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Brownian motion subject to a periodic and asymmetric potential can be biased by external, nonequilibrium
fluctuations, leading to directional movement of Brownian particles. Sequence-dependent flexibility variation
along double-stranded DNA has been proposed as a tool to develop periodic and asymmetric potentials for
DNA binding of cationic nanoparticles with sizes below tens of nanometers. Here, we propose that repetitive
stretching and relaxation of a long, double-stranded DNA molecule with periodic flexibility gradient can induce
nonequilibrium fluctuations that tune the amplitude of asymmetric potentials for DNA-nanoparticle binding to
result in directional transport of nanometer-sized particles along DNA. Realization of the proposed Brownian
ratchet was proven by Brownian dynamics simulations of coarse-grained models of a single, long DNA molecule

with flexibility variation and a cationic nanoparticle.
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I. INTRODUCTION

A Brownian ratchet is a device that rectifies random
Brownian motion and generates directed motion of Brownian
particles [1-4]. One possible realization requires a Brownian
particle to be subject to a periodic and asymmetric poten-
tial and under nonequilibrium fluctuations. Early Brownian
ratchets utilized dielectrophoretic and optical forces to de-
velop periodic and asymmetric potentials [5-7]. However,
these forces do not provide effective asymmetric poten-
tials for small particles below hundreds of nanometers.
Although extensive efforts have been made for more than
two decades [8—15], the size limit of Brownian ratchet has
not been easily overcome, except for a recent work in which
particles with sizes of tens of nanometers were transported
directionally [16].

More recently, a new method to develop a periodic
and asymmetric potential was proposed based on sequence-
dependent flexibility variation of double-stranded DNA [17].
In this method, a periodic and asymmetric potential was set
by the binding of a cationic nanoparticle (NP) to a DNA
sequence with periodic variation of sequence-dependent flex-
ibility. Driven by the strong electrostatic interactions between
the DNA and NP against the sequence-dependent elastic en-
ergy of sharp DNA bending, the periodic and asymmetric
potential was effective for particles with sizes even below tens
of nanometers [18].

Here, we propose that single-molecule manipulation of
DNA conformations by repetitive stretching and relaxation
can be used as a source of nonequilibrium fluctuations to
promote directional movement of a cationic NP with a size of
several nanometers along DNA with periodic flexibility gra-
dients. Repetitive stretching and relaxation of a single DNA
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molecule is routinely performed in experiments by varying
the laser intensity in the optical tweezer, exerting strong and
weak pulling forces (i.e., intensity modulation mode) to the
colloidal sphere linked to the DNA molecule [19-21].

Realization of the proposed Brownian ratchet is demon-
strated by performing Brownian dynamics (BD) simulations
of models of a double-stranded DNA molecule and a cationic
NP. A double-stranded DNA is modeled by a semiflexible
polymer chain with periodic and asymmetric flexibility vari-
ation, which results in a periodic and asymmetric potential
energy for binding with a cationic NP. We show that the
amplitude of the periodic and asymmetric potential energy
for DNA-NP binding can be tuned by varying the DNA ex-
tension. Then, by repeating coupled processes of stretching
and relaxation of DNA bound with a cationic NP, we show
that the repetitive DNA stretching and relaxation can promote
the directional movement of a cationic NP along DNA with a
periodic and asymmetric flexibility variation.

