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We employed molecular dynamics simulations to investigate the directed transport of a double-stranded oligonu-
cleotide (dsDNA) through a single-walled carbon nanotube (SWNT) powered by external mechanical vibrations. It is
thermodynamically favorable for dSDNA to adsorb inside the SWNT, and its transport through the nanotube is challenging
due to the high energy barrier. However, we demonstrate that mechanical vibrations at specific frequencies can effectively
drive the dsDNA through the nanotube based on a ratchet effect. The system is driven away from thermal equilibrium, and
the spatial inversion symmetry is broken by mechanical vibrations. This study provides valuable insights into the mech-
anisms of mechanically activated DNA transport and highlights the potential of using SWNTs as nanoscale conduits for

dsDNA delivery in nanobiotechnology and biomedicine.
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1. Introduction

The ability to manipulate biomolecules transport through
nanopores is crucial for both fundamental biological processes
and broad applications in various scientific and technologi-
cal fields.['-"!) One of the most intriguing applications is the
directed transport of nucleic acid molecules, such as DNA
and RNA, through nanopores like carbon nanotubes (CNTs)
and graphene nanopores, which holds significant promise for
nanobiotechnology and biomedicine.!'>~'*! DNA-based nano-
materials can be engineered to transport drugs, genes, and
other therapeutic agents to specific cellular sites.!'> Addi-
tionally, nanopores have been utilized for DNA sequencing,
serving as a powerful tool that offers rapid readout, single-
molecule sensitivity, and long read lengths. 41!

Recent advancements in nanotechnology have led to the
exploration of various nanoscale conduits for DNA transport,
with solid-state nanopores emerging as promising candidates.
Carbon nanotubes, featuring unique structures and exceptional
properties, have been widely used as models to study com-
plex biological phenomena, such as the gating effects of water
channels,!'”18] and ion channel selectivity.!!>* When orga-
nized into hexagonally packed two-dimensional arrays, carbon
nanotubes provide simple and potentially more robust plat-
forms for investigating the fundamental mechanisms of mem-
brane translocation.!>!3 Yeh and Hummer investigated the
translocation of single-stranded RNA molecules through car-
bon nanotube membranes and discovered that the unique con-
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formational flexibility and hydrophobicity of RNA result in
sequence-dependent translocation./'3! Gao er al. further stud-
ied the translocation dynamics of single-stranded DNA (ss-
DNA) molecules through a polarized nanotube membrane un-
der an applied electric field.[?! Geng et al. investigated the
spontaneous incorporation of short CNTs into lipid bilay-
ers and live cell membranes to form channels, termed CNT
porins, which exhibit robust transport properties for ions, wa-
ter, and DNA. The CNT porins display stochastic gating be-
havior and ion selectivity, making them a promising platform
for biomimetic applications, including synthetic cells, drug
delivery, and biosensing.l?!l Liu et al. discovered that the
electrophoretic transport of small ssDNA oligomers through
carbon nanotubes is characterized by significant transient in-
creases in ion current. This finding potentially paves the
way for more precise control of DNA translocation across

s.[221 By applying constant or alternating biasing

membrane
voltages, Luan et al. found that the dSDNA molecule can be
unzipped at the junction of the Y-shaped carbon nanotube. 3!

Over the past decades, progress has been made in the
transport of materials within carbon nanotubes, primarily
achieved through the application of chemical gradients,*
thermal gradients,!>~2"] external electric fields,?3* and vi-
brating charges.>33%! In addition, various mechanical meth-
ods have been suggested to facilitate the pumping of water
through CNTs capitalizing on the excellent mechanical prop-
erties of these nanotubes. 37401 Recently, we have demon-

strated that the “nanobubble” trapped in the nanotube can be
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removed conveniently by water flow powered by mechanical
resonance. 4]

Despite these advances, the mechanical transport of more
complex biomolecules, such as dsDNA, remains challenging
due to the high energy barriers involved. While it is thermo-
dynamically favorable for dsDNA to adsorb inside SWNTs,
its transport through the nanotube is impeded by these barri-
ers. Given these challenges, the question arises: Is it possible
to achieve the transport of more complex biomolecules using
a nanopump driven by mechanical perturbations?

