
Academic Editor: Aleksey E.

Kuznetsov

Received: 16 December 2024

Revised: 8 January 2025

Accepted: 15 January 2025

Published: 21 January 2025

Citation: Zollo, G. Operational

Robustness of Amino Acid

Recognition via Transverse Tunnelling

Current Across Metallic Graphene

Nano-Ribbon Electrodes: The Pro-Ser

Case. Computation 2025, 13, 22.

https://doi.org/10.3390/

computation13020022

Copyright: © 2025 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license

(https://creativecommons.org/

licenses/by/4.0/).

Article

Operational Robustness of Amino Acid Recognition via
Transverse Tunnelling Current Across Metallic Graphene
Nano-Ribbon Electrodes: The Pro-Ser Case
Giuseppe Zollo1,2

1 Dipartimento di Scienze di Base e Applicate per l’Ingegneria, Università di Roma “La Sapienza”,
Via A. Scarpa 14-16, 00161 Rome, Italy; giuseppe.zollo@uniroma1.it

2 Infrastructure for Energy Transition and Circular Economy @ EuroNanoLab—iENTRANCE@ENL,
00161 Rome, Italy

Abstract: Asymmetric cove-edged graphene nano-ribbons were employed as metallic elec-
trodes in a hybrid gap device structure with zig-zag graphene nano-ribbons terminations
for amino acid recognition and peptide sequencing. On a theoretical basis, amino acid
recognition is attained by calculating, using the non equilibrium Green function scheme
based on density functional theory, the transversal tunnelling current flowing across the gap
device during the peptide translocation through the device. The reliability and robustness
of this sequencing method versus relevant operations parameters, such as the bias, the gap
size, and small perturbations of the atomistic structures, are studied for the paradigmatic
case of Pro-Ser model peptide. I evidence that the main features of the tunnelling signal,
that allow the recognition, survive for all of the operational conditions explored. I also
evidence a sort of geometrical selective sensitivity of the hybrid cove-edged graphene
nano-ribbons versus the bias that should be carefully considered for recognition.

Keywords: non equilibrium green function; first principles; edge engineered graphene
nano-ribbons; tunnelling current; amino acid recognition; peptide sequencing

1. Introduction
Efficient single-residue sequencing techniques of the primary structure of proteins

are of fundamental importance for proteomics to detect mutations or post-translational
modifications that are the cause of illnesses. Indeed, present state-of-the-art sequencing
methods are limited, as they exploit time consuming and expensive processes such as
protein degradation into small peptides and their recognition via mass spectroscopy and
data processing from protein data banks.

Therefore, new sequencing methods and devices at the nanoscale are being considered
for biomolecules and proteins [1–12].

Among them, two main methods exploiting different sensing observables are
worth to be mentioned: the blockage of the ionic current and the transversal tun-
nelling current. The first one is measured along a nano-pore axis during the peptide
translocation [5–10,12,13]; hence the single AA recognition is inhibited as the axial ionic
current contains information from several residues of the protein [14].

The transversal tunnelling current, instead, flows across two nano-electrodes while
the protein translocates through a solid-state nano-gap [15] and benefits from the quantum
mechanical nature of the signal which must reflect the atomistic-scale properties of the
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residue that is in the middle of the nano-gap at a given time [11,16,17]. In the last category,
proposals can be found for either tailored or unbiased recognition.

To perform sequencing at the nanoscale with both the above methods, the translocation
dynamics of the protein must be controlled, and this remains a challenge. However, the
second method would allow, at least in principle, the atomistic scale AAs recognition if 2D
or 1D electrodes were employed.

Hence, graphene based devices have been considered as a natural choice to this
aim [4,18–26].

