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How an ACE2 mimicking epitope-MIP nanofilm
recognizes template-related peptides and the
receptor binding domain of SARS-CoV-27i

{ M) Check for updates ‘

Cite this: Nanoscale, 2022, 14, 18106

Xiaorong Zhang, (2@ Armel T. Waffo, 2 ® Aysu Yarman,®© Norbert Kovacs,
Zsofia Bognar, (2 %€ Ulla Wollenberger,? Ibrahim M. EL-Sherbiny, ©F
Rabeay Y. A. Hassan," Frank F. Bier,? Rébert E. Gyurcsanyi, 2 *4¢ Ingo Zebger
Frieder W. Scheller*®

®and

Here we aim to gain a mechanistic understanding of the formation of epitope-imprinted polymer
nanofilms using a non-terminal peptide sequence, ie. the peptide GFNCYFP (G485 to P491) of the
SARS-CoV-2 receptor binding domain (RBD). This epitope is chemisorbed on the gold surface through
the central cysteine 488 followed by the electrosynthesis of a ~5 nm thick polyscopoletin film around the
surface confined templates. The interaction of peptides and the parent RBD and spike protein with the
imprinted polyscopoletin nanofilm was followed by electrochemical redox marker gating, surface
enhanced infrared absorption spectroscopy and conductive AFM. Because the use of non-terminal epi-
topes is especially intricate, here we characterize the binding pockets through their interaction with 5
peptides rationally derived from the template sequence, i.e. implementing central single amino acid mis-
match as well as elongations and truncations at its C- and N- termini. Already a single amino acid mis-
match, i.e. the central Cys488 substituted by a serine, results in ca. 15-fold lower affinity. Further trunca-
tion of the peptides to tetrapeptide (EGFN) and hexapeptide (YFPLQS) results also in a significantly lower
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affinity. We concluded that the affinity towards the different peptides is mainly determined by the four
amino acid motif CYFP present in the sequence of the template peptide. A higher affinity than that for the
peptides is found for the parent proteins RBD and spike protein, which seems to be due to out of cavity
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1. Introduction

COVID-19 diagnoses are based on three main approaches:"

(i) detection of the viral genome by RT-PCR or isothermal
amplification, most notably loop-mediated isothermal amplifi-
cation (LAMP),>™
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effects caused by their larger footprint on the nanofilm surface.

(if) detection of antibodies raised against COVID-19 as a
result of the viral infection, and

(iii) detection of the antigenic segments of the virus,
spike protein (S-protein) or the nucleocapside protein
(N-protein).

In terms of antigenic segments, the spike glycoprotein
(S-protein), which is a 150 kDa transmembrane protein located
on the surface of the virus, is especially well suited for specific
identification of SARS-CoV-2. Its 26 kDa receptor binding
domain (RBD) is the docking area of the virus to the angioten-
sin converting enzyme 2 (ACE2) for entering the host cell by
establishing a non-covalent interaction with an equilibrium
dissociation constant in the lower nanomolar range.” The
sequence of RBD is unique to SARS-CoV-2, thus indicating that
the RBD avoids cross reactivity with other human corona
viruses. Since mutations may affect this recognition site,
efforts have been made to implement affinity ligands that can
be generated in a rapid manner for the relevant target proteins
without the need for animal experiments and cell cultures. In
this respect, molecularly imprinted polymers (MIPs) which are
fully synthetic biomimetic recognition elements may substitute

This journal is © The Royal Society of Chemistry 2022
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antibodies in binding assays and sensors.®*®> For the MIP-
based detection of SARS-CoV-2 until now three different type
of templates have been used for imprinting,'® i.e., (i) the whole
virus or virus-like particles'””'® (ii) the N-protein, S-protein or
RBD"?* and recently (iii) exposed peptide regions of the spike
protein, i.e. epitope imprinting.>>™>’

