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ABSTRACT Experiments using nanopores demonstrated that a salt gradient enhances the capture rate of DNA and reduces
its translocation speed. These two effects can help to enable electrical DNA sequencing with nanopores. Here, we provide a
quantitative theoretical evaluation that shows the positive net charges, which accumulate around the pore entrance due to
the salt gradient, are responsible for the two observed effects: they reinforce the electric capture field, resulting in promoted
molecule capture rate; and they induce cationic electroosmotic flow through the nanopore, thus significantly retarding the motion
of the anionic DNA through the nanopore. Our multiphysical simulation results show that, during the polymer trapping stage, the
former effect plays the major role, thus resulting in promoted DNA capture rate, while during the nanopore-penetrating stage the
latter effect dominates and consequently reduces the DNA translocation speed significantly. Quantitative agreement with exper-
imental results has been reached by further taking nanopore wall surface charges into account.

INTRODUCTION
Advances in fabrication methods of nanopores and nano-
channels (1–6) have allowed for electrokinetic motion of
biomolecules in nanofluidic systems to be investigated,
and have invoked great interest in potential applications as
electrical genome-sequencing devices (7–10). To reach the
goal of decoding an entire human genome within hours
and at a cost of less than US$1000, researchers have been
striving to enhance both the rate at which DNA is captured
by the nanopore and the dwell time of the DNA molecule
inside the pore (11–13): an improved capture rate will result
in higher throughput, while the prolonged translocation time
addresses another major challenge of substantially slowing
down the DNA translocation speed so that each nucleotide
could be interrogated multiple times electrically, thus sam-
pling over different configurations. However, these goals
seem difficult to achieve simultaneously.

Recently, Wanunu et al. (14) demonstrated that the exis-
tence of a salt gradient across the nanopore can increase
the capture rate and reduce the translocation speed. The
direction of influence in both these effects would be of sub-
stantial benefit for DNA sequencing, as stated above.
However, the theoretical understanding of the physical
mechanism behind the observed two effects remains in con-
troversy: how could the force that assists trapping of DNA
near the nanopore entrance also cause a drag force that
retards the bDNA-permeating motion through the pore
once the molecule had been captured? An osmotic flow
(OF) model was proposed, making the assumption that there
exists an ion-depletion water layer and that the triggered OF
under the presence of a salt gradient could facilitate DNA
trapping (15). Although showing quantitative agreement
with the experimentally demonstrated capture enhancement,
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an immediate inference of this model is that a larger salt
gradient would also result in a higher DNA translocation
speed (and thus a lower translocation time) due to the larger
OF. This finding is in direct conflict with the experimental
observations of Wanunu et al. (14).

In this work, we show that it is, instead, the positive net
charges around the pore entrance caused by the salt gradient
that play the key role in these two seemingly incompatible ef-
fects. The charges reinforce both the electric capture field and
the cationic electroosmotic flow (EOF) through the pore,
though the former expedites DNAmotion while the latter de-
lays it.Our quantitative evaluation illustrates that, at themole-
cule-trapping stage, the electrophoretic motion overwhelms
the advection with EOF and, consequently, the capture rate
is enhanced. In the following translocation stage, the salt-
gradient-enhanced EOF would then significantly slow down
DNA sliding within the pore. In other words, during the two
subsequent processes, two mechanisms are responsible for
the observed phenomenon, respectively, although they origi-
nate from the same source: the excessive cations accumulated
near the pore mouth due to the salt gradient across the pore.
METHOD

Analytic Ez under salt gradient

Below we derive an analytical expression for z-component electrical field

Ez in the open-pore system. We assume a roughly linear drop of salt concen-

tration along nanopore axis (15):
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FIGURE 1 Schematic view of experimental setup: a nanopore is pre-

pared in a membrane separating two chambers with different KCl salt con-

centrations (Ct in the trans and Cc in the cis) and an anionic DNA molecule

is electrophoretically driven through the nanopore by applied cross-pore

voltage Uz. Charges within EOF that retard DNA translocation consist of

three parts: 1), those induced by the anionic DNA surface; 2), those induced

by the negatively charged SiN pore wall surface; and 3), the excessive Kþ

ions around the pore mouth rendered by salt gradient. (Pink spheres) Net

charges in the solution, i.e., Kþ ions; (open symbols) fixed charges on

SiN wall and DNA.

