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ABSTRACT: New analytical techniques that overcome major drawbacks of current routinely used
viral infection diagnosis methods, i.e., the long analysis time and laboriousness of real-time reverse-
transcription polymerase chain reaction (QRT-PCR) and the insufficient sensitivity of “antigen tests”,
are urgently needed in the context of SARS-CoV-2 and other highly contagious viruses. Here, we report
on an antifouling terpolymer-brush biointerface that enables the rapid and sensitive detection of SARS-
CoV-2 in untreated clinical samples. The developed biointerface carries a tailored composition of
zwitterionic and non-ionic moieties and allows for the significant improvement of antifouling
capabilities when postmodified with biorecognition elements and exposed to complex media. When
deployed on a surface of piezoelectric sensor and postmodified with human-cell-expressed antibodies
specific to the nucleocapsid (N) protein of SARS-CoV-2, it made possible the quantitative analysis of
untreated samples by a direct detection assay format without the need of additional amplification steps.
Natively occurring N-protein—vRNA complexes, usually disrupted during the sample pre-treatment
steps, were detected in the untreated clinical samples. This biosensor design improved the bioassay
sensitivity to a clinically relevant limit of detection of 1.3 X 10* PFU/mL within a detection time of
only 20 min. The high specificity toward N-protein-vRNA complexes was validated both by mass spectrometry and qRT-PCR. The
performance characteristics were confirmed by qRT-PCR through a comparative study using a set of clinical nasopharyngeal swab
samples. We further demonstrate the extraordinary fouling resistance of this biointerface through exposure to other commonly used
crude biological samples (including blood plasma, oropharyngeal, stool, and nasopharyngeal swabs), measured via both the surface
plasmon resonance and piezoelectric measurements, which highlights the potential to serve as a generic platform for a wide range of

biosensing applications.

KEYWORDS: functional coatings, polymer brush, zwitterionic materials, SARS-CoV-2, piezoelectric biosensor, rapid detection

1. INTRODUCTION

The combination of increasing population density and
globalization imposes a challenge to control the spread of
infectious diseases, which is well documented by the ongoing
coronavirus disease pandemic (COVID-19). To effectively
monitor such spreading and to mitigate its impact on the
population, there is an urgent need for new, sensitive, rapid,
and ideally point-of-care analytical methods. Diagnostic
methods can be based on the detection of viral constituents
(i.e., viral nucleic acid sequence, proteins) present in clinical
samples or, alternatively, may rely on the analysis of an
immune response to the infection (i.e., detection of antibodies
or other biomarkers). Methods based on the latter, however,
are not as useful for rapid diagnostics, as immune responses
usually appear several days after the onset of disease
symptoms.  Severe acute respiratory syndrome coronavirus 2
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(SARS-CoV-2), the cause of COVID-19, is an enveloped virus
with a genome encoded in the form of positive-sense single-
stranded viral ribonucleic acid (VRNA). The virion is primarily
composed of four structural proteins: a spike protein (S), an
envelope protein (E), a membrane protein (M), and a
nucleocapsid protein (N).”

Real-time reverse-transcription polymerase chain reaction
(qRT-PCR) is the predominant method to diagnose COVID-
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Figure 1. Single-step label-free detection assay scheme based on an antifouling polymer brush biointerface prepared on a gold-coated piezoelectric
quartz crystal microbalance (QCM) chip. The antifouling brush biointerface is postmodified with a tailored human-cell-produced antibody specific
to SARS-CoV-2 nucleocapsid protein in a complex with VRNA. The antifouling polymer brush architecture is prepared from a random terpolymer
of carboxybetaine methacrylamide (CBMAA), N-(2-hydroxypropyl) methacrylamide (HPMAA), and sulfobetaine methacrylamide (SBMAA).

19, allowing for the sensitive detection of SARS-CoV-2 VRNA
sequences with a limit of detection (LOD) in the range of
10°~10* copies/mL.”* However, its long analysis time (1—3
h) has motivated the development of more rapid vRNA
amplification assays, including reverse-transcription loop-
mediated isothermal amplification® and a variant coupled
with clustered regularly interspaced short palindromic repeat-
Cas12 lateral flow assay,” providing a short analysis time (30
min) with LOD as low as 10 copies/mL. These amplification-
based assays, however, require additional sample preparation
to isolate the target VRNA from the collected samples,
prolonging the time by 30—60 min and further requiring
specialized laboratories with trained personnel. Moreover, the
increasing complexity of the assay raises the probability of
cross-contamination, potentially necessitating a repeat of the
assay.

Lateral flow immunoassays, often referred to as antigenic
tests, are based on the analysis of structural viral proteins
(typically by a sandwich immunoassay format). They provide
fast, simple, and cost-efficient detection of SARS-CoV-2;’
however, they typically only offer a qualitative readout and
have significantly decreased sensitivities when compared to
qRT-PCR: LODs are up to 10° times higher than those
achievable by qRT-PCR.® Their sensitivities may be further
significantly reduced for on-site use due to user errors during
the pre-analytical phase. Hence, they do not provide an ideal
solution for rapid and reliable screening of COVID-19, and
they are better suited in less demanding frontline testing or as a
tool suitable only in situations when other methods are not
available.””

The still unmet challenge of both rapid (<30 min, including
sample preparation) and highly sensitive (LOD comparable
with qQRT-PCR) detection of SARS-CoV-2 is currently being
addressed by research aimed at various affinity biosensor
platforms,lo including those based on electrochemical,''™**
field-effect transistor,'”'® surface plasmon resonance
(SPR),'®"” and fluorescence'” methods. These methods
usually probe the affinity capture of viral constituents after
exposure to liquid samples, where each sensor surface is
conjugated with biorecognition elements (BREs) specific to
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SARS-CoV-2 structural proteins (or vRNA sequences). The
readout time, sensitivity, and other key analytical character-
istics rely heavily on the complexity of the detection format
(summarized in Table S1). All of these surface-mediated
techniques suffer to a certain extent from the nonspecific
binding (fouling) of biomolecules (abundant in complex liquid
samples) to the sensing surfaces. Various approaches have been
employed to mitigate the detrimental effects of fouling,
including the isolation of the target analyte from the complex
sample, diluting the sample, blocking the surface with
additional molecules (e.g, bovine serum albumin or casein),
and washing the surface to remove loosely bound nonspecifi-
cally adsorbed biomolecules.'® These approaches, however,
also affect a biosensor’s performance as they prolong the
readout time, lower the sensitivity and accuracy, and increase
the assay complexity.

