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Abstract

The construction of a rapid and easy immunofluorescence bioassay for SARS-CoV-2 detection is described. We report for
the first time a novel one-pot synthetic approach for simultaneous photoinduced step-growth polymerization of pyrene (Py)
and ring-opening polymerization of e-caprolactone (PCL) to produce a graft fluorescent copolymer PPy-g-PCL that was
conjugated to SARS-CoV-2-specific antibodies using EDC/NHS chemistry. The synthesis steps and conjugation products
were fully characterized using standard spectral analysis. Next, the PPy-g-PCL was used for the construction of a dot-blot
assay which was calibrated for applications to human nasopharyngeal samples. The analytical features of the proposed sensor
showed a detection range of 6.03—8.7 LOG viral copy mL™! (Ct Scores: 8-25), the limit of detection (LOD), and quantifica-
tion (LOQ) of 1.84 and 6.16 LOG viral copy mL~!, respectively. The repeatability and reproducibility of the platform had a
coefficient of variation (CV) ranging between 1.2 and 5.9%. The fluorescence-based dot-blot assay was tested with human
samples. Significant differences were observed between the fluorescence intensity of the negative and positive samples, with
an overall correct response of 93.33%. The assay demonstrated a high correlation with RT-PCR data. This strategy opens
new insights into simplified synthesis procedures of the reporter molecules and their high potential sensing and diagnosis
applications.
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Introduction

Optical biosensors are devices that use various materials
such as fluorescence, luminescence, and colorimetric mol-
ecules offering a myriad of benefits in simplifying the use
and lowering the cost of preparation. They are often referred
to as the future of point-of-care (POC)-based diagnostics due
to the high accuracy and low requirement needed to operate
[1]. Their application covers a wide range of targets, includ-
ing viral detection, substance use, toxins, environmental
monitoring, food safety, and many others [2]. Immunoassays
are qualitative and quantitative tools for detecting and meas-
uring various targets based on the interaction between an
antibody and a target antigen, making them a highly sensi-
tive and selective instrument for diagnosis [3]. Immunoassay
approaches have been integrated into many POC tests, such
as paper-based assays (lateral flow assays and dot blots).
Paper-based immunoassays can be of great economic value
due to their simple manufacturing and low cost, which is
advantageous in large-scale production and application [4].
Combining these tools with the advantages of fluorescent
tags further enhances the potential of paper-based biosensors
by increasing their sensitivity. Hence, developing novel com-
binations of antibodies and fluorescent molecules is essential
in biosensor applications.

With continuous advancements in the production of
polymers, the development of photochemical synthetic
methods has been the subject of extensive research as they
afford environmentally benign and sustainable conditions
[5]. Conventional synthesis methods utilizing metal cata-
lysts and high temperatures may not be suitable for certain
applications [6]. Nowadays, light-activated polymerizations
are more favorable in material science due to the inherent
benefits offered such as safety, less energy consumption, spa-
tiotemporal control, high efficiency at room temperature, and
reduced emissions of volatile organic compounds [7]. We
have recently shown that highly conjugated polymers can
be prepared by photoinduced step-growth polymerization
[8]. Pyrene polymerization is an excellent example of this
approach [9] (Fig. 1A).

Homo and copolymers of polylactones, particularly
poly(e-caprolactone) (PCL), are widely used in bio-appli-
cations due to their biocompatibility and biodegradability.
Various combinations of PCL with other types of polymers
imparting biocompatibility to the synthetic polymers were
reported [10]. PCL is generally prepared by ring-opening
polymerization (ROP) using stannous(II)octoate combined
with hydroxyl functional compounds [11]. However, due
to metallic contaminations of the polymer products, their
bio-applications are quite challenging. Some solutions were
proposed to overcome this issue using a phosphazene base
[12] or Lewis acids and acid-base organocatalytic systems
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[13]. We have recently introduced a new photoinduced ROP
of e-CL by using onium salts [14].

As the same active species are involved in both pho-
toinduced step-growth polymerization of pyrene and ROP
of e-CL, it seemed appropriate to conduct both processes
simultaneously by using appropriately selected combina-
tions. This study reports for the first time a one-pot in situ
preparation of polypyrene-g-poly(e-caprolactone) (PPy-g-
PCL) via simultaneous photoinduced step-growth and ROP
polymerization to produce a fluorescent molecule with inter-
esting optical applications.

