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One of the main problems in developing immunosensors
featuring carbon nanotubes (CNTs) is immobilizing antibodies
(Abs) onto the CNT surface to afford selective binding to target
antigens (Ags). In this work, we developed a practical
supramolecular Ab  conjugation  strategy based on
resorc[4]arene modifiers. To improve the Ab orientation on the
CNTs surface and optimizing the Ab/Ag interaction, we
exploited the host-guest approach by synthesizing two newly
resorc[4]arene linkers R1 and R2 via well-established proce-
dures. The upper rim was decorated with eight methoxyl
groups to promote selective recognition of the fragment
crystallizable (F.) region of the Ab. Moreover, the lower rim was
functionalized with 3-bromopropyloxy or 3-azidopropiloxy sub-

Introduction

One of the best platforms for several new technologies is
carbon nanotubes (CNTs), which aim to satisfy the increasingly
demanding standards for clinical and diagnostic tests required
for breakthroughs in medicine. A variety of sensors based on
CNTs have been developed in recent years, such as gas
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stituents to bind the macrocycles on the multi-walled carbon
nanotubes (MWCNTSs) surface. Accordingly, several chemical
modifications of MWCNTs were evaluated. After the morpho-
logical and electrochemical characterization of nanomaterials,
the resorc[4larene-modified MWCNTs were deposited onto a
glassy carbon electrode surface to evaluate their potential
applicability for label-free immunosensor development. The
most promising system showed an improved electrode active
area (Ag) of almost 20% and a site-oriented immobilization of
the SARS-CoV-2 spike protein S1 antibody (Ab-SPS1). The
developed immunosensor revealed a good sensitivity
(23.64 pAmLng~'cm™) towards the SPS1 antigen and a limit of
detection (LOD) of 1.01ngmL™".

sensors,?  fiber-optic sensors,”) chemical sensors,” and

immunosensors.” Although pristine CNTs exhibit high sensi-
tivity to a wide variety of chemical signals, they lack
selectivity.®” The ability to modify the surface of CNT-based
technologies to impart selective binding to specific analytes is
essential to their success.*® To improve selectivity of CNTs,
surface modification by covalent or non-covalent functionali-
zation with suitable molecules,” such as polymers,'®' metal
nanoparticles,">'¥ and biomolecules,"*"”" has been exploited.
Although non-covalent functionalization methods can gener-
ate selectivity without affecting the chemical properties of
CNTs, they generally do not result in sufficiently robust
materials for harsh environment applications. Supramolecular
chemistry is a powerful surface modification tool to achieve
high selectivity and sensitivity in sensor systems.'"®' The large
pool of macrocycles available, with their synthetic modularity
and different complexation properties, has represented an
effective sensor design strategy.'**” Among them, resorcinol-
derived cyclic oligomers belonging to the calixarene family,
namely resorcarenes, have attracted considerable attention as
versatile macromolecular receptors with unique structure and
complexation properties.?'-* The recognition features of such
macrocycles towards a specific class of analytes can be
addressed by inserting selective functional groups on both the
upper and lower rims.">*% |n the last two decades, several
studies have been focused on the use of calixarene-type
macrocycles in the development of immunosensors to max-
imize the amount of the active immobilized antibodies (Abs)
in the proper “end-on” orientation, thus promoting the

© 2023 The Authors. ChemBioChem published by Wiley-VCH GmbH
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accessibility of the fragment antigen-binding (F,,) regions
towards the antigen (Ag) detection (Figure 1A)."**% |ndeed,
the host-guest (receptor) approach has proved a practical
antibody immobilization procedure (Figure 1A). The introduc-
tion of artificial linkers on the sidewall of CNTs could lead to
the selective recognition of the fragment crystallizable (F,)
region of the antibody by directing the antigen-binding F,,
fragment away from the CNTs surface. Notably, whereas
several functionalized calixarenes have been employed as
surface modifiers to favor the optimal antibody orientation,
just a few resorcarenes have been developed for this
purpose.l’” In this work, to the best of our knowledge, we
present for the first time cavitand-functionalized CNTs with
improved Ab/Ag affinity. To this end, two newly resorc[4]arene
architectures (R1 and R2, Figure 1B) were designed and
synthesized to covalently functionalize the CNTs surface. By
modifying the CNT sidewalls with the artificial linkers, we built
chemiresistors  having multi-walled carbon nanotubes
(MWCNTs) as the conductive element. For this purpose,
oxidized MWCNTs were chemically modified by inserting
amino and propargyl functionalities. A less invasive approach
was also investigated by directly functionalizing the pristine-
MWCNTs via thermal 1,3-dipolar cycloaddition reaction fol-
lowed by nitrogen extrusion. Eventually, the anchoring of the
macrocycles to MWCNTs was achieved (namely, R1-MWCNTs,
R2-MWCNTs, and R2-p-MWCNTs), and all the modified nano-
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materials were fully characterized. The application of
resorc[4]arene-MWCNTs for label-free electrochemical immu-
nosensor development was investigated by modifying glassy
carbon (GC) electrodes with nanomaterials. Finally, the molec-
ular recognition properties of the most promising system, GC/
R1-MWCNTs, were explored towards the absorption of the
immunoglobulin G (IgG) antibodies specific for the SARS-CoV-
2 spike protein S1 (Ab-SPS1). In this work, we demonstrated
how the supramolecular antibody conjugation technique
based on resorc[4]arene modifiers holds great promise for
advancing diagnostic testing.

