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Comparison Study of Four Commercial SARS-CoV-2-Rapid
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Ziga Jelen — Ivan AnZel — Rebeka Rudolf*
University of Maribor, Faculty of Mechanical Engineering, Slovenia

During the corona virus (COVID-19) pandemic, there was a sharp increase in the need for diagnostic tests that could detect the presence
of SARS-CoV-2 virus or its antibodies quickly and reliably. An important type in the group of diagnostic tests are rapid antigen lateral flow
immuno-assay (LFIA) tests, which operate on the immuno-chromatographic principle with the lateral flow of analyte. Clinical practice in the last
year has shown that such diagnostic tests can be effective in preventing the spread of the SARS-CoV-2 virus.

The development, and, thus, the production of the rapid antigen LFIA tests, is influenced by a number of factors that determine their
sensitivity and accuracy indirectly. These factors are directly dependent on the type of antibody produced, which is formed as an immune
response when infected with the virus. The production of the rapid antigen LFIA tests is associated with the appropriate selection of basic
components that determine the type and quality of these tests. The basic components include: substrates and membranes, antigens, antibody
labels and compatible buffers. The correct choice of membranes and their materials is crucial to compiling an effective rapid antigen LFIA test.

This study therefore presents a comparative analysis of four commercially available SARS-CoV-2-rapid LFIA tests using state-of-the-
art characterisation techniques scanning electron microscopy (SEM), inductively coupled plasma-optical emission spectrometry (ICP-OES),
environmental scanning electron microscope / energy-dispersive X-ray spectroscopy (ESEM/EDX), Fourier-transform infrared spectroscopy
/ attenuated total reflection (FTIR/ATR) for the individual components. The obtained results were the starting point for the development and
assembling of our own rapid antigen LFIA test based on gold nanoparticles as antibody labels.
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Highlights

e The characteristic of commercially available SARS-CoV-2-rapid LFIA tests were studied.

*  The structures and morphology of the pads (sample, conjugate, additional pad, absorbtion) were described.

*  The Au content in the conjugate pad varies between 0.05 ug to 0.12 ug.

*  The presence of the impurities: Ca, Al, Si, K, Fe and Ni was detected by ESEM/EDS analysis on fibre surfaces in the conjugated
pads.

*  The total time until the control line becomes visible varies between 42.5 s to 86.77 s.

0 INTRODUCTION Lateral flow immuno-assay (LFIA) is a quick
and easy method to detect various analytes (viruses,
antibodies, bacteria, hormones, etc.) in various
samples, such as blood, urine, saliva, serum, plasma.
The result of the test is shown in only a few minutes,
and the result itself is the signal (colour) of the test
area test line, which is most often marked as ’T”". The
indicating pigment is formed from protein conjugates
with AuNPs, that can bind selectively to specific
proteins or molecules [7]. These are later immobilised
on a thin line when they are captured by surface bound
antigen molecules on the test line. AuNPs, namely,
give quantitative and/or semi-quantitative responses,
and, with that, a direct signal soon after the reaction
with the proteins.

Rapid antigen LFIA tests present an important
aspect in preventing the spread of the diseases such
as SARS-CoV-2 coronavirus (COVID-19) [8]. The

Given the severity, speed and complexity of the
transmission of SARS-CoV-2 virus, it is particularly
important for early diagnosis and understanding
of the epidemiological characteristics of the
disease, to ensure the safety of the population while
reducing disease transmission. The field that offers
innovative solutions to many clinical problems
related to the diagnosis, treatment and prevention
of COVID-19 is the field of Nanotechnology and
the use of nanomaterials for virus detection. Among
nanomaterials, gold nanoparticles (AuNPs) are the
most promising, as they have unique optical properties
associated with localised surface plasmon resonance,
and, at the same time, they are highly biocompatible
[1] and [2]. AuNPs can also be used use in medicine

and biomedicine, especially in diagnosing viruses,
bacteria, as well as in the treatment of cancer. In order
to prevent the spread of COVID-19, a fast and reliable
diagnosis is a must [3] to [6].

