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Abstract: Simple, timely, and precise detection of SARS-CoV-2 in clinical samples and contaminated
surfaces aids in lowering attendant morbidity /mortality related to this infectious virus. Currently
applied diagnostic techniques depend on a timely laboratory report following PCR testing. However,
the application of these tests is associated with inherent shortcomings due to the need for trained
personnel, long-time centralized laboratories, and expensive instruments. Therefore, there is an
interest in developing biosensing diagnostic frontiers that can help in eliminating these shortcomings
with a relatively economical, easy-to-use, well-timed, precise and sensitive technology. This study
reports the development of fabricated Q-tips designed to qualitatively and semi-quantitatively detect
SARS-CoV-2 in clinical samples and contaminated non-absorbable surfaces. This colorimetric sensor
is engineered to sandwich SARS-CoV-2 spike protein between the lactoferrin general capturing
agent and the complementary ACE2-labeled receptor. The ACE2 receptor is decorated with an
orange-colored polymeric nanoparticle to generate an optical visual signal upon pairing with the
SARS-CoV-2 spike protein. This colorimetric change of the Q-tip testing zone from white to orange
confirms a positive result. The visual detection limit of the COVID-19 engineered colorimetric Q-tip
sensor was 100 pfu/mL within a relatively short turnaround time of 5 min. The linear working range
of quantitation was 103-10® pfu/mL. The engineered sensor selectively targeted SARS-CoV-2 spike
protein and did not bind to another coronavirus such as MERS-CoV, Flu A, or Flu B present on the
contaminated surface. This novel detection tool is relatively cheap to produce and suitable for onsite
detection of COVID-19 infection.
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1. Introduction

The novel coronavirus SARS-CoV-2 was announced as an emerging global pandemic
on 11 March 2020 [1]. Recent clustering studies confirmed the spread of the SARS-CoV-2
virus from human to human [2]. The most reported symptoms of COVID-19 infection
vary from mild illness, to severe pneumonia, to severe respiratory syndrome and multi-
organ failure [3]. Months ago, the FDA approved several laboratory tests developed by
the biggest diagnostic companies for the detection of SARS-CoV-2 and the diagnosis of
COVID-19 infection. These laboratory tests include reverse transcriptase-polymerase chain
reaction (RT-PCR) that detects SARS-CoV-2 RNA and a serological test that detects IgM
and IgG antibodies produced in response to infection. SARS-CoV-2 IgM antibody detection
provides a hint of recent exposure, whereas SARS-CoV-2 IgG antibody detection indicates
a long period of infection [4]. Negative results reported from these tests do not eliminate
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the infection possibility of COVID-19 infection and should not be relied on as the sole
basis for patient treatment and management decisions. Furthermore, cross-reactivity with
other viruses and bacterial infections should be taken into consideration while reporting
positive results of COVID-19 infection. The current tests used for the detection of COVID-19
infection are expensive and require trained biomedical laboratory personnel for conducting
real-time PCR and other molecular techniques. Thus, a portable, cheap, accurate, and rapid
diagnostic test to quickly identify infected patients and asymptomatic carriers to prevent
virus transmission and assure timely patient treatment becomes more interesting day by
day. Scientists’” efforts are oriented toward the characterization of potential molecular
targets, pivotal for the detection of SARS-CoV-2 [5,6] and the development of vaccines
and therapies.

In parallel with PCR and ELISA, several biosensors have been developed for the detec-
tion and diagnosis of SARS-CoV-2. This is due to the attractive features of the biosensors,
such as high sensitivity, selectivity, and short analysis time. In general, biosensor platforms
are based on three important elements: the identification molecular target (antigens, virus,
spike protein [7]), antibody (IgG, IgM), protease (Mpro and PLp [8,9]), ACE-2, genetic
RNA [10], the recognition element (based on antibodies, peptides, proteins, aptamers, and
nucleic acid probes), and transduction and signal amplification systems (based on optical,
electrochemical, and surface plasmon resonance; mechanical systems; and fluorescent
signals) [11].

In March 2020, Zhu et al. reported the development of one-step reverse transcription
loop-mediated isothermal amplification (RT-LAMP) with a nanoparticle-based biosensor
(NBS). Although this biosensing system requires simple equipment, the system efficiency is
temperature-sensitive, wherein the sample must be maintained at a constant temperature
(63 °C) for 40 min during the test protocol. Furthermore, this assay is not suitable for onsite
application, and the analysis procedure is completed in one hour.

Remarkably, protein-based nanobiotechnology plays an essential role in the clinical
application of diagnostic biosensors [12,13]. The angiotensin-converting enzyme 2 (ACE2)
protein receptor has been identified as the functional host receptor for SARS-CoV-2 spike
protein. The ACE2 receptor mediates the virus entry and affects the pathophysiological
processes [14].

Colorimetric biosensors are ideal candidates for point-of-care diagnostics of SARS-
CoV-2 [15] because humans can easily identify the color change visually, so SARS-CoV-2
presence can be detected in symptomatic, asymptomatic, or paucysymptomatic cases at the
early stages of the infection to prevent its transmission [16]. Moreover, the change in color
can also be detected by a simple camera or intensity-based optical detector with relatively
simple algorithms to quantify test results in a low-cost and speedy way. Furthermore,
colorimetric biosensors do not require expensive analytical instrumentation [17-20]. In
this context, several studies have been conducted in terms of appropriate colorimetric
biosensor developments [21-23]. Hence, few rapid tests have been developed and used
for this purpose [24]. However, the highly insufficient sensitivity value in these rapid
antigen—antibody-based tests lowers their reliability [19,24]. As reported by Corman et.al.,
the sensitivity range of most investigated rapid tests overlaps with viral load figures from
the infectious period in most patients. Accordingly, these assays could potentially be used
in efforts to limit transmission but might not have the power to exclude SARS-CoV-2
infection in the very early and later phases of COVID-19 infection [25].

