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e proteins react with Au and Si, are
electrically conductive and denature at 3 × 108 V
m−1: a surface bonding and a single-protein circuit
study†

Essam M. Dief and Nadim Darwish *

Developing means to characterise SARS-CoV-2 and its new variants is critical for future outbreaks. SARS-

CoV-2 spike proteins have peripheral disulfide bonds (S–S), which are common in all spike proteins of

SARS-CoV-2 variants, in other types of coronaviruses (e.g., SARS-CoV and MERS-CoV) and are likely to be

present in future coronaviruses. Here, we demonstrate that S–S bonds in the spike S1 protein of SARS-

CoV-2 react with gold (Au) and silicon (Si) electrodes. Bonding to Si is induced by a spontaneous

electrochemical reaction that involves oxidation of Si–H and the reduction of the S–S bonds. The

reaction of the spike protein with Au enabled single-molecule protein circuits, by connecting the spike S1

protein between two Au nano-electrodes using the scanning tunnelling microscopy-break junction (STM-

BJ) technique. The conductance of a single spike S1 protein was surprisingly high and ranged between

two states of 3 × 10−4G0 and 4 × 10−6G0 (1G0 = 77.5 mS). The two conductance states are governed by

the S–S bonds reaction with Au which controls the orientation of the protein in the circuit, and via which

different electron pathways are created. The 3 × 10−4G0 level is attributed to a single SARS-CoV-2 protein

connecting to the two STM Au nano-electrodes from the receptor binding domain (RBD) subunit and the

S1/S2 cleavage site. A lower 4 × 10−6G0 conductance is attributed to the spike protein connecting to the

STM electrodes from the RBD subunit and the N-terminal domain (NTD). These conductance signals are

only observed at electric fields equal to or lower than 7.5 × 107 V m−1. At an electric field of 1.5 × 108 V

m−1, the original conductance magnitude decreases accompanied by a lower junction yield, suggesting

a change in the structure of the spike protein in the electrified junction. Above an electric field of 3 × 108

V m−1, the conducting channels are blocked and this is attributed to the spike protein denaturing in the

nano-gap. These findings open new venues for developing coronavirus-capturing materials and offer an

electrical method for analysing, detecting and potentially electrically deactivating coronaviruses and their

future variants.
1. Introduction

In 2019, the emergence of a novel coronavirus, severe acute
respiratory syndrome coronavirus (SARS-CoV-2), with the subse-
quent pandemic of COVID-19 infections, has highlighted the
need for ways to reduce transmission of coronaviruses. Individ-
uals acquire infection with coronaviruses primarily through
direct contact with virus-positive individuals via aerosols.1 It is
also debated that coronaviruses can be transmitted by touching
the surfaces that an infected person has coughed or sneezed
on.2,3 In 2020, it was reported that the viability of the SARS-CoV-2
virus in aerosol droplets varied on different surfaces. While the
n University, Bentley, WA 6102, Australia.
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440
virus remained viable for three days on plastic, cardboard, and
stainless steel, it was only viable for three hours on copper.4

Although the study highlighted the effect of surfaces on the
lifespan of the viral particles, the reason of its low viability on
copper compared to other surfaces remains unknown.

The structures of the spike proteins (S1 and S2) of most of
the coronaviruses, including SARS-CoV-2 (Fig. 1a(i)), revealed
that these proteins possess multiple disulde (S–S) bonds. For
example, the spike proteins (S1 and S2) of SARS-CoV-2 contain
14 S–S bonds in well-dened regions, with 10 S–S bridges in the
S1 subunit. (Fig. 1a(ii)),5–7 MERS-CoV contains 11 S–S bonds,
and HCoV-229E spike protein contains 13 S–S bonds.8 The
SARS-CoV-2 spike protein S1 is composed of three domains, the
receptor binding domain (RBD) that contains 4 S–S bridges, the
N-terminal domain (NTD) that contains 3 S–S bridges and the
S1/S2 cleavage site that contains 3 S–S bridges (Fig. 1a(iii)). Such
abundant S–S bridges indicate their important structural role in
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Structural properties of the SARS-CoV-2 spike S1 protein and its interaction with different surfaces. (a) Schematic representation of the
SARS-CoV-2 virus (i), its spike protein (S1 + S2) amino acid sequence depicting the positions of the disulfide bridges in each domain (ii), with the
structure of the S1 subunit containing 4 disulfide bridges at the RBD, 3 disulfide bridges at the NTD and 3 disulfide bridges at the S1/S2 cleavage
site (iii). (b) Schematic describing the interaction of SARS-CoV-2 (2019-nCoV) spike protein with different surfaces. The surfaces were incubated
in the spike protein solution in phosphate buffer saline (PBS), pH 7.4 before further analysis. (c) Schematic showing the wiring of the SAR-CoV-2
spike S1 protein between two gold nano-electrodes in a scanning tunnelling microscopy-break junction (STM-BJ) experiment.
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the formation and stabilisation of the proper spike architecture
and are likely to be present in future types of coronaviruses and
their variants. For instance, SARS-CoV-2 spike protein RBD has
an extra S–S bond as compared to SARS-CoV spike protein RBD.9

In SARS-CoV-2, four pairs of S–S bridges (C336:C361,
C379:C432, C391:C525, C480:C488) are found in the RBD
(Fig. 1a(iv)). Among these four pairs, three are in the core, which
help to stabilise the b sheet structure; the remaining S–S pair
connects the loops in the distal end of the receptor-binding
motif (RBM).10 These S–S bonds are essential for the SARS-
CoV-2 spike protein structure and its ability to infect, by inter-
acting with the angiotensin-converting enzyme 2 (ACE2) human
cell surface receptor via a thiol–disulde exchange process.10–15

On surfaces, S–S residues have been reported to form cova-
lent bonding to noble metals such as Au and have been widely
used in many applications.16–27 While these metal–organic
molecule contacts are known to occur, the reaction mechanism
is still debated.16,28–34 In addition to metal surfaces, oxide-free
silicon (Si–H), which is obtained by etching the native oxide
away from the top layer of Si wafers, possesses a low reduction
potential that allows for reducing chemical compounds and
metal ions on its surface.35–38 Recently, it has been demon-
strated that Si–H surfaces can spontaneously reduce the S–S
bonds in disulde-terminated organic molecules and in the
protein azurin that contains a peripheral S–S bond, enabling
© 2023 The Author(s). Published by the Royal Society of Chemistry
connecting these molecules to the Si surface via covalent S–Si
bonds.39–41

In this article, we use surface spectroscopy, electrochemical
and single-molecule scanning tunnelling break junction tech-
niques to (i) study the chemical reactivity of SARS-CoV-2 with
surfaces of electrodes, (ii) electrically detect the spike protein
and (iii) study the effect of electric elds on spike proteins at the
single-molecule level (Fig. 1).

