339, 127843. [CrossRef]

253. Lussier, F.; Missirlis, D.; Spatz, J.P.; Masson, J.-F. Machine-Learning-Driven Surface-Enhanced Raman Scattering Optophysiology
Reveals Multiplexed Metabolite Gradients Near Cells. ACS Nano 2019, 13, 1403–1411. [CrossRef]

254. Burzynski, N.; Yuan, Y.; Felsen, A.; Reitano, D.; Wang, Z.; Sethi, K.A.; Lu, F.; Chiu, K. Deep Learning Techniques for Unmixing of
Hyperspectral Stimulated Raman Scattering Images. In 2021 IEEE International Conference on Big Data (Big Data); IEEE: Piscataway,
NJ, USA, 2021; pp. 5862–5864.

255. Fang, Z.; Wang, W.; Lu, A.; Wu, Y.; Liu, Y.; Yan, C.; Han, C. Rapid Classification of Honey Varieties by Surface Enhanced Raman
Scattering Combining with Deep Learning. In Proceedings of the 2018 Cross Strait Quad-Regional Radio Science and Wireless
Technology Conference (CSQRWC), Xuzhou, China, 21–24 July 2018; IEEE: Piscataway, NJ, USA, 2018; p. 18092502.

256. Sha, P.; Dong, P.; Deng, J.; Wu, X. Rapid Identification and Quantitative Analysis of Anthrax Protective Antigen Based on Surface-
Enhanced Raman Scattering and Convolutional Neural Networks. In 2021 IEEE 21st International Conference on Nanotechnology
(NANO); IEEE: Piscataway, NJ, USA, 2021; pp. 155–158.

257. Paryanti, G.; Faig, H.; Rokach, L.; Sadot, D. A Direct Learning Approach for Neural Network Based Pre-Distortion for Coherent
Nonlinear Optical Transmitter. J. Light. Technol. 2020, 38, 3883–3896. [CrossRef]

258. Lee, G.-G.C.; Haung, K.-W.; Sun, C.-K.; Liao, Y.-H. Stem Cell Detection Based on Convolutional Neural Network via Third
Harmonic Generation Microscopy Images. In 2017 International Conference on Orange Technologies (ICOT); IEEE: Piscataway, NJ,
USA, 2017; pp. 45–48.

259. Gupta, A.K.; Hsu, C.-H.; Lai, C.-S. Enhancement of the Au/ZnO-NA Plasmonic SERS Signal Using Principal Component Analysis
as a Machine Learning Approach. IEEE Photonics J. 2020, 12, 20013846. [CrossRef]

260. Rajput, S.K.; Nishchal, N.K. Fresnel Domain Nonlinear Optical Image Encryption Scheme Based on Gerchberg–Saxton Phase-
Retrieval Algorithm. Appl. Opt. 2014, 53, 418–425. [CrossRef] [PubMed]
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