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Solid-state nanopores and nanogaps are emerging as
promising tools for single molecule analysis. 2D materi-
als, such as graphene, can potentially reach the spatial
resolution needed for nucleic acid and protein sequencing.
In the context of the density functional theory atomistic
modeling and non equilibrium Green function calculation,
we show that glicyne based polypeptide chains translocat-
ing across a nano-gap between two semi-infinite graphene
nano-ribbons, leaves a specific transverse current signa-
ture for each peptide bond. Projected density of states and
bond current analyses reveal a complex scenario with a
role played by the adjacent o-carbons and side chains and
by the the orbitals of the partially resonant double bond
involving C, N and O atoms of the peptide bond. In this
context, specific fingerprints of the atoms involved in the
peptide bonds are found. The same scenario is evidenced
also for peptides involving also alanine residues. The sig-
nal measured can be considered as a specific fingerprint of
peptide bonds between small and neutral aminoacids with
no polar/charge effects. On this basis, a newly conceived
nano-device made of a graphene based array of nano-gap
is proposed as a possible route to approach peptide se-
quencing with atomic resolution.

1 Introduction

Single-molecule techniques for biomolecule characterization
are of critical importance for both fundamental biology
and biomedical application. Nanoscale pores and gaps on
biological and solid-state substrates are emerging as enabling
technologies to achieve reliable and fast protocols for various
biochemical analyses such as DNA sequencing 2, protein
sequencing>~, protein and peptide folding®'° and detection
of post-translational modification!"'>. In this framework,
graphene is currently considered for single molecule sensing
of protein and nucleic acids for both resistive pulse*!3-13 and
transverse current ' protocols and a number of different
device configurations have been presented in literature. In
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a typical set-up, a transverse voltage is applied between two
electrodes laying on the membrane plane where a single pore
(or gap) is present?’. When a portion of a molecule occupies
the space between the gap, the transverse current between the
electrode is altered. The intensity of the transverse current
depends on the electronic structure of the molecule portion
in the gap, allowing, in principle, to characterize the translo-
cating molecules. Experimental studies have shown that
approaches based on transverse current modulation are able to
distinguish among the different DNA-bases ?!?? (proofing the
sequencing protocol originally presented in??), and to detect
amino acids (AAs) and post-translational modifications 1
However still much work is needed to solve practical prob-
lems and improve the signal-to-noise ratio?*. Concerning
modeling, first principles atomistic simulations based on the
density functional theory??® (DFT) are nowadays state of
the art techniques to obtain reliable predictions concerning
the interactions between surfaces or nano-structures with
AAs?"2 which is the premise for possible future paths to get
a full recognition of such important biological molecules as
proteins.

In this paper we show, using state of the art atomistic mod-
eling and theoretical calculations, that it is possible, in prin-
ciple, to detect single peptide bonds (PBs) of a polypeptide
chain translocating across a suitable array of Graphene Nano-
Ribbon (GNR) nano-gaps by measuring the transverse elec-
tronic current flowing across the nano-gap. The presented
results pave the way for developing newly conceived nano-
devices for AAs characterization and protein sequencing by
means of GNR based nano-devices. A sketch of the proposed
nano-device is schematically shown in Fig. 1: the device is
constituted by an array of GNRs deposited onto a suitable
solid substrate where a sub-nanometer nearly rectangular pore
is fabricated exploiting the present capability of nanotechnol-
ogy manufacturing techniques®. In particular, in the recent
experimental literature there are examples demonstrating that
the exceptional degree of control at the atomistic scale re-
quired by the proposed device is not far. Indeed the present
nanotechnology allow the realization of graphene nano-gaps
down to the sub-nanometer size!""?»?%731 and the synthesis,
by bottom-up strategies, of narrow GNRs3233 of similar size
as the one here supposed (but slightly wider GNRs could be
employed as well). However the needed full atomistic control