Results and Discussion

Design and synthesis of resorc[4]arene macrocycles R1 and R2.
Orientation and loading density of the immobilized antibodies
govern F,, accessibility and are critical to the analytical
performance of several detection strategies.”®® In our
previous work, we demonstrated that surface modification by
properly functionalized resorcarene macrocycles allows the
optimal Ab  orientation  favoring the  “end-on”
configuration.®® To construct a CNT-based platform with
improved selectivity, we rationally designed and synthesized
two new resorc[4]arene architectures (R1 and R2, Figure 1B
and Scheme 1). The upper rim of these bowl-shaped macro-

Upper-rim

Antibody
binding

Lower-rim

CNTs covalent
binding NsooR2 M

Figure 1. A) Host-guest (receptor) approach for the site-oriented antibody immobilization; B) Chemical structures of resorcarene-based supramolecular linkers

R1 and R2.
O
N
HO OH HCI37%
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3.X=N3

Scheme 1. Synthesis of resorcarene-based linkers R1 and R2.
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(CH3)2S04
—_—
K»CO3 ACN

82 °C, 16h

R1. X=Br 15% over two steps
R2. X=N; 63%
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cycles is decorated with eight methoxyl groups to tailor their
recognition properties towards the F. portion of Abs; the lower
rim is featured by different functional moieties (i.e., 3-
bromopropyloxy or 3-azidopropiloxy substituents) to cova-
lently install the artificial linkers on the CNTs. The synthetic
strategy employed to prepare R1 and R2 was based on the
well-established acid catalyzed condensation reaction. Resorci-
nol (1) was allowed to react with benzaldehydes (2)®” and
(3)®" by using concentrated hydrochloric acid (37 %) to obtain
the corresponding tail-derivatized resorcarenes (4) and (5)
(Scheme 1). Free hydroxyl groups on the upper rim of 4 and 5
were further methylated by using dimethyl sulfate in the
presence of potassium carbonate as the base®? Since
resorcarene 4 showed poor solubility in a wide range of
organic solvents, the methylation reaction was directly
performed on the crude reaction mixture, achieving R1in 15%
yield over two steps. The artificial linker R2 was obtained with
an overall yield of 38%. The structures of resorc[4]arenes R1
and R2 were confirmed by 'H and ™C Nuclear Magnetic
Resonance (NMR) spectroscopies and by electrospray ioniza-
tion high-resolution mass spectrometry (ESI-HRMS) (Support-
ing Information). The choice of ethyl acetate (AcOEt) as the
tetramerization solvent was crucial to get the desired boat-like
or “pinched cone” conformation featuring aryls in axial
positions.®¥ In the 'H and "*C NMR spectra of R1 and R2, the
distribution pattern includes two signals for both the aromatic
CH, (external) and CH; (internal) of the resorc[4]larene cavity,

DCC, NHS
HzN/\/NHz

THF, r.t.
24 h

DCC, NHS

HaN™

o~

DCM, r.t.
24 h

0-DCB, R2

160 °C, 7 days

p-MWCNTSs (11)

R2-p-MWCNTSs (12)

Cs,CO5, R1

80°C,21h

Cul, NaAsc, DIPEA, R2

CH4CN, rt,, 41 h

N

HsCO * OCH;

whereas the methine groups give only one singlet. All these
features are typically in agreement with C,, symmetry.
Synthesis of the resorc[4]arene-MWCNTs. To develop
highly sensitive and selective nanomaterials, we functionalized
the surface of MWCNTs with linkers R1 and R2 by three
different methodologies. The first two approaches consist in
the derivatization of oxidized MWCNTs (ox-MWCNTs) with
reactive functional groups such as amino or propargyl ending
moieties. In particular, after the insitu activation of the
carboxylic acid moieties by DCC/NHS system, the ox-MWCNTs
(6) were allowed to react with ethylene diamine or propargyl-
amine at room temperature to afford the sidewall amidated
multi-walled carbon nanotubes namely NH,-MWCNTs (7) and
propargyl-MWCNTs (9), respectively (Scheme 2A and 2B).*%
These activation steps were followed by the covalent grafting
of resorc[4larene R1 or R2 on MWCNTs surface.®’” R1 was
specifically anchored by the nucleophilic substitution reaction
between the amino groups of the modified 7 and the alkyl
bromide chains of the macrocycle (see Scheme 2A), to obtain
the corresponding R1-MWCNTs (8).°9 The modified nano-
materials were characterized by X-ray photoelectron spectro-
scopy (XPS) (Figure 2A). Upon such reaction, no significant
change is expected either in the shape of N 1s peak or in its
binding energy (BE), falling in the restricted range 399.5+
0.4 eV,B” because of the close chemical similarity of N-H and
N-CH; groups. This is confirmed by comparing the spectra in
Figure 2A. XPS data on R1 gave the expected atomic C/O ratio
(theor: 72/12, exptl.: 6.0), while the O/Br relative intensity of

DMSO

Scheme 2. Synthetic approach to modify MWCNTS with the supramolecular linkers R1 and R2.
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Figure 2. (A) Compared N 15 XPS peaks from 7 (black line) and 8 (red line); (B) a comparison between N 1s XPS peaks from R2 (black line), 9 (red line), and 10
obtained via click-chemistry (blue line); in this last species, a residual presence of azido N* characteristic peak is evident at ~404 eV; (C) a comparison
between N 15 XPS peaks from R2 (black line), 11 (red line), and 12 obtained through thermolytic in situ generation of reactive nitrene from azido groups at

160°C (blue line).

bromine was about 50% lower than the expected value of 6
due to a partial loss of bromine under X-rays in high vacuum.
A major clue to the successful anchoring of R1 is the large
variation in the O/N XPS ratio, which raised from 1.8 in 7 to 4.3
for 8. A detailed analysis of XPS data revealed the extent of
MWCNTs functionalization in two R1 molecules anchored
every 100 carbon atoms (Supporting Information).