In this study, we investigate the dynamics of dsDNA
oligonucleotide transport through a vibrating SWNT using all-
atom molecular dynamics (MD) simulations. Our simulations
revealed that mechanical vibrations at specific frequencies can
effectively drive dsDNA through the nanotube based on a
ratchet effect. This mechanism involves breaking the spatial
inversion symmetry and driving the system away from thermal
equilibrium, thereby facilitating the transport of dsDNA de-
spite the high energy barriers involved. We examined the con-
formational changes of the DNA oligonucleotide and the in-
teractions between the DNA and the walls of the SWNT. Both
water molecules and the dsDNA confined within the SWNT
gain significant kinetic energy from the mechanical resonance,
which facilitates their transport.

2. Computational details

The simulation framework is illustrated in Fig. 1. An un-
capped (20,20) armchair SWNT with a length of 10 nm and a
diameter of 2.7 nm is embedded along the z-axis between two
carbon planes, which form an artificial membrane separating
bulk water into two sides. The membrane and the atoms at
the bottom part of the SWNT (shown in black) are all fixed at
their original positions during the simulation. A dsDNA frag-
ment with ten base pairs and the sequence CCGCTAGCGG is
initially encapsulated in the center of the SWNT, surrounded
by water molecules. The length of dsDNA fragment is ap-
proximately 4 nm. As in our previous studies,**! a carbon
atom near the left end of the SWNT (referred to as the “driv-
ing atom” and shown in red in Fig. 1) is set to undergo periodic
simple harmonic motion along the y-axis. The motion of the
driving atom follows the equation y = yo — A sin(27f7), where
¥o is the equilibrium position, the amplitude A is 0.18 nm, and
f is the vibration frequency.

All simulations were performed using the GROMACS
2016.5 software package in the NVT ensemble with the initial
box size dimensions of Ly =5.2nm, Ly, =5.2nm, L, = 17 nm.
Periodic boundary conditions are applied along all three axis
directions. The temperature is maintained at 300 K using the
velocity-rescale thermostat algorithm. The equations of mo-
tion are integrated using the leapfrog algorithm with a time
step of 1.0 fs. A total of 7695 water molecules were added

to the system. The SPC model was selected to simulate water
molecules. Since the DNA molecule carries a certain amount
of negative charge (—18¢), 18 Na* ions were added to the
aqueous region to neutralize the system.

(a) Driving atom (b)
a5t

Fig. 1. Schematic diagram of the simulation system. (a) Snapshot of the
simulation system. Two reservoirs are connected by an uncapped (20, 20)
SWNT combined with two carbon planes. The red and white spheres repre-
sent the oxygen and hydrogen atoms in water molecules, respectively. The
vibrating atom of the SWNT oscillates periodically along the y-axis. Lower
panel: enlarged side view of the dsDNA confined within the SWNT. (b) Top
view of the simulation system along the z-axis. The carbon planes and water
molecules are omitted for clarity, showing only the dsDNA and the SWNT.
The AMBER99sb force field was used to describe the
atomic interactions in dsDNA and the interactions between the
atoms in dsDNA and water molecules or ions. The SPC model
was employed for water molecules. The carbon nanotube is re-
garded as a large molecule. The total potential energy function

of CNT can be expressed in the following form:

occ 12 occ 6
Vtota] = ZVDW4£CC {(r) — (T) :|
1 2 1 )
+Zb°“ds Ekb (r=r0) +Zanglcs Eke (6 —60)

1 2
+ D inedral Sk (r=re)”,

where €cc = 0.3612 kJ/mol, occ = 0.34-nm bond length of
ro = 0.142 nm, bond angle of 6y = 120°, the spring constant of
ky = 393960 kJ-mol~'-nm~2, and kg = 527 kJ-mol ! - deg 2,
ke =52.718 kJ -mol~! - deg 2. Long range electrostatic inter-
actions with a cutoff for real space of 1.4 nm were computed
by using a particle-mesh Ewald method. The cutoff distance
for the short-range van der Waals forces is also set at 1.4 nm.

