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Abstract Development of DNA nanotechnology provides
the basis to construct novel biomimetic DNA nanochannels.
In this work, we report electrokinetic transport behavior of
the fluid through the surfaces consisting of double-stranded
DNA molecules based on all-atom molecular dynamics
simulations. The results show that an electric double layer
forms close to the DNA surface, and the fluid can be driven
by an externally applied electric field. At large DNA-DNA
separation, a velocity jump is observed when the electric
field is exerted along the direction of the central axis of
DNA. Increasing the DNA separation does not influence
the flow velocity in the model parameters investigated. It
was also found that the magnitude of electroosmotic flow
velocity obeys the Hofmeister series.

1 Introduction

Natural nanochannels are a family of biological membrane
proteins, which play a critical role in controlling exchange
of specific ions and molecules inside and outside of cells
(Hille 2001). In general, polar molecules and charged ions
are allowed to passively migrate through the channels
down the electrochemical gradient without direct expendi-
ture of metabolic energy. Biological nanochannels possess
high selectivity, conductivity and sensitivity in controlling
ionic and molecular transport. For example, the throughput
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of potassium ions through potassium nanochannels is
four orders of magnitude higher than sodium ions (Doyle
et al. 1998). Inspired by biomembrane nanochannels, the
construction and development of artificial nanochannels
have received growing attention (Dekker 2007; Hou et al.
2011; Sakai and Matile 2013; Herndndez-Ainsa and Key-
ser 2014). In the last two decades, a large number of nano-
channels with various functions, such as biosensing, flow
controlling and single molecule detection, are fabricated
experimentally. Research in the field of bio-inserted arti-
ficial nanochannels provides the possibility to study many
biological processes in vitro and to develop potential appli-
cations in bionanotechnology and nanomedicine.
Implementation of functionalities of the nanochannels
mainly depends on the physicochemical properties of the
surfaces, the channel shape and dimension. Artificial nano-
channel systems may be constructed directly from natural
nanochannels or fabricated by drilling pores into solid-state
inorganic substrates (Li et al. 2001; Dekker 2007), such as
polymer membrane, silicon-based material and graphene.
For example, a natural nanochannel can be inserted into
a reconstituted lipid membrane to implement the in vitro
detection of single biomolecules (Kasianowicz et al. 1996).
Such nanochannels have some distinct advantages similarly
to membrane ion channels. However, they are susceptible
to external environment, and have unadjustable shape and
size. Solid-state nanochannels can overcome these dis-
advantages, but their sensitivity and control accuracy are
much lower in molecular detection compared to natural
nanochannels. For these solid-state channels, it is difficult
to achieve high transport performance as natural protein
channels which approach the diffusional limit. A strategy
to overcome these limitations consists of combining robust-
ness and adjudication of solid-state nanochannels with
biological functions of natural nanochannels. As a result,

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10404-016-1797-z&domain=pdf

132 Page 2 of 10

Microfluid Nanofluid (2016) 20:132

hybrid channels were achieved by inserting natural nano-
channels or biomolecule-based nanochannels into solid-
state channels (Hall et al. 2010).

Based on DNA origami nanotechnology, a long single-
stranded DNA can be folded by adding a number of short
DNA molecules with complementary sequences to form a
predefined nanostructure with precise shape and dimension
(Rothemund 2006). Recently, several groups have used this
bottom-up technology to generate innovative DNA nano-
channels, such as hybrid DNA origami solid-state nano-
channels (Bell et al. 2012; Hernandez-Ainsa et al. 2014)
and membrane-spanning DNA nanochannels (Langecker
et al. 2012; Burns et al. 2013; Seifert et al. 2015). These
channels exhibit fascinating performance in single mol-
ecule detection, and open a new field to mimic biological
ion nanochannels due to tunable size, stability, reversibility
and programmability of DNA origami. Additionally, chem-
ical modifiability of DNA with atomic accuracy and its
electrochemical sensitivity are expected to lead to a broader
range of exciting applications. Furthermore, the DNA ori-
gami nanotechnology also makes design and manufacture
of nanochannels easier because the DNA nanostructures
can be predicted exactly using available computer soft-
wares (Douglas et al. 2009).

