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Recent experimental studies showed that the access resistance (AR) of a nanopore with a low thickness-to-
diameter aspect ratio plays an important role in particle translocation. The existing theories usually only
consider the AR without the presence of particles in the pore systems. Based on the continuum model,
we systematically investigate the current change caused by nanoparticle translocation in different
nanopore configurations. From numerical results, an analytical model is proposed to estimate the
influence of the AR on the resistive-pulse amplitude, i.e., the ratio of the AR to the pore resistance. The
current change is first predicted by our model for nanoparticles and nanopores with a wide range of
sizes at the neutral surface charge. Subsequently, the effect of surface charges is studied. The results
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Accepted 7th January 2014 or the nanopore. We also find that the shape of the position-dependent resistive-pulse might be
distorted significantly at low bulk concentration due to concentration polarization. This study provides a
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Introduction

The electrokinetically-driven translocation of a nanoparticle
through a nanopore can be detected using Coulter's resistive
pulse method. The Coulter counter was invented in 1953 by
W. H. Coulter.* A typical Coulter counter consists of an insu-
lating membrane containing a pore that separates two cham-
bers containing electrolyte solutions. As a particle suspended in
the solution traverses through the pore, it produces a change in
the electrical resistance of the pore and therefore results in a
current pulse. The height, width, and frequency of the pluses
are related to the size, mobility, and concentration of the
particles, respectively. The counters have been used widely in
the analysis of microscale objects such as blood cells since the
early years.>® With the advances in microfabrication techniques
in the last few decades, it is possible to produce nanoscale pores
to analyze small biological particles such as DNA, RNA, proteins
and virus.”"" The emerging need for the analysis of these
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nanoscale objects brings resurgence of interest in Coulter
counting during the last 10 years.**™**

It is crucial to quantify the relation between the particle size
and the resultant resistance pulse amplitude. Previous theo-
retical studies’? have focused on solving the increase in
resistance of a cylindrical pore caused by an insulating sphere
far from the pore ends. These classic theories work well for the
change of resistance inside the pore. Besides the pore's
geometric resistance, the resistance of the medium outside the
pore is called as access resistance (AR), which can be consid-
ered as the convergence resistance to a small circular pore
from two semi-infinite reservoirs. In 1975, Hall** proposed a
classic expression for the AR of an open pore as R, = 1/«kD,
where « is the conductivity of the electrolyte and D is the
diameter of the pore. In order to evaluate the effect of the AR, a
parameter o can be introduced as the ratio of the AR to the
pore’s geometric resistance*

a = RJR, @)

At the open state, the resistance inside a cylindrical nano-
pore is R, = 4L/mkD?, where L is the length of the nanopore.
Then the influence of the AR at open state can be expressed as
«a = wD/4L. Hence, the effect of the AR is significant for low
thickness-to-diameter aspect ratios, which have their lengths
being comparable to or even smaller than their diameter.

Early studies*®*” on AR were mainly about the nanopores
embedded in biological membranes, where the AR contributes
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10-30% to the total resistance. In the recent years, the AR of
solid-state nanopores**** has also been highly concerned.
Compared with biological nanopores, the artificial nanopores
drilled in solid membranes provide the ability to fabricate a
wide range size of the nanopore with subnanometre precision.
Although nanopores with thick membranes are still useful,
modern fabrication techniques make it possible to achieve
smaller pore lengths and lower aspect ratios, for example, solid-
state nanopores in sub-10 nm silicon nitride membranes® and
ultrathin single-layer graphene.”**** Such nanopores usually
have higher spatial resolution to better analyze nanoscale
objects.

Recently, several experiments on spherical nanoparticles
trans-locating through lower aspect ratio nanopores have been
carried out to investigate the relevant transport mecha-
nisms.*>*% Bacri et al.’*® studied the dynamics of colloids in
single solid-state nanopore; however, they only considered
resistance change inside the pore and found an overestimate
current change. Tsutsui et al.*” mimicked graphene nanopores
by using an ultralow aspect ratio pore structure. They found that
a constant AR assumption fitted their experimental measure-
ments well. Under the hypothesis of invariant AR and «,
Davenport et al.>* systematically investigated the role of nano-
pore geometry in nanoparticle experiments using different
aspect ratio nanopores. However, constant AR might not be able
to predict the current change correctly in some cases, especially
when particle's diameter is larger than pore's length.