2. Results and discussion
2.1. Surfaces that covalently bond SARS-CoV-2 spike S1
protein

AFM imaging revealed that the spike S1 protein remains con-
nected to some surfaces, particularly Si and Au, despite signif-
icant washing. For example, a freshly etched Si (111)–H surface
incubated in the spike S1 protein solution showed the presence
of the protein, despite excessive washing of the surfaces
(Fig. 2a). In addition, incubating an Au electrode in the spike S1
protein for the same time showed a fully covered surface
(Fig. 2c). Aer setting up a background threshold on the
topography height images (see Fig. S1, ESI† for details), particle
analysis for the protein spots on the Au surface shows a histo-
gram with an average height size of ∼15 nm (Fig. 2a and b). On
Si, the average height distribution of the protein on the surface
Chem. Sci., 2023, 14, 3428–3440 | 3429
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Fig. 2 Surfaces that covalently bond SARS-CoV-2 spike S1 protein. (a) AFM topography image of a Si (111)–H surface after incubation in
a solution of the spike protein for 12 h, and then washed thoroughly, showing the surface covered with the spike protein. (b) A histogram
representing the particle height distribution for the SARS-CoV-2 spike S1 protein shown in (a), fitted to a Lorentzian distribution. (c) AFM
topography image of an Au (111) surface after incubation in the spike protein for 12 h, and then washed thoroughly, showing the surface covered
with the protein. (d) A histogram representing the particle height distribution for the SARS-CoV-2 spike S1 protein shown in (c), fitted to
a Lorentzian distribution. (e) The S 2p envelope for the spike protein on the Si–H surface, showing two spin–orbit splits. The spin–orbit split
centred at 163.1 eV (red) is assigned to Si–S while the spin–orbit split at 165.3 eV is attributed to non-bound disulfides, respectively. (f) The S 2p
envelope for the spike protein on the Au surface with two spin–orbit splits with the spin–orbit split centred at 162.3 eV (red) assigned to Au–S
bonding, while that at 164.1 eV is attributed to –SH and the doublet at ∼168.8 eV is ascribed to unreacted S–S bonding. (g) S 2p envelope for the
spike protein on stainless steel after the washing step, showing only one spin–orbit split at 163.7 eV that is ascribed to thiols (–SH). (h) The ratio of
the S–surface covalent bonding as a function of the surface type, showing that Si can capturemore spike protein as compared to metal surfaces.
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is ∼8 nm. The variations in the size of the protein on Si and on
Au can be attributed to the nature of the reaction between the S–
S bonds on the protein and the surfaces. While on Si the
kinetics of the reaction is faster than that on Au, it is reasonable
to expect that the protein aggregates less on the Si than on Au.

Control experiments in which Au (111) surfaces were kept in
the PBS buffer followed by washing showed at terraces with
some nodules induced by ame annealing that are character-
istic of unmodied freshly annealed Au (111) surfaces (ESI
Fig. S1b†). It is noteworthy that for the microscopy experiments,
Si and Au surfaces were chosen because they expose an atomi-
cally at surface suitable for AFM imaging.42,43 In a control
experiment, the spike protein was found to be washed away
from mica surfaces which do not form covalent bonding with
the protein (Fig. S2, ESI†).

To investigate the nature of the chemical bonding between
the spike S1 protein and each surface, XPS analysis was carried
3430 | Chem. Sci., 2023, 14, 3428–3440
out. The high-resolution S 2p signal for the spike protein on the
Si–H surface shows two spin–orbit splits centred at 163.1 eV and
165.3 eV, corresponding to the covalently bonded sulfur (S–Si)
and the unbound thiols (–SH), respectively (Fig. 1e, see also ESI
Fig. S3†). In addition, the emission peak at∼168 eV is attributed
to the Si plasmon loss, due to the strong interaction between Si
surface electrons and the emitted photoelectrons. The emission
from Si plasmon loss is relatively large that the S–S bonding
could be present in the case of the spike protein interaction with
Si, but its signal is shadowed underneath the Si plasmon loss
spectra. An emission from the Si plasmon loss was also
observed from a bare Si–H surface and from the interaction of
the Si with a model disulde molecule, alpha lipoic acid (ALA)
(Fig. S4†).

In a control experiment using the protein azurin, which has
only one S–S at one of the very peripheral ends and a copper
metal centre at the opposite terminal,44 it formed S–Si bonds
© 2023 The Author(s). Published by the Royal Society of Chemistry
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with Si surfaces (ESI Fig. S5†). The high-resolution S 2p of the
spike S1 protein on Au showed a doublet centred at 161.9 eV and
a doublet centred at 164.2 eV corresponding to the S–Au and the
–SH, respectively, and the doublet at ∼168.7 eV is ascribed to S–
S bonds that are buried inside the protein (Fig. 2f).45 The high-
resolution N 1s showed a central emission at 400.1 eV attributed
to the –NH2 groups and a small emission of a lower binding
energy (398.2 eV) that is attributed to NH2 groups that are
bound to the Au substrate (ESI Fig. S6†). Similarly, XPS of the
spike S1 protein on Pt (ESI Fig. S7†) and Cu (ESI Fig. S8†)
surfaces showed covalent bonding between the protein S–S
bridges and these metals. In contrast to metal surfaces and Si,
plastic and stainless-steel surfaces that are incubated in the
spike S1 protein, followed by washing, showed no covalent
bonding between the protein S–S bonds and these surfaces. The
S 2p emission from the spike S1 protein on steel was shied to
higher binding energy and is tted into one spin–orbit split
centred at ∼163.7 eV that is ascribed to –SH bonding (Fig. 2g,
see also ESI Fig. S9†).

