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Mechanism of polypeptide translocation through
gold nanopores in view of sequencing applications
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A crucial aspect of the label-free sequencing of peptides and single proteins in solid-state nanopores via

optical methods is the ability to control the translocation dynamics of the biomolecule, especially its

speed. Very often, this dynamics is studied in terms of its effect on ionic currents through the nanopore.

Herein, with attention to label-free optical sequencing methods, we directly study the translocation

motion of (poly)peptides by molecular dynamics. By analysis of a vast set of simulations of polyglutamic

acids, we show that the peptide elongation is determined by the electrostatic repulsion between the side

chains, with less dependence on ionic strength and a more prominent effect of ion type, which emerges

as a factor to control the peptide elongation for sequential amino acid detection. Instead, the ionic

strength influences the speed of translocation under driving electrostatic fields. Through comparative

analysis of simulations with and without confinement of the peptide in a gold nanopore, we quantify the

influence of the nanopore on the sequential transit of amino acids and clarify the role of the peptide–

pore interaction in promoting the peptide elongation and slowing down their translocation. We identify a

stop-and-go translocation mechanism that can be controlled by lateral electric fields, such as in experi-

mental “hot spots”, to achieve translocation velocities adequate for single-amino acid detection, while the

use of appropriate ions also favors elongated peptide poses suitable for single-amino acid detection. We

also present experiments on polyglutamic acid translocation which, compared with the theoretical

results, turn out to be compatible with the stop-and-go translocation mechanism. The translocation

mechanism, which is characterized by the proximity of the peptide to the nanopore surface, raises expec-

tations for the promising use of plasmonic hot spots in single-amino acid detection.

1. Introduction

The sequencing of the primary structure of peptides and pro-
teins is of fundamental importance for proteomics1–3 and its
medical applications, as even subtle alterations to the primary
structure of a protein can lead to serious pathological
conditions.4–7 The development of effective, commercially
feasible methods for sequencing the genome (DNAs), the tran-
scriptome (RNAs), and the proteome (the entire set of proteins)
is critically important to advance precision and personalized
medicine.8,9 The importance of these methods has been
further highlighted by the recent research on COVID-19,10 as
well as the associated outstanding prospects for the develop-

ment of mRNA-based vaccines and immunotherapies for
cancer and infectious diseases.11

Remarkable advances in molecular biology and nanobio-
technology over the past two decades have drawn growing
attention to nanopore sensing techniques for highly sensitive
and versatile investigation of biomolecules. The great progress
in nanopore-based techniques for detecting and sequencing
nucleic acids12–30 has boosted the development of different
nanopore-based techniques for the conformational analysis
and sequencing of peptides and proteins,1–3,29–67 with the
potential to perform label-free sequencing or at least to over-
come the known limitations of traditional methods for protein
analysis.68–73 In particular, surface-enhanced Raman scattering
(SERS) is a powerful spectroscopic tool for label-free and sensi-
tive analysis at the single-molecule level, especially in conjunc-
tion with nanoscale particles and nanopores where plasmonic
effects can be effectively enhanced (also inside the nanopore,
thanks to the electronic properties at its surfaces, whether
external or internal).3,8,74–80 SERS-based sequencing can
support the use of solid-state nanopores, overcoming the limit-
ations of biological nanopores in terms of chemical and
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mechanical stability,67 while compensating for the loss in
chemical specificity of the nanopore through the possibility of
achieving higher sensitivity with SERS detection compared to
other approaches to detection based on current measurements
(yet, notable progress of the latter approaches is to be
mentioned3,47).

Although very promising, nanopore-based protein sequen-
cing techniques with spectroscopic (e.g., SERS) reading still
face key challenges. One is the proper unfolding of the pro-
teins to enable the sequential passage of amino acids through
a nanopore for their clear reading,3,32,39,73,81–84 and another is
the related difficulties in controlling the protein motion
through nanopores (beginning with the translocation speed67),
which are exacerbated by the number and different charges of
the amino acids.3,40 To address these issues and thus gain
control of the translocation dynamics, as is especially required
in sequencing applications, it is necessary to gain a deeper
understanding of the protein translocation mechanisms and
their dependence on pore fabrication, application of external
fields,67,85–87 and environmental conditions. This motivates
the growing experimental and theoretical investigations of
peptide and protein motion through nanopores,56,67,81,83,87–97

and an increasing role for molecular dynamics (MD) simu-
lations to inquire the determinants of molecular translocation
(useful discussions and a rich bibliography can be found in
ref. 67, 87 and 98). These studies benefit from earlier investi-
gations of ion channels99 and polymers (in particular, DNA)
translocation.100–110 Despite tremendous advances in this
research area, a unified theory of polymer translocation is not
yet available. This is also due to the dependence of the translo-
cation on structural factors that vary between different bio-
molecular chains and include the interaction of the bio-
molecule with the pore, the interaction with the solvent, and
therefore the characteristics of the latter. In fact, the transloca-
tion of biomolecules does not follow any universal scaling
law.67 In this regard, the specific investigation of protein trans-
location is essential, despite many previous studies on nucleic
acids. Furthermore, studies on translocation through metallic
nanopores have been very scarce to date, unlike those on bio-
logical and other (insulating) solid-state nanopores.

To enable proper sequencing of proteins through nano-
pores, one should be able to control the protein translocation
speed and then tailor it to the sequencing data acquisition
time. The other key challenge is understanding how much the
protein backbone needs to be extended in order to allow for
the sequential identification of different amino acids. The ana-
lysis of these two points is further complicated by the fact that
the driven translocation of polymers (and even more so that of
biological heteropolymers) is not an equilibrium process
because of the long relaxation times that characterize the
polymer dynamics.85,111 The study of the translocation of
homopeptides emerges from this state of affairs as a first main
step to identify the basic aspects of protein dynamics through
nanopores.

The translocation of biomolecules through pores is com-
monly studied in terms of variation or blockage of the ionic

current caused by the passage of the macromolecule, as is rele-
vant to the sensing of the molecular structure and properties
by current measurement. Where the label-free detection of a
protein sequence is used, it is advantageous to directly study
the dynamics of a (poly)peptide chain as it interacts with the
nanopore, the solution, and external fields. This is our
approach, which uses MD simulations to study protein
dynamics in bulk solution and inside a gold nanopore.

As a probe molecule to validate the in silico results, we
chose polyglutamic acid because of its chemical and physical
stability, ease of use, and commercial availability. In common
saline buffers, polyglutamic acid is negatively charged, thus
limiting the formation of random coils. We performed the
experiments on a 5000-unit-long molecule to facilitate moni-
toring of the events via electrical measurements.

The use of gold reflects the common experimental choice of
noble metals such as gold and silver to build nanopores and
nanoparticles for use in visible-range plasmonics, and their
potential for use in label-free optical sensing.3,30,77,112–120

Moreover, their greater structural stability and durability com-
pared to that of biological nanopores can be complemented
with enhanced chemical properties conferred by suitable
surface functionalization, which can be performed in a site-
selective way by exploiting plasmonic effects.121–125 Difficulties
are still faced in the proper shaping of solid-state pores at the
nanoscale, but the past decade has witnessed great advances
in nanopore fabrication.67,121 In fact, the nanopore size simu-
lated in our study is within the range of feasibility (vide infra).
Moreover, the extensive use of Au nanoparticles and electrodes
in experimental molecular electronics has progressed in paral-
lel with advances in their theoretical study,126 including the
development of force fields for their MD simulation.127–131 In
particular, Au(111) has been the most studied gold surface for
peptide and protein binding, both theoretically and experi-
mentally, and is known for its chemical stability.3,130,132–134 In
fact, Au(111) is the most used gold surface in nanobioelectro-
nic studies, and particularly in systems for optical detection
that use surface plasmon resonance.135–139