at the sub-nanometer length scale required to build such a de-
vice is still challenging presently. Moreover, sub-nanometer
gaps might be problematic for GNR electrodes that requires
a further control of the bias3'. For such a device, the rect-
angular shape of the pore imposes preferential AAs configu-
rations during translocation with the PBs chain at the center
and the AAs side chains along the long side of the rectangular
pore. Hence this implies that o-carbons and the PBs occupy
the central nano-gap while the AAs side chains the adjacent
ones so that, in principle, various transverse tunneling current
signals could be collected for large residues while PBs and
small residues signals could be measured at the central nano-
gap. With the present geometry and the usage of GNRs, then,
the most limiting factors of nano-pores in detecting AAs, fac-
tors mainly related to the range of their size, are overcame.
Indeed, differently from the DNA bases, the AAs side chain
size dy. spans a large range of values, from ds. ~ 1.1 A for
glycine (Gly) to dy. ~ 8.3 A for arginine, which makes nano-
pores unsuitable for AAs detection. Another important aspect
of the present device is that the signal dark current is zero
(see below the transmission function) thus increasing the sig-
nal to noise ratio with respect to a possible AAs detection by
graphene nanopores via transverse electronic current.

In the present study, as a fundamental step in the assessment
of the proposed device, we have focused on the PB recognition
in a Gly homo-peptide by a single GNR. The current signals
coming from the PBs between Glycines are affected by a very
small AA side chain (Gly side chain is just an hydrogen atom)
and are unaffected by nearby charge sources (as in the case of
charged or polar AAs). Hence, the signal here studied can be
considered as the most favorable case to evidence specific PB
fingerprints. The results on the Gly homo-peptide are tested
on Ala homo-peptide and Ala-Gly peptides with alternating
Ala and Gly residues.

2 Theoretical methods

The atomistic model we adopted is basically made of
two semi-infinite graphene nano-ribbons with zig-zag edges
(ZGNR) and the peptide that translocates across the nano-gap
(see Fig.1(b)). As already mentioned, most of the present
study is focussed on a homo-peptide with three Glycines. The
chosen ZGNR is characterized by a gap in the transmission
function around the Fermi energy with zero dark-current3*.
The idea is to exploit the ZGNR conductance properties to
detect current signals from the peptide bonds and the amino
acids side chains that might be processed until recognition of
the amino acids or, at least, of the AA type such as, f.i. polar,
neutral, charged and so on.

Following the scheme of Fig. 1, in our calculations each
lead has been modeled as a semi-infinite symmetric graphene
nanoribbon with zig-zag edges (ZGNR), 5.0 A wide and ly-

ing in the z direction. The nano-gap has a hydrogenated arm-
chair pattern at the border and the distance between the two
semi-infinite ZGNRs is 5.0 A (distance between H atoms).The
amino acids configurations crossing the gap have been identi-
fied using a NVT classical steered molecular dynamics (SMD)
simulations at 7 = 300 K in water ambient. Then, confor-
mation along the translocation pathway have been selected,
water molecules have been removed and the ionic degrees of
freedom of the system have been relaxed at T = 0 K, in the
context of the density functional theory (DFT) in order to ap-
proach a local energy minimum.

The total energy DFT calculations scheme includes a gen-
eralized gradient approximation based on the Perdew-Burke-
Ernzerhof formula’®(PBE) for the electron exchange and
correlation potential Vy.[n(r)] and norm-conserving pseu-
dopotentials built with the Troullier-Martins scheme?’ in
the framework of a plane-wave basis set expansion. DFT
calculations have been performed using the QUANTUM
ESPRESSO package®, with a plane-wave energy cutoff of
70 Ry for the wave functions and an artificial smearing of
0.005 Ry, while structural optimization has been achieved
in a cubic box of 14.7x14.7x36.16 A3 using the Broyden-
Fletcher-Goldfarb-Shanno (BFGS) method® together with
the Hellmann-Feynman forces acting on the ions; an empir-
ical dispersion force field*? has been included to handle the
long range interactions. The chosen box size is large enough
to prevent any spurious interaction arising from the periodic
boundary conditions (PBC), thus calculations have been per-
formed using the I" point for the Brillouin zone sampling, and
the ionic minimization has been carried on until the conver-
gence threshold of 0.001 a.u. for the total force was achieved.