The simulation begins with an energy minimization pro-
cess. During the initial equilibration process, all carbon atoms
in the SWNT and the CNPs were fixed, and a harmonic poten-
tial was applied to restrain the dsDNA, preventing the system
from collapsing due to initial unreasonable forces. The sys-
tem was equilibrated for 20 ns. During this period, the dSDNA
strand undergoes a thermalization process and settles into its
equilibrium position. Following the equilibration process, we
tracked the movement of each atom during the last 30 ns and
collected data for further analysis.

We also performed computer simulations of a system
without water molecules. Based on the original system, all wa-
ter molecules are removed and a harmonic potential is applied
to the dsDNA molecule for 20 ns of equilibration. During this
process, Na™ ions could spontaneously move and eventually
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adsorb onto the dsDNA surface. Subsequently, we introduced
mechanical vibrations with frequencies set at 1200 GHz and
1000 GHz and conducted a 30-ns computer simulation after
removing the constraints on the DNA.

3. Result and discussion

Previous studies have shown that DNA can be adsorbed
inside carbon nanotubes with appropriate diameters due to van

(12431 In our previous work, we demon-

der Waals interactions.
strated that water within a carbon nanotube can be efficiently
driven by external mechanical vibrations.*>* Thus, interest-
ing questions arise. Can mechanical vibrations drive the trans-
port of DNA? Will DNA molecules become blocked inside the
carbon nanotube?

To address these questions, we analyzed the trajectories
of the center of mass (CoM) of the dsDNA inside the car-
bon nanotube under external vibrations at different frequen-
cies, with the results shown in Fig. 2. Without external vibra-
tion (f = 0 GHz), the dsDNA remains relatively stable near
its initial position (z = 8.5 nm) (see Fig. 2(a)). When exter-
nal mechanical vibrations are introduced, the dsDNA inside
the SWNT is disturbed. The CoM of the dsDNA deviates
from the central position but does not escape the SWNT due
to the barrier at the outlet. The nanotube’s outlet is located at
z = 13.5 nm, marked by the dashed line in Fig. 2(a). When
the vibration frequency is increased to 1000 GHz, the dsDNA
escapes from the carbon nanotube. At 1200 GHz, the dsDNA

is ejected from the carbon nanotube in the shortest amount of
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% 101 ——1200 GHz
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time (about 5 ns). However, when the frequency increases fur-
ther, the dsDNA is blocked at the outlet and cannot escape.
This phenomenon indicates that higher vibration frequencies
do not necessarily enhance transport efficiency; in fact, ex-
cessively high frequencies can hinder directed transport. This
finding aligns with previous studies on nanopumps transport-
ing water, where transport efficiency also exhibits a peak re-
sponse to frequency.

We further analyzed the probability distribution of ds-
DNA translocation time at frequency 1200 GHz. We varied
the initial conditions and performed 10 simulations of 15 ns,
then statistically analyzed the translocation time to obtain the
probability distribution. We found that the time for dsDNA to
pass through the carbon nanotube exhibits some fluctuations,
but there are no deviations of several orders of magnitude. The
value with the highest probability distribution is around 5 ns.

Figure 2(b) shows snapshots of the system after 30 ns of
simulations. It is observed that at vibration frequencies of
1000 GHz and 1200 GHz, dsDNA can be transported out of
the nanotube into the external reservoir. At 1500 GHz and
2000 GHz, dsDNA can be transported to the vicinity of the
nanotube’s opening. Our simulation results show that at spe-
cific frequencies, dSDNA can be efficiently driven through the
carbon nanotube by external mechanical vibrations. However,
dsDNA cannot be driven out the carbon nanotube without wa-
ter (shown in Fig. 2(c)). Our simulation results indicate that

water plays a key role and relying solely on mechanical waves
is insufficient to transport dsSDNA through the CNT effectively.