Here, we first study the peptide motion in aqueous solution
head-on (sections 3.1 and 3.2), analyzing the dependence of its
structural and dynamical properties on the type of counterion
and ionic strength, the presence of other molecular species in
solution (in particular, urea), and the application of electro-
static fields of different intensities, with consequent electro-
phoretic effects (section 3.3). Two different polymer lengths
are also considered to ascertain the validity and scaling of our
mechanistic conclusions with the system size, and thus their
applicability to the longer polypeptides that make up proteins.
The study is then conducted in the presence of a gold nano-
pore (section 3.4), in order to model the translocation of the
real system and gain insight into the effects of the confine-
ment and double layer formation on the biomolecular motion
by comparison with the dynamics in the absence of the nano-
pore. To this aim, our analysis includes MD simulations with
different charge densities on the nanopore surface. Our MD
analysis explains the non-equilibrium translocation dynamics
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that, apart from the slow relaxation processes typical of
polymers,67,85,111 are determined by the interplay between
driving electrostatic field and interaction with the surface of
the nanopore, so as to determine the transition between
different regimes of translocation motion depending on the
surface polarization charge. The study of this interplay in
different conditions of solution and ionic force, as well as a
convenient description of the spatial distinguishability of the
different glutamic acid residues also helps us understand the
balance of electrophoretic and driving forces that can be used
to control the translocation speed, as is necessary for the
detection of single amino acid residues using SERS nanopores.
Finally, the feasibility of the translocation mechanism emer-
ging from the theory is tested with experiments on polygluta-
mic acid motion through a gold nanopore (section 3.5), and
the distinguishability of the residues during the peptide trans-
location required for sensing is analyzed (section 3.6). It is
worth noting that, although our analysis is focused on pep-
tides and can be used on elongated proteins, some mechanis-
tic conclusions may be valid for other translocating polymers,
including DNA.

2. Methods

The methods described below were primarily employed to
study a peptide with 10 glutamic acid residues (10GLU) inter-
acting with different counterions in an aqueous solvent at
different ionic strengths, in the presence and absence of a gold
nanopore and under different electrostatic fields (two electro-
static fields in the longitudinal direction of the nanopore, with
intensities of 0.5 V nm−1 and 1.0 V nm−1, and transversal
potential differences through the solvent-nanopore interface
from 0 to 260 mV). Some MD simulations were also repeated
with other field values (see SI) and with a longer polypeptide
(20GLU) to examine possible effects of the peptide length on
its structural and dynamical properties. Table S1 in the SI sum-
marizes all simulations performed and analyzed below.

2.1. Design and construction of model systems

Our analysis is based on classical MD simulations over a time-
scale ranging from 0.5 μs to a few μs. Unless otherwise speci-
fied, the simulated molecule is a glutamic acid peptide con-
sisting of 10 residues, denoted here as 10GLU (see Fig. 1a), in
aqueous solution (either free or confined in a gold nanopore).
The use of a homopeptide deliberately sets the worst-case scen-
ario for exploring the possibility of physically distinguishing
the passage of successive amino acid residues at a hotspot in
the metal nanopore, since such residues are of the same type.
This peptide was generated using standard structural para-
meters for amino acid alpha helices, implemented in the
PeptideBuilder software.140 The secondary structure was lost in
a few simulation steps, and therefore far before the MD pro-
duction runs. The chosen peptide length is a compromise
between accuracy and feasibility, allowing us to perform a vast
set of MD simulations while maintaining chain properties,

such as the propensity to randomly coil (also observed in the
simulations), that characterize the polypeptide that would
result from the unfolding and elongation of a protein to be
sequenced.

Capping of the N- and C-termini of the peptide with methyl
groups prevents their spurious direct interaction, which would
be very unlikely in long polypeptides. The results obtained
using the 10GLU system are further supported by simulations
of a system with 20 glutamic acid residues, 20GLU (vide infra),
again constructed using PeptideBuilder.

The gold nanopore used in the simulations has the shape
of the lateral surface of an icosagonal prism. In fact, it was
built from 20 slabs of Au atoms, each consisting of 5 atomic
layers and having two Au(111) surfaces (Au(111) is the most
stable among gold surfaces), with a lattice constant of 2.93 Å, a
width of 8.80 Å, and a length of 5.075 Å. Each slab contains
extra atomic species that account for Au polarization, electro-
static interactions, and chemisorption effects.130

The gold slabs expose one Au(111) surface to the interior of
the nanopore. The large number of slabs in the icosagonal
nanopore surface makes adjacent slabs roughly parallel to
each other, so as to approximately retain a local Au(111) struc-
ture at the joints between the slabs (see Fig. 1b), consistent
with the Au force field130 used for MD simulation. For the
same purpose, the nanopore was assembled so that neighbor-
ing gold atoms from different slabs are at the same distance as
the analogous atomic pairs from the same slab. The deviation
between the slabs is more appreciable on the outer surface of
the nanopore, but the simulations were performed with fixed
Au atoms and all systems moving in the MD simulation were
inside the pore.

The resulting nanopore diameter is 5.6 nm, which is within
the range of current feasibility.3,30,47,142 Although pore dia-
meters no greater than 3–4 nm would be ideal for protein

Fig. 1 Structures of the peptide and Au nanopore studied. (a) 10GLU
peptide capped with methyl groups (20GLU is similarly capped). (b) Side
view of the icosagonal-base pore with inner Au(111) surface. The
peptide structure in an MD snapshot is drawn (an electrostatic field of
0.5 V nm−1 was applied along the axis of the nanopore during the MD).
The Au-like atoms yielding the Au polarization properties and the solu-
tion surrounding the peptide are omitted. (c) Top view of the system. All
figures with molecular representations were rendered with VMD.141
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sequencing, diameters of 10–20 nm are more routinely
achieved and their appropriate shaping can enable the cre-
ation of plasmonic hot spots with much smaller linear sizes
(e.g., ∼3 nm in ref. 143). It is worth noting that pore diameters
of 3–4 nm, important for achieving strong Raman enhance-
ments, still allow folding of the peptide chain, but unfolding
can be maintained by chemical means. Since we use short
polypeptides in our analysis, another issue might arise if they
do not line up with the nanopore surface. However, as is
shown below, despite the short length of 10GLU, its propensity
to stay near the surface of the Au nanopore makes our analysis
meaningful, and this consideration is further supported by the
additional study of 20GLU’s behavior.

The length of the nanopore used in the MD simulation is
infinite, as it goes from one side to the other of the simulation
cell and periodic boundary conditions are applied. This is not
an issue in our analysis, as it is not focused on edge SERS and
plasmonic enhancement effects themselves.

MD simulations were performed using solutions with
different ionic strengths. Systems with 0 M solutions were
obtained by adding 10 and 20 counterions to neutralize the
carboxylates of 10GLU and 20GLU, respectively. Considering
the size of the MD simulation cell (see next subsection), as
well as the fact that GLU has a pKa of 4.1 ± 0.8 (ref. 144) (and
therefore its carboxyl group is negatively charged at neutral
pH), the 0.5 M solutions of 10GLU in the absence of the nano-
pore were obtained by adding MCl salts (that is, practically,
Cl− and M+ = Na+, Li+, K+), so as to have a total of 29 counter-
ions. The same number of ions was used for the higher-
molarity (namely, 0.3 M) solutions of 10GLU in the nanopore.
Considering the cell size on the z direction in the simulations
with the nanopore (this size coincides with the length of the
pore) and reducing the geometric radius of the pore by the van
der Waals radius of Au atoms (166 pm) to calculate the
effective radius of the Au nanopore, the use of 29 counterions
led to a molarity of 0.3 M for the solvated system simulated
inside the nanopore.

2.2. MD simulations

Classical MD simulations were performed using the
GROMACS package, version 2018.4.145–153 As usual, the intra-
molecular bonds and dihedral angles were parametrized as
harmonic oscillators, and intermolecular forces were modeled
using the Lennard-Jones potential. In particular, the OPLS-all
atom force field154–156 was used to describe all interactions,
while water molecules were parameterized according to a
refined single-point-charge (SPC) model.157

To model the interaction of the gold nanopore with the sol-
vated molecular system, we used the GolP force field of Iori
et al.,130 which requires the use of two additional (fictitious)
atomic species to describe the electrostatic response of metal
atoms through a dipole rod-model approach (“AUC” atomic
species) and to account for surface chemisorption effects (“AUI”).

The pair list was generated by a Verlet algorithm. The
electrostatic potentials were calculated by using a fast smooth
Particle Mesh Ewald method, and the distance for cutoff of the

direct-space Coulomb interactions was set to 1 nm. The same
cutoff was used for the Lennard-Jones potential. Energy and
pressure long-range dispersion corrections were applied.