In the last few years, some articles have been published proposing an ideal device
based on sub-nanometer gaps of graphene nano-ribbons (GNR) to sense, at the atomistic
scale, single peptide bonds (PB) that might be employed to trigger AA recognition [27–30].
However, the point resolution required to sense the peptide backbone requires the use
of narrow graphene nano-ribbon (GNR) electrodes that, besides being technologically
challenging, have a semiconducting ground state [31,32]. Therefore, a metallic metastable
state was employed, as the non equilibrium Green functions approach (NEGF) based on
the density functional theory (DFT) scheme assumes metallic electrodes. This choice was
supported by the discover that metallicity could be induced in graphene nano-ribbons by
doping [33] or in static transversal electric field [34]. More interestingly, recent findings
have shown that edge engineering through bottom-up strategies, such as cove-edged and
zero-mode superlattice, can be employed to obtain metallic zig-zag nano-ribbons [35,36].

Hence, using such a narrow GNR, the problem of sensing the peptide backbone was
approached on a theoretical basis in the context NEGF-DFT and the Landauer–Büttiker
formula [37–40], focussing on some small model peptides with neutral and polar residues,
such as Gly and Ala homo-peptides, Gly-Ala, Gly-Asn, neutral Gly-Asp, and polar Asn
homo-peptides where the important role played by the resonant double bond of the PBs
along the GNR direction was evidenced.

More recently, a newly conceived nano-gap, with a hybrid GNR structure and 1D
asymmetric cove-edged GNR, real metallic, electrodes, has been employed showing that
the main findings already reported for the simple Gly homo-peptide still hold [41]. Being
inspired by these works, in the present article, I focus on the Pro-Ser case to study the
dependence of the tunnelling signal on some fundamental physical quantities that are
supposed to affect the recognition in a real device, namely the bias between the electrodes
and the nano-gap size. This case study is particularly interesting because it involves
the recognition of proline, which is interesting for its antimicrobial and cell-penetrating
activities [42,43], but also from the structural point of view because of its unique “closed”
side chain that increases the rigidity of the proteins primary structure. For the present case
I also study the dependence of the tunnelling current on a modelling parameter that might
affect the prediction, i.e., the relaxation threshold of the quantum mechanical stage (see
below the simulation protocol), which affects the actual atomistic configurations considered.

2. Computational Methods
The gap nano-structure employed is a hybrid structure with two unit cells of asym-

metric cove-edged zig-zag GNR (ZGNR) (8 C rows each), which will be indicated in the
following as Asymmetric Cove Edged Zig-Zag Graphene Nano-Ribbons (8AsCEZGNR) [35]
(the width is dw ≈ 1.6 nm including the hydrogens), each of them joined to one terminal
piece of zig-zag GNRs with 6 carbon rows (6ZGNR). The electrodes are two semi-infinite
8AsCEZGNR attached to the terminal of the device. The scheme is drawn in Figure 1.
This structure has been studied in the context of DFT, and the following main statements
were established: the 8AsCEZGNRs are metallic (see below) and, therefore, can be used
as metallic electrodes, as one would normally perform with gold electrodes, but taking
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the remarkable advantages of using a carbon based 1D structure, which allows an ideal
atomistic resolution of the nano-device, and also exploiting the exceptional control of the
carbon technology at the nano-scale. Moreover, I have previously studied the properties
of the hybrid 8AsCEZGNR−6ZGNR device showing that it retains the metallic nature of
the external asymmetric cove edged 8AsCEZGNR pieces, and that spin polarised and spin
unpolarised models are degenerate [41]. Hence, a spin unpolarised model, in particular the
Perdew–Burke–Ernzerhof (PBE) [44] functional is used for the electron exchange and corre-
lation potential Vxc[n(r)] because it guarantees a better accuracy than LDA. The nano-gap
device has been fully relaxed in the context of DFT using split-double-ζ basis set augmented
with polarisation orbitals (DZP), using a mesh cutoff of 300 Ry. Norm-conserving pseudopo-
tentials built with the Troullier–Martins scheme [45] and PBE functional are employed.To
this purpose, the SIESTA package (v4.1.5) [46] has been employed.

The gap between the two pieces of ZGNRs has been varied from dG = 5 Å to dG = 7 Å,
with increasing steps of ∆dG = 0.5 Å [27–30,41] and the peptide is pulled across the gap
simulating a translocation dynamics. The device axis is oriented along the y-direction,
the peptide is translocated along the x-axis and the hydrogenated gap edges are along
the z-axis. The narrow gap sizes here employed, that are challenging but close to the
present capabilities of nano-technology [3], constrains the translocating residues in almost
repeatable and controlled configurations.