Azidoresorcarene R2 was grafted on 9 by copper catalyzed
Huisgen 1,3-dipolar cycloaddition in the presence of sodium
ascorbate, a known powerful linking reaction, affording the
formation of 10 featuring a 1,2,3-triazole moiety, as confirmed
by XPS analyses (Scheme 2B).***% A comparison among the
photoemission regions for N 1s of the species involved in the
functionalization step is reported in Figure 2B. The R2 grafting
on MWCNTs via click-chemistry reaction lead to a modification
of the N 1s region of the XPS spectra of the four azido groups
on the resorcarene lower rim. For each R2 molecule anchored,
one amido and one triazole groups are present, but only the
latter results from the reaction. This means that the highest
intensity in the N 1s peak must be represented by amido
groups, as experimentally found. A tentative theoretical
reconstruction of the N 1s peak by curve-fitting is shown and
commented in Figure S5. The N 1s peak for 10 results from
the simultaneous presence, in different percentages, of amido,
azido and triazole functions. A triazole pentatomic ring
contains two non-equivalent nitrogen atoms, expected at
400.7 and 401.7 eV, respectively, in a 2:1 ratio.**? In the N 15
spectrum for 10 (Figure 2B), the double peak of both R2 and 9
are replaced by a complex peak with residual traces of the
characteristic azido N* peak. The energy position and the
general lineshape of this N 1s peak are consistent with the
related literature findings for forming triazole rings on differ-
ent surfaces.”** The successful functionalization is also
supported by the drop in the quantitative C/O atomic ratio
from 8.7 in the 9 to 4.2 in 10, consistent with the introduction
of R2, for which the C/O ratio is equal to 6. The extent of
MWCNTSs functionalization with R2 was estimated 1-2 resor-
carene units every 100 carbon atoms (Supporting Informa-
tion).
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The third functionalization approach involved the direct
grafting of resorc[4]arene R2 on pristine MWCNTSs (11) through
thermolytic in situ generation of reactive nitrene from azido
groups using o-dichlorobenzene (0-DCB) as solvent at 160 °C,
to afford the corresponding R2-p-MWCNTs (12)
(Scheme 20).*

The R2 grafting on 11 was examined by XPS. The analysis
was performed by comparing the N 1s photoemission regions
for the species involved in the reaction (Figure 2C). In 12, the
N 1s lineshape is relatively wide, suggesting the co-presence
of distinct species. No residual peak due to the azido N*
component is traceable, suggesting that either the azido
groups were all involved in the reaction, or the operating
conditions were more drastic concerning the click-chemistry
route, possibly favoring the decomposition of unreacted azido
groups. This N 1s complex peak can be curve-fitted with two
components, as shown in Figure S9, consistently with previous
evidence on the formation of aziridine rings in MWCNTs."? In
the same report, a main N 1s peak assigned to aziridine units
is accompanied by a shoulder at 1.7 eV higher binding energy,
which was proposed to be due to amine carbonation in air.*”
In the present case, the same energy separation was found
where the binding energies for both components are rigidly
shifted of 0.7 eV towards higher binding energies. This can
account for the molecular bond of R2 to MWCNTs, while in the
mentioned report, aziridine rings are formed directly on
MWCNTs. The same procedure outlined above for quantitative
estimation of the extent of MWCNTs functionalization gives
~1 resorcarene unit anchored every 100 carbon atoms (see
Supporting Information).

All the modified nanomaterials were also morphologically
characterized by field emission scanning electron microscopy
(FE-SEM) and atomic force microscopy (AFM) (Supporting
Information).

Application of resorc[4]Jarene-MWCNTs for immunosensor
development. To develop label-free and robust immunosensor
devices, MWCNTs modified with the supramolecular linkers R1
and R2 were deposited on the Glassy Carbon Electrode (GCE)
surface at three different concentrations (i.e, 1mgmL",
0.1 mgmL~", and 0.01 mgmL™"). The electrochemical charac-
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Figure 3. CV curves acquired in the 5-200 mV/s range and their fitted plots before (A) and after the modification (B) with GC/R1-MWCNTs.

terization was carried out by cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) measurements. On the
basis of CV measurements (Figure 3), the best performance in
terms of the current increase and reversibility of the system
was obtained with GC/R1-MWCNTs compared with a bare
GCE."8* Accordingly, DPV analysis revealed a signal increase
of +62% in the anodic peak for the modified 8 glassy carbon
electrodes and an improved electrode active area (Ag) of
almost 21% mm? from 3.715 to 4.479 mm? (see Table 1).5%°1

Table 1. Electrochemical features of GC/R1-MWCNTs modified electrodes.
GC Bare GC/R1-MWCNTs

Ay [mm?] 3.7240.07 448+0.23

I [uA] 7.61+0.30 12.324+0.55

AE__, [mV] 90.18+7.61 7417 £3.45

AJ(pAlcm?)