Furthermore, at low bulk concentrations, the large surface
area to volume ratio makes surface conductance play a key role
in nanofluidic systems. Aguilella-Arzo et al*®* numerically
studied the AR and found that the AR of a nanopore in charged
membranes was much lower than Hall's prediction. Recently,
Lee et al.®® experimentally and theoretically investigated the
access effect of the conductance of different nanopores.
However, those studies only considered ionic conductance of
the open pores without the translocating particle.

In this work, a continuum model was developed to
comprehensively study the effects of AR on the resistive-pulse
caused by translocation of a particle through a nanopore. The
model is verified by comparing the experimental results and
classic theories. The influences of several important parame-
ters, including particle size, pore aspect ratio, surface charge,
and bulk concentration, on the change of AR were investi-
gated. We also proposed analytical formulas that are able to
effectively predict the resistive-pulse in various nanoparticle/
nanopore systems.

Mathematical model

Fig. 1 shows the axisymmetric nanopore Coulter counter system
for the particle detection. The nanopore has a circular cross
sectional area of diameter D and length L, connecting two
identical cylindrical fluid reservoirs. The lengths Ly and radius
Hp, of the reservoirs are large enough to be considered as infinite
space. A nanopore system with higher D/L has larger reservoirs
correspondingly in our computation. A typical reservoir size
in our computation of the D = 5L = 250 nm nanopore system is
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Fig. 1 A schematic depiction of the nanopore system used in this
study. The charged particle translocates through the nanopore under
applied electric field, experiencing an electrophoretic force Fg and a
hydrodynamic drag Fp stemming from electroosmosis.

Lz =5 pum and Hg = 10 pm. The nanopore and the reservoirs are
filled with an electrolyte solution. A spherical nanoparticle of
diameter d moves along the axis of the nanopore. An applied
voltage across the two electrodes embedded at the reservoir
ends is used to attain ionic current and drive the nanoparticle
translocating through the nanopore.

The Laplace model

Since bulk conductance is directly proportional to the bulk
concentration, surface conductance stemmed from surface
charge can be generally neglected at high bulk concentrations
for nanopore systems. When there is no or negligible
surface charge on the particle and the nanopore walls, the
electrolyte solution is neutral everywhere. In this circumstance,
the distribution of electrical potential ¢ can be obtained by
solving the Laplace's equation, which is derived from Gauss's
law for neutral solution

Vi =0 (2)
and the electrical current density J is given by
J = —«V¢ (3)

where « is the conductivity of the electrolyte solution. A speci-
fied potential, ¢,, was applied at the reservoir ends, and a
electric insulation condition was set on all walls, n-V¢ = 0,
where n is the unit outer normal vector.

The ionic current through the nanopore is integrated as

O | P R [

sectional area perpendicular to the length coordinate z.

(z), where A(z) is the cross

The PNP-NS model

When the surface charge of particle or nanopore cannot be
neglected, especially for nanopore system at low bulk concen-
trations, there is non-neutral region of the ionic solution
near charged surfaces due to the requirement of overall
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electroneutrality, resulting in a failure for the Laplace model
to simulate ionic current. Based on the continuum approx-
imation at the nanoscale,* the governing equations in this
circumstance are the Poisson-Nernst-Planck (PNP) equa-
tions for the electrostatic potential distribution and the
ionic mass transport and the Navier-Stokes equations (NS)
for the liquid flow, as follows:*'™*¢

o
Vi = - 4
b=t @
aci aCI- ZI'FD,'

iy ="ty v.( —DVe TV ) =
o F V=S ( Ve e — = ¢) NG
Vu=0 (6)

du )

P E+“'V“ =uVu—Vp—pVg¢ @

where p is pressure, u is the velocity vector,é¢, is the electrical
permittivity of vacuum, ¢, is the relative permittivity of solution,
p is the fluid density, u is the fluid viscosity, F is the Faraday's
constant, R is the molar gas constant, T is the temperature, and
Z;FD;/RT is the electrophoretic mobility obtained from the
Nernst-Einstein relation; J;, D;, ¢;, and z; are the flux, the diffu-
sivity, the concentration, and the valence of the each ionic
species, respectively. Here p. is the net charge density of the

n

ionic species, which is given by p. = FZZ,'C,', where n is the
i—1

number of ionic species involved in the system.

