Open Access Article. Published on 17 January 2025. Downloaded on 2/25/2026 2:50:22 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

7® ROYAL SOCIETY
P OF CHEMISTRY

View Article Online

View Journal | View Issue

{ '.) Check for updates ‘

Cite this: Nanoscale, 2025, 17, 2498

Received 15th August 2024,
Accepted 14th January 2025

DOI: 10.1039/d4nr03359k

rsc.li/nanoscale

1. Introduction
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Amino acids are fundamental building blocks of proteins, playing critical roles in medical diagnostics,
environmental monitoring, and biomarker identification. The development of nanoscale electronic
sensors capable of single-amino-acid recognition has gained significant attention due to their potential
for label-free, real-time detection. In this study, we investigate the electronic transport properties of
amino acids in two gold-based nanodevices with distinct architectures: a gold nanojunction and a gold-
capacitor system. Using density functional theory (DFT) in combination with nonequilibrium Green's func-
tion (NEGF) calculations, we explore the sensing mechanism and conductance variations induced by
different amino acids, including select phosphorylated variants. Each device was assigned a reference
amino acid, F (M), for a capacitor (nanojunction) to differentiate its conductance from other molecules.
Our results reveal distinct conductance that enables amino acid classification based on their electronic
signatures, demonstrating that molecular discrimination is primarily governed by conductance variations
as a function of the binding energy differences. The nanojunction exhibited remarkable differentiation for
the amino acids S, pS, Y, and pY, rendering it especially proficient in distinguishing between structurally
analogous molecules. These findings highlight the strong potential of gold-based nanodevices for precise
amino acid detection, paving the way for advancements in biosensing technologies, molecular diagnos-
tics, and biomedical applications.

The field of single-molecule protein sequencing is rapidly
advancing with the development of new nanodevices.>™®

Amino acids, the building blocks of proteins, are crucial in a
variety of fields, such as medical diagnosis, environmental
monitoring, and food safety." Recent research has demon-
strated the potential of amino acid recognition-based elec-
tronic nanodevices for biosensing and bioelectronics
applications.’ ™
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Various different techniques® have been used to explore this
issue, for example: recognition tunneling, biological nano-
pores, single-molecule fluorosequencing, mass spectroscopy,
anti-body detection and solid-state biosensors. Some notable
examples include the study by Reed et al.,® which demon-
strated a dynamic approach using dye-labeled N-terminal
amino acid recognizers, aminopeptidases to discriminate
single amino acid substitutions, and post-translational modifi-
cations with integrated semiconductor chips.

Brinkerhoff et al.” presented a nanopore-based proteomics
tool capable of sequencing and identifying proteins and single
amino acid substitutions, accurately discriminating different
variants with average accuracy of 87% and the ability to
“rewind” the reading. Aksimentiev et al.”® proposed a compu-
tational method called the steric exclusion model (SEM) of
nanopore conductance to predict ionic currents produced by
different sequences. This approach combines the compu-
tational efficiency of a finite element solver with the atomic
precision of a nanopore conductance map, carried out by
molecular dynamics calculations. Ohshiro et al.’ presented a
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novel method utilizing electron tunneling (ET) currents to
detect post-translational modifications in single peptides.
Their study successfully identified 12 distinct amino acids and
phosphotyrosine sites. Additionally, the authors demonstrated
the capability to partially sequence peptides derived from an
epidermal growth factor receptor substrate, distinguishing
between a peptide and its phosphorylated variant. Similarly,
Zhao et al.'® introduced recognition tunneling (RT) as an inno-
vative approach for identifying individual peptides. The RT
method involves confining molecules between two electrodes
coated with recognition molecules and subsequently measur-
ing the ET current across the junction. The research findings
showcase RT’s capacity to discriminate between various
binding motifs, as well as identify D and L enantiomers, a
methylated amino acid, isobaric isomers, and short peptides.
These outcomes suggest the possibility of achieving direct elec-
tronic sequencing of single proteins by sequential measure-
ment of products from processive exopeptidase digestion, or
by employing a molecular motor to guide proteins through a
nanopore-integrated tunnel junction. Both studies underscore
the potential of ET-based methods in the identification and
characterization of individual amino acids and peptides. The
research by Zhao et al.'® further encompasses the ability to
differentiate between diverse binding motifs. These advance-
ments in single-protein analysis techniques provide valuable
insights for biomarker identification and the realization of
real-time diagnostic capabilities.

