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Abstract: Quantum mechanical tunnelling sensors (QMTs) have
emerged as a promising technology for next-generation single-
molecule detection. When QMT sensors are combined with redox
species, repeated oxidation and reduction (redox cycling) can also be
observed. We developed robust QMT probes with electrode gap
distances below 2 nm. Using the generator-collector (GC) mode, we
verified that redox cycling of the ferrocyanide/ferricyanide (Fe(CN)s>
/+) couple occurs both in the tunnelling regime and on the electrode
surface. Our findings indicated that the current enhancement is
affected by both the gap distance and surface modifications of the
probes. These QMT probes exhibited remarkable sensitivity, capable

of detecting Fe(CN)e>"* concentrations as low as sub-picomolar levels.

Utilising this ability to modulate redox reactions, we adapted the QMT

probes to serve as electrochemical sensors for detecting viral proteins.

By modifying the electrode surfaces, our functionalised QMT probes
achieved sub-pM detection limits with high selectivity in biofluids such
as nasopharyngeal secretions. These findings highlight the potential
of QMT probes to develop into a new class of electrochemical
tunnelling sensors, offering significant advancements in biomedical
diagnostics.

Introduction

Single-entity electrochemistry has emerged as a powerful tool for
probing fundamental biological and chemical processes at the
molecular level.ll Within this broad field, redox cycling
electrochemistry stands out for its ability to monitor electron
transfer processes directly through a redox cycling reaction,
which provides amplification of the current response. To achieve
this redox cycling behaviour, two closely spaced parallel

electrodes, with separations ranging from micrometres to
nanometres, create a confined space where redox reactions
occur.®! The reactant is generated at a high potential at one
electrode, while the reverse reaction occurs at the opposite
electrode, indicating a charge transfer process." Over the past
few decades, advancements in this area have enabled redox
cycling detection on various electrode architectures,” including
scanning electrochemical microscopy,® nanopore electrode
array,!® nanogap device.['! These innovations have significantly
improved sensitivity compared to traditional electrochemical
methods and reduced detection volumes to ~10 attoliters.®!
Consequently, redox cycling has become a promising technique
for studying reaction kinetics and provides novel opportunities for
single-molecule detection.™ 9 Currently, redox cycling studies
typically employ electrode gaps ranging from tens of nanometres
to micrometres. Therefore, investigating redox cycling within sub-
2 nm nanogap devices is particularly valuable, as it could further
enhance our understanding of these processes and push the
boundaries of detection sensitivity.

When a voltage bias is applied across two electrodes separated
by a gap usually smaller than 2 nm, electrons can traverse the
gap through a phenomenon known as quantum tunnelling.l'® This
phenomenon can be detected and quantified by measuring the
resulting current.l'l  The tunnelling current is influenced by
several factors, including the applied voltage, the distance
between the electrodes, and the properties of the medium within
the gap.l'%l Measuring the tunnelling current provides a unique
opportunity to investigate the molecular species present in the
gap.['® 12 The current is highly sensitive to the molecular



environment and responsive to dynamic changes such as
molecular reorganisation or chemical modifications.['3!

Despite its potential, fabricating stable sub-2 nm nanogaps in a
controlled and straightforward manner remains a significant
challenge. Various methods have been developed to address this,
including break junction techniques,'® electromigration,!'®
electrodeposition,!'®! advanced lithographic techniques,!'"'® To
overcome these challenges, our team has developed a robust and
straightforward protocol for creating QMT probes, which we have
successfully applied to the detection of single nucleotides and
proteins.l"® In addition to sensing single molecules, the structure
of QMT probes meets the demand to detect redox cycling
behaviours by direct tunnelling.

Our study observed redox cycling response using cyclic
voltammetry and chronoamperometry measurements. We
demonstrated that the presence of the redox-active Fe(CN)g*/*
couple enhances the current through redox cycling between
tunnelling junctions. Our findings revealed that the enhanced
current density exhibits a linear relationship with the gap distance
from sub-nanometer scales up to 2 nm. We also observed that
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the extent of redox cycling enhancement depends significantly on
the concentration of the Fe(CN)e>/* couple and the voltage bias
applied to the tunnelling nanoelectrodes. Importantly, we
identified a shielding effect on redox cycling influenced by surface
modifications. Based on this phenomenon, we functionalised
QMT probes with aptamers through surface modification,
enabling the detection of target molecules and advancing their
potential as single-molecule sensors.