II. PROPOSED MECHANISM OF A BROWNIAN RATCHET

Imagine that one end of a double-stranded DNA is an-
chored to a substrate and the other end is linked to a colloidal
particle constrained by an optical tweezer [Fig. 1(a)]. A
cationic NP is bound to the negatively charged DNA by elec-
trostatic attractions. The sequence of a long DNA molecule
is designed such that the DNA molecule has a periodic and
asymmetric flexibility variation, as shown in Fig. 1(b). It has
been shown that the DNA flexibility varies with the sequence
of nucleotides in double-stranded DNA [22-26]. A DNA
fragment of a given length is designed to have a gradual
and asymmetric variation of flexibility (referred to as the
“flexibility gradient”). The sequence of this fragment was
adopted from our previous work [17], which was composed
of 64 DNA monomers with the gradual variation of flexibil-
ity in both directions. The length of this fragment with the
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FIG. 1. (a) Schematic of the DNA stretch-relaxation Brown-
ian ratchet. (b) A layout for a long DNA molecule consisting of
four repeating fragments of the same flexibility gradient. The DNA
molecule is modeled as a semiflexible polymer chain and each DNA
monomer represents six base pairs with different local flexibilities
of /, =40 nm and of /, = 51 nm for more and less flexible DNA
regions, respectively. Each fragment with the flexibility gradient
is composed of 64 DNA monomers, in which the local flexibility
increases from one end to the other by arranging DNA monomers
with different local flexibilities. A single, long DNA molecule is syn-
thesized by repeating the sequence with the same flexibility gradient
four times. (c) Relative variation of the potential energy for DNA-NP
binding, AEp,g. The circular and triangular symbols represent the
data for relaxed and stretched DNA conformations induced by weak
and strong pulling forces, respectively. This periodic and asymmetric
potential energy was built by duplicating the asymmetric potential
energy of a single DNA fragment presented in Fig. 2.

flexibility gradient is defined as L, and used as a unit of
DNA length. This fragment with the flexibility gradient is
synthesized repetitively to form a single, long DNA molecule
with a periodic and asymmetric flexibility variation, as shown
in Fig. 1(b).

When a cationic NP binds to the DNA, strong electro-
static attractions induce DNA to wrap around the NP. Due
to the high energy cost for sharp DNA bending, the potential
energy for DNA wrapping around the NP varies sensitively
depending on the DNA flexibility. Since the DNA molecule
has a periodic and asymmetric flexibility variation, the NP
experiences the periodic and asymmetric potential energy
for DNA binding and wrapping, as shown in Fig. 1(c). In
the figure, the asymmetric potential energy decreases from
left to right on each DNA fragment, suggesting that the
DNA flexibility increases from left to right in each DNA
fragment.

DNA conformations can be relaxed or stretched depending
on the strength of the pulling force exerted by the optical
tweezer to the DNA-linked colloidal particle, as depicted in
Fig. 1(a). When the DNA is relaxed by applying a weak
pulling force, the NP is wrapped completely around by the
DNA, which results in the strongly asymmetric potential en-
ergy for DNA-NP binding. As a result, the location of the
NP is biased asymmetrically toward the more flexible DNA
region where the potential energy is minimal. On the other
hand, when the DNA is stretched by applying a strong pulling
force, the DNA wrapping around a NP is disrupted by strong
DNA tension and the NP remains bound to the DNA without
significant DNA bending. This results in a significant reduc-
tion of the potential energy for DNA-NP binding, as shown in
Fig. 1(c), thus facilitating diffusive movement of a NP along
the DNA. These qualitative descriptions of the effect of DNA
stretching and relaxation on the NP position and movement
will be demonstrated below in Figs. 2 and 3.

In a coupled process of DNA stretching and relaxation, it is
probable that the NP bound to the DNA can move along DNA
to the right in the direction of the DNA flexibility gradient.
After diffusive movements in the stretched DNA state, the NP
in the subsequent relaxed DNA state is forced to be positioned
at a minimum of the asymmetric potential energy again. If the
NP has remained within the original DNA fragment during
the diffusive movements, the NP is subject to the asymmetric
potential of the same DNA fragment as in the previous relaxed
DNA state and moves back to the same minimum energy
position, resulting in no net displacement. However, if the
NP has moved to a neighboring DNA fragment by diffusive
movements in the stretched DNA state, the NP is then subject
to an asymmetric potential of the new DNA fragment in the
subsequent relaxed DNA state. In this case, it moves to the
minimal energy position of the new DNA fragment, resulting
in a net displacement of the NP by the length of a DNA frag-
ment. However, such movement of a NP to neighboring DNA
fragments is asymmetric because the starting NP position in
the stretched DNA state is biased to the right on each DNA
fragment. As a result, in a couple process of DNA stretching
and relaxation, the NP either remains in the same position
within the original DNA fragment or moves to the right in the
direction of the DNA flexibility gradient. By repeating a series
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FIG. 2. (a) Number of DNA monomers wrapping around a
cationic NP, Ny, as a function of the DNA extension. (b) Relative
variation of the potential energy for DNA-NP binding, AEp;g, at
each DNA extension as a function of the DNA index along a flex-
ibility gradient. Error bars are smaller than the symbols. The DNA
index in the figure corresponds to that of the central DNA monomer
in the wrapping structure of the DNA-NP complex.

of the coupled processes of DNA stretching and relaxation, a
NP is anticipated to move, on average, to the right along the
flexibility gradient.

