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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a serious threat to human health. Current
methods such as reverse transcription polymerase chain reaction (QRT-PCR) are complex, expensive, and time-
consuming. Rapid, and simple screening methods for the detection of SARS-CoV-2 are critically required to fight
the current pandemic. In this work we present a proof of concept for, a simple optical sensing method for the
screening of SARS-CoV-2 through its spike protein subunit S1. The method utilizes a target-specific extractor chip
to bind the protein from the biological specimens. The disulfide bonds of the protein are then reduced into a
biothiol with sulfhydryl (SH) groups that react with a blue-colored benzothiazole azo dye-Hg complex (BAN-Hg)
and causes the spontaneous change of its blue color to pink which is observable by the naked eye. A linear
relationship between the intensity of the pink color and the logarithm of reduced S1 protein concentration was
found within the working range 130 ng.mL™-1.3 pg mL™!. The lowest limit of detection (LOD) of the assay was
130 fg mL™!. A paper based optical sensor was fabricated by loading the BAN-Hg sensor onto filter paper and
used to screen the S1 protein in spiked saliva and patients’ nasopharyngeal swabs. The results obtained by the
paper sensor corroborated with those obtained by qRT-PCR. The new paper-based sensing method can be
extended to the screening of many viruses (e.g. the human immunodeficiency virus, the human polyomavirus,
the human papilloma virus, the adeno associated viruses, the enteroviruses) through the cysteine residues of
their capsid proteins. The new method has strong potential for screening viruses at pathology labs and in remote
areas that lacks advanced scientific infrastructure. Further clinical studies are warranted to validate the new
sensing method.

1. Introduction The gold standard for the diagnosis of SARS-CoV-2 infections is the

gRT-PCR test that identifies the virus genetic material in nasopharyngeal

Since the emergence of SARS-CoV-2 disease in late 2019, it has
caused significant health, psychological, social, and economic side ef-
fects to millions of people [1-3]. The SARS-CoV-2 epidemic has high-
lighted the demand for selective, sensitive, rapid, easy-to-use, screening
tools for the diagnosis of the viral infection in patients and monitoring its
spread within the community [4,5].

swabs [6-9]. However, this method is time-consuming, expensive and
requires well-trained technicians, sophisticated lab-based equipment
[10-12]. Furthermore, rigorous qRT-PCR might miss a significant
portion of SARS-CoV-2 infections because of difficulties in distinguish-
ing the optimal time for sensitive analysis in asymptomatic persons [6,
12]. Several other screening methods such as loop-mediated isothermal
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amplification (LAMP), clustered regularly interspaced short palindromic
repeats (CRISPR), recombinase polymerase amplification (RPA), im-
munoassays, and biosensors have been presented as quick point-of-care
(POCQ) tools for the diagnosis of SARS-CoV-2 infection [13-18]. Among
the biosensing platforms, POC devices that use Lateral flow assays
(LFAs) for antigen detection were demonstrated for the rapid screening
at home and in clinics. Despite being rapid, the LFA-based screening kits
are usually of lower sensitivity and specificity when compared to the
qRT-PCR test [19,20]. Methods based on surface-enhanced Raman
Spectroscopy (SERS), field-effect transistor (FET), electroluminescence,
localized surface plasmon resonance (LSPR) and electrochemical
sensing have been demonstrated in the literature [21-27]. Despite the
high sensitivity of these methods, their complexity, high cost, and low
reproducibility, hinder their translation to POC use. Colorimetric assays
have been utilized to detect SARS-CoV-2 in wastewater and saliva [28].
Antibody-coated gold nanoparticles (mAb @ AuNPs) were also devel-
oped for the detection of the SARS-CoV-2 in saliva by UV-Visible
spectroscopy. However, the low sensitivity of the method (LOD = 48 ng
mL™1) and the potential non-specific aggregation of the AuNPs in the
presence of cysteine amino acid and/or other thiol compounds in the
saliva matrix makes it unreliable for practical POC applications [29,30].
Therefore, new sensitive, selective, rapid, cost-effective, easy-to-use,
sensors and analytical tools are still highly required and have huge de-
mand from the public health sector.