Unlike solid-state channels where discreteness of surface
charges and microscopic corrugation of the surface play an
important role in controlling hydrodynamic and electro-
static friction (Kim and Netz 2006), small ions and water
can permeate into the surfaces of the DNA channels. More-
over, it is also different from channels coated with poly-
mer brushes which have much softer surfaces and deform
more easily when environmental parameters are altered.
We have studied electrokinetic transport behavior of the
fluid through nanochannels modified with neutral polymer
brushes (Cao et al. 2010, 2011) and polyelectrolyte brushes
(Cao et al. 2012). Electrical double layer (EDL) can be
influenced by polymer layers, and there exists strong cou-
pling between conformational dynamics of polymer chains
and transport dynamics of the fluid. Luan and Aksimen-
tiev have performed the first all-atom molecular dynamics
(MD) study of electrokinetic transport of DNA in a solid
nanopore (Luan and Aksimentiev 2008). Recently, Li et al.
(2015) studied ionic conductivity and structural deforma-
tion of DNA origami in external electric field by means of
MD simulations. Their results demonstrate that MD simu-
lations can be used as a predictive tool to explore the prop-
erties of synthetic DNA nanostructures. The all-atom MD
methods have been also used to investigate various electro-
kinetic phenomena of DNA systems, such as the effect of
ion valence (Luan and Aksimentiev 2010), the differential
effect of monovalent cations (Kowalczyk et al. 2012), the
temperature effect (Belkin and Aksimentiev 2016) and the
electrokinetic effects in DNA membrane channels (Yoo
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and Aksimentiev 2015). In this work, all-atom MD simula-
tions are employed to simulate the electrokinetic transport
of fluid confined between two opposing DNA surfaces. The
MD method provides physical insight at the atomic level
into the transport mechanism of ions and water molecules
through the DNA surface. We do not take into account
short DNA strands linking two adjacent DNAs. The pur-
pose of our work is to understand how the charged DNA
surface influences the flow characteristics of confined fluid
and the ion distribution near the rough surfaces. The effects
of the ion specificity, channel width, separation between
neighboring DNAs and direction of electric field are also
addressed.

2 Model and simulation method

The particles in the system are confined by two Lennard—
Jones 9-6 potential walls along the z direction. The average
separation between each potential wall and adjacent DNA
surface is about 0.4 nm. Each DNA surface layer con-
sists of two or three double-stranded(ds) DNA molecules
depending on the gap of d between each other. Two paral-
lel DNA surfaces are set at distance H from each other. A
typical simulation snapshot is shown in Fig. 1 to illustrate
the simulation system. Each DNA chain contains 20 base
pairs. The positions of the DNA surfaces are constrained
by harmonic restraint potentials with spring constant
600 kJ mol~! nm~2 acting on each phosphorus atom. All
DNA chains are completely periodic, that is, a phosphodi-
ester bond between the terminal 3’-hydroxyl group and 5’
-phosphate group in each single-stranded DNA traverses
the periodic simulation box. In this work, a common set of
cations including Cst, Rb*, K*, Na*, Lit, Ca?* and Mg?*
are used to elucidate the influence of ion-specific effect on
transport dynamics, and the corresponding anions Cl  are
added. Counterions are added to neutralize the negative
charges on two DNA surfaces. Additional salt concentra-
tion is fixed at 0.15 M for monovalent (54 cations, 54 CI ")
and divalent cases (54 cations, 108 Cl ). The number of
water molecules in the box changes from 6500 to 25,000
depending on H.

The Lennard—Jones (LJ) potential is truncated at 1 nm.
A switching function is used between 0.85 nm and the cut-
off distance to make the forces decay smoothly to zero.
Water molecules are modeled by using the SPC/E model
(Berendsen et al. 1987). We use the LINCS algorithm to
constrain the water geometry (Hess et al. 1997). The long-
range electrostatic interactions are treated by the particle-
method Ewald (PME) method with a real-space cutoff
of 1.1 nm (Darden et al. 1993). Periodic boundary condi-
tions are applied in all three directions. To remove the
periodicity in the z direction normal to the wall, an empty
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Fig. 1 TIllustration of the
simulation system for electroki-
netic transport of fluid through
DNA surfaces. The left picture
shows the cross section of the
model. Each surface includes
three dsDNA chains orientated
parallel to each other. The right
sketch gives the top view for

a single surface (only DNA
chains are shown). All snap-
shots are generated using VMD
(Humphrey et al. 1996)

volume with the height of 3L, is inserted along the z direc-
tion, where the z-directional dimension of the box is set
to L; = H+ D + 0.8 nm. The average diameter D of the
dsDNA molecules is about 2.1 nm.