Quantum transport calculations have been performed using
the non-equilibrium Green’s function (NEGF) method as im-
plemented in the TRANSIESTA code*!*?. Again TM norm-
conserving pseudopotentials have been employed, together
with a DZP localized basis set. A 1x1x50 Monkhorst-Pack*?
k-grid was used for electrodes. The electronic temperature
was set to 0 K. The transport properties of the ZGNR junction
have been evaluated by means of the Hamiltonian decomposi-
tion:

H. +YX W 0
H= Vi oHs W (1)
0 Vli Hg + X

where, HL(R) and Hg are, respectively, the decoupled Hamil-
tonians of left (right) electrode and the scattering region, Vi (r)
represents the interaction of left (right) electrode with the scat-
tering region and X (g) is the self-energy and describes the
coupling of the left (right) lead with the scattering region.

For an external bias voltage V applied along the z direction,
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Fig. 1 The proposed device is constituted by an array of GNR nano-gaps deposited onto a substrate with a nanopore (a). Tunneling current
signals could be collected between the electrodes depending on the size and chemistry of the AAs. The central nano-gap should be devoted to
collect the PB related signals. The atomistic model adopted in the present work to calculate the current using the NEGF linear approach is
reported in (b) while a zoom of the scattering region is in panel (c). Only the central GNR (without any additional substrate) is simulated. C,
O, N atoms are respectively in cyan, red and blue. The gray, red and blue haloes represent respectively the left and the right electrodes and the
central scattering region.




the current /(V) is given by Landauer-Biittiker formula**
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where f(€) is the Fermi-Dirac distribution function and yy (r)
is the electrochemical potential of the left(right) electrode.
T(g,V) is the transmission coefficient that is calculated from
the Hamiltonian of Eq. (1), with the external bias voltage V
included in the interaction terms, and is defined as:

T(e)=Tr {G(e)rL(s)GT(e)rR(e) 3)

where G(g) = limy_,+ (e +in — H) ! is the Green’s func-
tion of the system and I'; (g (€) = i[Zy(r) (€) — ZI(R) (e)] is the
left(right) coupling function®.

Although DFT is a ground state theory, not a steady state
one, the above scheme, known as DFT-NEGF, is nowadays the
most popular approach for steady-state transport in nanostruc-
ture and has been successfully applied in many cases. How-
ever, other schemes, that are formally correct, have been de-
veloped in the last years to encounter for discrepancies with
the experimental results***3. In any case, DFT-NEGF always
provide a correct qualitative insight on the transport behavior,
and often give current values close to the ones obtained with
formally correct methods*®#°. DFT and quantum transport
calculations have been carried out in dry ambient, since the
conductance of ZGNR nanopore does not vary significantly
when the dynamical environment of water is removed from the
system>? (see Supplementary Sec. S1) due to the hydrophobic
character of graphene based structures. Moreover, because of
the narrow size of the ZGNR nano-gap, water molecules can-
not be allocated between the leads together with the PBs but
are expected to cross the nano-device near the lateral ZGNR
nano-gaps (see Fig. 1) where the AAs side chain move across
the device.

3 Results

3.1 Gly homo-peptide

The current signals have been measured on a piece of peptide
with two bonds between three Glycines for an applied voltage
AV = 1V between the leads. The present bias has been em-
ployed both in the theoretical and in the experimental literature
concerning tunneling currents or molecular junctions>'=>3 but,
of course, it should be tested for breakdown in real systems,
especially for GNR electrodes?!. In any case we have not ob-
served any density or wave-functions anomalous behavior up
to a bias of 2 V. Because Gly side chain is a single hydro-
gen atom, the AAs side chain effects on the PB current signal
should be, in principle, minimized; this circumstance, together
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Fig. 2 Electron current measured in the ZGNR based nano-gap
device while a Gly peptide with three AAs translocates across the
nano-gap.

with the neutral and the non-polar nature of Gly, makes the
present one a reference case of the PBs signal. In Fig.2, the
current signal across the GNR nano-gap is reported as a func-
tion of the position of the peptide inside the nano-gap. Each
peptide bond appears with two, well defined, current peaks.
The calculated signals have been obtained in quasi-static con-
ditions, i.e. with an idealized quasi-stationary translocation
dynamics where the atoms are allowed to relax at T =0 K at
each translocation stage, see methods. The electronic current
order of magnitude is comparable with typical tunneling cur-
rent signals measured in nano-gap devices 18243455 but with
the advantage of an atomic resolution.