SARS-CoV-2 is a member of the coronavirus family, that has a crown-
like layer of spike protein that surrounds the central, spherical portion of
the virus [31]. The spike protein consists of S1 and S2 subunits that
mediate the viral fusion and entry into host epithelial cells lining
mucosal surfaces such as the lungs. The S1 and S2 proteins have many
cysteine residues in their molecular structures that are interconnected
through disulfide bonds [32-37]. The S1 protein has been considered as
a prime target for many screening tests for the virus [38-41].

In this work, we demonstrate a proof of concept for a new highly
specific, simple paper-based optical sensor for the colorimetric detection
of SARS-CoV-2 through its S1 protein structure. Target-specific extractor
chip was fabricated by attaching anti S1 monoclonal antibody fragments
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onto the surface of gold-coated silicon nanopillar chip. The extractor
chip was utilized for selectively binding and purification of the S1 pro-
tein from an aqueous protein mixture and spiked saliva. The purified S1
protein was converted into a biothiol by a simple reduction process of its
disulfide bond structure in 10 min modified. The free SH functional
groups of the produced biothiol react spontaneously with our reported
blue colored benzothiazole azo dye-Hg complex (BAN-Hg) [42,43], to
cause its dissociation and the change of its blue color to pink which
clearly can be seen by the naked eye and UV-Visible down to 130 fg
mL~Y. To develop a paper-based sensor for SARS-CoV-2 at POC, the
BAN-Hg sensor was loaded onto filter paper discs and used to screen the
S1 protein in nasopharyngeal swabs from COVID-19 patients within 40
min. A schematic illustration of the working principles within the new
SARS-CoV-2 optical sensing method is depicted in Scheme 1.

2. Materials and methods
2.1. Chemicals and reagents

Hydrochloric acid (HCl), mercury nitrate (II) monohydrate, sodium
hydroxide, phenylalanine, 1-buthanthiol, glycine, human insulin, t-
cysteine, phosphate-buffered saline (PBS), acetonitrile, cardiac troponin
I (cTnl), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and N-
hydroxysuccinimide (NHS) were purchased from Sigma-Aldrich (USA).
Recombinant SARS-CoV-2 S1 protein was purchased from GenScript
Biotech (Singapore). Monoclonal mouse anti S1 antibody was obtained
from Sino Biological, Inc (China). Immobilized Tris [2-carboxyethyl]
phosphine hydrochloride gel (TCEP gel) was obtained from Thermo
Fisher Scientific (Australia). Tumor necrosis factor-alpha (TNF-a) and
human recombinant erythropoietin (EPO) were obtained from Abcam
(Australia). Protein LoBind tubes were obtained from Eppendorf
(Australia). Illustra NAP-5 47 pre-packed disposable columns were ob-
tained from Life Science GE Healthcare (Australia). Gold-coated silicon
nanopillar substrates (Au@SNP) were obtained from Silmeco ApS
(Denmark). Gold-coated copper oxide (Au@CuO) disc from proto-
physics  (Australia, https://protophysics.com.au/product/bcupv/).
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CoV-2 ~
3
=%
s
=%
=
03 -
8 8
Q 7]
-

Absorbance

— Positive infection Positive Negative

infection infection

— Negative infection

300 400 500 600 700

Wavelength (nm)

Scheme 1. Schematic illustration of selective binding and paper based colorimetric sensor for SARS-CoV-2 detection through its S1 protein.
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Deionized water was used to prepare the aqueous solutions.

Saliva samples were self-donated by one of the authors (Kristyan
Guppy-Coles). The use of human saliva samples and nasopharyngeal
swabs was approved by the Human Research Ethics committee of the
Royal Brisbane Women hospital (RBWH) (HREC/2021/QRBW/70209),
and administratively by QUT Human Research Ethics committee
(approval numbers, 1,900,000,820, 2,000,001,115). Patient nasopha-
ryngeal swabs from Sullivan Nicolaides Pathology were screened at their
PC2 lab (Bowen Hill, Brisbane, Australia) under the ethical approvals
from RBWH and QUT (approval numbers HREC/2021/QRBW/70209,
2,000,001,115 respectively) and under QUT biosafety approval number
3891-1457.