Herein, we report the development of a novel colorimetric-based biosensor for the
rapid (5 min) and sensitive (100 pfu/mL) detection of SARS-CoV-2, based on the use of
viral S1 spike protein as an identifying target. In this study, we illustrate that the binding
of SARS-CoV-2 S1 protein with the complementary ACE2 receptor labeled with orange-
colored polymeric nanoparticles resulted in a significant optical change in the Q-tip sensing
zone color comparatively with viral concentrations (Figure 1).
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Figure 1. Schematic diagram of SARS-CoV-2 colorimetric sensing Q-tips. (A) Preparation of cotton
swab-lactoferrin sensor. (I) Oxidation activation of the Q-tip cotton swab; (II) immobilization of
lactoferrin capturing agent on cotton swab surface; (III) capturing of SARS-CoV-2. (B) Colorimetric
detection assay (IV) of SARS-CoV-2 spike protein sandwiched between lactoferrin immobilized
over cotton swab surface and ACE2 receptor decorated with the orange polymeric nanoparticle;
(V) SARS-CoV-2 colorimetric detection.

2. Experimental
2.1. Materials and Reagents

1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and
N-hydroxysuccinimide (NHS) were purchased from Fisher Scientific (Gillingham, Dorset,
UK). Lactoferrin molecules were purchased from Monojo (Amman, Jordan). ACE2 human
protein was purchased from Sino Biological (Beijing, China). Carboxylic functionalized,
orange-colored polymers were obtained from Polysciences Inc. (Polysciences Inc., War-
rington, PA, USA). The orange beads were 200 nm in size and packaged as 2.5% aqueous
suspension (5.69 x 10'2 beads/mL).

The activation step of the carboxylic functionalized polymeric nanobeads was per-
formed with a mixture of EDC/NHS in phosphate buffer saline (PBS) buffer, pH 5.5. The
nanoparticles were blocked using 1% bovine serum albumin (BSA) protein in PBS bulffer,
pH 7.4, to block the free carboxylic acid on the magnetic nanoparticles. All the aqueous
solutions were prepared in Milli-Q-grade water.

2.2. Cell Line and SARS-CoV-2 Propagation

SARS-CoV-2 was isolated and propagated as described by Alhadrami et al. [26]. In
brief, Dulbecco’s Eagle medium (DMEM) was used to grow and maintain Vero E6 cells
(ATCC® number 1568). A human nasopharyngeal swab with confirmed positive SARS-
CoV-2 by RT-PCR result was used to isolate SARS-CoV-2 with gene accession number
MT630432.1. Vero E6 cells were inoculated with 95% of the isolated SARS-CoV-2 and
incubated with shaking every 15 min for 1 h at 37 °C in a CO; incubator. Subsequently,
the inoculum was replaced with 25 mL of viral inoculation medium, then incubated for
72 h at 37 °C in a CO; incubator until a cytopathic effect (CPE) was observed. Ultimately,
the supernatant was harvested and SARS-CoV-2 was stored at —80 °C. The plaque assay
was conducted as described in the following section to determine the SARS-CoV-2 titer
and TCID50. MERS-CoV was isolated from a human nasopharyngeal swab confirmed
positive by RT-PCR. The MERS-CoV-positive sample was inoculated on the 95% confluent
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Vero E6 cells and finally, the virus was harvested as described above in the propagation of
SARS-CoV-2.

2.3. Plaque Assay

The procedure for the plaque was followed as described by Alhadrami et al. [26]. Vero
E6 cells were maintained in a DMEM medium and grown to 1 x 10° mL~!. Two mL of
Vero E6 cells were placed in 96-well tissue culture plates and incubated overnight at 37 °C.
Serial dilution of the inoculated DMEM was performed and 200 pL of every dilution was
re-used on the monolayers of Vero E6 cells. The cells were then incubated for one hour at
37 °C with shaking every 15 min. The inoculum was subsequently replaced with DMEM
supplemented with 0.8% agarose and incubated for 4 days at 37 °C. The overlay was then
removed and the cells were fixed for 15 min using 4% paraformaldehyde. SARS-CoV-2 titer
was determined by counting plaques (plaque-forming units (pfu/mL), a measure used
in virology to describe the number of virus particles capable of forming plaques per unit
volume) after staining the cells with crystal violet. TCID50 for SARS-CoV-2 was calculated
as 3.16 x 10°.

2.4. Immobilization of Lactoferrin on Q-Tips

Cotton is cellulose that contains polyhydroxy groups, and it was oxidized to an
aldehyde functional group for the immobilization of lactoferrin (Figure 1-LII). The cellulose
Q-tips were activated by immersion in an acidic mixture of 100 mL of 2 mM sodium
periodate (NalOy4) and 1 mL of sulfuric acid and left stirring at room temperature overnight.
The next day, the Q-tips were thoroughly washed with deionized water to remove excess
oxidizing agents. The oxidized Q-tips were characterized by FTIR spectroscopy. KBr
pellets with the un-oxidized and oxidized Q-tips cotton were separated and run in the
FTIR machine in the transmission mode. The results indicated the appearance of a new
peak at 1730 cm ! in the oxidized Q-tips, confirming the existence of an aldehyde group.
Ultimately, the oxidized Q-tips were stored for further use.

The aldehyde functional groups on the Q-tips were used to conjugate the amino groups
on the lactoferrin. The procedure was as follows: 50 uL of the lactoferrin was added to 1 mL
of pH 7.4 PBS and mixed. The aldehyde functionalized Q-tips were immersed in buffered
lactoferrin and left to stir overnight at 4 °C. The next day, the Q-tips were washed with
PBS buffer to remove unbounded lactoferrin protein. BSA was used to block un-reacted
aldehyde functional groups by incubating the Q-tips in a solution of 1 mg/mL BSA for an
hour at room temperature. Then the Q-tips were washed extensively with PBS buffer and
stored in PBS at 4 °C for further use. The control Q-tips were prepared by incubating the
oxidized Q-tips in BSA solution (1 mg/mL) in PBS buffer at room temperature overnight.
The next day, the BSA-conjugated Q-tips were extensively washed with PBS to remove
non-bounded BSA. The BSA-conjugated control Q-tips were stored in PBS buffer at 4 °C
for future use.