The initial conformations of the 10GLU and 20GLU poly-
peptides for their simulations in the presence of the pore were
drawn from the last MD snapshots in the absence of the nano-
pore. Each polypeptide was initially positioned along the nano-
pore axis, around its center.

The geometries of all systems were initially optimized with
5 × 104 minimization steps through the steepest descent algor-
ithm. Equilibration in temperature followed, using a leap-frog
algorithm to integrate Newton’s equations of motion. The
hydrogen bonds were constrained with the LINCS algor-
ithm.158 The temperature coupling was performed via the
Bussi–Donadio–Parrinello velocity rescaling with a stochastic
term,159 with a time constant of 0.5 ps. The initial Maxwell vel-
ocity distribution was set to that for 10 K, and the systems
were allowed to equilibrate at a temperature of 298.15 K. The
equilibrations with respect to temperature lasted 250 ps in the
absence of the Au nanopore and 500 ps for the systems in the
nanopore. These were reasonable choices considering that the
gold atoms were fixed and the molecular systems were rela-
tively small. In both cases, the integration timestep was set to
0.5 fs, and the neighbor list was updated every 20 timesteps.

The pressure was also equilibrated in the next 250 ps of
simulation, with a 1 fs timestep. Velocity generation was not
used at this stage. The system was coupled to a Parrinello–
Rahman barostat160 with a time constant of 10 ps. The
pressure was set to 1 bar and the compressibility to the value
of 4.5 × 10−5 bar−1 (which is typical of water at a temperature
of 300 K and atmospheric pressure). The following MD pro-
duction runs (at constant temperature and pressure) used a
timestep of 2 fs and lasted 500 ns unless otherwise specified.

The pressure control was not used for the simulations in
the presence of the nanopore. In fact, as the pore atoms were
fixed, these simulations were performed using the NVT ensem-
ble and the pressure inside the Au nanopore was controlled
through the density of the water molecules, which were added
and monitored until their density was similar to that in bulk
water (more precisely, the average water density for the same
water force field in the absence of the nanopore was used as
the reference value).

The cell size depended on the molecular system. The cell
vectors (in nm) were (4, 4, 4) for the simulation of the solvated
10GLU system and (6, 6, 6) for 20GLU, which allowed for a sep-
aration between the peptide and its replicas by at least 1.5 nm.
In the NPT simulations that were performed in the absence of
the pore, these clearly were the initial cell sizes. In the pres-
ence of the Au nanopore, the unit cell vectors were (9.2, 9.2,
5.075) nm to substantially prevent replica interactions on the
xy plane. The match between the cell size in the z direction
and the nanopore length mimicked an infinitely long nano-
pore, i.e., in practice, a nanopore much longer than the
peptide. This choice enabled the study of the peptide translo-
cation motion inside the pore without the complicacies of the
dynamics at the entrance and exit of the pore.
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2.3. MD analysis

GROMACS tools were used to obtain time-dependent descrip-
tors of the evolving peptides, that is, the root mean square
deviation (RMSD), the radius of gyration (Rg), and the solvent
accessible surface area (SASA). GROMACS tools were also used
to obtain radial distribution functions, the profile densities,
and the peptide center-of-mass (CM) coordinates. The latter
were used to evaluate the global translocation velocity of the
peptide. The CM coordinates were stored every τ = 10 ps.
Hence, the coarse-grained instantaneous speed of the CM was
obtained as δzCM/τ, where δzCM is the variation of zCM over τ.
To remove the correlations between data points and to associ-
ate an error with the mean velocity of the CM, we used the sim-
plest blocking approach.161 The data points were grouped in
blocks of increasing size. Then, for each block size and corres-
ponding number of blocks, the mean velocities in the blocks
and the associated standard deviations were calculated and
used as independent data points. The standard error associ-
ated with the global average velocity was then calculated. The
standard error is expected to fluctuate around a plateau as the
block size increases sufficiently. Since the selected number of
MD snapshots allowed a rather small number of divisions in
blocks of the same size (and therefore the calculation of a cor-
respondingly small number of standard errors), we used the
largest standard error in the approximate plateau region as a
reasonably safe estimate of the error on the mean speed (see
examples in SI Fig. S8).

To investigate the elongation of the peptide along the nano-
pore axis, and hence the possibility of individually detecting
amino acid residues to sequence the peptide, we analyzed the
overlap of amino acid residues along the z axis, as observed
perpendicularly to this axis. The overlap was quantified using
the heavy atoms of the side chains, which are important for
the discrimination of the different amino acids in a protein.
After dividing the simulation cell into 100 slices along z, we
removed the translation of the first amino acid between sub-
sequent selected MD snapshots and calculated the average
portion of its side chain contained in each slice, thus defining
the set of slices with nonzero occupation by the side chain of
the first amino acid residue. Then, we computed the average
portion (that is, a generally fractional number of atoms) of
each of the other side chains contained in this set of slices
and thus overlapped with the first side chain. We proceeded
similarly by taking as a reference each of the next amino acid
side chains in the peptide sequence. After that, we averaged
the numbers of side chain atoms overlapping with next neigh-
bor side chains, second-next neighbors, etc.

2.4. Surface potential and diffuse layer

We also studied the dependence of the peptide translocation
speed on the potential difference Vt between the Au surface
and the bulk solution.

We used Gouy–Chapman’s theory to calculate the extra
charge on each Au atom necessary to obtain the desired trans-
versal electrostatic potential difference, that is, the potential

drop across the diffusion layer. Since the peptide was solvated
by aqueous solutions at 25 °C, we used the relation

σ ¼ 11:7
ffiffiffiffiffiffi
C*

p
sinh ð19:5zVtÞ ð1Þ

where σ is expressed in μC cm−2 and C* is the bulk concen-
tration of z : z electrolyte (it is z = 1 here) in mol L−1 (eqn (1) is
equation 13.3.20b on p. 550 of ref. 162, which is valid for
dilute aqueous solutions at 25 °C).163

2.5. In vitro experimental section

The gold nanopores were realized following the procedure
described in ref. 143 upon minor modifications, as noted here.
The chip (Si3N4 window: 0.5 × 0.5 mm2 and SiO2 frame: 1 ×
1 cm2, thickness: 100 nm) was covered with a 5 nm-thick layer
of Ti and a 20 nm layer of Au (Kenosistec KE500ET conjugated
e-beam/thermal evaporator), and patterned with 6 holes with a
diameter of 20 nm using a focusing ion beam scanning elec-
tron microscope (FEI Helios NanoLab 650, voltage: 30 kV,
current: 0.24 nA). The diameter of the pore was reduced to
10 nm by sputtering another 10 nm-thick gold layer.

3. Results and discussion
3.1. Structural dynamics of free solvated peptides

MD simulations performed in the absence of the nanopore
and of an applied electrostatic field aimed to understand the
structural and dynamical properties of solvated peptides per se
and as compared to those inside the gold nanopore
(vide infra), so as to gain a deeper understanding of the direct
and indirect effects of the interaction with the pore on such
properties.

Fig. 2 describes the dynamical evolution of 10GLU in water,
where sodium ions neutralize the overall system charge. As
usual, the root mean square deviation (RMSD) is used as the
main quantity to assess the achievement of an equilibrated
structural dynamics. Fig. 2a shows that the time evolution of
the RMSD closely correlates with the other quantities studied.
In fact, after about 50 ns, the RMSD fluctuates around a
plateau, while the radius of gyration (Rg), the maximum
atomic distance in the peptide (dmax) and the solvent accessi-
ble surface area (SASA) approximately stabilize at values signifi-
cantly larger than the initial ones, thus implying an elongation
of 10GLU and its consequent wider exposure to the solvent.
The variations of these geometric parameters correspond to
thermal fluctuations of a random coil structure typical of poly-
glutamic acids in neutral-pH solutions.164,165 For example, the
negative spike that is clearly visible in the SASA around 230 ns
of MD simulation corresponds to a transient coiling of the
peptide to a rather compact structure of linear dimensions
similar to the initial ones (see Fig. 2b). However, the mean
values and standard deviations of all structural parameters
after 50 ns show that 10GLU generally takes conformations
that are much more elongated than a globular or alpha helix
structure. This is particularly clear from the fact that dmax is,
on average, significantly larger than 2Rg; see also the approxi-
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mately linear correlation between dmax and Rg in SI Fig. S1.
The random-coil nature of the polypeptide fluctuations is con-
sistent with the findings of the study in ref. 166, despite the
much smaller amount of water and much shorter MD simu-
lations (i.e., 1 ns of production run) in ref. 166.