Boundary conditions are also provided for closure of the
PNP-NS equations. To solve the Poisson's equation (eqn (4)), a
specified potential, ¢,, was applied at the ends of the two
reservoirs, and the specified surface charge densities were set
on the particle surfaces, —n-V¢ = op/eper, and the nanopore
surfaces, —n-V¢ = g,/eo¢,. To solve the Nernst-Plank equations
(eqn (5)), the ionic concentrations were maintained at their bulk
values on the ends of the two reservoirs, ¢; = Cpu, and ion-
impenetrable conditions were assumed on all other boundaries,
yielding n-J; = n-(uc;).** To solve the fluid flow field (eqn (6) and
(7)), a normal flow with zero pressure was applied on the ends of
the two reservoirs, and non-slip boundary conditions were
assumed on all other solid walls, yielding u = u, on the particle
surfaces and u = 0 on other walls. The translocation velocity of
the particle, up, can be found by satisfying the force balance on
the particle.*>*

Under a quasi-steady approximation,*”*® which assumes that
all the physical fields reach quasi-steady state at any moment,
we can neglect the unsteady terms from the Nernst-Planck
equation and Navier-Stokes equation in our nanopore system.

Finally, the ionic current through the nanopore is also
integrated as

I= JL(.)F<iZ[J[> -ndA(z) (8)

z i=1

Note that the ionic flux consists of diffusion, convection, and
electromigration in the Nernst-Plank equations (eqn (5)). When
there is no or negligible surface charge on the particle and the
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nanopore walls, the ionic solution is neutral and the concen-
tration of the each ionic species is the bulk value everywhere.
Therefore, the convection and the diffusion do not cause a
change in the electrical current and the current solely comes
from the ionic migration in electric field. As a result, eqn (8) can
be simplified to eqn (3) for uncharged case, where the
conductivity of the solution in eqn (3) is expressed as

N
K= ZZ[ZFZD,'Cbulk/RT.49
i—1
A more detailed description of the mathematical model is
presented in the ESLt

Resistance analysis

In our study, the nanopore system behaves as a linear Ohmic
resistor. The most useful approximation for the pore's
geometric resistance is

K

T ©)

1 ("7 dz
J—L/Z A(z)

However, this equation implies that the current density is
uniform across each cross section, and any deviations from
uniformity will give a larger resistance.” For the large particle
limit (e.g., d/D = 0.9), where the cross section of the blocked
pore changes slowly with length, the resistance change inside
the pore can be obtained by extending eqn (9):'**¢

D _M_ﬂ ,d=L
| Hlimam
R, D _arctan(L/D/<1 - (611/2D)2>l/z) P "
L (1-wny)’ ’
- (10)

In 1977, Deblois et al.*® proposed a simple empirical form

AR, & 1

—_— = (11)

R, D’L1-08(d/D)
which is believed accurate for calculating the resistance
changes for intermediate particles limit (d/D = 0.2-0.9) in long
pores.

In the present study, we define the current change as A/l =

(I, — Iy)/1,, where the subscript ‘o’ or ‘b’ represents open state or
blocked state, respectively. The relation between the current
change and the resistance change is

A_I _ 1/(R0p +R08) _ 1/(Rbp +Rba)
I 1/(Rop + Roa)

(12)

where the second subscript on resistance with an ‘a’ or ‘p’
represents AR or pore resistance, respectively. The pore resis-
tance change can be obtained by classic theory. Although Hall
gave a classic equation for AR at the open state, no analytic
expression exists for the AR at the blocked state. In this work, we
try to develop a correlation equation to estimate the blocked AR
in accordance with our numerical results.
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Results and discussion

In this section, we present our numerical results of the nano-
pore systems with various ratios of L/D or d/D. We assume a
constant nanopore length L = 50 nm, and a wide range D/L from
0.1 to 10.

We focus on the effects of the AR on the resistive-pulse
amplitude caused by nanoparticle translocating along the axis
of the nanopore. We studied two cases: (i) neutral or negligible
surface charges at high bulk concentrations and (ii) significant
surface charges at low bulk concentrations.

Model validation

The numerical simulations are performed with the finite
element software package COMSOL 4.0 (Comsol, Inc.). Grid
checks are performed to ensure the grid independence of the
numerical solution.