Our test case is the Pro-Ser model peptide: it contains 12 amino acids (6 Pro and 6 Ser
residues). The peptide has been translocated across the gap in water ambient by non-
equilibrium steered classical molecular dynamics (SMD), as implemented in LAMMPS [47],
and some configurations have been selected and further processed, as detailed below.
Before performing the SMD, five preliminary stages have been performed to prepare
the system: a first minimisation stage of the peptide in water, followed by two NVT
(T = 300 K) stages in bulk water, where the second one aimed to keep the peptide elongated
by applying weak forces at the C- and N-terminals. Then, two NPT (T = 300 K, P = 1 atm)
equilibration stages have been performed: the first one to equilibrate at P = 1 atm the
peptide water system, and the second one to equilibrate, at the same thermodynamic
conditions, the system with the nano-gap slit inserted. Finally, I perform the SMD at
constant velocity (v = 10−4 Å/fs, k = 5 kcal/(mol Å

2
)) and T = 300 K by applying a

pulling force at the C-terminal of the peptide. The applied thermostat and barostats are
based on a Nosé–Hoover approach, according to Shinoda equations [48], as implemented
in LAMMPS. The simulation time of the SMD stage is in the range 8 ns ≤ tSMD ≤ 9 ns so
that for each case I have collected at least 13 passages of the entire peptide across the gap,
exploiting the periodic boundary conditions (PBC) along the translocation direction. For
all of the classical MD and SMD stages, I have employed the CHARMM force field for the
peptides and waters (TIP3P) and the AIREBO [49] model potential for the hydrogenated
graphene slit.

Among all of the translocation configurations collected, 13 translocations of 6 identical
copies of Pro-Ser pairs (78 configurations), I have selected the one with the minimum strain
with respect to the peptide in equilibrium at rest. The reason why I consider this as the most
reliable starting point for the next stage is because the constant velocity value employed
in the SMD is much larger than the typical velocities of the experimental translocations,
implying a larger strain in the simulation, that is basically artificial and that must be cured
in the following steps. Moreover, the DFT relaxation stage is also necessary to consider the
“real” forces exchanged by the peptides and the solid state device, that in the classical SMD
steps is modelled with classical potentials. In particular, I have selected groups of four
consecutive residues with the smallest strain, then I have enlarged the selection to 6 residues
and, given this piece of peptide, properly terminated, for further relaxation in the DFT
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context as detailed below. The selected configurations have, indeed, been further relaxed
at T = 0 K, in the context of GGA-PBE density functional theory [44], using the same
computational parameters detailed previously. The atomic force threshold of the structural
relaxation should be chosen to perform a “mild” relaxation to reduce the artificial strain
and, at the same time, maintain some residual thermal disorder of the SMD configurations.
However, this qualitative requirement should be quantified with an appropriate choice of
the atomic forces threshold that controls the degree of the atomistic optimisation on the DFT
relaxation stage. As a consequence, this choice might affect the tunnelling current. For this
reason, in this article it is addressed the behaviour of the tunnelling current for differently
relaxed configurations that are attained with different force threshold values, ranging from
fthr = 1 eV/Å, which is the largest one here considered, down to fthr = 0.2 eV/Å. The last
value is two times larger than the default value fthr = 0.1 eV/Å of SIESTA. The maximum
RMSD per atom measured between the quantum relaxed and the SMD configurations
is approximately 3 × 10−2 Å/atom for fthr = 0.2 eV/Å. The DFT-based stages, namely
the quantum partial relaxation and the transport calculations, have been carried out in
dry ambient, without water molecules, since the presence of water does not affect the
transport properties of the ZGNR nano-gap because of the hydrophobic character of
graphene [27,29,50]. According to the relevant literature, and up to the author’s knowledge,
the experimental evidences of modified graphene conductivity are most probably due
to oxygen containing groups at the GNR edges [51], a marked different situation with
respect to the present hydrogenated GNRs. Lastly, the gap sizes considered here prevent
the passage at the same time of the peptide chain and of water molecules. In any case, the
signature of the water molecules, that might be eventually present in the gap, can be easily
filtered because it is one order of magnitude smaller than the ones for the peptide [27,29].

