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Inspired by nature, nanomotors have been developed that have great potential in microfluidics and bio-
medical applications. The development of the rotary nanomotor, which is an important type of nanomo-
tor, is an essential step towards intelligent nanomachines and nanorobots. Carbon nanotubes (CNTSs) are
a crucial component of rotary nanomotors because of their excellent mechanical properties and adapta-
bility to the human body. Herein, we introduce a convenient manipulation method for controlling the
rotation of a nanomotor assembled from CNT-DNA, which uses the electroosmosis effect within oppo-
sitely charged dual nanopores. The central components of this nanomotor consist of a double-walled
carbon nanotube (DWCNT) and a circular single-stranded DNA (ssDNA), which acts as the driving
element for the nanomotor. Selective ion transport through charged nanopores can generate a robust
electroosmotic flow (EOF), which serves as the primary power for the movement of circular ssDNA. The
tangential force on the ssDNA is transmitted via electrostatic adsorption to the outer surface of the CNT,
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known as the rotor, resulting in the rotation of the nanomotor. By simply adjusting the electric field and
surface charge density of each nanopore, rotational variables including speed, output power and torque
can be readily regulated in this work. This proof-of-concept research provides a promising foundation for
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Introduction

Disease diagnosis and treatment are increasingly trending
toward molecular or nanoscale operations for the precise exci-
sion of pathogenic structures and targeted drug delivery."™ In
the past few decades, researchers have been dreaming of
designing micro/nanodevices that can be placed and actuated
in the human body to help diagnose and treat diseases.”” As
modern science and technology is developing continuously,
the technology of nanomotors is also developing rapidly in the
field of disease prevention and treatment.®” The first success-
ful preparation of molecular motors capable of sustained
directional rotation in the presence of light was made by
Feringa et al.'® in 1999 and was awarded the Nobel Prize in
Chemistry in 2016. The development direction of nanomotors
tends to be miniaturized and intelligent. They can carry out
complex and accurate diagnosis and treatment operations on

“School of Mechanical Engineering, Southeast University, Nanjing, China.

E-mail: major212@seu.edu.cn

bJiangsu Key Laboratory for Design and Manufacture of Micro-nano Biomedical
Instruments, Southeast University, Nanjing, China

1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3nr01912h

11052 | Nanoscale, 2023, 15, 1052-11063

the future development of the precise control of nanomotors.

the premise of adapting to the human body. Therefore, pro-
moting the design and manufacture of nanomotor systems
has great application prospects for strengthening the diagnosis
and treatment of various diseases.

The drive method and motion control are critical issues in
nanomotor design. For rotary nanomotors, chemical reactions,
magnetism, ultrasound, light, heat and electricity can actuate
and manipulate their rotation. With respect to chemically
driven nanomotors, in which chemical energy is converted
into rotational motion around single bonds, the concept is
categorized into molecular switches, rotors and motors, where
these comprise a rotating unit (rotor) and a stationary part
(stator) that are interconnected by an axle. In some cases the
rotational speed can also be regulated by external chemical
stimuli."* For magnetically driven nanomotors, which contain
certain magnetic materials (such as Fe, Ni, etc.), the drive
energy is the magnetic field gradient or magnetic field torque
under the action of an external magnetic field."> Nanomotors
propelled by ultrasound,'® which are typically metallic rods
that are a few micro-meters in length and a few hundred nano-
meters in diameter, exhibit several modes of motion. If photo-
active materials are introduced into nanomotors, the absorp-
tion of light energy could lead to catalytic luminescence reac-
tion, photoisomerization or photothermal conversion, which

This journal is © The Royal Society of Chemistry 2023
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would generate an asymmetric field and realize the auto-
nomous light-driven rotation of nanomotors.'* A carbon nano-
tube (CNT) nanomotor can be driven by temperature
gradients.">"® The CNT heats up when it is energized, and the
electrodes at both ends can dissipate the heat so that the
temperature gradient formed achieves the rotation of the nano-
motor. The direction of rotation is independent of the current
and is determined only by the temperature gradient.
Alternatively, a CNT suspended in water is subjected to a rotat-
ing electric field of appropriate size and angular velocity,
which can be rotated by means of the dipole direction of the
water in MD simulations.'”?' In addition to the control
methods mentioned above, theoretically, some atoms with
inward radial deviation (IRD) are placed at the edge of the
stator. The IRD atoms will repel the nanotubes in their
thermal vibration-induced collisions and can drive the nano-
tubes to rotate when the non-zero moment around the axis of
rotational symmetry of the ring is induced by the repulsion
due to the IRD and the friction with the stator.>>°