2.2. Instrumentation

A Varian Cary 60 spectrophotometer (wavelength range 200-800
nm) was used for the UV-Visible measurements. SERS spectra were
measured using a handheld Raman spectrometer in the raster orbital
scanning mode with a spectral resolution of 12 cm™! and wavelength
ranging from 400 to 1800 cm! (Ocean Optics, USA). A laser beam at
785 nm was used to probe the sample. The laser power at the sample was
set at 5 mW. Each measurement was carried out using 5 accumulations
for a total acquisition time of 1 s. The fluorescence and background noise
in the acquired spectra were corrected automatically using the algo-
rithm software of the instrument (OceanView Spectroscopy 1.5.07).

2.3. Preparation of BAN-Hg complex stock solution

A1 x 10~* M of the benzothiazole azo dye (BAN) was prepared in
ACN: H30 solvent (1:1 v/v) according to the method described by
Gholami et al. [42]. A5 x 107> M stock solution of the blue colored
BAN-Hg complex was prepared by mixing the BAN solution (1000 pL)
with Hg (II) solution (500 pL, 1 x 10~ M) and adjusting the pH of the
mixture to 8 [42].

2.4. Preparation of S1 protein standard solution

A stock solution of 2.01 mg mL™! was used to prepare different
concentrations of the protein (780 ng.mL™!- 780 fg mL™!) by serial
dilution using 1 x PBS (pH = 7.4).

2.5. Rapid reduction of the S1 protein and determination by BAN-Hg
sensor

Immobilized TCEP gel (100 pL) was added to S1 protein solution
(100 pL, 780 ng mL™1) and the mixture vortexed thoroughly and incu-
bated at room temperature (r.t) for 10 min, to ensure the complete
reduction of disulfide bonds of the protein. To remove immobilized
TCEP gel and recover reduced protein, it was centrifuged at 1000 rpm
for 1 min 100 pL of the reduced S1 protein solution was transferred into
a clean LoBind tube. BAN-Hg complex (200 pL, 45.16 pg mL™!) was
added to the reduced S1 protein solution and the absorbance of the
developed pink color was measured using UV-Visible spectroscopy.

2.6. Effect on time the reaction between reduced S1 protein and BAN-Hg
sensor

Unreduced Slprotein (100 pL, 7.8 ng mL ™) was mixed with TCEP
gel (100 pL) in a LoBind tube, vortexed and kept for 10 min (r.t). The
TCEP gel was removed from the solution by centrifuge at 1000 rpm for 1
min 100 pL of the reduced S1 protein solution was transferred into a
clean LoBind tube and mixed with BAN-Hg sensor (200 pL, 45.16 pg
mL™!). UV-Visible measurements were carried out to record the
absorbance of the developing, pink-colored solution at 530 nm. The
measurements were carried out between zero and 5 min from adding the
BAN-Hg sensor.
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2.7. Quantification of reduced S1 protein by UV-Visible

100 pL of S1 protein solutions in the concentration range 780 ng
mL ™! - 780 fg mL ™! were mixed thoroughly with 100 pL of TCEP gel and
incubated for 10min (r.t). The TCEP gel was removed from the solution
by centrifuging at 1000 rpm for 1 min 100 pL aliquots of the reduced S1
protein solutions were transferred into clean LoBind tubes and mixed
with BAN-Hg sensor (200 pL, 45.16 pg mL™!). UV-Visible measurements
were carried out to measure the absorbance of the developing, pink-
colored solution at 530 nm (n = 5).

2.8. Fabrication of target-specific extractor chip for S1 protein

30 pL of TCEP neutral solution (40 Mm) were mixed with 30 pL of
anti- Slantibody (2 x 10~7 M), vortexed for 3 min and incubated for 10
min (r.t) to produce antibody fragments through reduction of the hinge-
region disulfide bonds of the antibody [43]. An Au@SNP substrate was
immersed into the TCEP/antibody fragments mixture and incubated at
4 °C overnight to allow to attach antibody fragments onto the surface of
the chip through the formation of gold-sulfur bonds. The attachment of
the antibody fragments to the Au@SNP substrate was confirmed by
SERS measurement (Fig. S1). Then the chip was washed 5 times with 1
x PBS (100 pL, pH = 7.4) to remove any unbound and physically
adsorbed antibodies. The chip was immersed in 3-mercaptopropionic
acid (100 pL, 1 x 1078 M) for 1 h at 4 °C to block the remaining area
on the bare Au surface of the chip. Finally, the excess of 3-mercaptopro-
pionic acid was removed by rinsing the chip 5 times with 1 x PBS (100
pL, pH = 7.4). The fabricated extractor chip was then suspended in 1 x
PBS (100 pL) and kept at 4 °C for future use.