After the relaxation, I have calculated the transmission function and the tunnelling
current according to the DFT-NEGF scheme [38], as implemented in the TRANSIESTA
code [39]: although it is a ground-state theory, and not a steady-state one, DFT-NEGF is
the most popular approach for steady-state transport in nano-structures, and has been
successfully applied in many cases with results similar to the ones obtained with formally
correct steady stated methods [52,53]. According to DFT-NEGF, the transmission function is

Tσ(ε) = Tr
[

G(ε)ΓL(ε)G†(ε)ΓR(ε)
]

(1)

where G(ε) = limη→0+(ε + iη − H)−1 is the Green’s function of the system, and ΓL(R)(ε) =

i[ΣL(R)(ε)− Σ†
L(R)(ε)] is the left (right) coupling function, and ΣL(R) is the left (right) elec-

trode self energy [38], which accounts for the renormalisation of the electrons energy in
the device region due to the presence of the electrodes. The related tunnelling current is
obtained through the Landauer–Büttiker formula [37] for an external bias voltage V = 1 V
applied along the z direction

I(V) =
e
h

∫ +∞

−∞
dε T(ε, V)× [ f (ε − µL)− f (ε − µR)] (2)

where f (ε) is the Fermi–Dirac distribution function, and µL(R) is the electrochemical poten-
tial of the left (right) electrode.

Let us now discuss the sampling scheme I have adopted to retrieve the tunnelling
current curves. I remind that, after the SMD stage, I have selected a piece with six residues
of the original peptide and containing in the middle four peptides with the smallest strain.
Then, I have focussed on the two central residues (the central Pro-Ser pair, namely Pro3-Ser4)
and on their relevant chemical groups that characterise the peptide chain: these chemical
groups are the carboxyl CO and the amino NH groups (which are involved in the formation
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of the peptide bonds), the CαH group of the backbone chain and, finally, the side chain SC
chain that is attached to the CαH group. Having these groups in mind, I have defined a
sampling grid with the following criteria: each residue is sampled with six configurations
having special points right in the middle of the gap during the translocation. The chosen
special points are: the bond centre of the amine group (NH), the centre of the bond between
the H atom of the amine group and the neighbour Cα atom along the peptide backbone
(CBSN: centre of bond between the side chain and the N atom), the centre of the bond
between the Cα and its H neighbour (Cα H), the centre of the bond between the Cα atom and
the neighbour C atom of the carboxyl group along the peptide backbone (CBSC), the centre
of the bond of the carboxyl group (CO), and the centre of the peptide bond PB.

Figure 1. 8AsCEZGNR−6ZGNR nanogap device. Top view (upper panel) and side view (lower
panel). In blue and orange, respectively, the right positive and the left negative electrode regions.
In the middle, the device region. The peptide is translocated across the nano-pore (side view) and the
tunnelling current flowing across the gap is collected at the electrodes. Carbon, hydrogen, oxygen,
and nitrogen atoms are, respectively, grey, white, red, and blue. The green arrow indicates the
translocation direction of the peptide.

Then, these special configurations of the two central residues have been relaxed
as explained before, with the addition of the peptide bond Ser2-Pro3, with a total of
13 relaxed configuration. A denser grid is obtained by rigidly shifting each one of the
relaxed configurations one tiny step upward and downward, so that two intermediate
sampling points between two relaxed configuration are added. Hence, a sampling grid
of 38 points is considered for the selected pair of two consecutive residues, because two
consecutive residues are approximately 6.5 Å apart. The grid density is approximately
5.8 samples/Å. Finally, the tunnelling currents have been calculated for all of the relaxed
configurations and for the intermediate positions between them.

