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Langevin dynamics simulation of a coarse-grained ssDNA model

In our model, intramolecular interactions are represented by a linear spring, and the
electrokinetics of polymer molecules are mainly affected by external electric fields in liquids. In
such a case, the behavior of particles can be expressed by an over-damped Langevin equation (1-3):

S(vi—u)=-VU; +R; +q(E-V9), (S1)

where v; is the velocity of the ith particle, E = E,e, where E; is the electric field strength and e; is
the unit vector in the z-direction, ¢ is the friction coefficient of particle, u is the EOF velocity field
that is treated as a field fixed in the space for the polymer translocation such that u(r) = u,(r)e,,
—VU; is the conservative force including interactions between particles, g is the electrical charge of
single particle, and R; denotes the random force that satisfies the fluctuation-dissipation theorem:

(Ri(t)=0

<RM- )Ry (t')> =2kgTESS(t-t), v=1{xy,2} (52

where kg is the Boltzmann constant, T is temperature, J; is Kronecker’s delta, and J(t-t') is the
Dirac delta function where t and t’ are time. The polymer chain consists of N individual particles
bonded to neighbors with a linear spring (1-3). Interactions between the nearest neighbors and
between the coarse-grained molecule and channel surface are represented by the Lennard-Jones

potential taking the volume exclusion effect into account (1-3):
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where rj; is the distance between the two molecules, o is the diameter, and e, is the energy
well-depth set to kgT. The coarse-grained molecule corresponds to 12 nucleotides (nt), which is
determined by dividing the persistence length of 5.0 nm for ssDNA by 0.43 nm associated with the
interval between nucleotides, holding the internal structure and properties of ssDNA (4). U.; was
applied to non-adjacent molecules. For the purposes of volume exclusion, the potential was
truncated at I’=§/EO' to allow for purely repulsive interactions between the molecules. The
repulsive force from the channel surface works only on the surface normal direction. Bonding
between two consecutive molecules along the chain is given by (1-3)

%Zk(rij -r,)? for neighbors
j
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0 otherwise
where req is the equilibrium distance between the connected molecules and given by 5.0 nm. The

spring constant is written by k = kgT/d, and ¢ is caused by thermal fluctuations around the average



and ¢ = 0.1 is applied (1-3). The other parameter set employed in the present simulations was
already published (1). The friction coefficient £ and effective bead charge q in Eq. S1 are evaluated
referring to experimental data of diffusion coefficient D and electrophoretic mobility x« of sSSDNA (5).
In this study, we set T =300 K and ¢ = 80.1 for aqueous solutions. Resulting from the relationship of
¢=kgT/ND and q = &u = ukg T/IND (5), both & and g are described as a function of N.

At the beginning of LD simulations, a polymer structure equilibrated in free solution is placed at
the cylindrical nanochannel inlet apart from the distance of Ry and forced to pass into the channel by
applying a uniform electric field of E, = 1.0 x 10° V/m. Linear increase in the electrophoretic
velocity to applied electric fields is also confirmed for the case of E, = 1.0 x 10° V/m. That is, the
mobility is constant for each N. Based on this fact, we discuss the electrophoretic characteristics of
ssDNA for the actual magnitude of the electric field. Entering the polymer into the nanochannel, its
structure deforms and reaches a steady state during translocation in the cylindrical channel. This
preliminary computation is carried out for each trial to determine the initial condition in the
nanochannel. Based on previous studies (1-3), the time step of LD simulation is set to 1.0 ps, and the
total computational time is 2.0 ms for each. The time step of 1.0 ps is constrained by both stability
and accuracy, which was already verified in a previous study (1). The analysis of the polymer
transport is evaluated by at least 20 individual trials in all cases with different surface charges and

ion concentrations.



Verification of the coarse-grained ssDNA model

The polymer transport properties, i.e., D, x4, and Ry, were evaluated by performing the LD
simulation in free solution as shown in Fig. S1. D was determined from the Einstein relation
calculating mean square displacements of the ssDNA and x was directory analyzed from the

simulations applying uniform electric fields to obtain the terminal velocity as a function of the

N
electric field. Ry was determined as Rg2 = Z(ri -, )2 /(N +1), where r¢ is the center of mass of
i=1

the chain. More details were also in a previous study (1). Our simulation results were in close
agreement with the theoretical evaluations of D and . This means that the coarse-graining method is
suitable to represent the behavior of ssSDNA in terms of diffusion and electrophoresis. Setting q and &
for a single bead to reproduce the D and x, Rq of the sSDNA consequently agreed with the theoretical
model as shown in Fig. S1(c). As listed in Table 2 in the main text, appropriately determined q and &
for a coarse-grained molecule resulted in the constant mobility of 3.0 x 10® m?Vs equivalent
among each polymer length. These parameters for a coarse-grained molecule are suitable to define a
building block of ssDNA. Thus, this model is valid to mimic various lengths of ssDNA,
corresponding to from 60 to 600 nt.