II1. SIMULATION MODELS AND METHODS

A. Computational models

A double-stranded DNA molecule was modeled by a semi-
flexible polymer chain with its size, charge, and flexibility
consistent with those of double-stranded DNA [17,18]. Each
group of six base pairs in the DNA double helix was modeled
by a single spherical bead with diameter of ¢ = 2 nm and an
electric charge of —12e, where e is the elementary charge. The
diameter of DNA monomers, o, was used as a unit of length

J

U.(r) = {4&][(:7)12 - (rf_m)6] +ey, 0<r—r <2,

0

in this work. DNA monomers were connected to each other
into a single polymer chain by a combination of a repulsive
part of the Lennard-Jones (LJ) potential energy, U,, and finite
extension nonlinear elastic (FENE) potential energy, Uy:

o\ 12 N
Uy = 14eul(5) 7= () T+ e, 0<r<2, 4
0 elsewhere

and
Us(r) = —3kgR7 In[1 — (r/Rf)*]. (2)

Here, r is the distance between a pair of consecutive DNA
monomers and €;; = 1kgT, where kg is the Boltzmann con-
stant and T is temperature. In addition, ky = 30kgT / o? and
Ry = 1.50, which were chosen to prevent bond crossing [27].
Sequence-dependent DNA flexibility was modeled by the har-
monic restraint, Uy, on the angle defined for each triple of
consecutive DNA monomers:

k
Uy(6) = ?992. 3)

6 is the angle between two consecutive bond vectors, Bi.H—l
and bj 14, of monomers i, i + 1, and i + 2. The flexibility
of a polymer chain is quantitatively described in terms of
the persistence length, which is a measure of the polymer
rigidity or the inverse of flexibility. The local DNA persis-
tence length was reported to range between 40 and 55 nm
for double-stranded DNA [22]. In this work, two values of
kg were used to represent more and less flexible DNA re-
gions, ky = 18kBT/rad2 and 24kBT/rad2, which correspond
to more and less flexible DNA regions with local persistence
lengths, I/, of 40 nm and 51 nm, respectively [18]. Nonbonded
interactions between DNA monomers were described by the
excluded volume interaction and electrostatic repulsion. The
excluded volume interaction was modeled by the repulsive LJ
potential energy, U,, which is the same as Eq. (1), and the
electrostatic interaction was represented by the Debye-Hiickel
potential energy, Upy,

Ip2kgT  expl—«(r — o)]
Upy = U . 4
P (1 4 ko /2y r @
Here, z,, = —12 is the charge number of DNA monomers

and /p is the Bjerrum length defined as e/ (4mepe kpT) ~
0.71 nm in pure water at 298 K, in which ¢, is the vac-
uum permittivity and €, is the relative dielectric constant in
pure water. « is the inverse Debye length expressed as k =~
(871gNscsa)'/? in a dilute DNA and NP solution. cgy is the
concentration of monovalent salt, N4 is Avogadro’s number,
and, assuming cgyr = 0.145 M, x~' = 0.80 nm in this work.

A cationic NP was modeled as a spherical particle with a
diameter of 4 nm (or 20') and an electric charge of +64¢ [18].
The interactions of a NP with DNA monomers were also
described by the repulsive LJ potential energy, U,, and the
Debye-Hiickel potential energy, Upy:

)

elsewhere.
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FIG. 3. (a), (b) Probability distributions of the NP position along DNA after several time durations for DNA extensions of 55¢ and 630,
respectively. Initially, the NP was placed in the more flexible region of a DNA fragment with the index number of 60. The simulations were
repeated 320 times to calculate the probability distributions. The orange-colored region in the figure indicates the DNA fragment where the
NP was initially placed. The neighboring DNA fragments on the right and left were indicated by the DNA indices >64 and <0, respectively.
(c) The probability of net displacement to the right, calculated by Px — P.., where Pk and P, are the probabilities for an NP to move to the right

(to the region with the DNA indices of >64) and to the left (with the DNA indices of <0), respectively.