It is undeniable that the driving methods of nanomotors
described above have their unique characteristics and perform
well in some specific tasks. In order to accelerate the develop-
ment of micro/nanomotor technology, manipulation accuracy
should be the focus. Researchers have made many improve-
ments in the drive method. The rotational speed of the rotor
can be specified by adjusting the temperature and the radial
deviation of one of the end carbon atoms on the stator.>® For
instance, a double-walled nanotube composite, obtained by
placing black phosphate-based nanotubes (BPNTs) inside
CNTs, functions with high structural stability when used as a
rotator at temperatures of 250 K and above.>” A motor consists
of thick carbon nanotubes horizontally sandwiched between
two parallel gold substrates,”® subject to an antisymmetric
thermal gradient, and the applied thermal field provides well-
controlled speed and direction of motion of the motor. In
order to measure the rotation of nanomotors, a probe test
method has been proposed.>—! Since the CNT probe is on the
trajectory of the end tube that rotates with the rotor, it will
collide with the end tube and sharp fluctuations that indicate
the deflection of the probe tip can be observed and recorded.
A rotational drive system made of co-axial multi-walled nano-
tubes has the function of regulating the input rotation of the
nanomotor.*” A nanoscale rotating system consisting of a gra-
phene substrate and defect-effect-driven triple-walled nano-
tubes performed well.>* Rotation of the nanotubes was found
to be driven by the defects placed on the graphene with a
stable rotation frequency. In another case, boron nitride
carbon nanotubes were used as the brake tube.’* By increasing
the depth of the brake tube inserted into the rotor, not only
can the rotor speed be reduced, but also the rotor rotation
direction can be reversed. Dipole symmetry of the induced
charges on DWNTs is necessary for their application as nano-
motors. Among the ways to obtain such systems is chemical or
end-functionalization.>® For example, the symmetric charge
distribution of a bare SWNT was observed to be disturbed after
adding NH, in the vicinity of the SWNT. A net positive and
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negative charge was observed to be induced on the opposite
sides of the nanotube circumference, which is imperative for
the application of nanomotors. It was found that the rotation
speed could be adjusted by controlling the ratio of edge hydroxyl
groups.*® The proportion of hydroxyl groups is positively corre-
lated with the velocity, and the mechanism is that the strong
hydrogen bonds formed between the interfaces increase the
interfacial interactions. An increase of the hydroxyl group con-
centration causes more hydrogen bonding, which strengthens
the interconnection and thus increases the rotation speed.

In addition to improving existing nanomotors to address
these issues, another direct approach is to explore and inno-
vate nanomotors with new structures and mechanisms. The
rotary nanomotor mainly provides torque output or achieves
curved displacement and can be used as an energy source for
nanorobots or directly used for material delivery. Carbon nano-
tubes (CNTs) are important materials for rotating nanomotors
because of their excellent mechanical properties and adapta-
bility to organisms. DNA molecules, being flexible chain-like
bodies, can act as chains or belts in macroscopic machinery to
transmit power. It has already been reported that DNA has
been directly used as a rotor for nanomotors. A 450 nm long
six-helix DNA bundle is docked onto an ~50 nm diameter
nanopore, where an electro- or diffusiophoretic force locally
bends and deforms the bundle, whereupon an osmotically
induced water flow causes it to rotate.*”*® The DNA rotor arm
is supported by a base made using DNA origami technology,
and the rotation of the DNA rotor arm is driven by applying
square wave AC currents on both sides to produce energy
modulation of the fixed axis.>® In addition, through MD simu-
lations, the electric field can directly drive the DNA backbone
to rotate around the axis (phosphorus atoms of dsDNA).*°
Nanopore electroosmotic flow can provide a powerful driving
force and enable the regulation of speed and direction of
molecular transport. Nanopore sensing technology developed
based on the Coulter counter stands out among many single-
molecule detection methods because of its rapid, low-cost and
label-free advantages.*'™° A nanoscale film is used to separate
the electrolyte solution, and a nanopore in the film connects
the two sides of the solution. The Ag/AgCl electrode is con-
nected to the electrolyte solution at both sides of the nano-
pore, and the ions electromigrate through the nanopore to
form ionic currents under an applied bias voltage. When a bio-
molecule passes through a nanopore, it blocks the ion trans-
port due to its volume effect inside the nanopore, generating a
current blocking signal. Statistical analysis of parameters such
as amplitude and duration of blocking signals can yield a
wealth of biological information. Nanopore sensing has been
widely used in biomolecule detection,”® DNA sequencing,”
metal ion detection,’® etc. In the presence of an applied elec-
tric field, biomolecules enter the nanopore driven by electro-
phoretic® or electroosmotic forces,> and information about
the biomolecules is obtained from the collected ionic current
signal. In contrast to the directional determinism of the elec-
troosmotic force, the direction of the electroosmotic flow is
influenced by the surface charge property of nanopores,® and
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the amplitude and direction of the electroosmotic flow can be
controlled by adjusting the surface charge. Therefore, nano-
pore electroosmotic flow as a driving force can achieve precise
control of the rotational behaviour of nanomotors.