The two peaks correspond approximately to the two posi-
tions of, respectively, the N and the O atoms of the peptide
bond in the nano-gap and they are separated by a shallow cur-
rent drop associated with the presence of the C-N bond in the
nano-gap. In the following these configurations will be in-
dicated as (CO);, (NH); and (CN);, where the subscript indi-
cates the peptide bond, PB; or PB;. The signal in between two
peptide bonds, i.e. with the Gly side chain in the nano-gap, is
much smaller.

For comparison, we have calculated the current for the op-
timized configurations of one water molecule located in the
gap. The resulting current is one order of magnitude smaller
than maximum current signal obtained for the peptide and well
below the absolute minimum at the SC configuration (Supple-
mentary Sec. S1) so that the PB signals are separable from
noise due to the water molecules that might eventually cross
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Fig. 3 Transmission coefficients at different positions during the translocation of the peptide with three Gly (a); the continuous and dashed
curves refer to the first and the second PB respectively. The inset (b) shows the transmission functions of the ZGNR and of the void nano-gap.
In (c) are reported the transmission function calculated with the nitrogen atom of the PB in the gap and the PDOS of the left and right leads

and of the central scattering region.

the gap.

3.1.1 Transmission coefficients

To explain the observed currents, we have analyzed the trans-
mission coefficient functions 7T (€) corresponding to (CO),
(NH) and (CN) configurations. The data are reported in Fig.
3(a) where the continuous (dashed) curves refer to the PB)
(PB>).

The transmission coefficient curves show that the contribu-
tion to the current comes from the states in the energy range
[0.2 eV <& < 0.5 eV]; moreover, according to the current val-
ues of Fig. 2, for each PB the largest T(¢) values are ob-
tained for (CO); configurations (the CO group is the ZGNR
gap), the second largest occur for (NVH); configurations and
the smallest ones are obtained with the CN mid-bond in the
middle point of the ZGNR gap. For comparison, we reported
in Fig. 3(b) the transmission functions of the empty nano-gap
showing that no transmission occurs in this case. Moreover,
the projected density of states (PDOS), Fig. 3(c), evidences
that the rising of T'(€) occurs in correspondence with the ris-
ing of the PDOS belonging to the scattering central region and
to the left hand side ZGNR HOMO r-like states, provided that
the PDOS of the right hand side ZGNR LUMO z*-like states
are not zero. The channel decomposition of the transmission
coefficient %37 calculated at V = 1 V indicates the existence
of just one channel contributing to the whole transmission co-
efficient, independently on the configuration considered with
either the CO bond or the NH bond at the center of the GNR

gap.

3.1.2 Projected density of states

To evidence the main contributions to the transmission func-
tions at the current peaks, the atomic PDOS decomposition
in the localized basis set of the central scattering region have
been grouped following the scheme of Fig.1(c); the main fea-
tures are reported in Fig. 4 for the two PBs. For the (NH);
configurations, the largest density comes from the the Gly
a-carbon and side chain that are the closest ones at the C-
terminal side (SC; and SC for PB; and PB;). We will indicate
these groups as “lower” since they are just below (NH); in the
snapshot in figure 1. Minor contributions to the PDOS of the
scattering region come from the PB; itself (with similar NH;
and CO; PDOS values) and the closest side chain group at the
N-terminal side (indicated as “upper” side chain in the follow-
ing), namely SC and SC, for PB; and PB, (see Fig. 1(c)). At
the second peak occurring with CO; in the nano-gap, the major
contribution comes from the “upper” side chain (i.e. the clos-
est one). Concerning the PB-related PDOS, the major con-
tribution comes from the NH; group, while the one from the
CO;j group is always lower in the entire energy range. A more
detailed analysis of the DOS projected on the PBs atomic or-
bitals evidences the leading role played by the p, orbitals of N
and C (see Supplementary Informations Sec. S2).