The Gromacs software package (Spoel et al. 2005) is
used for calculating all bonding and nonbonding interac-
tions. The force field parameters for DNA molecules and
ions are based on the Amber99 force field (Wang et al.
2000). However, the parametrization of nucleic acid sys-
tems can cause artifacts due to ion aggregation, in particu-
lar for divalent cations that bind directly to the phosphate
oxygens of DNA. Therefore, two optimized parameter sets
from Yoo and Aksimentiev (2012), Yoo et al. (2016), and
Mamatkulov et al. (2013) are also used to simulate the sys-
tems containing Mg?* and Ca’>*. We abbreviate these two
types of parameterizations to FFY for the former and FFM
for the latter. It is worth emphasizing that the custom mod-
els of hydrated ions in FFY are introduced. For example,
seven water molecules are restrained to a Ca" ion, and six
water molecules for a Mg?* ion. The TIP3P and SPC/E
water models are employed in simulations based on FFY
and FFM, respectively.

To obtain the box size along the z direction at desired
pressure, we first carried out a NPT simulation for 2 ns after
energy minimization. The NPT simulation was performed
under constant pressure P = 1 bar by semi-isotropic box
rescaling with fixed area A = L, x L, and constant tem-
perature 7 = 300 K using Berendsen’s method with a cou-
pling time constant of 1 ps for pressure and 0.1 ps for tem-
perature (Berendsen et al. 1984). After the NPT simulation,
the average box size L, along the z direction is calculated.
Then, a NVT simulation for 8 ns runs under an applied
external electric field to induce an electroosmotic flow.
Finally, we perform a 30 ns simulation to collect data for
the steady flow. Here, two different directions of the elec-
tric field along the x (Ey) and y (Ey) axes were considered,

respectively. The equations of motion are integrated using
the leap-frog algorithm with a time step of 2 fs.

3 Results and discussion

We first focus on the equilibrium distributions of water
molecules and ions. Figure 2c shows the density of water
at different separation d between adjacent DNA chains
at fluid surface separation H. The water density near the
center of the DNA layer is reduced. Obviously, a decrease
in d leads to a lower water density. There exists no signifi-
cant oscillation in the interface between the DNA surface
and the bulk solution. In contrast, for bare solid-state sur-
faces, the interaction between water and surface can induce
large density oscillation. The rough DNA surface smoothes
out the distribution of interfacial water density. From simu-
lation snapshots (Fig. 2a, b), it is seen that water molecules
intrude into about 2/3 of the radius of DNA. In the central
region of DNA, no water is observed. It is difficult to drive
the water molecules inside DNA in the presence of stress.
These waters exert lighter friction also to waters close to
bulk solution. Therefore, the roughness of DNA, produced
by major and minor grooves, suppresses significantly water
flow.

The Na™ counterions are adsorbed near the charged
DNA surface, and thus, an electrical double layer is
formed. Additionally, some Nat ions are also bound to the
grooves of single DNAs and penetrate into gaps between
adjacent DNA molecules (see snapshots in Fig. 2). Figure 3
shows the concentration profiles of Na* and CI” ions and
simulation snapshots for different channel widths at fixed
d = 2.5 nm. For the narrow channel with H ~ 5.1 nm, the
ion concentration exhibits peaks at the center of the chan-
nel, and a minimum in the concentration appears at the
center of each DNA surface. There is a higher concentration
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Fig. 2 Snapshots in a and b correspond to DNA-DNA separation
d = 2.5 and 4.2 nm, respectively. DNA molecules are not shown in
bottom panel. The blue dashed circles represent approximate size of
DNA cross section. Yellow and green beads denote Na* and Cl ions.