2.5. Immobilization of ACE2 Human Protein on the Orange Polymeric Nanoparticles

Orange polymeric nanoparticle suspension (400 pL, 2.5% aqueous suspension) was
washed three times with 400 pL distilled water. Freshly prepared EDC/NHS solution was
prepared by mixing 1 mg EDC and 1 mg NHS in 1 mL distilled water. A total of 500 uL of
the freshly prepared EDC/NHS solution was incubated with the orange nanoparticles and
mixed at room temperature for 20 min. Then, activated colored nanoparticles were washed
five times with PBS buffer. Following, 30 pL of the ACE2 human protein was mixed with
200 pL PBS overnight at 4 °C. ACE2 human proteins conjugated to the orange nanoparticles
were washed extensively using centrifuge at 5000 rpm using PBS buffer to remove the
non-bonded ACE2 human protein. Finally, nanoparticles were incubated with 1 mg/mL
BSA in PBS for one hour to block the active sites on the activated colored nanoparticles,
followed by extensive washing with PBS to remove the bounded BSA. The ACE2 human
protein conjugated to the nanoparticles was stored in PBS buffer at 4 °C for future use.
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2.6. Sensing Protocol

The sensing protocol is summarized in Figure 1A,B. Lactoferrin was used as general
virus-capturing agent and was conjugated to the Q-tips. The Q-tip-conjugated lactofer-
rin (Figure 1-III) was used to collect and pre-concentrate the samples from artificially
contaminated surfaces (to mimic surfaces such as nose or throat) with a serial dilution
of SARS-CoV-2. The number of the virus was titrated using plaque assay. The Q-tip-
conjugated lactoferrin that captured the virus was washed thoroughly with PBS buffer to
remove the non-captured virus particles from the Q-tips. Figure 1B illustrates the visual-
ization and detection step of SARS-CoV-2 using lactoferrin-conjugated Q-tips following
immersion in a solution called developing solution that contains orange nanoparticles
conjugated with ACE2 human protein. Subsequently, the SARS-CoV-2 was sandwiched
between the lactoferrin conjugated on the Q-tips and the ACE2 human protein conjugated
with the orange nanoparticles. Control experiments were accomplished as described above,
except the Q-tips swabbed the surfaces without SARS-CoV-2. Afterward, the Q-tips were
immersed in the developing solution that contained the ACE2 human protein immobilized
on the colored nanoparticles, followed by washing with PBS buffer solution to remove the
unbound beads.

2.7. Quantitative Measurement of Q-Tip Color Change

The color change aligned with positive COVID-19 infection was detected visually and
analyzed using an image analysis software (Image]) for quantitative detection. Color inten-
sity was directly proportional to tested SARS-CoV-2 concentrations (10° to 10® pfu/mL).
Following swabbing different SARS-CoV-2 solutions and subsequent placement in the
developing solution containing the ACE2 conjugated with orange-colored nanoparticles,
Q-tips were photographed and saved in JPEG format. The Q-tip images were imported
into Image ] software and the relative brightness of the pixels within the regions of interest
was measured. To start the analysis, the measurement was set to generate the mean grey
value and the uneven background was corrected by using the “Subtract Background” tool
in the Image ] program. Then, a defined, rectangular-shape macron was recorded within
a specific-colored location in the Q-tip center and saved to be used in the analyses of all
other photos. The mean grey area was inversely proportional to the color intensity, i.e., the
mean grey area decreased by increasing test swab color intensity at higher SARS-CoV-2
concentrations. Quantitative measurement reliability was validated by calculating the
average mean grey area of at least three regions of interest (defined shape) at different
districts of the colored location.

2.8. Quantitative Method Validation

To evaluate SARS-CoV-2 diagnostic Q-tip quantitative ability and its correlation with
a specific SARS-CoV-2 concentration, linearity was carried out on six different SARS-CoV-2
concentrations ranging from 103-108. The best fit line was obtained by linear regression
analysis of the average mean grey area percentage against concentration in pfu/mL. Pa-
rameters such as the standard error of the response and the slope of the straight line
were calculated.

3. Results and Discussion

To step up and fight the COVID-19 pandemic at a critical point, it is of interest to
develop a portable, cheap, simple, rapid, and colorimetric biosensor suitable for on-site
application. In fact, the ability to conduct a diagnostic test at home and the ability to
read out the results with the naked eye will allow individuals to quarantine themselves
immediately, thus preventing infection transmission and increasing treatment efficacy.

The present study demonstrates a colorimetric assay for the detection of the SARS-CoV-2
S1 protein as an identifying target and the ACE2 receptor as the recognition element.
The colorimetric sensing biosensor comprises two parts (Q-tip detection platform immo-
bilized with lactoferrin as general capturing element, and ACE 2 receptor labeled with
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orange-colored polymeric nanoparticles) that have different functions. Lactoferrin was
primarily used because of its low cost, natural abundance, and ability to bind to most
pathogens like viruses [27,28]. Moreover, Q-tips were used because they can safely collect
and preconcentrate the viruses and are easily disposed of by incineration after use, making
them more suitable for infectious disease testing. Moreover, Q-tips licenses their use as a
disposable biosensor that can be mass-produced at low cost by companies or implemented
by clinicians and regulatory agencies and update the public to better control the potential
health risks. In addition, designed colorimetric biosensors minimize the time required to
confirm positive cases between infection and symptom appearance, preferably covering
the very early infection period (1-3 days) and eventually allowing virus replication to be
monitored in asymptomatic patients.

In the Q-tip testing zone, lactoferrin was immobilized to capture incoming pathogens,
including SARS-CoV-2, characterized by its S1 spike protein. For the diagnostic step, the
colorimetric response was monitored visually following Q-tip testing zone pairing with
the labeled ACE2 receptor. In this regard, color change from white to orange following
decorated ACE2 pairing with the SARS-CoV-2 spike protein was observed comparatively
with viral concentrations. A series of tests were performed in real nasopharyngeal samples
(artificially infected with SARS-CoV-2 and compared with uninfected negative control
samples), as shown in Figure 2A.
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Figure 2. (A) Colorimetric detection of different SARS-CoV-2 concentrations (103-10% pfu/mL).
(B) Quantitative load of the SARS-CoV-2 collected by the swab and the calibration curves of the
different SARS-CoV-2 concentrations using the sandwich colorimetric immunoassay; a plot of the
colored area percentage versus SARS-CoV-2 concentrations.
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3.1. Quantification Measurement

For quantitative purposes, fabricated Q-tips were exposed to six different concentrations
of SARS-CoV-2 (1.5 x 108 1.5 x 107, 1.5 x 106, 1.5 x 10°, 1.5 x 10%,and 1.5 x 10° pfu/mL), as
presented in Figure 2B. The current study achieved a lower limit of detection (LOD) in the
range of 100 pfu/mL in 5 min, demonstrating high sensitivity. The LOD was determined as
the lowest SARS-CoV-2 concentration that could not reliably alter the white color of Q-tips
(i.e., there was no visual color change). Negative control with no SARS-CoV-2 confirmed
no visual color change (Figure 2). It is worth mentioning that the visual reading of the LOD
was validated side by side with the control by two researchers in the lab. A minimum of
three random respondents clarified the color change (white to orange).