0 GHz 1200 GHz

1500 GHz

1000 GHz 2000 GHz

Fig. 2. (a) The trajectories of the center of mass (CoM) of the DNA molecule. (b) Final snapshot of the simulated system (water molecules
and ions are omitted for clarity). (c) The trajectories of the center of mass (CoM) of the DNA molecule in vacuum. (d) Final snapshot of the

simulated system in vacuum.
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The van der Waals interactions between dsDNA and
SWNT play a key role in the transportation of dsDNA, which
facilitates the spontaneous entry of DNA into the CNT but acts
as a hindrance to its exit. In a study by Wei Min et al. on nitro-
gen gas nanobubbles in CNTs, it was found that expelling ni-
trogen gas nanobubbles from the nanotube also requires over-
coming an energy barrier.[*!!

Here, we calculated the van der Waals interaction energy
between dsDNA and the SWNT for each group, as shown in
Fig. 3. The Lennard—Jones (L-J) potential is used to describe
The DNA-CNT interaction

energy is calculated using the formula

12 6
iy = Z4Sij l<r11> - <r11> ] )
ij ij ij

where € and o are the depth and width of the potential well,

the van der Waals interactions.

respectively, and r;; is the distance between the i-th atoms in
the DNA and the j-th carbon atoms in the CNT. In this study,
the cutoff radius for the L—J interaction is set to 1.4 nm.

In the control group where the frequency is 0 GHz, DNA
molecules tend to stay in the middle of the SWNT. To calculate
the interaction energy profile along the nanotube, the DNA is
pulled from z = 8.5 nm to z = 15.5 nm. The red dashed line
represents the result of polynomial fitting. From Fig. 3, we
can see that the lowest interaction energy locates in the middle
of the SWNT. The van der Waals interaction energy increases
with the distance from the center of the carbon nanotube and
ultimately tends towards zero, forming a U-shaped potential
energy curve that is low at the center inside the carbon nan-
otube and high at both ends.

oL —2000 GHz |
——1500 GHz !
g ——1200 GHz |
g . —200F —— 1000 GHz !
Q3 500 GHz )
£ £ —400f —0GHz ”
% > - —Fitted 0 GHz /
Z < —600( W |
g |
(Z) %” —800} ;
oy ‘
Zz ©—1000} |
A |
—1200} 'Outlet
8 10 12 14 16 17

DNA CoM (nm)

Fig. 3. The interaction energies between DNA and CNT vary with the
z position of the CoM of DNA for different vibration frequencies.

When external mechanical vibrations are introduced, the
shape of the interaction energy curve changes. When f =
500 GHz, the interaction energy is lower in the region close
to the right end of the carbon nanotube (CoM of dsDNA in
the range of 8.8 nm to 11 nm) compared to the control group.
By the end of the simulation, the dsDNA is trapped in this re-
gion (see Fig. 2(b)). Interestingly, when f = 1500 GHz, the

interaction energy curve undergoes a significant change, par-
ticularly at the ends of the carbon nanotube. A new potential
well forms in this region, with the lowest interaction energy
located at approximately z = 11.5 nm. Notably, the dsDNA
length is 4 nm in our simulations, and the end of the CNT is at
z = 13.5 nm, meaning the right end of the dsDNA aligns with
the right end of the CNT. Furthermore, when f = 2000 GHz,
the lowest interaction energy is at z = 12.5 nm. We observed
significant changes in the morphological structure of the DNA
(as shown in Fig. 2(b)). The snapshots reveal that the DNA has
visibly shortened in length and has accumulated near the tube
opening, with a small part protruding beyond the end of the
CNT. In this case, the driving force is insufficient for water to
push the dsDNA out of the CNT. For frequencies of 1200 GHz
and 1000 GHz, dsDNA can be transported through the SWNT
driven by external mechanical vibrations. The shape of the in-
teraction energy between the dsSDNA and the SWNT is similar
to that of the control group, but it is lower overall.

Our simulations reveal that the geometrical structure of
the SWNT is modified by external mechanical vibrations,
which in turn excite complex mechanical waves. As a re-
sult, the distance between the dsDNA and the SWNT wall
fluctuates, leading to changes in the profile of their interac-
tion energy. To further investigate this phenomenon, we calcu-
lated the number of atoms in dsDNA, excluding hydron atoms,
within a specific region near the SWNT wall, where the dis-
tance ranges from 0.34 nm to 0.5 nm. These atoms are called
contacting atoms in this paper. The results of this analysis are
presented in Fig. 4.