DNA Translocation through Nanopore under Salt-Gradient 777
The above assumption is valid for a nanopore with a large pore aspect ratio

(14). The requirement of electrical current conservation along pore axis re-

sults in the following expression of Ez(z):

EzðzÞ ¼ Cc

Cc � Ct

L
zþ Cc þ Ct

2

Ec; (2)

where Ec(t) is the z-component E-field at the pore entrance(exit). Thereby,

the resistance of the nanopore is estimated as follows:

Rp ¼ Up
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On the other hand, resistances in the cis and trans chambers are calculated

with an access resistance model (16,17):

RcðtÞ ¼ rcðtÞ
2D

¼ 1
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: (4)

The total applied voltage across the pore is the sum of drops in the nanopore

and the cis and trans chambers:
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In this way, we arrive at the expression for Ez(z) in the cis chamber for DNA

capture,
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The above expression shows a nice agreement with the numerical results

derived by multiphysical modeling and simulation.
DISTRIBUTION OF NET CHARGES

The device architecture used in the salt-gradient across-
nanopore experiments (14) is sketched in Fig. 1. A cylindri-
cal nanopore with diameter D and length L penetrates the
SiN membrane that separates two chambers, one with KCl
salt concentration Cc (cis side) and the other with concentra-
tion Ct (trans side) and Ct > Cc. A cross-pore voltage is
applied, giving rise to an electric field pointing from the
trans chamber to the cis so that anionic double-stranded
DNA molecules are electrophoretically driven through the
pore from the cis to the trans side. At the capture stage,
DNA molecules are outside of the nanopore (open-pore
approximation); at the translocation stage, the DNA seg-
ments inside the pore are modeled as an ideal cylinder
with radius a centered with and oriented parallel to the
nanopore axis (18,19). The electrical double layers
(EDLs) induced by the anionic polynucleotide passing
through and by surface charges on the SiN pore wall are
marked by Eqs. 7 and 8, respectively, for the following anal-
ysis of EOF.

The distributions of physical quantities in the open pore
system were calculated by coupled solving of electrostatic,
hydrodynamical, and ion transport equations (20–22):

V ,~E ¼ V2U ¼ �re

ef
¼ �e

P
izini
ef

; (7)

�Vpþ mV2~vþ e
X

zini~E ¼ 0; (8)

i

V ,~Ni ¼ V$ðni~v� DiVni � miniVUÞ ¼ 0: (9)
In the above equations, ~E is the electric field; U is the elec-
trical potential; re is the net charge density; ef is permittivity
of the fluid; ni is the concentration of the ith ionic species; zi
is the valency of the ith ionic species;~v is the velocity of the
liquid; p is the hydrostatic pressure; m is the fluid viscosity;
~Ni is the ionic flux density of the ith ionic species; Di is the
diffusivity; and mi is the electrophoretic mobility. The
boundary conditions are as follows: for Eq. 1, the voltages
at the ends of cis and trans chambers are Ut ¼ 0.3 V and
Uc ¼ 0 V; for Eq. 2, open boundaries are used at the ends
of cis and trans chambers as normal stress fz ¼ 0; for Eq.
3, the concentrations of KCl at the ends of cis and trans
chambers are Ct ¼ 2 M and Cc ¼ 0.1 M. Simulations based
on the above multiphysical model have shown nice agree-
ments with previous experimental results (18,19,23).

Fig. 2 a plots the calculated net charge distribution
defined as the local concentration difference between
Biophysical Journal 105(3) 776–782
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FIGURE 2 (a) Distribution of net charge density re in the nanopore

axial-radial plane z-r. Here Ct ¼ 2 M, Cc ¼ 0.1 M, D ¼ 3.5 nm, L ¼
25 nm, and Uz ¼ 300 mV, just as in the experiments of Wanunu et al.

(14). (b) Distribution of salt concentration C (black line) and z-component

electric field Ez (blue line) along nanopore axial direction z. (Red symbols)

The profile of Ez(z) Ez(z) demands positive net charges near the pore

entrance. (Dark-yellow line) Ez(z) under homogeneous salt concentration

(Ct ¼ Cc ¼ 1 M).