An increase in orange color intensity of the Q-tip was directly proportional to SARS-CoV-2
concentration (1.5 x 103 1.5 x 10%, 1.5 x 10°, 1.5 x 10°, 1.5 x 107, 1.5 x 10® pfu/mL), as il-
lustrated in Figure 2. Initially, image brightness and contrast were assessed and normalized
using Image] software (a public-domain, Java-based image-processing program developed
at the National Institute of Health) [11,12,29-32]. Then, color intensity was quantified.
Error bars represent the deviation of the colorimetric results from replications.

The calibration plot of different SARS-CoV-2 concentrations and the mean grey area
percentage indicate a linear correlation. The linear part was fitted to a linear regression
(y = 2.6857x + 21.6, R? = 0.942) in the concentration range of 10°~108 pfu/mL.

3.2. Cross-Reactivity Study

The specificity of fabricated SARS-CoV-2 sensing Q-tips was assessed by swapping
different surfaces contaminated with other respiratory viruses such as Flu A, Flu B, and
MERS COV. Afterward, Q-tips were incubated with the ACE2 receptor labeled with the
orange-colored polymeric nanoparticles (Figure 3). SARS-CoV-2-sensing Q-tips did not
reveal any color change in the presence of other viruses such as Flu A, Flu B, or MERS COV
antigens on the contaminated surfaces, showing that non-specific adsorption on the sensor
surfaces was insignificant.

Flu A FLUB MERS CO VvV

Figure 3. Cross-reactivity of SARS-CoV-2-fabricated Q-tips against other coronaviruses, including
Flu A, Flu B, and MERS COV.

3.3. Comparison with Alternative SARS-CoV-2 Biosensors Using S1 Protein as a Biomarker

Mavrikou et al. [33] developed a biosensor based on a bioelectric recognition approach
for the detection of the SARS-CoV-2 S1 protein. The biosensor provides a result within 5 min
with an LOD of about 1 pfu/mL and confirmed no cross-reactivity with the SARS-CoV-2
nucleocapsid protein. Another study introduced a one-step optical detection by applying
a spike protein nano-plasmonic resonance biosensor. This biosensor detects virus parti-
cles (LOD = 370 pfu/mL) [34] in one step within 15 min. Another study conducted by
Mabhari et al. presented a gold-nanoparticle (NP)-based electrochemical biosensor for the
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detection of the SARS-CoV-2 spike S1 antigen as an identifying target. In this biosensor, gold
NPs were utilized as a signal amplification for their significant electrical conductivity [35].
This immunosensor was sensitive with an LOD of about 10 pfu/mL. Another study that
utilized a viral spike protein as an identifying target was based on the use of a cobalt-
functionalized TiO, nanotube-based electrochemical sensor. This sensor was specific, fast,
and sensitive for detecting the S-receptor binding domain protein of SARS-CoV-2 at a
low concentration of 14-1400 nM [36]. An innovative method for fast and sensitive de-
tection of the SARS-CoV-2 S1 protein was established by utilizing the SARS-CoV-2 ACE2
receptor as an identifying element [36]. In a lateral flow immunoassay (LFIA), ACE2 and
51 protein-monoclonal antibodies were paired with each other for capture and detection.

3.4. Comparison with Alternative SARS-CoV-2 Colorimetric and Nano-Based Biosensors Using
Other Biomarkers

Table 1 demonstrates a variety of up-to-date colorimetric and nano-based biosensing
techniques presented for COVID-19 infection detection. Each assay is supported by its priv-
ilege of being highly sensitive and selective, yet their onsite practical use may be restricted
by the pretreatment procedures required and large-scale availability. In brief, reverse
transcription loop-mediated isothermal amplification (RT-LAMP) assays developed for
SARS-CoV-2 detection [37-39] overcome the limitation of qRT-PCR-based assay. Another
speedy and highly accurate assay (12 copies per reaction) was achieved by the application
of a one-step RT-LAMP mediated with a nanoparticle-based biosensor (NBS) [37]; however,
the assay duration time is 60 min [37]. On the other hand, a field-effect transistor (FET)-
based biosensor in which the SARS-CoV-2 spike antibody is conjugated to a graphene sheet
as a biosensing platform was highly sensitive and could detect 1 fg/mL of SARS-CoV-2
spike protein in PBS and 100 fg/mL in the clinical transport medium [40]. Yet, the resulting
readout is based on instrumentation. Recently, Ren et al. reported the development of a
paper-based magnetic-focus-enhanced lateral flow assay for the detection of SARS-CoV-2.
In this lateral flow assay, horseradish peroxidase was used to catalyze the colorimetric
reaction for the amplification of the colorimetric signal. The assay depicted an LOD of
400 PFU/mL in PBS buffer and 1200 PFU/mL in saliva samples with 66.7% sensitivity and
100% specificity. However, several washing steps are required during assay preparation.

Interestingly, the current diagnostic probe presents an affordable and rapid bioassay
that can diagnose samples within 5 min of sample/sensor contact with high sensitivity
and specificity.

Table 1. Shows a variety of up-to-date colorimetric and nano-based biosensing techniques presented
for COVID-19 infection detection.