principle of operation of a typical LFIA test is simple:
A liquid sample (or an extract thereof) containing
the analyte is applied to a sample pad that acts like
a sponge, as it retains the excess liquid sample. After
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wetting the sample pad, the sample begins to move
laterally due to capillary action - first to a conjugate
pad containing the applied dry AuNPs or a similar
marker (e.g., latex, silica, carbon) [9] conjugated to
a specific protein such as the SARS-CoV-2 Spike
S1 antigen, and AuNPs conjugated to monoclonal
recombinant IgG antigens (e.g., rabbit, mouse,
chicken) [10] and [11]. At this point, a chemical
reaction (binding) occurs between the desired analyte
and AuNPs conjugated to the SARS-CoV-2 Spike S1
antigen to form a complex. The antibody-conjugate/
analyte complex is captured on the test line, which
contains either an identical protein or similar antigens.
The remaining AuNPs conjugated with the IgG
antigen travel to the control line, which is most often
marked: “C”, and are immobilised, forming a line.
After passing the sample across the membrane and
test lines, the excess fluid or buffer is adsorbed into
the absorbent pad.

If the target analyte is present, the test line will
be coloured. The control line must be coloured even if
the target analyte is not present, since this signifies the
correct operation of the test.

Acute coronavirus 2 respiratory syndrome
(SARS-CoV-2) leads to the infectious disease
COVID-19, first reported in Wuhan, China in
December 2019. Since then, the disease has spread
worldwide. SARS-CoV-2 is a highly contagious virus
and spreads to humans through the respiratory tract,
especially through droplets, aerosols, and contact
with contaminated surfaces [12]. The number of
virus replicates was estimated to be about 2.68, with
a doubling time of 6.4 days. Its incubation period
from infection to the first symptoms in a person is, on
average, 5 to 14 days [13] and [14].

SARS-CoV-2 is a single-stranded, positive-
directional RNA virus. The virus belongs to the genus
beta-coronaviruses, and has a diameter of 50 nm
to 200 nm. SARS-CoV-2 is characterised by spike
glycoproteins that protrude from its surface and give
it its characteristic appearance. The SARS-CoV-2
genome encodes four major structural and functional
proteins: Thorns (S), membrane (M), envelope (E),
and nucleocapsid (N) proteins. Protein S consists of
two functional subunits, S1 and S2; S1 is responsible

Table 1. List of the Sars-Cov-2 LFIA antigen rapid tests

for recognising and binding the host cell receptor, i.
angiotensin 2 conversion enzyme (ACE2) [15], while
S2 mediates membrane fusion. Protein M is the most
common structural protein that determines the shape
of the virus. Protein N is the most secreted viral protein
among infections, and can be detected in serum and
urine samples during the first two weeks of infection.
The smallest major structural protein is E, which is
involved in the virus assembly and pathogenesis [16]
and [17]. Lateral traction analysis allows qualitative
virus detection. Such tests have many advantages for
rapid diagnostic testing of COVID-19, as they are
simple, affordable, require minimal sample volumes
(10 pL to 20 pL), do not require additional analytical
equipment and give results in minutes [18].

A key requirement for LFIA rapid antigen tests
set by the World Health Organization is that they
have at least 90 % diagnostic sensitivity. In the case
of diagnostic performance compared with the device
used as a reference, the diagnostic sensitivity must be
at least equivalent to the reference devices as defined
in Directive 98/79/EC. The diagnostic specificity must
be at least 98 %. Assessments of diagnostic specificity
and diagnostic sensitivity must have at least 95 %
confidence intervals [19]. In this study, we compared
four commercially available rapid antigen LFIA tests
using state-of-the-art characterisation techniques for
individual components, with the aim of identification
their chemical composition and other properties that
are crucial for the operation of these tests.

1 EXPERIMENTAL

Four (4) LFIA rapid antigen tests from different
manufacturers were evaluated according to their
individual components, their chemical composition,
morphology and structure. The following rapid tests
were examined, as presented in Table 1. Particular
attention was focused to the investigation of a
conjugate pad containing dry antigens conjugated
with AuNPs.

To achieve a concise overview of their
manufacture we used the following analytical
methods:

Short name Full name Manufacturer

Acro ACRO Rapid Test ACRO BIOTECH, Inc.