Here, ry is the shift of the potential energy to account for the
larger size of the NP and was set to a value of o /2:

_ lBZpkaBT exp{_K[” - (Up + Um)/z]}
(14 k0,/2)(1+ k0,,/2) r '

Upn

(6)
7p = +64 and z,, = —12 are the charge numbers and o, = 20
and o,, = o are the diameters of the NP and DNA monomers,
respectively.

In this work, the effects of water molecules and monovalent
ions were implicitly included by using the Debye-Hiickel
potential energy in Egs. (4) and (6). If water molecules and
ions were included explicitly in the simulations, some of them
would come between DNA and NP resulting in obstructing the
sliding and rolling dynamics of the NP along DNA. Never-
theless, the average behavior of sliding and rolling dynamics
of the NP along DNA is expected to be the same despite
the time delay in simulations unless the ion concentration is
too high. Simulation studies using more detailed models with
explicit presence of water molecules and ions are in progress.
So far, these studies confirmed that a small difference in the
DNA persistence length results in qualitative and quantita-
tive differences in the complex formation between DNA and
NP [25,26].

B. BD simulation method

BD simulations were performed using GROMACS V.
4.5.4 [28]. The BD simulation method was used to describe
the solvent-induced Brownian motions of particles without
the explicit presence of solvent molecules and was performed
by solving the position Langevin equation in Eq. (7) [29].
Hydrodynamic interactions were not considered in this work.
In each time step Az, particles were displaced from a previous

position 7(¢) at time ¢ to an updated position 7(t + At):

DoF (1)

At + R(Ab).
T + R(Ar)

7t + At) =7(@) +

)

Here, Dy is the diffusion coefficient of each particle in pure
solvent, F(¢) is the total force acting on the particle (calcu-
lated from bonded and nonbonded interactions, as described
above), and ﬁ(At) is a random displacement with a Gaus-
sian distribution function with a zero mean and variance of
6Dy At. The value of Dy for DNA monomers is twice as
large as that for the NP. The time scale for the Brownian
motion of DNA monomers, 7zp = o2 /Do, was used as a unit
of time in this work, which is roughly the average time for
a DNA monomer to move a distance of its own size o. A
time step of At = 10™* tpp was used for all simulations. The
diffusion coefficients of DNA oligomers with 20 or 21 base
pairs in aqueous solutions were reported to be 1.2 x 107 or
5.3 x 1077 cm?/s, respectively [30,31]. Assuming the size
of 6.8 nm (the contour length of 20-base pair DNA), t5p
is estimated to be 0.39 or 0.87 us. Since DNA monomers
used in our simulation have a shorter length of six base pairs,
the diffusion coefficient and size are expected to be different.
Thus we consider that the time unit, tpp, is roughly in the
range of 0.01-0.1 us.

To confirm the possible realization of the proposed Brow-
nian ratchet, we performed two sets of the BD simulations.
The first set of simulations was performed to determine the
structures of a DNA-NP complex and the distributions of
the NP over a DNA fragment with the flexibility gradient at
each desired value of DNA extensions, as shown in Figs. 2
and 3. In this case, the size of the simulation box was set
to the DNA extension and a single DNA fragment with the
flexibility gradient was stretched across the simulation box.
The periodic boundary condition was applied to mimic a long
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DNA molecule with repeated sequences of the DNA frag-
ment. To obtain an ensemble of a DNA-NP complex used in
Fig. 2, a NP was placed at one of the eight equally spaced
positions on a DNA fragment and a total duration of 2000tzp
was run for each DNA extension. For each initial position,
the simulations were repeated 40 times, resulting in a total
of 320 simulation trajectories. To calculate the probability
distributions of a NP along DNA presented in Fig. 3, a NP
was placed in the more flexible DNA region and 320 in-
dependent simulations were performed for a time duration
of 50001’3[) .