Because the typical experimental translocation time is in the range [0.1–5.5] ms per
amino acid [3], the sampling grid employed here would require a sampling rate of at least
50 kHz in real experiments, which is definitely achievable with the currently available
bandwidths of amplifiers and fast pico-ammeters.
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The atomistic analysis of the tunnelling current has been provided by studying the
atomic current branches between the atoms. They are calculated as [40,54]

Iσ
n,n′ = e

∫
dε[ fL(ε)− fR(ε)]Tr

[
Gσ(ε)Γσ

L(ε)G†
σ(ε)Jσ

n,n′

]
(3)

with

Jσ
n,n′ =

1
ih̄
(Pn HσPn′ − Pn′ HσPn) (4)

and the projection operator on the n site Pn = ∑γ |ϕn,γ⟩⟨ϕn,γ| expressed in terms of a
complete localised basis set {|ϕn,γ⟩} in a subspace of the full device region where |ϕn,γ⟩ is
an atomic orbital of type γ, located at the atomic site n [40,54,57].

The detailed electron coupling and transmission across the peptide can be studied by
calculating the cumulative atomic bond currents injected from the left lead (electron drain)
into the various peptide chemical groups, namely the CO and NH groups involved in the
PB, the Cα H groups, and the side chains SC, according to [57]

Iσ
L,G = ∑

α,β
Jσ
α,β α ∈ L β ∈ G (5)

where L is the left lead and G is one of the previous groups that can be employed to
ideally decompose the peptide. The bond currents are calculated using the sisl package
(v1.14.3) [57].

3. Results and Discussion
I first analyse the dependence of the tunnelling current of the Pro-Ser model peptide

translocation configurations on the maximum value of the residual force allowed (force
relaxation threshold) that are shown in Figure 2. Let’s consider the Pro-Ser signal for the
lowest threshold fthr = 0.2 eV/Å. The signal (black line) is characterised by a high peak
in the “Pro” region between NPro and CBSCPro, a small peak, in the “Ser” region between
NSer and CBSCSer, approximately located at CBSNSer, a double peak structure around the
Ser-Pro peptide bond (region between COSer and NPro), and finally a region around the
Pro-Ser peptide bond with no meaningful signal. The large peak at CαHPro is due to the
tunnelling across the in-plane Pro platelet, the small signal at CBSNSer is caused by the
tunnelling across the Ser side chain, which is poor for hydrophobic alkyl groups, and finally
the structure around the Ser−Pro peptide is due to the tunnelling across the out of gap
plane Pro Platelet that, however, is close enough to the gap plane.

As one can see, the main features described above for the relaxed configuration with
fthr = 0.2 eV/Å force threshold are still present for all of the other configurations ob-
tained with larger force thresholds. I have not reported the case with fthr = 0.6 eV/Å
that, practically, is superimposed to the curve obtained for relaxed configurations with
fthr = 0.4 eV/Å. As a general observation, it can be stated that, with a force threshold
greater than fthr = 0.4 eV/Å, the curves are quite similar (they can be considered equiva-
lent), but some interesting different details, that are of secondary importance, emerge with
respect to the curve obtained with a relaxation threshold fthr = 0.2 eV/Å. These details con-
cern a small secondary peak, visible for the configurations relaxed with fthr ≥ 0.4 eV/Å,
close to Cα HSer, which disappears for the relaxation threshold at fthr = 0.2 eV/Å, a certain
difference of the peak intensities in the Ser-Pro peptide bond region and, finally, the small
feature, visible at NHSer for fthr = 0.2 eV/Å, but not for greater threshold values. The
atomic groups current analysis reveals that the secondary feature of the current signal at
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Cα HSer is due to a better alignment of the neighbouring Pro platelet that contributes to the
tunnelling, as detailed in Figure 3.

Figure 2. Pro-Ser tunnelling currents obtained for relaxed configurations with different force thresh-
old values.