Since the rise of COVID-19, POC detection is increas-
ingly regarded as a promising method to facilitate home
testing and on-site diagnosis [15]. During the 2020-2021
period, the development of reliable methods meeting mass
testing needs and reducing costs has attracted attention
because of the high testing requirements. The RT-PCR
technique, considered a gold-standard technique for SARS-
CoV-2 detection, suffers from long reporting time, need for
expensive equipment, and trained personnel. Alternately,
recent POC-based studies have aimed to design and fabri-
cate straightforward and cheap diagnostic tools capable of
identifying target analytes with high sensitivity and specific-
ity [16, 17].

The current study proposes an original fluorescent bio-
assay setup for SARS-CoV-2 detection. The platform was
designed as an optical paper-based dot-blot assay using a flu-
orescent PPy-g-PCL synthesized with an original approach
of a one-pot photoinduced step-growth and ROP polymeri-
zation combined with a polyclonal antibody cocktail target-
ing SARS-CoV-2. The synthesis and bioconjugation steps
were fully characterized using various spectral analyses.
The biosensor was calibrated and tested with human naso-
pharyngeal samples to demonstrate its enhanced sensitivity
compared with the traditional RT-PCR technique.

Experimental section
Materials

e-Caprolactone (e-CL) (Aldrich, 97%) was vacuum dis-
tilled over calcium hydride. Pyrene (Py) (Sigma-Aldrich,
98%) was recrystallized from ethanol. Pyrene methanol
(PyMe), diphenyliodonium hexafluorophosphate (DPI),
succinic anhydride, pyridine, triethylamine were obtained
from Sigma-Aldrich (Germany) and used as purchased.
Dichloromethane was purified using conventional drying

Fig.1 The mechanism for A the photoinduced step-growth polym- »
erization of pyrene and B simultaneous photoinduced step-growth
polymerization of pyrene and ROP of CL
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and distillation procedures. Affinity column (protein A) was
obtained from Thermo Fisher. Nitrocellulose membranes
were ordered from mdi Membrane Technologies (India).

Characterization

Gel permeation chromatography (GPC) measurements were
performed on a TOSOH EcoSEC GPC system equipped with
an autosampler system, a temperature-controlled pump, a
column oven, a refractive index (RI) detector, a purge
and degasser unit, and a TSK gel super hZ2000 4.6 mm
IDx 15 cm X 2.0 cm column. Tetrahydrofuran (THF) was
used as an eluent at a flow rate of 1.0 mL min~' at 40 °C.
A refractive index detector was calibrated with polystyrene
standards having narrow molecular weight distributions.
SEC (size-exclusion chromatography) data were analyzed
using EcoSEC Analysis software. UV —vis spectra were
recorded with a Shimadzu UV-1601 double-beam spectrom-
eter equipped with a 50-W halogen lamp and a deuterium
lamp which operate between 190 and 1100 nm. All fluo-
rescence spectra were recorded using a PerkinElmer LS55
spectrometer performing between 200 and 900 nm wave-
lengths with a 10-nm slit width. The "H NMR spectra of the
products were measured at room temperature in Si(CHj3),
using a 500 MHz NMR (Agilent NMR System VNMRS).
Differential scanning calorimetry (DSC) was performed on
a PerkinElmer Diamond DSC from 30 to 300 °C with a heat-
ing rate of 10 °C min~! under a nitrogen flow. A typical DSC
sample was 2.0 —5.0 mg in a 30-puL aluminum pan. The
Fourier transform infrared (FT-IR) spectroscopy measure-
ments were recorded at 16 scans using a PerkinElmer FT-IR.

Polymerization procedures

e-CL (10 mol L™Y), Py (0.25 mol L™), (PyMe) (0.1 mol
L"), and DPI (0.5 mol L™") were dissolved in 2.0 mL dry
dichloromethane and then placed into a 15-mL Schlenk
tube that had been degassed using three freeze pump thaw
cycles. The solution was then exposed to light from 12
Philips 7.1-W fluorescent lamps providing light at 350 nm
in a photoreactor. The light intensity was~3.0 mW cm™2.
After irradiation, the resulting polymer solution was pre-
cipitated by pouring it into a tenfold methanol solution. The
collected polymer was filtered and dried for 24 h at 50 °C
under a vacuum. Gravimetric analysis was used to determine
polymers conversions.