(€)1.5— : . ;

p, (g/cm’)

¢ Water density for different separation d. The vertical line represents
the position of the central axis of DNA chains. The channel width
is H ~ 10.4 nm, and slightly changes depending on d (color figure
online)

(a)* (b)*

(c)*

Fig. 3 Ion concentration at different channel width a H ~ 5.1 nm,
b 7.1 nm, and ¢ 10.4 nm. The DNA-DNA separation d is fixed at
2.5 nm. The vertical lines represent the position of the central axis of

of Na* ions compared to CI™ ions. Doubtlessly, both elec-
trical double layers for top and bottom surfaces overlap.
With increasing channel width, the ion concentration at the
channel center decreases to the bulk concentration. Addi-
tionally, the concentration of Nat ions close to the DNA
surfaces remains approximately constant. Most CI™ ions
are expelled from the interior of the surface. No ions can
intrude into the region near the axial center of DNA. Note
that many ions aggregate near potential walls because of
dielectric effect.

Fluid can be driven due to the formation of electrical
double layer when an electric field is applied along the
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DNA chains in each surface. The snapshots from left to right on the
bottom panel correspond to the cases from a to ¢. Water is not shown

direction parallel to the DNA surface. Figure 4 shows the
velocity profiles under external electric fields along the x
and y directions. At the small separation d = 2.5 nm, the
flow velocity does not depend on the direction of electric
field. In other words, it reveals that the difference in the
distribution of surface charges along the x and y direc-
tions does not influence the flow velocity. The veloc-
ity of the fluid in the interior of the surface is suppressed
significantly. The flow satisfies no-slip boundary condi-
tions. Compared to a wider channel, the flow velocity at
H ~ 5.1 nm is lower and has a sharp peak in the center
of the channel because of overlapped electrical double
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Fig. 4 Electroosmotic flow velocity for different channel width H and
DNA separation d. The channel width corresponds to H &~ 5.1 nm,
7.1 nm, and 10.4 nm from left to right. The value of H slightly changes
for different d. Top and bottom rows correspond to d = 2.5 nm

layers. At H ~ 10.4 nm, the velocity profile exhibits a well-
defined plug-like shape.

Further, we investigate the flow velocity for the cases of
a larger separation d = 4.2 nm. Such separation between
adjacent two dsDNA chains is able to accommodate only
one dsDNA chain (Fig. 2b). It was found that the veloc-
ity is higher along the x direction. Clearly, nonzero veloc-
ity in the gap between neighboring DNA molecules causes
the increase in the x-directional velocity. In the y direction,
no velocity jump is observed. Moreover, the flow velocity
along the y direction at the channel center is little affected
by d. This means that zeta potential depends little on effec-
tive surface charges (Bonthuis and Netz 2012), indicat-
ing electrophoretic saturation effect. When the electric
field is applied along the y direction perpendicular to the
DNA axis, it is difficult to drive ions and water molecules
between two adjacent DNA chains cross separate DNA
chains. Therefore, the flow close to the surface is inhibited.
For the applied electric field along the x direction, due to
the absence of flow obstacles, the fluid between adjacent
DNA chains can be driven. Further, the motion of the fluid
drags water molecules near the surface to accelerate the
fluid transport. At d = 2.5 nm, the space between neigh-
boring DNA chains is so small that the diffuse structure

and 4.2 nm, respectively. The velocity is measured along the x
(Ex=0.5V/nm and E, =0) and y (E; =0 and E, = 0.5V/nm)
directions. The vertical lines represent the position of the center of
each DNA surface

of electrical double layer can not be formed. Therefore,
the particles within the narrow gap are hardly dragged. At
d = 4.2 nm, the adjacent DNA chains have a gap of about
2 nm. There exists a diffuse layer for such gap, although an
overlapping occurs.

To show the ion density within and near DNA surfaces
more accurately, we plot two-dimensional ion concen-
tration at H = 10.4 nm in Fig. 5. The yz plane is chosen
to calculate two-dimensional properties: Nat concentra-
tion and velocity distribution (see below Fig. 6). There is
a higher Na™ concentration between adjacent DNA mol-
ecules at d = 2.5 nm. At lager separation of d = 4.2 nm,
the Na* concentration becomes lower near the DNA mole-
cules. Therefore, the decrease in separation promotes coun-
terion condensation. It should be also noted that the electric
double layers formed by single DNA molecules overlap
as the inter-DNA distance is reduced. Changing the direc-
tion of electric field affects the distribution of ions in DNA
surfaces. Obviously, the DNA molecules hinder movement
of ions within the surface under electric field along the y
direction. At narrow separation, when the y-directional field
is applied, some Na% ions are pushed into the DNA mol-
ecules. Unlike the case with the x-directional field, the most
ions aggregate in the separation between adjacent DNA
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Fig. 5 2D Na' ion concentration at (leff) d =2.5nm and (right)
42 nm. The channel width is H = 10.4 nm. The electric field is
applied along (fop) the x and (bottom) y directions, respectively