We have shown earlier that the two-step approach involving
oriented preimmobilization of the peptide on planar surfaces
leads to higher density binding sites upon subsequent electro-
polymerization of the functional monomer as compared with
the single-step “random” imprinting, which involves the elec-
tropolymerization of a premixed solution of the monomer and
peptide.”® Indeed, the epitope imprinting approach proved
effective at the selective recognition of SARS-CoV-2 and already
the first such study proved high affinity and selective reco-
gnition of the RBD and the relevant virus like particle.”> The
peptide chain of the RBD starting with L455 up to Y505 is the
binding area of the RBD to ACE2’ and we developed a MIP
which used the nonapeptide 485-493 of the RBD as the
epitope template. The peptide GFNCYFPLQ was first micro-
spotted onto gold Surface Plasmon Resonance Imaging (SPRi)
chips followed by the deposition of a polyscopoletin nanofilm
and then the template removal by anodic potential pulses. The
parent protein RBD was bound by these peptide imprinted
nanofilms in the lower nanomolar concentration range with
an affinity constant ranging from 2 to 18 nM, while human
serum albumin (HSA) had no effect in 0.5% Tween20 solu-
tion.”> The utility of peptide sequences from the 1445-Y505
region of the RBD was confirmed also by Mizaikoff’s group
which used the peptide 486-502 for the synthesis of MIP-
covered magnetic nanoparticles (NPs) concluding that such
MIPs can differentiate between different virus peptides.”®
While the rebinding of the parent protein (or the whole virus)
has utmost importance in terms of the analytical goal, the easy
variation of the peptide sequences beyond proving the selecti-
vity for the template sequence could be also used to gain
further information on the binding sites formed by epitope
imprinting. Therefore, while in our previous study we focused
on the analytical performance of parent protein rebinding,
here we attempted to “map” the binding properties of the
formed imprints by a set of rationally designed peptides. As
the template for the epitope imprinting we used the hepta-
peptide GFNCYFP (G485 to P491, G-Peptide) of the receptor
binding domain with Cys488 at the central position. After the
chemisorption of the peptide through the cysteine, a polysco-
poletin nanofilm was electrosynthesised and the template was
removed by oxidative anodic stripping (Scheme 1). A series of
target peptides were designed to study the binding cavity as
compiled in Table 1. This includes changing the central
cysteine to serine (S-Peptide), and extending the C-terminal
site up to Q493 along with extending the N-terminal site with
E484 (E-Peptide) that is exchanged by lysine in the Beta and
Gamma variants.>*° Further truncation and extensions to the
G-Peptide template were made on the N- and C-terminal flanks
of the central Cys488, e.g. the tetrapeptide EGFN and the hexa-
peptide YFPLQS.
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Scheme 1 Workflow of MIP preparation and binding of RBD (PDB
code: 6M0J). It was assumed that the template G-Peptide (GFNCYFP)
was adsorbed “horizontally” via Cys488 on the bare gold.

Table 1 An overview of the peptides applied in this work

Peptide Abbreviation Note

GFNCYFP G-Peptide G485 to P491 of SARS-CoV-2 RBD, the
template

EGFNCYFPLQ E-Peptide E484 to Q493 of SARS-CoV-2 RBD

__ NSYFPLQ  S-Peptide Cys488 was replaced by serine

__ CYFPLQS C-Peptide Cys488 to S494 of SARS-CoV-2 RBD

___YFPLQS Y-Peptide C-terminal branch of the template

EGFN___ FN-Peptide  N-terminal branch of the template

The length of the peptide chain was systematically varied at both
termini of the central cysteine (Cys488, in the parent protein). Notably,
the amino acids chosen for the elongation of the template G-Peptide
are present in this exact order in the amino acid sequence of RBD
(E484 to S494).

2. Experimental section

2.1. Materials and methods

2.1.1. Chemicals and reagents. Scopoletin (7-hydroxy-6-
methoxycoumarin), 6-(ferrocenyl)hexanethiol, 6-mercapto-1-
hexanol, the receptor binding domain of SARS-CoV-2 (RBD,
25.9 kDa), the SARS-CoV-2 spike protein (138 kDa), and
albumin from human serum (HSA, 66.5 kDa) were purchased
from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany).
Absolute ethanol (>99.9%), potassium hydroxide (KOH), sulfu-
ric acid (H,SO,4) (=95%), potassium chloride (KCl), sodium
chloride (NaCl), potassium dihydrogenphosphate (KH,PO,),
disodium hydrogen phosphate dihydrate (Na,HPO,-2H,0),
potassium hexacyanoferrate(n) trihydrate (K,[Fe(CN)6]-3H,0)
and potassium hexacyanoferrate(ur) (K;[Fe(CN)g]) were from
ROTH (Karlsruhe, Germany). All peptides listed in Table 1 are
aminated at the C-terminus and were purchased from
Biosyntan (Berlin, Germany). The sample extraction buffer for
the antigen test was from Hotgen (Beijing, China). The solu-
tions throughout this work were prepared using deionized and
filtered water obtained from a water purification system Milli-
Q from Sartorius (Gottingen, Germany).