2.9. Fabrication of paper-based optical sensor for screening of S 1 protein

600 pL of 45.16 pg mL~* BAN-Hg complex in ACN: H,0 (1:1, v/v)
were prepared according to the method described by Gholami et al.
[42]. Filter paper discs were immersed in the BAN-Hg sensor for a few
minutes then air-dried. The paper sensors were stored at room temper-
ature for future use.

2.10. Control tests

To confirm the specificity of the antibody-coated extractor chip, a
negative control sample was prepared by mixing equal volumes of 10 ng
mL ! stock solutions of L-cysteine, phenylalanine, insulin, EPO, cTnl and
TNF-a and diluting the mixture with 1 x PBS (pH = 7.4) to the final
concentration of 1 ng mL™! of each amino acid and protein. To prepare a
positive control sample, equal volumes of 7.8 ng mL ! solutions of S 1
protein, 1-cysteine, phenylalanine, insulin, EPO, cTnl and TNF-a were
mixed and diluted with 1 x PBS (pH = 7.4) to the final concentration of
0.78 ng mL ! of each amino acid and protein. Target-specific extractor
chips were added to 100 pL of the positive and negative control samples
in LoBind tubes and kept for 20 min (r.t) to bind the target protein. The
chips were then removed, rinsed 5 times with 1 x PBS (100 pL, pH =
7.4) to wash any physically adsorbed interfering biomolecules.

To release the bound protein from the chips, they were incubated in
glycine- HCl buffer (100 pL, pH = 2.5) for 5 min (r.t) [43-45]. The
glycine buffer was then removed by loading the extract solution onto a
size exclusion column (SEC). After passing the buffer, the trapped pro-
tein was eluted from the column using 1 x PBS (400 pL, pH = 7.4), 100
pL of the purified and eluted protein (from the positive and negative
control samples) were mixed with TCEP gel (100 pL) in LoBind tubes and
kept for 10 min (r.t). The TCEP gel was removed by centrifuging the
solutions at 1000 rpm for 1 min 100 pL aliquots of the reduced protein
solution were transferred into clean LoBind tubes, mixed with BAN-Hg
sensor (200 pL, 45.16 pg mL™!) and the mixtures were screened by
UV-Visible spectroscopy (n = 5).
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2.11. Selective binding and screening of S1 protein from spiked saliva

10 pL of S1 protein solution (7.8 ng mL™ ' in 1 x PBS) was spiked into
100 pL of human saliva to the final concentration of 0.78 ng mL™%. A
fabricated extractor chip was added to 100 pL of the spiked saliva in a
LoBind tube and incubated for 20 min (r.t) to bind the S1 protein. The
chip was then removed, rinsed 5 times with 1 x PBS (100 pL, pH = 7.4)
to wash out the weakly adsorbed interfering biomolecules. The bound S1
protein was released from the chip, by incubation in glycine buffer (100
pL, pH = 2.5) for 5 min (r.t) [42-44]. The glycine buffer was then
removed from the pure protein by loading the solution onto a SEC and
eluting with 1 x PBS eluent (400 pL, pH = 7.4). 100 pL of the eluted
purified protein solutions were mixed with TCEP gel (100 pL) and kept
for 10 min (r.t). The TCEP gel was removed by centrifuging the solution
at 1000 rpm for 1 min 100 pL of the reduced protein was transferred into
a clean LoBind tube, mixed with BAN-Hg sensor (200 L, 45.16 pg mL™!)
and screened by UV-Visible (n = 5). The reduced protein was also
monitored by the paper-based optical sensor. 15 pL of the reduced
protein was loaded onto the paper sensor and the color change from blue
to pink was monitored by the naked eye. For comparison, a blank saliva
sample (not spiked with S1 protein) was processed using the above
procedures and the reduced extract screened by UV-Visible (n = 5), and
paper-based optical sensor as described above.