Results and Discussion

Fabrication, Characterisation and Redox Cycling
Observation of Au quantum mechanical tunnelling Probe

Figure 1(A, B) demonstrates a schematic of the structure of the
QMT probe and the redox cycling pathway. Briefly, the QMT
probe is fabricated using a laser-pulled dual-barrel quartz
capillary filled with carbon through a pyrolysis process. Gold is
then electrochemically deposited on the carbon nanoelectrodes
using real-time feedback, forming an Au nanoelectrode pair within
the tunnelling distance.["?}20
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Figure 1. Schematic of redox cycling enhancement on QMT probe. The probe consists of an Au tunnelling junction deposited on dual-barrel carbon nanoelectrodes

fabricated through carbon pyrolytic deposition. When redox-active reagents (Fe(CN)g

3-/4-

couple) are introduced, redox reactions occur separately on each side. A fixed

positive bias is applied to one Au nanoelectrode (WE1) to generate the reduction product as a generator. Meanwhile, from negative to positive voltage, the other

nanoelectrode (WE2) collects the reduction product as a collector. This process results in a significant current enhancement in the CV measurement (red curve) compared

to the tunnelling background (blue curve) (reference electrode (RE): Ag/AgCl, counter electrode (CE): Pt, working electrode 1 (WE1): Au tunnelling junction, working

electrode 2 (WE2): Au tunnelling junction).



To evaluate the properties of the QMT probes, current-voltage (I-
V) measurements were conducted in deionised water to estimate
the characteristics of the tunnelling junction. Figure S1(B) depicts
a typical |-V response of the tunnelling junction (blue curve)
compared to an open circuit (black curve). Upon adding a 1 nM
Fe(CN)g** solution diluted in deionised water, the current
increased (red curve) compared to a baseline measurement only
in deionised water. This increase indicates that the presence of
the Fe(CN)s*'* couple enhances the tunnelling conductivity. To
confirm the stability of the gap and exclude interference from gap
distance changes due to applied potential, we recorded the
tunnelling background before and after measurements,
demonstrating the stability of our device for redox cycling
observations (Figure S3).

Beyond direct |-V characterisation, we employed the "Generator
and Collector" mode, a model frequently used in single-molecule
redox cycling electrochemistry, to investigate further redox cycling
with the QMT probes.®! In this mode, one working electrode
(WE1) is held at a constant voltage to drive one-half of the redox
reaction, while the other working electrode (WE2) is scanned
across a range of voltages using cyclic voltammetry (CV),
covering the reduction-oxidation potential range.?" During the
measurement, molecules are reduced at one electrode and
oxidised at the other, resulting in enhanced current amplitude, as
observed in Figure 1(C).?? To quantify the effect of Fe(CN)g*/*
couple, relative limiting current enhancement is calculated as
Alrelative = IFe3+/Fe2+ - Ibackground at certain V5, as depicted in

Figure 1(C).23

Redox cycling enhancement

The QMT probe's geometry consists of gold deposited on
coplanar carbon nanoelectrodes, which can also facilitate redox
reactions.?*! We performed in-situ redox cycling characterisation
at each step of the fabrication process to identify the conditions
necessary for observing redox cycling. Figure 2(A) and (B) show
the in-situ fabrication of the tunnelling junction with real-time CV
measurements to monitor redox cycling as the nanogap distance
changes. To mitigate the hindered diffusion effect of redox
reagents during measurements, 1 mM Fe(CN)g>* in deionised
water was applied.

Initially, the tunnelling probes comprised two coplanar carbon
nanoelectrodes separated by a barrel, with a separation distance
of 10-20 nm based on the barrel thickness from previous studies.
29 In this configuration (step i), the CV response indicated
leakage current without any observable redox cycling behaviour.
Subsequently, Au was deposited onto the carbon electrodes
using a potentiostatic method to form Au nanogap electrodes with
gap distances ranging from 2 to 10 nm (step ii). At this stage, no
tunnelling response was detected, and the CV of the Fe(CN)*"*
couple showed leakage current with a larger amplitude compared
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to step i, confirming the presence of Au on the carbon but without
redox cycling on the Au nanogap electrodes.