We find a similar dynamics for the 20GLU polypeptide,
although, as expected, the larger size of this system compared
to 10GLU makes the alpha helix-to-random coil transition
slower. The compact poses rarely observed for 10GLU (which
correspond to drops in the SASA) are even more disfavored in
the case of 20GLU (Fig. S2). It is not surprising that the alpha

helix-to-random coil transition is not observed at room temp-
erature in ref. 166, where the MD sampling of the system, and
thus the pertinent energy analysis, is limited to 1.5 ns, against
the timescale for conformational change of about 150 ns
shown in Fig. S2. On the whole, the comparison between the
dynamics of the two polyglutamic acids supports our use of
10GLU as the benchmark amino acid chain.

3.2. Free solvated peptide: peptide-ion interaction

Given the negative charge on the carboxylates of the amino
acids, the electric interactions of the (poly)peptides with the

Fig. 2 MD evolution of the 10GLU structure in a solution neutralized by Na+. (a) RMSD, Rg, dmax, and SASA. Average and standard deviation of each
parameter after 50 ns (vertical dash) are reported on the respective panels. (b) Peptide MD snapshots at the indicated times.
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solvent and the ionic species dissolved in it are expected to
influence their static and dynamic structural properties. In
turn, understanding and controlling these properties is critical
to protein sequencing.

Through radial distribution function analysis (see SI
section S4), we find that, in the MD simulation with a solution
neutralized by Na+ counterions (the same as in Fig. 2), each of
the ten carboxylic groups is on average coordinated by 0.16
Na+ ions, namely, 1 or 2 COO− groups engage in significant
interactions with Na+ ions during the MD. This relatively small
coordination number suggests that the elongation of the
peptide is primarily driven by the decrease in Coulomb repul-
sion between the negatively charged carboxylates because of
their distancing and their screening by the water solvent. A
similar conclusion is reached for the 20GLU system, as the
average coordination number of the COO− groups with respect
to sodium ions is 0.17. This result further confirms the ade-
quacy of the 10GLU model used throughout the following
analysis.

To study the effects of the nature and concentration of the
dissolved ions on the dynamics of 10GLU, we performed MD
simulations with Li+ and K+ counterions, as well as simu-
lations using the three ionic species with an ionic strength of
0.5 M, as obtained by adding suitable amounts of the corres-
ponding chloride salts (see Methods) to the solutions already
containing the counterions necessary to neutralize the mole-
cular charge. Fig. 3 shows the time evolutions of the structural

descriptors for the different systems, while their statistical ana-
lysis is reported in Table 1.

The differences in the behaviors of the systems with Na+

and K+ counterions are secondary with respect to what
emerges from the comparison with the Li+-containing systems.
Nevertheless, we can appreciate that the relaxation to an equili-
brium conformation (as is identified by fluctuations of the
RMSD around an approximately constant value) is faster in the
K+ system than in the Na+ one, in agreement with a previous
study of 12GLU.167 This fact may argue in favor of using Na+

rather than K+ ions to have a slower dynamics in sequencing
experiments, although its specific relevance and helpfulness to
sequencing deserves a future dedicated investigation. At any
rate, in our subsequent analysis of 10GLU in the presence of
the nanopore, Na+ ions are used.

Using Rg as a measure of peptide extension, we see that the
Li+ solutions lead to significantly more compact peptide struc-
tures, and accordingly reduced SASAs, compared to the solu-
tions with the Na+ and K+ species. Furthermore, in the left
panels of Fig. 3, the abrupt changes in the three descriptors
around 200 ns exemplify the multiple timescale of peptide
dynamics (which, in general, is also responsible for compli-
cations in the translocation dynamics of polymers driven by
external fields67), with the possible occurrence of confor-
mational transitions on a hundred nanosecond time scale. In
particular, the top-left panel shows an abrupt increase in the
RMSD of the Li+-containing system, which suggests an appreci-

Fig. 3 Evolution of RMSD, Rg, and SASA along the MD simulation of 10GLU in solutions with the indicated counterions and NS (black) or 0.5 M in
added salt (blue). The black traces in the central panels are the same as the respective ones in Fig. 2.
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ably different conformation of the peptide. The comparison
with the corresponding change in the Rg value indicates a tem-
porary and relatively small elongation of the peptide, which
however remains shorter, on average, than the peptide in the
other two solutions. The subsequent decrease in Rg despite the
persistent change in RMSD indicates that the peptide
rearranges in the new conformation, which, once stabilized, is
no more extended than the previous one. Overall, the compari-
son of the peptide Rg and SASA evolutions in the Li+ solution
with those in the Na+ and K+ solutions shows that, following
the transition, the peptide structure remains more compact in
the presence of Li+ counterions (a test simulation with the
peptide neutralized by Li+ ions but no additional LiCl salt,
starting from the last snapshot of the MD simulation shown,
fully confirms the compact peptide structures emerging from
Fig. 3 compared to those obtained in the presence of the two
other ion species). The use of a 0.5 M ionic strength leads to
results similar to those in solutions with no added salt (hence-
forth denoted NS), except for the absence of the event of con-
formation change in the Li+ system (the blue curves on the left
column of Fig. 3 show neither jump in the RMSD nor transient
change in the radius of gyration). In particular, the ionic
strength does not significantly affect the peptide elongation,
although a slight decrease in size is obtained for the polypep-
tide in the presence of Li+ ions, as is shown by the compari-
sons of the Rg and SASA values for 10GLU in the NS and 0.5 M
solutions. A previous study167 found a decrease in the end-to-
end distance of the polypeptide with increasing concentrations
of NaCl and KCl salts, most noticeable in the Na+ system.
However, (i) the maximum effect was seen at a much higher
salt concentration (∼2 M) than that used here, and the chain
size showed some increase by further raising the concentration
of the solution to ∼4 M; (ii) the precise value of the chain size
depends on the force fields used (as was appreciated in ref.
167 even just by changing the force field for NaCl); (iii) most
importantly, the relative changes in size reported in ref. 167
fell within the range of size fluctuations emerging from Fig. 3.

To gain insight into the dependence of peptide dynamics
on the counterion species used, we calculated (with the same
type of procedure described above) the average counterion–
coordination number per carboxyl group along the MD simu-

lations with the different ions. Table 1 shows that, irrespective
of the ionic strength, this coordination number is about one
order of magnitude greater for Li+ than for Na+ and K+ (inci-
dentally, we note that the coordination numbers obtained for
the Na+ and K+ counterions correlate with those in ref. 167,
despite quantitative differences that are reasonably expected
due to the use of different force fields). Moreover, we find that
the first peak of the radial distribution function occurs at a
shorter distance for the Li+ species than for the other two ions
(see SI section S4), thus indicating a closer proximity of the Li+

ions to the COO− groups.
The following picture emerges from the above analysis. The

strong COO−–Li+ interaction, as is manifested by the proximity
of the two ionic species, shields the electrostatic repulsion
between the carboxylates, which is the major driving force for
the greater peptide elongation in the Na+ and K+ solutions,
thus favoring more compact conformations of the peptide in
the presence of Li+ ions. This conclusion is consistent with the
increasing formation of alpha-helix motifs from random coil
polyglutamic acids with decreasing pH found in earlier
studies.164,168,169 In fact, Li+ is the smallest ion used in our
simulations, which can closely approach the carboxylates and
therefore play a role quite similar to that of H+ in the men-
tioned studies.