FIGURE 3 The DNA capture rate enhancement g/g0 as a function of salt

gradient Cc/Ct. All parameters are the same as in Fig. 2. (Inset) Plot of the

DNA drift velocity udr by electric field and the advection uad by EOF within

the cis reservoir. (Vertical dash line, inset) Location of pore mouth (z ¼
12.5 nm), while for z > 12.5 nm it is characterized as the cis reservoir.
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cations and anions re ¼ CK � CCl in the radial-axial r-z
plane. More specifically, Fig. 2 b shows the salt concentra-
tion C ¼ CK � CCl and z-component electric field Ez along
the nanopore axis. This figure clearly demonstrates that
there exists a peak in the Ez profile around the pore entrance,
indicating positive net charges stacked there (according to
Gauss’s Law). Here we elucidate the physical origin of
such a phenomenon through a brief analysis. The electrical
current inside the open pore can be estimated as

Iz
epD2mKEzðzÞCðzÞ

2
;

where mK is the mobility of Kþ ions. The continuity of I
along the pore axis leads to the requirement that the product
of electrical field Ez(z) and salt concentration C(z) be inde-
pendent of zwithin the pore. Because C(z) decreases from Ct

at the trans side to Cc at the cis, Ez(z) should increase along
that line from the pore exit to the entrance. On the other
hand, once extending into the cis chamber, Ez decreases
very rapidly. Therefore, there emerges a peak in the Ez(z)
profile around the pore entrance, which could only be
achieved by excessive Kþ accumulating there. Compared
to the electrical field in the case of homogeneous salt con-
centration (dark-yellow line in Fig. 2), these charges raise
Biophysical Journal 105(3) 776–782
Ez near the pore mouth, and meanwhile cause larger cationic
EOF through the pore.
DNA CAPTURE MOTION

Let us begin by studying the variation of the molecule cap-
ture rate for a given salt-gradient Cc/Ct. It has been proposed
that DNA capture involves the following steps:

1. The polymer coils approach the pore from bulk in a diffu-
sive manner;

2. Arriving at some critical distance to the pore entrance,
the electric capture field takes effect;

3. The resulting drift motion from Step 2 overwhelms the
pure diffusive motion; and

4. The polynucleotides have to overcome a conformational
entropy barrier to get into the pore (14,24).

Thus, DNA motion is approximated as the sum of drift,
diffusion, and advection near the pore mouth:

uDNA ¼ udr þ udi þ uad: (10)

The drift motion is estimated via the electrical capture
field ~E in the cis chamber

udr ¼ mDNAE;

where mDNA is the electrophoretic mobility of a DNA mole-
cule in bulk solution. The magnitude of the diffusive motion
udi is orders-of-magnitude smaller than that of the drift mo-
tion within the capture range and thus can be safely ne-
glected (15,22). The advection motion uad is the local fluid
velocity determined by the EOF. Then, the distributions of
electric field~E and fluid velocity field~u in the open-pore sys-
tem were investigated by using the multiphysical model ex-
plained in the previous section. The calculated spatial
distribution of udr and uad within the cis chamber are plotted
in the inset of Fig. 3. It clearly demonstrates that the drift
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motion is almost two orders-of-magnitude larger than the
advection, i.e., the biopolymer capture is dominated by the
electric-field trapping motion when a salt gradient exists.
Regarding the physical mechanism, we speculate that drift
motion is a direct consequence of the electrical field, while
the advection is an indirect one; thus the former responds to
the electrical field with much higher efficiency than the
latter does. In our case, in the presence of an salt-gradient-
enhanced electrical field around the pore entrance, DNA
drift motion is raised straightforwardly; EOF is also boosted,
and the advection motion acquired by the biopolymer is in
the opposite direction to that of E-field driving. Much
more dissipation should occur during the latter indirect
accelerating process than that of drift motion. Therefore,
at the DNA capture stage, uDNA z udr when a salt gradient
exists. With this in mind, we developed a simplified analytic
model for evaluation of the E-field in the open-pore system
(derivation details are provided in Method, above) and esti-
mate the capture rate as follows (14,22):

gz2pz2 C0 mDNAEðzÞ: (11)