Herein, having established that circular ssSDNA can rotate
directionally in a dual nanopore system, as shown in Fig. S1,}
we designed a convenient manipulation method to precisely
control the movement of a nanomotor assembled from
CNT-DNA, which uses the electroosmosis effect within oppo-
sitely charged dual nanopores. By using the controlled strat-
egies of applied electric field and surface charge density (¢) of
each nanopore, the precise manipulations of nanomotors were
then realized in this work.

Results and discussion

An example of the system setup for precise control of the nano-
motor is illustrated in Fig. 1a and b, which show the side view
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and the top view of the system. The nanomotor is composed of
two parts. One is a double-walled carbon nanotube, which is
the power output component of the nanomotor, and the other
is a circular single-stranded DNA, which is the power transfer
component of the nanomotor. The inner and outer walls of
the DWCNT serve as the stator and rotor of the nanomotor,
respectively. The ssDNA is a circular shape by bonding the
bases of the head and the tail of the strand, which is passed
through porel, then wrapped around the positively charged
rotor from the outside, and then passed through pore2. The
ssDNA is driven by the dual nanopore system and transmits
rotational motion to the DWCNT, which can transform an irre-
gular rotation into a regular circular rotation. The green and
purple atoms of the nanopores were selected to tune their
charges so as to manipulate the nanomotor. Selective ion trans-
port through charged nanopores can induce cooperation and
competition between electroosmosis and electrophoresis. The
rotation of the circular ssDNA is driven by the electroosmotic
effect in oppositely charged dual nanopores. There is an electro-
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Fig. 1 Schematic illustration of the system setup for the precise control of the assembled CTN-DNA nanomotor using oppositely charged dual
nanopores. (a) A typical simulation system setup. The first magnified figure marked with dashed lines shows the electrostatic adsorption relationship
between the CNT and the ssDNA; the second one shows the atomic structure of the graphene nanopore and the formation of the EOF by anion
attraction. The panel (b) also depicts the top view of the system to clearly show the simulation details. The nanomotor is composed of a double-
walled carbon nanotube (DWCNT) and a circular single-stranded DNA (ssDNA). The inner tube (stator, red) is a little longer than the outer one (rotor,
yellow), which has positive charges to eliminate the relative slippage of the ssDNA and the rotor. Atoms of the graphene membrane are shown as
gray spheres. The ssDNA is shown by Quicksurf representation in cyan. Potassium and chloride ions are shown as magenta and green spheres,
respectively. The green and purple atoms in the membrane are selected to tune their charge so as to manipulate the nanomotor. The ionic solution
is not shown for clarity. (c) A typical case of the 2D electrostatic potential distribution of the two-nanopore membrane as shown in panel (b). The
surface charge densities for pore 1 and pore 2 are —0.075 and 0.075 e A2, respectively.
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static adsorption between the ssDNA and the rotor, which
forms a tangential force driving the nanomotor rotation.

Specifically, as shown in Fig. 1a, nanopore 1 is negatively
charged, while nanopore 2 is positively charged. An electric
field is applied in the +Z direction, which generates a cation-
dominated electroosmotic flow along the +Z direction in nano-
pore 1, and the friction between water molecules and ssDNA
bases drives the bases near the nanopore along the +Z direc-
tion. Similarly, nanopore 2 generates an anion-dominated elec-
troosmotic flow along the —Z direction, which drives the bases
near the nanopore along the —Z direction. Thus, the two nano-
pores act together to drive the clockwise rotation of the circu-
lar ssDNA. Then tangential forces can transfer the clockwise
rotation to the rotor. Fig. 1c shows the 2D electrostatic poten-
tial distribution of the graphene membrane. A significant
potential enhancement and decrease is found around the posi-
tively and negatively charged nanopores, respectively.

Since the rotational behaviour of the CNT nanomotor is
driven by the circular ssDNA in the two nanopores, the dia-
meter of the nanopore is limited to 1.3 nm, which can accom-
modate only one ssDNA base at a time. However, it should be
noted that techniques and strategies are needed to reproduce
the fabrication of the 1.3 nm nanopore, as this currently
remains a challenge. A pre-designed control strategy for the
applied electric field and a tunable surface charge density for
both nanopores was then used to achieve a rotational and
precise control of the assembled CNT-DNA nanomotor, as dis-
cussed in detail below.