molecules. For larger separation, the Na™ ions distribute
around the DNA molecules at the x-directional field. The
distribution of ions above the surface is smeared out under
electric field along the y direction.

To examine the velocity distribution in entire channel
and also explain the jump of flow velocity at large sepa-
ration, we present the two-dimensional velocity distribu-
tion in Fig. 6. The flow velocity along the x and y direc-
tions corresponds to the x- (top) and y-directional (bottom)
electric field, respectively. At small separation d = 2.5 nm,
the effect of the direction of electric field on the veloc-
ity distribution is negligible, except that the roughness of
DNA molecules causes the fluctuations near the surface.
At large separation d = 4.2 nm, the change in the direc-
tion of electric field leads to remarkable variations in the
velocity distribution. Unlike the small separation where the
transport of fluid between neighboring DNA molecules is
suppressed, the electroosmotic flow also generates in the
region between adjacent DNA molecules. It is the main
reason for the jump of velocity which appears in Fig. 5.
When the electric field is exerted along the y direction, the
separation nearly influences the velocity of fluid between
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Fig. 6 2D electroosmotic flow velocity along (top) the x and (bot-
tom) y directions, respectively. Other parameters are the same as
those in Fig. 5

two DNA surfaces. The flow of fluid in the inter-DNA gap
is shielded by DNA molecules perpendicular to the direc-
tion of electric field.

Studies on the interactions between DNA and cations
have important implications for understanding the origin
of DNA sequence-specific structural variations (Rouzina
and Bloomfield 1998; Hud and Polak 2001; Savelyev and
Papoian 2006). The binding ability of cations to DNA has
a significant dependence on different ion types. Here, we
explore the ion-specific effect on the transport of the fluid
through the DNA surfaces. The specificity of various com-
mon cations, including Cs*, Rbt, Kt, NaT, Lit, Ca’>*
and Mg>t with potential parameters based on Amber99
force field, is addressed. Figure 7 shows the ion-specific
effect on the velocity profiles at fixed channel width and
DNA separation. The flow velocity can be modulated by
cationic specificity. The divalent Ca>* and Mg>* coun-
terions strongly reduce the velocity due to strong electro-
static binding energy. Larger affinity for Ca>* over Mg>*
toward binding to DNA has been observed in oriented fib-
ers. However, the differences in bindings of these two cati-
ons become slight for gel electrophoresis under conditions
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Fig. 7 Electroosmotic flow velocity under electric field along the y
direction for cases of different kinds of cations. The channel width
and DNA separation are H = 10.4 nm and d = 2.5 nm, respectively.
The vertical lines represent the position of the center of each DNA
surface

of aqueous solution (Li et al. 1998). Our results show the
velocity profiles are almost coincident for Ca>* and Mg?*
counterions. As a result, the binding differences for Ca*t
and Mg?* ions have no major effect on the flow velocity. If
the binding of counterions to DNA becomes much stronger,
such as higher valent cations, the flow may be completely
suppressed. For monovalent counterions, a standard
Hofmeister series for the fluidic transport is identified. With
changing cations from K™ to Cs™, the increase in the veloc-
ity becomes slow in agreement with recent studies for car-
boxylates (Schwierz et al. 2015). Clearly, apart from the
ion-specific effect, the flow is also dependent on the inter-
action between the surface and solvent molecules as well
as interfacial solvent viscosity effect (Bonthuis and Netz
2012).

Figure 8 shows the density of water molecules for vari-
ous kinds of cations. The water density in the interface
(between 2.5 and 3 nm) is slightly lower for larger cations,
such as Cs* ion. This is because the larger cations have a
higher concentration in the interface. For divalent cations,
fewer amounts within the surface compared to monovalent
ions result in a larger water density. We will further discuss
the ion concentration below. As expected, the density of
bulk water keeps constant.