In the above expression, g is the DNA capture rate; z is the
distance of the DNA molecule from the open pore entrance;
and C0 is the far-field DNA molecule concentration. The
above equation was derived based on the assumption that,
around the nanopore entrance, E(r) ~ r�2, which still stands
under the cross-pore salt-gradient as seen in Method, above.
The enhancement of the capture rate is then defined as g/g0

(14), where g0 denotes the molecule capture rate for the case
of a homogeneous salt concentration. This is an experi-
mental observable and our calculation result is plotted
in Fig. 3 as a function of salt gradient Cc/Ct. The results
show agreement with the experimentally measured
enhancement of the DNA capture rate (14). Thus, our model
provides a potential explanation other than the osmotic flow
model (15). That is, during the diffusion of DNA toward the
nanopore entrance, the enhanced electric capture field in the
presence of a salt gradient promotes the molecule trapping
motion. As we are going to show in the following, our model
would lead to another observation of reduced DNA translo-
cating speed through the pore in the experiment, which
could not be explained by osmotic flow model.
DNA TRANSLOCATION MOTION

After the capture into a SiN nanopore, the dominating drag-
ging force of DNA translocation is the cationic EOF that
moves in the opposite direction to the anionic DNA under
the influence of an electrical driving field. (For extremely
small diameter nanopores, DNA motion would be governed
by direct interaction with the pore wall, which calls for
molecular dynamical treatment with atomic resolution
(25,26).) Mathematically, the velocity field of EOF within
a nanopore is described by a steady-state Navier-Stokes
equation for incompressible liquid (18). Assuming nanopore
axial symmetry and fast equilibrium in the pore radial direc-
tion (uq ¼ 0, ur ¼ 0) (18,20), we obtain the following equa-
tion in the cylinder coordinate:

h
1

r

v

vr

�
r
vuz
vr

�
¼ vP

vz
� EzðzÞreðr; zÞ;

vuz
vz

¼ 0;

(12)

where uz is the z-component fluid velocity; h is the fluid vis-
cosity; P is the hydrodynamic pressure; Ez is the z-compo-
nent electric field; and re is the charge density in the
solution. After some mathematical treatment, Eq. 12 is
reduced to an ordinary differential equation as below with
no-slip boundary conditions:

h
1

r

d

dr

�
r
duzðrÞ
dr

�
¼

� R L=2

�L=2
dzEzðzÞreðr; zÞ

L
;

uzjr¼R ¼ 0;

uzjr¼ a ¼ uDNA:

(13)

Here uDNA is the steady-state translocation speed of the
polynucleotide and a is the radius of the translocating poly-
mer. The above equation indicates that re determines the
velocity magnitude of EOF and thus the DNA speed,
because it is proportional to the electrophoretic force ex-
erted on EOF under electric driving field Ez. The value re
consists of three parts within the pore as illustrated in Fig. 1:

1. Those induced by the anionic DNA molecule;
2. Those by the negatively charges on SiN wall; and
3. Excessive Kþ around the pore mouth caused by the salt

gradient.

In this work, the effect of the last item is the central topic,
while the other two have been studied elsewhere
(18,19,23). Thus, we have made some separation approxi-
mation for Poisson equation

P2
fð~r; zÞ ¼ �reð~r; zÞ

εf

to study the effect of item 3:

fð~r; zÞ ¼ f1ð~rÞ þ f2ðzÞ;
reð~r; zÞ ¼ r1ð~rÞ þ r2ðzÞ; (14)

where

P2

~rf1ð~rÞ ¼ �r1ð~rÞ
εf

;

v2f2ðzÞ
vz2

¼ � v

vz
EzðzÞ ¼ �r2ðzÞ

εf

:

(15)
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FIGURE 4 (a) Two-dimensional charge distribution with DNA inside the

nanopore. Pore diameter D ¼ 8 nm, and pore length L ¼ 25 nm. The pore

wall surface charge density sw ¼ �49 C/m2. (b) The calculated net charge

density re(z) along the nanopore axial direction when sw is manually set

to be 0. Here Ct is fixed at 1 M, while Cc is tuned from 1 M (magenta

line), to 0.8 M (olive line), to 0.4 M (blue line), to 0.2 M (red line), and

finally to 0.1 M (black line).
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Accordingly, f1ð~rÞ is the potential built within the pore
radial plane and f2(z) is the applied cross-pore potential.
The validity of the above approximation will be shown in
the last subsection. The value f1 is further calculated by
assuming a Boltzmann distribution in the nanopore radial
plane (20) and by combining it with the two boundary con-
ditions near the charged pore wall surface and DNA mole-
cule surface:

P2

~rf1 ¼ sinhf1

l2D
;

vf1

vr

�����
r¼ a

¼ � elDNA
2paεf kBT

;

vf1

vr

�����
r¼R

¼ esw

εf kBT
;

(16)

where f1 ¼ ef1=kBT; lD ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
εf kBT=2n0e2

p
is the Debye

length; lDNA is the line-charge density of the double-
stranded DNA molecule; and sw is the SiN wall surface
charge density. In this manner, items 1 and 2 have been
accounted for by r1ð~rÞ, while item 3 has been accounted
for by r2(z). Moreover, r2(z) can be estimated directly
from the expression of Ez(z), as shown by Eq. 2.

The steady-state DNA translocation is governed by the
balanced force equation, written as follows:

~F ¼ felec þ fdrag

¼
ZL=2

�L=2

�
EzðzÞlDNA þ h

duzðrÞ
dr

��
r¼ a

2pa

�
dz ¼ 0:

(17)

The terms of Ez(z) and uz(r) in the above equation indicate
that the electrostatic equation (Eq. 15) and hydrodynamic
equation (Eq. 13) have been coupled. Therefore, a self-
consistent calculation has to be performed to get quantities
such as the DNA speed, fluid velocity field, and net charge
distribution.

Previous studies showed that the negative nanopore wall
surface charges were able to decrease the DNA translocation
speed significantly through the induced cationic EOF within
the pore (18,19,27). That is, contribution to the tuning of
DNAvelocity by item 2 shown in Fig. 1 is prominent. None-
theless, in this work the regulation of DNA translocation by
salt-gradient-induced EOF is the central topic, as depicted
by item 3 of Fig. 1. Therefore, we put the discussion of
DNA velocity under no influence of nanopore wall surface
charges sw (see DNATranslocation Without Pore Wall Sur-
face Charges) in the Supporting Material. Mathematically, it
is done by manually setting sw ¼ 0 in Eq. 16 and then solv-
ing those coupled equations. In this way, the variation of
polymer motion by salt-gradient effect is singled out and
Biophysical Journal 105(3) 776–782
the results shown in Fig. S1, Fig. S2, and Fig. S3 in the
Supporting Material can be made in comparison with the
following discussion under the influence of sw.

Fig. 4 a shows the calculated two-dimensional charge dis-
tribution in the nanopore axial-radial plane where the seg-
ments of translocating DNA inside the nanopore are
approximated as a cylinder along nanopore axis. There are
electrical double layers (EDLs) surrounding the surface of
DNA (r ¼ 1 nm) and that of the nanopore wall (r ¼
4 nm). It is intriguing to see that the two EDLs are thicker
near the trans chamber side, while thinner around the cis
side. This is attributed to the decreasing Debye length under
larger salt concentration: lD ~ 1/

ffiffiffiffi
C

p
. Also, re within the

EDLs is approximately thousands of mM/e. Comparatively
the charge distribution in the open nanopore neglecting wall
surface charges is plotted in Fig. 4 b. In other words, Fig. 4 a
shows the local concentration difference between cations
and anions caused by three sources: 1), the anionic DNA
molecule, 2), the negatively charged nanopore wall surface,
and 3), the salt gradient; Fig. 4 b shows only the salt
gradient. The value re in the latter case is approximately
several mM/e, as seen in the figure. Because salt gradient
effect is much smaller than that of pore wall surface
charges, our separation approximation shown in Eq. 14 is
valid in the sense that f2 can be viewed as a first-order
perturbation term.