Remarkable research efforts have been devoted to the
development of functional biointerface coatings resistant to
fouling (antifouling surfaces) that, when used with surface-
based biosensors, allow for the direct detection of target
analytes in complex biological media (e.g, undiluted bodily
fluids). The molecular foundation of modern functionalizable
antifouling coatings is numerous and ranges from ethylene
glycol derivatives, (poly)saccharides, and peptides, to more
complex moieties formed from various zwitterionic and non-
ionic surface structures, including self-assembled monolayers,
polymer brushes, hydrogels, and even more complex macro-
molecular architectures, as also reported in several recent
reviews.' "~

Surfaces with the highest fouling resistance include those
based on polymer brushes, prepared by §rafting hydrophilic
electroneutral polymers from the surface.””” These include
examples of non-ionic poly(2-hydroxyethyl methacrylate),
poly(3-hydroxypropyl methacrylate), poly(N-isopropyl acryl-
amide),”® poly(N-(2-hydroxypropyl) methacrylamide)
(pHPMAA);*” and zwitterionic poly(carboxybetaine)-based
(pCB) brushes such as poly(carboxybetaine) methacrylate,”®
poly(carboxybetaine methacrylamide) (pCBMAA), poly-
(carboxybetaine acrylamide) (pCBAA),” or copolymer
structures combining zwitterionic and non-ionic moieties
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such as random p(CBMAA-co-HPMAA).*® The diverse
physicochemical surface properties of these structures —
including chemical composition, thickness, rigidity, wettability,
surface charge, packing density, or swelling properties — have
been shown to have a substantial impact on their antifouling
pl'opvertie:s.Z()’31’32

Regarding the use for biosensors, carboxy-functional
zwitterionic pCB brushes have been shown to possess very
desirable properties, combining excellent antifouling properties
with an ease of functionalization (via amine coupling
chemistry, typically using 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide hydrochloride/N-hydroxysuccinimide (EDC/
NHS) coupling, Figure S1); these pCB brushes have been
increasingly used in various biosensing applications for the
sensitive detection of protein biomarkers, microRNAs, and
bacterial pathogens present in various complex biological
media.””****** However, the chemical reactions involved in
pCB functionalization, namely, the conversion of the pCB
carboxyl groups to active esters, may result in the undesired
presence of residual active esters in the brush. It has been
shown that a significant portion of these active esters does not
spontaneously hydrolyze back to the original carboxyl groups,
inducing surface charge imbalances and changes in the overall
brush structure, which signiﬁcantly impair the antifouling
properties of the surface.”” Several approaches have been
proposed to compensate for these effects. One approach
involved the covalent attachment of small molecules bearing
primary amines and the carboxyl groups, which quench the
residual active esters remaining after the surface functionaliza-
tion.”> Another approach employs copolymerization of CB
with non-functionalized antifouling HPMAA, hence suppress-
ing the associated impairment of the final coating.””*
However, none of these approaches can completely recover
the fouling resistance of non-functionalized pCB and take into
account the physicochemical properties of BREs themselves.

In this study, we present a novel biofunctional polymer
brush, based on a terpolymer architecture, that is shown to
retain its antifouling properties even after functionalization
with BREs. This terpolymer architecture, shown schematically
in Figure 1, has a tailored composition that allows (i)
minimization of the structural impairment of the brush caused
by the functionalization and (ii) effective shielding of possible
charge imbalances caused by BRE coupling and BRE presence
itself. We demonstrate performance of this biointerface
through the rapid, sensitive, and quantitative detection of
SARS-CoV-2 constituents directly in crude clinical samples.
We show that this biointerface, in combination with a common
piezoelectric sensor technique,”” allows for the direct
monitoring of the specific capture of both N-protein and
naturally occurring N-protein/vRNA complexes. This work
highlights the utmost importance of the functionalizable
biosensor antifouling interface, a critical component for the
sensitive label-free detection of SARS-CoV-2 in real-world
untreated biological samples. Indeed, by avoiding any sample
pre-treatment steps, this biosensor takes advantage of the
selective capture of natively occurring N-protein—vRNA
complexes on the antifouling biointerface, thus significantly
increasing the mass detected through the piezoelectric method,
eliminating the need for additional signal amplification steps.
The key biosensor performance characteristics are determined
and confirmed by standard qRT-PCR experiments performed
side-by-side on a series of clinical nasopharyngeal swab
samples.

2. RESULTS AND DISCUSSION

The biosensor developed herein, shown schematically in
Figure 1, relies on an antifouling brush biointerface tailored
to SARS-CoV-2 detection that is prepared on a piezoelectric
quartz microbalance (QCM) chip. The surface of this chip is
postmodified with custom-produced high-affinity antibodies
against the N-protein of SARS-CoV-2 (AbN). Crude liquid
samples are delivered to the sensor surface in a flow cell by a
microfluidic system, where the specific capture of the target
analytes is directly monitored in real time via changes in the
oscillation frequency f of the piezoelectric quartz crystal.

2.1. Terpolymer Brush Interface. To detect the presence
of SARS-CoV-2 virus directly in complex biological fluids, the
surface of the piezoelectric QCM chip was chemically modified
with the antifouling terpolymer brush. The brush shown
schematically in Figure 1 is a random terpolymer of N-(2-
hydroxypropyl) methacrylamide (HPMAA), carboxybetaine
methacrylamide (CBMAA), and sulfobetaine methacrylamide
(SBMAA). The dry thickness of the brush was 50 + 10 nm
(for more details on the polymerization and surface character-
ization, see the Supporting Information and Methods). Each
monomer unit in the resulting poly(HPMAA-co-CBMAA-co-
SBMAA) brush coating was chosen to play a specific role: the
HPMAA units form a robust non-ionic antifouling back-
ground,” the zwitterionic CBMAA units provide carboxyl-
groups for the conjugation of antibodies, and the SBMAA units
carry a permanent negative charge, which, in contrast to the
carboxyl group, is independent of pH of the microenviron-
ment.

Immunoglobulin G (IgG) antibodies such as custom-
produced antibody against the nucleocapsid protein of
SARS-CoV-2 (AbN) can be anchored to the terpolymer
chains via their amine groups, which react with active esters on
the surface (formed via the carboxyl groups via EDC/NHS
coupling, Figure S1) to form amide bonds; more details of the
optimized EDC/NHS coupling protocol used herein are
illustrated in the Supporting Information. This coupling
reaction results in a deficit of negative charges in the
CBMAA zwitterionic structure, caused by residual unreacted
active esters that did not participate in AbN coupling (Figure
S1). These unreacted esters can be deactivated by covalent
coupling with glycine or 2-(2-aminoethoxy)acetic acid;*
however, this deactivation does not proceed to completion,
and as a consequence, the original betaine structure is not fully
recovered, leading to a deterioration of fouling resistance.

To maintain optimal antifouling properties, we first focused
on optimizing the molar composition of SBMAA within the
polymer brush biointerface. For this, we performed a series of
SPR experiments using biochips prepared with variable
SBMAA surface concentration. All the biochips were function-
alized with an IgG antibody (of similar type as later used
AbN); after which, we measured the levels of surface fouling
onto each biochip after exposure to undiluted pooled blood
plasma, a model complex biological medium that is commonly
used for characterization of fouling resistance.”””*

The results presented in Figure 2 (more details in Table S2)
demonstrate a pronounced effect of SBMAA content on the
brush resistance to fouling from undiluted blood plasma. The
optimum amount of SBMAA in the polymerization feed was
determined as 3 mol %, and the fouling level for IgG-
functionalized terpolymer was 10.9 ng/cm’ This value is
approximately two times lower than that obtained for a
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Figure 2. Fouling from undiluted blood plasma on IgG-antibody-
functionalized terpolymer brushes prepared by SI-ATRP polymer-
ization using fixed molar content of CBMAA and variable SBMAA
content (and consequently HPMAA). Fouling levels were measured
by SPR and assessed after 10 min flow of undiluted human blood
plasma followed by 10 min rinsing with PBS. The brushes were
functionalized with an IgG antibody (anti-Escherichia coli) having no
natively occurring target in human plasma. The surface mass density
of the antibody coupled to the surface was in the range of 150—220
ng/cm? for all tested brushes and corresponds approximately to a
monolayer.

previously published IgG-functionalized poly(CBMAA-co-
HPMAA) and even three times lower than for the well-
established carboxy-functional zwitterionic antifouling homo-
polymer brush of pCBAA (see also the Supporting
Information, Table S2).