2.1.2. Apparatus and electrochemical experiments.
Electropolymerization was carried out by using a CHI 440
electrochemical workstation (CH Instruments, Austin, USA) in
a one-compartment three-electrode polychlorotrifluoroethyl-
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ene (PCTFE) cell with a volume of 2 ml. Gold wires (diameter:
0.5 mm; active surface: 20 mm?) (Goodfellow, Germany), a
platinum coil and an Ag/AgCl system (RE-3 V, ALS Co., Japan)
were used as the working electrodes, counter electrode and
reference electrode, respectively. SWV measurements and tem-
plate removal by electrochemical oxidation were performed in
a one-compartment three-electrode polymethylmethacrylate
(PMMA) cell with a volume of 1 ml. The working electrode and
counter electrode were the same as mentioned above, and Ag/
AgCl (1 M KCl) was used as the reference electrode. SWV
experiments were performed at a frequency of 10 Hz, with a
50 mV amplitude and a step height of 3 mV by changing the
potentials from —0.2 to +0.5 V in 5 mM ferri/ferrocyanide in
phosphate-buffered saline (PBS) (137 mM NaCl, 10 mM
Na,HPO,, 1.8 mM KH,PO,, and 2.7 mM KCl), pH 7.4, for assay
of the MIP/NIP electrodes. All measurements were carried out
at room temperature.

2.1.3. Electrosynthesis of the MIP, template removal and
rebinding. The gold wire electrodes were cleaned by boiling in
2.5 M KOH for 4 h followed by storage in concentrated H,SO,
overnight. Before usage, the electrodes were further purified
through anodic oxidation by holding at 1.1 V for 20 s in PBS.
After rinsing with water, the purity of the gold electrodes was
checked by CV in 0.5 M H,S0,.

To prepare the MIP, the clean gold wire electrode was first
incubated in 5 pM G-Peptide in PBS for 1.5 min at room temp-
erature. The polyscopoletin layer was then deposited on the
electrode by electropolymerizing a solution containing 0.5 mM
scopoletin in 10 mM NaCl (5% (V/V) ethanol) with 20 pulse
cycles starting with 0 V for 5 s followed by 0.7 V for 1 s. Non-
imprinted polymers (NIPs) were prepared in the same way but
without G-Peptide. After the synthesis of the polymer layer, the
electrodes were carefully rinsed with water and then dried
gently under a nitrogen stream.

To remove the immobilized G-Peptide from the polymer,
anodic oxidation was performed in PBS by applying 900 mV
for 30 s on the MIP electrode in two consecutive steps. After
template removal, the MIP electrode was rinsed with water
several times and gently dried with a nitrogen stream. For
measuring the target binding the electrodes were then placed
in 1 ml stirred ferri/ferrocyanide solution in PBS and 2 pl of
the peptide or the parent protein solution at a specified con-
centration was injected. Both the template removal and
rebinding were followed in time by SWV measurements per-
formed every 5 min in the quiescent solution until the peak
current stabilized.