Human samples
Human nasopharyngeal swabs (n=25) and serums (n=25)
were collected at the University Hospital of Ege University,

Izmir (Turkey). Sample collection was performed according
to standard procedures, and each sample was analyzed with
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RT-PCR and commercial ELISA tests to determine negative
or COVID-19 positive patients (including the English vari-
ant). The swab samples were blindly grouped and stocked
at — 20 °C till further use, and serum samples were stored
similarly till purification steps were initiated. The study on
human samples was approved by the Clinical Research Eth-
ics Committee of Ege University under the reference num-
ber: 20-8 T/28.

Antibody purification and characterization

Serum samples from infected patients (determined by RT-
PCR) were analyzed via commercial ELISA tests to detect
and determine COVID-19-specific IgG, IgA, and IgM. Sam-
ples with the highest antibody amounts were selected and
pooled together to enhance the yield of the antibodies after
purification. Pooled samples were subjected to conventional
precipitation, and the precipitate was dialyzed overnight
before being applied over a protein A/G affinity column. The
eluted antibodies were concentrated, aliquoted, and stored
at — 20 °C till further use [18].

The antibody concentration was determined using UV
measurements (280 nm). SDS-PAGE analysis was also per-
formed to assess the purity of the antibodies. The specific-
ity of the antibodies was confirmed through two different
approaches: SARS-CoV-2-specific ELISA kits for (IgG,
IgA, and IgM) and electrochemical-based analysis using a
screen-printed electrode coupled with magnetic nanoparti-
cles-conjugated commercial antigens (protein S1 and S2)
[18]. A detailed protocol of the purification and characteriza-
tion can be seen in the Supplementary Information.

Application of the PPy-g-PCL in paper-based
biosensing of COVID-19

PPy-g-PCL conjugation

The conjugation of the COVID-19 antibodies to PPy-g-PCL
was performed in a similar way to our previous procedure of
antibody-polymersome conjugation using EDC/NHS chem-
istry [19]. The first step consisted of introducing a carboxylic
group over the hydroxyl end group of PPy-g-PCL using suc-
cinic anhydride with pyridine/triethylamine as the catalyst.
In brief, PPy-g-PCL (1.0 eq.), succinic anhydride (2 eq.),
and pyridine/triethylamine (1:1) (1.0 eq.) were dispersed
in 10 volumes of 1,4-dioxane and left to react for 24 h at
room temperature. Later, the carboxylated PPy-g-PCL was
sedimented through repeated treatments with hexane/ether
(1:1) three times.

The obtained powder (10 mg) was reacted with EDC/
NHS in MES buffer according to the previously described
approach [20]. Later, the SARS-CoV-19 antibodies (1.0 mg/
mL in PBS) were added over the functionalized PPy-g-PCL
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and stirred at room temperature for 24 h under argon gas.
The solution was dialyzed overnight, and antibody-PPy-
g-PCL was stored at+4 °C till further use. The different
steps of the bioconjugation were characterized using fluor-
imetry (Varian Cary eclipse, Perkin Elmer Ltd., England)
and FT-IR analyses (Perkin Elmer Spectrum Two). The fluo-
rescence excitation measurements were performed using an
emission wavelength of 390 nm.

Paper-based dot-blot assay for virus detection

The dot-blot assay for the COVID-19 sensing using PPy-
g-PCL conjugated antibodies was performed in a manner
similar to the procedure previously reported using antibody-
conjugated polymersomes [19]. Briefly, 1.5 mg mL™! of
antibody (2.0 pL) was spotted over a nitrocellulose mem-
brane and left at room temperature overnight. The spots
received 2.0 pL of BSA (1.0%) to block non-specific sites
for 30 min at 37 °C, followed by three washes using PBS.
After drying, the different nasopharyngeal samples (positive
and negatives) were added over the prepared spots (2.0 pL)
and incubated for 30 min at 37 °C. After another round of
washing and drying, 2.0 pL of PPy-g-PCL conjugated anti-
bodies solution (1:40 dilution in ethanol 20%) was added,
and the membranes were incubated for 30 min at 37 °C. The
membranes were rinsed with PBS (2.0 pL) and taken for
smartphone-assisted image analysis. A blank spot receiv-
ing no human sample was also prepared to determine the
background fluorescence.