Figure 9 presents the concentration profiles of different
cations. Unlike channels with bare surfaces such as gra-
phene or silicon surfaces, the ions spread into the DNA sur-
face as discussed above. The increase in the cation concen-
tration near the interface also obeys the Hofmeister series.
For monovalent cations, Li™ ions have the strongest elec-
trostatic correlation with DNA. Compared to other mono-
valent ions, the density of Lit ions away from the DNA

p, (g/cm’)

Fig. 8 Water density for cases of different kinds of cations. The
model parameters are the same as those in Fig. 7. The vertical line
represents the position of the center of the DNA surface

1.0 15 2.0 25 3.0 35 4.0
z (nm)

Fig. 9 Concentrations of different kinds of cations. The model
parameters are the same as those in Fig. 7. The vertical line repre-
sents the position of the center of the DNA surface

layer is much lower. Additionally, along the Hofmeister
series, the density oscillation for monovalent cations within
the DNA surface becomes larger. Because the degrees of
freedom of DNA molecules are limited, the arrangement
of atoms in DNA surfaces along the z-axis becomes more
ordered. If a kind of cation binds more strongly to nega-
tive charges from DNA molecules, the oscillations in the
cation density are also more remarkable in response to the
arrangement of the DNA charges. Due to stronger binding
ability for Li", the density peaks are more pronounced. As
a consequence, the peaks become less pronounced along
the series: Li™, Nat, K*, Rb™, Cs™, as the binding ability
lowers. For divalent cations, the number of cations bound
to the DNA surfaces is less compared to monovalent cati-
ons. Therefore, the peaks do not enhance further. However,
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Fig. 10 Electrokinetic surface charge density ok for different kinds
of cations. The model parameters are the same as those in Fig. 7

if the binding of divalent cations to DNA surfaces becomes
stronger in specific force field as shown in Fig. 12, more
pronounced peaks are also observed. CI™ ions are largely
dissipated in the DNA layer regardless of cationic specific-
ity because DNA is negatively charged (not shown here).

Based on the Grahame equation, we calculate the elec-
trokinetic surface charge density o.x as an estimation of
effective mobile surface charge density

Ock =

BE0%0 in Vﬂ (1)

B 2

where cq is the bulk salt concentration, e is the elementary
charge, and B = 1/kgT with the Boltzmann constant kg. €
and €, are the vacuum permittivity and the dielectric con-
stant of bulk water at room temperature, respectively. The ¢
-potential is calculated using the Helmholtz—Smoluchowski
equation

. ux(2) €0€b¢
lim = —
R Mo

with up, = 0.642 cP being the bulk viscosity for the SPC/E
water model (Hess 2002). A similar value is also obtained
in the study of interfacial water (Sendner et al. 2009). The
bulk viscosity is much smaller compared to real water,
up = 0.851 cP (Weast 1986). Here, u,(z) as z approaches
infinity represents the average velocity of bulk fluid along
the x direction in the central region of channel.

In Fig. 10, the electrokinetic surface charge density oex
is plotted according to the Hofmeister series. The results
indicate that o¢k has significant dependence on the ion-spe-
cific behavior. For the Cs™ ions, o & 0.31 e/nmz, which
is about 12 times larger than that for divalent cations.
Compared to the surface charge density oy = 2.48 e/nm?>
of the DNA layer, oek is much lower. This is because a

2
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Fig. 11 Electroosmotic flow velocity for Mg?>* and Ca* ions.
The ion parameters are obtained from AMBER99 force field and
recent works (Yoo and Aksimentiev 2012; Mamatkulov et al.
2013; Yoo et al. 2016). The channel width and DNA separation are
H = 10.4 nm and d = 2.5 nm, respectively. The vertical lines repre-
sent the position of the center of each DNA surface
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1.0 1.5 2.0 25 3.0 3.5 4.0
z (nm)