[AbSPS1] (ng/ml)

The results obtained can be explained by the presence of
resorcarene molecules, leading to an increase in the capacitive
contribution.”>*¥ On the contrary, no signal increase in DPV
and CV measurements was observed for the 10 and 12, due to
the weak adhesion and aggregation phenomena on the GCE
surface. Notably, the best-performing system was further
employed to develop a label-free electrochemical immunosen-
sor for detecting spike protein S1 (SPS1).[9284

To maximize the Ab-SPS1 (antibody for the SARS-CoV-2
spike protein S1) immobilization on GC/R1-MWCNTs, the
optimal antibody concentration to be employed was assessed
by DPV measurements. As shown in Figure 4A, the current
intensity variation (2J) was evaluated in the [Ab-SPS1] range
of 0.1-1pugmL™" and the antibody concentration of
0.2 ugmL~" was estimated as the best to optimize the Ab-SPS1
absorption with a good reproducibility. Inspection of the

= R1-MWCNTSs/Ab
—= R1-MWCNTs/Ab/SPS1
100 - M B
80 - ]
£
k=) 60 -
(/)]
X 40 -
20
0 ; ; : . ;
54 6 6.5 7.4 8

pH

Figure 4. DPVs decrease after Ab-SPS1 absorption (A) in the concentration range 0.1-1 pg mL™" and (B) at pH 5.4-8.
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relevant literature on calixarene-protein binding suggests the
presence of different supramolecular interactions (i.e. electro-
static, cation-m, etc.).””*>* Among them dipole-dipole attrac-
tions play a crucial role in the site-oriented immobilization of
Ab.?%%51 Additionally, several studies demonstrated the ability
of few neutral bowl-shaped receptors to form inclusion
complexes with a variety of cationic molecules by creating
cation-mt interactions:®*® this evidence can effectively sustain
the supramolecular binding of the protonated side chains of
basic amino acids decorating the F. region of Ab to the
electron-rich aromatic surface of resorc[4]larene linkers.®*9"
To evaluate the potential ability of resorcarene modifier to
promote the “end-on” orientation of Ab guest via
supramolecular interactions, the relevant dipole moments
(DMs) of R1 and its derivative featuring an aminoethylaceta-
mide moiety, mimicking the macrocycle anchorage to
MWCNTs (structure 8 of Scheme 2), were estimated by
theoretical calculation (for details see Supplementary Informa-
tion). The corresponding values of 9.2 and 10.9 debye, DMs
from the positive pole of the upper-rim to the negative one of
the lower-rim, were obtained for R1 and R1-modified linkers,
respectively. By comparing such DMs with those established
for previously developed resorc[4]larenes able to favour site-
directed immobilization of insulin antibody, ranging from 9.9
to 12.4 debye,” the polarity of R1 and R1-modified macro-
cycles perfectly match with the ability to act as supramolecular
receptors for the Ab-SPS1 guest. Moreover, with the purpose
to evaluate the possible effect of pH on the Ab-SPS1
immobilization on GC/R1-MWCNTs, the % signal (as intensity
current) was monitored as a function of increasing pH values.
As reported in Figure 4B, the experimental data revealed a

Table 2. DPV signals of GC/R1-MWCNTs modified electrodes (I [uA]).

Modification GC/MWCNTs GC/R1-MWCNTs
Bare 14.77 12.67

Ab/BSA 14.49 11.53
Ab/BSA/SPS1 14.26 9.76

correlation between Ab-SPS1 absorption and pH, improving
the % signal in a pH range between 6-7.5. The obtained data
suggest that the host-guest interaction between the F. region
of Ab and the upper rim of R1 is influenced by the protonation
state of the basic amino acid sidechains at pH values below
7.5. A simple explanation is that Coulombic interactions are
reduced at pH>7.5, resulting in a rapid decrease in the %
signal and, thus, in a lower affinity of F-Ab for the
resorc[4]arene macromolecules (Figure 4B).28%4¢"

Considering the antigen binding, the maximum interaction
was seen between pH 7.4 and 8. In contrast, at pH 5.4 the
lowest antigen interaction occurred, as expected by observing
the Ab immobilization level. Moreover, although a high Ab
density was assessed, the modest percentage of signal loss
caused by SPS1-AbSPS1 binding at pH 6-7.4 can be explained
by considering the positive net charge provided by the SPS1
isoelectric point value at pH 7.4,**® which facilitates ferri/
ferrocyanide diffusion.

In Table 2 are reported the intensity currents arising from
the DPV experiments performed by adding SPS1 on unmodi-
fied- and R1-modified-MWCNTs electrodes. The results ob-
tained evidence the almost constant value of current recorded
in the presence of Ab/SPS1 with the unmodified-MWCNTs
electrode.

To evaluate the resorc[4]larene-based immunosensor sensi-
tivity towards antigen detection, analytical parameters such as
limit of detection (LOD) and linear working range were
determined. The DPV measurements were recorded in the
presence of a redox pair ferri/ferrocyanide by applying differ-
ent concentrations of SPS1 protein in the range of 0.1—
100 ngmL™" to the immunosensor surface, conveniently
deactivated by using Bovine Serum Albumin (BSA).® Figure 5
shows the recorded DPV profile (A) and the corresponding
calibration curve and linear fit analysis (B), revealing a
correlation coefficient of 0.973 in a linearity range from 3 to
100 ngmL™" of SPS1.%%%) The developed system shows a
sensitivity of 23.64 pAmLng™' cm™2 and a LOD of 1.01 ngmL™".
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Figure 5. (A) DPV signal obtained after absorption of increasing concentration of SPS1 protein; (B) calibration curve obtained with standard SPS1 solutions.
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The overall analytical features of the developed immunosensor
demonstrate its potential broad application field."*¢¢”

Performance comparison between R1-MWCNTs- and ox-
MWCNTs-based immunosensors toward site-directed
immobilization

Comparing the results obtained with the R1-MWCNTs- and the
ox-MWCNTs-based immunosensors, the former is much more
sensitive than the latter, since no significant signal is observed
until 10 ng/mL of SPS1 for the ox-MWCNTs platform. In the
GC/R1-MWCNTs modified electrodes, a three times lower
signal can be detected, confirming that the site-directed
immobilization improves immunosensors performance (Fig-
ure 6).