2.1.4. SEIRA measurements. For surface enhanced infrared
absorption (SEIRA) spectroelectrochemical measurements,
MIPs and NIPs were prepared on a gold surface suitable for
SEIRA spectroelectrochemical investigations. This technique
allows the characterization of the MIP synthesis by recording
IR spectra after each step of the workflow. In the SEIRA con-
figuration, the surface enhancement factor decays with 1/d°,
where d is the distance from the gold surface, thus allowing
the monitoring of events in very close proximity (8 nm) to the
gold surface.®® Prior to all measurements, a thin nano-
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structured gold film was deposited onto a silicon prism appli-
cable for attenuated total reflection (ATR) IR spectroscopy and
subsequently electrochemically cleaned.>* The prism was then
mounted into a home-made spectroelectrochemical IR cell
and placed in an IFS66v/s IR spectrometer from Bruker
equipped with a liquid nitrogen cooled MCT detector. The
formed gold surface served as the working electrode, whereby
a platinum wire and Ag/AgCl were used as counter and refer-
ence electrodes, respectively. Spectra were recorded with a
resolution of 4 cm™" by averaging 400 scans. For binding test,
each peptide (Table 1) was diluted in PBS to a final concen-
tration of 10 uM. Furthermore, five SEIRA spectra were
recorded during peptide immobilization, followed by the
acquisition of an additional spectrum after washing the cell at
least 3 times with the corresponding buffer to confirm a stable
binding of the peptide to the Au-surface. The electrochemical
synthesis of the MIP was performed using a freshly prepared
scopoletin solution (0.5 mM, 100 mM NacCl, 5% (V/V) ethanol)
by making use of 20 pulse cycles at 0.0 V for 5 s and at 0.7 V
for 30 s. The appropriate polyscopoletin electrodeposition was
substantiated by a characteristic polymer band at 1710 cm™,
belonging to a 1(C=O0) stretching vibration mode. The peptide
was removed from the gold surface by applying a potential of
0.9 V (vs. Ag/AgCl in 3 M KCl) for 30 s. Subsequently, the
corresponding spectral changes were traced in the IR-regime.
NIP was prepared following the same workflow, thereby omit-
ting the initial peptide immobilization. Binding of peptides
and the RBD was verified by means of SEIRA spectroscopy via
their characteristic amide I/II bands.

2.1.5. AFM measurements. Conductive AFM (c-AFM)
measurements were performed with a Nanosurf FlexAFM
(Switzerland) instrument using a PPP-ContPt cantilever with a
tip curvature of ca. 25 nm and a force constant of 0.2 N m™".
This cantilever has an electrically conducting PtIr5 coating on
its both sides and was operated at a setpoint of 20 nN and a
tip voltage of —10 mV. During c-AFM measurements the
current between the electrically connected gold electrodes
covered by either the MIP or NIP and the tip was measured.
The electrochemical deposition of gold to reveal the epitope-
imprinted binding sites was performed as described earlier for
the template synthesis of gold nanostructures,®® ie. from a
solution of 0.2 mM HAuCl, in 0.01 M HCI and 2 mM sodium
citrate using a 30 s potential step of —0.9 V. A 3-elecrode cell
was used by connecting the MIP modified electrode as the
working electrode and using an Ag/AgCl and a Pt coil as refer-
ence and counter electrodes, respectively.

3. Results and discussion

3.1. Epitope-imprinted polymer electrosynthesis and
template binding

The epitope-imprinted polymer synthesized using
G-Peptide as the template and all steps were monitored by
SWV in ferrocyanide solution. The peptide adsorption resulted
in a significant decrease of the peak current of the bare gold

was

This journal is © The Royal Society of Chemistry 2022
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electrode (650 pA) suggesting that around 70% of the gold
surface is blocked to the access of the redox mediator, ie.,
occupied by the template peptide. After electropolymerization
of scopoletin the signal was completely suppressed indicating
the deposition of an insulating polyscopoletin film. The tem-
plate removal was performed by anodic stripping of the
peptide at 900 mV as we found earlier that under these con-
ditions the Cys-containing peptides are released from the elec-
trode surface while the polymer integrity is unaltered.”® The
successful removal is supported by the recovery of the SWV
signal to ca. 130 pA indicative of the formation of template lib-
erated free cavities in the polymer film through which the
redox mediator regains access to the underlying gold electrode.
The template G-Peptide binding at increasing concentrations
could be clearly detected through the decrease in the peak
current owing to the gradual filling of the imprinted cavities
(Fig. 1A). The concentration dependence of the G-Peptide
binding followed closely the Langmuir adsorption model from
which a dissociation constant K, of 57.6 + 0.01 nM was
obtained (Fig. 1B).

Further insight into the same succession of the synthesis
and rebinding of the template was obtained by SEIRA spec-
troscopy. SEIRA measurements also confirmed the G-Peptide
chemisorption onto the gold surface via the amide I and