—2000 GHz

—— 1500 GHz
150r— 1200 GHz
——1000 GHz
500 GHz
__ 100}
Z
50

1

9 10 11 12

13 13.5
DNA CoM (nm)

Fig. 4. The number of atoms in dsDNA, excluding hydrogen atoms,
within a region where the distance to the SWNT wall ranges from
0.35nm to 0.5 nm.

As shown in Fig. 4, we found that for f = 1000 GHz
and f = 1200 GHz, the structure of dsDNA is relatively sta-
ble, with little change in the number of contacting atoms (N).
When the CoM of the DNA approaches the nanotube opening,
part of the dsDNA has already moved out of the SWNT, result-
ing in a decrease in the number of contacting atoms. However,
for vibration frequencies of 2000 GHz and 1500 GHz, when
CoM of the DNA moves to a position near 10.511 nm, the
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DNA is compressed and its shape changes, leading to a signif-
icant increase in the number of atoms in contact with the CNT.
This causes a further decrease in potential energy in the range
of 11 nm-13 nm, forming a potential well.

Furthermore, we consider what factors lead to the direc-
tional transport of dSDNA and why dsDNA can overcome the
energy barrier to reach the aqueous environment at specific vi-
bration frequencies, while at some other frequencies, DNA can
only be transported to the nanotube opening. Since dsDNA di-
rectly interacts only with water molecules and the SWNT, their
dynamical behavior is closely related. The external mechan-
ical disturbance can cause the nanotube wall to vibrate and
generate waves that propagate outward. According to our pre-
vious studies, [*2>#31 we know that these vibrations can transfer
mechanical energy to the water molecules inside the nanotube,
resulting in an uneven spatial distribution of energy among the
water molecules. This, in turn, can induce directional transport
of water molecules, thus realizing the function of a nanoscale
water pump. For such a nanoscale water pump, there exists a
specific frequency at which the system can achieve mechan-
ical resonance, maximizing the water flow rate. The water
flow rate is an important measure of the transport capacity of
the nanoscale water pump. Therefore, we calculated the water
flow rate for all systems and plotted it in Fig. 5.

15000
——2000 GHz (a)
—— 1500 GHz
—— 1200 GHz
—1000 GHz 624 ns—!
100001 500 GHz - x

L e 429 1! A——
5000 j”‘#, B
i 307 ns~!
\ v12 ns~!
0_
0 5 10 15 20 25 30
t (ns)
——2000 GHz 152 ns~! b
4000F ___ 1500 GHz 732 ns-! (b)

—— 1200 GHz 905 ns~*!
—— 1000 GHz 698 ns—!

3000 —— 500 GHz 141 ns—!

Z 2000

1000

t (ns)

Fig. 5. The net number of water molecules passing through the SWNT
over time for system with dsDNA (a) and system without dsDNA (b).

The difference between the number of water molecules
entering from the left end and exiting from the right end, and
those entering from the right end and exiting from the left end,
is depicted in Fig. 5. The net flux of water through the carbon

nanotube is defined here as the number of water molecules
moving from the left side of the carbon nanotube to the right
side per unit time, minus the number of water molecules mov-
ing from the right side of the carbon nanotube to the left side
per unit time. When there are no DNA molecules blocking the
carbon nanotube, due to thermal motion, water molecules can
move from the left side to the right side and also from the right
side to the left side of the carbon nanotube. The water flux be-
havior can be divided into three distinct phases for the cases
of 1000 GHz and 1200 GHz. During the initial period (0 ns—
7 ns for 1000 GHz and 0 ns—15 ns for 1200 GHz), the majority
of the dsSDNA molecule resides inside the SWNT, effectively
blocking the passage of water molecules. This period is des-
ignated as phase I: the clogging phase. As the DNA molecule
moves to the right end and partially exits the SWNT, an in-
creasing number of water molecules begin to pass through the
SWNT. This transition period is referred to as phase II: the par-
tial clogging phase (occurring from 7 ns to 20 ns for 1200 GHz
and from 15 ns to 22 ns for 1000 GHz). During this phase, al-
though a portion of the DNA still remains within the SWNT,
the obstruction is gradually alleviated, allowing more water
molecules to flow through. Finally, phase III: the unobstructed
phase, begins after 20 ns for the 1200-GHz case and after 22 ns
for the 1000-GHz case. In this phase, the DNA molecule has
almost entirely exited the SWNT, resulting in the highest wa-
ter flux achievable for the nanoscale pump at the respective
frequency, which corresponds to the steepest slope of the flux
curve.