The spike S1 protein on plastic showed two spin–orbit splits
in the S 2p signal, at 163.6 eV and 167.9 eV, which are ascribed
to the –SH and unbroken S–S bonds, respectively, suggesting
that the disulde bonds in the protein are present in the –SH or
the S–S form, but with no covalent bonding to the surface (ESI
Fig. S10†). Control experiments in which the surfaces were
exposed to the spike protein solution, and then dried without
washing showed a higher content of the unreacted S–S moieties
on metals (ESI Fig. S11†) and on plastic surfaces (ESI Fig. S12†).
Detailed quantitative analysis of the ratio of the covalently
bound sulfur in the XPS of the spike protein on different
surfaces showed that the capability of each surface to break and
react with the S–S bonds varies (Fig. 2h). While Si showed the
highest ratio of S–Si/Si bonding, the metal substrates (Au, Pt
and Cu) showed two-fold lower S–metal/metal bonding. This
difference can be attributed to a different reaction mechanism
on the different surfaces.
2.2. Disulde bond cleavage of the spike S1 protein

The variations in the ratios of the bound sulfur shown in the
XPS of the spike protein on different surfaces are attributed to
the difference in the rate of the reaction by which each surface
breaks and reacts with the S–S bonds. For instance, Au and Pt
have high reduction potentials (standard reduction potential of
+1.48 V and +1.20 V for Au and Pt, respectively) and therefore
they are not likely capable of reducing the disulde bonds by
a spontaneous electrochemical reaction. In contrast, because of
their low reduction potential (standard reduction potential of
−0.516 V for the closely related SiH4),46,47 Si–H surfaces have
been reported to spontaneously reduce metals such as Au, and
Pd.48 The reduction is attributed to the electrochemical reaction
between the metal ions in solution and the Si, resulting in the
reduction of metals and partial oxidation of Si. Si–H has been
also reported to spontaneously reduce S–S bonds in organic
molecules.49,50

Here, we used cyclic voltammetry (CV) to determine the half-
wave potential (E1/2) for the reduction of the S–S bonds in SARS-
© 2023 The Author(s). Published by the Royal Society of Chemistry
CoV-2 and it was benchmarked against a model disulde-
terminated molecule, alpha lipoic acid (ALA). Fig. 3a shows
a CV for the spike protein on a glassy carbon electrode (GCE), in
PBS buffer (pH 7.4), with a main oxidation wave at +0.59 V and
a reduction wave at−0.74 V (vs. Ag/AgCl), and an E1/2 of−0.15 V.
We hypothesise that these waves are for the reduction/oxidation
of the most easily accessible S–S bonds in SARS-COV-2 spike
protein S1. Another smaller oxidation peak appears at a higher
potential (+1.3 V vs. Ag/AgCl) and can be attributed to the re-
oxidation to disulde bridges in an environment different to
that observed at +0.59 V. The position of these signals agrees
with what has been previously observed for the reduction/
oxidation of cystine/cysteine containing compounds and
proteins.51,52

In a control experiment, ALA, that has only one exposed S–S
bond, in dry DMF on a GCE electrode showed an oxidation wave
at +1.09 V and a reduction wave at −1.15 V, with an E1/2 of
−0.06 V vs. Ag/AgCl (Fig. 3b), which is comparable to what has
been observed for the spike protein on GCE.

ALA was chosen as the control molecule because its S–S bond
is strained within the ring making it more reactive and it is
exposed to the electrolyte, mimicking the situation in the spike
protein where the S–S bonds are peripheral and are strained due
to their role in holding the tertiary structure of the protein by
bridging the protein beta sheets.

Since the reduction potential of the S–S bonds is more
positive than that of Si–H, it is reasonable to suggest that Si–H
surfaces reduce the S–S bond by a spontaneous electrochemical
reaction and consequently covalently bond the spike protein to
the surface (Fig. 3d). Such a mechanism would involve the
oxidation of the Si–H surfaces at the nanoscale by water vapour
from the ambient environment, generating electrons that break
the disulde bonds in the spike protein forming a thiyl radical
Sc and S− anion (i). Sc can then react with Si (111)–H to abstract
a surface hydrogen (ii), forming a thiol RSH physisorbed to a Si-
surface radical site that forms a covalent bond between the S
and the Si atoms – releasing H2, and resulting in a radical on the
neighboring Si atom (ii). The Si radical reacts with the thiolate
anion forming the second Si–S covalent contact (iv), leaving
a radical that leads to a chain reaction on the Si surface.

On metal surfaces, the mechanism is suggested to be
different to that on Si, with the electrochemical reduction
scenario not possible due to the high reduction potential of the
Au, but with the same outcome of Au–S covalent bonding
(Fig. 3e). Therefore, the reaction of the spike protein with Au is
expected to occur via physical adsorption of S–S bonds to the
surface (Fig. 3e(i)), followed by a homolytic cleavage forming
thiyl radicals that react with the metal surface (Fig. 3e(ii)). This
hypothesis is supported by electrochemical studies for the
adsorption/desorption process of cyclic disuldes on Au
electrodes.28

The difference in the reaction rates of the spike protein on Si
and Au agrees with the electrochemical characterisation of
a control monolayer formed from a ferrocene-terminated model
disulde molecule, where the molecular coverage achieved on
Si was three-fold higher than that achieved on Au when the
Chem. Sci., 2023, 14, 3428–3440 | 3431
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Fig. 3 Schematic describing the suggested reaction mechanisms for the reaction of the disulfide bonds with Si–H and Au. (a) Cyclic voltam-
mograms (CV) of the SARS-CoV-2 spike protein (100 mg mL−1) in PBS buffer at pH 7.4 on Si–H showing a reduction wave at −0.74 V vs. Ag/AgCl.
(b) CV for a model disulfide molecule (alpha lipoic acid) in organic electrolyte on a glassy carbon electrode with an E1/2 of −0.06 V vs. Ag/AgCl.
The E1/2 value is close to 0 V (vs. Ag/AgCl) in both the protein and the cyclic disulfide molecule (1 mM), suggesting that Si–H which has a lower
reduction potential that can spontaneously reduce the S–S bonds. (c) Comparison of the S–metal reaction rate on Si and Au surfaces at different
times. (d) Disulfide bond reduction mechanism via an electron transfer process from the Si surface that reduces the disulfide bond in the spike
protein forming a thiyl radical and a thiolate anion. Covalent bonds are then formed between the Si and S, leaving an active surface radical that
undergoes a radical chain reaction. (e) Schematic illustrating the suggested mechanism of S–S reaction with metal electrodes (Au, Pt and Cu).
The S–S containing protein is first physically adsorbed on the surface followed by a homolytic cleavage forming two thiyl radicals which then
react to form covalent bonds to the metal surface.
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incubation time was xed to 1 h for both surfaces (ESI
Fig. S13†).
2.3. Reaction of SARS-CoV-2 spike S1 with Au nanoparticles

To test whether SARS-CoV-2 spike protein reacts with Au other
than that of at surfaces, we tested the reaction with gold
nanoparticles (AuNPs). AuNPs were exposed to the spike protein
for 12 h under ambient conditions (Fig. 4a), and then UV-vis
spectra (Fig. 4b) were recorded for the bare (unmodied) AuNPs
(black trace) and for the AuNPs aer their reaction with SARS-
CoV-2 spike protein (red trace). The absorbance spectrum of
the AuNP localized surface plasmon resonance (LSPR) is shied
from 519 nm to 525 nm upon connection to the spike protein –

a shi which is consistent with LSPR shis of 20 nm for AuNPs
functionalised with organic alkanethiols.53,54 Similar shis were
also observed for the reaction of spike S1 protein with 50 nm
AuNPs (Fig. 4c).