FIGURE 6 The enhancement of DNA translocation time t=tC, where t is

the translocation time under salt gradient and tC is that within homo-

geneous salt solution, as a function of salt gradient Cc/Ct. Here

C ¼ ðCc þ CtÞ=2. For the bottom-left coordinate, Ct is kept at 1 M while

Cc is tuned from 1 to 0.1 M; for the top-right coordinate, Cc is kept at

0.1 M while Ct is tuned from 0.1 to 0.8 M. (Inset) DNA speed as a function

of homogeneous salt concentration.
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The calculated fluid velocity uz(r) along nanopore
radial direction is shown in Fig. 5. We remind the reader
that uzjr ¼ 4 nm is zero while uzjr ¼ 1 nm is the DNA translo-
cation speed due to the nonslip boundary conditions at the
pore wall surface and at the DNA surface, respectively.
The figure demonstrates that the overall liquid velocity is
positive, indicating flow from trans (z < 0) to cis chamber
(z > 0). Also, the larger the salt gradient (Cc/Ct / 0), the
smaller the DNA translocation speed, as shown in the inset
of Fig. 5. The former effect of overall liquid flow direction is
caused by the positive net charges accumulated in the nano-
pore and by the imposed electrical driving field pointing
from trans to cis chamber. The latter effect, the stronger re-
tarding of DNA motion under larger salt-gradient, is just
what has been observed in the experiments. By comparing
Fig. 5 with Fig. S2, we conclude that it is necessary to
take the nanopore wall surface charges into consideration
to achieve a quantitative match between the theoretical esti-
mation of salt-gradient-modulated DNA translocation speed
and the experimental report. Otherwise, neither the order of
the calculated DNA speed, nor its variation trend with the
imposed salt gradient, agrees with the experimental one.

The above conclusion is further demonstrated by
comparing the inset of Fig. 6, where DNA translocation
velocity uDNA under homogeneous salt concentration (sw
has been considered) is plotted, with Fig. S1, where the
velocity of EOF caused merely by salt-gradient in the
open pore is plotted. Without salt gradient, DNA speed is
approximately several tens of mm/ms, while velocity of
salt-gradient-generated EOF is also tens of mm/ms. They
are of the same order, although in opposite directions. The
fact indicates that, by imposing the salt gradient, the induced
EOF would significantly retard the DNA translocation
motion within the pore.

For the convenience of comparing with experimental
observations, we define the enhancement of translocation
time as t=tC, where t is the translocation time under salt
gradient while tC is that under the associated homogeneous
FIGURE 5 Fluid velocity uz(r) along nanopore radial direction under

various salt gradients Cc/Ct ¼ 0.2 (blue line), 0.5 (green line), and 1.0

(red line). Here Ct is fixed at 1 M, and the pore wall surface charge density

is sw ¼ �49 C/m2.
salt concentration C ¼ ðCt þ CcÞ=2. The value t=tC can be
examined by the experiments, and its dependence on the salt
gradient is plotted in Fig. 6. For the bottom-left axes, we
keep the salt concentration Ct invariant in the trans chamber
while tuning Cc in cis chamber (thus, a smaller Cc corre-
sponding to a larger salt gradient). For the upper-right
axes Cc is constant and Ct is tuned (thus, a larger Ct corre-
sponding to a larger salt gradient). This figure demonstrates
that molecule translocation time keeps increasing with
increasing salt gradient, and eventually, as shown by the
cross (�) symbols, also indicates that at sufficiently large
salt gradient, the translocation time diverges to infinity.
The above variation trend of DNA motion shown in the
figure is consistent with experimental observation (14). It
is worth pointing out that tuning the salt gradient would
result in varying the average salt concentration C as well,
which itself contributes to the altering of molecule speed
(18,19,27). To assess this effect, DNA penetrating speed
as a function of homogeneous salt concentration is further
plotted in the inset of Fig. 6. The related variation magni-
tude is quite small compared to the overall tuning with the
salt gradient. Thus, we conclude that the growth of the
biopolymer translocation time is predominantly rendered
by salt gradient-induced EOF.
CONCLUSIONS

In summary, we have studied the capture of DNA molecules
and their penetrating process through a nanopore under the
influence of a cross-pore salt gradient. We found that the
positive net charges piled around the pore entrance are
responsible for the experimentally observed increase of cap-
ture rate and translocation time. Our quantitative evaluation
indicates that those charges promote, on the one hand, the
Biophysical Journal 105(3) 776–782
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electric capture field at the DNA capture stage and, on the
other hand, also increase the cationic electroosmotic flow,
thus reducing the speed of DNA in the translocation stage.
Moreover, as our calculation shows, the significance of
nanopore wall surface charges on DNA translocation speed
is demonstrated that only by taking these charges into
account can quantitative agreement with experiment be
obtained. The physical picture presented in this work gives
a unified and consistent understanding for the experimental
observations. Therefore, the model used in our work can be
used to provide guidelines for optimizing DNA capture rate
and translocation time by tuning the salt gradient.
SUPPORTING MATERIAL