Finally, after feedback-controlled electrodeposition, the tunnelling
junction was formed (step iii). The tunnelling junction was
established with gap distances estimated to be between 0.3 nm
and 2 nm.["® Meanwhile, a border sensing space is also formed,
which surrounds the tunnelling junction. It extends beyond the
actual junction but remains close enough to allow electron
tunnelling through redox-active molecules, acting as a transitional
interface that bridges direct electron transfer with broader
electrochemical activity on the electrode surface.?% At this stage,
a significant enhancement in the relative current was observed.
Through in-situ monitoring of redox cycling at various stages of
nanogap probe fabrication, we determined that redox cycling
occurs at the tunnelling junction in our device configuration.

To identify where reactions occur on the QMT probes, we applied
surface modifications using alkyl sulfide. We analysed the CV
responses of a 1 nM Fe(CN)s*** solution before and after
functionalisation with 2-propyl disulfide, as shown in Figure S4 (A).
Due to its small size, 2-propyl disulfide fits well within the sub-2
nm tunnelling gap, allowing optimal surface coverage on the
tunnelling junctions.?s! The CV analysis in Figure 2(C) reveals
that, following surface modification, the current enhancement
ratio was significantly lowered to 0.26 + 0.21. Given the variations
in electrode structures between different devices, substantial
differences in redox cycling behaviour are expected, influenced
by the coverage of the functionalising molecules and the gap
distance. This outcome demonstrates that surface modification
effectively shields redox cycling, though redox processes within
the tunnelling regime persist, enhancing the CV response.

In redox cycling electrochemistry, the concentration of redox
reagents contributes to the current amplitude by ion migration and
accumulation.?® To explore the effect of concentration on redox
cycling enhancement in QMT probes, we performed real-time
titration of Fe(CN)s/#, as depicted in Figure S6. At a bias of 500
mV, we observed that the current amplitude increased with rising
Fe(CN)s>/* concentration. After accounting for the tunnelling
background at each concentration, the relative current
enhancement changes were plotted against concentration in
Figure 2(D). The results demonstrated that in the absence of a
supporting electrolyte, The relative current data fit the Hill
equation, modelling Langmuir-Hill adsorption, indicating a half-
maximal relative current response at around 0.11 pM
concentration.?” The concentration change in the solution varies
the number of redox-active molecules on the electrode surface of
QMT probes, which interferes with the redox cycling
enhancement as an electrochemical-related behaviour.?® This
ultra-low concentration sensitivity demonstrates the high potential
of QMT probes for detecting minute quantities of analytes and
suggests optimal concentration settings for future biological
applications.
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Figure 2. Characterisation of redox cycling on QMT. (A) Sequential fabrication stages of the QMT probes: (i) Dual-barrel carbon electrodes, (i) Au nanoelectrodes
with a wide nanogap (gap distance > 2 nm), and (i) Au tunnelling junction with a narrow nanogap (gap distance < 2 nm). (B) CVs depicting the redox cycling
measurements for each fabrication stage using 1 mM K;Fe(CN)s/K,Fe(CN)s as the analyte. (C) Comparative CV measurements illustrating the relative changes
before (black) and after (red) surface modification with 2-propyl disulfide in a 1 nM K;Fe(CN)s/K.Fe(CN)e solution (diluted with deionised water). The scanning range
of WE2 is from -200 mV to 500 mV at a scanning rate of 100 mV/s, while WE1 is held at 500 mV (Reference Electrode: Ag/AgCl, Counter Electrode: Pt, Working
Electrode: Au). The error bars represent standard error calculated from measurements with separate devices (N=4). (D) Plot of relative current as a function of
KsFe(CN)s/K,Fe(CN)s analyte concentration changes at 500 mV. (Reference Electrode: Ag/AgCl, Counter Electrode: Pt, Working Electrode 1: Au at 500 mV,
Working Electrode 2: Au at 0 mV). The blue curve represents Hill fitting based on the Langmuir-Hill adsorption model (R?= 0.96). Error bars represent one standard
deviation from the mean (E) Plot of relative current as a function of potential change for 1 nM K;Fe(CN)s/K,Fe(CN)s analyte (Reference/Counter Electrode: Ag/AgCl,
Working Electrode 1: Au at 500 mV, Working Electrode 2: Au at 0 mV). Error bars represent one standard deviation from the mean.