According to the system setup and the electrostatic poten-
tial distribution depicted in Fig. 1, we first investigated the
possibility of the assembled CNT-DNA nanomotor being
driven by the oppositely charged dual nanopores. The simu-
lation details are described in the Experimental section. We
set the surface charge density of both nanopores to 0.075 e
A2, with the negatively charged pore 1 (green) and the posi-
tively charged pore 2 (purple). A voltage of 16 V was applied in
the +Z direction.

As shown in Fig. 2a, we have marked a base on the ssDNA
and a carbon atom on the rotor in red and green, respectively,
to clearly observe the rotational behaviour of the nanomotor at
a certain time. The traces of the marked elements of the rotor
and the ssDNA moving in the y-direction are plotted as shown
in Fig. 2b. It is obvious that the displacement curve of the
nanomotor is not that smooth. This phenomenon is a result of
the competition among the electrophoretic force, electroosmo-
tic force, van der Waals force, thermal force, etc. We found that
a periodic rotation of the rotor and the ssDNA can be achieved
in almost constant proportion, which proves that the electro-
static attraction between the rotor and the circular ssDNA
enables relative slide-free transmission. During the operation
of the nanomotor, the total ion current of both nanopores fluc-
tuates as a function of time, as shown in Fig. 2c. This fluctu-
ation is the result of a combination of irregular thermal
motions of ions in solution and transport of the ssDNA
through nanopores. In order to better compare the magnitude
of the current, and the contribution of anions and cations to

This journal is © The Royal Society of Chemistry 2023
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the electroosmotic flow, as shown in Fig. 2c, we take the +Z
direction as the positive direction of the current in pore 1, and
the —Z direction as the positive direction of the current in pore
2. The amplitude of the ion current in the two pores is almost
the same, with an average value of about 52 pA. The insets in
Fig. 2c show that the ionic currents generated by CI~ and K' in
the two nanopores depend on time (left panel) as well as on
the distribution of CI~ and K" contributions to the ionic cur-
rents (right panel). A K'-dominated ionic current is formed in
pore 1 and CI~ moves in the opposite direction to K'; mean-
while, the ionic current in pore 2 is dominated by CI~ and K"
and CI” move in the same direction. The Stokes friction
between ions and water molecules leads to a robust EOF. From
Fig. 2d and the inserted left-hand panel, it can be seen that
the EOF velocities of pore 1 and pore 2 are basically the same,
with the average value remaining at ~80 nm ns . The EOF
direction of pore 1 is positive along the Z-axis, the EOF direc-
tion of pore 2 is opposite to that of pore 1 and the maximum
flux are both concentrated at the orifice. Since the ssDNA in
this paper is in a circular shape, the total charge of dA20 is
about —20e and the charge of each base is about —1e after
being linked by a phosphodiester bond. Taking an electric
field strength of 0.2 V A™" as shown in Fig. 2 as an example,
the electrophoretic force on a single base is about 0.32 nN,
which is much smaller than the driving force of electroosmotic
flow of 1.24 nN (see the ESI Fig. S27 for the estimation method
of the driving force of the electroosmotic flow). Thus, regard-
less of the direction of the electrophoretic force, there is no
significant effect on the electroosmotic flow-dominated base
transport. The embedded right panel qualitatively depicts the
electroosmotic and electrophoretic forces exerted on the
ssDNA in the two nanopores. ssDNA bases are negatively
charged, so the electrophoretic force is in the —Z direction,
resulting in a resistance force to the nanomotor in pore 1 and
a driving force in pore 2.