XPS analysis (Fig. 4d) showed an Au 4f signal with a main
spin–orbit split with two emission peaks at 84.3 eV and 88.0 eV
corresponding to the metallic gold Au 4f7/2 Au(0) and Au 4f5/2
Au(0), respectively (Fig. 4e). The emissions at 85.4 eV and
89.1 eV correspond to the Au 4f7/2 and the Au 4f5/2 of the gold
3432 | Chem. Sci., 2023, 14, 3428–3440
bound to sulfur (Au–S), demonstrating covalent bonding
between the protein S–S bonds and the AuNPs. Similar to the
spike protein on at Au surfaces, the S 2p emission showed two
spin–orbit splits centred at ∼162.0 eV and 163.8 eV corre-
sponding to the bound sulfur (Au–S) and the free thiols (–SH),
respectively (Fig. 4f). The spin–orbit split centred at 168.5 eV is
ascribed to the unbound disuldes (S–S), similar to those
observed on unwashed at surfaces (Fig. 2). Interestingly, the
ratio of the sulfur : gold (S/Au) was found to be 19%, signi-
cantly higher than an S/Au ratio of 4.8% observed on at Au
surfaces. This difference suggests that the high surface-to-
volume ratio of spherical nanoparticles enables capturing
more of the spike protein from the solution, compared to that
with at Au surfaces. In addition, UV-vis absorption spectra of
AuNPs incubated in the spike S1 protein solution for different
times show that the localized surface plasmon peak shis to
a higher wavelength (ESI Fig. S14†), suggesting that the surface
coverage increases with increasing incubation time.
2.4. Single SARS-CoV-2 spike protein circuits

It has been demonstrated above that the SARS-CoV-2 spike S1
protein spontaneously reacts with Au, via the S–S bonds located
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 SARS-CoV-2 spike S1 protein reaction with AuNPs. (a) Sche-
matic describing the functionalisation process by exposing a solution
of AuNPs to the spike protein (100 mg mL−1). (b) UV-vis spectra of
20 nm AuNP solution before functionalisation (black trace) and the
20 nm AuNP solution incubated with the spike protein solution for 12 h
(red trace). (c) UV-vis spectra of 50 nm AuNP solution before func-
tionalisation (black trace) and the 50 nm AuNP solution incubated with
the spike protein solution for 12 h (green trace). (d) Schematic
describing the XPS analysis of the spike protein functionalised AuNPs,
where 100 mL of the nanoparticles (6 × 1011 particle per mL) exposed
to 100 mL of the spike protein (100 mg mL−1), for 12 h, were deposited
on a carbon surface and allowed to dry before the XPS analysis. (e and
f) Au 4f (e) and the S 2p (f) emissions from the spike protein-func-
tionalised AuNPs on the carbon surface.
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at the extremities of the three protein domains, RBD, NTD and
the S1/S2 cleavage site (Fig. 5a). We proceeded to test the
capability of this reaction in enabling wiring a single protein in
nano-circuits. The spontaneous reaction of the terminal S–S
bonds enabled wiring the SARS-CoV-2 spike S1 protein between
two gold electrodes using the scanning tunnelling microscopy
break junction (STM-BJ) technique. In the STM-BJ approach, the
Au STM tip is pushed in and out at a rate of 0.5 Å ms−1 from the
surface in the presence of a 100 mg mL−1 solution of SARS-CoV-2
spike S1 protein in PBS (pH 7.4). The STM Au tip was coated
with Apiezon wax to reduce leakage current in the aqueous
environment.

Fig. 5b shows typical current versus distance traces for an Au–
S–spike protein–S–Au circuit, with two conductance signals
appearing at 4 × 10−6G0 and 3 × 10−4G0 with G0 = 2e2/ħ = 77.5
© 2023 The Author(s). Published by the Royal Society of Chemistry
mS. Fig. 5c and d show 2D and 1D histograms, respectively,
formed of 4000 current vs. distance traces without applying any
selection procedures (see the Experimental method section55–63).
The two conductance signals are attributed to wiring the SARS-
CoV-2 spike S1 protein in different congurations. Control
STMBJ experiments in the PBS buffer solution but in the
absence of SARS-CoV-2 protein showed no conductance peaks
even at small biases (Fig. S15†). The higher conductance signal,
3 × 10−4G0, is attributed to the case where the S–S bonds in the
RBD are connected to one of the junction electrodes and the
other is connected to the S1/S2 cleavage site (Fig. 5e). This
assignment is supported by the fact that the S1/S2 cleavage site
contains a peripheral S–S bond connecting the amino acids at
C662 and C671 (see Fig. 1b). On the other hand, the lower
conductance 4 × 10−6G0 signal is attributed to a second
conguration in which the spike protein is connected to one of
the junction electrodes through the RBD and to the other STM
electrode through the NTD S–S bonds (Fig. 5f). The NTD site
also contains a very terminal S–S bond at positions C15 and
C156 (see Fig. 1a). The two measured conductance states show
two different plateaus stretching lengths of 0.4 nm and 0.6 nm
corresponding to the higher (3 × 10−4G0) and the lower (4 ×

10−6G0) conductance states, respectively. It should be noted
here that these distances are not calibrated for the Au–Au snap-
back distance (typically ∼0.5 nm).64 This is because a narrow-
range linear current-amplier was used which does not
ensure the formation of Au–Au junctions during the pushing
cycles. Hence, the plateau stretching length is estimated from
the piezo retraction speed from a point close to the surface but
not necessarily the Au–Au contact (see Experimental method
section). The use of this approach can potentially explain the
discrepancy between the molecular stretching observed and the
dimension of the protein which is ∼7 nm from the cleavage site
to either the RBD or the NTD end. Since S–S bonds are present
at the terminal sites in all of the three subunits in the spike S1
protein, there is a third possibility of the protein circuit forming
in which both the RBD and the NTD are both bound to the
surface and the tip is connected to the S1/S2 cleavage site (ESI
Fig. S16†), but this scenario is less likely to occur and signals
corresponding to this conguration are not observed experi-
mentally. This is consistent with the fact that the position of the
rst S–S bonds in the NTD is very exposed, at the amino acid
residue C13 (the spike S1 protein is terminated by the amino
acid residue C12). In contrast, most terminal S–S bonds in the
S1/S2 cleavage site are located at the amino acid residue C671
which is not exposed. The terminal amino acid residue in the
S1/S2 domain is C682 and does not contain S–S bonds. The
position of the S–S bonds in the S1/S2 cleavage site is therefore
more buried inside the protein compared to the NTD subunit.
The RBD has 4 S–S bonds with an S–S bond at C480–C488 being
the most exposed in the whole protein. Therefore, the proba-
bility of the surface binding to the S–S bond of the NTD and the
RBD is higher than binding to that of the S1/S2 cleavage site.