Fluorescence analysis using smartphone-assisted imaging

Membranes were photographed before and after being put
under a UV lamp to reveal fluorescence using a Xiaomi
smartphone (Redmi Note 9 Pro). The pictures were taken
from a distance of 20 cm and transferred for analysis using
Image J software (NIH, Maryland, USA). The selection of
the fluorescent regions was performed using the ellipse tool,
and great care was taken to avoid the ring forming at the
periphery of the spots. The images were then measured for
signal intensity and surface area of the fluorescence using
the Analyze option [19]. The data of the blank spots were
subtracted from all others to eliminate the background inter-
ference, and the obtained values were divided by the sur-
face area to get a corrected fluorescence intensity. A detailed
demonstration of the image-based fluorescence analysis is
provided (Fig. S1).

Calibration and analytical performance
The calibration of the dot-blot assay was performed using

viral load (copy mL™!) determined from the RT-PCR data
(10° to 10" viral copy mL~! equivalent to 8-25 Ct scores)

according to the previously described report [21]. The flu-
orescence intensity was determined, and data was plotted
in function of viral load or LOG10 of viral copy number
to determine the analytical performance of the biosensor,
including the detection range, limit of detection (LOD), and
quantification (LOQ). The sensitivity and selectivity of the
biosensor were analyzed through a correlation study between
the current platform and the data generated from the RT-
PCR analysis (Ct scores). Additionally, the repeatability
and reproducibility of the tests were investigated by taking
samples from each group and testing over the same or dif-
ferent batches of the dot-blot assay (n=10). The data was
plotted, and the overall response and coefficient of variation
were calculated.

Statistical analysis

The analyses were performed at least three times, and the
results are shown as mean + SD. The statistical differences
were analyzed standard z-test, and p values lower than 0.05
were considered significant.

Results and discussion

The current study addresses the development of a fluorescent
paper-based dot-blot immunoassay to detect SARS-CoV-2
antigens in human nasopharyngeal samples (Fig. 2). Since
the pandemic’s start, there have been continuous efforts
in proposing efficient sensors for fast and reliable screen-
ing. Yet, RT-PCR and paper-based assays remain the major
diagnostic tools employed. Of interest to the current study,
paper-based assays are broadly spread worldwide for both
antigen and antibody detection due to their fast turnaround,
cost-effectiveness, and user-friendliness. Colorimetric
immunoassays especially make use of gold nanoparticles
as a color reporter. Albeit the proven performance of these
molecules, there are some disadvantages related to stabil-
ity and color bleaching artifacts. From here, enhancing the
assay format has seen various efforts, including the affinity
and recognition materials (antibodies, aptamers, enzymes,
genetic materials, etc.), assay materials (nitrocellulose,
polydimethylsiloxane, etc.), and reporting optical materials
(dyes, nanoparticles, polymersomes, fluorescent molecules,
etc.). The use of colorimetric materials such as dye-loaded
polymersome has been shown to perform well compared
with gold nanoparticles and was shown to have a high cor-
relation with PCR data [19]. The subject of sensitivity to
detect small amounts of targets remained an open door for
development, and it has been shown that the employment of
fluorescent molecules can enhance the optical capabilities of
paper-based assays [22]. Taking advantage of these fluores-
cent molecules, the current study reports for the first time a

@ Springer



202 Page6of12

Microchim Acta (2022) 189: 202

NC membrane Antibody immobilization

3 a
¢*: 19,
ph
Wl M
.3

O

Sample application PPy-g-PCL/Ab addition

5
‘ UV-light source

Wr . SARS-CoV-2specific antibody * : SARS-CoV-2antigens

. Antibody-conjugated PPy-g-PCL

QO
AOOHC DY
ERCAR G
PPy-g-PCL ot~

Fig.2 PPy-g-PCL-based dot-blot assay for the detection of SARS-CoV-2

novel approach for the synthesis of a fluorescent polypyrene-
g-poly(e-caprolactone) (PPy-g-PCL) prepared by simultane-
ous photoinduced step-growth and ROP processes for paper-
based SARS-CoV-2 sensing application.