We found that water flows in the same direction as counter-
ions in nanopores, suggesting that the main driving force of
the nanomotor may be the EOF. To consolidate this judgment,
we further simulated the selective transport of ions in the pris-
tine charged nanopore, as shown in Fig. 3a, and established a
bare dual nanopore system without an assembled CNT-DNA
nanomotor to investigate the factors, including ionic current
flux distribution (Fig. 3b), 2D potential distribution (Fig. 3c)
and density maps of ion concentrations (Fig. 3d). When an
external electrical field with an amplitude of 16 V was applied
to the system, the ions started to move. More chloride ions
were observed to translocate through the positively charged
nanopores with ¢ (surface charge density) of 0.075 e A™2, while
few chloride ions could enter the negatively charged nano-
pores with 6 of —0.075 e A™2; the steady-state local density of
the ionic current induced by Cl™ is shown in Fig. 3b. The case
of K" is opposite to that of CI7, i.e., a robust flux of counter
ions in the nanopore compared to positive ions, which is prac-
tically due to selective ion transport in the charged nanopore.
These charged nanopores will change the potential distri-
bution in the system, as shown in Fig. 3c, so that the positively
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Fig. 2 MD simulation of the CTN-DNA assembled nanomotor driven by the oppositely charged dual nanopores. (a) A sequence of microscopic
configurations of the nanomotor was realized by applying a voltage of 16 V. The rotation of the nanomotor at 0 ns, 0.19 ns, 0.62 ns, 1.00 ns and 1.92
ns, where the motor has completed nearly one cycle of rotation clockwise. The red mark on the ssDNA strand and the green mark on the rotor are a
residue and a C atom that are intentionally marked to show the rotational state more clearly. (b) The y-coordinate displacement of the red residue
and the green C atom marked in panel (a) during rotation, showing the periodic rotation of the ssDNA strand and rotor. (c) The time-dependent
fluctuations of the currents in pore 1 and pore 2 when the nanomotor was driven by the voltage of 16 V. The insets show the real-time currents gen-
erated by Cl™ and K* in the two nanopores and current contributions of the two ions in the two nanopores, respectively. (d) Water velocity in the
two nanopores. The left-hand inset is the water velocity streamline diagram of the Y-Z cross-section. The dark red color and the thick streamline
indicate a larger magnitude, and the arrow represents the flow direction; the right-hand inset is the force analysis of the ssDNA. The electroosmotic
force is much larger than the electrophoretic force. In pore 1, EP and EO are in opposite directions, and in pore 2, EP and EO are in the same

direction.

charged nanopores attract anions and negatively charged
nanopores attract cations. Therefore, the surface charge of the
nanopore also redistributes the ions around the nanopore,
and despite the enrichment of ions on both sides of the gra-
phene membrane due to the high electric field, the ion con-
centration of counter ions within the nanopore is significantly
higher than that of positive ions, as shown in Fig. 3d. Thus,
the mystery of the mechanism of strong electroosmosis gene-
ration is unraveled. This is because the high selectivity of ions
passing through charged nanopores leads to a redistribution
of electric potential, ion concentration and flux. Further simu-
lations are shown in Fig. S13-S19, and the ESIt also confirms
the above interesting findings.

1056 | Nanoscale, 2023, 15, 1052-11063

In order to realize precise control of the assembled CNT-
DNA nanomotor, a series of simulations were presented from
the perspectives of applied electric field, tunable nanopore
surface charge density and rotor radius. The primary driving
force of the nanomotor manipulation method proposed in this
paper is the EOF, so the electric field and the nanopore
surface charge density are the chief parameters for precisely
controlling the nanomotor speed. We have studied the voltages
of 14V, 15V, 16 V, 17 V and 18 V, when the nanopore surface
charge density is 0.075 e A= and the corresponding electric
field strengths are 0.175 V A™, 0.1875 VA~ 0.2 VA™, 0.2125
v A~ and 0.225 V A7, as shown in Fig. 4, where the case of 16
V is shown in Fig. 2, and more information is presented in

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Selective ion transport through the nanopores. (a) The simulation system setup viewed from the side (left) and top (right). The colored nano-
pores indicate that they are positively (purple) or negatively (green) charged; the amplitude of the nanopore surface charge density is 0.075 e A=2.
(b) The steady-state ionic current densities and flux maps for Cl™ and K* and their total on the Y-Z cross-section. The arrows and the colors indicate
the directions and magnitudes of the flux, respectively. (c) The 2D potential distributions of ions on the Y-Z plane (top) and X-Y plane (bottom) that
pass through the nanopores. (d) The local ion concentration distribution of Cl~ and K* on the Y-Z cross-section.

Fig. S3-S6.7 Fig. 4a shows the variation of the y-direction posi-
tion of the marked elements of the ssDNA and the nanomotor
rotor under different electric fields as a function of time. As
the voltage rises, both the ssDNA and the rotor rotational fre-
quency increase, and a constant ratio drive is almost main-
tained. Fig. 4b shows the plots of the ion current fluctuations
with time for the two nanopores corresponding to Fig. 4a. The
ion currents of pore 1 and pore 2 are essentially equal, and the
ion current increases linearly with increasing voltage. Fig. 4c-e
summarize the operating parameters of the nanomotors for