Sensitivity and

Technique Method Target Sample Time (min) Specificity (%) Refs.
RT-LAMP Viral RNA Saliva 45 82.6 and 100% [41]
RT-LAMP Viral RNA Throat 30 High sensitivity [42]
RT-LAMP Viral RNA Saliva 30 85 and 100% [43]
Primer set targets
) . RT-LAMP orf7a, orf7b, and orflab Saliva 60 97 and 100% [44]
Colorimetric regions of SARS-CoV-2.
RT-PCR ) o )
DNAzyme-based sensor Viral RNA Nasopharyngeal 100 and 100% [45]
Loop-mediated Primer set targets ORFlab
isotll:ermal amplification and nucleocapsid (N) genes of ~ Saliva 16 High sensitivity [46]
P SARS-CoV-2
RT-PCR Saliva 92.7 and 99.9% [47]
Fluorometric RNA polymerase
RT-PCR (RdRp)/helicase (Hel), spike Nasopharyngeal, Long High sensitivity 48]
(S), and nucleocapsid (N) throat, and sputum processing time and specificity

genes of SARS-CoV-2
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Table 1. Cont.

Sensitivity and

Technique Method Target Sample Time (min) Specificity (%) Refs.
Dual-functional RdRp-COVID,
lasmonic biosensor ORF1ab-COVID, and Viral RNA Highly sensitive [49]
plasmonic biosenso E genes from SARS-CoV-2
Reverse transcription
loop-mediated Primer set targets of Hich sensitivit
Nano-based isothermal amplification Flab and nucleoprotein Oropharynx swab 60 ang specificit y [50]
biosensors combined with genes of SARS-CoV-2 pe y
nanoparticle-based biosensor
Field-effect transistor Specific antibody against . -, )
based biosensor SARS-CoV-2 spike protein Nasopharyngeal Highly sensitive 401
. Specific antibody against . e
Magnetic-focus-enhanced : Buffer, saliva, 66.7% sensitivity
lateral flow assay SARS-CoV-2 spike and nasal swab and 100% specificity 71

nucleocapsid protein

4. Conclusions

This study involved a major drive to develop a novel technology that provides low-
cost in-situ testing to facilitate COVID-19 infection detection and consequent treatment,
affording implementation in real-life situations, saving time, and enabling the correct action
to be taken on time with minimal interventions. The developed assay generates a visual
signal at the Q-tip testing zone from white to orange upon pairing the Q-tip infected with
SARS-CoV 2 with an orange polymeric nanoparticle carrying ACE2 receptor. The biosensor
lower visual detection limit of SARS-CoV 2 was 100 pfu/mL within 5 min and the linear
range of quantitation was 103-10% pfu/mL. This integrated approach will result in low-cost,
rapid, and accurate detection of SARS-CoV 2 in situ with immediate targeted treatment,
eliminating the need for any sample processing. Besides, this technology is not limited
to COVID-19 infection only, but could also be applied to other emerging viral infections
and pathogens.

Author Contributions: All authors conceptualized and wrote the manuscript. M.M.Z., H.A.A. and
G.A.R.YS. edited the manuscript. G.A.R.Y.S. performed the quantitative analysis. All authors have
read and agreed to the published version of the manuscript.

Funding: This project was funded by the Deanship of Scientific Research (DSR), King Abdulaziz
University, Jeddah, KSA under grant No. GCV19-39-1441. The authors therefore acknowledge the
DSR'’s technical and financial support with thanks.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

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

References

1.

Lee, P-1.; Hsueh, P-R. Emerging threats from zoonotic coronaviruses-from SARS and MERS to 2019-nCoV. J. Microbiol. Immunol.
Infect. 2020, 53, 365-367. [CrossRef] [PubMed]

Cai, J.; Sun, W.; Huang, J.; Gamber, M.; Wu, J.; He, G. Indirect Virus Transmission in Cluster of COVID-19 Cases, Wenzhou, China,
2020. Emerg. Infect. Dis. 2020, 26, 1343-1345. [CrossRef] [PubMed]

Nobel, Y.R.; Phipps, M.; Zucker, ].; Lebwohl, B.; Wang, T.C.; Sobieszczyk, M.E.; Freedberg, D.E. Gastrointestinal Symptoms and
Coronavirus Disease 2019: A Case-Control Study from the United States. Gastroenterology 2020, 159, 373-375.e2. [CrossRef]
[PubMed]

Li, Z.; Yi, Y.;; Luo, X,; Xiong, N.; Liu, Y.; Li, S.; Sun, R.; Wang, Y.; Hu, B.; Chen, W,; et al. Development and clinical application
of a rapid IgM-IgG combined antibody test for SARS-CoV-2 infection diagnosis. J. Med. Virol. 2020, 92, 1518-1524. [CrossRef]
[PubMed]

Li, G.; De Clercq, E. Therapeutic Options for the 2019 Novel Coronavirus (2019-nCoV). Nat. Rev. Drug Discov. 2020, 19, 149-150.
[CrossRef] [PubMed]


http://doi.org/10.1016/j.jmii.2020.02.001
http://www.ncbi.nlm.nih.gov/pubmed/32035811
http://doi.org/10.3201/eid2606.200412
http://www.ncbi.nlm.nih.gov/pubmed/32163030
http://doi.org/10.1053/j.gastro.2020.04.017
http://www.ncbi.nlm.nih.gov/pubmed/32294477
http://doi.org/10.1002/jmv.25727
http://www.ncbi.nlm.nih.gov/pubmed/32104917
http://doi.org/10.1038/d41573-020-00016-0
http://www.ncbi.nlm.nih.gov/pubmed/32127666

Biosensors 2022, 12, 232 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Liang, K.-H.; Chang, T.-].; Wang, M.-L.; Tsai, P.-H.; Lin, T.-H.; Wang, C.-T; Yang, D.-M. Novel biosensor platforms for the detection
of coronavirus infection and severe acute respiratory syndrome coronavirus 2. J. Chin. Med. Assoc. 2020, 83, 701-703. [CrossRef]
Ai, X.; Wang, D.; Honko, A.; Duan, Y.; Gavrish, I.; Fang, R.H.; Griffiths, A.; Gao, W.; Zhang, L. Surface glycan modification of
cellular nanosponges to promote SARS-CoV-2 inhibition. J. Am. Chem. Soc. 2021, 143, 17615-17621. [CrossRef]

Wu, Z.; Zhou, J.; Nkanga, C.L; Jin, Z.; He, T.; Borum, RM.; Yim, W.; Zhou, J.; Cheng, Y.; Xu, M.; et al. One-Step Supramolecular
Multifunctional Coating on Plant Virus Nanoparticles for Bioimaging and Therapeutic Applications. ACS Appl. 2020, 14,
13692-13702. [CrossRef]