Fluorescent PPy-g-PCL synthesis

Chain polymerizations involving free radicals, cationic, and
anionic routes can be accomplished by photochemical means
in the broad wavelength range covering the UV [23], vis-
ible [24], and near-IR [25] regions of the electromagnetic
spectrum. In these processes, upon irradiation, the excited
conjugated monomer forms an exciplex that undergoes a sin-
gle electron transfer reaction with iodonium salt. Thus, the
formed monomer radical cation releases protons, resulting
in monomer radicals that couple with each other. Photocata-
lytic cycles of electron transfer, proton release, and radical
coupling steps essentially yield desired highly conjugated
polymers. The latest reports from our laboratory have dem-
onstrated that this photochemical approach can successfully
be applied for the synthesis of polythiophenes [26], polycar-
bazoles [27], and polypyrenes [9].

PCL is a widely used polymer in biomedical applica-
tions due to its various advantages conferring biocompat-
ibility features to many polymers combined with it [10].
While PCL is synthesized through ROP, its synthesis
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shares many active species with the photoinduced step-
growth polymerization of pyrene. As such, the design of
a single step, one-pot simultaneous synthesis to produce a
PPy-g-PCL appeared to be feasible to avoid metallic con-
taminations during the preparation steps.

We first studied simultaneous step-growth polymeriza-
tion of pyrene and ROP of CL by photoinduced electron
transfer (PET) to yield the desired fluorescent base poly-
mer (Fig. 1B). In this process, the pyrene acted as a light-
absorbing sensitizer and monomer. Pyrene methanol was
deliberately selected to act as a ROP initiator and provide
attachment for PCL segments to pyrene repeating units.
The reaction showed that the yield and molecular weight
increased with the irradiation time (Table 1). The rela-
tively high dispersity observed reflects the characteristic
nature of step-growth polymerization.

Because of its improved stability and flexibility, the
PCL segment was deliberately selected as a biocompat-
ible segment [28]. Moreover, its photochemical synthetic
approach is highly compatible with the step-growth
polymerization of pyrene [9]. The successful synthesis
and structure of the polymer were confirmed by spectral
analyses, including UV-Vis, fluorescence, FT-IR, and 'H
NMR (Fig. S2), and DSC investigations (Fig. S3). The
analysis results and related information can be seen in the
Supplementary Information.
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Table 1 Photoinduced simultaneous step-growth polymerization of
pyrene and ROP of e-caprolactone in CH,Cl, at room temperature
Airr=350 nm

irr

Time (h) Conv.[ (%) Mn[bJ (g mol™h) n/(m+p)l plvl

58 6083 48 1.6
8 69 11,256 48 1.4
24 81 15,640 68 24

CL: 10 mol L™!, PyOH: 0.1 mol L™}, Py: 0.25 mol L™, DPI: 0.5 mol
L~ ![@Determined gravimetrically.™Determined by gel permeation
chromatography according to polystyrene standards.[!Calculated
from H' NMR spectroscopy by comparing the integrated area of the
peak associated with the aromatic peak between 8-8.5 ppm to main
chain bands at 4.1 ppm

PPy-g-PCL-antibody conjugation

The first step consisted of purifying highly sensitive anti-
bodies from human samples through standard affinity-based
methods. The produced antibodies were carefully character-
ized by various techniques such as ELISA, SDS-PAGE, LC-
Q-TOF-MS/MS, and electrochemical analysis to validate the
purity and functionality of the proteins [3, 18]. The purified
antibodies were conjugated with the synthesized PPy-g-PCL
using succinic anhydride and EDC/NHS chemistries. Suc-
cessful bioconjugation was confirmed by fluorescence and
FT-IR spectral analyses (Fig. S4). Detailed assessment of
the characterization data can be seen in the Supplementary
Information.

To further characterize the interaction of the PPy-g-PCL-
antibody conjugate with the human samples over the dot-
blot system, scanning electron microscopy (SEM) and

PPy-g-PCL

PPy-g-PCL/Ab

fluorescence microscopy investigations were performed. The
SEM observation demonstrated that positive and negative
samples provide distinct changes to the physical organiza-
tion and surface of the polymer-antibody conjugates (Fig. 3).
The addition of human samples induces aggregation of the
PPy-g-PCL-antibody conjugates that can be attributed to
the antigen’s recognition by the antibodies. The negative
sample showing some accumulation is expected due to the
possibility of non-specific interactions or physical entrap-
ment. On the other hand, the positive sample addition
shows burgeoning structures due to the surrounding of the
polymer-antibody conjugates around the antigens (Fig. 3 top
row). Fluorescence microscopy further confirms the SEM
observations with the positive samples inducing a significant
aggregation of the PPy-g-PCL-antibody conjugates around
the antigen targets, resulting in enhanced fluorescent regions
(Fig. 3 bottom row).