We next measured the SARS-CoV-2 single molecule conduc-
tivity using the blinking approach of STM (current vs. time
approach).65,66 In the blinking approach, the STM tip is xed at
a specic distance from the surface in the presence of a dilute
Chem. Sci., 2023, 14, 3428–3440 | 3433
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Fig. 5 Single molecule circuits of SARS-CoV-2 spike S1 protein enabled by the reaction of S–S bonds with Au in a scanning tunnelling
microscopy-break junction (STM-BJ). (a) An illustration of the SARS-CoV-2 spike S1 protein showing the S–S bond location at the peripheral of
each protein domain. (b) Representative conductance versus distance traces of the STM-BJ operated in current–distance mode with bias set to
50 mV, for the Au–S–spike S1 protein–S–Au circuit. (c) Two-dimensional conductance versus distance histograms formed by accumulating
4000 individual traces without selection. The blue circle highlights one conductance state at 3× 10−4G0 and the red circle highlights the second
conductance state at 4 × 10−6G0. (d) One-dimensional histogram of the Au–S–spike S1 protein–S–Au circuit formed by accumulating 4000
traces with no selection. (e and f) Schematics representing the possible electron pathways in the Au–S–spike S1 protein–S–Au circuits. (g)
Representative blink for a single spike S1 protein bonded between two Au nano-electrodes in an STM-BJ operating in the blinking (current–time)
mode, measured at a bias voltage of 300 mV. (h) Blinking histogram of the Au–S–spike S1 protein–S–Au junction with an average conductance
of 2.5 × 10−6G0. The blinking histogram was formed by accumulating 100 blinks. (i) Schematic representing the electron pathway in the Au–S–
spike S1 protein–S–Au circuit in blinkingmodewhere the protein is likely wired between the NTD and RBD sites which has themost peripheral S–
S bonds and which can form spontaneous bonding with the Au tip and surface.
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concentration of the SARS-CoV-2 protein (10 mg mL−1). The
blinking approach differs from STMBJ in that no physical
contact takes place between the STM tip and the Au (111)
surface. Once a specic tunnelling current is reached (which
determines the distance separating the electrodes), the STM
feedback system is disabled. Occasionally, a SARS-COV-2 spike
protein bridges between the Au tip and the surface, and this
event is accompanied by a sudden jump in the current (blink)
above the tunnelling current background. In the absence of the
protein in the circuit, the current decay value obtained (b) was
∼9 nm−1, and the electrode–electrode gap distance can be
evaluated using the equation G = G0e

(−bd) where d is the
distance separating the two electrodes and G0 = 2e2/ħ is the
quantum of conductance (see Experimental method section).
Fig. 5g shows a typical current vs. time “blink” for the Au–spike
3434 | Chem. Sci., 2023, 14, 3428–3440
S1 protein–Au junction when the separation of the electrodes is
∼1.63 nm. The average conductance occurs at 2.5 × 10−6G0

(Fig. 5h), a value that is close to the lower conductance signal
obtained using the current–distance STM-BJ approach (Fig. 5f)
suggesting that only one connection pathway is enabled using
the spontaneous junction approach of the blinking method. We
hypothesise here that the xed spacing between the junction
electrodes enables only one specic conguration of the spike
protein in which the protein connects to the Au electrodes from
sites with most peripheral disulde bonds. These sites are likely
to be the NTD and the RBD because the RBD contains the most
exposed S–S bond in the protein at the amino acid location 480–
488, and the rst S–S bond in the NTD is located at the third
amino acid in the domain (amino acids 15–136, Fig. 1a).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Effect of switching the magnitude of the electric field on SARS-
CoV2 S1 protein conductance. (a) One-dimensional histograms of the
Au–S–spike S1 protein–S–Au circuit at an applied bias voltage of
500 mV. (b) One-dimensional histograms of the Au–S–spike S1
protein–S–Au circuit after switching the bias voltage back to 50 mV.
(c) and (d) 2D histograms of the Au–S–spike S1 protein–S–Au circuits
at 500 mV and 50 mV, respectively.
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In contrast to the blinking approach, the current–distance
approach of STM-BJ (also referred to as tapping mode) the tip
moves in and out of the surface. Therefore, the STM tip can
penetrate deeper in the protein enabling contact with sites (e.g.,
S1/S2 cleavage site) other than that naturally occurring
connection from the RBD and NTD. The penetration capability
of the current–distance “tapping” approach explains the
multiple conductance signals obtained (Fig. 5c and d).

2.5. Effect of electric elds on single SARS-CoV-2 spike
protein circuits

The effect of the magnitude of the electric eld on the structure
of the SAR-CoV-2 spike S1 protein, in the electried nano-gap,
was studied by measuring the conductance, using STM-BJ
experiments, at different bias-voltages. The electric eld was
estimated by dividing the bias magnitude by the stretching
length of the protein junction during the pulling cycle. This is
a simple approximation of the magnitude of the electric eld,
and it does not take into account the shape of the tip and the
likelihood that the electric eld can reach very high magnitudes
when the tip is very close to the surface. At small biases of 50 mV
(5 × 107 V m−1) and 75 mV (7.5 × 107 V m−1), the two
conductance signals at 4 × 10−6G0 and 3 × 10−4G0 remain
clearly visible (Fig. 6a). At 150 mV however, the two signals
signicantly change in magnitude (the two well-separated
signals at 4 × 10−6G0 and 3 × 10−4G0 observed at low biases
become closely connected in the range of 8 × 10−6G0 and 2 ×

10−5G0). and the yield of the junctions signicantly decreases
(Fig. 6b). At 350 mV (∼3.5 × 108 V m−1), the two conductance
signals almost disappear despite the histograms being
composed of a similar number of curves (3500 curves) to that
used to build the histograms at low biases. Only small signals
Fig. 6 Effect of applied electric field on the conductance of the Au-SAR
dimensional histograms of the Au–S–spike S1 protein–S–Au circuit at thr
formed by accumulating 3500 traces with no selection. (d–f) Two-dime
same three different applied bias voltages, 75 mV (d), 150 mV (e) and 35

© 2023 The Author(s). Published by the Royal Society of Chemistry
that do not form clear conductance peaks remain visible in the
range of 10−5 to 10−7G0 (Fig. 6c).

