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The initial stages of the pandemic caused by SARS-CoV-2 showed that early detection of the virus in a simple way
is the best tool until the development of vaccines. Many different tests are invasive or need the patient to cough
up or even drag a sample of mucus from the throat area. Besides, the manufacturing time has proven insufficient
in pandemic conditions since they were out of stock in many countries. Here we show a new method of
manufacturing virus sensors and a proof of concept with SARS-CoV-2. We found that a fluorogenic peptide
substrate of the main protease of the virus (Mpro) can be covalently immobilized in a polymer, with which a
cellulose-based material can be coated. These sensory labels fluoresce with a single saliva sample of a positive
COVID-19 patient. The results matched with that of the antigen tests in 22 of 26 studied cases (85% success rate).

1. Introduction

At the beginning of 2022, the SARS-CoV-2 virus caused one of the
most severe pandemics in the history of humanity and claimed the lives
of more than 6 million people [1-3]. After two years of the pandemic, we
now know that in the initial stages, where the virus advances rapidly,
early detection methods for those infected and the isolation of these
people are the most useful tools against the virus’s progression [4,5].

Since the pandemic, polymerase chain reaction (PCR) and antigen
detection tests have been the most widely used methods for detecting
infected people. However, these methods belong to entirely different
families, and each of them has advantages and disadvantages concern-
ing the other. The choice of detection method is usually based on the
rush for the result (antigens) or the desired precision and sensitivity
(PCR).

PCRs belong to the group of nuclear acid-based detection methods,
and antigen tests to the group of protein-based detection methods [6].
On the one hand, nuclear acid-based detection methods, such as PCR or
Loop-Mediated Isothermal Amplification (LAMP), require an amplifi-
cation process in which a few DNA strands can be replicated to produce a
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much larger sample. This amplification process makes the sensitivity of
these methods very high. Within this group, we could include
aptamer-based detection methods [7]. Unlike DNA, aptamers are
single-stranded chains made of 20-80 nucleotides. With them, receptors
can be synthesized for specific targets of the coronavirus, such as protein
N and protein S [8].

On the other hand, the most relevant protein-based detection
methods are called antigen and antibody tests [9]. These systems are
composed of a rapid immunoassay kit (Enzyme-Linked ImmunoSorbent,
ELISA, or lateral flow kit) in which a protein is detected by
antigen-antibody interaction. However, most methods start with taking
a sample using a swab, an invasive process that is uncomfortable and
unpleasant. Some commercially available kits are non-invasive and
work with a saliva sample, but they require a large saliva sample and an
additional experimental procedure based on a lateral flow test.

One of the most promising techniques for detecting these types of
viruses is a subgroup of the protein-based detection methods called
protein function-based detection methods [6,10-13]. They are based on
using a peptide substrate to detect an enzyme closely related to the
coronavirus, in this case, the Mpro protein [6]. Mpro (also called
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Fig. 1. Preparation of sensory labels: a) chemical structure and schematic view of the fluorogenic peptide substrate for SARS-CoV-2 main protease; b) graphical
abstract of the sensory labels preparation procedure containing covalently anchored substrates; and c) graphical abstract of the sensory labels preparation procedure
containing non-covalently anchored substrates.
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Table 1

Copolymers formulations indicating monomers' mol%. The table shows the amounts of monomers, solvent

(DMF), and radical thermal initiator (AIBN) used in different co-polymerizations.

General
formula
P VP
VP MMA AIBN | DMF
%mol | ¢ %mol | g mg mg mL
Copolymer 1 | 49.75 | 1.05 | 49.75 | 0.94 11.28 | 155 9.5

Copolymer 2 | 497 | 0.11 | 94.53 | 1.88 11.84 | 163 9.9
Copolymer 3 | 50.00 | 1.05 | 50.00 | 0.95 0.00 155 9.5
Copolymer 4 | 5.00 | 0.11 | 95.00 | 1.89 0.00 163 9.9

25%), ethanol (VWR-Prolabo, 99.9%), methanol (VWR-Prolabo,

3CLpro), is a cysteine hydrolase-like protease essential in viral replica-
tion that cleavages polyproteins and generates the corresponding func-
tional proteins necessary for virion formation [14]. This protease has
been well characterised for its possible role as a therapeutic target
against the SARS-Cov2 virus [15-17]. For example, the peptide sub-
strates designed for Mpro can be chemically modified with fluorophores
and quenchers (FRET pairs), so that the interaction with the target
enzyme generates a visual response, i.e., an OFF-ON fluorescence
change [18]. Furthermore, this response is specific for the Mpro of
SARS-CoV-2 and other highly similar Mpro (such as SARS-CoV) [15,16].

Considering all ordinary citizens and children, we believe that
developing a non-invasive, visual, and simple detection method for
respiratory viruses is worthy, not only for coronavirus but also for other
present and future viruses. In this work, we have applied our knowledge
in detecting species of interest to develop a polymer that becomes
fluorescent in the presence of the Mpro protein, indicative of the pres-
ence of SARS-CoV-2. Unlike the published works concerning the detec-
tion of this enzyme [10-13], our proposal remains on the synthesis of a
linear polymer that can be applied as a coating on a cellulose-based
support. The user must only apply a single saliva sample above the
smart label and check the fluorescence after the established time with
the naked eye or, more precisely, with a smartphone.