Owen, D.R,; Allerton, C.M.; Anderson, A.S.; Aschenbrenner, L.; Avery, M.; Berritt, S.; Boras, B.; Cardin, R.D.; Carlo, A,;
Coffman, K.J.; et al. An oral SARS-CoV-2 Mpro inhibitor clinical candidate for the treatment of COVID-19. Science 2021, 374,
1586-1593. [CrossRef]

Moitra, P.; Alafeef, M.; Dighe, K.; Frieman, M.B.; Pan, D. Selective naked-eye detection of SARS-CoV-2 mediated by N gene
targeted antisense oligonucleotide capped plasmonic nanoparticles. ACS Nano 2020, 14, 7617-7627. [CrossRef]

Suaifan, G.; Alhogail, S.; Zourob, M. Rapid and low-cost biosensor for the detection of Staphylococcus aureus. Biosens. Bioelectron.
2017, 90, 230-237. [CrossRef] [PubMed]

Suaifan, G.A.R.Y.; Zourob, M. Portable paper-based colorimetric nanoprobe for the detection of Stachybotrys chartarum using
peptide labeled magnetic nanoparticles. Mikrochim. Acta 2019, 186, 230. [CrossRef] [PubMed]

Suaifan, G.A.; Al Nobani, S.W.; Shehadeh, M.B.; Darwish, R.M. Engineered colorimetric detection of Staphylococcus aureus
extracellular proteases. Talanta 2019, 198, 30-38. [CrossRef] [PubMed]

Liu, M.; Wang, T.; Zhou, Y.; Zhao, Y.; Zhang, Y.; Li, ]. Potential role of ACE2 in coronavirus disease 2019 (COVID-19) prevention
and management. J. Transl. Intern. Med. 2020, 8, 9-19. [CrossRef]

Roda, A.; Michelini, E.; Zangheri, M.; Di Fusco, M.; Calabria, D.; Simoni, P. Smartphone-based biosensors: A critical review and
perspectives. Trends Analyt. Chem. 2016, 79, 317-325. [CrossRef]

Bordi, L.; Nicastri, E.; Scorzolini, L.; Di Caro, A.; Capobianchi, M.R; Castilletti, C.; Lalle, E.; on behalf of INMI COVID-19 Study
Group and Collaborating Centers2. Differential diagnosis of illness in patients under investigation for the novel coronavirus
(SARS-CoV-2), Italy, February 2020. Eurosurveillance 2020, 25, 2000170. [CrossRef]

Stewart, M.E.; Anderton, C.R.; Thompson, L.B.; Maria, J.; Gray, S.K.; Rogers, ].A.; Nuzzo, R.G. Nanostructured Plasmonic Sensors.
Chem. Rev. 2008, 108, 494-521. [CrossRef]

De, M.; Ghosh, P.S.; Rotello, V.M. Applications of Nanoparticles in Biology. Adv. Mater. 2008, 20, 4225-4241. [CrossRef]
Dell’Atti, D.; Tombelli, S.; Minunni, M.; Mascini, M. Detection of clinically relevant point mutations by a novel piezoelectric
biosensor. Biosens. Bioelectron. 2006, 21, 1876-1879. [CrossRef]

Della Ventura, B.; Cennamo, M.; Minopoli, A.; Campanile, R.; Censi, S.B.; Terracciano, D.; Portella, G.; Velotta, R. Colorimetric
Test for Fast Detection of SARS-CoV-2 in Nasal and Throat Swabs. ACS Sens. 2020, 5, 3043-3048. [CrossRef]

Kim, H.-Y;; Lee, J.-H.; Kim, M.].; Park, S.C.; Choi, M.; Lee, W.; Ku, K.B.; Kim, B.T,; Park, E.C.; Kim, H.G.; et al. Development
of a SARS-CoV-2-specific biosensor for antigen detection using scFv-Fc fusion proteins. Biosens. Bioelectron. 2021, 175, 112868.
[CrossRef] [PubMed]

Rahmati, Z.; Roushani, M.; Hosseini, H.; Choobin, H. Electrochemical immunosensor with Cu20 nanocube coating for detection
of SARS-CoV-2 spike protein. Mikrochim. Acta 2021, 188, 105. [CrossRef] [PubMed]

Eissa, S.; Alhadrami, H.A.; Al-Mozaini, M.; Hassan, A.M.; Zourob, M. Voltammetric-based immunosensor for the detection of
SARS-CoV-2 nucleocapsid antigen. Mikrochim. Acta 2021, 188, 199. [CrossRef] [PubMed]

Scohy, A.; Anantharajah, A.; Bodéus, M.; Kabamba-Mukadi, B.; Verroken, A.; Rodriguez-Villalobos, H. Low performance of rapid
antigen detection test as frontline testing for COVID-19 diagnosis. J. Clin. Virol. 2020, 129, 104455. [CrossRef]

Corman, V.M.; Haage, V.C.; Bleicker, T.; Schmidt, M.L.; Mithlemann, B.; Zuchowski, M.; Jo, WK_; Tscheak, P.; Méncke-Buchner, E.;
Miiller, M.A; et al. Comparison of seven commercial SARS-CoV-2 rapid point-of-care antigen tests: A single-centre laboratory
evaluation study. Lancet. Microbe 2021, 2, e311-e319. [CrossRef]

Alhadrami, H.A.; Hassan, A.M.; Chinnappan, R.; Al-Hadrami, H.; Abdulaal, W.H.; Azhar, E.I.; Zourob, M. Peptide substrate
screening for the diagnosis of SARS-CoV-2 using fluorescence resonance energy transfer (FRET) assay. Mikrochim. Acta 2021,
188, 137. [CrossRef]

Alhadrami, H.A.; Al-Amer, S.; Aloraij, Y.; Alhamlan, F; Chinnappan, R.; Abu-Salah, K.M.; Almatrrouk, S.; Zourob, M.M.
Development of a Simple, Fast, and Cost-Effective Nanobased Immunoassay Method for Detecting Norovirus in Food Samples.
ACS Omega 2020, 5, 12162-12165. [CrossRef]