For further biosensor experiments, we fixed the content of
CBMAA in the polymerization feed at 20 mol %, as this level
provides a sufficient amount of carboxyl groups for the surface
postmodification and does not significantly impair the
antifouling properties (see Supporting Information Table
S2); this content is consistent with previously reported studies
on poly(CBMAA-co-HPMAA) structures.”® We further con-
firmed that the IgG immobilization level is not significantly
influenced by SBMAA content in polymerization feed in the
range of SBMAA contents of 1—4 mol % (Figure S2). Based
on the results shown in Figure 2, we chose to continue with a
polymerization feed of 77 mol % of HPMAA, 20 mol % of
CBMAA, and 3 mol % of SBMAA for the preparation of the
AbN-functionalized antifouling biointerfaces.

It is worth mentioning that the optimum monomer ratio
may vary if different types of BREs with distinct physicochem-
ical properties are used. For instance, we observed that for
negatively charged DNA oligonucleotide probes anchored to
the terpolymer structure, the optimum molar content of
SBMAA in the polymerization feed was 0.5 mol % (data not
shown). In general, such facile “tuning” capability makes this
terpolymer a versatile platform applicable for a broad range of
surface chemistry applications. The stability of the terpolymer
brush (without the BREs) was verified 45 days after
polymerization. No significant changes in its chemical structure
were observed when compared to the structure 1 day after
polymerization (see infrared spectra presented in Figure S3)
proving the long-term stability.

2.2. Specificity of the Custom-Produced Monoclonal
Antibody against the SARS-CoV-2 Nucleocapsid Pro-

tein. The biosensor reported herein is based on an antibody
specific to SARS-CoV-2 N-protein. This structural protein
plays a crucial role in the coronavirus replication cycle,*® and
furthermore, transcriptomic and proteomic studies in both
multiple cell culture systems and human clinical samples have
shown that it belongs to the abundant viral protein, whereas
the surface-exgosed S-protein is usually relatively less
represented.37_‘9 Importantly, current vaccines predominantly
target the S-protein of SARS-CoV-2,"’ and it can be assumed
that the vaccine-based selection pressure will potentially lead
to the occurrence of antibody escape mutants that will
complicate the use of antigenic tests specific to S-protein.*'
The alternative whole virus vaccines elicit the antibody
response to multiple virus epitopes, making the generation of
escape mutants far less probable.””** The stability of the N-
protein sequence is, among others, illustrated by the high
degree of sequence homology between SARS-CoV-1 and 2
(~90% similarity of the amino acid sequence).** Considering
the mutation rate, the SARS-CoV-2 N-protein has been shown
to have lower variability than the S-protein.** These results
thus suggest that the performance of sensors targeting the
SARS-CoV-2 N-protein (as that reported herein) will less
likely be affected by mutations and new virus variants.

The AbN used in this study was selected from a panel of 46
IgG antibodies based on their performance assessed by
immunoblotting (Figure S4) and enzyme-linked immunosorb-
ent assay (ELISA) (data not shown). The specificity of the
selected AbN was further tested by immunoblot, which
confirmed the binding to N-protein of SARS-CoV-1 and 2
viruses, whereas no binding was observed neither for other
human coronavirus N-proteins nor for other common
respiratory viruses (Table 1). The observed specificity to

Table 1. Cross-Reactivity of the Selected AbN, Verified with
Seven Recombinant Nucleocapsid Proteins from Human
Coronaviruses (See Also Figure S5)“

coronavirus result
SARS-CoV-2 POS
SARS-CoV-1 POS
MERS NEG
229E NEG
NL63 NEG
0C43 NEG
HKU1 NEG

“1 pg/well or 0.1 ug/well nucleocapsid proteins expressed in
Escherichia coli (E. coli) BL21(DE3) separated by SDS-PAGE and
electroblotted to a PVDF membrane were reacted with AbN.

both SARS-CoV-1 and 2 (and no other human coronaviruses
or other respiratory viruses) might not be a critical issue from
the perspective of clinical practice as both viruses are highly
pathogenic and the clinical symptoms of the diseases are very
similar.

2.3. Detection of SARS-CoV-2 Virus by the Piezo-
electric Biosensor with the Terpolymer Brush Biointer-
face. Piezoelectric QCM biochips having an optimized AbN-
functionalized polymer brush architecture were sealed to a flow
cell to transport a series of samples containing SARS-CoV-2
over their surface. These samples were prepared from a cell
culture medium (solution with a high degree of complexity),
whereby for calibration purposes, the virus concentration was
determined by a plaque assay. To avoid the potential effects of
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viscosity differences on the piezoelectric measurements, both
virus-containing samples and the virus-free controls (blank
samples) were prepared from cell culture using similar
protocols.

Figure 3a shows the typical kinetics of the piezoelectric
biosensor signal (f) upon the affinity binding of the SARS-
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Figure 3. QCM biosensor sensorgrams and calibration curve. (a)
Kinetics of the piezoelectric biosensor signal upon the injection of a
series of SARS-CoV-2 virus standards prepared from cell culture. (b)
Established calibration curve of the piezoelectric biosensor for SARS-
CoV-2 detection in a cell culture medium.

CoV-2 constituents. These sensorgrams were measured for
samples with virus concentration ranging between 10* and 10°
PFU/mL; after their contact with the sensor surface, a rapid
decrease in f occurs with respect to the baseline established in a
working buffer, where f drops to a steady value after a short
time (10 min). The surface was then rinsed with working
buffer; after which, f increases and (after S min) reaches a
steady level that is below the original baseline. It can be seen
that across all measurements, the sensor response (Af)
increases with the SARS-CoV-2 concentration. Figure 3b
displays the respective calibration curve along with a fit
obtained using the Sips isotherm (detailed information can be
found in Figure S6). From the response to blank samples the
Af1op = # — 3 X 0 = —8.5 Hz was calculated (4 is the average
value of frequency change, and ¢ is the standard deviation
value of the blanks), and the biosensor LOD was determined
as 1.3 X 10* PFU/mL. Similarly, the limit of quantification
(LOQ) was obtained by using the formula Af;oq = # — 10 X
o as 9.1 X 10* PFU/mL. As an additional control, the same

QCM biochips were postmodified with a reference IgG
antibody (anti-E. coli) and tested for the analysis of SARS-
CoV-2 samples. As shown in Figure 3b, these biochips showed
no detectable sensor response for a concentration of 10* PFU/
mL.