2.12. Selective binding and screening of S1 protein in patient
nasopharyngeal swabs

Swabs from a healthy individual and a COVID-19 patient, were
provided by Sullivan Nicolaides Pathology lab. The swabs were screened
by the pathology lab using RT-qPCR. To rescreen the nasopharyngeal
swabs by our new optical sensing method, the swabs were resuspended
in a viral transport medium (VTM) (pH = 7.4). 20 pL of the VTM solu-
tions were mixed with 1 x PBS (80 pL, pH = 7.4) and vortexed for 1 min
100 pL of the mixture was incubated with a prepared target-specific
extractor chip in a LoBind tube for 20 min in order to bind the S1 pro-
tein. The extractor chip was then transferred into a clean LoBind tube
that contains glycine buffer (100 pL, pH = 2.5) to release the bound
protein. The solution was then loaded onto a SEC to remove the buffer
and the purified protein was collected using 1 x PBS eluent (400 pL, pH
= 7.4). 100 pL of the eluted protein was mixed with TCEP gel (100 pL)
and kept for 10 min (r.t). The gel was then removed by centrifuging the
solution as described above and 15 pL of the reduced S1 protein was
loaded onto the paper-based sensor at room temperature and the sensor
color change from blue to pink was monitored by the naked eye.

3. Results and discussion

We recently demonstrated the dissociation reaction between the
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BAN-Hg reagent and biothiols that contain free sulfhydryl functional
groups in their molecular structures [42,43]. The molecular structure of
the S1 protein contains disulfide bonds between its cysteine residues
Cys15-Cys136, Cys828-Cys853 and Cys840-Cys851 [36]. Therefore, the
S1 protein can be chemically converted into a biothiol using TCEP
reducing agent to reduce its disulfide bonds [43,44,46]. The reduced S1
protein should be able to dissociate the BAN-Hg complex due to the high
affinity of sulfur to the HgZ" moiety of the complex [42,43].

3.1. Reaction of the BAN-Hg sensor with unreduced and reduced S1
protein

As shown in Fig. 1, the BAN-Hg sensor did not react with the unre-
duced S1 protein and its color and UV-Visible absorbance at 585 nm did
not change (Fig. 1B). By contrast, the blue color of the BAN-Hg sensor
changed to pink when it was reacted with the reduced S1 protein, and its
UV-Visible absorption band shifted to 530 nm (55 nm redshift) (Fig. 1C)
due to the dissociation of the dye-Hg complex and the release of BAN dye
in the solution [47]. This result represents a proof of concept that the
BAN-Hg sensor interacts only with the free SH groups that form when
the disulfide bonds between the cysteine residues are reduced.

3.2. Time effect on the reaction between BAN-Hg sensor and reduced S1
protein

The reaction between reduced S1 protein and the BAN-Hg sensor was
investigated by UV-Visible spectroscopy at different time intervals. As
shown by Fig. 2, the color change of the sensor from blue to pink was
immediate upon the reduced S1 protein addition and the intensity of the
UV-Visible absorption band of the BAN dye at 530 nm did not change
after 5 min of addition (Fig. S2).

3.3. Sensitivity of the BAN-Hg sensor towards reduced S1 protein

A good linear relationship was found between the intensity of ab-
sorption band at 530 nm and log concentration of the reduced S1 protein
in a working range between 130 ng mL ! and 130 fg mL ™! and presented
by the regression equation y = 0.0037x + 0.2832 (R2 = 0.98) (Fig. 2A
and B and S3). As indicated by Fig. 2A and S3, the LOD of the colori-
metric detection of reduced S1 protein was 130 fg mL™! which is sen-
sitive enough to detect SARS-CoV-2 S1 protein in real life samples
[48-50]. Therefore, the BAN-Hg sensor can be utilized as a sensor for the
diagnosis of COVID-19 infections through the detection of trace amounts
of the SARS-CoV-2 S1 protein.
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Fig. 1. (A) UV-Visible spectra of the BAN-Hg sensor, (B) UV-Visible spectra of the BAN-Hg sensor after mixing with unreduced S1 protein (390 ng mL™1), (C)
UV-Visible spectra of the BAN-Hg sensor after mixing with reduced S1 protein (390 ng mL™1).
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Fig. 2. (A) UV-Visible spectra of the BAN-Hg sensor upon addition of various concentrations of the reduced S1 protein (130 ng.mL’l- 130 fg mL™Y), (B) Plot of the
intensity of the absorption band at 530 nm versus log concentration of reduced S1 protein (130 ng mL~! to 130 fg mL™1).