Citest Citest CITEST DIAGNOSTICS INC.
Singclean Singclean IVD COVID-19 Test Kit (Colloidal Gold Method) Hangzhou Singclean Medical Products Co., Ltd.
UNscience UNscience SARS-CoV-2 Antigen Rapid Test Wuhan UNscience Biotechnology Co., Ltd.
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1.1 Scanning Electron Microscopy (SEM)

SEM (SEM, FEI Sirion 400 NC, FEI Technologies Inc.,
Hillsboro, Oregon, USA) was used for observation
of all the different membranes’ structures (sample
pad, conjugate pad, additional pad, chromatographic
membrane, absorbtion pad) from the chosen rapid
antigen LFIA tests. The samples were glued onto
graphite holders. To minimise static charging with the
electron beam during SEM observations and to ensure
sample conductivity, the samples were subsequently
sputtered on a JFC-1100E ion sputter machine (Jeol,
Akishima, Japan) with Au for 40 s at a distance of 3
cm from the Au source.

1.2 Inductively Coupled Plasma-Optical Emission
Spectrometry (ICP-OES)

The ICP-OES (Agilent 720/725 ICP-OES, Agilent
Technologies, Santa Clara, USA) analysis was
used for the measurement of the Au content on
the conjugate pads. The following procedure was
performed in order to measure the Au concentration:
The conjugate pads were removed from the test strips
and immersed in 0.5 mL of Phosphate buffered saline
(pH = 7.4, Sigma-Aldrich Chemie GmbH Steinheim,
Germany) and sonicated for 15 min, in order to ensure
adequate Au release. Prior to analysis, the sample
was acidified with aqua regia, and the analysis was
performed at the following operating parameters: RF
power: 1.5 kW, nebuliser: Meinhard, plasma flow:
15 L/min, nebuliser flow gas: 0.85 L/min, make up
gas flow: 0.28 L/min, reaction gas flow: 4.0 mL/min.
Calibration of the instrument was performed with
matrix standard calibration solutions. The relative
measurement uncertainty was estimated to be + 3 %.

1.3 Environmental Scanning Electron Microscope (ESEM)
with Energy Dispersion Spectrometer (EDS)

An ESEM (Thermo Fischer Scientific, environmental
Prisma-E) was used in an attempt to evaluate the
structure and composition of the conjugate pads. The
purpose of this observation was to obtain information
on the volume distribution and potential type of
surface binding of AuNPs. Samples were non-coated,
and analysed at 40 Pa to avoid degassing and vacuum
drying of the sample. An EDX semi-qualitative
analysis using a detector (EDS Oxford INCA 350) was
performed to obtain information about the chemical
composition and distribution of the individual
elements (as element mapping). EDS mapping was

performed in an attempt to differentiate Au from the
background.

1.4 LFIA Test Duration

The speed of the chosen rapid antigen LFIA tests’
duration was measured by using the tests as intended,
and as described in the accompanying instructions
with just their supplied buffer solution. The start
time was taken when the first drop was placed into
the sample well, and the end time just as the control
line began to become visible. This was done on 6
consecutive tests for each different test to get an
average value.

1.5 Fourier-Transform Infrared Spectroscopy (FTIR) with
Attenuated Total Reflection (ATR)

The chemical composition of the membranes for all
chosen rapid antigen LFIA tests was determined with
FTIR (Spectrum 3, Perkin Elmer, Waltham, USA) and
ATR (GladiATR, Pike Technologies, Fitchburg, USA)
spectroscopy. The samples were placed face up on the
ATR crystal, so as to avoid the adhesive backing that
is used in rapid antigen LFIA tests. The samples were
scanned in the range of 650cm-! to 4000 cm-!, with 4
samples’ scans.

2 RESULTS
2.1 Scanning Electron Microscopy (SEM)

SEM micrographs of all membranes’ structures
from the sample pad, conjugate pad, additional
pad and chromatographic membrane were taken at
comparative and identical magnifications. In this
way, an insight was obtained into the structure and
morphology of each component.

SEM analysis revealed that the sample pads were
composed of interwoven glass fibres, together with
a binder (Figs. la to 4a). The diameter of the glass
fibres bottles was a few pm.