At a bias-voltage of 500 mV with an estimated electric eld of
5 × 108 V m−1, no traces of any conductance signals remain
(Fig. 7a and c). Applying a bias-voltage of 50 mV directly aer
500 mV, the original signals at 4 × 10−6G0 and 3 × 10−4G0 are
restored although with broader conductance distribution and
a lower yield of the conductance plateaus (Fig. 7b and d). These
results can be interpreted by the structure of SARS-CoV-2 spike
S-CoV-2 spike S1 protein–Au circuit obtained by STMBJ. (a–c) One-
ee different applied bias voltages, 75 mV (a), 150 mV (b) and 350 mV (c),
nsional histograms of the Au–S–spike S1 protein–S–Au circuit at the
0 mV (f).

Chem. Sci., 2023, 14, 3428–3440 | 3435
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S1 protein being stable under electric elds equal to or below
7.5 × 107 V m−1. At electric elds equal to or higher than 1.5 ×

108 V m−1, we propose that the structure of the SARS-CoV-2
spike S1 protein changes in a way that prevents the protein
from properly aligning in the junction which disrupts the effi-
cient electron pathways that are naturally present in SARS-CoV-
2 spike protein at low electric elds. The absence of the original
conductance signals above 3.5 × 108 V m−1 can be possibly
ascribed to SARS-CoV-2 protein denaturation, which prevents
a proper orientation and connection to the junction electrodes.
Another possibility is that at high electric elds, the protein is
still intact in the junction but in an unfavourable orientation for
efficient electron transfer. These propositions are inferred from
observing less junction yield (smaller conductance peaks in the
histograms) with applied voltage and changes in the conduc-
tance to lower values with applied bias. It should be noted here
that in STMBJ of anymolecule, clearer conductance peaks in the
histograms and higher junction yield are typically obtained at
low biases. However, in typical molecules, a change in the
magnitude of the measured conductance with a change in the
bias-voltage does not oen occur. In addition, a signicant
change in the yield of the junctions to an extent of complete
disappearance from the conductance histograms usually
happens at very high biases (typically >1.5 V for molecules of
∼1 nm, e.g., experiencing an electric eld of at least 1.5 × 109 V
m−1).67–69 Therefore, the change in the magnitude of the
conductance and the yield of the junctions observed here for the
SARS-CoV-2 S1 protein cannot be simply related to the better
environment of measurements at lower biases but is more likely
due to a specic sensitivity of the SARS-CoV-2 spike S1 protein
to electric elds. It is also worth noting that the effect of electric
elds on the junction yield was only previously studied on small
molecules with contact groups different from the S1 protein.
Hence, further study of the effect of electric elds on the
structure of the S1 protein, specically their ability to expose S–S
bonds to the junction electrodes, is needed.

It has been recently shown via atomistic simulations that
electric elds of moderate strengths (107 to 108 V m−1) can
dramatically change the conformation of the SARS-CoV-2 S1
protein.70 One vital predicted eld-induced conformational
change occurs at the level of the recognition loop (L3) of the
RBD where two parallel beta sheets, that are responsible for
a high affinity to ACE2, undergo a change into an unstructured
coil, making the RBD have no binding possibilities to the ACE2
receptor. The effect of moderate elds on the spike protein can
be understood in terms of the interactions of the electric eld
with the permanent dipoles located in the protein. The protein's
dipole moments orient along the eld direction in order to
minimise the electrostatic energy. With the rearrangements of
the dipoles, the protein can undergo a signicant conforma-
tional change.

We propose that the sensitivity of SARS-CoV-2 S1 protein to
the electric eld is the reason behind our observation of only
clear conductance signals at 50–75 mV at which we estimated
the electric eld to be 5–7.5 × 107 V m−1. At higher elds, the
conductance signals change and become unrecognisable at 3.5
× 108 V m−1. This does not quantitatively match the theoretical
3436 | Chem. Sci., 2023, 14, 3428–3440
prediction of a change in the structure of the protein at eld
magnitudes as low as 107 V m−1.70 The conductance signals at
5–7.5 × 107 V m−1 reappear aer their disappearance at high
electric elds. Fig. 7 shows histograms at 500 mV at which no
traces of conductance signals were observed (5 × 108 V m−1)
and then their reappearance at a bias of 50 mV (5 × 107 V m−1),
immediately aer. Since each push–pull cycle in STMBJ exper-
iments is likely to occur on a different area of the bottom Au
surface, it is likely that fresh un-denatured proteins diffuse to
the junction gap at low biases immediately aer applying high
biases and the conductance signals are recovered. Changes
detected in the conductance of SARS-CoV-2 spike protein
demonstrated here can be potentially used for characterising,
detecting, and potentially denaturing and i.e., deactivating
coronaviruses. For example, such electric elds can be incor-
porated in air ltering systems with magnitudes below what
causes ionisation of air.

3. Conclusions

In summary, we demonstrate that SARS-CoV-2 spike protein
reacts and forms covalent bonds with specic metals and Si.
Metal surfaces that have affinity to thiols/disuldes such as Au,
Pt and Cu covalently bond to the spike protein viaM–S bonding.
Si surfaces also showed covalent Si–S bonding between the
protein's S–S bonds and the surface, a process that is triggered
by a spontaneous electrochemical reaction that involves partial
oxidation of the Si surface and the reduction of disulde bonds
in the protein. The rate of the reaction is two-fold higher on Si
than on metals which is attributed to a slow homolytic cleavage
of the S–S bonds in the spike protein when in contact with
metals unlike the electrochemically initiated reaction on Si. In
contrast, common surfaces such as plastic and stainless steel
showed no covalent bonding between the protein and the
surface, and the protein remains only physically adsorbed on
these surfaces. The spike protein was also shown to react effi-
ciently with AuNPs with one order of magnitude higher S/Au
ratio for AuNPs compared to at Au surfaces. The capability
of Si, Pt, Au and Cu to react with the spike protein can poten-
tially be used to develop anti-coronavirus surfaces that are
capable of irreversibly trapping the virus via strong covalent
bonds. This covalent bonding potentially explains why SARS-
CoV-2 survives a limited amount of time on copper compared
to its viability on stainless steel and plastics.4 The reaction of S–
S in SARS-CoV-2 with metals and Si is particularly relevant
because all previous and likely future coronaviruses will possess
peripheral disulde bonds in their spike proteins.