SARS-CoV-2 biosensor construction and analytical
evaluation

Following the successful synthesis of PPy-g-PCL and its
antibody conjugate, a fluorescence paper-based dot-blot
assay for detecting SARS-CoV-2 was developed. The system
is based on a sandwich-type of immunosensing with anti-
bodies immobilized over the nitrocellulose membrane fol-
lowed by the sample for detection and then another addition
of an antibody-PPy-g-PCL conjugate for revelation (Fig. 2).
The biological application of the fluorescent bioconjugate
was performed over human samples applied over a dot-blot
assay by the technique reported in our earlier work [19] with
some modifications (Fig. 2). The membranes were then

PPy-g-PCL/Ab/Neg. Sample

S 5

PPy-g-PCL/Ab/Pos. Sample

Fig.3 Microscopic observations of the PPy-g-PCL-based conjugate and its interaction with positive and negative samples. (Top row) SEM-
based photographs and (bottom row) dot blots observed under fluorescence microscopy
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photographed under UV light to develop the fluorescence
related to the presence of the target. Under normal light, the
proposed detection platform showed circular spots with light
brownish colors indicating no differences between positive
and negative samples. However, the fluorescence induction
provides a distinct difference between negative and positive
samples that can be seen from the color intensity of the dot-
blot surface.

The calibration procedure of the dot-blot assay was per-
formed using human nasopharyngeal samples of known viral
load. The estimation of viral copy numbers was calculated
from RT-PCR calibration data of the analysis bodies of the
Ege University Hospital following standard procedures [29].
The analysis of increasing viral loads induced improved flu-
orescence intensities (Fig. 4A, B). The linear detection range
of the assay was estimated between 6.03 and 8.7 LOG viral
copy mL™! (y=13.661x+49.75; R*=0.9915). The limit
of detection (LOD) and limit of quantification (LOQ) were
estimated using the LOD =3 X SD/m, and LOQ=10XSD/m
equations (with SD: standard deviation of the intercept and
m: the slope). The proposed biosensor showed a great sen-
sitivity with LOD of 1.84 and LOQ of 6.16 LOG viral copy
mL~". Furthermore, the testing time of sample and conjugate
application and the waiting time for color development were
estimated at 15-20 min.

Many biosensor platforms have been proposed for detect-
ing SARS-CoV-2 in the literature ranging from traditional
approaches such as ELISA to other highly sensitive tools
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ples were pre-tested with RT-PCR to identify positive and
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Fig.4 Analytical performance of the proposed PPy-g-PCL-based
dot-blot assay for detecting SARS-CoV-2. Calibration analysis of the
proposed fluorescent biosensor expressed in A viral load (viral copy
mL™") and B LOG10 viral load. The fluorescence was induced using
a lamp (350-390 nm). C Corrected fluorescence intensities measured
for the different nasopharyngeal samples and representative visual
and fluorescent observations of the spots (insets). D Correlation of
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RT-PCR Ct scores

22 24 26

the PPy-g-PCL-based dot-blot sensor’s data with the RT-PCR Ct
scores. E, F Repeatability and reproducibility of the assay and G the
response performance of the biosensor (overall or by subgroups). CV
is the coefficient of variation between the repetitive measurements
expressed in percentages. ***p <0.001 vs. negative group. ns, non-
significant
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and UK variant samples (Fig. 4C). The overall correla-
tion of the current results with the PCR-obtained Ct scores
demonstrated a value of —0.92, suggesting a high correla-
tion towards the number of virus particles in the samples
(Fig. 4D). This linearity highlights the sensitivity of the PPy-
g-PCL-based dot-blot assays that provide results similar to
the RT-PCR.