2. Experimental
2.1. Materials

All materials and solvents were commercially available and used as
received unless otherwise indicated. The following materials and sol-
vents were used: fluorogenic peptide substrate Dabcyl-
KTSAVLQSGFRKME-Edans (GenScript, N-Terminus: DABCYL, >95.0%,
additional information in SI-Section S1), methylmethacrylate (MMA)
(Merck, 99%), 1-vinyl-2-pyrrolidone (VP) (Acros Organic, 99%), 4-ami-
nostyrene (SNHy) (TCI, 98%), glutaraldehyde aqueous solution (VWR,

99.9%), diethyl ether (VWR-Prolabo, 99.9%), dimethylsulfoxide (VWR,
99%), acetonitrile (VWR, 99.9%), dimethylformamide (Supelco, 99.9%)
distilled water, acetonitrile (VWR, 99.9%), dimethylsulfoxide-ds (VWR,
99.8%), 5-aminonaphthalene-1-sulfonic acid (Alfa Aesar, 90%), Mpro
3CL protease from coronavirus SARS-CoV-2 (Sigma), recombinant
MERS-CoV 3CL protease, CF (R&D Systems), Trizma (Aldrich, 99.5%),
NaCl (VWR, 98%), Ethylenediaminetetraacetic acid (EDTA) (VWR,
99.8%), dithiothreitol (DTT) (TCIL, 98%), filter paper in reams (Filter
Lab, 73 g/mZ). Azo-bis-isobutyronitrile (AIBN, Aldrich, 98%) was
recrystallized twice from methanol.

The tissues and the reagents employed in the In vitro EpiDerm™ skin
irritation test (EPI-200-SIT) were provided by MatTek In Vitro Life
Science Laboratories: EpiDerm™ tissues (EPI-200-SIT), DMEM medium
(EPI-100), 5% sodium dodecyl sulfate (SDS) solution (TC-SDS-5%),
MTT-100 assay kit (MTT-100), which include the following components:
MTT concentrate (MTT-100-CON), MTT diluent (MTT-100-DIL) and
extractant solution (MTT-100-EXT). DPBS (Dulbecco’s Phosphate-
Buffered Saline) was provided by Corning.

2.2. Instrumentation and methods

19 and 13C{lH} NMR spectra (Avance III HD spectrometer, Bruker
Corporation, Billerica, Massachusetts, USA) were recorded at 300 MHz
for 'H and 75 MHz for 13C using deuterated dimethyl sulfoxide (DMSO-
dg) at 25 °C as solvent.

The powder X-ray diffraction (PXRD) patterns were obtained using a
diffractometer (D8 Discover Davinci design, Bruker Corporation, Bill-
erica, Massachusetts, USA) operating at 40 kV, using Cu(Ka) as the ra-
diation source, a scan step size of 0.02°, and a scan step time of 2 s

The polymers thermal characterization was performed by thermog-
ravimetric analysis (Q50 TGA analyzer, TA Instruments, New Castle, DE,
USA) with 10-15 mg of sample under synthetic air and nitrogen atmo-
sphere at 10 °C-min~!; and differential scanning calorimetry, with
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10-15 mg of the sample under a nitrogen atmosphere at a heating rate of
10 °C min~! (Q200 DSC analyzer, TA Instruments, New Castle, DE,
USA).

Infrared spectra (FTIR) were recorded with an infrared spectrometer
(FT/IR-4200, Jasco, Tokyo, Japan) with an ATR-PRO410-S single
reflection accessory.

Enzymatic activity assays were performed using a Synergy HT
microplate reader (BioTek®, Winooski, Vermont, USA), measuring
fluorescence with 360/40-460/40 nm excitation/emission filters. Dig-
ital photographs were taken with a smartphone (Mi 9, Xiaomi, Pekin,
China).

Solution fluorescence spectra were recorded using a F-7000 Hitachi
Fluorescence spectrophotometer (Hitachi, Tokyo, Japan). A rectangular
10 mm cuvette was used for the fluorescence measurements, measuring
all data at 25°C + 0.1 °C.

2.3. Design of sensory polymers

The design of the polymers was carried out thinking about the
application as solid sensory material. Our hypothesis relies on the fact
that the virus synthesised the protease Mpro when it starts replicating
inside infected cells, so, as a respiratory virus, it could be detected in a
saliva sample.

First, we believe that a water-soluble polymer does not fit our work
for one main reason: the user could inadvertently suck on the sensor tag,
ingesting small amounts of polymer. Therefore, the polymer must
contain a high enough amount of a hydrophobic monomer, such as
methyl methacrylate, so the resulting copolymer is insoluble in water.
Second, certain hydrophilicity of the material may favour the interac-
tion between the Mpro enzyme and the substrate, which is why a specific
mol% of the hydrophilic monomer 1-vinyl-2-pyrrolidone was included
in the formulations. Therefore, two polymers were designed with
different hydrophilicity.