The high specificity of these AbN-functionalized interfaces
to N-protein binding was verified through the identification of
bound proteins from SARS-CoV-2 positive samples by mass
spectrometry. Overall, the SARS-CoV-2 nucleocapsid protein
was detected as one of the most abundant proteins present,
together with subunits of antibodies that were used for N-
protein binding (Data S1, Data S2). These results confirm the
unique antifouling character of this terpolymer brush biointer-
face.

However, as no lysis agents, detergents, or other chemicals
were used with the cell culture (used in Figure 3), there arises
a question on the origin of the observed response of this
biosensor that is specific to SARS-CoV-2 N-protein. It is
reasonable to assume that the AbN immobilized on the sensor
surface cannot directly recognize the SARS-CoV-2 N-protein
incorporated within the viral capsid, where it stays hidden from
the outside environment. The fact that the sensorgrams in
Figure 3 show a strong response to the presence of the virus
suggests that the analyzed samples contain both N-protein that
is incorporated in the virion structure and N-protein that is
outside and originating from the infected cells during virus
replication. To confirm this hypothesis, we verified the
presence of free N-protein in the medium through gel
electrophoresis using the same specific AbN used in the
biochip experiments (Figure S7). Interestingly, these data
indicate that the majority of the N-protein was recognized in
the fraction with the precipitated virions, and concentrations in
its free form (which is detected in biosensor experiments) are
substantially lower (Figure S7). To further elucidate these
observed biosensor binding events, we used qRT-PCR and
mass spectrometry to further analyze the deposits that
remained bound to the biointerface after conducting the
biosensor experiments, in which the SARS-CoV-2-spiked
positive controls were employed. The qRT-PCR experiments
revealed the presence of VRNA on such biochip surfaces
(Table S3), which suggests that VRNA is most likely bound to
its natural target, i.e., the N-protein captured on the biochip via
specific AbN—N-protein interactions. A more detailed
mechanism of this N-protein-vRNA surface-mediated inter-
action is unclear and will be the subject of our future work.
However, these results indicate that biosensor sensitivity may
benefit from a lack of sample pre-treatment such as addition of
detergents, lysis agents, and other chemical additives, which
otherwise disrupt natively occurring biomolecular interactions.
In the biosensor platform reported here, the lack of pre-
treatment allows biomolecules to occur in the close-to-native
form and thus promotes the formation of nucleoprotein
complexes that enhances the QCM biosensor response.

2.4. Antifouling Properties of the AbN-Function-
alized Terpolymer Brush in Clinically Relevant Samples.
To enable the implementation of this direct assay format for
the rapid analysis of SARS-CoV-2 in clinical use, we aimed to
minimize the interaction of the abundant constituents of the
analyzed clinical samples with the biosensor surface. Such
interaction would interfere with the specific recognition of N-
protein and native virus constituents’ interlinkage. To
characterize the antifouling properties of the AbN-function-
alized poly(HPMAA-co-CBMAA-co-SBMAA) terpolymer
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brush, we exposed the surface to a set of the most common
crude biological samples relevant toward clinical SARS-CoV-2
detection—oropharyngeal, nasopharyngeal, and stool swabs,
and swabs from an indoor desk surfaces (all verified as SARS-
CoV-2 vRNA-free by qRT-PCR, data not shown). The non-
treated extracts from these swabs were collected using a
standard protocol and were analyzed directly without pre-
treatment.

Following the detection protocol used for the calibration of
the developed biosensor (see Figure 3a), the QCM sensor
signal was monitored during a 10 min injection of the swabbed
sample followed by 5 min rinsing with working buffer. The
results are summarized in Table 2; the magnitude of the

Table 2. Antifouling Properties of the AbN-Functionalized
Biointerface, Listing the Piezoelectric Sensor Response to
Nonspecific Adsorption from Selected Set of Clinically
Relevant SARS-CoV-2-Free Swab Samples and Control
Analytes (Measured in at Least Two Replicates)

sample type frequency shift, Af [Hz + SD]
nasopharyngeal swab 5.5+ 09
oropharyngeal swab 1.0 + 1.4
stool swab 1.8 +2.6
surface swab 09 + 1.0
Hepatitis A virus protein 20+ 08
E. coli 1.7 £2.0

response Af was below 6 Hz for all the samples. These results
clearly confirmed the superior antifouling properties of the
AbN-functionalized terpolymer brush, assuring that there was
negligible nonspecific interaction with the constituents of these
investigated clinical samples. Additional control experiments
were performed with AbN-functionalized brushes during the
injection of Hepatitis A virus protein (10 pg/mL, an
inactivated viral antigen, predominantly in the form of whole
virions) and E. coli O157:H7 (10° CFU/mL, heat-killed)
spiked in buffer. Similar to the swabbed samples, the measured
sensor responses were below the LOD regarding measure-
ments in complex cell culture media (Figure 3b), displaying
the great potential of this method for use in a variety of
clinically relevant complex samples.

2.5. Validation of the Antifouling SARS-CoV-2
Biosensor for Crude Clinical Sample Analysis. We
employed this optimized polymeric brush biointerface for the
analysis of a set of clinical samples. In a blinded study regime,
we tested a series of nasopharyngeal swabs (see Figure 4a)
acquired using a standard certified protocol from both SARS-
CoV-2 negative and positive patients. These samples were
analyzed side-by-side at a clinical diagnostic unit using both the
biosensor developed herein as well as a standard qRT-PCR
protocol. We tested eight clinical samples, four negative and
four positive. The vRNA concentrations measured by qRT-
PCR for the positive samples were in the range of 4.1 X 10° to
7.4 X 10° copies/mL, which is above the LOD and LOQ
determined above. As shown in Figure 4b, the QCM biosensor
correctly identified all positive and negative samples when
using a cut-off value of Af;op = —8.5 Hz. We furthermore
investigated the possibility of using this biosensor for the
quantitative detection of SARS-CoV-2 employing the
previously established calibration curve (Figure 3b). These
results show only partial agreement with qRT-PCR, which can
be ascribed to the fact that gRT-PCR quantifies the number of
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Figure 4. (a) Examples of the real-time response of this antifouling
piezoelectric biosensor to clinical samples (i.e.,, nasopharyngeal swab
extracts). (b) Summary of the antifouling biosensor and qRT-PCR-
based detection clinical nasopharyngeal swab samples. The difference
between the piezoelectric signals for positive and negative clinical
samples (qRT-PCR verified) taken from nasopharyngeal swab
samples was statistically significant.

vRNA copies, whereas the biosensor measurement is based on
the detection of the N-protein—vRNA complexes (Table 3). In
addition, the observed deviation between the quantitative
result of this biosensor and qRT-PCR can also be ascribed to
the differences in VRNA and protein production that is either
present in the virion capsule or likewise, can be found in a free
form outside of the virion capsule.*