To examine the response across different voltage biases, we
performed chronoamperometry measurements on 1 nM Fe(CN)e>
/4 solutions, varying the bias from 100 mV to 600 mV. Figure 2(E)
presents the relative current at each voltage. As the voltage
increased from reduction to oxidation potentials, the relative
conductance followed a sigmoidal-like trend, consistent with the
two-state redox behaviour.?®!  Moreover, the increase in the
generator potential changes the Fermi level of both electrodes.
When the scanning range encompasses the redox potential, the

electrons can hop through the redox active molecule and produce
a relatively limited current enhancement on the CV response
shown in Figure S9. This phenomenon also highlights the
engagement of tunnelling characters.®% Furthermore, The QMT
probes demonstrated selectivity based on the reversibility of
reactions, as illustrated in Figure S7.2'1 The corresponding I-t
response further confirmed the selectivity of QMT probes for
reversible reactions, highlighting their potential as promising
electrochemical sensors.
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Figure 3. Redox cycling in the tunnelling regime. (A) The plot of mean enhanced current density (Log (AJ)) versus gap distance for 37 devices, measured at -200

mV in a 1 uM K;Fe(CN)e/K,Fe(CN), solution. The red line represents the linear fit of the data. (R?= 0.87) (B) Plot of collection efficiency versus gap distance for

37 devices, measured at -200 mV in a 1 yM K;Fe(CN)s/K,Fe(CN) analyte.

Redox cycling in the tunnelling regime

In traditional single-entity electrochemistry, the distance between
the generator and the collector electrodes significantly impacts
current amplitude enhancement. ®° To further investigate the
relationship between the nanogap distance and redox cycling, we
analysed QMT probes with various redox cycling characteristics.
Figure S1(A) shows typical tunnelling I-V backgrounds (dotted
line) and fitted data (solid line) for different QMT probes, using the
Simmons tunnelling model to estimate gap distance, tunnelling
area, and barrier height. Given that the CV measurement of redox
cycling reagents includes background tunnelling current, to
minimise variations in gap distance between devices, we
introduced relative enhanced current density 4] = Al ejative/S, 10
normalise the redox cycling enhancement rate on the tunnelling
junction.”%l S represents the area of the tunnelling junction
(based on simulation). To maximise redox cycling on QMT probes,
we recorded CV measurements at -200 mV with a relatively high
concentration of 1 uM Fe(CN)s37+.122 The red line represents the
linear fit of the data plots based on the logarithmic form of the
Simmons tunnelling model.'%! The experimental results followed
a linear trend with a slope of -3.9 £ 0.24 (R? = 0.87), indicating
that larger gap distances produced lower relative current density
ratios. Figure 3(A) illustrates the redox cycling enhancement rate
for 37 devices. In addition to changes in relative enhanced current
density, we also analysed the collection efficiency to assess the
redox cycling effect. Figure 3(B) shows the collection efficiency
@, for 37 devices with different gap distances, calculated using
_ IGenerator

) =
ICollector
where igenerator @aNd icolnector Fepresented the relative current of

the generator and collector, respectively.?? The results indicated

an average @, nearly 100%. This high collection efficiency
suggests that once a molecule is oxidised at one electrode,
reduction occurs almost instantaneously at the other electrode.
This high conversion rate confirms that redox cycling occurs
within the confined space of the QMT probes. Furthermore, the
conversion of Fe(CN)s* and Fe(CN)s* is independent of the gap
distance and the surface structure variations of the tunnelling
junction. In addition, in Figure S8, both 1 yM to 10 M KNO3 did
not produce significant variation in relative current response,
indicating that ion migration will not interfere with the redox cycling
enhancement. Thus, the relationship between gap distance and
collection efficiency provides evidence for redox cycling reactions
occurring in the tunnelling regime.