Finally, the polymers must have functional groups that serve as an-
chors for the immobilization of the peptide substrate (Fig. 1a, charac-
terization available in SI-Section S1). In our case, this immobilization
occurs through the aniline side groups provided by the monomer 4-ami-
nostyrene. All the monomers provide polarity to the final copolymers,
which we believe is necessary to favour the affinity with the chosen
support, i.e., cellulose paper.

2.4. Synthesis of polymers

Linear polymers were prepared by radical co-polymerization of the
commercially available monomers 1-vinyl-2-pyrrolidone (VP), methyl
methacrylate (MMA) and 4-aminostyrene (SNHy) in different molar
ratios, following the experimental procedure described below.

The amounts of each monomer, specified in Table 1, were dissolved
in DMF and the solution was added to a round-bottom pressure flask.
Subsequently, radical thermal initiator AIBN was added, and the solu-
tion was sonicated for 10 min and heated overnight at 60 °C, under a
nitrogen atmosphere, and without stirring. The solution was then
dropwise added to diethyl ether (100 mL) with magnetic stirring,
yielding the desired copolymers as whitish precipitates. Finally, poly-
mers were purified in a Soxhlet apparatus with diethyl ether as the
washing solvent to eliminate DMF traces. The characterization of poly-
mers can be found in the electronic Supporting information (SI-Section
52).

Copolymers 3 and 4 were prepared as blanks of copolymers 1 and 2,
respectively. These blanks are highly relevant for the storage stability
study depicted in Section 3.2, and the understanding of the importance
of the peptide to be covalently anchored to the copolymers.

The followed methodology gives rise to polymers with relatively low
molecular weight so that the viscosity of coating solutions does not
reach high values. These low viscosities can be obtained by carrying out
the polymerization with high concentrations of the thermal radical
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initiator (0.1 M). The resulting copolymers are compatible with coating
techniques such as drop-, spray- or dip-coating but incompatible with
bar coating.

2.5. Preparation of sensory labels

The preparation of the sensory labels by drop coating is schemati-
cally shown in Fig. 1b. 50 mg of copolymers 1 or 2 were dissolved in
acetonitrile (1 mL). Then, the resulting solution was deposited twice
(2 x 10 pL) on the surface of a filter paper disc (6 mm diameter,
28 mm?), and the solvent was evaporated at 60 °C for 10 min. Analo-
gously, 8 mm disks were prepared specifically for cytotoxicity assays.

After that, the substrate for Mpro was immobilized following two
steps. Firstly, the coated paper discs were dipped in an aqueous solution
of glutaraldehyde (5%), and left overnight at 25 °C. Then, the discs were
washed by dipping them in distilled water for 10 min, and the process
was repeated 5 times until the glutaraldehyde odour finally disappeared
[19]. Secondly, the discs were dipped in a substrate solution (50 pM in
ethanol), and left overnight at 25 °C. Finally, several dip washes were
carried out with absolute ethanol (3 x 10 min), 75% ethanol (1 x
10 min), 50% ethanol (1 x 10 min), 25% ethanol (1 x 10 min), distilled
water (2 x 10 min), and 20 mM Tris-HCI pH 7.3, 100 mM NaCl, 1 mM
EDTA, 1 mM DTT buffer (2 x 10 min). Sensory labels 1 and 2 were
air-dried and stored in zip bags. The video included as Supporting in-
formation (SI-Video) explains the complete preparation procedure of the
sensory labels.

Supplementary material related to this article can be found online at
doi:10.1016/j.snb.2022.133165.

Additionally, sensory labels (3 and 4) without covalently anchored
substrates were also prepared, as depicted in Fig. 1c. In this case, the
coating solutions contain 0.042 mg of the substrate (50 pM) and
2.21 mg of copolymer 3 or 4.

2.6. Preliminary enzyme tests and storage stability study

Measurements were carried out in a microplate reader with 96-well
plates, including a 6 mm diameter sensory label at the bottom of each
well and 20 pL of a 0.5 pM solution of Mpro in buffer (negative controls
were performed with 20 pL of 20 mM Tris-HCI pH 7.3, 100 mM NaCl,
1 mM EDTA, 1 mM DTT buffer). The assay was carried out at the opti-
mum enzyme temperature (30°C), and the fluorescence emission at
460 nm was recorded over time (15, 30, 60, 120, 180, and 240 min).
Measuring conditions: excitation slit = 40 nm; emission slit = 40 nm;
excitation wavelength = 360 nm.

The stability of sensory labels with and without covalently anchored
substrates was studied over time. All labels were room stored in zip bags
without more care, and enzyme tests were performed at 1, 7, 14, 28 and
60 days.

The limit of detection (LOD) was estimated in vitro for the sensory
label 1 and 2 using different concentrations of Mpro enzyme (from 0 to
1 uM) after 1 h of incubation with the sensory labels. We estimated the
limit of detection (LOD) by the following equation: LOD= 3.3xSD/s,
where SD is the standard deviation of blank sample and s is the slope of
the calibration curve in the region of low Mpro content, respectively.

2.7. Invitro skin irritation test

The skin irritation test was performed according to the in vitro Epi-
Derm™ skin irritation test (EPI-200-SIT, MatTek In Vitro Life Science
Laboratories, 2020) after confirming the inability of the sensors to
interfere with and/or to reduce the MTT following the guideline
recommendations.