The second set of simulations was performed to investigate
the directional movement of a NP along the DNA, as shown
in Fig. 6. A long DNA molecule composed of four DNA
fragments with the same flexibility gradient was stretched to
the desired value of the DNA extension, as shown in Fig. 1(b).
A NP was placed at the leftmost part of the DNA and its
movement over the cycles of DNA stretching and relaxation
was tracked. For each trajectory of the NP movement, we
performed 300 cycles of DNA stretching, intermediate pause,
and relaxation between the DNA extensions of 2390 and
2520, as shown in Fig. 5. The simulation durations for DNA
stretching and relaxation were 1300tpp and that for the inter-
mediate pause was 10007gp. To obtain the average behavior,
we performed 32 independent simulations of the 300 cycles.

IV. RESULTS AND DISCUSSION

A. Tuning the asymmetric potential energy by DNA extension

The first step to prove the proposed mechanism of a Brow-
nian ratchet is to demonstrate the modulating effect of the
DNA extension on the asymmetric potential energy associated
with the formation of a DNA-NP complex. For this purpose,
we generated 320 representative structures of a DNA-NP
complex at each DNA extension, as described in Sec. III.
The simulations were performed at a fixed DNA extension
between 550 and 630, corresponding to the most relaxed and
most stretched DNA conformational states under investiga-
tion, respectively. In Fig. 2(a), different DNA-NP structures
were quantified in terms of the number of DNA monomers
wrapping around the NP, Ny,,. When the distance of a DNA
monomer to the NP is less than the critical distance, the DNA
monomer is considered to wrap around the NP and counted
for Nyrap. The critical distance was set to 1.80 based on the
radial distribution function of DNA monomers around the NP
in the DNA-NP complexes (data not shown). The value of
Nuyrap decreases as the DNA extension increases. At highly
stretched DNA extensions of 620, the NP is bound to only
about four DNA monomers and the extent of DNA bending
is not very large (as shown in the snapshot of the complex
for the extension of 63c0). On the other hand, at relaxed
DNA extensions of <57a, the NP is wrapped around by 9 to
11 DNA monomers, suggesting sharp DNA bending around
the NP.

In accordance with the structural transition, the potential
energy of DNA-NP binding, AEping, also varies with the DNA
extension. The potential energy is presented in Fig. 2(b) as a
function of the index number of DNA monomers along the
flexibility gradient. By assuming that the DNA-NP complex

has a fixed structure, all bonding and nonbonding interaction
terms, except for the bending energy, cancel out along the
DNA fragment and, thus, the potential energy is solely depen-
dent on the angular bending energy of DNA along the DNA
fragment with a flexibility gradient. Therefore, the potential
energy decreases asymmetrically from left to right on each
DNA fragment as the DNA flexibility increases. For DNA
extensions of <570, the asymmetric variation in the potential
energy is the most marked because the DNA is sharply bent
to wrap around the NP. On the other hand, for long DNA
extensions of >620, the DNA is only partially bent in the
DNA-NP complex and, therefore, the potential energy is very
weakly asymmetric along the DNA. It is noted that the DNA-
NP structure may vary over the flexibility gradient and the
assumption of the fixed structure could have overestimated
the potential energy. Nevertheless, it is clear that the asym-
metric potential energy can be modulated by varying the DNA
extension.