Another important implication of the reaction is that it
enables efficient electrical coupling of the spike proteins to
commonly used electrode materials such as Si and Au. Owing to
the efficient electrical connection to Au,71–74 we demonstrate
that the spike protein is highly conductive at the single mole-
cule level, with two conductive channels associated with the
different orientation of the protein in the electried nano-gap. A
3 × 10−4G0 conductance is attributed to a single SARS-COV-2
spike protein S1 connecting to the two STM nano-electrodes
from the RBD subunit and the S1/S2 cleavage site. Another
© 2023 The Author(s). Published by the Royal Society of Chemistry
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conductance signal of 4 × 10−6G0 is attributed to the spike
protein connecting to the STM electrodes from the RBD subunit
and the NTD. Tuning to a specic conducting channel can be
achieved by xing the distances between the electrodes such
that the conducting channel is dictated by the spike protein
connection to the Au electrodes from sites that contain the most
peripheral S–S bonds. Clear conductance signals are only
observed at electric elds equal to or lower than 7.5 × 107 V
m−1. At an electric eld of 1.5 × 108 V m−1, the conductance
signals change to a lower magnitude and exhibit a lower yield.
This change in the electrical signals can be possibly interpreted
by a change in the structure of the spike protein at that eld
magnitude. It is worth noting here that this eld magnitude is
higher than what is predicted to cause a change in the structure
of the RBD and therefore the efficient conductivity observed at
low eld magnitudes could possibly be due to an already altered
structure of the RBD and the entire S1 protein in the junction.

Above an electric eld of 3.5 × 108 V m−1, no junctions with
the protein were observed. The disappearance of the protein's
current signature at such eld magnitudes can be explained by
(i) the protein denaturing in the electried nano-gap which
would consequently lead to the electron channels across the
protein to be blocked and (ii) the unfavourable orientation of
the protein in the junction at high electric elds, which can also
lead to the blocking of the electron channels. Electric elds have
been theorised and experimentally demonstrated to have
a profound effect on the chemical structure and reactivity75–78

and this study indicates that similar effects need to be consid-
ered for SARS-CoV-2 spike proteins. Also needed is an accurate
determination of the magnitude of the electric eld in STMBJ
experiments which largely depends on the structure of the STM
tip and the distance between the two junction electrodes. These
ndings open new directions for electrically detecting, charac-
terising, and potentially disabling coronaviruses and their
future variants using external electric elds.

4. Experimental method
4.1. General chemicals and materials

All chemicals were used without further modications and were
of analytical grade, unless otherwise stated. The SARS-CoV-2 spike
protein S1 subunit was purchased from Thermo Fisher Scientic,
catalog number (RP-87679). The spike protein S1 subunit was
lyophilized from sterile PBS buffer pH 7.4, 5% mannitol and
0.01% Tween-80. Silicon wafers were purchased from Siltronix,
S.A.S. (Archamps, France). The silicon was p-type, boron highly
doped, with resistivity ca. 0.007 U cm, and a wafer thickness of
500± 25 mmoriented±0.5° away from the (111) plane. Au, Pt, Cu,
and stainless-steel foils were purchased from Goodfellow, UK.
The thickness of the foils was 0.125 mmwith a purity of 99.999%.
The PTFE substrate was purchased from McMaster-Carr, US. The
Piranha solutions used in silicon cleaning were sulfuric acid
(Puranal TM, 95–97%) and hydrogen peroxide (30 wt% in water)
of semiconductor grades from Sigma-Aldrich. Ammonium uo-
ride (Puranal TM, 40 wt% in water) was used in the Si etching step
and was bought from Sigma-Aldrich. (±)-a-Lipoic acid$ 98.0 was
obtained from Sigma-Aldrich. The dichloromethane (DCM),
© 2023 The Author(s). Published by the Royal Society of Chemistry
acetonitrile (ACN), isopropyl alcohol, and ethanol solvents were
puried by distillation before use. Tetrabutylammonium hexa-
uorophosphate 98%, used in electrochemical reduction experi-
ments, was purchased from Sigma-Aldrich. Milli-Q water (>18MU

cm) and was used for all the cleaning procedures and the elec-
trolyte preparation. 20 and 50 nm AuNPs, citrate coated, were
purchased from Sigma-Aldrich and were used as received.
4.2. Preparation of the spike protein solution

The lyophilized powder of the SARS-CoV-2 spike protein (103
kDa) was dissolved in 1 mL of sterile water to form a stock
solution of 100 mg mL−1, split into portions to avoid defreezing
and refreezing and stored at −20 °C.
4.3. Surface interaction with the spike protein

Metal surfaces including Pt, Au, Cu, stainless steel, and the
PTFE plastic surfaces were cleaned with acetone, isopropanol,
and water sequentially under sonication for 5 minutes and then
dried out with a stream of argon gas, before further use. The Si–
H surface was prepared by cutting a Si wafer into pieces (1 cm ×

1 cm), and then cleaned with DCM, isopropanol, and water
before treating the surface with a Piranha solution of sulfuric
acid : hydrogen peroxide (3 : 1, v/v) for 30 min at 100 °C. The
Piranha treated wafers were then washed thoroughly with Milli-
Q water before etching in ammonium uoride solution (40%) in
the presence of traces of sodium sulte salt as a radical scav-
enger, for 13 minutes. The etched Si–H surfaces were then
washed with Milli-Q water and DCM and then dried out with
a stream of argon gas before further use. The clean surfaces
were then incubated in the SARS-CoV-2 spike protein solution
(by adding 200 mL of the spike protein (100 mg mL−1) on the
surface) for 12 h (or 1 h), then washed inMilli-Q water and dried
with argon before further analysis. For the azurin control
experiment, 200 mL of the azurin solution (500 mg mL−1) was
deposited on the Si surface, and then le for 12 h before
washing the surface and drying with a stream of Ar gas. For
kinetics experiments, the same procedures were followed except
for incubating the surfaces in the spike protein for different
periods of time.
4.4. Cyclic voltammetry measurements