The identification of individual peptides and amino acids
using ET currents and RT has been presented with notable
progress. In this context, computational modeling is a key
ingredient for a deeper understanding of the sensing mecha-
nism at the single-molecule level. As an example, diamondoid-
functionalized gold electrodes have been employed to sense
and sequence DNA''™"® showing a high-resolution sensitivity.
The investigation of 2D materials with nanopores for identify-
ing single biomolecules was extensively studied using different
materials.’*"” In addition, there are some advances in nano-
materials and bioelectronics enhancing amino acid sensing
through  high-performance sensors and data-driven
approaches.'®

Here, we have employed computational modeling based on
density functional theory (DFT), in combination with quantum
electronic transport calculations, to investigate the electric
sensing mechanism for amino acid identification. For this
purpose, we have explored two different devices based on gold
electrodes: (i) a gold infinite capacitor with a 7.0 A gap; and (ii)
a gold nanojunction constituting a 5.0 A gap. These devices
were inspired by the experimental configuration suggested by
Ohshiro et al.,” in which the amino acids translocate vertically
through the junction. For each nanodevice, 20 individual
amino acids and three post-translational modifications were
evaluated. By considering the electronic transport properties
and the strength of interaction of the molecules with the
device, one can discriminate groups of amino acids with
similar conductance features. For individual molecule electri-
cal discrimination, we considered one reference amino acid to
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calculate the relative sensitivity. Our investigation demon-
strates that the 5.0 A gap nanojunction device is more effective
in terms of amino acid discrimination than the 7.0 A gap infi-
nite capacitor due to the higher signal and sensitivity of the
former.

2. Methodology

Electronic structure calculations were performed using DFT as
implemented in the SIESTA code."”*° Norm-conserving
Troullier-Martin pseudopotentials*’ and the Perdew-Burke-
Ernzerhof generalized gradient approximation (PBE-GGA)**
for exchange-correlation potential was used, with a double-
zeta polarized (DZP) basis set.”® Here, van der Waals correc-
tions are not considered because the molecule-device dis-
tances are significantly less than 3.4 A** making the inter-
action predominantly governed by strong electrode-molecule
coupling rather than long-range dispersion forces.

Real-space and k-point meshes were set to a cutoff energy of
200 Ry and (3 x 1 x 2) k-points in Monkhorst-Pack scheme,?®
respectively. Structural relaxations were carried out with a con-
vergence threshold for all atomic component forces as 0.01 eV
A7, Given the confined space inside the junction and the
resulting constriction in the degrees of freedom, multiple
relaxation attempts with different initial orientations consist-
ently converged to similar local minima, indicating that the
structural configuration is primarily dictated by the strong
interactions within the nanojunction.

For the electronic transport calculations, the non-equili-
brium Green’s functions (NEGF) method combined with DFT
was employed as implemented in the Transiesta code.>®
Schematic representations of the two nano-devices employed
in this study are depicted in Fig. 1a and b. Electronic transport
is simulated to occur along the z-direction. For each system,
four gold layers of atoms are used as electrodes, where they
play the role of the source and drain, respectively. To numeri-
cally solve the large tridiagonal matrix eigenvalue problem, we
consider the Green’s function:

G(E) = [E x Ss — Hs[p] — ZL(E) — Zx(E)] ", (1)

in which the contribution of the left (right) electrode is given
through the self-energy Xy ). The terms Sg and Hg are the
overlap and Hamiltonian matrices of the scattering region,
respectively. The energy-resolved electronic transmission, T'(E),
represents the probability of an incoming electron, from the
left electrode reaching the right one, as follows:

T(E) = Tr|[ [ (E)IE)w(E)G ()] (2)
T
The coupling matrices are defined as I'y = i[> — > |, with

a={L,R. G (QT) is the retarded (advanced) Green’s function.
Zero-bias calculations are performed in which the chemical
potential of both electrodes are at the same level, leading to
equal chemical potentials (u;, = wug), where the electrical
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Fig. 1 (a) Schematic of an infinite capacitor schematic with a 7.0 A spacing in an electronic device; (b) 5.0 A nanojunction; insets provide an
atomic-level view of the structure; (c) chemical structure of amino acids, followed by their 1-letter codes and organized based on their main

characteristics.