3.1.3 Bond currents

A deeper insight on the local transport phenomena occurring
at the atomistic level can be achieved looking at the local cur-
rents flowing across the atomic sites>®°". Given a suitable
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Fig. 4 Atomic PDOS decomposition corresponding to the four current maxima measured in the three Gly peptide. The cases with the NH and
CO groups in the middle of the nano-gap for each of the two PBs are aligned in columns (with the same legend). The atomic PDOS have been
grouped together for atoms belonging to the the same unit. The grouping units are evidenced in Fig. 1(c).

complete localized basis set {|¢H7Y>} in a subspace of the full
device region where |9, y) is an atomic orbital of type v, cen-
tered at the atomic site n, the local current flowing between

atoms n and n’ is°:
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and the projection operator on the 7 site Py = Yy [dny) (Pn yl-

The main atomic currents at the left lead (electrons injec-
tion), calculated in the energy range [—0.5 eV <& < 0.5 eV]
with the INELASTICA package®!, are reported in Table 1;
the resulting scenario is sketched in Fig. 5 where the most
relevant local atomic currents are represented by arrows for
(NH); (a) and (CO); (b) configurations.

(NH); configurations. Consistently with the corresponding
PDQS, the bond current analysis confirms that the main con-
tributions for configurations (NH); come from the “lower”
side chain groups, i.e. the closest ones at the C-terminal side,

Table 1 Main local atomic current contributions to the whole current
at the left lead (electron injection from the left lead). As mentioned
in the text, the subscript i = 1,2 indicate the first or the second PB.
In parentheses the groups and the corresponding local currents
calculated for PB;.

electron injection into the left lead

configuration  atomic group bond current (nA)

' SC; (SC) 0.67 (0.857)

(NH); (NH); 0.045 (0.152)

) SC (SCy) 0.63 (0.773)

(CO); (NH); 0.44 (0.529)
(NH); 0.114
SC Ne -0.044
(NH), 0.146

namely SC; and SC for PB; and PB; respectively. Indeed,
since these groups are off the ZGNR plane but close to it,
the overlap of the corresponding atomic orbitals with the left
lead 7 orbital is favored. Much minor contributions come
from the upper residues and from the PBs themselves, the last
ones, however, behaving in a rather complex way. Indeed a
detailed analysis reveals that the CO group acts as reflectors
while the NH groups may participate to the current transfer
at a very small extent through the Np, orbital (Supplementary




Informations Sec S3).

(CO); configurations. The same analysis of the second
current peaks evidences that electrons are injected from the
left lead mainly through both the “upper” a-carbon and side
chain, i.e. the closest to the CO group at the N-terminal side,
and, remarkably, through the NH group of the PB at almost
the same extent as the “upper” residue. Then, what makes the
difference between the two peaks in a given PB signal is the
contribution from the NH group that is rather small in the case
of the first peak (NH group in the gap) while is almost of the
same magnitude as the side chain contribution in the case of
the second peak. This is mainly due to the off-plane position
of the NH group in this second case that favors the overlap and
the hybridization between the N, orbital and the 7 orbital of
the left lead. A complete and detailed analysis of the atomic
currents at both the leads reveals, moreover, the occurrence of
charge transfer phenomena inside the peptide, the reflection of
electrons at the CO sites and minor, but still meaningful, con-
tributions to the current from the second nearest residues (see
Supplementary Informations Sec. S3).

As a matter of fact, the atomic current analysis reveals that
the main reason why the second peak of the PB fingerprint is
larger than the first one resides in the larger contribution from
the NH group of the PB itself. This behavior is related to the
nature of the PB resonating double bond with partial occupa-
tion of the N, orbital that, as a consequence, can participate
to the electron transfer, provided it is off the ZGNR plane.

Finally, as a last comment to this part of the discussion, we
emphasize that the difference between the second and the first
current peaks in each PB is a clear fingerprint of the PB itself
because it is due to the electrons flowing only across the NH
group of the PB.