In the simulation, the electric field in the nanochannel is assumed to be not altered by the
presence of sSDNA. The charge density of ssDNA is calculated by:

p= Nq/(:ﬂNrgj:% (S5)

where N is the number of beads, q is the electrical charge of a bead, and r is the bead radius. The
electrical charge density is defined by dividing the total charge of a polymer by the volume. The p of
the ssDNA chain and for comparison, that of the monovalent electrolyte solution with the
concentration of C are listed in Table S1 in the unit of elementary charge per cubic nanometer. It is
found that for C=1,2 x 102 4 x 10 %, 9x 10* and 4 x 10™* M, the charge density of ssSDNA bead
is at least one order of magnitude larger or smaller than that of the electrolyte solution, except in the
case of C = 2 x 102 M. Thus, it is preferably assumed that the electrical charge of sSDNA is
sufficiently screened and the presence of the DNA does not disturb the electric field in the
nanochannel.

Table S1. Charge densities, p, of the electrolyte solution with C and ssDNA with the length N.

C (M) p (e/nm?) N p (e/nm?)
1 6x10" 5 3x 107
2x1072 1x1072 10 3x107°
4%x10° 2x107° 20 2x1072
9x 107" 5x 107" 30 1x1072

4x10* 2x10™* 50 1x10°




@ Rt

D=7.38x10""x(No/0.43) >

H(10° m*/Vs)
a2 )
=)

—O—
—{—
—_{

2
o0

T
[eS——
—
-

%}3

Rg (nm)

0 N L L L L
0 10 20 30 40 50 60

FIGURE S1. (a) Diffusion coefficient, D, (b) electrophoretic mobility, «, and (c) radius of
gyration, Ry, as a function of the polymer length of coarse-grained ssDNA, N. Error bars mean
standard deviations at each data point. In (a), each data point was evaluated from the mean
square displacement and the Einstein relation, averaged by 50 individual simulations in free
solution. In (b), the displacement of the center of mass of the ssDNA chain was evaluated in the
electric field of E, = 1.0 x 10° V/m as a result of 60 trials, where the mobility of the
coarse-grained ssSDNA, u = g/&, was evaluated as 3.0 x 10"® m%/V/s that was constant for each N
as shown in Table 2 in the main text. In (c), each data point results from 2000 data samples. ¢
and L are the persistence length and contour length of polymer, respectively, where we applied ¢
=5nm and L = No for ssSDNA.



Non-constant viscosity model

Taking into account the effect of velocity gradients due to highly concentrated ions near wall
surfaces, the nanochannel is divided into two parts with respect to the radius r, such as the constant
viscosity layer (CVL) in 0 < r < b, where the viscosity #(r) is equal to the bulk value 7, and the
nonconstant viscosity layer (NVL) in b <r < a, where a is the radius of cylindrical channel and b is
the boundary at the CVL and NVL. The viscosity expressed by #(r) = 5or’/b? quadratically increases
very near the channel surface as suggested by Wang et al. (6). Under an axially applied electric field
E, along the nanochannel, charged molecules and liquids are forced to migrate along the z-axis.
Additionally, the { potential of a channel surface causes to form an EDL and a non-uniform electric
field E; along the r-axis, such that E, = —dg¢/dr. Based on previous theoretical studies (1,7), an
electric field is independently separated into two components, such as E, and E,. Here, we assume
E, is axially constant in the infinitely long narrow channel. Additionally, the pressure gradient along
the z-axis is assumed to be negligibly small according to the conventional models of EOF (8). The
EOF velocity u,(r) varied along the radial direction can be written in the cylindrical coordinate

system as follows:

1d du 1d( dg
- t g gE 22| r2Z2 |, S6
r dr(m(r) dr j Sty dr(r dr) (56)

where gq is the dielectric constant of vacuum and ¢ the relative dielectric constant of solution. The

electric force on the right-hand side is derived from the Poisson equation. The electric potential ¢(r)
in the nanochannel is written by Eqgs. 2 and 3 in the main text. Since the electric potential in
nanochannel depends only on r, V24 can be reduced to an ordinary differential equation and results
in

du, _e,oE, dg

- : (s7

dr n(r) dr )
The concrete solution of Eq. S7 can be expressed according to the boundary conditions. In the CVL,
the solution of Eq. S7 is expressed replacing #(r) by the constant viscosity #o. The solution is

represented in the form as follows:

u, = 505Ez§[ lo (&) +C1} in 0 <r<b, 59
o |0(K‘a)

where C; is an integral constant determined later. On the other hand, in the NVL applying #(r)

presented above (6), Eq. 5 is expressed as follows

2
, = SfECD Kll(fr)dr inb<r<a (S9)
AN r

To solve Eq. S9, Meijer G function is introduced (9). The integral of the first order modified Bessel



function divided by r? is calculated as

xl, (xr) K° ~20(1 K2r?
—(1 ir e —— ' - |+ C ’ Slo
.[ r2 4 Gl,S (0,0, _1‘ 4 2 ( )
and thus, the solution can be simplified, such that
u, =—-aG(xr)+C,, (S11)
1 K2r2 . I . .
where G(xr) = Gig (O 0-1 —Tr> calculated by using Matlab® libraries and « is an EOF velocity

parameter a = eOeEZszbz/(4n0I0(xa)). Based on the noslip boundary condition u,|=, = 0, C; is
determined and the solution results in

u, =af[G(xa)-G(xr)]. (S12)
The velocity profile is continuous at r = b, such that
u,(r—>b,)=u,(r—>b,), (S13)
that leads to C; as follows:
C, = 1,(xb) + ——[ G (xa)— G (xb)]. (S14)
1 0 K2b2