Looking at the general behaviour, it can be stated that the relaxation stage is not
very critical in the explored range. Some minor difference only emerges with the lowest
employed force threshold while the signal appears virtually insensitive to the force thresh-
old in the range (1.0 eV/Å ≤ fthr ≤ 0.4 eV/Å). As mentioned, this stage would not be
necessary in case the theoretical translocation was performed in an ab initio (or QM/MM)
context with, however, much heavier computational workload that would not allow a sys-
tematic study for different cases. Strictly speaking, the limited sensitivity of the tunnelling
current on the relaxation threshold regards the robustness of the multi-scale computa-
tional protocol adopted, showing that a higher of lower degree of strain and “thermal”
disorder surviving after the DFT partial optimisation stage does not affect the recogni-
tion. This aspect might indicate that the constraint of the narrow gap somehow makes
the translocation configurations of a given pair of AAs close enough to each other to ensure
reproducibility and recognition. However, this must be checked by analysing different
translocation configurations other then the one with the minimal strain considered here.
The eventual experimental recognition should benefit from the constraint that the narrow
nanogap employed exerts on the residues in the gap, although this would make more
challenging both the device manufacturing and the translocation process.

I now analyse the dependence of the Pro-Ser tunnelling signal versus the bias. I have
calculated the signal for bias values in the range (0.1 V ≤ Vbias ≤ 1.0 V) with increasing
steps of Vbias = 0.1 V), for configurations relaxed with a force threshold fthr = 0.2 eV/Å
and gap-size dgap = 5 Å. The signals are reported in Figure 4.
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Figure 3. Grouped bond currents for two relevant configurations, namely Cα HSer − 1 and Cα HPro,
relaxed with a force threshold of fthr = 0.2 eV/Å and fthr = 0.2 eV/Å (a). I report the corresponding
atomistic configurations for fthr = 0.2 eV/Å (b,d) and for fthr = 1.0 eV/Å (c,e).

Figure 4. Tunnelling current of Pro-Ser for gap size dgap = 5 Å, force threshold tolerance
ftol = 0.2 eV/Å, and with variable bias in the range (0.1 V ≤ Vbias ≤ 1.0 V). In the inset is shown a
magnified view of the Pro signal for bias values (0.1 V ≤ Vbias ≤ 0.5 V) to better evidence its rise with
the bias.

It is shown that the signal has different behaviours with the bias: the Pro signal, caused
by the tunnelling current across the hydrophobic part of the Pro platelet at the Cα HPro

configuration, is very low for low bias, rises with the bias, with a maximum at Vbias = 0.8 V,
and then reduces a little at Vbias = 1.0 V. For low bias values, the Pro signal (i.e., the
tunnelling signal flowing across the Pro platelet) is somehow anticipated at NPro, and has
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the order of magnitude of tens of ps. The peak at COSer has a maximum at Vbias = 0.6 V,
and is then reduced down to less than half of the maximum at Vbias = 0.6 V. A small peak
at CBSNSer − 1 obtains its maximum at Vbias = 0.4 V. To better evidence this behaviour, I
show the maxima of the two peaks versus the bias in Figure 5.

Once again, to understand this behaviour I apply the bond current analysis for the
three peaks reported in Figure 5 at different bias values, namely the bias at the maxima
shown Figure 5 and at Vbias = 1.0 V, as reported in Figure 6.

Figure 5. Behaviour of the tunnelling current main peaks versus the bias in the range
(0.1 V ≤ Vbias ≤ 1.0 V) for the Pro-Ser model peptide with gap size dgap = 5Å, force threshold
tolerance ftol = 0.2 eV/Å.