Upon receipt, the tissues were inspected for damage according to the
manufacturers instructions, transferred to 6-well plates prefilled with
0.9 mL of assay medium (EPI-100-NMM). and incubated at optimal
conditions (37 °C + 1 °C, 5 + 1% CO3, 90% + 10% RH) for 1 h. Then,
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the tissues were transferred to a freshly prepared medium and incubated
overnight (18 &+ 3 h) at optimal conditions to release transport-stress,
after which the tissues were exposed to the sensors for 1 h (37 °C £ 1
°C, 5 + 1% CO3, 90% + 10% RH). As negative and positive controls, the
tissues were exposed to DPBS or 5% SDS, respectively. Three tissues
were used per test material and controls. After the exposure, tissues were
washed 15 times with DPBS, blotted in a sterile blotting paper, dried
with a sterile cotton-tipped swab, transferred to a 6-well plate with
0.9 mL culture medium and incubated at optimal conditions for 24
+ 2 h. Finally, the culture medium was removed, fresh medium was
added, and the tissues were subsequently incubated again for 18 + 2 h
at optimal conditions.

Tissue viability after exposure to the sensors was determined using
the MTT viability assay, following procedures described in the OECD
guideline Test N° 439. At the end of the 18 + 2 h incubation, the tissues
were transferred to a 24-well plate containing 0.3 mL of a MTT solution
at 1 mg mL™!, and incubated for 3 h at optimal conditions. After this
step, tissues were rinsed twice with DPBS, and formazan crystals were
solubilized by adding 2 mL of isopropanol (MTT-100-EXT) for 2 h at RT
with agitation. At the end of the extraction period, tissues were pierced
with an injection needle, and the extract ran into the well from which
the insert was taken. Afterwards, the tissues were discarded, and the
extraction solutions were homogenized and transferred to a 96-well
plate. Tissue viability is reported as % of negative control, measuring the
OD of each isopropanol extract in duplicate at 570 nm by using a plate
reader (BioTek Synergy HT). Isopropanol alone was used as a blank. The
viability % of each tissue was calculated relative to negative control
using the following equation:

% Viability tissue = [ODtissue / Mean ODNC] x 100% (€8]

2.8. Tests with subjects. Proof of concept

The tests with COVID patients and controls were authorized by the
bioethics committee of the University of Burgos on April 22, 2022
(Ref. 10 05/2022). All the participants in this study were informed of the
entire procedure and signed an informed consent document. Due to the
restrictions, and the responsibility we had with a virus as harmful as
SARS-CoV-2, we decided the patients themselves would pick up the kit,
and carry out the tests at home.

This study was conducted with 26 subjects (14 men and 12 women).
Among the participants, there were 15 patients (mild symptoms or
asymptomatic patients) and 11 controls confirmed with antigen tests.
The age range was from 23 to 69 years, and the tests were performed
between 1 and 7 days after the first symptoms, or first positive result
with PCR/antigen test.

All tests were performed between 8:00 p.m. and 9:00 p.m., and for
security reasons, they were not collected and analyzed until 12 h later.
The participants did not eat, drink or smoke during the 10 min before
the test, and they first performed an antigen test on themselves (Boson
Biotech, Hotgen, or Deepblue). They then discarded a saliva sample and
placed four separate saliva samples over four sensory labels (2 made
with copolymer 1, and another 2 with copolymer 2) contained in 2 Petri
dishes, so that the discs looked completely covered by saliva. This step
was done without forcing a cough, or a tear in the throat, just spitting up
naturally. The Petri dishes remained open overnight, and finally, saliva
excess was removed with a tissue, and the Petri dishes were sealed with
parafilm.

Since the patients kept the tests during the first 12 h, in this case, we
could not follow the response of the material with a fluorimeter. How-
ever, as it is a visual sensor, photographs of all the sensory labels were
taken once received under 365 nm light illumination, always in the
same dark room, and always replicating the same lighting conditions,
since the photographs were taken on different days. For that, two lamps
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were placed at 23 cm from the discs and at a 45-degree angle. The
smartphone was placed at 20 cm from the disks without tilting. How-
ever, from the final user’s point of view (1 single photo), it is unnec-
essary to be so careful with the lighting conditions. It is only required to
see the difference in fluorescence between the positive and negative
control with the naked eye and take the photo under these conditions.

Each photo contained 3 discs, a positive control, a negative control,
and the test disc, and the measurements were carried out by duplicate. G
parameter (form RGB digital colour space) were extracted from discs in
photographs using the smartphone app “Colorimetric Titration”, and the
G parameters of the negative and positive control were assigned as 0 and
100 G%, respectively. Thus, Gis% values were obtained with the
following equation:

Giest = (Giest—Gneg) / (Gpos—Gneg) % 100 @

In this way, values above 55 were considered positive tests for
COVID, while values below 45 were considered negative. The range
between 45 and 55 G% was considered borderline and would require a
repeat test.