Conclusions

In this work, we first developed a practical immobilization
technique based on resorc[4]arene-modified MWCNTs. To
improve the antibody orientation on the CNTs surface and
optimize the Ab / Antigen (Ag) interaction, we exploited the
host-guest (receptor) approach by synthesizing two newly
resorc[4]arene linkers R1 and R2 via well-established proce-
dures. The macrocycles were decorated on the upper rim with
eight methoxyl groups to tailor their recognition properties
towards the F_ portion of Abs and on the lower rim with
different functional moieties (i.e., 3-bromopropyloxy or 3-
azidopropiloxy substituents), to covalently install the artificial
linkers on the CNTs. Three different methodologies were
employed to chemically modify the surface of nanomaterials
and the functionalization of amidated multi-walled carbon
nanotubes, 7 and 9, with resorcarenes via nucleophilic
substitution or copper-catalyzed azide/alkyne cycloaddition
emerged as the most promising approach. XPS analyses

100

A R1-MWCNTs-platform
80 1| & ox-MWCNTs-platform

(»

8 60
2
[1)]
A
0\940-
20 ’}1&4_&

o.lo oi2 ol.4 0‘.6 018 1j0 1j2 1i4 1‘.6
log [SPS1]/ (ng/mL)

Figure 6. Comparison between % signal decays obtained after SPS1
interaction on the RT/MWCNTs-based platform and MWCNTs-COOH.
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confirmed the covalent binding of the linkers R1 and R2 on
the MWCNTSs, by evaluating the N/O and C/O atomic ratios
and comparing the N 1s peaks of the modified materials and
precursors. The application of resorc[4]larene-MWCNTSs for the
development of label-free electrochemical immunosensors
was investigated by modifying the GC electrodes with the
nanomaterials. The most promising system GC/R1-MWCNTs
showed an improved A; of almost 20.56% mm? and a site-
oriented immobilization of Ab-SPS1, driven by both dipole-
dipole and cation-t bonding interactions between the elec-
tron-rich aromatic surface of R1 and the protonated side
chains of basic amino acids located in the F-Ab portion. The
developed immunosensor revealed a good sensitivity
(23.64 pAmLng~'cm™?) towards the SPS1 antigen and a LOD
of 1.01 ngmL™". Despite the most common covalent coupling
approaches to immobilize antibodies on CNTs, our results
demonstrated that the supramolecular antibody conjugation
strategy based on resorc[4]arene-modifiers allow to obtain
high Ab density optimizing the overall analytical properties of
the developed immunosensors.

Experimental Section

General information. All solvents, reagents and nanomaterials for
the synthesis of resorc[4]arenes and resorc[4]larene-MWCNTs were
purchased from Merck KGaA (Darmstadt, Germany) or Carlo Erba
Reagenti, (Milano, Italy) and used without further purification
unless otherwise stated. For the electrochemical measurements,
sodium phosphate monobasic (NaH,PO,), sodium phosphate
dibasic (Na,HPO,), potassium chloride (KCl), potassium ferricyanide
trihydrate (K;Fe[CN],-3H,0), potassium ferrocyanide hexahydrate
(K,Fe[CN],-6H,0), 2-(N-morpholino)ethanesulfonic acid (MES), 4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) were
obtained from Sigma Aldrich (St. Louis, MO, USA). SARS-CoV-2
(2019-nCoV) Spike S1-His Recombinant Protein and SARS-CoV-2
(2019-nCoV) Spike S1 Antibody Rabbit Monoclonal Antibody (Ab-
SPS1) were purchased from Sino Biological (Beijing, China). GC
electrodes were obtained from Metrohm (Switzerland). All reac-
tions for the synthesis of macrocycles were monitored by thin-
layer chromatography (TLC), and silica gel plates with fluorescence
F254 were used. 'H NMR and "*C NMR spectra were recorded using
a Bruker 400 Ultra Shield™ spectrometer (operating at 400 MHz
for 'H and 101 MHz for *C). Chemical shifts are reported in parts
per million (ppm). Multiplicities are reported as follows: singlet (s),
doublet (d), triplet (t), pentet (p), and multiplet (m). Melting points
were measured in open capillaries on a Biichi Melting Point B-545
apparatus. High-resolution mass spectra (HR-MS) were acquired
on a hybrid quadrupole-Orbitrap Q Exactive mass spectrometer,
Thermo Fischer Scientific (Waltham, Massachusetts, US). The
spectra were acquired with a resolution of 35000, an AGC target
of 1e6, a maximum injection time of 50 s, a sample flow rate of
20 pl/min, a sheath gas flow rate of 8 mL/min, a capillary
temperature of 320°C and a S-Lens RF level of 50. For positive
ionization mode, the following parameters have been set as
reported: spray voltage at 4.0 kV and sheath gas flow rate at 8 mL/
min. Negative mode ionization was performed with a spray
voltage of 3.2kV and a sheath gas flow rate of 7 mL/min. The
electrochemical measurements were collected using a mAUTOLAB
PGSTAT204 (Metrohm, Herisau, Switzerland) controlled by NOVA
2.1 software on a Windows pc.
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Synthesis of 4-(3-Bromopropoxy)benzaldehyde (2). Compound 2
was prepared according to the reported procedure. ? The crude
was purified by silica gel flash chromatography (petroleum ether
100 %—petroleum ether/ethyl acetate 95:5) to afford compound
2 in 81% yield as a light yellow solid. The spectroscopical data
were identical to those reported in literature.”®