This journal is © The Royal Society of Chemistry 2023

different electric fields. Fig. 4c shows the rotational speed and
transfer ratio of the ssDNA and the rotor. The rotational speed
of ssDNA increased from 0.24 r per ns to 1.53 r per ns; the
rotor rotational speed increased linearly from 0.37 r per ns to
2.37 r per ns. The transfer ratio is defined as the average speed
ratio of the ssDNA and the nanomotor rotor. Due to the
electrostatic adsorption force between the rotor and the
ssDNA, the transfer ratio varies slightly at different voltages.
Fig. 4c and d show the output power and torque of the nano-
motor, respectively. The force analysis and calculation method
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Fig. 4 Effects of the applied electric field on the performance of the nanomotor. (a) The y-coordinates of the marked residue on the ssDNA and
the C atom on the rotor under different electric fields as a function of time. From top to bottom the applied voltages are 14V, 15V, 17 V and 18 V. (b)
The fluctuation of the currents in pore 1 and pore 2 as a function of time for the voltages corresponding to panel (a). (c) The effect of voltage on
rotational speed and transmission ratio of the nanomotor. The red dashed lines and open squares, and the blue dashed lines and open circles rep-
resent the rotational speeds of the rotor and the ssDNA, respectively; the black solid line and solid triangles represent the transmission ratio. (d) and
(e) The effects of the applied voltage on the output power (P) and the torque (T) of the nanomotor, respectively. The case of an applied voltage of
16 V can be obtained from Fig. 2. All error bars in the graph represent the standard deviation.

of the nanomotor are illustrated in Fig. S2. With rising
voltage, the output power increases linearly from 2.6 nW to
42.6 nW, while the output torque increases almost linearly
from 1.48 nN nm to 2.95 nN nm. According to the calculated
output power and torque, the assembled CNT-DNA nanomotor
can be applied to a number of mechanical parts that require
energy input.

In addition, the surface charge density of the nanopores
can also be adjusted appropriately. We simulated four nano-
pore surface charge densities with amplitudes of 0.049 e A2,
0.075 ¢ A™2,0.102 e A= and 0.127 e A2 at a fixed voltage of 16
V, as shown in Fig. 5 (0.075 e A=% is shown in Fig. 2 and more
data are shown in Fig. S7-S9%). Fig. 5a illustrates the variation
of the y-directional position of the marked elements of the
ssDNA and the nanomotor rotor with time for different nano-
pore surface charge densities. The rotational frequencies of
both the ssDNA and the rotor increase and then decrease
when the nanopore surface charge density increases, with a
peak at 0.075 e A, Fig. 5b shows the plots of ion current fluc-
tuations with time for the two nanopores corresponding to
Fig. 5a. The ionic current increases and then decreases as the
surface charge density increases, which is positively correlated
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with the rotation frequency. However, it is interesting to note
that simulations of the bare dual nanopore system at the same
surface charge density show the phenomenon that nanopores
with higher surface charge density produce higher ionic cur-
rents (see Fig. S17-S19).f The comparison reveals that the
ionic currents of pore 1 and pore 2 are essentially equal when
the nanopore surface charge density is, respectively, 0.049 e
A7 and 0.075 e A, while the ionic currents of pore 1 are
larger than those of pore 2 at 0.102 e A= and 0.127 e A~2, This
may be attributed to the higher density of positive surface
charges generating a high surface potential, leading to electro-
static adsorption on ssDNA bases, creating a resistance that
slows down the rotation of the ssDNA. Furthermore, the pro-
longed residence of negatively charged bases in pore 2 can
repel Cl7, which leads to a weakening of the ionic current
intensity in pore 2. Fig. 5c-e summarize the operating para-
meters of the nanomotors for different surface charge den-
sities. Fig. 5¢ exhibits the rotational speed and transfer ratio of
the ssDNA and the rotor. The maximum value of the ssDNA
speed is 1.01 r per ns when the surface charge density is 0.075
e A™?; the rotor also reaches a maximum value of 1.52 r per ns
in this case. The transfer ratio has only a small variation and

This journal is © The Royal Society of Chemistry 2023
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the nanomotor, respectively. The case of the surface charge density of 0.075 e A=2 can be obtained from Fig. 2. All error bars in the graph represent

the standard deviation.

is basically stable at ~0.67. Fig. 5¢ and d show the output
power and the torque of the nanomotor, respectively. The
rotational speed of the ssDNA and the rotor first increases and
then decreases. The output power and the torque also increase
first and then decrease. The maximum output power is 22.5
nW and the maximum output torque is 2.34 nN nm in this
study. Therefore, a single increase in surface charge density
does not always enhance the speed of the nanomotor, but
should be set within a reasonable range. With the above-men-
tioned data reference on voltage and nanopore surface charge
density, convenient and efficient operation, and precise
control of the assembled CNT-DNA nanomotor can be
achieved.