SEM analysis of the conjugate pads showed that
they were also composed of fibres, which had a bigger
diameter of some 10 um. The use of inert materials in
the conjugate pad is crucial, as they must ensure low
non-specific binding to the analytes, allow a constant
and even flow of the sample, as well as a consistent
volume of reagent / buffer [20] and [21]. The conjugate
pads in the Acro and Citest rapid antigen tests were
composed of organic polymer fibres (Figs. 1b and 2b),
compared to the Singclean and UNscience rapid tests
(Figs. 3b and 4b) which had a fibreglass-based pad.
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The Acro and Citest tests had an additional
pad (Figs. lc and 2c), with similar structural and
morphological properties as the conjugate pad.
Examination showed that it was composed of tightly
woven polymer fibres. Its intended function was most
likely as a filter pad, meant to protect the fine-pores of
the chromatographic membrane.

The surface of the chromatographic membranes of
the Acro and Citest tests (Figs. 1d and 2d) were visibly

more uniform in morphology when compared to the
Singclean and UNscience tests (Figs. 3¢ and 4c). It is
a representation of a homogeneous network structure.
Due to such a surface topology, these rapid antigen
tests have a larger surface area in the chromatographic
membranes. In contrast, at larger magnifications, the
finer pore sizes of the Acro and Citest tests (Figs. le
and 2e) clearly indicate that they have a significantly
higher available surface area. The surface area in the

Fig. 1. SEM micrographs of the Acro rapid antigen test membranes: a) sample pad, b) conjugate pad, c) additional pad,
d) chromatographic membrane, e) detail from the chromatographic membrane, f) absorption pad

Fig. 2. SEM micrographs of the Citest rapid antigen test membranes: a) sample pad, b) conjugate pad, c) additional pad,
d) chromatographic membrane, e) detail from the chromatographic membrane, f) absorption pad

A

Fig. 3. SEM micrographs of the Singclean rapid antigen test membranes: a) sample pad, b) conjugate pad,
¢) chromatographic membrane, d) detail from the chromatographic membrane, e) absorption pad
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Fig. 4. SEM micrographs of the Singclean rapid antigen test membranes: a) sample pad, b) conjugate pad,
¢) chromatographic membrane, d) detail from the chromatographic membrane, e) absorption pad

chromatographic pad was of concern, since it dictates
the degree to which it is possible to bind the binding
biomolecules to the membrane. This is the place
where the binding between the nitrocellulose esters
and protein dipoles takes place [21] and [22] with an
average diameter of approximately 18 nm. We used
the conjugation between AuNPs and MAbs against
SSd to prepare immunochromatographic strips (ICSs.

The SEM micrographs show that the structure
of the absorption pads was almost similar, and no
porosity was observed (Figs. 1f and 4f). The fibres
were non-uniform in width and compressed in several
planes.

2.2 Inductively Coupled Plasma-Optical Emission
Spectrometry (ICP-OES)

Table 2 shows the average Au content in each rapid
antigen test, obtained indirectly by the ICP-OES
method. The results suggest that the Au content in the
rapid antigen test varies between 0.05 pg to 0.12 pg on
a single conjugate pad. The lower concentration of Au
in the Acro and Citest tests also suggests higher colour
intensity and plasmonic resonance in the AuNPs that
were used [23] and [24].

Table 2. Au content on single conjugate pads

Test m (Au) on single conjugate pad [ug]
Acro 0.055
Citest 0.05

Singclean 0.125

UNscience 0.105

2.3 Environmental Scanning Electron Microscope (ESEM)
with energy dispersion spectrometer (EDS) mapping

ESEM by using EDS quantitative analysis was
performed to determine the distribution of individual
elements to gain insight into the elemental mapping
on the fibre surface of the conjugate pad.

a8 oEaBEm

Fig. 5. ESEM/EDS elemental mapping on the fibre from the
conjugate pad (Acro rapid antigen test)

Fig. 5 shows the EDS elemental mapping of the
area on the fibre surface (as presented with the red
frame) of the Acro rapid antigen test conjugate pad.
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The analysis confirmed the presence of ZnCl on the
fibre surface, as well as carbon and oxygen, which are
present throughout the analysed area and originated
from the polymer base. No Au was detected in this
rapid antigen test, as well as no impurities such as e.g.
Ca, Al Si, K, Fe and Ni.