Figure 6. Grouped bond currents of the Pro-Ser current main peaks. Current is injected from the
positive left electrode (a) and collected into the right negative electrode (b). The grouped bond
currents are calculated for the reference bias of Vbias = 1 V and for the bias values corresponding to
the maximum of the three main peaks, as shown in Figure 5. The gap size is dgap = 5 Å, and the
force threshold tolerance ftol = 0.2 eV/Å.
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For CBSNSer − 1, an unexpected contribution from the Pro residue at Vbias = 0.4 V
is noticed, which is the lower neighbour of Ser. A deeper analysis of the contributions
of the main groups, namely the Ser and the lower neighbour Pro side-chains, versus the
bias is shown in Figure 7. It is shown that for low bias the, “Ser” signal is supplied by the
tunnelling across the lower Pro side-chain, while the real sensing of the pro Side chain
is obtained for bias values in the range (0.6 V≤ Vbias ≤ 1.0 V); hence, it can be observed
a sort of “tuning” effect of the bias showing that the device can sense different pieces of
the neighbouring atomic structure, depending on the bias. As shown in the inset, in the
CBSNSer − 1 configurations, the hydrophobic parts of the Ser and Pro side chains are close
to the sensing plane, and in opposite directions, so that, in the present case, the bias can
switch the sensing to the left or to the right side of the gap, indicating that the behaviour
of the sensing device is more complex than expected as the transmission channel might
change with the bias. This is not the case for the Cα HPro and COSer peaks that show a well
define maximum in the bias range. for CBSNSer − 1; instead, the presence of a relative
minimum at Vbias ≈ 0.7 V is a strong indication of a transmission channel change at this
bias value.

Figure 7. SCSer and SCPro contributions to the CBSNSer − 1 peak versus the bias. In the inset is
shown the CBSNSer − 1 configuration, where the arrows indicate the side chains through which the
tunnelling current flows.

This aspect is better understood projecting the transmission function on the device
eigenstates and by calculating the eigenchannels, i.e., the unitary combination of incoming
states |Φl⟩ = ∑l′ Ul,l′ |Ψl′⟩ that makes the transmission matrix diagonal at a given energy
Te = diag(T1, T2 . . . ) [58]. The transmissions have been projected on the right and left
hybrid nano-ribbons in the device region, having in mind that the incoming electrons
proceed from the right to the left. The projected transmissions and eigenstates calculated at
the energy where the transmission is maximum are shown in Figures 8 and 9 for a bias of
Vbias = 1 V and Vbias = 0.4 V, respectively.
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Figure 8. Projections of the transmission amplitude between molecular orbitals of the right (incoming
electrons) and the left hybrid nano-ribbons in the device region for CBSNSer − 1 at Vbias = 1 V and
the CBSNSer − 1. In the inset are shown the left and right eigenchannels at E = 0.09 eV, where the
transmission has a maximum.

Figure 9. Projections of the transmission amplitude between molecular orbitals of the right (incoming
electrons) and the left hybrid nano-ribbons in the device region for CBSNSer − 1 at Vbias = 0.4 V.
In the insets are shown the left and right eigenchannels at E = 0.106 eV, where the transmission has
a maximum.

For Vbias = 1 V the major contributions to the transmission come from the reported
projections, especially LUMOR → HOMOL, and the resulting eigenchannel is almost
uniform at both sides, with a slightly larger density at the Ser side of the CBSNSer − 1
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configuration, thus indicating that the Ser side chain is sensed. For Vbias = 0.4 V, the scenario
appears to be more complicated, with more projections contributing to the transmission
especially the ones involving LUMO and LUMO + 1 at both the sides of the nanogap. In this
case, however, the resulting eigenchannel is markedly not uniform at the left side, with a
larger density at the “Pro” side, i.e., close to the lower proline residue of the CBSNSer − 1
configuration, thus indicating that the lower Pro side chain is sensed.

Finally, I consider the tunnelling current of the Pro-Ser model peptide calculated with
different gap sizes in the range (5 Å ≤ dgap ≤ 7 Å). The employed bias and force threshold
are, respectively Vbias = 1 V and fthr = 0.2 eV/Å. Because the tunnelling currents differ by
orders of magnitude for the different gap sizes, I plot them in a logarithmic scale, as shown
in Figure 10.

Figure 10. Pro-Ser tunnelling current for different gap sizes. The tunnelling current is in f A, and
the current is reported in logarithmic scale. The adopted force threshold and bias are, respectively,
fthr = 0.2 eV/Å and Vbias = 1 V.