The simulation with Li+ in a 0.5 M solution does not show
the peptide conformation transition seen without salt
(compare the red and black traces in the left panels of Fig. 3).
This result agrees with the fact that, according to the Rg and
SASA descriptors, the transition causes a relatively less folded
peptide structure, which is less favorable as the Li+

coordination to COO− increases due to the salt. Therefore, we
expect that the timescale for the occurrence of such a tran-
sition is expanded in the presence of the salt. Another possible
explanation of the different results in the two solutions
containing Li+ is that the transition observed in the NS case is
an accidental event that, on average, occurs over a much
longer timescale and therefore it is expectedly not seen in the
0.5 M solution. In fact: (i) the top-left panel of Fig. 3 describes
a persistence of the conformational change, whose duration is,
therefore, at least on the timescale of the simulations; (ii)
performing an MD simulation of the system with Li+

Table 1 10GLU structural descriptors and carboxylate-counterion coordination numbers in solutions with different ions and ionic strengthsa

Ion
Li+ Na+ K+

I (M) NS 0.5 NS 0.5 NS 0.5

RMSD (nm) 0.40 ± 0.13 (0.22/0.49) 0.27 ± 0.07 0.65 ± 0.03 0.65 ± 0.04 0.61 ± 0.04 0.65 ± 0.04
Rg (nm) 0.66 ± 0.04 (0.62/0.68) 0.63 ± 0.02 0.91 ± 0.08 0.89 ± 0.08 0.93 ± 0.07 0.92 ± 0.07
SASA (nm2) 14.6 ± 0.6 (14.3/14.7) 14.2 ± 0.5 18.0 ± 0.6 17.8 ± 0.7 18.1 ± 0.5 18.1 ± 0.5
nion–COO− 1.0 1.6b 0.16 0.25 0.06 0.11

a For the system with Li+ ions, the mean values in parentheses refer to the MD time ranges 50–200 ns (left) and 200–500 ns (right), as identified
by the RMSD evolution, although Rg and SASA are not at equilibrium in the second range. I refers to the ionic strength of MCl salt added to the
solution already containing the M (vLi, Na, and K) ions that balance the peptide charge. The mean values and standard deviations for the other
quantities are obtained excluding the first 50 ns of MD simulation. b This value larger than unity means that, on average, each COO− group is co-
ordinated to more than one Li+ (see SI Fig. S4).
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counterions from different initial conditions (i.e., starting
from the final snapshot of the simulation with Na+ counter-
ions), after about 200 ns of re-equilibration we observed again
the same compact structure of the peptide as on the left
panels of Fig. 3, but without the occurrence of the confor-
mational change, which suggests the occurrence of the confor-
mational change on a longer timescale. However, the signifi-
cant relative increase of nLi+–COO− from 1 to 1.6 with the
addition of the salt still supports an effect of the increased
ionic strength on the occurrence of conformational changes of
the peptide, as discussed above. A notable relative increase in
nLi+–COO− with the ionic strength of the solution is also found
for the systems containing Na+ and K+ ions. However, the
resulting nLi+–COO− values are small enough not to cause signifi-
cant changes in the peptide structural dynamics (compare red
and black traces in the middle and right panels of Fig. 3 and
their statistical analysis in Table 1).

3.3. Driven peptide dynamics in the absence of the nanopore

The translocation of the peptide requires the application of an
external (electric) field, which is also generally used in experi-
mental investigations of peptide and protein translocation. In
this study, we use uniform electrostatic fields along the z axis,
both in the absence (this subsection) and in the presence (next
subsection) of the nanopore (whose principal axis of symmetry
is along z), which allows us to highlight the effect of the nano-
pore on the motion of the peptide.

The field intensities tested are 0.25, 0.5, 0.75 and 1 V nm−1.
Although similar driving field intensities (a few hundred mV per
nm) have been employed to investigate the passage of DNA
through nanopores,170 the label-free optical sequencing of DNA,
peptides, and proteins may require that the molecular transloca-
tion be slow enough for sufficient optical signal acquisition. For
example, driving fields about two orders of magnitude weaker
than those used here were applied to DNA translocating through
a plasmonic nanopore in ref. 171. On the other hand, from a

theoretical point of view, much more intense driving fields are
necessary to observe appreciable translocation dynamics over
reasonable simulation time scales. Therefore, the use of
different field intensities helps us extrapolate the MD results
and validate them at smaller field magnitudes.

Using a field with an intensity of 0.5 V nm−1 and focusing
on the case without the nanopore, we do not see any signifi-
cant change in the evolution of the RMSD, Rg and SASA
descriptors (Fig. S5). This is not trivial, given the differences in
the local structure, charge, and polarization properties of the
components of the solution. In fact, we obtain nNa+–COO−= 0.11,
a value with an appreciable relative difference from that
obtained without a field (nNa+–COO− = 0.16). This difference may
be ascribed to the fact that the cations and the peptide are
dragged in opposite directions by the field.

Similar results are obtained with the other driving fields
tested, except for a linear variation in the translocation speed of
the peptide, which is globally estimated as the velocity of the
center of mass (CM) along the direction of the nanopore axis
(see Table 2, Table S2 and SI Fig. S6). This result provides an
indication that a linear drag regime56 still holds, with good
approximation, at such driving field strengths, thus supporting
the extension of the present results to systems subjected to
weaker external fields by reducing the magnitudes of the CM
speeds proportionally to the electric field intensity. This con-
sideration can be extended to the motion of a peptide all inside
the pore, that is, without taking into account the dynamics of
the biomolecule at the entrance and exit of a finite-length nano-
pore. Clearly, the observed significant effect of the electric field
in slowing down the translocation motion of the polypeptide
suggests that this consideration requires further investigation,
offering a starting point for future studies on such systems.

Table 2 shows that the peptide velocity significantly
depends on the environmental conditions, but decreases with
ionic strength regardless of the counterion species. This fact
can be rationalized in terms of the Coulomb interaction

Table 2 Dependence of the mean velocity of 10GLU along the z axis on electric field intensity Ez, nature and concentration of the counterion, and
presence of the Au nanopore. Δc is the MD cell size in the final snapshot of each simulation; Nw is the number of water molecules in the MD simu-
lation box

Nanopore Counterion I (M) Δc (nm) Nw t0(ns)
a v(m s−1)

No Na+ NS 3.997 2.093 50 25.2 ± 0.2
NSb 3.859 1107 (Nurea = 308) 50 12.1 ± 0.1
0.5 3.997 2055 50 16.6 ± 0.1
NSc 3.981 2093 50 51.5 ± 0.3

No Li+ NS 4.005 2093 200 9.3 ± 0.5
0.5 3.991 2055 100 4.8 ± 0.4

No K+ NS 4.004 2093 150 30.5 ± 0.2
0.5 4.017 2055 50 23.7 ± 0.1

Yes Na+ NS 4016 150 4.5 ± 0.2
0.3 3978 300 3.2 ± 0.2

Yes Li+ NS 4016 100 1.6 ± 0.2
0.3 3978 50 0.5 ± 0.1

a Time after which the dynamics of 10GLU reaches a plateau according to the structural descriptors, and the statistical analysis is thus per-
formed. b The solution contains urea with a 6 M concentration. c A field strength of 1.0 V nm−1 is used, while a strength of 0.5 V nm−1 is used for
all other data points. Further information on the relationship between the field intensity and peptide velocity is provided in SI Table S2 and
Fig. S6.
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between the carboxylic groups and the surrounding alkaline
ions. Due to the attractive interaction, nM+–COO− (M = K, Li, Na)
increases with ionic strength. Thus, it causes more screening
of the peptide charge, namely, less effective charge on the
peptide subjected to the electrostatic field. Since the M+ and
COO− ions move in opposite directions in the presence of the
field, the increased number of positive ions surrounding the
negatively charged peptide also oppose a more effective drag
to the peptide motion. The considerably larger value of
nM+–COO− for MvLi than for MvK, Na accordingly explains the
significantly smaller translocation velocity of the peptide in
the Li+ solution and its more pronounced decrease with ionic
strength. Therefore, the ionic species and strength need to be
considered jointly with the intensity of the driving field in
order to optimally control the translocation speed for peptide
or protein sequencing.

The velocity of the peptide CM was also calculated in a solu-
tion with a concentration 6 M of urea, since urea is an agent
commonly used for protein denaturation,172–174 and the latter is
required to unfold the protein and thus allow for sequencing.
Table 2 shows the peptide slowdown due to hydrodynamic fric-
tion with urea at the concentration used in the simulation
(which is on the lower side of the range in which complete dena-
turation of proteins is expected to occur; e.g., see ref. 173).