Supporting analysis and six figures are available at http://www.biophysj.

org/biophysj/supplemental/S0006-3495(13)00780-7.
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Supporting Material 

DNA Translocation without Pore Wall Surface Charges 

Previous studies showed that the negative nanopore wall surface charges were able to decrease 
the DNA translocation speed significantly through the induced cationic EOF within the pore 
[1,2,3]. That is, contribution to the tuning of DNA velocity by item (2) shown in Fig.1 is 
prominent. Nonetheless, in this work the regulation of DNA translocation by salt-gradient-
induced EOF is the central topic as depicted by item (3) of Fig.1. Therefore, first we neglect the 
influence of nanopore wall surface charges so that the variation of polymer motion by salt-
gradient effect can be singled out. Mathematically, this is done by manually setting σw = 0 in 
Eq.10 and then solving those coupled equations. 
 

Fig.S1 (a) The 2-dimensional fluid velocity field u in the open-pore system under Cc/Ct  = 0.2 M / 1 M. 
Here D = 8 nm while other parameters remain the same as in Fig.2, and the influence of nanopore wall 

surface charges has been neglected. (b) z-component fluid velocity uz along nanopore axial direction in the 
open-pore under various salt gradients: Ct is fixed at 1 M, while Cc is tuned from 1 M (magenta line) to 0.8 

M (olive line) to 0.4 M (blue line) to 0.2 M (red line) and to 0.1 M (black line). 
The calculated velocity field u(r,z) of EOF across the open pore under salt gradient Cc/Ct = 0.2 
M/1.0 M is plotted in Fig.S1a. The variation of fluid velocity field with the imposed salt gradient 
is further demonstrated in Fig.S1b, where z-component fluid velocity along nanopore axial 
direction uz(z) is plotted as a function of the salt gradient Cc/Ct. It reveals that the average speed 
of EOF is about several tens of μm/ms within the nanopore. On the other hand, Fig.S2 shows the 
DNA translocation velocity uDNA under homogeneous salt concentration where the contribution 



by wall surface charges is also neglected. The molecule velocity is about hundreds of μm/ms. 
Thus we conclude that velocity of EOF in the open nanopore generated by the imposed salt 
gradient can reach 10% of that of DNA in the nanopore in the absence of salt gradient. The fact 
indicates that EOF caused by item (3) will retard the DNA penetrating motion obviously. 
 

Fig.S2: DNA translocation velocity uDNA as a function of homogeneous salt concentration Ct = Cc = C. Here 
nanopore wall surface charge density σw = 0. Inset plots distribution of fluid velocity uz(r) along nanopore 
radial direction under various salt concentration C = 0.1 M (blue line), 0.5 M (green line) and 1.0 M (red 

line). 
This is quantitatively verified by Fig.S3 where the DNA translocation velocity uz is plotted as a 
function of the imposed salt gradient. Comparing to DNA speed under homogenous salt 
concentration shown in Fig.S2, there can be up to 3% of uDNA reduction (the point where 0.6 =̅ܥ 
M, Cc = 0.2 M and Ct = 1 M) when salt gradient is introduced. However, there are two obvious 
disagreements when compared with the experimental data [4]: 

1) The calculated uDNA is one order larger than that observed experimentally. 

2) uDNA shows increasing behavior under larger salt gradient (Cc/Ct → 0), which is in 
contrary to the experimental trend (Fig.9, Supplementary Information of Ref.[4]). 