Notably, during phase III, the net number of water
molecules passing through the CNT per unit time (i.e., the wa-
ter flux) is higher for the 1200-GHz case than for the 1000-
GHz case. This indicates that the transport capacity of the
nanoscale pump is greater at 1200 GHz than at 1000 GHz.
This observation is consistent with the transport efficiency of
the dsDNA molecule shown in Fig. 1 for these two frequency
cases. Interestingly, our simulation results indicate that the ds-
DNA molecule cannot be pumped out of the nanotube in the
absence of water (see Fig. 1(c)).

For vibration frequencies of 500 GHz and 2000 GHz,
the net flux of water molecules through the SWNT is very
low even in the absence of dsDNA inside the nanotube (see
Fig. 5(b)). In these two cases, the mechanical energy of the
vibrating carbon atoms cannot be effectively transferred to the
water molecules or the dsSDNA molecule inside the nanotube.
Consequently, the pumping efficiency is extremely low. The
dsDNA molecule is encapsulated within the nanotube, and the
water molecules are completely blocked.

To better characterize the role of water in the transport
of DNA, we analyzed the average kinetic energy of water
molecules within a 2-nm range on both the left and right sides
of the DNA at typical frequencies of 500 GHz, 1000 GHz,
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and 1200 GHz, as shown in Fig. 6. The difference in av-
erage kinetic energy between the two sides reflects the pres-
sure difference on either side of the dsSDNA. The greater the
difference in average kinetic energy, the shorter the time re-
quired for dsDNA to be transported to the tube outlet, and the
higher the transport efficiency. As indicated in Fig. 6, the water
molecules on the left side of the dsSDNA exhibit greater kinetic
energy than those on the right side. This is attributed to the fact
that the mechanical vibration of the CNT is more pronounced
near its left end. At frequencies of 1000 GHz and 1200 GHz,
the difference in the average kinetic energy of water molecules
between the two sides is significant. However, at 500 GHz, the
difference is relatively weak. This is because 1000 GHz and
1200 GHz are closer to the resonance frequency of the carbon
nanotube (CNT), while 500 GHz is far from the resonance re-
gion. Therefore, at frequencies of 1000 GHz and 1200 GHz,
the carbon nanotubebased nanopump exhibits superior trans-
port efficiency for dsDNA, which is in good agreement with
the results shown in Fig. 5(a).

—1200 GHz left
----1200 GHz right
12+ —— 1000 GHz left
- --1000 GHz right
— 500 GHz left

- - 500 GHz right

3
g
5 s
&
2
Sl
4 B J-(Z'.-ﬁf,-gw‘- ~~~~~~~
8 10 12 14

DNA CoM (nm)

Fig. 6. The average kinetic energy of water molecules within a 2-nm
range on both the left and right sides of the dsDNA under typical fre-
quencies.

The impact of mechanical vibrations on the structure of
DNA during its transit through the SWNT was assessed us-
ing RMSD as a measure. RMSD provides a quantitative as-
sessment of the deviation of the DNA molecule’s structure
from its initial conformation, which can be indicative of struc-
tural changes or stability under the influence of mechanical
vibrations. The variations in RMSD values were calculated as
a function of the CoM of the dsDNA molecule, as depicted
in Fig. 7. This analysis helps to understand how mechani-
cal vibrations affect the integrity and conformation of DNA
molecules during transport through nanoscale environments,
which is crucial for applications in nanotechnology and molec-
ular biology.