4-(3-Bromopropoxy)benzaldehyde (2). R, : 0.63, Petroleum ether/
ethyl acetate 7:3. '"H NMR (400 MHz, CDCl;) 6 9.86 (s, 1 H), 7.84-
7.79 (m, 2 H), 7.01-6.97 (m, 2 H), 4.18 (t, J=5.8 Hz, 2 H), 3.59 (t, J=
6.4 Hz, 2 H), 2.37-2.29 (m, 2 H).

Synthesis of Resorc[4]arene 4. Concentrated HCI (37 %, 3 drops)
was added to a solution of aldehyde 2 (1.27 mmol, 0.31 g) and
resorcinol (1) (1.27 mmol, 0.14 g) in ethyl acetate (1.37 mL) and
the reaction mixture was stirred at 100 °C for 1 hour. The reaction
was quenched by adding ethyl acetate, then the mixture was
cooled at 4°C for 3 hours and filtered, affording a white solid. The
product was insoluble in all organic solvents, thus it was
characterized only by HR-ESI-MS and used for the next synthetic
step without further purification.

Resorc[4]arene 4. HR-MS: C4,H5oBr,0,, [M-H]™ Calcd
1335.0740; Found: 1335.0779

Synthesis of Tetrabromo Resorc[4]arene R1. K,CO; (0.7 mmol,
0.1 g) and dimethyl sulfate (0.7 mmol, 66 uL) were added to a
solution of crude resorc[4]arene 4 (0.19 g) in acetonitrile (2 mL).
The reaction mixture was stirred for 17 hours at 85°C, then the
reaction was quenched with distilled water (50 mL) and extracted
with chloroform (3x100 mL). The combined organic layers were
dried over anhydrous Na,SO, and the solvent was removed under
reduced pressure. The crude product was purified by flash
chromatography (CHCl; 100%—CHCl;/ethyl acetate 98:2) to
afford compound R1 (0.07 g, 0.048 mmol) as a white solid in a
15% yield over two steps.

Tetrabromo Resorc[4]arene R1. white solid, mp: 318.5°C, R;: 0.79,
CHCly/ethyl acetate 95:5. 'H NMR (400 MHz, CDCl,) & 6.58 (d, J=
8.2 Hz, 8 H), 6.48 (d, /=8.2 Hz, 8 H), 6.45 (s, 2 H), 6.40 (s, 2 H), 6.19
(s, 2H), 5.77 (s, 2 H), 5.68 (s, 4 H), 4.00 (t, J=5.8 Hz, 8 H), 3.70 (s,
12 H), 3.67 (s, 12 H), 3.59 (t, J=6.4Hz, 8H), 2.35-2.21 (m, 8 H).
C NMR (101 MHz, CDCl;) & 156.44, 156.19, 155.80, 135.90, 131.78,
130.20, 128.45, 125.50, 124.82, 113.79, 96.75, 95.58, 77.16, 65.54,
56.47, 56.05, 42.14, 32.80, 30.29. HR-MS: C;,Hg,Br,NO;, [M+NH,]"
Calcd 1466.2414; Found: 1466.2422.

Synthesis of 4-(3-azidopropoxy)benzaldehyde (3). Compound 4
was prepared according to the reported procedure.®" The crude
was purified by silica gel flash chromatography (petroleum ether
100 %—petroleum ether/ethyl acetate 95:5) to afford compound
4 (72mmol, 1.4849) in 70% yield as a colourless oil. The
spectroscopical data were identical to those reported in literature.

4-(3-azidopropoxy)benzaldehyde (3). R; : 0.55, Petroleum ether/
ethyl acetate 7:3. '"H NMR (400 MHz, CDCl;) & 9.89 (s, 1 H), 7.86-
7.81 (m, 2 H), 7.03-6.97 (m, 2 H), 4.14 (t, J=6.0 Hz, 2 H), 3.54 (t, /=
6.5 Hz, 2 H), 2.13-2.05 (m, 2 H).