Alamer, S.; Eissa, S.; Chinnappan, R.; Herron, P.; Zourob, M. Rapid colorimetric lactoferrin-based sand-wich immunoassay on
cotton swabs for the detection of foodborne pathogenic bacteria. Talanta 2018, 185, 275-280. [CrossRef]

Alhogail, S.; Suaifan, G.A.R.Y.; Bikker, E].; Kaman, W.E.; Weber, K.; Cialla-May, D.; Popp, J.; Zourob, M.M. Rapid Colorimetric
Detection of Pseudomonas aeruginosa in Clinical Isolates Using a Magnetic Nano-particle Biosensor. ACS Omega 2019, 4,
21684-21688. [CrossRef]

Alhogail, S.; Suaifan, G.A.R.Y.; Zourob, M. Rapid colorimetric sensing platform for the detection of Listeria monocytogenes
foodborne pathogen. Biosens. Bioelectron. 2016, 86, 1061-1066. [CrossRef]

Collins, T.J. Image] for microscopy. Biotechnigues 2007, 43 (Suppl. 1), S25-530. [CrossRef]


http://doi.org/10.1097/JCMA.0000000000000337
http://doi.org/10.1021/jacs.1c07798
http://doi.org/10.1021/acsami.1c22690
http://doi.org/10.1126/science.abl4784
http://doi.org/10.1021/acsnano.0c03822
http://doi.org/10.1016/j.bios.2016.11.047
http://www.ncbi.nlm.nih.gov/pubmed/27914366
http://doi.org/10.1007/s00604-019-3313-0
http://www.ncbi.nlm.nih.gov/pubmed/30850897
http://doi.org/10.1016/j.talanta.2019.01.067
http://www.ncbi.nlm.nih.gov/pubmed/30876564
http://doi.org/10.2478/jtim-2020-0003
http://doi.org/10.1016/j.trac.2015.10.019
http://doi.org/10.2807/1560-7917.ES.2020.25.8.2000170
http://doi.org/10.1021/cr068126n
http://doi.org/10.1002/adma.200703183
http://doi.org/10.1016/j.bios.2005.11.023
http://doi.org/10.1021/acssensors.0c01742
http://doi.org/10.1016/j.bios.2020.112868
http://www.ncbi.nlm.nih.gov/pubmed/33281048
http://doi.org/10.1007/s00604-021-04762-9
http://www.ncbi.nlm.nih.gov/pubmed/33651173
http://doi.org/10.1007/s00604-021-04867-1
http://www.ncbi.nlm.nih.gov/pubmed/34041585
http://doi.org/10.1016/j.jcv.2020.104455
http://doi.org/10.1016/S2666-5247(21)00056-2
http://doi.org/10.1007/s00604-021-04766-5
http://doi.org/10.1021/acsomega.0c00502
http://doi.org/10.1016/j.talanta.2018.03.072
http://doi.org/10.1021/acsomega.9b02080
http://doi.org/10.1016/j.bios.2016.07.043
http://doi.org/10.2144/000112517

Biosensors 2022, 12, 232 11 of 11

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Suaifan, G.A.R.Y.; Alhogalil, S.; Zourob, M. Paper-based magnetic nanoparticle-peptide probe for rapid and quantitative colori-
metric detection of Escherichia coli O157:H7. Biosens. Bioelectron. 2017, 92, 702-708. [CrossRef] [PubMed]

Mavrikou, S.; Moschopoulou, G.; Tsekouras, V.; Kintzios, S. Development of a Portable, Ultra-Rapid and Ultra-Sensitive Cell-
Based Biosensor for the Direct Detection of the SARS-CoV-2 S1 Spike Protein Anti-gen. Sensors 2020, 20, 3121. [CrossRef]
[PubMed]

Huang, L.; Ding, L.; Zhou, J.; Chen, S.; Chen, E; Zhao, C.; Xu, J.; Hu, W.; Ji, J.; Xu, H.; et al. One-step rapid quantification of
SARS-CoV-2 virus particles via low-cost nanoplasmonic sensors in generic micro-plate reader and point-of-care device. Biosens.
Bioelectron. 2021, 171, 112685. [CrossRef] [PubMed]

Mahari, S.; Roberts, A.; Shahdeo, D.; Gandhi, S. eCovSens-Ultrasensitive Novel In-House Built Printed Circuit Board Based
Electrochemical Device for Rapid Detection of nCovid-19 antigen, a spike protein domain 1 of SARS-CoV-2. bioRxiv 2020.
[CrossRef]

Vadlamani, B.S.; Uppal, T.; Verma, S.C.; Misra, M. Functionalized TiO, Nanotube-Based Electrochemical Biosensor for Rapid
Detection of SARS-CoV-2. Sensors 2021, 20, 5871. [CrossRef]

Lee, ].H.; Choi, M.; Jung, Y.; Lee, SK,; Lee, C.S.; Kim, J.; Kim, J.; Kim, N.H.; Kim, B.T.; Kim, H.G. A novel rapid detection for
SARS-CoV-2 spike 1 antigens using human angiotensin converting enzyme 2 (ACE2). Biosens. Bioelectron. 2021, 171, 112715.
[CrossRef]

Park, G.S.; Ku, K,; Baek, S.H.; Kim, S.J.; Kim, S.I; Kim, B.T.; Maeng, ].S. Development of reverse tran-scription loop-mediated
isothermal amplification assays targeting severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). . Mol. Diagn. 2020, 22,
729-735. [CrossRef]

Yu, L.; Wu, S.; Hao, X.; Dong, X.; Mao, L.; Pelechano, V.; Chen, W.-H.; Yin, X. Rapid detection of COVID-19 coronavirus using a
reverse transcriptional loop-mediated isothermal amplification (RT-LAMP) diagnostic platform. Clin. Chem. 2020, 66, 975-977.
[CrossRef]

Seo, G.; Lee, G.; Kim, M ]; Baek, S.-H.; Choi, M.; Ku, K.B,; Lee, C.-S.; Jun, S.; Park, D.; Kim, H.G.; et al. Rapid Detection of
COVID-19 Causative Virus (SARS-CoV-2) in Human Nasopharyngeal Swab Specimens Using Field-Effect Transistor-Based
Biosensor. ACS Nano 2020, 14, 5135-5142. [CrossRef]