Table 3. Comparison of Quantitative SARS-CoV-2
Detection by the Antifouling Biosensor and qRT-PCR”

antifouling
clinical biosensor antifouling biosensor ~ qRT-PCR RNA conc.
sample  response (Hz) virus conc. (PFU/mL) (copies/mL)
Ss —33.3 + 62 (32 + 0.6) x 10° (41 £ 12) x 10°
S6 —379 + 4.9 (4.0 + 0.5) x 10° (7.4 + 32) x 10°
S7 —458 + 2.6 (5.8 £ 03) x 10° (12 + 0.7) x 10°
S8 —13.8 + 2.7 (7.8 + 1.5) x 10* (12 + 0.6) x 10°

“Virion concentration was calculated from the calibration curve
shown in Figure 3b. VRNA concentration was calculated as the
average concentration of N, RdRp, and E genes.
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In regard to the clinical perspective of the results herein, the
methods currently used for the detection of SARS-CoV-2
primarily rely on the detection of viral genetic information
(VRNA) by means of qRT-PCR and derived techniques,*
approaches that are considered the gold standard method with
high analytical sensitivity and specificity.”’ As recently
evidenced, however, when applied for routine diagnostics,
the sensitivity of qRT-PCR is often not reached due to its
complex multistep protocol.***’ In addition, the presence of
vRNA does not necessarily prove the presence of a replicating
and thus infectious virus. On the one hand, there are multiple
reports of individuals with long-term qRT-PCR SARS-CoV-2
positivity in nasopharyngeal swabs,*”" yet prolonged RNA
shedding has not been associated with the production of
infectious viral particles, as described in several studies.””>' On
the other hand, rare cases of (immunodeficient) patients with
long-term production of infectious virus have also been
recorded.”

An alternative approach for the detection of SARS-CoV-2 is
based on the detection of viral proteins, utilized in numerous
antigen-based tests. These tests usually have a lower sensitivity
(and specificity) compared with qRT-PCR, but they offer the
advantage of less demanding operation and possible point-of-
care rapid analysis in several minutes.”>*>* The approach
reported here combines the advantages of the antigen-based
approach, which is more closely related to the presence of
replicating virus in the sample, with a sensitivity and specificity
that is comparable with qRT-PCR. Furthermore, the approach
herein does not require specialized laboratory equipment,
trained personnel, or lengthy and laborious sample processing
(including vVRNA isolation), and the complete analysis time is
less than 20 min. The selection of the N-protein as a target
protein was beneficial for this type of detection, as even after
the disintegration of virions, VRNA remains bound to the
nucleocapsid protein due to the high affinity between N-
protein and VRNA. As we confirmed, vRNA in the form of an
N-protein—vRNA complex is bound to the AbN-functionalized
biochip surface (see Table S3), which significantly enhances
the mass of the attached molecules and thus increases the
signal of a piezoelectric sensor.

Unlike a lateral flow antigen test, the biosensor reported
here provides a quantitative output that can serve for
measurement of the concentration of SARS-CoV-2 nucleocap-
sid protein. However, it should be noted that the relationship
between the sensor response corresponding to binding of N-
protein—vRNA complexes and the amount of infectious viral
particles might be even more complex as several other factors
such as the individual course of infection and host immune
response are taking place.””*" Furthermore, in line with the
results shown in Table 3, a direct comparison between the
quantitative data obtained with methods based on vVRNA and
viral protein detection is limited due to poor correlation
between VRNA concentration and protein production.*’

It should be noted that various other SARS-Cov-2
biosensors have been reported in the literature, including
those based on commonly used electrochemical-, optical-, and
field-effect transistor-based technologies. As summarized in
Table S1, however, the majority of these works do not meet
the criteria for rapid and sensitive detection in clinical samples.
Typically, biosensors relying on vVRNA detection require an
additional RNA extraction step in a challenging RNase-free
environment'">* or other pre-treatment steps, such as
purification, dilution, or heating.”*” The comparison of

LODs between previously reported biosensors is complicated,
as the conversion between a great variety of units and sample
types is not straightforward. Several biosensors have shown a
sensitivity comparable to PCR-based methods. For example,
the work on a field-effect transistor biosensor has reported an
LOD of 1.6 x 10' PFU/mL of cultured virus and 2.42 X 10
copies/mL in clinical samples (albeit working with heat-
inactivated samples).'* Another electrochemical biosensor
based on the sandwich assay and a 30 min incubation time,
functionalized with antibodies targeting S- or N-protein, has
reported LODs of 6.5 PFU/mL and 6.5 X 10> PFU/mL,
respectively (but relying on a complex assay format).”® The
LOD of the piezoelectric biosensor reported herein is 1.3 X
10* PFU/mL, higher than both of these works. Nevertheless,
even at this level, it was capable of correctly identifying CoV-
positive patients with the advantage of an extremely simple
direct detection format that allows overcoming of complex
sample pre-treatment steps.

3. CONCLUSIONS

The combination of interdisciplinary research in the area of
surface chemistry, bioengineering, and virology has paved the
way to herein reported highly sensitive method for rapid
detection of respiratory viruses in real-world samples. It takes
advantage of a tailored biointerface, optimized for AbN
bioreceptors, which significantly reduces the nonspecific
adsorption from complex biological samples relevant to
COVID-19 diagnosis. The key advantages it can offer is the
possibility of rapid direct analysis of untreated clinical samples
with a sensitivity comparable with gqRT-PCR. In addition, the
deploying of the antifouling biofunctional interface at a QCM-
based transducer gives the opportunity for quantitative
characterization of the concentration of viral constituents.
These features may have a critical impact for use in clinics for
precise COVID-19 diagnosis, as well as in disease prognosis or
individual infectivity characterization. The overall character-
istics of the developed antifouling biosensor are superior to
current state-of-art SARS-CoV-2 detection methods. The
observed findings go beyond the “single case of SARS-CoV-
2” and may open a new route to biointerface science and
detection strategies.

4. METHODS

4.1. Preparation of Terpolymer Brushes. Terpolymer brush
coatings were prepared using a modified procedure as described
previously.”” Briefly, 10 MHz gold-coated quartz crystals (Krystaly,
Hradec Kralové, Czech Republic) or gold-coated SPR chips were
cleaned in UV-ozone for 10 min and then were rinsed with ultrapure
water (18.0 MQ.cm, Milli-Q_system, Merck) and ethanol (Sigma-
Aldrich, Germany). The slides were then immediately immersed in an
initiator solution of a 1 mM @-mercaptoundecyl bromoisobutyrate
(ProChimia Surfaces, Poland) in ethanol to form a self-assembled
monolayer (SAM) and were left in solution for 3 days at room
temperature in the dark. Methanol (Sigma-Aldrich, Germany) and
water were degassed via 6 freeze-pump-thaw cycles. For the
preparation of 80 coatings, the catalyst solution was prepared as
follows: under a nitrogen atmosphere, CuCl (14.9 mM) (Sigma-
Aldrich, Germany), CuCl, (3.3 mM) (Sigma-Aldrich, Germany), and
1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane (19.9 mM)
(Sigma-Aldrich, Germany) were mixed in a Schlenk tube with
degassed methanol. The mixture was sonicated for S min to dissolve
all solids. In a second Schlenk tube, SBMAA (X = 10, 5,4, 3,2,1,0r0
mol %) (Specific Polymers, France), carboxybetaine methacrylamide -
CBMAA (Y = 15 or 20 mol %) (Specific Polymers, France), and
HPMAA (Z = 100 — (Y + Z) mol %) (Specific Polymers, France)
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monomers were dissolved in degassed water and degassed methanol
and stirred. After the dissolution was completed, the catalyst solution
was added to the monomer solution using a gastight syringe, so the
final ratio of methanol:water is 4:1. The polymerization mixture was
added into a reactor containing the substrates coated with the initiator
SAM. Polymerization was carried out for 2 h at room temperature.
Finally, the samples were washed with ultrapure water and stored in
phosphate-buffered saline (PBS, 0.01 M sodium phosphate, 0.138 M
sodium chloride, 0.0027 M potassium chloride, pH 7.4) (Sigma-
Aldrich, Germany) at 6 °C until use. Verification of the presence of all
three monomers was performed using infrared spectroscopy (Figure
S3a,b).