The repeatability of results is an essential criterion for
developing any biosensor. It provides information on the
applicability of the platform at larger cohorts and gives an
idea of the reliability of the test under variations that can
occur during measurements. The current SARS-CoV-2
dot-blot sensor showed a high level of repeatability with a
coefficient of variation (CV) ranging between 4.4 and 5.9%
(Fig. 4E). Similarly, the reproducibility was also explored
through testing samples over various batches of freshly
prepared dot-blot assays. Indeed, the results showed simi-
lar results to the repeatability analysis with a CV% ranging
between 1.2 and 2.5% (Fig. 4F). This is of high importance
because the CV% in biosensor development is recommended
to be below 10% to be considered reliable [36].

The overall response of the proposed sensor was esti-
mated as 93.3% correct diagnosis compared to RT-PCR
(Fig. 4G), with 3.3% false diagnosis coming from the group
of the UK variant. The separation of each subgroup demon-
strated that the response of the proposed dot-blot assay had
100% correct diagnosis of the negative and positive samples
(n=20). In contrast, the UK variant group had 2 of the ten
samples that did not respond correctly. The biosensor had
no false positive and 6.6% false negative.

Limitations and perspectives

Development in diagnostic platforms generally aims for
fast, cheap, user-friendly tools, and, most importantly,
reliable results. During the current COVID-19 pandemic,
significant advances in the field of portable diagnostic
and point-of-care (POC) devices have been achieved. The
applications and advantages of optical paper-based assays
are well known, yet, they have their share of limitations as
many other techniques employed. Generally, sensitivity is
an essential issue for paper-based assays due to the need
for high concentrations of the target molecule to produce
a colorimetric signal visible by the naked eye [37]. The
proposed assay might suffer from sensitivity with low viral
load samples (Ct scores > 25). Due to the unavailability of
such samples, proper testing was not performed to check
the sensitivity of the current assay at low viral loads. It
would be interesting to enhance the sample numbers repre-
senting a wider Ct score range to obtain fine-tuned data on
the capabilities of the current dot-blot assay. Albeit miss-
ing, the correlation of the sensor data with the RT-PCR
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scores demonstrated a high correlation suggesting that the
sensor will perform well with any viral load.

Another issue with the rapid antigen tests resides in
the increasing number of variants (specifically in the case
of SARS-CoV-2), which is reflected by the continuous
changes in the target structures, thus producing increasing
numbers of false-negative diagnoses. Indeed, many reports
and the World Health Organization (WHO) suggested the
targeting of nucleocapsid (N) proteins or a combination
of N and spike (S) proteins [38]. There are various solu-
tions proposed to overcome the variants issue, such as
using protein target regions that are less susceptible for
mutations, or as in the case of the current work, the use
of a combination of monoclonal or polyclonal antibody
cocktails to increase the sensitivity of the biosensor [39].

The use of fluorescent molecules as reporting agents
proved to enhance the sensitivity of the paper-based bio-
sensors [22]. However, such an approach raises a challenge
in portability and POC applications due to the need for
fluorescence-inducing apparatuses for signal induction.
Thankfully, the current technological progress has pro-
vided many solutions for this issue. Many research groups
have been contributing to the subject of PCT technolo-
gies by developing optomechanical devices that can help
image acquisition with different variables for biomedical
applications [40]. From this, it can be interesting to create
optomechanical tools with integrated UV light for facilitat-
ing on-site imaging and analysis.

Conclusion

The combination of fluorescent conjugates and biocompat-
ible polymers is at the verge of a new era with important
implications for diverse fields and applications, ranging
from biosensors, immunoassays, bio-surfaces to synthetic
photochemistry. Simultaneous photoinduced step-growth
polymerization and ROP were proposed and achieved to
prepare fluorescent graft copolymers possessing both con-
jugated PPy and PCL building blocks. Our work shows
that the reactive species formed from the PET reactions
between excited pyrene and iodonium salt play a key role
in inducing both polymerizations concomitantly. After
bio-functionalization of the fluorescent graft copolymer
with SARS-CoV-2 recognizing antibodies, it was suc-
cessfully adapted into a paper-based bioassay system as a
labeling agent. The analytical features demonstrated high
sensitivity and correlation with RT-PCR. These data are
valuable for future potential usage of the PPy-g-PCL graft
copolymer as an essential component of fluorescence-
based diagnostic kits and other biosensors.
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