(a) —— after template removal
Rebinding of G-Peptide
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Fig. 1 (A) SWV curves of the MIP film after template removal recorded
in PBS containing 5 mM K;s[Fe(CN)gl/K4[Fe(CN)g] upon binding
G-Peptide at different concentrations as indicated. (B) The corres-
ponding Langmuir binding isotherm of G-Peptide to the MIP. Error bars
forn=3.
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amide II bands centred at 1673 cm™" and 1515 ecm ™", respect-
ively (Fig. 2, trace 1, black). The electrosynthesis of the polysco-
poletin around the chemisorbed G-Peptide template on the
gold surface was monitored through the characteristic polymer
bands (trace 2, blue), namely the carbonyl v(C=O0) stretching
vibration (1715 em™"), aromatic and vinyl (C=C) stretching
modes (1600-1400 cm™"), ¥(C-O) stretching vibration of the
ester group (1280 cm™'), and the y(C-0-C) stretching of alkyl
ethers (1160 cm™).*®** The anodic pulse induced electro-
chemical removal of the G-Peptide from the polymer matrix
was confirmed through the broad absorption band at ca.
1640 cm™' that appears following the removal (trace 4, red).
This is attributed to the §(O-H) bending vibrations (red rec-
tangle) of water molecules reaching the gold surface via the
created MIP cavities. Subsequent rebinding of target molecules
including G-Peptide (trace 4, red) and RBD (Fig. 7A, trace 2)
leads to the (re)appearance of amide I and II bands, which can
be better visualized from the corresponding difference spec-
trum (diff 4-3, violet) between trace 4 and trace 3.

3.2. Revealing the presence of epitope-imprinted binding
sites

We further developed two original methods to confirm the full
liberation of the binding cavities by the electrochemical tem-

v(C=C)
v(C=0) v(C=C),, v(C-OR/OH), §(C-H)
AA = 5mOD | s -

‘ w‘ ‘Amide | Amide Il

‘ SO
AN . /a 18(0-H)
|

5_diff(4-3)

4_2 uM GFNCYFP

3_Removal

1_GFNCYFP

1800 1600 1400 1200

Wavenumber (cm™)

2200 2000 1000

Fig. 2 IR spectra by SEIRAS of the individual steps of the MIP formation
and template rebinding. Trace 1 (black) shows the adsorbed G-Peptide
on gold highlighted by the corresponding amide | and amide Il bands at
1673 cm™ and 1517 cm™ (blue rectangle), respectively. The observed
bands in trace 2 (blue) are attributed to the polyscopoletin nanofilm,
which is characterized by a carbonyl v(C=O) stretching vibration
(1715 cm™), aromatic and vinyl u(C=C) stretching modes
(1600-1400 cm™), (C-O) stretching vibration of the ester group
(1280 cm™), the 1(C-O-C) stretching of alkyl ethers (1160 cm™) and
5(C—H) bending modes (1400-1000 cm™). Electrochemical template
removal (trace 3, magenta) is monitored via the appearance of a broad
absorption band at ca. 1640 cm™, attributable to the §(O—H) bending
vibrations (red rectangle) of water molecules, which reach the gold
surface via the created MIP cavities (trace 4, red). Subsequent rebinding
of the G-Peptide results in the (re)appearance of amides | and Il (trace
5), better visualized in the corresponding difference spectrum (diff 4-3,
violet) between trace 4 and trace 3.
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plate removal, ie. the gold surface at the bottom of the
binding cavities is exposed, as well as the surface concen-
tration of the liberated sites scales with the surface concen-
tration of the immobilized epitopes. To estimate the density of
the binding cavities gold electrodes were modified with
different G-Peptide concentrations and after the template
removal we used a surface confined redox molecule, 6-(ferroce-
nyl)hexanethiol (HS-Fc). Thus, after template removal the MIP
nanofilm was incubated in a 1 mM ethanolic solution of HS-Fc
for 1 h and after thoroughly washing the excess of reagent the
signal of the surface confined ferrocene derivative was
measured by CV (see the ESIf for details of the procedure).
The linear dependence of the peak current on the scan rate con-
firms the surface confinement (Fig. 3 inset). Fig. 3 shows the
NIP corrected ratios of the HS-Fc anodic peak for the MIP after
the template removal and for the free gold indicative of the
ratio of the respective surface areas. There is a clear dependence
on the peptide concentration used for immobilization and the
gold surface exposed through the free binding sites, which at
the experimental conditions used further in this paper (5 M
peptide) makes up ca. 17% of the nanofilm covered area.