Synthesis of Resorc[4]larene 5. Concentrated HCl (3 drops) was
added to a solution of aldehyde 3 (1.34 mmol, 0.30g) and
resorcinol (1.34 mmol, 0.15 g) in ethyl acetate (1.5 mL), and the
reaction mixture was stirred at 100°C for 2.5 hour. The reaction
was quenched by adding ethyl acetate, then the mixture was
cooled at 4°C for 3 hours and filtered, and washed several times
with cold ethyl acetate affording resorc[4larene 5 (0.2 mmol,
0.24 g) in a 60 % yield as a red solid.
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Resorc[4]arene 5. red solid mp: 236.7°C, R, : 0.39, CHCI;/CH,0OH
85:15. '"H NMR (400 MHz, DMSO-d) & 8.48 (s, 4 H), 8.43 (s, 4 H),
6.52 (d, J/=8.7 Hz, 8 H), 6.47 (d, J/=8.7 Hz, 8 H), 6.32 (s, 2 H), 6.30
(s, 2H), 6.13 (s, 2H), 5.70 (s, 2 H), 5.47 (s, 4 H), 3.91 (t, J=6.2 Hz,
8 H), 3.51 (t, J=6.8 Hz, 8 H), 2.00-1.90 (m, 8 H). *C NMR (101 MHz,
DMSO-d,) & 155.55, 152.59, 152.42, 136.58, 131.72, 129.78, 128.79,
121.31, 120.75, 113.09, 101.68, 101.59, 64.39, 47.78, 41.17, 28.31.
HR-MS Cq,HsoN;,0,, [M—H]™ Calcd 1187.4375; Found: 1187.4380.

Synthesis of Tetrazido Resorc[4]arene R2. K,CO; (1.34 mmol,
195 mg) and dimethyl sulfate (1.34 mmol, 127 ulL) were added to a
solution of resorc[4]arene 5 (0.08 mmol, 0.10 g) in acetonitrile
(1 mL). The reaction mixture was stirred for 17 hours at reflux,
then the reaction was quenched with distilled water (20 mL) and
extracted with chloroform (3x25mL). The combined organic
layers were dried over anhydrous Na,SO, the solvent was removed
under vacuum. The crude was purified by crystallization in
acetone to afford the compound R2 (0.05 mmol, 70 mg) in a 63%
yield as a white solid.

Tetrazido Resorc[4]larene R2. white solid, mp: 265.6°C, R, : 0.87,
CHCI;/EtOAC 95:5. 'H NMR (400 MHz, CDCl;) 6

6.59 (d, J=8.4 Hz, 8 H), 6.48 (d, J=8.4 Hz, 8 H), 6.45 (s, 2 H), 6.40
(s, 2 H), 6.20 (s, 2 H), 5.79 (s, 2 H), 5.69 (s, 4 H), 3.95 (t, J=6.0 Hz,
8 H), 3.69 (s, 12 H), 3.66 (s, 12 H), 3.49 (t, J=6.7 Hz, 8 H), 2.05-1.97
(m, 8H). "CNMR (101 MHz, CDCly): & 156.40, 156.17, 155.76,
135.85, 131.73, 130.19, 128.38, 125.46, 124.75, 113.71, 96.67, 95.50,
64.63, 56.43, 56.01, 48.48, 42.12, 29.10. HR-MS C,,HgN50;, [M+
NH,]* Calcd: 1318.6049; Found 1318.6005.

Synthesis of NH,-MWCNTs (7): DCC (0.73 mmol, 0.15 g) and NHS
(1.3 mmol, 0.15 g) were added to a dispersion of 6 (0.15 g) in THF
(30 mL). The mixture was sonicated for 30 minutes, then a mixture
of ethylene diamine/THF 2:1 (0.22 mol, 15 mL) (15 mL ethylene
diamine, 7.5 mL THF) was added and the dispersion was stirred for
24 hours at room temperature. The nanotubes were filtered
through a PTFE membrane (0.2 um pore size) and washed several
times with THF and methanol until reaching pH 7. The nanotubes
were dried at 70°C for 24 hours, affording 0.15 g of 7.

Synthesis of Propargyl-MWCNTSs (9): DCC (0.73 mmol, 0.15 g) and
NHS (1.3 mmol, 0.15 g) were added to a dispersion of 6 (0.15 g) in
DCM (30 mL). The mixture was sonicated for 30 minutes, then
propargylamine (3 mL) was added and the dispersion was stirred
for 24 hours at room temperature. The nanotubes were filtered
through a PTFE membrane (0.2 um pore size) and washed several
times with THF and methanol until reaching pH 7. The nanotubes
were dried at 70°C for 24 hours, affording 0.15 g of 9.

Synthesis of R1-MWCNTs (8): compound R1 (0.014 mmol,
20.2 mg) and Cs,CO; (0.018 mmol, 6 mg) were added to a
suspension of 7 (10.6 mg) in dry DMSO (10 mL). The mixture was
firstly sonicated for 10 minutes, then it was stirred for 21 hours
and sonicated for ten minutes periodically. The suspension was
then filtered through a PTFE membrane (0.2 um pore size) and
washed several times with chloroform, water, and methanol. The
nanotubes were dried at 70°C for 24 hours, affording 11 mg of 8.

Synthesis of R2-MWCNTs (10): Cul (0.026 mmol, 5 mg), DIPEA
(0.057 mmol, 10 puL) and sodium ascorbate (0.031 mmol, 6 mg)
were added to a suspension of 9 (10.7mg) in degassed
acetonitrile (10 mL). The suspension was sonicated and stirred for
10 minutes, then compound R2 (0.008 mmol, 10.1 mg) was added,
and the mixture was stirred and sonicated periodically for
41 hours. The suspension was then filtered through a PTFE
membrane (0.2 um pore size) and washed several times with an
aqueous solution of EDTA 13.4 mM, and then with chloroform,
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water, and methanol. The nanotubes were dried at 70°C for
24 hours, affording 11 mg of 10.

Synthesis of R2-p-MWCNTs (12): compound R2 (0.015 mmol,
19.5 mg) was added to a suspension of 11 (5.5 mg) in degassed o-
DCB (6 mL). The suspension was stirred and periodically sonicated
at 160°C for 4 days. The suspension was then filtered through a
PTFE membrane (0.2 um pore size) and washed several times with
chloroform. The nanotubes were dried at 70°C for 24 hours,
affording 6 mg of 12.