SC configuration. Let’s now consider the configuration
with the central Gly side-chain in the gap (SC configuration-
see Fig. 1) where the current signal drops. The correspond-
ing PDOS and schematic drawing of the current fluxes are re-
ported in Fig. 6. Here we see that PB; has the largest PDOS
followed by PB; while the side chain contribution is small in
the whole energy range. The main atomic current fluxes at
the left lead are reported in Table 1. Electrons are injected
from the left lead mainly through the closest (NH), group,
that, however, does not show the largest PDOS (see Fig.6(a)),
and (NH); of PB; at nearly the same extent. Contrarily to the
configurations of two current peaks, the central side chain SC
behaves as a reflecting group. A more detailed analysis shows
that a meaningful charge redistribution between the two PBs
occurs after injection and also that CO groups may partici-
pate to the current flow at a minor, but still meaningful, extent
(see Supplemetary Informations). Therefore, because the Gly
residue does not participate to the current transfer, the mea-
sured signal is a fingerprint of the two PB involved only, with a
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Fig. 5 Schematic drawing of the atomic current flows with the NH
(a) and the CO (b) groups in the middle of the nano-gap. C, O, N
atoms are respectively in cyan, red and blu and atomic currents are
yellow arrows. Transmission occurs via the “upper” and the “lower”
side chains and, in the case of the CO group in the gap (b) also via
the nitrogen atom of the PB.
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Fig. 6 PDOS (a) and schematic drawing of the atomic current flows
(b) with the Gly residue in the middle of the nano-gap. C, O, N
atoms are respectively in cyan, red and blu nd atomic currents are
yellow arrows. Transmission occurs via the nitrogen atom of the PB
while the atomic current are reflected from the central Gly residue.




prominent role of the “upper” (NH ), group. Interestingly, we
observe that the total current measured for this configuration
is nearly the same as the bond current contributions through
the NH group at the second PB peaks ((CO); configurations).

We can thus conclude the discussion on the Gly homo-
peptide emphasizing that for the (CO); configurations the
electron injection through the PB NH group is maximized,
reflecting a large overlap between the partially occupied Np,
orbital and m, it is minimized for (NH); configurations with
the NH group in the gap, while, in the SC configuration, it
separates in two branches across the upper and the lower NH
groups, with nearly the same total amount as the one measured
in the (CO); case, thus reflecting a partial overlap between the
N,, and 7 orbitals.

3.2 The Ala-Gly and Ala-Ala peptides.

In order to test the findings of the Gly homo-peptide case, we
have examined two more cases including Ala residues. The
first one is a tetra-peptide with alternating Gly and Ala AAs.
The tunneling current signal obtained in this case is reported
in Fig. 7
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Fig. 7 Transverse tunneling current signal from the Gly-Ala
peptide. Gly-Ala and the Ala-Gly PBs are considered with the Ala
side chain in between.

We see that the main features found in the Gly homo-
peptide are present also in this case. In particular, the PB
current signals are, again, double peaked and the Gly-Ala-Gly
transverse current evidences, as expected, a periodic behavior
with a doubled period with respect to the Gly-Gly case: in-
deed the difference between the second and the first current
maxima, that was nearly the same for PB; and PB; in the Gly
case, now varies between the two adjacent PBs. The signal

measured is of the same order of magnitude as in the Gly-
Gly case that makes it, again, fully recognizable and separable
from the noise due to water molecules. An important feature
is that the minimum current values measured, / =~ 0.4 nA, are
nearly equal to the ones measured in the Gly case and corre-
spond to the Gly and the Ala side chains in the middle of the
gap. Hence, also in the Gly-Ala case the minimum current
signal occurs with the suppression of the transport through the
side chain and with the contributions of the upper and lower
PBs, with a main role played by the (NH) groups. Looking
at the first PB, we see that the current measured for (CO); is
larger than the one for (NH); but their difference is smaller
than the minimum current value measured (see the Gly case).
This circumstance reflects the difference between the upper
(Ala) and the lower (Gly) side chains. It should be outlined,
also, that the narrow size of the GNRs here employed is prob-
ably unfit to capture the entire contribution from the Ala side
chain if the peptide backbone is right in the GNR gap center.
This enforces our idea of separating the signals from the side
chain and the central peptide backbone. The same comments
apply also for the second PB (Ala-Gly) where the two peaks
are nearly identical. A further mapping of the PB signal in
the Ala case with wider GNRs would clarify this secondary
aspect.