We set to provide a more explicit confirmation of the physi-
cal presence of the binding cavities by AFM. The contact AFM
measurements coupled with nanolithography to remove locally
the polymer layer showed that the electrosynthesised polysco-
poletin film is ca. 5 nm thick (Fig. S1%) and is fully insulating
as revealed by c-AFM measurements (Fig. S2%). Such ultrathin
films are necessary for surface imprinting to ensure an
efficient exchange of the template with the solution, ie. to
avoid entrapment of the immobilized templates in the
polymer film. After the template removal the physical model
suggests that nanocavities in contact with the underlying gold
surface are formed, but it is extremely difficult to detect the
presence of such molecular dimension cavities in a polymer
nanofilm by topographic AFM and by c-AFM measurements
(Fig. S3%). This is due to the inherent roughness of the gold
and the polymer layer to which adds that the conductive tips
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~ —_ o
T < o6
521 = (5,16.7)
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Fig. 3 Ratio of the anodic peak currents of the surface confined HS-Fc
for the MIP after template removal and the respective bare gold surface
as a function of the concentration of the G-Peptide template used for
immobilization. Please note the logarithmic scale of the X axis. Inset:
Scan rate dependence of the surface confined HS-Fc anodic peak
current for the MIP made using a 5 yM G-Peptide template.
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are not sufficiently sharp and that for appropriate electrical
contact higher forces need to be applied that may damage the
polymer film. Therefore, we explored for the first time the use
of gold plating to reveal the presence of the binding cavities.
Our hypothesis was that gold is electrodeposited in the open
binding cavities and by growing out of the cavity generates
gold particles on the surface, which can be readily assessed by
AFM. Fig. 4 shows side-by-side the topography and the current
map of the exact same location on a NIP and a MIP surface.
On the NIP surface there are a few pinholes/defects that could
be revealed by the gold plating. When correlating the topo-
graphic image of the NIP with the current map it is interesting
to note that there are more protuberances visible in the topo-
graphic mode that are, however, absent from the current map.
This confirms the discriminative power of the c-AFM measure-
ments, ie. only the gold particles connected to the underlying
electrode surface are detected.

In the case of the MIPs there is a clear correlation between
the detected local elevation in the topographic mode and the
conducting spots in the current map. However, the current
map, in contrast to the NIPs, is more sensitive and identifies a
higher number of binding pockets than the topographic
image. The size of the detected gold nanoparticles (> ca.
10 nm) as shown also by high resolution current maps
(Fig. S21) is larger than that expected for a molecular dimen-
sion cavity, which is most likely due to the rapid growth of the
gold in a mushroom type manner, ie extending laterally.
While at this stage we made no effort for a full optimization of
the methodology, the results qualitatively enforce the “physical
identity” of the epitope generated binding pockets.

3.3. “Mapping” the binding pocket through their peptide
sequence recognition

The selectivity of the G-Peptide-imprinted polyscopoletin
nanofilms was investigated through binding studies of

Fig. 4 AFM (A and C) and conductive AFM (B and D) images of the NIP
(A and B) and MIP (C and D) films after a 30 s electrodeposition of gold
from a 0.2 mM HAuCl, solution.

This journal is © The Royal Society of Chemistry 2022
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different peptides with amino acid motifs derived from the
G-Peptide template (Table 1). The purpose was to identify the
length and the sequence motifs that are recognized by the MIP
and their contribution to the affinity of the interaction. The
highest affinity was found for the template epitope G-Peptide
(Kp = 58 nM) and the Cys-containing C-Peptide which is
strongly truncated at the N-terminus with 3 amino acids and
elongated at the C-terminus with another 3 amino acids
(Fig. 5). The high toleration towards elongation suggests that
the tetrapeptide sequence CYFP is at the core of the high
affinity recognition. This is confirmed by replacing in the
G-Peptide the central cysteine (Cys488 in the native protein)
with a serine, which results in a ca. 15-fold decrease in the
affinity, ie. a 15-fold higher K value of 859.6 + 0.1 nM.
Interestingly, if keeping the CYFP motif but elongating the
peptide with a single amino acid at the N-terminus (E-Peptide)
decreases the affinity even more than the central amino acid
mismatch.

Further confirmation of the importance of CYFP is provided
by the again dramatically decreased binding shown by the hex-
apeptide Y missing just the cysteine from the core sequence
(Fig. 5) which is supported by SEIRAS measurements
(Fig. S41). Finally, the tetrapeptide FN that has no overlapping
with the core sequence and is additionally elongated at the
N-terminus shows no binding at all to the G-Peptide imprinted
polymer.