4.2. Characterization of Terpolymer Brushes by Spectro-
scopic Ellipsometry. The thickness of the terpolymer brush was
measured using spectroscopic ellipsometry according to a previously
described procedure.”” Gold-coated SPR chips with a terpolymer
structure were rinsed with ultrapure water, dried by a flow of nitrogen,
and mounted into a spectroscopic ellipsometer (VASE, J.A. Woollam,
Lincoln, USA). After system alignment, the spectra in a range of 1—
3.8 eV for 3 angles of incidence (65°, 70°, and 75°) were taken. For
data analysis, WVASE32 software was used. The model BK7 glass/Ti/
Au/polymer layer was built using tabulated optical constants for BK7
glass, and the Ti and Au layer constants were assessed by ellipsometric
measurements of a reference bare surface; for the polymer layer, a
single-oscillator model was used (Gaussian oscillator). The dry
thicknesses of the prepared coatings were in a range of 40—60 nm.
Figure S8 shows a typical ellipsometric fit for one embodiment of the
terpolymer brush.

4.3. Characterization of Terpolymer Brushes by SPR
(Fouling Measurements). SPR chips coated with terpolymer
brushes of different composition were rinsed with ultrapure water,
dried with a flow of nitrogen, and mounted into a SPR sensor
(angular multiparametric SPR with a 4-channel microfluidic system
and 785 nm laser source, BioNavis Ltd., Finland). For fouling
measurements on the bare non-activated surface, a baseline in PBS
(30 yL/min, 10 min) was established. Undiluted blood plasma was
then injected (30 yL/min, 10 min), followed by PBS (30 yL/min, 10
min), higher ionic strength PBS-NaCl (0.01-M phosphate, 0.75-M
sodium chloride, 0.0027-M potassium chloride, pH 7.4) (30 yL/min,
5 min), and PBS (30 L/min, 10 min). The fouling level was assessed
as the difference between the SPR sensor baselines in the PBS before
the plasma injection and both before and after the S min rinse with
PBS-NaCl (as indicated in the data).

For the fouling level measurements of the functionalized surfaces,
IgG polyclonal antibodies against E. coli O157:H7 were immobilized
as follows. SPR chips coated with terpolymer brushes of different
composition were rinsed with ultrapure water, dried with a flow of
nitrogen, and mounted into SPR. Thereafter, an aqueous solution of
EDC/NHS (0.5 M EDC + 0.1 M NHS) was injected (12 4L/min, 20
min), followed by injections of ultrapure water (2 min), S0 ug/mL of
anti-E. coli antibody (KPL Inc, USA) in HEPES buffer (5 mM
HEPES buffer, pH 7, 15 yL/min, 20 min), and water (2 min). The
deactivation was performed using an aqueous solution of 1 M 2-(2-
aminoethoxy)acetic (AlfaAesar, Germany) acid (12 xL/min, 25 min).
Subsequently, ultrapure water (2 min, 30 4L/min) and PBS (10 min,
30 pL/min) were injected to create a baseline. These experiments
then continued according to the same procedure as described for the
bare non-activated surfaces above.

We used a factor (0.001° = 0.85 ng/cm?) for the conversion of the
SPR sensor response in angular units into surface mass density units.
The presented data are the average from the data obtained after
performing at least three experiments.

4.4. Production of the Seven Human Coronavirus
Nucleocapsid Proteins. The seven human coronavirus nucleocap-
sid protein genes were derived from the NCBI protein databank.
These proteins were codon optimized and synthesized for expression
in E. coli and mammalian cells in pET1Sb (Novagen, USA) and
pcDNA3.1 (Thermo Fisher Scientific, USA) vectors, respectively.
These coronavirus N-protein constructs with a pET1Sb vector were
overexpressed in E. coli BL21 (DE3) cells with 0.5 mM IPTG

induction at 16 °C. The recombinant coronavirus N-proteins were
purified using Ni**-charged Chelating Sepharose FF (for His-tag
binding) with A (binding) buffer containing SO mM Tris—HCI, pH
8.0 and 600 mM NaCl (Lach-ner, Czech Republic), and B (elution)
buffer containing 50 mM Tris—HCI, pH 8.0, 600 mM NaCl, and 500
mM imidazole using an AKTAprime plus chromatography system
(Cytiva, UK). The fractions containing coronavirus N-proteins were
pooled for size exclusion separation with Superose 12 10/300 GL
columns (Cytiva, UK) and elution buffer containing SO0 mM Tris, pH
8.0, and 600 mM NaCl. For HKU1 N-protein preparation, the NaCl
concentration was increased to 1 M to prevent protein precipitation.
Purification of the coronaviral N-proteins was confirmed by SDS-
PAGE (Figure S9), and proteins were further stored at —20 °C in
aliquots.

4.5. Characterization of the IgG1s Derived from the
Selection and Screening Procedure with Phage-Displayed
Synthetic Single Chain Variable Fragment Libraries. The
construction and characterization of the phage-displayed synthetic
scFv libraries followed the same procedure, without modification, as
described previously.”” The experimental procedures for panning the
phage display libraries, selecting and screening of phage-displayed
scFv binders, characterizing the scFvs binding to the cognate antigens
and Protein A/L with ELISA, reformatting scFvs into IgGls,
expressing in and purifying IgGls, and determining ECS0 for the
antibody—antigen interaction with ELISA have been described in
previous works.**~%

4.6. Construction and Expression of IgG. VH and VL DNA
fragments were separately PCR amplified. The VH and VL DNA
fragments were assembled into the plasmid for IgG1 expression with
the pIgG expression system (U.S. patent no. 5,736,137) using the
Gibson assembly cloning kit (NEB Cat no. ES510S, USA). IgGs were
expressed by Expi293 cells following the manufacturer’s instruction
manual and purified through protein A column, eluted with 0.2 M
glycine/HCI buffer, pH 2.5, and neutralized with 1 M Tris buffer, pH
9.0.