Due to the asymmetry in the potential energy for DNA-NP
binding, the probability distribution of a cationic NP along
the DNA is also asymmetric, as shown in Figs. 3(a) and 3(b).
However, the comparison of the probability distributions re-
veals that the asymmetry in the probability distribution is also
modulated by the DNA extension. The probability distribu-
tions in Figs. 3(a) and 3(b) were determined from the BD
simulations at DNA extensions of 550 and 630 at several
time durations of ¢t = 100t3p—50007p. In each fragment of
64 DNA monomers, the NP was initially placed in the more
flexible region specified by the DNA index of 60, and after
each time duration the NP location was determined. The sim-
ulation was repeated 320 times to determine the probability
distribution of the NP location. Placed in the more flexible
DNA region with lower potential energy, a NP is likely to re-
main in the same region [17,18,25,26], as shown in Figs. 3(a)
and 3(b), leading to the localization of a NP in more flexible
regions. However, as is the case with the asymmetric potential
energy, the asymmetry in the probability distributions is also
diminished by DNA stretching from 550 to 630 . Accordingly,
at the extension of 630, the movement of a NP along DNA
becomes more facile to the less flexible DNA regions, as can
be seen by nonzero probability distributions in the less flexible
regions (indicated by the DNA indices of either <32 or >64)
in Fig. 3(b). Strict localization of a NP at the DNA extension
of 550 and more facile NP movement at 630 can also be
confirmed by the calculation of the mean square displacement
(MSD) of a NP along the DNA, as shown in Fig. 4. The slope
of the MSD is significantly larger at the DNA extension of
630 than at the extension of 550, suggesting that the diffusive
movement of a NP is further facilitated by DNA stretching.

The efficiency of the Brownian ratchet mechanism pro-
posed in Sec. II is largely determined by the durations for
stretched and relaxed DNA conformations. The duration for
DNA relaxation is required to be long enough to localize the
NP in the more flexible region of the DNA fragment. On
the other hand, the duration for DNA stretching needs to be
optimized for asymmetric movement of the NP along DNA: it
is required to be long enough to allow the NP, located initially
in the more flexible region, to diffuse to the neighboring DNA
fragment close to the starting location but not long enough
to allow the NP diffusion to the neighboring DNA fragment
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FIG. 4. Mean squared displacement (MSD) of a NP along DNA,
in units of o', at different DNA extensions between 55¢ and 63c.

on the opposite side. Therefore, we determined the optimal
durations for stretched and relaxed DNA conformations for
the effective Brownian ratchet, as shown in Fig. 3(c).

The probability distributions in Fig. 3(a) were obtained for
the DNA extension of 550 and show that the NP initially
located in the more flexible region with the DNA index of
60 remained in the more flexible DNA region (with the DNA
indices between 32 and 64) without moving to the neighboring
DNA fragment after time durations of t = 1000t5p—500073p.
On the other hand, the probability distributions in Fig. 3(b)
obtained for the DNA extension of 630 show that there is a
chance that a NP moves to the neighboring DNA fragment on
the right (specified by the DNA indices >64). The NP move-
ment to the neighboring DNA fragment on the left (with the
DNA indices of <0) has not been observed at time durations
of 10007pp—20007t5p, Whereas it was observed after the time
duration of 50007pp. The net displacement to the right along
DNA can be predicted by calculating the probabilities of NP
movements to the DNA fragments on the right, Pg, and to the
left, P, . The difference P,.,; = Pr — P, predicts the probability
of the effective NP displacement to the DNA fragment on the
right. In Fig. 3(c), P, is depicted at various time durations
and it is seen that the net displacement to the right at the
DNA extension of 63¢ is most probable with the optimal time
duration of t = 20007gp. On the other hand, P,,; = O at the
DNA extension of 550, confirming that the NP remains in the
same flexible DNA region over the time durations. Therefore,
it is concluded that the optimal time duration for effective NP
displacement is t = 20007pp at the DNA extension of 630,
whereas any time duration over ¢+ = 1000tpp suffices at the
extension of 55¢.

B. Repetitive DNA stretching and relaxation
for directional NP transport

Based on the confirmation that the variation of the DNA
extension results in dramatic changes of the asymmetric po-
tential energy for DNA-NP binding and the NP diffusion over
DNA, the Brownian ratchet was demonstrated directly by
performing BD simulations for the cycles of DNA stretching
and relaxation. The DNA molecule was composed of four
consecutive fragments with the same flexibility gradient, as
shown in Fig. 1(b). Each DNA fragment contained 64 DNA

@ 254
© 2511
©
[2]
= 2481
2
.CS 2451
2]
c
S 2421
x
w
2391
0 2 4 6 8
Cycles
(b) 13
11 l L ‘ 'l H h
9 4
&
5
Z 7]
5 4
3 1 T T T T
0 2 4 6 8
Cycles