Fig. 12 Ca’>" and Mg”* ion concentrations. The model parameters
are the same as those in Fig. 11. The vertical line represents the posi-
tion of the center of the DNA surface

considerable amount of cations are captured in the minor
or major grooves of DNA chains, which strongly lim-
its the motion of cations. This is an extreme example of
electrofriction which was previously shown to influence
the electrophoretic mobility very sensitively. Experimen-
tally (Lyklema 1995) and theoretically (Bonthuis and Netz
2012), oex was found to saturate as a function of the bare
surface charge density. In this work, when an electric field
is applied along the y direction, in the case of Na' cati-
ons, the electroosmotic velocity is not affected as increas-
ing d from 2.5 to 4.2 nm (Fig. 4). Therefore, the saturation
behavior is also observed for soft DNA surfaces under
model parameters investigated.
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The commonly used force fields especially for divalent
cations as implemented in AMBER and CHARMM may
cause artifacts to describe ion-specific effects. Here, we
make a comparason between three different force fields
[original AMBER99, FFY (Yoo and Aksimentiev 2012;
Yoo et al. 2016) and FFM (Mamatkulov et al. 2013)]. First,
the flow velocity through the DNA surface is presented in
Fig. 11. The FFY parameter set leads to larger velocity.
Similarly to AMBER force field, no difference in veloc-
ity profiles for Mg?* and Ca’" ions is observed. The FFM
developed by Mamatkulov et al. (2013) causes lower flow
velocity. Moreover, the velocity profiles are not coinci-
dent for Mg?>* and Ca®" ions. The reduced flow velocity
means that the Ca’" ions have stronger binding to nega-
tive charges of DNA. The Mg?* ions bind more strongly
its hydration shell and thus bind more weakly to negative
charges of DNA (Mamatkulov et al. 2013). As seen from
ion concentration profiles in Fig. 12, significant oscilla-
tions for the FFM parameter set also indicate strong affinity
of divalent cations to DNA. In particular for Ca®™, the ion
concentration is much lower near the interface compared
to other cases because more Ca>t ions are bound into the
DNA surface. For the FFY, there are no pronounced peaks
in ion concentration profiles. The fine-tuned parameters
in FFY can reproduce experimental osmotic pressure of
binary electrolyte solutions of biologically relevant ions
by increasing the LJ parameter o that essentially weak-
ens affinity between ions and phosphate oxygens of DNA.
The parameters in FFM implies that the smaller Mg>* ions
bind more weakly to the halide ions than the larger Ca**
ions, which can be demonstrated from experimental activ-
ity coefficients (Simonin et al. 2006). Such feature is also
identified for the binding of ions to DNA in our simula-
tions. Nevertheless, the binding ability for divalent cations
in FFM is even stronger compared to AMBER force field.
This is because the ion force field is optimized in salt solu-
tions rather than bimolecular systems. The differences for
different force fields suggest that it is necessary to make a
correction to interaction parameters between divalent cati-
ons and biomolecules.

4 Conclusions

In summary, we have explored the electrokinetic transport
behavior of fluid confined between two DNA surfaces each
of which consists of double-stranded DNA molecules in
parallel arrangement using full-atom molecular dynam-
ics simulations. We have examined the effects of various
parameters on the flow characterization and the ion distri-
bution. Our results show that not only the channel width
H but also the gap d between adjacent DNA chains has
an impact on the formation of the electrical double layer,

which is further relevant to the transport dynamics of the
fluid. It is observed that the flow is enhanced at large sepa-
ration with d = 4.2 nm when the electric field is applied
along the direction aligning with the central axis of DNA.
Furthermore, the magnitude of velocity jump in the DNA
layer is independent of the channel width. At small separa-
tion with d = 2.5 nm, the differences of surface charge dis-
tribution and roughness along the x and y directions do not
influence the flow velocity. The transport behavior of fluid
is modified significantly by the ion specificity. For diva-
lent cations, Mg2+ and Ca?* ions, we study the transport
dynamics of fluid based on different parameter sets of force
fields. The differences in simulation results suggest that it
is necessary to make a correction to interaction parameters
between divalent cations and biomolecules. Note that the
flow velocity is insensitive to the differences in binding
ability for these two kinds of cations based on the original
AMBER force field and FFY. In the FFM, the Ca?* cati-
ons bind strongly to DNA leading to largely reduced flow
velocity. For monovalent cations, the magnitude of velocity
is sorted according to the Hofmeister series. The viscous
dissipation induced by flow field becomes dominant com-
pared to the ion-specific effect for cations with weak bind-
ing, such as Cs*, Rb™ and K™.
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