2.9. Selectivity/specificity study

To study the substrate specificity for Mpro SARS-CoV-2 of our sen-
sory labels two analyses were performed. Similarity matrix percentage
and multiple alignments of amino acid sequences from 3CL proteases of
different human coronaviruses were performed using MUSCLE program
[20], and displayed by ESPript 3.0 web server [21]. In addition, a
phylogenetic tree was obtained from Phylogeny.fr software [22]. Amino
acid sequences of Mpro or 3CL protease from human coronaviruses were
obtained from NCBI database (SARS-CoV: pdb|3V3M|A; SARS-CoV-2:
YP_009742612.1; MERS-CoV: pdb|7D3C|A; HCoV-0C43:
YP_009924323.1; HCoV-HKU1: YP_009944273.1; HCoV-NL63: pdb|
7E6R|A and HCoV-229E: AGT21366.1).

Then, in vitro analyses were developed to determine the kinetic pa-
rameters of the Mpro 3CL proteases from SARS-CoV-2 and MERS-CoV.
These parameters were determined using different substrate concen-
trations ranging from 2.5 to 40 pM and 100 nM of the respective enzyme
in a final volume of 100 pL. Initial velocities were determined from the
linear part of the curve and converted to the amount of hydrolysed
substrate per unit of time (uM/min). Kinetic parameters were obtained
using the Michaelis-Menten equation in OriginPro Program software.
Edans standard curve was performed using known amounts (0-40 uM)
in reaction buffer 20 mM Tris-HCI pH 7.3, 100 mM NaCl, 1 mM EDTA,
1 mM DTT and the fluorescence was measured at 30 °C using an exci-
tation filter of 360/40 nm and an emission filter of 460/40 nm.

To study the in vitro functionality and selectivity, a 6 mm diameter of
the sensory labels 1 and 2 discs were placed at the bottom of 96-well
plates and 20 pL of 0.5 uM solution of Mpro from SARS-CoV-2 and
MERS-CoV in 20 mM Tris-HCl pH 7.3, 100 mM NaCl, 1 mM EDTA,
1 mM DTT buffer were added. Fluorescence was recorded at 30 and
60 min after enzyme addition.

3. Results and discussion
3.1. Characterization of copolymers

The four synthesized copolymers were characterized by infrared
spectroscopy, 'H and '3C nuclear magnetic resonance, thermogravi-
metric analysis, differential scanning calorimetry, and powder X-ray
diffraction. As shown in SI-Section S2, copolymers 1 and 2 show aro-
matic proton signals between 6.2 and 6.8 ppm in the 'H NMR spectra,
confirming the presence of aniline side groups in the polymer structure.
On the other hand, !3C NMR and FT-IR spectra show typical signals of
random copolymers prepared with 1-vinyl-2-pyrrolidone and methyl
methacrylate. FT-IR spectra of copolymers 2 and 4 (MMA 95 mol%)
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Fig. 2. Enzyme tests carried out in 96-well plates, including a 6 mm diameter sensory label at the bottom of each well and 20 pL of a 0.5 uM solution of Mpro in
20 mM Tris-HCI pH 7.3, 100 mM NaCl, 1 mM EDTA, 1 mM DTT buffer. Experimental conditions: temperature = 30°C, Aex = 360 nm, Aep, = 460 nm, excitation slit
= 40 nm, emission slit = 40 nm. (a) Response time study of sensory labels 1-4, by monitoring the fluorescence at 15, 30, 60, 120, 180, and 240 min; image of a
sensory label 1 before and after interaction with Mpro. (b) Storage stability study of sensory labels 1, 3 and free peptide by measuring the fluorescence response at
60 min after 1, 7, 14, 28 and 60 days of storage using zip bags. Data are means + standard error of 3 independent replicates.

contain typical peaks of PMMA at 1718 and 1138 cm™!, assigned to
C=O0 stretching and -O-CHj stretching vibrations, respectively [23].
Signals related to PVP are only appreciable at FT-IR spectra of copol-
ymer 1 and 3, in which the broad band assigned to the O-H stretching
vibration can be shown between 3060 and 3703 cm ™!, probably related
to water molecules associated with the copolymers hydrophilicity [24].
Other characteristic peaks of PVP can also be seen at 1665 em™?
(carbonyl group), and at 1021 cm ! (C-N stretching) [25].

The most relevant information came from the PXRD and the poly-
mers’ thermal analysis. Thus, the PXRD spectra indicate that the sepa-
ration between chains is not affected by the introduction of the aniline
side groups in the polymer structure since the values of 26yax do not
vary significantly. In the same way, concerning thermal analysis, co-
polymers 1 and 3 do not present significant differences in the values of
Ts, T10 and Tg. However, copolymer 2 has Ts and Ty( values 16 and
12 °C higher than copolymer 4, respectively. Therefore, our interpre-
tation is that adding aniline groups improves the interaction between
chains through H bonds with the carbonyl groups of the rest of the co-
monomers, which improves the material’s thermal properties. This can
also be seen in the behaviour of the Tg, which increases 5 °C when only
0.5% mol of vinylaniline is introduced in the copolymer formulation.

3.2. Response time and storage stability of sensory labels

Fluorescence emission was measured at a fixed wavelength, and
three replicates were performed for each measurement in 96-well plates
to obtain statistically robust data, and the fluorescence data were
transformed into enzymatic activity data through the following equa-
tion:

RFUs = Fiensor+enzyme = Fiensor 3

where “RFUs” are the relative fluorescence units, and “F” is the emitted
fluorescence.