current is zero. Thus, our transmission calculations can be
regarded as predicting the conductance of the device in the
limit of small bias voltages. Further details on the theory
and its numerical implementation
elsewhere.””*®

The local current (LC) consists of the transmission projec-
tions between two neighboring sites, N and M, and it is poss-
ible to write:

can be found

1) —ea Tr[(GR(E)LGA(E))

Hym),

(3)

nm

where the term H,,, is the Hamiltonian matrix coupling and
GRI'.G* is the spectral functions. More computational details
can be found elsewhere.*®

3. Results & discussions

To elucidate the mechanism underlying the detection of indi-
vidual amino acids, we propose two distinct gold based
devices, as depicted in Fig. 1a and b. Primarily, an infinite

2500 | Nanoscale, 2025, 17, 2498-2505

capacitor with a tailored 7.0 A gap was computationally
designed, as illustrated in Fig. 1a. Its scattering region pos-
sesses periodicity in the xy directions. Subsequently, we con-
ceived a nanojunction featuring a 5.0 A gap (Fig. 1b), in con-
trast with the infinite capacitor device (non-periodic in xy
plane). According to Fyta et al.,'" the bare capacitor conduc-
tance tends to be negligible for gaps that are at least 5.0 A
wide, thus in both devices, the detection/identification mecha-
nism is given by electron tunneling mediated by the amino
acid residing the nanojuction.

Fig. 1c depicts each of the 20 amino acids (AA) investigated,
namely: alanine (ALA, A), arginine (ARG, R), asparagine (ASN,
N), aspartic acid (ASP, D), cysteine (CYS, C), glutamine (GLN,
Q), glutamic acid (GLU, E), glycine (GLY, G), histidine (HIS, H),
isoleucine (ILE, I), leucine (LEU, L), lysine (LYS, K), methionine
(MET, M), phenylalanine (PHE, F), proline (PRO, P), serine
(SER, S), threonine (THR, T), tryptophan (TRP, W), tyrosine
(TYR, Y), and valine (VAL, V). Additionally, we investigated the
phosphorylated post-translational of three
amino acids: pY, pT, and pS. Hereafter, we will use a single-
letter representation to refer to each amino acid throughout

modifications

This journal is © The Royal Society of Chemistry 2025
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the text. Each of the 23 amino acids was positioned within the
two nanogaps and a full structural relaxation was performed to
obtain the most stable configuration.

The interaction between the amino acids and the two nano-
devices was evaluated by calculating the binding energy, as
reported in previous studies.'” Additionally, the conductance
was determined in the limit of zero bias voltage, where it

2e? 2e?

standing for the quantum of conductance and T(Ef) represent-
ing the transmission at the Fermi energy (Eg). The distinction
among the target molecules can be achieved by comparing two
quantities: (i) conductance of the combined system (nanogap/
amino acid); and (ii) the absolute binding energy (Ep)"® of each
of them with the device. The latter one can be directly con-
nected to the dwell time of the target molecule inside the
nanojuction.

In Fig. 2a, the binding energy is plotted against the conduc-
tance for the infinite capacitor device. Notably, amino acid
groups are identified, and some of them can be uniquely
detected. For instance, M and pT exhibit similar conductance
values around 0.20G,, but the E,, for M is approximately four
times smaller, which should enable a distinction via the dwell
time. Similarly, the group consisting of E, D, I, and L shows
alike conductance values, while their binding energies have a
deviation of 0.25 eV. For R and pY amino acids, a quite similar
binding energy is noted with different conductance of about
0.25G,. Amino acids W, F, and Y display comparable conduc-
tance values as well as binding energies, posing difficulty to
their distinction. The group comprising P, T, Q, pS, and C exhi-
bits comparable binding energies, albeit with slightly different
conductance values. Interestingly, the device seems to be
capable of distinguishing, via conductance difference, the
amino acids S, T, and Y from their modified counterparts pS,
pT, and pY, respectively.

Fig. 2b shows the binding energy as a function of the con-
ductance for the nanojunction device. The amino acids and
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the three mutants presenting a larger conductance range com-
pared to the infinite capacitor device. S and K display distinct
conductance. Conversely, the molecules pY, F, W, and H
exhibit quite similar conductance values while pY, F/W and H
possess different binding energies. Further, the groupings con-
sisting of: (i) C, Ps and R; (ii) Q, E, L, N, D, P; and (iii) V, pT, T
display similar conductance and binding values, thereby allow-
ing for the distinction of each one group only.