XPS measurements. XPS data were obtained with a modified
Omicron NanoTechnology MXPS system by exposing the samples
to achromatic Mg Ka photons (hv=1253.6 eV), generated operat-
ing the anode at 14kV, 13 mA. Experimental spectra were
theoretically reconstructed by symmetric pseudo-Voigt functions
(linear combinations of Gaussian and Lorentzian peaks), and a
Shirley or a linear background. XPS atomic ratios (£10%
associated error) were obtained from experimentally determined
area ratios, corrected for the corresponding calculated atomic
cross-sections® and for a square root dependence of the photo-
electrons kinetic energies. All samples underwent charging under
X-rays because of their mounting on insulating Teflon tape,
covering the tips. This procedure was applied to exclude from the
useful C 1s and O 1s energy range, the presence of carbon and
oxygen contribution coming from the underlying tips. Quantita-
tion with C 1s peak was conducted after numerical removal, using
a software routine, of the contribution of Mg Ka; and Mg Ka,
components. The binding energy scale for pure R1 and R2, for the
anchored compounds and for MWCNTs and 7 was referenced to
the lowest-lying C 1s component due to the carbon atoms of the
aromatic rings.

Electrode modification. Glassy Carbon Electrode Modification. A
bare glassy carbon (GC) electrode was polished on a micro cloth
for three minutes with 0.03 um and 0.05 um alumina suspensions.
After each polishing step, the electrodes were sonicated for 3
minutes in milliQ water and ethanol. The electrodes’ surfaces were
thus rinsed with ethanol and let dry. The cleaned GC electrodes
were modified by drop cast with 4 uL of a 1 mgmL™" 8 dispersion
in a 30:70 EtOH/H,0 mixture and sonicated for 30 minutes. Ab-
SPS1 and SPS1 were stored at —20°C in aliquots of 10-1 mg/L and
10-500 ng/mL in 20 mM PBS buffer pH 7.4, respectively to avoid
repeated freeze and thaw cycles. All solutions were prepared
using Milli-Q water (18.2 MQ/cm, Millipore, Bedford, MA, USA).
Then, 5 ul of the antibody solutions (0.1-1 ugmL™") were dropped
on the modified GC/R1-MWCNTs surface and incubated for
30 min. The surface was gently rinsed with the incubation buffer.
The antibody solutions were diluted in MES buffer at pH 5.4 and 6,
in HEPES buffer at pH 6.5 and in PBS at pH 7.4 and 8.0. SPS1
standards in PBS of 0.1-100 ngmL™' and gently rinsed in the
incubation buffer. After the surface got dry, 0.1 mg/mL of BSA
were incubated for 20 minutes. The SPS1 calibration was
performed by incubating (0.1-100 ng/mL) SPS1 protein for 30
minutes.

Electrochemical characterization. The potentiostat was con-
nected to a classical three-electrode electrochemical cell with a
SCE reference electrode (RE) a graphite counter electrode (CE) and
GC as a working electrode (WE). The measurements were
performed in a 1.1 mM [Fe(CN)J*, 100 mM KCl between a
potential between [—0.3 ; 0.7] V vs SCE. The DPV measurements
were performed using a 1.1 mM [Fe(CN),]*"*~, 100 mM KCl in PBS
buffer 10 MM pH 7.4. The electrode characterization was per-
formed by CV measurements at different scan rates (5 mV/s+
200 mV/s) in a 1.1 mM solution of [Fe(CN),J*”*~ and 100 mM KCl.
The electrode active area (Ag) was obtained by using the Randles-
Sev¢ik equation (eq. 1);"” where Ip (measured in amperes) is the
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peak current, n is the number of electrons transferred in the redox
reaction, A (cm?) is the electroactive surface area, D (cm?xs™) is

he diff f d be (7.6 105 cm*xs ! for [Fe(CN),
the gl(mugIoQC% tsh{;l‘s“t_:‘hé)xccg)rz(c)er%ratlon of tRne resdoxorgrolge a%c]i \Y

(V><s ") is the scan rate.®"

lp = 2.69 x 10°n*?AC,D'/*v'"/? M

Random immobilization platform (GC/ox-MWCNTs/AbSPS1)

The random platform was developed as follows. 1 mg of ox-
MWCNTs were sonicated in 1 mL of a mixture 30:70 EtOH/H,0O
until it turned homogeneous. Next, 4 uL were drop casted on a
clean GC electrode and allowed to dry. The excess was removed
by gently rinsing with water, and once the surface was dry, the
electrode was treated with a mixture of a freshly prepared
0.5 mM/0.1 mM of EDC/NHS solution in MES buffer pH 5.4. The
mild acidic environment promotes the activation of the carboxylic
groups exposed on the ox-MWCNTs surface for the amine
coupling with AbSPS1 amino groups. After 15 minutes, the surface
was gently rinsed with MES buffer, and then, 4 uL of 0.2 pg/mL
AbSPS1 solution in PBS buffer was incubated on the surface for 30
minutes. The surface was deactivated by ethanolamine treatment
for 20 minutes and the sensing surface was then incubated with
different SPS1 standard solutions in PBS.

Supporting Information

NMR spectra; morphological characterization; XPS character-
ization; electrochemical characterization; computational meth-
ods.
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