Compared to models focusing on the conductance of a single
molecule, the QMT probes provide expanded spaces for redox-
active analytes to interact predominantly with the tunnelling
junction via diffusion. To more accurately explain the behaviours
observed with QMT probes, we proposed a possible mechanism
that integrates electrochemical and tunnelling models. When the
electrode potential aligns with the redox potential, redox reactions
that occur in the tunnelling regime suggest rapid, continuous
conductance switching between oxidation and reduction states.
This behaviour implies a hopping-like mechanism.[2% 2% 30al
Simultaneously, the electrode surface can initiate redox cycling
reactions. During this electrochemical process, the tunnelling
junction acts as a bridge for direct electron transport from one
electrode to the other, supporting electron transfer through the
redox-active molecules located within the junction.20 300 311 Thijg
comprehensive approach helps elucidate the complex dynamics
of redox cycling in QMT probes, highlighting their potential as
sophisticated electrochemical sensors.
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Figure 4. redox cycling-based tunnelling sensor for single molecule detection. (A) Schematic of the redox cycling-based tunnelling sensor and (B) representative
CV responses: the background (black), redox cycling enhancement with 1 uM ;Fe(CN)s/K,Fe(CN)s (blue), first shielding effect due to aptamer surface modification
(orange), and second shielding by the target protein (red). (C) Plot of the redox cycling ratio versus target protein concentration change, with the RE: Ag/AgCl, CE:
Pt. WE: Au. Error bars represent one standard deviation from the mean. (D) Bar chart showing the changes in redox cycling ratios for different proteins. The 1 nM

KsFe(CN)s/K,Fe(CN)s background set the redox cycling ratio at 1. Non-specific proteins (mpxv A29, thrombin, and a-synuclein) show no significant difference in
redox cycling ratio compared to the K;Fe(CN)es/K,Fe(CN)¢ background. For the target protein (S1 unit of SARS-CoV-2 spike protein, red bar), binding with the
aptamer leads to a noticeable redox shielding effect in the CV response compared to the background. The error bars represent standard error calculated from

measurements with separate devices (N=5). (E) Heat map illustrating the detection of the target protein in clinical samples (dilutions ranging from 1 to 10,000,

diluted in 10 mM PBS) across five different devices. The control protein concentration was 1 pM (diluted in a 10 mM PBS solution). The scanning range of WE2 is
from -200 mV to 500 mV, with a scanning rate of 100 mV/s, while WE1 is held at 500 mV. Re: Ag/AgCl, CE: Pt, WE: Au.

Redox cycling-based QMT sensor for ultra-low
concentration detection

The number of redox molecules involved in redox cycling
measurement can interfere with the CV response.l'?l
Consequently, when small molecules are captured on the
tunnelling junction, they will block the electrode surface from
undergoing redox cycling and, thus, can be detected by observing
the CV response. We applied this shielding principle to use redox
cycling QMT probes for sensing the SARS-CoV-2 S protein by
functionalising the Au tunnelling junction with SARS-AR10
aptamer that binds specifically to the S1 unit of SARS-CoV-2
spike protein (see Sl). %32 Figure 4(A) illustrates the mechanism
behind the redox cycling shielding-based sensor. Initially, the
tunnelling background (black curve) and the redox cycling
enhancement of 1 yM Fe®**/Fe?* (blue curve) were recorded in a

10 mM PBS solution. As the tunnelling current lacks selectivity to
distinguish the molecule, thus aptamer SAM is introduced to bind
with the target molecules and prevent the non-specific adsorption
of non-target molecules on the electrode surface. The structure of
the aptamer is detailed in Figure S9(A). After overnight
modification with the aptamer on the bare tunnelling junction, the
redox cycling of Fe**/Fe?" was shielded, as shown in the CV
response (Figure 4(B), ii, orange curve). As both proteins and
aptamers are larger than the gap distance, they can only be
anchored to the electrode surface, occupying space for redox
cycling, while the number of redox-active species in the confined
tunnelling junction remains unchanged. Proteins were added to
the solution for an incubation period of 30 minutes before the CV
measurement. The addition of non-target proteins (e.g., thrombin:
36.05 kDa, a-synuclein monomer: 14.5 kDa, B3 mpxv A29: 14



kDa,’Y SARS-CoV-2 S protein: 76.5 kDa) resulted in CV
responses (Figure 4(B) iii, green curve) similar to the initial redox
shielding response, indicating no significant binding to the
aptamer. However, when the target S protein is bound to the
aptamer, it is immobilised on the electrode surface and reduces
the number of Fe(CN)¢3"*- molecules on the tunnelling electrode
surface and in the tunnelling regime, leading to a second redox
cycling shielding effect (Figure 4(B), iii, red curve) in the CV
response.