A further confirmation of the main features observed in the
Gly-Gly and the Gly-Ala cases comes from the Ala-Ala pep-
tide. In this case, however, a reliable mapping of the entire
signal could be attained only with wider GNRs electrodes. In-
deed the peptide transversal overall dimension is, in this case,
larger than 6 A, the adjacent side chains always lying on op-
posite directions with respect to the backbone axis. Therefore,
if one side chain is within the gap, the other remains out of
it making the atomistic model here adopted, with 5 A wide
GNR electrodes, suitable for a reliable mapping of just half
of the signal, namely the ones related to the (NH) group and
the side chain SC closest to it. The calculated transmission
functions of these two configurations are reported in Fig. 8
and the corresponding current values are /() =~ 1.44 nA and
I(sc) = 0.42 nA. We observe that, although 7'(¢) is not negli-
gible in the entire energy range, it increases from € > 0.2 eV
similarly to the Gly case. The current signal corresponding
the SC configuration is nearly equal to the minimum current
values measured in the previous two cases: then, also for the
Ala peptide, the side chain contribution to the current is sup-
pressed and the transport occurs mainly via the (NH) groups
of the adjacent PBs. The peak signal is still of the order the
nA, in this case a bit larger than the one measured in the previ-
ous cases, but, as already outlined, a full a complete mapping
in this case requires the usage of wider GNRs.
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Fig. 8 Transmission functions calculated for the (NH) and the SC
configurations in a Ala-Ala homo peptide. Full characterization of
the PBs and side chains signals requires wider GNR electrodes.

4 Conclusions

GNR based nano-device, made of an array of nano-gaps, have
been considered and studied in the context of DFT for sin-
gle PB detection in a Gly based poly-peptide. The peptide
translocation across the nano-gap array allows, in principle,
the detection of various signals with atomic resolution. Using
NEGF method and the Landauer-Biittiker formula we show
that PBs from Gly poly-peptides leave a clear tunneling cur-
rent fingerprint made of two, well defined current peaks of the
order of magnitude of nA. We have shown that this signal, a
sort of a reference PB signal (because the AAs side chain are
just hydrogen atoms without any charge or dipolar source),
arises from one channeled transmission functions due to the
superposition of the left lead pseudo-t HOMO, the right lead
pseudo-n* LUMO and the o-carbon, side chains and PB re-
lated orbitals, the last ones being the p, orbitals directly in-
volved in the resonant double bond of the PB. The extent of
these different contributions depends on the relative positions
of PBs and residues with respect to the GNR plane. The two
peaks of the current signal, occurring with the NH and CO
groups of the PB in the middle of the GNR nano-gap, are
mainly due to the overlap of the closest off-plane residues and
the m and " GNR states. Interestingly, the difference between
the higher second peak (CO); and the lower first peak (NH);
is due the atomic current flowing across the NH group that
contributes to the total current through the off-plane overlap
between N;,, and the HOMO and LUMO GNR states. The
PB contribution to the current is the only one that survives
when the Gly residue is in the middle of the nano-gap giving
the same current level as the N, contribution at the second
maximum. A prominent role is played by the N, orbital but
a complex scenario, involving also charge transfer across the

atoms of the PB, emerges when looking at all the orbitals in-
volved. In particular, wave-function reflection occurs at the
CO atomic group whose extent depends on the specific con-
figuration. The described general behavior is confirmed when
the second smallest residue is considered in a peptide with al-
ternating Gly and Ala residues that still shows a double peak
current signal for each PB measured. A strong indication is
also obtained that the same scenario occurs for the larger Ala-
Ala homo-peptide but in this case a different atomistic setup is
required. The reported results pave the way for further devel-
opment of nano-devices made of graphene nano-gaps for AAs
detection and protein sequencing.

However the generalization of such a procedure to generic
poly-peptides, needs, of course, a huge long term effort be-
cause the scenario may change dramatically depending on the
charge/polar state of the side chains, on the side chain size and
chemistry and on the variety of the possible PBs between the
different AAs.
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