FIG. 5. (a) Cycles of DNA stretching, intermediate pause, and
relaxation were repeated for a single, long DNA molecule composed
of four consecutive DNA fragments with the same flexibility gradi-
ent. Only a subset of 300 cycles in a single simulation was presented
in the figure. (b) The corresponding change of Nyy,p. The stretched
DNA states are indicated by the gray shaded area (Nyrp < 4) in both
figures. The time duration for the stretched DNA states (Nyrp < 4)
was estimated to be 1843 (£61) tpp and the average value of Ny,
when Nyp < 4 was 3.95 (£0.22).

monomers and, thus, the contour length of the DNA molecule
was 2560 . We assumed that the flexibility in each DNA frag-
ment increases from left to right. A NP was initially placed at
the leftmost part of the DNA, which is the least flexible DNA
region of the first DNA fragment, and its position was tracked
over repetitive DNA stretching and relaxation to confirm the
directed motion of a NP.

Nonequilibrium fluctuations required for the Brownian
ratchet were introduced by repetitive DNA stretching and
relaxation within the range of DNA extensions of 2390 and
2520, as shown in Fig. 5. A cycle begins with DNA stretching
from 2390 to 2520 with a rate of 0.0lo /tpp for a duration
of 13007gp. Then, the additional BD simulation is performed
at the constant DNA extension of 2520 for a time duration
of 1000tpp to ensure the diffusive movement of a NP in the
stretched DNA state. Finally, the DNA is slowly relaxed by
gradually decreasing the extension to 239¢ with a rate of
0.010 /tgp for a duration of 1300tgp. Therefore, a cycle of
DNA stretching, intermediate pause, and relaxation occurs for
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FIG. 6. Processive NP movement along DNA from a total of 32
independent simulation trajectories grouped into eight subfigures for
visual clarity. Each trajectory was obtained from 300 cycles of DNA
stretching and relaxation. The x axis is the number of the cycles
composed of DNA stretching, intermediate pause, and relaxation.
The y axis represents the NP position in units of the length of a single
DNA fragment (Ly) and the initial NP position is indicated by the
value of 0.

a duration of 36001gp. For a set of DNA and a NP, 300 cycles
of DNA stretching and relaxation were repeated to investigate
directional NP movement.

The range of the DNA extension between 2390 and 2520
was chosen based on the degree of DNA wrapping around
the NP. The number of DNA monomers wrapping around the
NP, Nyrap, ranges between 3 and 12, as shown in Fig. 5(b),
which is consistent with the range of the DNA wrapping
calculated for a single DNA fragment in Fig. 2(a). We assume
that DNA is in the stretched conformations when Ny, < 4
because it corresponds to the DNA extension of >62¢ for
a single DNA fragment for which the diffusive movement
of the NP is more facile with the steepest MSD in Fig. 4.
The DNA state in the stretched conformations (Nyrp < 4)
is shaded gray in Fig. 5(b) and, accordingly, in Fig. 5(a).
The time duration of the stretched DNA state in each cycle
was estimated to be 1843 (£61) 7gp and, thus, the remaining
~1757tpp corresponds to the relaxed DNA state. The time
duration estimated for the stretched DNA state is similar to the
optimal time duration of 20007y, for the efficient Brownian

Position (units of Lo)
DO

120 180 240

Cycles

0 60 300

FIG. 7. Processive NP movement along DNA averaged over 32
simulation trajectories presented in Fig. 6. The y axis represents the
average NP position in units of the length of a single DNA fragment
(Lo) and the initial NP position is indicated by the value of 0. The
thick plot in dark blue represents the average NP position, whereas
the shaded area is the standard deviations over the cycles calculated
from the 32 simulations.

ratchet as shown in Fig. 3(c), while the time duration in the
relaxed DNA state is sufficient with >10001pp.