In order to verify our models, the numerical results were first
compared with classic analytical results for a long channel
without reservoirs. Fig. 2 shows a comparison of resistive-pulse
amplitude (AI/I) caused by a spherical particle with relative
particle size (d/D) ranging from 0.2 to 0.9. The Laplace model is
used for neutral situations, and the PNP-NS model deals with a

T T T T T T T T

15[ O Laplace ]
A PNP-NS
Intermediate particle limit
10} = = Large particle limit g
2
=
<

6]

02 03 04 05 06 07 08 09
d/D

Fig. 2 Comparisons of our two models and two classic theoretical
predictions on resistive-pulse amplitude caused by a spherical particle
with wide sizes in a long channel (L/D = 10) without reservoirs. Here,
the intermediate particles limit is eqn (11) and the large particles limit is
egn (10).
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particle immersed in 100 mM KCl with —10 mC m™ > on the
particle and nanopore walls. Good agreement is found between
our two models. In addition, our numerical results agree very
well with the classic theory of the intermediate particles limit.

We then compared our numerical results with the experi-
mental data of Bacri et al.*® and Davenport et al.,** as shown in
Table 1. This table also lists the results of two other analytical
models: (i) the model without AR, which only considers the
resistance change inside the pore, is used in the work of Bacri
et al.,* and (ii) the model with constant AR, which is the results
of the no AR model divided by (1 + «,), is similar to the
approximate formula used in the work of Davenport et al.>> Our
numerical results give more accurate values than the model
without AR. In some cases, the model with constant AR can also
produce satisfactory results compared to the experimental
measurement.

The particle and the nanopore surfaces are uncharged

The detection of nanoparticles with nanopores is usually per-
formed at high bulk concentrations (e.g, 100 mM or
higher),”*?>**** where the Laplace model with no surface
charges and the PNP-NS model with typical surface charges give
almost identical results. Therefore, we used Laplace model to
simulate the cases at high salt concentrations.

We first consider a nanopore system with D = L. Generally,
the resistive-pulse height achieves its maximum value when the
particle's center coincides with the axial center of the nanopore.
Since the particle diameter d must be smaller than the nano-
pore diameter D, the whole particle will be located completely
inside the nanopore when the resistive-pulse magnitude rea-
ches its maximum value. Fig. 3(a) show the current streamline
passing a particle with d/D = 0.5 in the nanopore system with
D = L = 50 nm. The current streamline outside the pore is
slightly affected by the blocked particle, resulting in a slight
change of the AR. By comparing the computed resistances at the
open state and the blocked state, we found that the change in
the AR is about 2% of the change in the pore resistance. Thus it
is reasonable to assume an invariant AR on estimating the
resistive-pulse amplitude, and eqn (12) becomes

Tablel Comparisons of the resistive-pulse amplitude between experimental results, the present simulation and two other analytical models. We
used the Laplace model for the present simulation. The model without AR neglects the AR in egn (12) and the model with constant AR uses the
hypothesis of invariant AR and « during particle translocation. Aqueous electrolyte solution was 10 mM KClin the work of Bacri et al., and 100 mM

KCl in the work of Davenport et al.

AI/T

Nanopore size® Particle size Experiment The present Model Model with

References (nm) (nm) results simulation without AR constant AR
Bacri et al.>® 50 x 156” 85 13.0 10.9 26.4 7.65
Davenport et al.** 50 x 260 57 0.76 0.53 3.59 0.71
50 x 260 101 2.57 3.00 13.8 2.73
100 x 260 57 1.15 0.62 1.86 0.61
100 x 260 101 4.95 3.48 10.4 3.40

% We use the form of L x D to express a nanopore size in this table. > The pore in the work of Bacri et al. has a oval cross section with diameter (140 x

175) nm, so we choose a equivalent circle with diameter 156 nm here.
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Fig. 3 Numerical results for the nanopore system with D = L =50 nm.
(a) The current streamline around a particle of d/D = 0.5 at the center.
(b) The computed values of 8. (c) Comparisons of the numerical results
and different analytic models on resistive-pulse amplitude, and here
the present analytical model is egn (13) and (14) with 8 = 0.5.

H — Rbp — ROP — Rbp _ ROP 1 (13)
1 Rbp + Rba Rbp 1 + Ap

where the part (Ry, — Rop)/Rpp can be obtained using the classic
theory (Rpp — Rop)/Rup = 1—1/(1 + AR,/Rp).Then we need the
blocked value of «, which depends on the particle relative
diameter d/D, to estimate the resistive-pulse amplitude.

Based on the numerical results, we propose an analytical
expression for the blocked value of a:

o, = ao(1 — ?IDH? = wD(1 — dHD*PIAL (14)

where § is a correction factor. In our simulations, the calculated
AR at the open state was slightly larger than Hall's result.