The enzyme tests that were carried out with the sensory labels
showed that an OFF-ON fluorescence process occurs when exposed to
the Mpro enzyme, as shown in Fig. 2a. The system reached equilibrium
180 min after the enzyme addition for all sensory labels except the N°3,
in which the response time was 30 min. However, after half an hour, the
response is intense enough to be detected with the naked eye. These
experiments were performed with an enzyme concentration of 0.5 uM,
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Fig. 3. EpiDermTM tissues were exposed to sensory labels 1 and 2 for 1 h. The
viability was analysed by MTT assay, and it is expressed as a percentage of
negative control. Data represented the mean + standard error of 3 independent
replicates. Differences were established using a one-way ANOVA followed by a
multiple comparisons test (Tukey test) and considered significant when
p <0.05. The same letter indicates no significant differences be-
tween treatments.

but the LODs of the sensory labels 1 and 2 are 0.177 uM (6.018 ug/mL)
and 0.396 uM (13.4 ug/mL), respectively.

The stability study (Fig. 2b) showed that sensory labels with cova-
lently anchored substrates, such as sensory label 1, have a longer shelf-
life and remain suitable for at least two months after preparation (black
line). However, as we have shown in previous works [26], this stability
is not exhibited when using labels with substrate dispersed (not cova-
lently anchored, as sensory label 3), showing the same behaviour as the
free peptide substrate (green and pink lines, respectively). Additionally,
results for sensory labels 2 and 4 were equivalent. Therefore, our
interpretation is that the polymeric chains exert a protective effect only
on the covalently anchored substrates. This fact is one of the novel keys
of this study since this kind of substrates are usually unstable, so they are
not used in the preparation of sensory materials.
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Fig. 4. Results for Subject #4 testing with sensory label coated with copolymer 1 (sensory label 1), sensory label coated with copolymer 2 (sensory label 2), and
antigen test. The image shows the real photograph and the cropped image. Each photo contains 2 negative controls, 2 positive controls, and 2 replicates.

3.3. Cytotoxicity assays

In vitro EpiDerm™ skin irritation test (MatTek) is a test compliant
with the OECD Test Guideline (TG) No. 439 to evaluate the skin irrita-
tion potential of the test chemicals in the context of identification and
classification of skin irritation hazards according to the EU and Classi-
fication Harmonized System of Classification and Labelling Chemicals,
GHS, (R38 / Category 2 or no label). Thus, an irritant is predicted if the
mean relative tissue viability of three individual tissues exposed to the
test substance is reduced below 50% of the mean viability of the nega-
tive controls.

As shown in Fig. 3, sensory labels 1 and 2 did not reduce the viability
by over 50% when compared with the controls. Therefore, according to
the EU and Globally Harmonized System of Classification and Labelling
Chemicals, GHS, (R38/ Category 2 or no label), none of them could be
considered irritants in the conditions tested.

3.4. Selectivity/Specificity of the sensory labels

The most common human respiratory viruses are influenza A and B,
syncytial, rhinoviruses, adenoviruses, and coronaviruses. Among them,
only rhinoviruses and coronaviruses use their 3 C-like proteases to
replicate [27]. However, the 3 C-like proteases of rhinoviruses only have
a 20% homology with the protease studied in this work, they recognize a
substantially different peptide sequence (LEVLFQ/GP) than that of the
SARS-CoV-2, and their active site is made up of three amino acids
instead of two as is the case of coronaviruses [28-30]. Therefore, the
specificity and selectivity studies were carried out with viruses from the
coronaviruses group.

Seven human coronaviruses (HCoV) have been described until now,
the endemic viruses HCoV-OC43, HCoV-229E, HCoV-NL63, HCoV-
HKU1 and the epidemic viruses MERS-CoV, SARS-CoV, and SARS-CoV-
2. HCoV-0C43 and HCoV-229E are included in the alphacoroviruses

genera, while HCoV-NL63, HCoV-HKU1, MERS-CoV, SARS-CoV, and
SARS-CoV-2 are members of the betacoronaviruses genera [31,32].

To study the specificity of our labels, the encoding amino acid se-
quences of the 3 C-like proteases of these seven coronaviruses were
obtained and aligned. Fig. S8 (SI-Section S3) summarizes the multiple
alignment results, showing the highly conserved residues of the catalytic
site of the proteases (blue), the strictly equal residues in all the se-
quences (red), and the residues belonging to the same group of amino
acids (yellow). The residues of catalytic site (blue) and those around
them (red) are conserved, although their positions are slightly displaced.
For instance, while in SARS-CoV and SARS-CoV-2 this catalytic dyad is
located at residues Hys41 and Cys145, in MERS-CoV it is located at
residues Hys41 and Cys148 [33].