The results are consistent with a previous finding of
Piletsky’s group that at least four common amino acids with
the target are required for effective binding of the peptides to
the MIP,* i.e. the peptides that share only 3 amino acids with
the core motif of the template Cys-free Y- and FN-Peptides
show the lowest binding to the MIP.

The linear measuring range obtained for the RBD-derived
peptides is comparable with the values for the MIPs described
for the epitopes of cardiac troponin T (TnT) and human serum
albumin (HSA),***” but almost one order of magnitude lower
than that for MIPs for cytochrome c-derived peptides®®?° and
oxytocin.?® Only some studies, which claim measuring ranges

1 G-Peptide
1004 4 ,
—~ 90 <« C-Peptide 'S _
® j v e E-Peptide
s 87 7 .
€ 1 : A
s 107 *}% S-Peptide
g 609 | E/
g s04 9 i/
S 40 Y‘\‘ 4 A .
é 0] | a Y-Peptide
= ool I ‘
o 104 HA A
2 o] &
£ 4] ®~e— o FN-Peptide
T T ¥ T ¥ T * T x T * T N T
0 5 10 15 20 25 30
Peptide (uM)

Fig. 5 Comparison of the binding of the template peptide (G-Peptide)
and related peptides to the MIP. Error bars for n = 3.
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in the pM concentration range, e.g., for pro-gastrin releasing
peptide and insulin,**** shows values superior to the Kp
values reported here.

3.4. Protein recognition

Certainly the epitope-imprinted polymers are prepared with
the intention to selectively bind the parent proteins, which in
this case are the RBD and spike protein of SARS-CoV-2. The
redox marker gating measurements using SW voltammetry
revealed binding to the MIP in the lower nM-range reaching
saturation around 50% suppression of the peak current after
template removal (Fig. 6). At the same time the MIP exhibits a
very low affinity towards HSA.

Indeed, when testing the binding of RBD and spike protein
to the MIP in the 1:20 diluted Hotgen buffer (the sample
extraction buffer for the SARS-CoV-2 antigen test with a high
HSA background) we observed a tolerable suppression of the
binding signal of up to 20% in comparison with the signal
measured in the absence of Hotgen buffer (Fig. S51).

Compared to the G-Peptide, the affinity of the MIP toward
the RBD was almost four-fold higher as reflected by the Ky, of
14.7 + 0.9 nM and even higher towards the spike protein (Kp =
10.8 + 0.6 nM). The lower nM K, values are comparable with
the values that were recently determined by SPRi for RBD
binding in a similar system, but with the epitope-imprinted
nanofilms prepared on a planar chip by a combination of
peptide microspotting and electrosynthesis, i.e. 2.2 + 0.4 nM.>

Since theoretically there is 1:1 binding between the MIP
and all type of targets (peptide and parent proteins) the Kp
values should not change. The fact that they change suggests
additional contributions in the case of the larger molecular
weight proteins. Their footprint upon binding to the MIP is
larger on the surface than that of the peptide and may contrib-
ute to blocking adjacent binding sites from the access of the
redox marker without a specific interaction. Fig. 6 shows
clearly that the relative suppression of the SWV signal by the
138 kDa spike protein is over 80% while for ~26 kDa RBD
levels it is at only ca. 50% confirming the contribution of the
molecular size of the target.

100
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Relative suppression of SWV signal (%)

Fig. 6 Concentration dependences of the binding of RBD, spike protein
and HSA to the MIP. Error bars for n = 3.
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The redox marker gating based readout of the target
binding to the MIP assumes that the permeability of the redox
marker through the polymer nanofilm reflects the degree of
occupancy of the binding cavities by the target analyte.
However, non-specific binding of the analyte or of any other
component of the sample to the outer surface of the polymer
scaffold can also decrease the current signal. Binding of the
proteins to the non-imprinted polymer cannot be quantified
by this technique because NIPs lack imprinted cavities.>®
Therefore, non-specific binding of G-Peptide to the NIP was
also investigated by SEIRA spectroscopy (Fig. S61). The differ-
ence spectrum depicted as trace 3 with amide I and II bands
centered at 1673 and 1517 cm ™" indicates a weak non-specific
binding of the G-Peptide to the polyscopoletin film. This non-
specific binding could not be suppressed in 3 M NacCl.
Compared with the MIP (Fig. 2), the band intensity, which
reflects the binding of G-Peptide to NIP was around 4-fold
lower (Fig. 7B). The degree of non-specific binding of RBD was
comparable with that of the G-Peptide. As represented in
Fig. 7A, the intensity of the amide I band for the adsorbed
RBD was almost 3.5-fold higher at the MIP than for the NIP.