First of all, it can be noticed that the tunnelling current drops from the nA order of
magnitude with dgap = 5 Å down to the pA order of magnitude with dgap = 7 Å. Hence,
even with the largest gap size examined the tunnelling signal is still within the measurable
range of the current pico-ammeters. The three main peaks that characterise the Pro-Ser
signal are still visible for all of the explored gap sizes (and are indicated by the arrows in
Figure 10), but the signal attributed to the Ser residue survives at the NHSer configuration,
instead of the already examined CBSNSer − 1 one that is, however, very close. The grouped
bond current analysis shows that the tunnelling still flows across the Pro and Ser side
chains for the configurations corresponding to the main peaks of the Pro and Ser residues,
even for the largest gap size employed dgap = 7 Å (see Figure 11), with the current peaks
of the order of pA. If one compares the grouped bond currents reported here with the ones
obtained for dgap = 5 Å it can be seen that the reduction in the tunnelling is less than three
orders of magnitude, from approximately 0.6 nA to 1 pA for the CαHPro, as reported in
Figure 3a (see the contribution from SCPro).
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A similar conclusion was obtained using the narrow idealised template electrodes of
a simple 2GNR (two rows GNRs) in their metallic metastable phase, employed to sense
the peptide backbone and the peptide bonds related signals. This time, however, it can be
found a similar scaling law with “real” metallic electrodes that are wide enough to sense
the residues and allow for the amino acid recognition.

Figure 11. Grouped bond current analysis injected from the right positive lead into the peptide for
the Cα HPro and NHSer configurations with a gap size of dgap = 7 Å and Vbias = 1 V, ftol = 0.2 eV/Å.

The three aspects covered in this section, i.e., the signal change with the threshold of
the DFT relaxation stage (that is peculiar of the adopted multi-scale simulation protocol),
the bias and, finally, the gap size, although being evaluated for a single special case, namely
Pro-Ser, have evidenced that the adopted recognition protocol is robust. The same kind
of paradigm, with narrower electrodes, has been applied for sensing a triggering signal
from the backbone of model peptides, and has been revealed as rather general. In the
present case, where recognition, not triggering, is addressed, reliability, repeatability and
robustness are crucial aspects. The adopted protocol might easily be extended to generic
sequences of amino acids, provided the main tunnelling signal features of the AAs are
properly categorised.

4. Conclusions
I conclude by emphasising the main findings reported and discussed in the present

study. I have examined the variation in the tunnelling current, which can be collected
during the translocation of the Pro-Ser model peptide, with the bias, the gap size and the
atomic positions of the partially relaxed reference configurations for a sensing nano-gap
device made of asymmetric cove edged GNR metallic electrodes. The gap size and the
bias are two critical operating parameters of an eventual real sensing experiment using
the proposed nano-device. The last aspect, on the contrary, addresses a computational
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issue related to the employed computational protocol that uses classical SMD to select
the translocation configurations and DFT-NEGF to calculate the tunnelling current. The
reported results for this last issue are, fortunately, comforting, because it is seen that the
variation in the tunnelling signal with the relaxation force threshold is somehow limited,
and all of the main features of the signal are retained for all of the relaxation thresholds
explored. This make us confident that the thermal fluctuations of the signal might possibly
not affect the recognition. A more complex behaviour of the tunnelling current with the bias
is found. Even for the lowest bias Vbias = 0.1 V, I obtain a measurable signal of the order of
tens of ps, which is still characterised by clear features related to the Pro and Ser side chains.
The overall behaviour of the signal versus the bias shows that the main peaks are generally
maximised at bias values lower than the maximum. The analysis of the grouped bond
currents indicate that in case the peak has only one, well-defined, maximum versus the bias,
then the transmission channel is preserved for all of the bias values. On the contrary there
might be cases where the current shows also a relative minimum at a given bias. In that
case, I have found that the transmission channel might change with the bias. Therefore,
a better characterisation of the device behaviour versus the bias is required. Finally, I
have analysed the signal for increasing gap sizes, showing that it is reduced by a little
more than one order of magnitude per Å, but still remains within the measurable range of
state-of-the-art pico-ammeters. The present results unveil some (still uncovered) aspects of
non-selective amino acid recognition at the atomic scale by a transversal tunnelling current,
thus making a step forward, toward the experimental realisation of the proposed device.
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