3.4. Paper-based sensor for the detection of the SARS-CoV-2 spike protein
(SD

In recent years, paper-based sensors have attracted strong attention
for real-life applications in many areas such as environmental moni-
toring, food safety, drug analysis, and molecular diagnostics [51-54].
The paper-based sensors offer the advantages of low cost, simplicity,
ease of disposal, and environmental friendliness [55-57]. Therefore, we
aimed to develop a paper-based sensor for the ultra-trace detection of
the S1 protein in SARS-CoV-2 patients. For this purpose, The BAN-Hg
sensor was loaded onto the filter paper discs and utilized for the
screening of the reduced S1 protein solutions (Fig. 3). As indicated, the
blue-colored paper sensor spontaneously turned to pink upon addition
of dilfferent concentrations of the reduced S1 protein down to 390 fg
mL™".

3.5. Specific binding and detection of the S1 protein from negative and
positive control and spiked saliva samples

For the specific detection of the S1 protein in biological specimens,
isolation and purification of the target analyte from the complex bio-
logical matrix are necessary. Therefore, a target-specific extractor chip
was synthesized through the reduction of the hinge region disulfide
bonds of anti-S1 protein antibody in order to generate thiol-ended
antibody fragments. The antibody fragments were chemisorbed onto
an Au@SNP chip, forming Au-S bonds [43]. The antibody fragment
attachment to the chip surface was confirmed by SERS. As indicated by
Fig. S1, diagnostic Raman bands of IgG molecules were observed on the
chip after the chemisorption of the Fab 2 fragments (Table S1). To avoid
the non-specific binding of interfering molecules from the biological
matrix, the unoccupied sites on the surface of the functionalized chip
were backfilled with 3-mercaptopropionic acid [44,45].

39 PgmI! 39 PemL! 390 PgmL?!

390 fgmL!

3.9ngmL!

The fabricated extractor chip was used to bind the S1 protein from
negative and positive control samples. The bound protein was recovered
by lowering the pH of the chip using the glycine buffer solution (pH =
2.5). The recovered protein was purified from the glycine buffer using
SEC and reduced by TCEP to convert it into a biothiol that reacts with
the BAN-Hg sensor in solution and on the paper senor. As indicated by
Fig. 4A, the extract solution from the negative control sample did not
cause any change to the absorption spectra and color of the BAN-Hg
sensor, thus confirming the absence of any biothiol in the extract. By
contrast, the extract solution from the positive control sample caused a
spontaneous color change to the absorption spectra and color of the
BAN-Hg sensor (Fig. 4B). Similar results were obtained from the un-
spiked and spiked saliva samples (Fig. 4C and D). These results
demonstrate a proof of concept on the specificity of the target-specific
extractor chip to selectively bind the Slviral protein over other pro-
teins in the sample. The specificity of the extractor chip is attributed to
the high affinity of the S1 antibody towards the target protein as indi-
cated by the antibody affinity data [https://www.sinobiological.
com/antibodies/cov-spike-40592-mm57].

The paper-based optical sensor showed a significant color change
from blue to pink for the positive sample (Fig. 4B). The target-specific
extractor was also utilized to selectively bind the S1 protein from
blank and spiked human saliva samples. The purification and reduction
processes were carried out as indicated earlier. The purified and reduced
protein extract, from the blank and spiked saliva samples, was reacted
with the BAN-Hg sensor in solution and on the paper senor. As shown in
Fig. 4C, there was no change in the color of the BAN-Hg sensor when it
was reacted with the extract solution from the blank saliva sample. On
the contrary, the extract solution from the spiked saliva sample caused
changes in the absorption spectra and color of the BAN-Hg sensor
(Fig. 4D), thus confirming the binding of the S1 protein and its con-
version to biothiol through the reduction process. These results provide

39 ngmI-l 390 ngmIl 0 ngmI:! BAN-Hg

Fig. 3. The color change of the paper-based optical sensor in the presence of trace concentrations of the reduced S1 protein (390 ng.mL~!- 390 fg mL™1). (For

interpretation of the references to color in this figure legend, the reader is referred

to the Web version of this article.)
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Fig. 4. Change in UV-Visible spectra and the color of the BAN-Hg solution and paper sensor after reaction with (A) a negative control sample and, (B) a positive
control sample (spiked with S1 protein), (C) blank saliva, (D) saliva spiked with S1 protein. (For interpretation of the references to color in this figure legend, the

reader is referred to the Web version of this article.)

a proof of concept on the potential of the target-specific extractor chip
and optical sensor for screening the S1 protein in biological specimens.