Amide | Amide Il

AA =5 mOD

3(0-H)

2_1uM RBD on MIP

1_ 1uM RBD on NIP

1900 1800 1700 1600 1500 1400
Wavenumber (cm™)

AA=5mOD
Amide | Amide Il

3(0-H)
3_2 uM EGFN on MIP

2_2 uM GFNCYFP on NIP
1_2 uM GFNCYFP on MIP

2200 2000 1800 1600 1400 1200 1000
Wavenumber (cm)

Fig. 7 (A) Comparison of binding of RBD to the MIP and NIP by SEIRA
spectra depicting the RBD binding on NIP (trace 1, black) and MIP (trace
2, red). (B) IR absorbance spectra of rebinding of G-Peptide to the MIP
(trace 1), binding of G-Peptide to the NIP (trace 2) and binding of
FN-Peptide to the MIP (trace 3).
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4. Conclusions

In our view, using a peptide epitope for imprinting has essen-
tial advantages in terms of cost effectiveness and selectivity.*’
Peptides, especially short peptides, can be generated by chemi-
cal synthesis in large quantities and with high purities in a
reproducible manner with emerging bioinformatic approaches
for their selection.”® In contrast, pure virus formulations suit-
able as templates for imprinting are very hard to obtain, and
the use of the protein antigens comes at higher costs. Finally,
it is inherently advantageous to use a unique peptide sequence
instead of the parent protein that may show a high degree of
homology with other virus proteins and accordingly lead to
cross-reactivity of the respective MIPs. In this paper we
addressed several open questions concerning the formation
and target binding mechanism of epitope-imprinted polymers
which are still controversially discussed in the literature. This
includes proposing new methods for the qualitative visualiza-
tion, at this stage, of the imprinted binding cavities and evalu-
ation of their density as well as investigating and mapping the
binding sites with various sequence peptide targets. Our
results show that it is possible to identify the main contributor
in terms of the imprinted sequence to the affinity of the
epitope-imprinted polymer. We consider that these add signifi-
cantly to the understanding of the epitope-imprinted
nanofilms.

Minuni’s group®” reported that a MIP which used an
“upright” oriented linear peptide as the template cannot bind
inner (“horizontal”) epitopes of the parent protein. Here we
tackled this problem utilizing a peptide from the binding area
of the RBD to the ACE2 receptor as the template, with a
cysteine in the center for the electrosynthesis of the MIP.
Chemisorption of the peptide via the cysteine to the gold elec-
trode surface resulted in cavities allowing effective recognition
of the RBD and the spike protein.

Intuitively, it is expected that epitope-imprinted MIPs have
lower affinity (larger Kp) for the parent proteins, that bind 1:1
to the MIP through a single cavity, as the peptide epitope. In
fact, in our earlier study on a cytochrome c-MIP with fluo-
rescence readout we found that the target peptide shows a
stronger binding than the parent protein.*®

This might be explained by the fact that during “indirect”
detection methods, like the redox marker gating, the binding
of the parent protein results in the “blockage” of several
epitope cavities due to the larger footprint of the protein on
the surface. Because the cross section of a globular protein
will increase with the square root of the molecular weight, the
observed apparently higher affinity of the total spike protein as
compared to the smaller RBD can be explained by this “shield-
ing” effect. However, non-specific interactions as shown by
SEIRA at the polymer surface can also result in apparently
larger affinity. Measurements with the MIP sensors in real bio-
logical samples, e.g., blood, or in our case in “splitting buffer”
are still complicated by the presence of highly abundant pro-
teins in the g L™" region, e.g., albumin, while biomarkers are
typically in the mg L™" to ng L' range.** Since MIP sensors

This journal is © The Royal Society of Chemistry 2022
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represent only one “separation plate”, it is challenging to reach
the required selectivity. Typically, a cross-reactivity of 10% has
been reported based on the measurement of the separate
binding of the analyte and the interferent.** However, for
measurements in real samples the simultaneous interaction of
both species with the MIP is relevant. Accordingly, we demon-
strated the binding of the RBD in the presence of a high excess
of HSA and in the diluted splitting buffer.
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