Aiming to discriminate each amino acid, we quantified the
differences in the conductance/resistance (sensitivity) of the
proposed devices toward each target molecule, where a specific
amino acid is chosen as reference, namely, M for the nano-
junction and F for the infinite capacitor device, respectively.
The sensitivity is defined as follows:

S(%) = '(1 f%)‘ x 100, (4)

ref

where, G0 and Gier represent the conductance of the target
amino acid and the conductance of the reference amino acid,
respectively. These sensitivity calculations were performed for
each amino acid combination, as detailed in the ESIft
Gmol

Subsequently, we filtered and normalized the highest

ref
ratio, observing that F is the optimal choice for the 7.0 A infi-

nite capacitor, while M is the optimal choice for the 5.0 A
nanojunction.

For the 7.0 A infinite capacitor (Fig. 3a), the amino acid D
stands out with an exceptional level of distinguishability,
showcasing the infinite capacitor’s high-resolution capabili-
ties. This finding suggests that the device is particularly adept
at recognizing and isolating D within the complex matrix of
amino acids. Further analysis reveals varying degrees of sensi-
tivity across different amino acids. C, G, Q, and S exhibit a
robust sensitivity range, spanning from roughly 30% up to
50%. In the moderate sensitivity range, amino acids A, E, [, L,
N, P, pS, and R present values fluctuating between 11% and

~
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Fig. 2 Binding energy as a function of the conductance (at Fermi level) for (a) capacitor of 7.0 A nanogap; (b) 5.0 A nanojunction.
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Fig. 3 Graphical representation depicting the sensitivity (%) of the fol-
lowing devices: (a) 7.0 A infinite capacitor; (b) 5.0 A nanojunction.

23%. While not as pronounced as the high-sensitivity group,
this range signifies a considerable ability of the infinite capaci-
tor to detect these amino acids with a satisfactory level of accu-
racy. Amino acids pT, T, K, and V fall into the low sensitivity
category, displaying values ranging between 4% and 7%.
Notably, H, pY, W, and Y are undetected by the 7.0 A device.
An interesting point is that both S and pS emerge as dis-
tinguishable entities. This indicates a specificity in the infinite
capacitor’s ability to differentiate among these similar amino
acids, showcasing a level of precision in its discriminatory
power.

The 5.0 A nanojunction excels in distinguishing various
amino acids compared to the infinite capacitor, providing
valuable insights into its sensitivity across a diverse set. In
both cases, amino acid D stands out with exceptional distin-
guishability, underscoring its high-resolution capabilities. G
exceeds an impressive threshold of 85%, showcasing heigh-
tened responsiveness. In the range of 49% up to 70%, A, H,
S, N, P, and F demonstrate substantial sensitivity, indicating
a considerable ability to detect and distinguish these mole-
cules with a high level of accuracy. The molecules C, K, pS,
Q, R, V, and Y fall into sensitivity range of the 30% up to
40%, still showcasing discerning capability. In the 10% up
to 20% sensitivity range, E, I, L, pY, and W demonstrate
lower levels. AA pT remains undetected by the 5.0 A nano-
junction, suggesting a limitation in its recognition capabili-
ties for this specific marker. Both Y and pY emerge as dis-
tinguishable amino acids, emphasizing its ability to differen-

2502 | Nanoscale, 2025, 17, 2498-2505
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tiate between phosphorylation. Similarly, S and pS showcase
distinctive signals, indicating notable specificity in the nano-
junction’s discriminatory potential against the 7.0 A infinite
capacitor.

Fig. 4 depicts the wavefunction (WF) and local current (LC)
for F, H, pY, and Y in the infinite capacitor device (7.0 A). We
note a WF with higher degree of localization in the molecules.
Here, considering H and F, we verify that the WF and also LC
are localized in the backbone, which could explain their
similar conductance (<0.025G,). While Y presents LC and WF
spreading by both the backbone and the radical, whereas pY
shows this characteristic majority in the phosphorylated
group, which contributes to additional conducting channels,
as can be seen in Fig. 2a.