3.6. Detection of the S1 protein in nasopharyngeal swabs from SARS-
CoV-2 patients

To demonstrate the paper-based optical sensor for the diagnosis of
SARS-CoV-2 infection, it was used to re-screen nasopharyngeal swabs
from a healthy individual and a COVID-19 patient who have been
screened by Sullivan Nicolaides pathology lab using QRT-PCR method.
The RNA of the SARS-CoV-2 virus was not detected in the swab from the
healthy person (e Gene Count = 0) while the swab from the infected
person showed the presence of the RNA of the virus (e Gene Count =
20.58, N2 Gene Count = 20.8). The swabs were resuspended in full in
VTM and the solutions were incubated with target-specific extractor
chips to bind the S1 protein in the sample. The purified and reduced
protein from the swabs was loaded onto paper-based optical sensors and
the color change was monitored by the naked eye. As indicated by Fig. 5,
the sample from the healthy individual did not cause any color change to
the optical sensor while the sample from the infected person caused a
spontaneous color change from blue to pink, thus confirming the pres-
ence of the S1 protein of the SARS-CoV-2 virus in the sample.

The qRT-PCR results agreed with those obtained by the paper-based
optical sensor, thus providing proof of concept on its potential for the
screening of SARS-CoV-2 at POC and in clinical settings. These results
warrant a large clinical trial to validate the new sensing method.

To reduce the cost of the new assay, we attempted to fabricate S1
target-specific extractor chip using an inexpensive Au@CuO disc instead
of Au@SNP. The fabrication procedure was applied to the Au@CuO
substrate. As indicated by Fig. S4, the anti-S1 antibody molecules were
attached to the disc surface and the target-specific chip was successfully
synthesized. The cost of the Au@CuO disc is 2.5%. Therefore, by using

Positive SARS-CoV-2  Negative SARS-CoV-2

Fig. 5. Color change of the paper-based optical sensor after interaction with
nasal swab samples from healthy and infected persons. (For interpretation of
the references to color in this figure legend, the reader is referred to the Web
version of this article.)

this material and the disposable paper-based optical sensor, the overall
cost of the new assay for SARS-CoV-2 is significantly lower than that of
the qRT-PCR assay.

Other sensors have been recently developed and demonstrated for
the screening of SARS-CoV-2 infection in patients (Table S2). However,
many of these methods require the use of sophisticated sensing schemes
and materials that makes the proposed test expensive, not suitable for
POC setting, or require advanced scientific equipment. By contrast, the
new paper-based sensor is easy to fabricate and uses the naked eye as a
detector to monitor the color change caused by the S1 protein of the
SARS-CoV-2 virus. In addition, sensitivity of the BAN-Hg sensor is
satisfactory for the screening of the S1 protein in biological specimens at
points of care.

4. Conclusions

A new target-specific extractor chip and paper-based optical sensor
were synthesized and used to provide a proof of concept on the colori-
metric detection of the S1 protein by UV-Visible and the naked eye in
biological specimens. The new paper-based optical sensor has high
sensitivity (LOD = 130 fg mL™!) and a fast response towards the S1
protein of the SARS-CoV-2 virus. Therefore, the new sensor was utilized
for the screening of S1 protein in aqueous media, and spiked human
saliva. The color change of the optical sensor from blue to pink was
easily observable by the naked eye. Therefore, the new sensor was used
to screen patient nasopharyngeal swabs. The results agreed with those
acquired by qRT-PCR test. The low cost, simplicity and fast response of
the new paper-based optical sensor underpins its potential for the
screening of SARS-CoV-2 infections at POC and in clinical settings. The
authors are currently organizing a clinical trial to screen many patient
samples and fully validate the new sensing method.
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