The results of the identity matrix (Table S1, SI-Section S3) show that
the alpha genera viruses are those with the lowest degree of conserva-
tion and, therefore, the lowest similarity with the rest of the coronavi-
ruses. Consequently, on the one hand, we can conclude that the amino
acid sequences of the 3 C-like protease of SARS-CoV-1 and SARS-CoV-2
are practically identical (96.08% of similarity). On the other hand, the
similarity between SARS-CoV-2 and MERS-CoV is quite lower (~50%),
and even lower when comparing SARS-CoV-2 with the rest of the
coronaviruses as previously reported [12,33]. The phylogenetic tree
analysis also supports these results, in which coronaviruses are sorted by
genera (Fig. S9, SI-Section S3). SARS coronaviruses 1 and 2 have evolved
separately from the rest of the betacoronaviruses. In fact, the MERS-CoV,
HCoV-HKU1 and HCoV-OC43 viruses seem to have the same evolu-
tionary origin, highly influenced by their zoonotic origin (from animals
to humans), and definitively they have evolved differently and have
adapted to their new niche [32,33].

Accordingly, we performed the enzymatic analyses summarized in
Table S2 (SI-Section S4), showing the kinetic parameters obtained for
Mpro 3CL proteases from SARS-CoV-2 and MERS-CoV using the sub-
strate Dabcyl-KTSAVLQSGFRKME-Edans. As expected, Ky of the Mpro
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Results of the study with 26 subjects, testing COVID with sensory label 1, sensory label 2, and antigen test. The table shows the mean + standard
error of 2 replicates of the G% extracted from photographs, and calculated with the equation Giest% = (Giest-Greg) / (Gpos-Gneg) x 100 (Eq. 3).

Subject SEI;::;Y G parameter (%) [Neg. < %f?;/"z > Pos.] Antigen test result | Conclusion
#1 6.04 + 4.67 NEGATIVE NEGATIVE Match
#2 81.04 + 6.88 POSITIVE POSITIVE Match
#3 97.27 +1.89 POSITIVE POSITIVE Match
#4 74.90 + 1.26 POSITIVE POSITIVE Match
#5 117.76 £ 5.29 POSITIVE POSITIVE Match
#6 59.28 £1.57 POSITIVE POSITIVE Match
#7 36.44 £5.33 NEGATIVE NEGATIVE Match
#8 66.38+1.31 POSITIVE NEGATIVE False positive
#9 1 85.41 £3.22 POSITIVE POSITIVE Match
#10 92.59 £ 0.65 POSITIVE POSITIVE Match
#11 84.31+2.45 POSITIVE POSITIVE Match
#12 90.05 +30.33 POSITIVE POSITIVE Match
#13 24.12 + 14.91 NEGATIVE POSITIVE False negative
#14 -3.21£30.73 NEGATIVE POSITIVE False negative
#15 59.84 £3.50 POSITIVE POSITIVE Match
#16 17.89 +£2.44 NEGATIVE NEGATIVE Match
#17 49.16 = 5.87 Borderline POSITIVE Repeat test
#18 44.12 £ 0.88 NEGATIVE NEGATIVE Match

from SARS-CoV-2 is lower than Ky of the Mpro from MERS-CoV, i.e.,
43.02 +3.23uM and 117.06 + 10.61 uM values, respectively. This
parameter indicates that the Mpro-SARS-CoV-2 presents a higher affin-
ity for the substrate than Mpro-MERS-CoV. In addition, the Mpro-MERS-
CoV’s enzymatic efficiency (Kcat/KM) is remarkably lower than the
Mpro-SARS-CoV-2, confirming our in silico studies and previous reports
from other authors [12,33,34].

Regarding the tests with sensory labels, the Mpro-SARS-CoV-2 has
higher activity than the Mpro-MERS-CoV, which means a higher fluo-
rescence emission when performing fluorescence analysis in the
microplate reader, and also higher visual response with the naked eye,
as shown in Fig. S10.

3.5. Proof of concept. Saliva test with 26 subjects (15 patients and 11
controls)

This study was carried out with 26 subjects, 15 COVID patients, and
11 controls. It is a relatively small number to be considered a medical
study, but large enough for a work in which the main claim and novelty
is the strategy of preparing these new virus sensors straightforwardly,
only anchoring a fluorogenic peptide substrate to a polymer and then
using this sensory polymer as a coating for paper.

For example, Fig. 4 shows the results of Subject #4 (asymptomatic),
who tested positive for COVID with the antigen test and our sensory
labels 1 and 2. The figures for the rest of the subjects are included in the
SI-Section S5.

The COVID patients generated fluorescence in the sensory labels to
the naked eye, while the negative cases did not. To assign a numerical
value to that response, the digital colour of each label was analysed in
two different digital colour spaces (RGB and HSV), and we found G
parameter from the RGB colour space was the one that best distinguishes

(continued on next page)

between patients and controls.

Considering the G parameter of the negative control as 0 G%, and the
G parameter of the positive control as 100 G%, Subject #4 gave a G%
result greater than 55 (75 G% for sensory label 1 and 157 G% for sen-
sory label 2), so the result was positive for COVID in line with the an-
tigen test. Table 2 shows the results for all subjects.

The risk of making a mistake in the experimental procedure was high
and difficult to control since all the responsibility lies within the par-
ticipants. Despite this, our sensory label 1 and the used antigen tests
provided the same result in 21 of the 26 cases (81%), which suggests that
our proposed idea can be a leading methodology for the industrial
production of this type of sensors in the short term. Furthermore, from a
comparative point of view, the success rate of self-testing antigen tests is
82.5% [35], very similar to the result obtained with our material.