4.7. IgG Binding to N-Protein from Transfected 293 T Cells.
pcDNA3.1-SARS-CoV-2-N-His was transfected into HEK 293 T cells
by transient transfection using ExpiFectamine (Gibco, USA), and cells
were seeded into 96-well plates (Thermo Fisher Scientific, USA) at a
density of 6 X 106 cells/100 uL/well and cultured for 48 h. After the
removal of medium, cells were fixed with 200 uL/well of fixation
reagent (methanol:acetone (1:1)) for 10 min at room temperature
(RT). After the removal of the fixation reagent and air-drying for 10
min at RT, cells were rinsed with 200 yL of PBS, 100 uL of 0.5%
Triton X-100 in PBS was added to each well, and incubated for 5 min
at RT to permeabilize the cell membranes. Cells were then rinsed
three times with 200 L of PBS and blocked with 5% skimmed milk in
PBS-T for 1 h at RT. Immunostaining was performed with AbN (1
#g/100 uL in PBS-T) as the primary antibody for 2 h at RT, washed
twice with PBS-T, and diluted (1:5000) HRP-conjugated anti-human
IgG Fc (A80-304P, Bethyl Laboratories, USA) was applied as the
secondary antibody for 1 h at RT. After two washes with PBS-T, a
signal was developed by adding 100 uL/well of ready-to-use TMB
(ScyTek Laboratories, Inc.,, USA) for S min, and the reaction was
stopped by 1 N HCI (100 L per well). Absorbance was measured at
450 nm (Figure S9).

4.8. Virus and Cell Culture. Virus infection experiments were
performed in a biosafety level 3 laboratory. SARS-CoV-2 (SARS-CoV-
2/human/Czech Republic/951/2020, EPI_ISL 414477, isolated
from a clinical sample at The National Institute of Public Health
Centre for Epidemiology and Microbiology, Prague, Czech Republic),
kindly provided by Dr. Jan Weber, Institute of Organic Chemistry and
Biochemistry, Prague, Czech Republic, was passaged in Vero E6 cells
(African green monkey kidney cells, ATCC CRL-1586) up to six
times before its use in this study. Vero E6 cells were cultured at 37 °C
and 5% CO, in DMEM low glucose (Biosera, France) supplemented
with 10% fetal bovine serum (Biosera, France), 1% L-glutamine
(Biowest, France), 100 U/mL penicillin (Biowest, France), 100 ug/
mL streptomycin (Biowest, France), and 0.25 yig/mL amphotericin B
(Biowest, France). To produce high titre viral stocks, we used 100
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kDa Amicon Ultra-15 Centrifugal Filter Unit (Merck Millipore,
Germany) followed by filtration of the concentrated viral suspension
through a 0.22 um filter (VWR, USA). The titre of the virus was
measured by the plaque assay (see below). The virus was then diluted
in cultivation media as required for further experiments.

4.9. Plaque Assay. Plaque assays were performed as previously
described with slight modifications.** Suspension cultures of Vero E6
cells were seeded (1.3 X 10° cells per well) to a 24-well tissue culture
plate with 10-fold dilutions of virus. After 4 h of incubation at 37 °C
with 5% CO,, each well was overlaid by a complete medium with
1.5% carboxymethylcellulose. After a S day incubation at 37 °C and
5% CO,, cell monolayers were stained using naphthalene black. Viral
titres were expressed as plaque-forming units (PFU) per milliliter.

4.10. Clinical and Surface Swab Samples. Oropharyngeal,
nasopharyngeal, stool, and throat swabs were collected in native
conditions according to a standard sampling WHO-approved
protocol. Nasopharyngeal swabs infected with SARS-CoV-2 were
taken from symptomatic patients. Surface samples were taken from an
indoor table; the surface (with an area 225 cm?) was wiped for 30 s.
After addition of 1 mL of PBS, the samples were vortexed, incubated
for 5 min at room temperature, and the whole volume was transferred
into a microtube. All swabs were collected with certified swab kits. All
samples were obtained in accordance with the Ethical Commission’s
regulations and with a release of informed consent.

4.11. RNA Extraction and qRT-PCR for SARS-CoV-2. RNA was
extracted from 200 uL of samples with the Nucleic Acid Extraction
Kit B-200 (Zybio, China) using a nucleic acid isolation system (Zybio
EXM3000, China). qRT-PCR was performed using the Seegene
AllPlexTM 2019-nCoV Assay kit (Seegene, South Korea) in the
CFX96 Touch Real-time PCR Detection cycler System (Bio-Rad,
USA). Evaluation of the data was performed on the basis of the
manufacturer’s manual using the CFX Maestro software (Bio-Rad,
USA). A similar procedure was used for detection of SARS-CoV-2
vRNA bound to biochips (n = 12), with RNA released to 200 uL of
PBS from the biochips by heating the samples at 70 °C for 5 min
(Table S3).

4.12. Functionalization of the Polymeric Brush. For both
biochip functionalization and real-time detection, we used the
openQCM Q-1 (Novaetech, Italy) with an associated microfluidic
system. Prior to starting the QCM experiment (constant ambient
temperature), the system was temperature-stabilized according to the
manufacturer’s recommendations. All solutions were degassed before
use, reducing the potential of spontaneous bubble formation; if
bubbles were present during an experiment, detectable both visually
as well as by large increases in f, the experimental data was discarded.
Coatings were first rinsed with ultrapure water, mounted to the
sensor, washed with PBS buffer for § min at a flow rate of 45 yL/min,
and finally washed with ultrapure water for 5 min at the same flow
rate. For functionalization, brushes were activated with a freshly
prepared solution of 0.1 M N-hydroxysuccinimide (NHS) and 0.5 M
N-ethyl-N'-(3-diethylaminopropyl)carbodiimide (EDC) (Cytiva,
Sweden) for 20 min (7 puL/min). Afterward, the coatings were
washed for 3 min (60 yL/min) with 4-(2-hydroxyethyl)-1-piperazine
ethanesulfonic acid (HEPES) (S mM, pH 6.0) (Sigma-Aldrich,
Germany). A solution of AbN in HEPES buffer (5 mM, pH 7.0) was
injected at a flow rate of 60 yL/min for 1 min; after which, the flow
rate was gradually reduced to 15 pL/min over a period of 12 min.
After functionalization, all coatings were rinsed with HEPES buffer (5
mM, pH 6.0, 10 min, 30 yL/min) and treated with a deactivation
solution of 1 M 2-(2-aminoethoxy)acetic acid (AlfaAesar, Germany)
(25 min at a flow rate of 7 yL/min). Deactivated coatings with
immobilized antibodies were used for the detection of SARS-CoV-2
virus in the next step.

4.13. Detection of SARS-CoV-2 Virus by the Antifouling
Piezoelectric Biosensor. The real-time detection of SARS-CoV-2
virus proceeded using biochips with immobilized AbN from the
previous step. A flow rate of 30 yL/min was used to create a stable
baseline. Coatings were then rinsed with PBS buffer for 10 min; after
which, the sample was injected and left to react for 10 min. Finally, all
coatings were rinsed with PBS buffer for 10 min. The amount of

detected SARS-CoV-2 virus was calculated from the sensor response
in PBS buffer before and after the application of the sample. Detection
assays of Hepatitis A virus protein inactivated with formaldehyde
(Abbexa, UK) and heat-killed E. coli O157:H7 (SeraCare, USA) were
performed by same method.