Sorting out the equations above, the solution of EOF velocity profile in the whole nanochannel

results in

0, (1) = “{Kzibz('o(’“)—'o(’fb))+G(’<a)—G(f<b)} refo)

a G(xa)-G(xr)], re[b,a]

(S15)

EOF velocity profile with non-constant viscosity layer

Herein, the channel surface is positively or negatively polarized, controlling the { potential that is
applied between —25 and 25 mV. Following a suggestion by Zhang et al. (10) that the thickness of
NVL was set to 2 nm corresponding to the thickness of 5 atomic layers, the radius of CVL was set to
b =13 nm in an a = 15 nm radius of cylindrical channel. In the CVL, the bulk viscosity #, of water
was set to 0.893 x 107 Pa-s. A uniform electric field of E, = 1.0 x 10°> VV/m was applied along the
z-direction. Figures S2 shows a difference between constant and non-constant viscosities in the EOF
velocity field. When we set Ap = 5 nm and NVL thickness (a — b) to 2 nm, the velocity in the
non-constant viscosity liquid averagely decreased about 10% compared to the constant viscosity
flow. It is found that as assumed in the model, the high viscosity near the wall surface due to highly
concentrated solvent molecules cause to suppress ion transport and decrease EOF velocity to some
extent. The EOF velocity profile for various 1p, which was set to 0.3, 2, 5, 10, and 15 nm,

corresponding to the ion concentration of 1, 2 x 1072, 4 x 1073, 9 x 10 and 4 x 10 M, respectively,
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FIGURE S2. Comparison of EOF velocity profiles between with (dashed lines) and without
(solid lines) the nonconstant viscosity layer for the case of ip = 5 nm, { = 25 mV, and NVL
thickness of 2 nm (b = 13 nm).

as shown in Table 1 in the main text. Transition in the flow profile from Poiseuille-like flow to
plug-like one was clearly found with decreasing Ap, corresponding to increase in the ion
concentration. The velocity profile with the non-constant high viscosity layer clearly showed the
difference from the case of constant viscosity for .p = 2 and 5 nm. This result implies that the
difference becomes the largest when the EDL thickness is comparable with the non-constant
viscosity layer and that the high concentration of ions in the EDL causes to increase the viscosity.
The relationship between the high concentration in the EDL and the viscosity gradient has to be

investigated in more detail from the viewpoint of molecular dynamics simulations in the future.

Results of the LD simulations with the non-constant viscosity layer

In the main text, we have carried out the simulation of ssSDNA transport in the nanochannel in the
presence of the non-constant viscosity layer. For the reference, the analysis of sSDNA mobility and
deformation in the nanochannel with the non-constant viscosity layer is presented in Figs. S3-S7,

corresponding to Figs. 2, 4-7 in the main text, respectively.
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FIGURE S3. The electrophoretic mobility, x, of ssSDNA with non-constant viscosity layer,
corresponding to the computational conditions of Fig. 2 in the main text.
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FIGURE S4. Distributions of Ry in the nanochannel for the variety of N resulting from (a) =
—25 mV and (b) = 25 mV in the presence of non-constant viscosity layer, corresponding to
Fig. 4 in the main text. Mean values of Ry in the case of N = 50 are 29.8 and 27.5 nm for { =
—25 and 25 mV, respectively. Legend: black, N = 5; red, N = 10; blue, N = 20; pink, N =30;

green, N = 50.
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FIGURE S5. Mean square end-to-end distances, <L®>, of ssSDNA exposed to E, in a
nanochannel at various values of ¢ potential and Ap in the presence of non-constant viscosity
layer, for comparison with Fig. 5 in the main text. Data are shown for the polymer lengths (a) N
=50and (b) 5.
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FIGURE S6. Ensemble average of the mass-center radial position, {r), as a function of the
polymer length, N, in the presence of non-constant viscosity layer, for comparison with Fig. 6 in
the main text. Legend: {=-25 mV, ip = 0.3 nm (black squares); { = -25 mV, ip = 15 nm (red
circles); =25 mV, Ap = 0.3 nm (blue triangles); and =25 mV, 1p = 15 nm (pink inverted
triangles). The error bars that represent the standard deviations reflect the Brownian motion of

ssDNA inside the nanochannel.
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FIGURE S7. Discretized distribution function, f(r), of the radial position of individual
coarse-grained beads in a channel with the non-constant viscosity layer, for comparison with
Fig. 7 in the main text. Legend: (a and b) a negative { potential of —25 mV and polymer lengths
of (a) N =5 and (b) 50, and for (c and d) a positive { potential of 25 mV and (c) N =5 and (d)
50. The radial position of each molecule was sampled at 10 ps intervals over the last 1.0 ms of

simulation time.
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