Sensory label 1 has better results than sensory label 2 (85% match
with antigen test versus 65%). Our interpretation is that the greater
hydrophilicity of copolymer 1 makes the environment generated for the
reaction with the Mpro enzyme more appropriate. Regarding the non-
satisfactory results of sensory label 1, we must underline that result
for subject #17 is on the borderline, that is, the subject should have
repeated the test. The other four unsuccessful cases are one false positive
(subject#8) and three false negatives (subjects #13, #14 and #20). In
the case of the false positive, he/she presented symptoms compatible
with COVID, and therefore there may be interference with some other
rhinovirus. This interference problem can be addressed by increasing the
length of the substrate peptide, i.e., making it much more specific for
Mpro. Regarding the false negatives, we believe some other substance in
the saliva may be quenching the fluorescent signal through deactivation
processes. We think that this could be improved by including a tooth and
tongue brushing 10 min before the test, but in our case could not be
carried out since it is contraindicated in many of the antigen tests.
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#19 51.82+£3.96 NEGATIVE NEGATIVE Match
#20 24.92 +3.56 NEGATIVE POSITIVE False negative
#21 63.64 £ 7.88 POSITIVE POSITIVE Match
#22 40.46 £2.29 NEGATIVE NEGATIVE Match
#23 16.30 £ 6.79 NEGATIVE NEGATIVE Match
#24 —7.46 £3.59 NEGATIVE NEGATIVE Match
#25 —11.05+7.93 NEGATIVE NEGATIVE Match
#26 —-5.90 £ 7.87 NEGATIVE NEGATIVE Match

#1 28.63 = 1.66 NEGATIVE NEGATIVE Match

#2 215.94+0.48 POSITIVE POSITIVE Match

#3 236.45 +£13.30 POSITIVE POSITIVE Match

#4 156.72 £ 8.96 POSITIVE POSITIVE Match

#5 184.54 + 40.72 POSITIVE POSITIVE Match

#6 118.81 £1.98 POSITIVE POSITIVE Match

#7 121.13 £ 15.77 POSITIVE NEGATIVE False positive
#8 132.02 + 14.20 POSITIVE NEGATIVE False positive
#9 153.85 +7.69 POSITIVE POSITIVE Match
#10 183.84 +7.07 POSITIVE POSITIVE Match
#11 118.50 +10.97 POSITIVE POSITIVE Match
#12 81.56 £ 5.00 POSITIVE POSITIVE Match
#13 77.62 £ 15.86 POSITIVE POSITIVE Match
#14 —3.90 + 27.80 NEGATIVE POSITIVE False negative
#15 56.66 = 4.64 Borderline POSITIVE Repeat test
#16 69.90 + 1.03 POSITIVE NEGATIVE False positive
#17 61.52+0.39 POSITIVE POSITIVE Repeat test
#18 —18.88 £23.08 NEGATIVE NEGATIVE Match
#19 —53.68 +2.94 NEGATIVE NEGATIVE Match
#20 40.85 + 13.03 Borderline POSITIVE Repeat test
#21 43.16 £8.07 NEGATIVE POSITIVE False negative
#22 30.87£0.97 NEGATIVE NEGATIVE Match
#23 56.15+£0.20 Borderline NEGATIVE Repeat test
#24 4.66 =5.06 NEGATIVE NEGATIVE Match
#25 16.19 + 3.64 NEGATIVE NEGATIVE Match
#26 —4591 £6.03 NEGATIVE NEGATIVE Match

4. Conclusions

Early detection methods are essential tools against the spread of
infectious diseases, as seen in the Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2) caused pandemic with the width spread
use of rapid and reliable immunoassay to qualitatively detect antibodies
against the virus. Herein, we report on a strategy to prepare an easy-to-
use protein function-based detection method using saliva of potentially
infected people, based on peptide substrate containing a FRET pair
(fluorophore and quencher) to detect the Mpro protein. Specifically, we
have chemically anchored the Mpro substrate to linear polymers with
different hydrophilicity, and coated cellulose supports with it to prepare
the sensory labels. Results show that the higher hydrophilicity of the
copolymer, the higher performance of the sensory labels. Upon

contacting the sensor with the saliva (Mpro is present in infected people,
as demonstrated), the OFF-ON fluorescence response allows for the
qualitative visual detection of the infection (LOD = 0.177 uM for sen-
sory label 1). Moreover, a picture of the sensors provides a quantitative
and statistical infection result. The advantages of these sensors are that
they can be easily prepared, inexpensively, quickly, and in high quan-
tities. Even more relevant is the proposed methodology that can be
applied to detecting saliva or other body fluids and expired air for virus
and bacterial infections.

Open data

Open Data is available at https://riubu.ubu.es/handle/10259/5684
(Dataset of the work " Lab-on-a-chip for the easy and visual detection
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Supporting Information

Characterization of the fluorogenic peptide substrate for Mpro;
characterization of polymers; amino acid sequence analyses of Mpro
3 C-like main proteases of human coronaviruses; in vitro comparative
analysis of Mpro-SARS-CoV-2 and Mpro-MERS-CoV; proof of concept
with 26 participants; explanatory video.
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