4.14. Precipitation of SARS-CoV-2 Using PEG6000. Virus
particles were precipitated from 1 mL of growth medium from Vero
E6 cells infected with SARS-CoV-2 using PEG6000.° The medium
was centrifuged at 5000 X g for 10 min, and 20 g/L NaCl was added
to the supernatant together with 50% PEG6000 (Sigma Aldrich,
Germany) in 0.5 M NaCl (final concentration of PEG6000 8%). The
mixture was incubated overnight at 4 °C and was centrifuged the next
day at 7000 X g (4 °C, 1S min). Virions in the pellet were
resuspended in 1 mL of PBS, and both the virions and the virion-free
supernatant were separately precipitated using methanol/chloroform
(Lach-ner, Czech Republic).66 The resulting protein pellets were
resuspended in 1 mL of PBS, ensuring that the volumes of the
resulting virion-containing and virion-free samples were the same as
the volume of the original medium. A similar procedure was
performed with medium from uninfected Vero E6 cells (negative
controls).

4.15. Immunodetection of SARS-CoV-2 N-Protein by West-
ern Blot. A reducing Laemmli sample buffer (AppliChem GmbH,
Germany) was added to the protein samples, and the resulting
mixtures were boiled for 5 min and loaded onto a 12% SDS-PAGE gel
together with prestained protein marker VI (10—245 kDa, Applichem,
Germany). Electrophoresis was performed in a Mini-Protean Tetra
Cell (Bio-Rad, USA). The separated proteins were transferred to a
PVDF membrane (Cytiva, UK) for 1 h at 20 V by semi-dry transfer in
TRANS-BLOT SD (Bio-Rad, USA). The membrane was blocked (5%
skimmed milk in PBS-T (Sigma Aldrich, Germany)) and incubated
with anti-SARS-CoV-2 ADbN, and subsequently with a secondary
antibody conjugated with HRP (VectorLabs, USA). Between each
incubation step, the membranes were washed three times in PBS-T.
The chemiluminescent signal was developed using the WesternBright
Quantum kit for horseradish peroxidase (Advansta, USA). The
images of gels and membranes were captured and digitalized using the
G:BOX Chemi XX6 system (Syngene, UK).

4.16. NanoLC—ESI-MS/MS Identification of Biochip-Bound
Proteins. Proteins bound to the biochip were identified after
solution-based trypsin digestion by mass spectrometry. Seven biochips
with immobilized antibody were exposed to positive samples (10*
PFU/mL) by the same procedure described in the section Detection
of SARS-CoV-2 Virus by the Antifouling Piezoelectric Biosensor. For
a negative control, we used a biochip simply subjected to an
activation/deactivation procedure using biochips without immobilized
ADN on the surface. Protein digestion was performed directly on the
biochip by addition of 200 uL of 12.5 ng/uL trypsin and overnight
incubation at 37 °C. The digestion was terminated by the addition of
formic acid to a final concentration of 5%. The obtained peptide
mixture was purified using C18 Empore disks (3 M, USA).% Peptides
were dissolved in 30 uL of 3% acetonitrile/0.1% formic acid. The
analysis was carried out on an UltiMate 3000 RLSCnano system
(Thermo Fisher Scientific, USA) coupled on-line to mass
spectrometer timsTOF Pro (Bruker Daltonics, Germany). Peptide
solution of 2 uL was injected onto an Acclaim PepMap 100 C18
trapping column (300 ym i.d., S mm length, particle size S ym, pore
size 100 A; Thermo Fisher Scientific) at a 2.5 yL/min flow rate.
Bound peptides were eluted from a trapping column onto an Acclaim
PepMap 100 C18 analytical column (75 gm id., 150 mm length,
particle size 2 um, pore size 100 A; Thermo Fisher Scientific) and
separated by a 48 min long linear gradient of 5—35% acetonitrile/
0.1% formic acid at a constant rate of 0.3 4L/min. The column oven
temperature was set to 35 °C. The MS analysis was operated in
PASEF scan mode with positive polarity. Electrospray ionization was
performed using a CaptiveSpray (Bruker Daltonics, Gemany) with
capillary voltage at 1500 V, dry gas at 3 L/min, and dry temperature at
180 °C. Ions were accumulated for 100 ms, and 10 PASEF MS/MS
scans were acquired per topN acquisition cycle. An ion mobility range
(1/KO0) was set at 0.6—1.6 Vs/cm”. Mass spectra were collected over a
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m/z range of 100 to 1700. Polygon filtering was applied to exclude the
low m/z of singly charged ions. The target intensity was set to 20,000
to repeatedly select the precursor for PASEF MS/MS repetitions. The
precursors that reached the target intensity were than excluded for 0.4
min. Collision energies were changed from 20 to 59 eV in § steps of
equal width between 0.6 and 1.6 Vs/cm?® of 1/K, values.

Raw MS data were processed by MaxQuant software (version
1.6.14) with integrated Andromeda search engine;(’g the Homo sapiens
database was downloaded from Uniprot (07. 0S. 2021). We used the
severe acute respiratory syndrome coronavirus 2 from Uniprot (06.
05. 2021) and the contaminant database included in the MaxQuant
software to identify proteins. The default parameters for TIMS-DDA
search type and Bruker TIMS instrument were applied. Trypsin/P
was set as enzyme allowing up to two missed cleavages in specific
digestion mode, the carbamidomethylation of cysteine was used as
fixed modification, methionine oxidation and protein N-term
acetylation were set as variable modifications, and the minimum
required peptide length was set to five amino acids. Precursor ion
tolerance was set at 20 and 10 ppm in the first and main peptide
search, respectively; the mass tolerance for MS/MS fragment ions was
set at 40 ppm; peptide spectrum match (PSM) and protein
identifications were filtered using a target-decoy approach at a false
discovery rate (FDR) of 1%. Label-free quantification (LFQ) of
proteins was done using the algorithm integrated into MaxQuant with
minimum ratio count set at 2. Protein data tables obtained from
MaxQuant were analyzed using Perseus software (version 1.6.14.0) as
well as scripts written in Python 3.8.5.%” Protein hits to the reverse
database, contaminants, and protein only identified with modified
peptides were excluded from further analysis. LFQ_intensities were
transformed by log2.

4.17. Statistical Analysis. Data obtained from the independent
piezoelectric QCM biosensor measured as a change in the resonant
frequency are presented as the mean + standard error of the mean.
The LOD was calculated from the calibration curve using Afop = p
— 3 X o, where p is the average value of QCM frequency change
caused by the interaction with the virus-free samples (blanks) and o is
the standard deviation value of the blanks. The LOQ was calculated
using the formula Af;oq = 4 — 10 X 0. The data in Figure 3b is a
filtered representation of the raw-output, calculated via a moving
average filter (size window 150, ~1.5 min) with a preservation of the
high frequency noise. The data were processed in OriginPro
(OriginLab Corporation, USA) and MATLAB (MathWorks, USA).
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