Furthermore, to explore the operating performance of the
circular ssDNA drive, we investigated the manipulation of the
nanomotor at different transfer ratios by altering the size of
the CNT nanomotor. When the applied voltage of the system is
16 V and the surface charge density of both nanopores is 0.075
e A2 rotors with radii of 6.079 A, 6.755 A, 7.430 A and
8.106 A, respectively, are simulated. The stator radii corres-
ponding to the rotor are 4.728 A, 5.404 A, 6.079 A and 6.755 A,
respectively. (See Fig. 6, where 6.079 A is shown in Fig. 2 and
more data are shown in Fig. S10-S127.) Fig. 6a shows the pos-
itional changes in the y-direction of the marked elements of
the ssDNA and the rotor versus time for different rotor radii.
The rotational frequency of both the ssDNA and the rotor

This journal is © The Royal Society of Chemistry 2023

decreases when the rotor radius increases. Fig. 6b shows the
plots of the ion current distribution for the two nanopores
corresponding to Fig. 6a. The ion current remains essentially
unchanged with increasing rotor radius, which indicates that
although the electroosmotic intensity does not change, the
rotational speed of the ssDNA decreases, which may be due to
the effect of the tension of the ssDNA on the rotational speed
caused by the increase in rotor size. Similarly, the reduction of
the rotational speed causes a slight reduction of the ionic
current in pore 2. Fig. 6c-e summarize the operating con-
ditions of the nanomotor at different rotor radii, where Fig. 6¢
shows the speed and transfer ratio of the ssDNA and the rotor.
The speed of both the rotor and the ssDNA decreased nonli-
nearly with decreasing slope, from 1.04 r per ns to 0.35 r per
ns for the ssDNA and from 1.58 r per ns to 0.45 r per ns for the
rotor. The ssDNA-to-rotor transfer ratio increased linearly from
0.70 to 0.81, which was essentially consistent with the increase
in rotor radius. Fig. 6¢ and d show the output power and
torque of the nanomotor, respectively. As the voltage increases,
the output power decreases nonlinearly from 22.5 nW to 6.1
nW, and the small rotor can provide a larger power output,
while the torque output is basically stable at 2.35 nN nm,
which is because the decrease in nanomotor speed is offset by
the increase in rotor radius. The increased rotor radius will
not keep the original constant ratio constant, and causes a
relative sliding between the ssDNA and the rotor. Enhancing
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the positive electrical properties of the rotor could strengthen
the electrostatic adsorption of ssDNA to the CNT nanomotor
and, thus, may counteract the relative slipping.

Conclusions

In this study, based on MD simulations, an assembled
CNT-DNA nanomotor and its controlling method are proposed
to achieve simplified operation and precise control. A DWCNT
is the core of the nanomotor and a circular ssDNA is the
driving component. The strong electroosmotic flow in dual
nanopores created by selective ion transport is the main
driving force of the nanomotor. The rotational speed, output
power and torque of the nanomotor can be obtained by adjust-
ing the electric field strength and the surface charge density to
achieve effective kinetic input to the mechanical parts. The
rotational behaviour of the nanomotor with different rotor
radii was further investigated, and the relative sliding between
the ssDNA and the rotor occurred as the rotor radius increased
and a preliminary solution was proposed.

The control method of the assembled CNT-DNA nanomotor
using oppositely charged dual nanopores is a major inno-
vation in this paper. Since the designed nanomotor is effective
and controllable, it is expected to contribute to significant pro-
gress in the fields of disease detection, drug delivery, nano-
surgery and surgical assistance. Based on the circular ssDNA
drive, a series of nano-transfer machines can be formed,
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which have great prospects in nanomachinery. In conclusion,
an experimental setup for manipulating assembled CNT-DNA
nanomotors using a dual nanopore system is possible in the
near future, although some challenges still need to be
addressed, and this is a possible concern for future research-
ers. We hope that the results of this study will provide some
insightful contributions to the design and driving of nanomo-
tors for their wide application in the future.

Experimental section
General MD methods

In this paper, the program NAMD2°® was used to perform all
the simulations with periodic boundary conditions along x, y,
and z directions. The time step is 1 fs in all simulations. The
nanomotor was composed of a double-walled carbon nanotube
(DWCNT) and a single-stranded DNA (ssDNA, dA20) molecule.
The first nucleotide at the 3'-terminal of each ssDNA was
bound to the end nucleotide at the 5'-terminal using a phos-
phodiester bond with a force constant of 10 keal (mol A*)™" to
form a circular shape. The ssDNA, graphene membrane,
DWCNT, TIP3P water and ions were described by the
CHARMM36 force field®>” with CUFIX corrections.’® The entire
system is solvated by water, and potassium ions and chloride
ions were added to neutralize the system, where the ion con-
centrations for the simulation systems were all 2 M. VMD>°
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and Tcl scripts were used to view and analyze the trajectories
of all the simulated systems.