(callsi | L Jcilleellni]

Fig. 8. ESEM/EDS elemental mapping on the fibre from the
conjugate pad (Singclean rapid antigen test)

Fig. 6. ESEM/EDS elemental mapping on the fibre from the
conjugate pad (Citest rapid antigen test)

Fig. 7. EDS spectrum of the surface spots - link Fig. 6

Fig. 6 shows the EDS elemental mapping of
the area on the fibre surface of the conjugate pad
of the Citest rapid antigen test. Carbon and oxygen
are present across the entire analysed area. Au and
impurities such as Ca, Al, Si, K, Fe and Ni were Fig. 9. ESEM EDS map of the UNscience test conjugate pad

< Jcillee i)
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detected in trace amounts. The additional EDS point
analysis shows that the spots on the fibre surface are
rich in Al (see the spectrum in Fig. 7).

Fig. 8 shows the EDS elemental distribution of
the region on the fibre surface of the Singclean rapid
antigen test conjugate pad. The fibres appear to be
rich in Si, Ca and Al. Au and impurities such as Ca,
Al, Si, K, Fe and Ni were detected in traces at the sites
of analysis. The fibres are mostly organic, consisting
of O and C.

Fig. 9 shows the EDS elemental distribution of
the area on the fibre surface of the UNscience rapid
antigen test conjugate pad. The fibres appear to be
rich in Si, Ca, K and Al. Au and additional impurities
Fe and Ni were detected in traces at the analysis sites.
Also, here, the analysis shows that the fibres are
mostly organic, consisting of O and C.

Based on the revealed morphology of AuNPs, it
can be concluded that the AuNPs were synthesised
with the same technology.

2.4 LFIA Test Duration

The total test time of all SARS-CoV-2 antigen rapid
tests was read from the instructions, and was, in
almost all cases, recommended at about 20 min. This
time is defined as required in order to ensure that all
the reagents have time to be rehydrated, released, and
can react with the target proteins.

Experiments with all the SARS-CoV-2 antigen
rapid tests have shown that the total time until the
control line becomes visible, was considerably
shorter compared to the instructions (see Table
3). On this basis, the fact was established that the
affinity between the conjugated AuNP and glass
fibres was significantly lower. This means that it took
significantly less time to colour the control line and
its full visibility. The next important finding is that
the time when the control line is completely coloured
is of the essence. Namely, a faster time usually does
not mean that a quick antigen test is better. Previous
studies [21], [22], [25] and [26] have found the exact
opposite, finding that the longer the analyte flow time,

Table 3. Time needed for the control line to become visible

the longer the test time, the better the sensitivity of the
rapid antigen test.

2.5 Fourier-Transform Infrared Spectroscopy (FTIR) with
Attenuated Total Reflection (ATR)

FTIR/ATR spectra of the individual pads were
performed in order to identify their composition.
Since conjugate pads are coated with AuNPs’
conjugates, before analysis they were washed with
demineralised water and sonicated individually for 1
min in demineralised water.

The spectra of the individual sample pads for all
rapid antigen tests as shown in Fig. 10, indicate that
they are composed of silicon boron glass fibres. The
EDX spectrums (from Part 2.3) suggest a similar
composition. FTIR also revealed the presence of a
polyester based binder [27].

The spectra in Fig. 11 showed that both the
Acro and Citest rapid antigen tests use a similar
material for a polyester fibre-based conjugate pad
[27]. In comparison, the spectra of the Singclean and
UNscience conjugate pads, shown in Fig. 12, revealed
that they are composed mainly of glass fibres. The
spectra suggest that small residues of the binder
remained. Most of the binder was likely removed
during the washing steps. Both the Acro and Citest
tests had an additional pad, placed after the conjugate
pad. The chemical composition as identified by
FTIR is shown in Fig. 13, and it was identical
to the polyester based conjugate pads. The SEM
micrographs, however, revealed a significantly finer
pore size, suggesting these pads are used for filtration.

The chemical composition of the chromatographic
membrane was similar in all the sampled tests. The
spectra displayed in Fig. 14, reveal the content of a
nitrated cellulose [28]. Analysis of the absorption
pads revealed that they are composed of cellulose, as
shown in Fig. 15.