To accurately quantify the shielding effect by aptamer
modification and protein, we calculated the redox cycling
ratio, AI/Al,, where Al represents the relative current after the
introduction of analytes, and 41, represents the relative current
background, respectively. To ensure complete binding between
the protein and the aptamer, proteins were added to the solution
30 minutes prior to the CV measurement. This incubation period
was chosen based on the real-time monitoring of the I-t response
illustrated in Figure S11. Figure 4(C) shows the changes in the
redox cycling ratio with increasing target SARS-CoV-2 S protein
concentration, from 1 fM to 1 nM, in 10-fold increments. The
shielding ratio decreased from 0.80 + 0.01 at 1 fM to 0.52 + 0.01
at 1 nM, demonstrating high sensitivity for detecting target
molecules at sub-pM concentrations.

The selectivity measurements of the modified QMT probes are
shown in Figure 4(D). The aptamers, attached to the Au tunnelling
junction via S-Au bonds, mitigate non-specific protein adsorption.
For non-specific proteins, such as mpxv A29, thrombin, and o-
synuclein, the redox cycling ratio remained close to the Fe(CN)s*
"*background, with values of 0.99 + 0.05, 1.07 + 0.06, and 1.03 +
0.15, respectively. However, the introduction of the target SARS-
CoV-2 S protein resulted in a significantly lower redox cycling ratio
of 0.79 * 0.03, illustrating that the specific binding between the
target protein and the aptamer occupied the rest of the space on
the electrode surface, and therefore, reduces the number of
redox-active species in these regions. Consequently, a distinctive
secondary shielding effect on the current response was observed.
This selectivity highlights the potential of these devices in
distinguishing target proteins.

Given the high sensitivity and selectivity of the aptamer-modified
QMT probes, we applied them to detect the wild-type S1 unit of
SARS-CoV-2 spike protein in clinical samples to evaluate their
diagnostic applicability. Further details regarding this process can
be found in the 'Methods' section. It is important to note that these
represent proof-of-principle measurements and validation with
further samples is required.¥ Figure 4(E) presents a heat map
showing detection in a nasopharyngeal secretions sample on five
different devices. Although device-to-device variations, such as
differences in surface roughness and electrode geometry, can
influence the absolute current responses, the observed response
in the redox cycling ratios allowed us to detect the shielding effect
of the S1 protein, as shown in Figure 4(D), indicating that the
functionalised quantum mechanical tunnelling probe can identify
target protein from mixtures in complex biofluids. This indicates
that the functionalised quantum mechanical tunnelling probe can
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effectively identify target proteins from complex mixtures.
Compared with state-of-the-art methods, the functionalised redox
cycling-based QMT probe provides the benefits of label-free
detection and advantages in terms of detection limits and
selectivity. [l

Conclusion

In conclusion, we successfully observed the redox cycling of
redox-active species (Fe(CN)s*/4") on QMT probes with gap
distances of less than 2 nm. Our study reveals that redox cycling
within the tunnelling regime significantly enhances the current
response, with surface modifications at the tunnelling junction
playing a crucial role in this enhancement.

The QMT probes exhibited high sensitivity to Fe(CN)g*7/4
concentration changes at sub-picomolar levels, enabling their use
as electrochemical sensors. By modulating the redox reaction at
the tunnelling junction, these probes also respond to voltage
variations, further enhancing their sensitivity. Functionalisation
with aptamers enabled the detection of target proteins at sub-pM
concentrations, with high selectivity for identifying specific
proteins in complex samples. This work introduces a novel
approach to activating redox-active reactions through precise
control of surface potential, which could deepen our
understanding of complex biological processes, such as redox-
active enzymatic reactions at the single-molecule level. These
capabilities open new pathways for redox studies in quantum
tunnelling and hold great potential for bioanalytical applications.
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In this work, we fabricate quantum mechanical tunnelling probes with sub-2 nm gap distance. The generator-collector mode was applied
to detect that the redox cycling of free diffused Fe(CN)s*** produced a current enhancement with great sensitivity to analyte
concentration variation and voltage bias set. Therefore, functionalised quantum mechanical tunnelling probes can be applied as
electrochemical tunnelling biosensors to detect target proteins in mixed samples.
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