Table 2 also reports the number Nw of water molecules
present in the MD simulation box in the different compu-
tations (clearly, this number is greatly decreased in the pres-
ence of Nurea = 308 molecules of urea) and the MD cell size Δc

in the final snapshot of each MD simulation. This Δc value is
reported as an example of our observation that the relative
changes in cell size were very small during all NPT simu-
lations. For the simulation with Na+ counterions and no added
salt (first entry in the table) mostly used for the comparison
with the NVT simulations in the presence of the nanopore, the
relative difference between Δc and the nominal cell size (in
each direction) of 4 nm is, e.g., as small as 7.5 × 10−4. On dou-
bling the field, the relative difference is still 4.8 × 10−3. This
observation encouraged us both to compare the NPT simu-
lations in the absence of the nanopore with the NVT simu-
lations in the presence of the nanopore, and to use an isotro-
pic barostat despite the presence of a directional electric field.
The latter choice can be rationalized by considering the isotro-
pic nature of the aqueous solvent (and the translational sym-
metry of the Au nanopore in the direction of the electrostatic
field applied), which is almost entirely responsible for the
pressure in our simulations. In fact, our computational choice
is in line with NPT simulations in the presence of a directional
electric field in the literature,175–178 where the use of an aniso-
tropic barostat is usually limited to systems with strong intrin-
sic anisotropies,179,180 and also in the case of ‘side effects’ of
using anisotropic pressure coupling.181

3.4. Field-driven peptide dynamics inside the nanopore

We finally investigate the technologically most relevant scen-
ario, in which the 10GLU peptide moves in the Au nanopore
under an external electrostatic field with the amplitude Ez =

0.5 V nm−1. We emphasize that, since the peptide system is
relatively small and the theory refers to sequencing not based
on measurements of ion current, we are not interested in the
blockage or reduction of ionic currents through the pore due
to the peptide. Rather, we focus on the motion of the peptide
interacting with the nanopore surface.

Fig. 4 compares the time evolutions of the structural
descriptors during the dynamics of the peptide inside the Au
nanopore in the presence and absence of the driving electro-
static field. The peptide leans on the nanopore surface in both
cases. However, the peptide can more easily take horizontal
poses in the absence of the field, while it is generally elongated
along the z axis in the presence of the field (see Fig. S7), thus
clearly favoring its sequencing. The interaction with the pore
surface makes the peptide structure appreciably less flexible
and more persistently elongated compared to the structure
free in the solution. This is shown by the fact that the RMSD

Fig. 4 Time evolution of RMSD, Rg, and SASA in the MD simulation of
10GLU in water with Na+ counterions, inside the nanopore, for zero
external field (black) and Ez = 0.5 V nm−1 (cyan). Mean value and stan-
dard deviation of each structural descriptor after 150 ns (vertical dash),
in the presence of the field, are reported on the respective panels.
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is, on average, appreciably smaller than that in Fig. 2 (compare
the black RMSD traces in Fig. 2 and Fig. 4, which correspond
to mean RMSD values of 0.65 Å and 0.54 Å, respectively), while
Rg is consistently larger (namely, its mean value passes from
0.91 nm in Fig. 2 to 1.07 nm in Fig. 4). Furthermore, we find
that the pore-peptide distance lies in the range of 0.3–0.6 nm.
With an eye to optical sequencing applications, this range of
relatively short distances fuels the expectation of effective
interaction with plasmonic fields generated within the nano-
structure in the experiment. Consistent with such results, the
SASA is significantly reduced by the interaction of the peptide
with the pore. At the beginning of the MD simulation, the
peptide is located at the center of the Au nanopore. Therefore,
the SASA values are similar to those for the free peptide in
Fig. 2a. Then, the peptide approaches the surface of the pore
and remains attached to it for the remainder of the simulation.
Therefore, the exposure to solvent is considerably reduced and
the SASA accordingly decreases.

As Fig. 4 shows, the external field enhances the adhesion of
the peptide to the Au surface, which is completed between 100
and 150 ns if the driving field with intensity Ez = 0.5 V nm−1 is
applied. In contrast, it takes about 400 ns without a driving
field (compare black and cyan lines in Fig. 4). We thus con-
clude that the joint action of the Au surface and the dragging
external field promotes the peptide steering along the nano-
tube, as is desirable for its optical sequencing (see below).

Table 2 shows that the translocation speed of the peptide
decreases with ionic strength also inside the nanopore and is
lower in the solution with Li+ counterions than in the one with
Na+ ions. The increase in ionic strength can be generally
expected to weaken the interaction of the peptide with the Au
pore surface (as has been observed for very different molecule-
pore systems182,183). This weakening should favor transloca-
tion, but the effect of shielding the peptide charge on the
ability to drive it by an electric field is predominant.

Importantly, in all cases, the interaction of the peptide with
the Au pore acts as a frictional force slowing down its translo-
cation motion. This result agrees with the literature on very
different systems, such as neutral and charged polyethylene
glycols moving inside organic nanopores coated with oxides to
favor their adhesion to the polymer.81 Our analysis not only
extends this conclusion to the case of peptides in Au nano-
pores, but also shows that the interaction with the nanopore is
similarly effective in slowing down the dynamics of the
peptide in solutions with different ions at different ionic
strengths. The elongation of the peptide and its smaller trans-
location velocity in the presence of the nanopore concur in
facilitating its sequencing by optical means.

The translocation speeds obtained are too high for ade-
quate optical sequencing even after scaling them down, e.g., by
two orders of magnitude to represent the situation with an
accordingly weaker translocation field (see above). However, on
the one hand, our analysis shows that the interaction with the
metal surface slows down the peptide translocation. On the
other hand, in experimental contexts, one expects the realiz-
ation of hot spots for the detection of the molecule3 with an

accumulation of excess charge on the metal surface and hence
a larger interaction with the molecule.

To perform a more realistic simulation of the peptide
motion and to describe the effect of the excess charge on the
Au surface and the consequent diffuse layer on such motion,
we investigated the translocation of the peptide for different
potentials of the nanopore surface, that is, for different excess
charges on the gold surface, which were balanced by Cl− coun-
terions added to the solution. To this end, the charges on the
Au atoms were varied so as to reach the desired electrostatic
potentials at the nanopore surface with respect to the bulk
solution (that is, with respect to the solution outside the
diffuse layer), according to the Poisson–Boltzmann approach
of Gouy and Chapman162 (see details in Methods). In our
work, in the absence of data on the effective potential of the
gold surface immersed in the electrolytic solution (also due to
the experimental intricacies arising from the coexistence of
surface and electrophoretic potentials), we explored the range
of interface potentials (or lateral potentials, in contrast to the
driving potential difference along the nanotube) from 0 to
260 mV (Table 3). Negative values of the lateral potential were
not considered, since they would only determine a repulsion
between the Au nanopore surface and the negatively charged
polypeptide, thus not allowing the translocation velocity to be
controlled via the surface–molecule interaction and reduced
appropriately for amino acid detection purposes.