At 1200 GHz, the nanoscale pump exhibits the strongest
transport capability for dsDNA. However, it is observed that
the RMSD value of dsDNA is at its lowest compared to other
cases. The RMSD value of dsDNA shows an inverse relation-
ship with the transport capacity of the nanochannel. The rela-

tively high RMSD values near the tube opening for the 2000-
GHz and 1500-GHz cases further corroborate the previously
mentioned fact that the dsDNA molecules in these two groups
undergo more significant morphological changes near the tube

opening.
1.0
—— 2000 GHz
—— 1500 GHz
0.8k — 1200 GHz
’ —— 1000 GHz
/é\ 500 GHz
E 0.6r .
a o
‘ I
A4 I
= 0
0.2

10 11 12 13
DNA CoM (nm)

Fig. 7. The RMSD of DNA as a function of the position of the DNA
centroid.

Ok

We also simulated the transport behavior of dsDNA by
carbon nanotubes of different sizes and chiralities, and the
transport behavior of ssDNA. It was found that the main trans-
port behavior of biomolecules confined in carbon nanotubes
has certain similar laws when driven by non-equilibrium me-
chanical vibration. For a specific carbon nanotube system,
there exists a specific resonance frequency. When the carbon
nanotube vibrates near the resonance frequency, it has a better
transport effect on biomolecules.

Indeed, the frequencies used in our simulations
(1000 GHz-2000 GHz) fall within the terahertz range, which
currently exceeds the operating capabilities of conventional
RF devices. However, these frequencies correspond to the
natural resonance frequencies of (20,20) SWNT. The natu-
ral frequency of SWNTs is strongly dependent on their di-
mensions, larger SWNTs exhibit lower resonance frequencies.
We performed molecular dynamics simulations on the (25,25)
SWCNT system and calculated its natural frequency to be ap-
proximately 400 GHz. The resonance frequency of the orig-
inal (20,20) SWNT in the system was about 1000 GHz. The
resonance frequency significantly decreased when the diame-
ter of the SWCNT changed from 2.70 nm to 3.39 nm. There-
fore, by tuning the size of the SWNTs, it is possible to shift
the resonance frequency toward more experimentally accessi-
ble ranges, making practical implementation more feasible.

4. Conclusions

In this study, we have investigated the mechanisms of me-
chanically activated dsDNA transport through SWNT using
all-atom molecular dynamics simulations. Our results demon-
strate that external mechanical vibrations at specific frequen-
cies can effectively drive dsDNA through the nanotube, over-
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coming the high energy barriers that typically impede its trans-
port. This phenomenon is attributed to the ratchet effect in-
duced by the mechanical vibrations, which breaks the spatial
inversion symmetry and drives the system away from thermal
equilibrium.

We found that the transport efficiency of dsDNA is
highly dependent on the vibration frequency. At 1200 GHz,
the dsDNA was transported out of the nanotube most ef-
ficiently, while away from the resonance frequency regions
(e.g., 1500 GHz and 2000 GHz) led to partial blockage at the
nanotube opening. This suggests that excessive vibration fre-
quencies may disrupt the directional transport. The profile of
the interaction energy between the dsDNA and the SWNT is
also altered. Additionally, our simulations revealed that wa-
ter molecules play a crucial role in facilitating the transport
of dsDNA. In the absence of water, the dsDNA could not be
effectively driven out of the nanotube, indicating that the me-
chanical vibrations alone are insufficient for efficient transport.

The interaction energy analysis showed that the van der
Waals forces between the dsDNA and the SWNT significantly
influence the transport process. The formation of potential
wells near the nanotube opening at certain vibration frequen-
cies (e.g., 1500 GHz) further highlights the complex inter-
play between mechanical vibrations and molecular interac-
tions. Furthermore, the structural integrity of dsDNA dur-
ing transport was assessed by calculating the RMSD of the
DNA molecule. We found that higher transport efficiency at
1200 GHz was associated with lower RMSD values, suggest-
ing minimal structural deformation of the DNA during trans-
port.

In summary, our study provides valuable insights into the
mechanisms underlying mechanically activated DNA trans-
port through SWNTs. The findings highlight the potential of
using SWNTs as nanoscale conduits for biomolecular delivery
in nanobiotechnology and biomedicine.
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