Yamazaki, W.; Matsumura, Y.; Thongchankaew-Seo, U.; Yamazaki, Y.; Nagao, M. Development of a point-of-care test to detect
SARS-CoV-2 from saliva which combines a simple RNA extraction method with colorimetric reverse transcription loop-mediated
isothermal amplification detection. J. Clin.Virol. 2021, 136, 104760. [CrossRef] [PubMed]

Huang, W.E.; Lim, B.; Hsu, C.C.; Xiong, D.; Wu, W.; Yu, Y,; Jia, H.; Wang, Y.; Zeng, Y.; Ji, M. RT-LAMP for rapid diagnosis of
coronavirus SARS-CoV-2. Microb. Biotechnol. 2020, 13, 950-961. [CrossRef] [PubMed]

Lalli, M.A.; Langmade, ].S.; Chen, X.; Fronick, C.C.; Sawyer, C.S.; Burcea, L.C.; Wilkinson, M.N.; Fulton, R.S.; Heinz, M;
Buchser, W.]J. Rapid and extraction-free detection of SARS-CoV-2 from saliva by colori-metric reverse-transcription loop-mediated
isothermal amplification. Clin. Chem. 2021, 67, 415-424. [CrossRef] [PubMed]

Davidson, J.L.; Wang, J.; Maruthamuthu, M.K.; Dextre, A.; Pascual-Garrigos, A.; Mohan, S.; Putikam, S.V.S.; Osman, FO.L,;
McChesney, D.; Seville, J. A paper-based colorimetric molecular test for SARS-CoV-2 in saliva. Biosens. Bioelectron. X 2021,
9, 100076. [CrossRef]

Anantharaj, A.; Das, S.J.; Sharanabasava, P; Lodha, R.; Kabra, S.K.; Sharma, TK.; Medigeshi, G.R. Visual detection of SARS-CoV-2
RNA by conventional PCR-induced generation of DNAzyme sensor. Front. Mol. Biosci. 2020, 7, 586254. [CrossRef]

Reynés, B.; Serra, F,; Palou, A. Rapid visual detection of SARS-CoV-2 by colorimetric loop-mediated iso-thermal amplification.
BioTechniques 2021, 70, 218-225. [CrossRef]

Vogels, C.; Watkins, A.; Harden, C.; Brackney, D.; Shafer, J.; Wang, J.; Caraballo, C.; Kalinich, C.; Ott, I.; Fauver, J. SalivaDirect:
A simplified and flexible platform to enhance SARS-CoV-2 testing capacity. Med 2021, 2, 263-280.e6. [CrossRef]

Chan, J.E-W,; Yip, C.C.-Y;; To, KK.-W,; Tang, TH.-C.; Wong, S.C.-Y.; Leung, K.-H.; Fung, A.Y.-F; Ng, A.C.-K; Zou, Z.; Tsoi, H.-W.
Improved molecular diagnosis of COVID-19 by the novel, highly sensitive and specific COVID-19-RdRp/Hel real-time reverse
transcription-PCR assay validated in vitro and with clinical specimens. J. Clin. Microbiol. 2020, 58, €00310-20. [CrossRef]

Qiu, G; Gai, Z.; Tao, Y.; Schmitt, J.; Kullak-Ublick, G.A.; Wang, ]. Dual-Functional Plasmonic Photothermal Biosensors for Highly
Accurate Severe Acute Respiratory Syndrome Coronavirus 2 Detection. ACS Nano 2020, 14, 5268-5277. [CrossRef]

Seliem, I.A,; Panda, S.S.; Girgis, AS.; Nagy, Y.I.; George, R.F; Fayad, W.; Fawzy, N.G.; Ibrahim, TS.; Al-Mahmoudy, A.M.;
Sakhuja, R.; et al. Design, synthesis, antimicrobial, and DNA gyrase inhibitory properties of fluoroquinolone-dichloroacetic acid
hybrids. Chem. Biol. Drug Des. 2019, 95, 248-259. [CrossRef]


http://doi.org/10.1016/j.bios.2016.10.023
http://www.ncbi.nlm.nih.gov/pubmed/27839734
http://doi.org/10.3390/s20113121
http://www.ncbi.nlm.nih.gov/pubmed/32486477
http://doi.org/10.1016/j.bios.2020.112685
http://www.ncbi.nlm.nih.gov/pubmed/33113383
http://doi.org/10.1101/2020.04.24.059204
http://doi.org/10.3390/s20205871
http://doi.org/10.1016/j.bios.2020.112715
http://doi.org/10.1016/j.jmoldx.2020.03.006
http://doi.org/10.1093/clinchem/hvaa102
http://doi.org/10.1021/acsnano.0c02823
http://doi.org/10.1016/j.jcv.2021.104760
http://www.ncbi.nlm.nih.gov/pubmed/33610926
http://doi.org/10.1111/1751-7915.13586
http://www.ncbi.nlm.nih.gov/pubmed/32333644
http://doi.org/10.1093/clinchem/hvaa267
http://www.ncbi.nlm.nih.gov/pubmed/33098427
http://doi.org/10.1016/j.biosx.2021.100076
http://doi.org/10.3389/fmolb.2020.586254
http://doi.org/10.2144/btn-2020-0159
http://doi.org/10.1016/j.medj.2020.12.010
http://doi.org/10.1128/JCM.00310-20
http://doi.org/10.1021/acsnano.0c02439
http://doi.org/10.1111/cbdd.13638

	Introduction 
	Experimental 
	Materials and Reagents 
	Cell Line and SARS-CoV-2 Propagation 
	Plaque Assay 
	Immobilization of Lactoferrin on Q-Tips 
	Immobilization of ACE2 Human Protein on the Orange Polymeric Nanoparticles 
	Sensing Protocol 
	Quantitative Measurement of Q-Tip Color Change 
	Quantitative Method Validation 

	Results and Discussion 
	Quantification Measurement 
	Cross-Reactivity Study 
	Comparison with Alternative SARS-CoV-2 Biosensors Using S1 Protein as a Biomarker 
	Comparison with Alternative SARS-CoV-2 Colorimetric and Nano-Based Biosensors Using Other Biomarkers 

	Conclusions 
	References