All electrochemical measurements were performed with
a CHI650 (CH Instruments, USA) electrochemical workstation,
using a three-electrode system cell, a Pt wire as the counter
electrode and Ag/AgCl as the reference electrode. Cyclic vol-
tammetry measurements were carried out in 1 M NaClO4 solu-
tion. For the protein CV experiments, 400 mL of the protein stock
was mixed with 2 mL PBS buffer pH 7.4 (nal concentration 20
mg mL−1), and the voltammograms were recorded against an
aqueous Ag/AgCl reference electrode. For the CV experiments
with the cyclic disulde molecule, alpha lipoic acid, the vol-
tammograms were recorded for a solution of the alpha lipoic
acid (1 mM) in an organic electrolyte of ammonium tertbutyl
hexauorophosphate (0.5 M) in dry DMF electrolyte, against
a leakless Ag/AgCl reference electrode.
Chem. Sci., 2023, 14, 3428–3440 | 3437
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4.5. Atomic force microscopy imaging

AFM topography images were acquired using a Bruker Dimen-
sion microscope, operating in tapping mode. All images were
recorded using silicon nitride cantilevers (TESPA from Bruker,
with a spring constant of 20 N m−1) under ambient conditions.
4.6. X-ray photoelectron spectroscopy (XPS) analysis

XPS measurements were performed on a Kratos Axis Ultra DLD
spectrometer, using a monochromatic Al-Ka (1486.6 eV) irra-
diation source operating at 150 W. The spectra of C 1s (277–300
eV) and S 2p (163–164 eV) were taken in normal emission at or
below 7 × 10−9 torr. Data les were processed using CasaXPS©
soware, and the reported XPS energies are binding energies
expressed in eV. Aer background subtraction (Shirley), spectra
were tted with Voigt functions. To correct for energy shis
caused by adventitious charging, all peak energies were cor-
rected with a rigid shi to bring the C 1s emission to 284.7 eV.
4.7. UV-vis spectrometry

1 mL of 20 nm (or 50 nm) size AuNPs at a stock concentration of
6× 1011 particles per mL were mixed with 100 mL of the spike S1
protein (100 mg mL−1), and then the mixture was rested for 12 h.
The absorbance was scanned in the range of 200–800 nm, at
a step size of 0.2 nm, and recorded on a Shimadzu 2401 PC UV-
vis spectrophotometer.
4.8. STM break junction measurements

Scanning tunnelling microscopy-break junction (STM-BJ)
experiments were carried out using a PicoSPM I microscope
head that is controlled by a “Picoscan 2500” controller from
Agilent Technologies. Data acquisition was carried out using
a NI-DAQmx/BNC-2110 National Instruments and analysed
using a home-built LABVIEW code. The STMBJ was rst cali-
brated by recording direct Au–Au quantum point contacts
(Fig. S17, ESI†) at 1G0 (77.5 mS). Single-protein conductivity
measurements were performed in a solution of the spike S1
protein in PBS (pH 7.4). The STM Au tip was coated with Apie-
zon wax to reduce leakage current in the aqueous environment.
The leakage current was typically 2–3 pA. Details about the STM-
BJ technique are published elsewhere.55,57,58,60–62,79–82 ∼4000
current–distance curves were collected for the Au–spike
protein–Au circuit and were accumulated in 1D and 2D
conductance histograms without selection. In the blinking
(current–time) mode, to ensure mechanical stability as much as
possible, the set-point tunnelling current was rst set low such
that the tip is placed away from the surface with applying
a waiting period of 1 h. The set-point tunnelling current was
then set to the desired value and the tip is brought closer to the
surface. Another waiting period of 1 h is then applied, aer
which the i–t blinks were collected. Also in the (current–time)
mode, the junction separation was estimated from the set-point
current and the applied bias voltage. First, the current decay
values (b) were obtained in the absence of proteins and were
found to be ∼9 nm−1. The electrode–electrode gap distance was
then evaluated using the equation G = G0e

(−bd) where d is the
3438 | Chem. Sci., 2023, 14, 3428–3440
distance separating the two electrodes and G0 = 2e2/ħ is the
quantum of conductance; e is the electron charge and ħ is the
Planck's constant. For a tunnelling current of 0.01 nA and
a bias-voltage of 300 mV, the distance between the Au electrodes
in the blinking (current–time) approach was estimated to be
1.63 nm.

In order to facilitate estimation of the molecular stretching
during the pulling cycle, we used a code to shi all the current–
distance decays on the x-axis to have as a starting point the
current dropping directly from current saturation such that they
are all equivalent in time. The time scale was then changed to
applied voltage knowing the V s−1 ramp, and then to piezo's
retraction via the particular piezo's sensitivity (nm V−1) used.
The current versus piezo's retraction was then plotted without
taking into account the Au–Au snap distance.

The STMBJ setup utilises a linear current amplication.
Therefore, the current–distance plots are collected in the linear
scale but plotted on the log scale (y-axis) for clarity. This leads to
the appearance of pronounced dips near the noise level as seen
in Fig. 5 and 6.

Data availability

Additional experimental details and data are provided in the
ESI,† including XPS, AFM, UV-vis spectra, electrochemical
measurements, and additional STMBJ data. STM experimental
data are available from N. D. upon request. Single-molecule
acquisition and treatment codes are available from N. D.
upon request.
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É. Boisselier, Sci. Rep., 2018, 8, 14357.

55 B. Xu and N. J. Tao, Science, 2003, 301, 1221.
56 W. Haiss, R. J. Nichols, H. van Zalinge, S. J. Higgins,

D. Bethell and D. J. Schiffrin, Phys. Chem. Chem. Phys.,
2004, 6, 4330–4337.

57 S. V. Aradhya and L. Venkataraman, Nat. Nanotechnol., 2013,
8, 399–410.

58 D. Xiang, X. Wang, C. Jia, T. Lee and X. Guo, Chem. Rev.,
2016, 116, 4318–4440.

59 Y. Li, C. Yang and X. Guo, Acc. Chem. Res., 2020, 53, 159–169.
60 T. Albrecht, Nat. Commun., 2012, 3, 829.
61 M. S. Inkpen, M. Lemmer, N. Fitzpatrick, D. C. Milan,

R. J. Nichols, N. J. Long and T. Albrecht, J. Am. Chem. Soc.,
2015, 137, 9971–9981.

62 Y. Zang, A. Pinkard, Z.-F. Liu, J. B. Neaton, M. L. Steigerwald,
X. Roy and L. Venkataraman, J. Am. Chem. Soc., 2017, 139,
14845–14848.

63 R. S. Klausen, J. R. Widawsky, T. A. Su, H. Li, Q. Chen,
M. L. Steigerwald, L. Venkataraman and C. Nuckolls,
Chem. Sci., 2014, 5, 1561–1564.
3440 | Chem. Sci., 2023, 14, 3428–3440
64 W. Hong, D. Z. Manrique, P. Moreno-Garćıa, M. Gulcur,
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