3 DISCUSSION

Detailed analysis of the SEM micrographs showed
that the available rapid antigen LFIA tests are

Test LIs] LIs]

t t t3 ty ts Iy Average t by t3 ty ts te Average
Acro 52 55 52 60 57 54 55.00 56 59 54 60 59 56 57.33
Citest 55 60 60 62 63 55 59.17 74 80 91 83 78 78 80.67
Singclean 35 37 35 39 43 38 37.83 44 42 42 44 56 43 4517
UNscience 41 42 38 40 28 32 36.83 44 45 46 49 33 38 42.50
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Fig. 10. ATR-FTIR spectra of sample pads for all rapid antigen tests indicate the presence of glass fibres with a polyester-based binder
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Fig. 11. ATR-FTIR spectra of the conjugate pads from the Acro and Citest rapid antigen tests show the presence of polyester fibres

generally similar in construction, not in the materials
used, and with some special technical details such as
the use of additional filter membranes. Comparative
SEM/ESEM/EDX and FTIR/ATR analyses revealed
that the use of fibrous materials was limited to
polymers, cellulose, glass fibres and nitrocellulose.
Investigations have shown, that nitrocellulose
is an exclusive material that is used typically in
chromatographic membranes.

The ESEM/EDS elemental mappings showed
significant contaminations with impurities such as Ca,
Al Si, K, Fe and Ni in the conjugate pad. Whether

Comparison Study of Four Commercial SARS-CoV-2-Rapid Antigen Tests: Characterisation of the Individual Components

this was a result of impurities in the reagents or
residue from machinery cannot be determined at this
point. The results of the impurity research show that
LFIA rapid antigen tests are insensitive to impurities,
although their concentration on the conjugate pad is
not negligible. The presence of Si and Al, as detected
by EDX analysis, and the presence of B-Si glass
detected by FTIR, indicate that the glass fibres are
based on the borosilicate glass of alumina.

A study of the individual components of four
commercially available rapid antigen LFIA tests
showed that the materials used for the key components
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Fig. 13. ATR-FTIR spectra of additional pads on the Acro and Citest rapid antigen tests

are different. On the contrary, a review of the literature
[25], [29] and [30] showed that the materials currently
used for development of rapid antigen LFIA tests are
completely different.

The results of the SEM investigations showed that
the selection of sample and conjugate pad material
did not affect the performance of the rapid antigen
LFIA test used significantly. The structure of the
chromatographic membrane has the greatest influence
on the sensitivity of the test, where the key factor is
the size of the pores, which direct the performance,

248

sensitivity and speed of the rapid antigen LFIA tests
[31].

The structure of the chromatographic membranes
is homogeneous, with porous spaces about 5 um in
size, as can be seen from the SEM micrographs. From
the results of an additional experiment that revealed
the time required to obtain the coloured control line,
it can be estimated that faster LFIA antigen tests have
chromatographic membranes [21] with larger pores
that are estimated to be > 5 pm.
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Fig. 15. ATR-FTIR spectra of the cellulose-based absorption pads for all the rapid antigen tests

Table 4. Presentation of the materials identified in each component of the rapid antigen test

Test Sample pad Conjugate pad Filter pad Chromatographic pad Absorbtion pad

Acro Glass fibre Polyester Polyester Nitrocellulose Cellulose

Citest Glass fibre Polyester Polyester Nitrocellulose Cellulose
Singclean Glass fibre Glass fibre // Nitrocellulose Cellulose
UNscience Glass fibre Glass fibre / Nitrocellulose Cellulose

The performed analyses enabled the acquisition
of the characteristics and properties of individual
components of the rapid antigen LFIA tests, as well
as their comparison. Based on this, the final Table 4

Comparison Study of Four Commercial SARS-CoV-2-Rapid Antigen Tests: Characterisation of the Individual Components

was prepared, which gives a quick insight into the
analysed commercially available rapid antigen LFIA
tests: Acro, Citest, Singclean and UNscience.
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This study served as a basis for starting the
development of an own rapid antigen LFIA test based
on AuNPs for the detection of antibodies for the
SARS-CoV-2 virus [32].

4 CONCLUSIONS

From this study the following conclusions can be

drawn:

* Rapid antigen LFIA tests are complex in
composition, as  individual = components
have different chemical compositions and
morphological characteristics, which ultimately
results in different properties.

*  For the pads in rapid antigen LFIA tests different
materials are used, from glass fibre, polyster and
cellulose.

*  The choice of chromatographic membranes with
larger pores does not affect the sensitivity of rapid
antigen LFIA tests significantly.

* In order to know as accurately as possible the
operation of rapid antigen LFIA tests, it is
necessary to combine different characterisation
techniques and experiments that can set up
models, and, thus, a prediction for the most
reliable operation in the clinical environment.
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