The dependence of the peptide translocation speed on the
interface potential drop Vt is shown in Table 3 and Fig. 5a. For
zero Vt, the translocation speed is smaller than that for moder-
ate values of Vt (up to Vt = 180 mV in Table 3). This can be
interpreted as resulting from the accumulation of Cl− ions at
the surface (as we observed by inspection of the MD trajec-
tories, and in general agreement with the reducing binding to
different surfaces of charged peptides with increasing salt
concentration182,183), thus preventing its direct contact with
the polypeptide and promoting the sliding of the latter
through the gold nanopore. In fact, the comparison between

Table 3 Dependence of the translocation speed on the transversal
potential difference Vt

Vt (mV) σ (μC cm−2) a lGC (Å) b t0 (ns)
c v (m s−1)

160 12.7 2.8 50 17.0
180 19.5 1.8 150 10.4
200 29.0 1.2 50 2.2
210 35.1 1.0 50 8.0 × 10−1

215 38.7 0.9 50 1.3 × 10−1

220 43.3 0.8 150 5.9 × 10−3

230 51.9 0.7 310 }<10−4 d

240 62.5 0.6 150
250 77.0 0.5 100
260 91.4 0.4 100

aNet charge density on the internal surface of the nanopore. bGouy–
Chapman length. c Time after which the RMSD reaches a plateau and
the peptide speed is calculated. d At these Vt values, the velocity of the
CM along z fluctuates around zero, with a modulus of the order of
10−4 m s−1.
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Tables 2 and 3 shows that the translocation speed value for Vt
= 160 mV is within the range between the speed without a pore
and that in the pore without a lateral potential. As the Vt value
increases further, the peptide experiences a prevailing and
increasing effective friction due to a direct interaction with the
Au surface (as we have also seen by examining MD simulations
like the one used to produce the video in the SI) and starts
slowing down significantly. For large enough Vt, the speed of
the CM fluctuates around zero over the time interval explored
by the MD simulations (Table 3). In a range of intermediate
values of Vt, we find a discontinuous motion of the peptide
characterized by periods of translocation interspersed with
periods in which the peptide is stuck on the nanopore surface.
For Vt = 220 mV, we inspected this kind of dynamics by means
of an MD simulation of 2 μs (Fig. 5b). We expect that the same
type of motion can be observed for larger values of Vt in
sufficiently long MD simulations.

Table 3 also reports Gouy–Chapman’s length, lGC,
184 at

which the average Coulomb attraction between a unit charge and
the charged surface equals the thermal energy. As expected for
the rather high charge density on the Au surface, lGC is on the
order of 1 Å and decreases with the surface charge. This also
means that the electroosmotic flow related to the presence of
counterions decreases with the magnitude of Vt (incidentally, we
notice that this effect, as well as the viscous drag effect on the
water farther from the nanopore surface, is intrinsically included
at the atomistic level of our simulations). Furthermore, the ion
concentration is maintained at the same value in all MD simu-
lations at different Vt values reported in Table 3 and Fig. 5, and
lGC decreases with the surface charge. Therefore, the electroos-
motic effect, which we assessed to be negligible for Vt = 220 mV
(at this Vt value we find that the average velocity of the water
molecules is about 2.2 × 10−6 m s−1, which is three orders of
magnitude less than the peptide mean velocity and may be
ascribed to the ion distribution and the width of the nanopore),
is not responsible for the observed behavior of the
translocation speed with increasing transversal potential
difference.

The intermittent translocation of the peptide, and other
essential features of its motion in response to Vt, can be cap-
tured through the following formally simple physical model.

By inspection of the polypeptide trajectory at Vt = 220 mV,
we see that one to a few COO− groups strongly interact with
the gold surface polarization charge and transiently pin the
polypeptide to the surface (which cannot be considered a uni-
formly charged continuous surface at the MD atomistic level).
Therefore, the polypeptide jumps between the local minima of
the electrostatic interaction energy, in the direction deter-
mined by the driving electrostatic field.

For a given value of Vt, the peptide has at each time a prob-
ability P to be detached from the surface, and therefore a prob-
ability 1 − P to be stuck on it. Assuming that the difference in
peptide–nanopore interaction energy between situations in
which the peptide is pinned or not to the surface is pro-
portional to Vt through a coefficient a (due to the very small
Gouy–Chapman length, the two situations practically corres-
pond to the displacement of the partly screened peptide
charge through a region in which there is a potential drop of
Vt), we consider that P decreases with Vt proportionally to the

Boltzmann factor exp �aVt

kBT

� �
. The average translocation

speed while the peptide is detached from the nanopore
surface, vd, also depends on Vt. On average, over a time interval
Δt, the CM of the peptide travels a distance Δz = vdPΔt, and
therefore:

ln vðVtÞ � ln vdðVtÞ � aVt
kBT

ð2Þ

Accurate applications of eqn (2) require knowledge of vd(Vt),
and vd can be a complicated function of Vt for a flexible sol-
vated peptide near a gold surface. However, we expect vd to
vary slowly with Vt as long as the transversal potential differ-
ence is not large enough to make the peptide lean closely on
the pore surface, thus leading to the very slow initial variation
of the peptide speed with Vt in Fig. 5a. As Vt is sufficiently
large, the exponential dependence of P on Vt is expected to

Fig. 5 (a) Peptide translocation velocity v (in units of v0 = 1 m s−1) vs. transversal potential difference Vt associated with extra charge on the Au
surface. The dashed reference line in blue represents the v value for Vt = 0 mV. The red dashed interpolation line shows the trend towards an
approximately linear behavior predicted by eq. 2 for large enough Vt. (b) Coarse-grained v (vCG) vs. MD time, obtained by averaging v over 50 ns time
intervals for Vt = 220 mV, showing a stop-and-go translocation mechanism.
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dominate the behavior of v(Vt), so as to determine a linear
dependence of ln v on Vt. The data points in Fig. 5a are compa-
tible with—but not sufficient to determine—such a linear
dependence, whose investigation is computationally very
expensive (due to the very slow translocation dynamics in this
regime) but worthy of future analysis. At any rate, the drop in
translocation speed with increasing Vt shown in Fig. 5a pre-
vents observing an appreciable motion of the peptide over the
MD simulation time for Vt ≥ 230 mV (Table 3).

The stop-and-go translocation mechanism underlying eqn
(2) and shown in Fig. 5b (the stop-and-go mechanism is clearly
visible in a video of the polypeptide translocation through the
gold nanopore with Vt = 220 mV, which is provided in the sup-
plementary Material; for this Vt value, SI section S10 also reports
a comparison of the peptide average velocities for replicas of the
first 100 ns of the MD run) is reminiscent of the slowdown of cis-
platin diffusion inside a nanopore due to molecular adsorption
onto the pore surface,92,93 although the two types of systems and
their motion are very different. The flat regions of the plot corres-
pond to the peptide being stuck on the surface, while the peaks
represent the time intervals in which the peptide detaches and
proceeds in the main direction of the pore under the action of
the electric field. Clearly, the variability of the local environment
and of the extent of peptide detachment from the surface deter-
mines peaks of variable duration and height (i.e., of different
maximum speed reached during the forward motion). The slow
modes of the peptide structural dynamics,85,111 which involve
large portions of the polymer, are expected to be primarily
involved in dragging the peptide away from the anchoring poses.
While 10GLU is anchored to the pore, such modes determine a
velocity of the CM on the order of magnitude of 10−4 m s−1 (see
Fig. S9, for example). Therefore, we expect that for Vt > 220 mV,
the translocation speed of the detached peptide, vd, is between
these values and those in Fig. 5b.

Given the smooth change in vd with Vt, and the approxi-
mately linear dependence of ln v on Vt for sufficiently strong
lateral fields, we obtain a/e ≈ 23.87 (e is the elementary charge)
from the last two data points in Fig. 5a. With this value of

paramter a, a lateral potential as close to 220 mV as Vt �

220mV þ kBT
a

ln 100 ’ 225mV is already sufficient to reduce

the translocation velocity to the value v ≈ 6 × 10−5 m s−1,
which is two orders of magnitude smaller than the velocity
obtained for Vt = 220 mV. This explains why we cannot see
jumps in the translocation motion during the MD simulations
with Vt > 220 mV. It is worth noting that a similar translocation
speed on the order of 10−5 m s−1 can also be obtained for Vt =
220 mV by reducing the driving electrostatic field, Ez, by two
orders of magnitude, as vd is expected to scale in an approxi-
mately linear way with Ez.

3.5. Measurement of polyglutamic acid translocation
through a gold nanopore

To compare these theoretical results with those in practical
experimental setups, we performed electrophoretic transloca-

tion experiments in solid-state gold nanopores. The nanopores
were fabricated by ion beam milling and have a minimum
inner diameter of 10 nm.143 Further details are provided in the
Materials and Methods section. Translocation dynamics were
monitored by electrical readout, following standard electrical
measurement. The protocol for the Au nanopores was adapted
from ref. 84. As anticipated above, the probe molecule used is
a 5000-unit-long polyglutamic acid. The concentration was set
to 10 nM. Potassium chloride (KCl) was used as the electrolyte,
with a concentration of 100 mM. The electrophoretic bias was
100 mV. Typical current spikes due to the translocation of
molecules into pores are shown in Fig. 6a. By analyzing the
duration of the spike, it is possible to trace the duration of the
translocation, usually called dwell time. The dwell time distri-
bution was extracted from the ion current files using Clampfit
software. The half-amplitude threshold method was applied to
discriminate events from noise where the signal exceeds a set
amplitude threshold. More specifically, events smaller than
0.5 ms were discarded since they could not be differentiated
from noise. The log–normal distribution of the dwell time is
shown in Fig. 6b. The analysis shows an average duration of
1.2 ms per translocation event, which, considering the length
of the polymer (1.5 μm), means a translocation velocity of
1.25 × 10−3 m s−1.