 

Fig.S3: DNA translocation velocity uDNA as a function of salt gradient Cc /Ct. Here Ct is fixed at 1 M, while 
Cc varies from 1 M to 0.2 M. The influence of nanopore wall surface charges has been neglected. The 

upper axis plots the approximated average salt concentration C = Ct+Cc/2 within nanopore. Insets 
demonstrate distribution of fluid velocity uz along the pore radial direction r: the lower left plots uz(r) near 

the surface of pore wall (D = 8 nm); the upper right plots that near the polynucleotide surface (RDNA = 1 
nm). Blue line stands for Cc = 0.2 M, green line for Cc = 0.6 M and red line for Cc = 1.0 M. 
Both of the quantitative disagreements, the overestimated DNA translocation speed and the 
increasing molecule translocation speed with salt gradient, can be attributed to the negligence of 
SiN wall surface charges. The first: according to our previous study (Fig.3, Ref.3) without 
considering the retarding effect by σw-induced EOF, DNA speed uDNA would be 1 or 2 orders of 
magnitude larger than the real case. The second: as shown in Fig.S1b and Fig.S2, for decreasing 
salt concentration Cc in the cis chamber while fixed Ct in the trans chamber, the DNA velocity 
keeps raising with the decreasing average salt concentration C; velocity of cationic EOF is also 
increasing since the salt gradient is increasing; however the increasing magnitude of the former is 
one order larger than that of latter; consequently, the retarding effect by the latter is overwhelmed. 
Here we remind that the growing of DNA velocity under smaller salt concentration is caused by 
the smaller net charge concentration in the nanopore and thus smaller dragging force by EOF 
(Fig.5, Ref.3). 

Self-adapted Modulation of hydrodynamic Pressure డ௨೥డ௭ = 0  in Eq.(6) is a requirement of liquid conservation law. It implies that the total driving 

force on the solvent is invariant along the nanopore axis. The derivation is as follows: 

1) Since 
డ௨೥డ௭ = 0 , the first term of Eq.(6) can be treated as: 

డడ௭ ቄߟ ଵ௥ డడ௥ ቀݎ డ௨೥డ௥ ቁቅ =డడ௭ ቄడ௉డ௭ − ௘ቅߩ௭ܧ = 0. That is, ቀడ௉డ௭ −  .௘ቁ is independent on zߩ௭ܧ

2) Then, we perform integration  ׬ ௅/ଶି௅/ଶݖ݀  on ߟ ଵ௥ డడ௥ ቀݎ డ௨೥డ௥ ቁ = డ௉డ௭ −  :௘ along the pore axisߩ௭ܧ

and arrive at 



ߟ ଵ௥ డడ௥ ቀݎ డ௨೥డ௥ ቁ = ܲ|௭ୀି௅/ଶ௭ୀ௅/ଶ − ׬ ௗ௭ಽ/మషಽ/మ ா೥ఘ೐௅ . 

The physical mechanism here is the self-adapted modulation of the hydrodynamic pressure P. డ௨೥డ௭ = 0 is a requirement of the conservation law. Physically, it indicates that the z-component 

fluid velocity does not change along the nanopore direction. Thus, the total driving force  ቀడ௉డ௭  should be constant along the pore axis. Yet on the other hand, the ionic charge ρe(z)	௘ቁߩ௭ܧ−

induced electrical driving force Ezρe(z) does vary along the nanopore axis. In order to keep the 
total driving force invariant along the pore axis, the hydrodynamic pressure p(z) performs a self-
adapted change. Below we give the multiphysical calculation of hydrodynamic pressure along the 
nanopore axis: 
 

Fig.S4: the distribution of hydrodynamic pressure P along the nanopore axis. The nanopore sits from z = 
−L/2 = −12.5 nm to z = L/2 = 12.5 nm. The concentrations of KCl are Cc = 100 mM in the cis chamber 

while Ct = 1 M in the trans chamber. 
The above figure indicates that the hydrodynamic pressure does perform a self-adapted change 
along the nanopore axis so that the total driving force on the solvent keeps invariant. 

 

DNA Speed under Slippery Nanopore Wall 

We have performed the study of DNA translocation speed under slip boundary condition. 
Mathematically, it is implemented by setting the second boundary condition of Eq.7 in the main 
context as follows: 

௭|௥ୀோݑ = −ܾ ݎ௭߲ݑ߲ ฬ௥ୀோ 

where b is slip length. b≈4 nm is suggested by Hatlo et al, and is used in our numerical simulation 
(Here we remind that there lacks a minus sign in Eq.(8) of Hatlo et al’s publication). 

The calculated distribution of fluid velocity uz along the nanopore radial direction r is plotted as 
follows: 
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