Fig. 5 provides the WF and LC profiles for the amino acids
F, H, pY, and Y within the 5.0 A nanojunction device. In
general, the upper panel exhibits the WF localized on the left
electrode and the molecule part appearing between electrodes.
The conductance value hierarchy, at Fermi energy, follows the
order (pY > Y and F ~ H). The H, F, and Y exhibit a pentagon
ring, a phenyl group, and a phenol group between the electro-
des, respectively. These observations are in agreement with the
LC, where it passes through the molecules to reach the right
side by tunneling. Likewise in the capacitor device, for pY and
Y, the WF and LC are more localized at the phosphorylated
group, leading to a higher conductance for the former than
the latter one (>0.20G,). Thus, regarding the pY and Y, the
nanojunction is more sensitive to the presence of a phosphory-
lated group than the infinite capacitor device.

Through the utilization of our two gold-electrodes devices
tailored for single amino acid electronic detection, we con-
ducted a comparative analysis between the infinite capacitor
and nanojunction. Remarkably, the nanojunction exhibited
significantly higher resolution than the infinite capacitor.
Regarding the nanojunctions device and using the M molecule
as a reference, we achieved exceptional sensitivity resolution.
Additionally, the higher conductance of the nanojunction
detector suggests a possible attenuation of the signal-to-noise
ratio, as supported by the wavefunction and local current
results. These compelling findings underscore the nanojunc-
tion device as a promising frontrunner for the precise electric
detection of single amino acids, positioning it as a potential
breakthrough in the field.

It is important to note that a real experimental apparatus
contains an aqueous solution, leading to thermal fluctuations.
Consequently, to incorporate the effects of temperature and
water, an enhanced model employing molecular dynamics and
QM/MM methodologies should be feasible. Prior research
indicates that the inclusion of an aqueous solvent is probable
to maintain the transmission signature of the most stable con-
figuration.®® This work posits that the equilibrium configur-
ation, demonstrating optimal coupling between the device and
the target molecule, will dominate all other possible arrange-
ments when averaged across the total transmission curve.
Consequently, have concentrated this
configuration.

we solely on
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Fig. 4 Top row: WF corresponding to an energy of E — Eg = 0.0 eV; bottom row: respective LC for Phe(F), His(H) Tyr modified (pY) and Tyr (Y) in the
infinite capacitor device (7.0 A between the gold layers). Atomic color: yellow (Au), gray (C), red (O), blue (N), orange (P) and white (H); purple spher-

oids (positive WF portion); green spheroids (negative WF portion).

F H

Fig. 5 Top row: WF corresponding to an energy of E — Er = 0 eV; bottom row: respective local currents (LC) for Phe(F), His(H), Tyr modified (pY),
and Tyr (Y) amino in the tip 5.0 A. Atomic color: yellow (Au), gray (C), red (O), blue (N), orange (P) and white (H); purple spheroids (positive WF

portion); green spheroids(negative WF portion). 5 A nanojunction device.

4. Conclusions

In summary, using density functional theory (DFT) and the
nonequilibrium Green’s function (NEGF) method, we have
investigated two distinct gold-based nanodevices for single
amino acid detection. Our analysis demonstrates that amino
acids can be grouped based on conductance and binding
energy values, revealing distinct electronic signatures that

This journal is © The Royal Society of Chemistry 2025

enable molecular discrimination. We selected amino acid F as
a reference to calculate the relative sensitivity for the infinite
capacitor and M for the nanojunction. In the case of the
former, only the amino acids A, C, D, E, G, I, L, N, P, pS, Q, R,
and S exhibited relative sensitivity levels exceeding 11%.
However, the nanojunction exhibited a broader range of con-
ductance variations, a sixfold increase in signal magnitude,
and superior sensitivity and selectivity compared to the capaci-

Nanoscale, 2025, 17, 2498-2505 | 2503
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tor system. Notably, the nanojunction displayed exceptional
differentiation for amino acids S, pS, Y, and pY, making it par-
ticularly effective in distinguishing between structurally
similar molecules. Our results indicate that electronic trans-
port properties provide a robust mechanism for amino acid
identification, with the nanojunction outperforming the infi-
nite capacitor in both sensitivity and noise reduction. These
findings suggest that gold-based nanojunctions hold strong
potential for real-time biomarker detection, biosensing appli-
cations, and future integration into nanotechnology-driven
diagnostic platforms. Further studies could explore the impact
of external gating and environmental conditions to optimize
device performance for practical applications.
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