MD simulation of the rotation of circular ssDNA driven by two
charged nanopores in a single-layer graphene membrane

The graphene membrane is #11.8 nm long and =5.6 nm wide.
Two 1.3 nm nanopores are located on the graphene membrane
separated by a distance of 5.6 nm. Using VMD’s Solvate
plugin, the system was solvated by adding water molecules to
the system. Water molecules overlapping the graphene mem-
brane were removed. Then, certain amounts of potassium ions
and chloride ions were added into the system to bring the con-
centration to 2 M and also to make the system electrically
neutral. The whole system consists of approximately 50 000
atoms. Firstly, the conjugate gradient method was used to
perform energy minimization for 3600 steps. Then, the system
was equilibrated for 10 ns in the NPT ensemble with constant
atom number N, pressure P and temperature 7. During the
simulation, the DNA and the graphene membrane were
restrained at their initial positions with a spring constant of
0.1 keal (mol A*)™ so as to avoid the interaction between
them. A Langevin thermostat was applied to all atoms of the
system to make sure that the temperature of the system would
be stable at around 295 K. The production simulation under
an electric field was performed in the NVT ensemble with a
constant volume, while in the simulation ssDNA was driven by
the two charged nanopores. The electric field with amplitude
of ~0.18 V A™* was set and the surface charge densities for
pore 1 and pore 2 were —0.075 and 0.075 e A™> (see ESI
Fig. 1).} Circular ssDNA can be driven to rotate at a steady
speed by the EOF using oppositely charged dual nanopores.
Ionic currents through the nanopores were calculated using
the formulas below:

— s 400 1)
ijl
zi(t+6t) —z(t) , |z(t+6t) — zi(t)| < Ly/2
8z(t) = %t +6t) — z(t) + Lz zj(t+6t) —z(t) < —L;/2
q@+5ﬂf Zj(t) — Ly, zi(t+6t) —z(t) > L,/2
(2)

where 6t (= 2.4 ps) is the time interval between two consecutive
frames, L, is the length of the system in the z direction, N is
the number of ions, and g; and z; are the charge and the z coor-
dinate of the jth atom. The equations were applied for all ions
to reduce the uncertainty of the current. As control experi-
ments, MD simulations of the nanomotor driven by nanopores
with consistent surface charge densities were further per-
formed (see the ESI).{

MD simulation of the rotation of an assembled CNT-DNA
nanomotor driven by two charged nanopores in a single-layer
graphene membrane

The DWCNT was located 18 nm above the center of the gra-
phene membrane (see Fig. 3a). The inner tube of the DWCNT
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(stator) is 4 nm in length and is the stator of the motor. The
outer tube (rotor) is 2.5 nm in length, and each atom has 2e
positive charges to eliminate the relative slippage of the ssDNA
and the rotor. A fixed constraint is applied to the stator and an
SMD force is applied to the rotor to offset the displacement in
the x-direction. Other simulation details about the system
setup were similar to the MD simulation of the rotation of the
circular ssDNA driven by two charged nanopores described
above (see Fig. 3).

MD simulation of selective ion transport through two bare
charged nanopores without a nanomotor

Differing from the systems introduced above, the nanomotor
was removed from the systems to investigate the selective ion
transport dynamics through bare double nanopores. As shown
in Fig. 3, the nanopores coloured in green and purple have
surface charge densities of —0.075 e A™> and +0.075 e A2
respectively; after the minimization of 3600 steps and equili-
bration for x5 ns, the system was further simulated under an
electric field of ~0.18 V A™. The whole system was divided
into 0.4 nm x 0.4 nm X 0.4 nm grids to calculate the ion con-
centration and ion flux distributions. The local current in each
grid element was calculated using the formulas described in
previous works. The Streamplot function in the Python mat-
plotlib library was used to generate flux plots.

Statistical analysis

All the data were sampled at 2.4 ps intervals, they were ana-
lysed from trajectories of MD simulations, and the ionic
current was also block-averaged in 0.24 ns blocks. For each
condition, one to five replica simulations were performed. The
statistical analysis was based on VMD software and the corres-
ponding Tcl scripts, and all data are expressed as mean + stan-
dard error.
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