The directional NP transport by the Brownian ratchet was
proven by performing 32 independent simulations. The results
from the 32 simulations are presented in Fig. 6. Four simula-
tion results are plotted together in each subfigure for visual
clarity. The y axis represents the NP position and the value
from O to 4 corresponds to the number of DNA fragments
over which the NP has moved from the left to right during
300 cycles. It is clear that the NP moves directionally to
the rightmost end of the DNA molecule. There are a few
simulation trajectories for which the NP returned to the initial
location after 300 cycles of DNA stretching and relaxation.
However, most trajectories show that the NP moved over more
than a distance of three DNA fragments after 300 cycles. The
average and standard deviation of the NP position over cycles
is presented in Fig. 7. Therefore, this verifies the realization of
the proposed Brownian ratchet based on the repetitive DNA
stretching and relaxation.

V. CONCLUSIONS

We proposed a Brownian ratchet for directional transport
of a cationic NP along a long, double-stranded DNA molecule
operated by repetitive DNA stretching and relaxation. Along
the DNA molecule with the periodic and asymmetric flexibil-
ity variation, the NP experiences a periodic and asymmetric
potential for DNA-NP binding. We first showed that the DNA
stretching and relaxation changes the amplitude of the asym-
metry in the potential energy for DNA-NP binding. Then,
the realization of the proposed Brownian ratchet was proven
by BD simulations over a long DNA molecule with four
repetitive flexibility gradients. We performed 32 independent
simulations of 300 cycles of DNA stretching and relaxation.
The simulation results suggest that a cationic NP can, on
average, be transported in a specific direction along the DNA
by repetitive DNA stretching and relaxation.
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Recently, we proposed a Brownian ratchet for directional
NP transport [17]. In the previous method, the periodic and
asymmetric potential energy was generated by the same strat-
egy using the flexibility variation of a long, double-stranded
DNA molecule. However, nonequilibrium fluctuations re-
quired for Brownian ratcheting were induced by repetitive
changes of the solution salt concentrations. In practice, this
requires repetitive exchange of salt solutions with different
concentrations, which is nontrivial at all to realize in experi-
mental systems. On the other hand, in this work, we proposed
nonequilibrium fluctuations by repetitive DNA stretching and
relaxation, which is more straightforward because it is a rou-
tine process in single-molecule experiments in biophysics.
Therefore, this Brownian ratchet based on the repetitive DNA
stretching and relaxation is anticipated to be realized readily
in future experiments.

This Brownian ratchet may be useful in future applications
where the delivery of small nanoparticles over a long distance
of several hundreds of nanometers is required. Assume that a
long DNA molecule is linked between two separated sites on
the same surface or on separate surfaces: one site is abundant
with a large number of functional nanoparticles and the other
requires them for any reaction or process. During an inactive
period, the long DNA molecule serves as a nanoparticle reser-
voir in which nanoparticles remain bound sparsely to more
flexible regions along relaxed DNA. When the nanoparticles
are required for the reaction or process, the nanoparticles are
processively delivered by repetitive stretching and relaxation
of the DNA as proposed in this work. It is noted that the
current form of the proposed Brownian ratchet is not efficient

enough to be used in practical applications. However, the
proposed model is a proof of concept and the efficiency may
be improved in practical realization by designing an optimal
DNA sequence with longer and more asymmetric flexibility
gradient or by finding optimal time durations for DNA stretch-
ing and relaxation.

Rapid development of DNA nanotechnology has largely re-
lied on increasing the capability of precise design of sequence-
specific hybridization of complementary DNA strands and
accurate synthesis of DNA sequences. On the other hand,
the Brownian ratchet proposed in this work is based on the
sequence-dependent DNA mechanics, which has rarely been
exploited in DNA nanotechnology. The sequence-dependent
DNA flexibility may not be very useful in manipulating
structures of linear DNA molecules, which may be the rea-
son for the lack of mechanics-based DNA nanotechnology.
In this work, however, the sequence-dependent variation of
DNA flexibility plays an important role in controlling the
position of a cationic NP due to sharp DNA bending in-
duced by complex formation with the NP. In the same
way, it is also anticipated that the sequence-dependent DNA
flexibility can be a useful tool in DNA nanotechnology
when the structure formation involves sharp DNA bending
[32-35].
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