Since the bias potential drop occurred across a nanopore
length of about 100 nm, the driving field was about 1 mV
nm−1. Assuming a linear dependence of the polypeptide trans-
location velocity on the electrophoretic bias, based on the
results shown above, the speed expected in the nanopore

Fig. 6 (a) Electrical trace obtained for the translocation of 5000GLU (in
a 100 mM KCl solution) from the cis- to the trans-chamber under a bias
of +100 mV. (b) Histogram of the dwell time extracted from the statisti-
cal analysis of the signal in (a).
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under our driving field of 0.5 V nm−1 is about 0.6 m s−1 (or
less, since the dependence of the velocity on the driving field
may be less than linear at the experimental bias). This translo-
cation velocity is lower than that predicted for Vt = 0, but
within an order of magnitude of the latter. This is a reasonable
agreement, considering the ideal character of the model
(defect-free) nanopore surface compared to what can be
expected in the experiments. Also, our simulation was per-
formed using Na+ counterions, while the experiment was
carried out in the presence of the KCl salt. Comparing with
the velocities obtained under bias, the experimental transloca-
tion velocity is in between those obtained with lateral poten-
tials of 210 (last data point in black color in Fig. 5a) and
215 mV (first data point in red in Fig. 5b), in a critical range of
lateral potential values where a significant stop-and-go translo-
cation mechanism is triggered. A closer comparison between
the theoretical and experimental results is hampered by the
differences between the model and real systems, including the
much longer polyglutamic acid used in the experiment, the
different nanopore sizes and ionic environments (despite the
similarities between the theoretical results using the Na+ and
K+ ions, the ionic strengths also differ in the simulation and
experiment), and other aspects. Although the comparison
between theory and experiment must be treated with due
caution, it still suggests the stop-and-go motion as a plausible
translocation mechanism in the real system, where it might
also be triggered by lateral potential differences smaller than
220 mV due to the additional friction of the longer polymer as
it enters and exists the nanopore.

The above analysis clearly indicates opportunities for using
electrochemical control of the pore potential to slow down the
translocation of peptides and stretched proteins through nano-
pores in SERS-based sequencing. Another critical point for
peptide or protein sequencing is the ability to distinguish
different amino acids depending on the degree of molecular
stretching. This point is examined in the next section.

3.6. Amino acid distinguishability

An ideal sequencing procedure would require that amino acids
sequentially pass through a suitably focused hot spot in the
pore, with a translocation velocity that allows for the collection
of sufficient spectroscopic information. Assuming that the
molecular detection can be focused on a spot of the size of
one or very few amino acids, their distinction still requires that
the stretching of the peptide in the presence of the Au nano-
pore ensures a sufficiently small spatial overlap between the
amino acids in the direction of the Au nanopore axis.

To investigate the above point, including the effect of the
peptide-nanopore interaction on the distinguishability of
amino acids, we determined the amino acid overlaps shown in
Fig. 7, after deriving the relative average density profiles of the
amino acid residues in the z direction from the MD simu-
lations of the 10GLU peptide free in solution and confined in
the nanopore, as described in Methods. We calculated the
overlaps considering only the heavy atoms of the side chains,

as we obtained similar results in tests performed using the full
amino acids.

Fig. 7 shows that, in the presence of the nanopore, the next-
neighbor side chains overlap by about a third, the second next-
neighbors overlap by significantly less than 10%, and the farther
side chains show negligible overlap. In the absence of the nano-
pore, each amino acid side chain appreciably overlaps, on
average, with several others. In terms of overlapping atoms, in
the absence of the nanopore, each GLU side chain overlaps
(along the z direction), on average, with almost two atoms in the
next-neighbor side chains, almost one atom in the second next-
neighbors, and an appreciable fraction of atom in several farther
GLU side chains. Instead, in the presence of the nanopore, ∼1.6
atoms of a side chain overlap with atoms in the next-neighbor
side chains, while there is a small to negligible overlap with the
farther side chains. Therefore, the pore–peptide interaction sig-
nificantly increases the distinguishability of amino acids, as is
desirable for protein sequencing. It is worth noting that our con-
clusion is even more true since the degree of distinguishability
we showed refers to the most difficult scenario in which the
amino acids are all of the same type.

4. Conclusions

This study presents a mechanistic view (at an atomistic level) of
peptide translocation through gold nanopores, which is compre-
hensive and simple at the same time, with the aim to provide
guidance for the experimental implementation of metal nano-
pores for label-free protein sequencing through optical tech-
niques. To this end, we take on a fresh perspective, in which we
focus directly on the motion of the peptide, rather than evaluat-
ing the effects of the peptide on ionic currents. Through a vast
analysis of MD simulations, using several structural descriptors,
we dissect the behavior of the peptide in terms of its dependence

Fig. 7 Average fraction of a GLU side chain (expressed as the number n
of side-chain overlapping atoms over the total number of heavy atoms
(5) in the side chain) that overlaps atoms of the Δs-distant GLU side
chains along the z direction (namely, as observed orthogonally to the z
axis). Δs = 1 corresponds to next neighbor GLU residues, Δs = 2 means
second-next neighbors, etc. The data points in cyan (black) refer to the
system in the absence (presence) of the nanopore.
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on different environmental conditions, including the compo-
sition and ionic strength of the solution and the polarization
charge on the internal surface of the solid-state nanopore, which
can be externally varied by electrochemical control. Over a range
of reasonable ionic strengths, we find that the type of ion in the
solution is more important than the ionic strength itself to deter-
mine the degree of peptide elongation and hence the opportu-
nities for sequential translocation of the amino acids and their
suitable detection. For example, Li+ more closely interacts with
the carboxylates of the peptide compared to Na+ and K+, thus
more effectively screening their electric interaction and allowing
more compact conformations of the peptide. This fact brings
about the advantage of a slower peptide translocation under a
driving electrostatic field, but also the significant disadvantage of
an appreciably less sequential transit of the amino acid residues,
thus disfavoring their individual detection. In addition, the more
moderate peptide charge screening by Na+ and K+ ions enables a
more effective control of the dynamics by lateral fields.

The use of larger ions such as Na+ and K+, together with the
application of lateral electric fields of appropriate intensities,
emerges from our analysis (which includes the quantification of
nanopore effects on the sequential passage of the amino acids)
as an effective strategy to control the rapidity of translocation of
sufficiently elongated peptides, and thus enable their sequen-
cing. Our study also shows (Fig. 5) a crucial range of intensities
of the surface potential over which the peptide translocation
gradually acquires a stop-and-go mechanism, which can be used
to fine-tune the translocation velocity of the peptide. Depending
on the value of the surface potential and the driving field, the
stop-and-go translocation can also occur on timescales that
cannot be grasped by the MD simulations, but may be relevant
to suitable sequencing of the amino acid chain.

It is worth noting that the presence of a negative charge on
the GLU residues does not limit the significance of this
mechanism for applications to polypeptide and protein
sensing and sequencing. In fact, a growing number of studies
demonstrate the use of sodium dodecyl sulfate (SDS) to unfold
proteins, while simultaneously charging them, for transloca-
tion through solid-state nanopores. Combined theoretical-
experimental investigations have indeed shown the threading
of individual SDS-denatured and negatively charged polypep-
tides through sub-5 nm pores.94,185 In the present study, our
experiments on a 5000-unit-long polyglutamic acid moving
through a solid-state gold nanopore yielded a translocation vel-
ocity in the range where theory predicts the stop-and-go trans-
location mechanism to be at stake and critically controlled by
the intensity of the interface potential field.
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