Fig. 3(b) shows the computed value of § varies from 0.2 to
0.65 with the relative particle diameter d/D ranging from 0.2-
0.9. We did not find a simple analytical relationship between
the value of 8 and the relative particle diameter. Fortunately,
since the value of (1 — d*/D?) is close to unit for small particle

This journal is © The Royal Society of Chemistry 2014
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diameters, the corresponding value of «;, is thus approximate to
the value of «, and insensitive to the choice of 3. Therefore, we
can use a fixed value like 8 = 0.5 in eqn (14) to estimate oy, and
then get the resistive-pulse amplitude by eqn (13).

The resistive-pulse amplitude predicted by eqn (13) and (14)
with 8 = 0.5 agrees very well with the numerical simulations, as
shown in Fig. 3(c). Compared to the numerical results, the
model without AR has significant deviation while the model
with constant AR gives good prediction of resistive-pulse
amplitude only for d/D = 0.5. Actually, since the value of «, is
close to the corresponding value of «,, for small particles (d/D =
0.5), the model with constant AR can be considered as a
simplified form of the present analytic model.

Next, we consider a lower aspect ratio nanopore system with
D = 5L. If the relative particle diameter d/D is larger than 0.2, a
part of the particle will be outside the nanopore, which directly
affects the AR, as shown in Fig. 4(a).
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Fig. 4 Numerical results for the nanopore system with D = 5L = 250
nm. (a) The current streamline around a particle of d/D = 0.5 at the
center. (b) The computed values of (. (c) Comparisons of the
numerical results and different analytic models on resistive-pulse
amplitude, and here the present analytical model is eqn (15) and (14)
with 8 = 0.8.
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From our numerical simulations, we found that the AR
change between the open state and the blocked state is about
—30-30% of the pore resistance change for the relative particle
diameter d/D ranging from 0.2 to 0.9. To get more accurate
analysis, it is inappropriate to assume constant AR any more.
From eqn (12), we get

AT Rop + Roa 1 +a,)R,
= _ P+ 71_( +0£) P (15)

I a a Rbp + Rba o (] + Oéb) Rbp

where the part R,/Ryp,, can be obtained by Rop/Rpp = 1/(1 + ARp/Ry,).
Since the cross section of the ultralow aspect ratio pore blocked
by a nanoparticle changes slowly with length, the large particle
limit of the classic theory can be applied here.

Fig. 4(b) shows the value of correction factor § varies from
0.72 to 0.9 with the relative particle diameter d/D ranging from
0.2-0.9. The value of 8 is not monotonous with the change of
relative particle diameter. Nevertheless, we still try to use a
constant £ to estimate oy, and the resistive-pulse. Using a fixed 8
= 0.8, we found that the relative errors of estimated «y, to the
numerical results were within 3%.

We then used eqn (15) and (14) with 8 = 0.8 to predict the
resistive-pulse amplitude. As shown in Fig. 4(c), our model
provides better agreement with the numerical results than the
previous models. Unfortunately, because of the mathematical
nature of eqn (15), a small error in estimated «j, or pore resis-
tance change will significantly affect the current change with
small values (e.g., AI/I = 5%). Since the AR change is within 30%
of the pore resistance change, the model with constant AR has
smaller errors to estimate the resistive-pulse amplitude for
small particles (d/D = 0.4), as shown in Fig. 4(c).

We have also simulated various nanopore systems with D/L
ranging from 0.1 to 10. It is convenient to normalize the Laplace
model and obtain the same AJ/I for a given particle-nanopore
system with the same L/D and d/D ratios. More details of the
dimensionless Laplace model and the results of other nano-
pores are presented in the ESL{

For nanopore systems with D <L, the eqn (13) and (14) with 8
= 0.5 are also adequate to predicate the resistive-pulse ampli-
tude. The effect of the AR decreases with decreasing D/L, for
example, the relative error between the numerical results of the
nanopore system with D = 0.1L and the model without AR is
within 10%. For nanopore systems with D > L, it was suitable to
use eqn (15) and (14) with 8 = 0.8 to approximately get the
resistive-pulse amplitude for particle with d/D = 0.4. The
hypothesis of invariant AR may be also acceptable for small
particles in nanopores with D/L = 5, while there might be
considerable error of the current change in nanopore systems
with larger D/L.

So far we have proposed analytical equations to estimate the
effect of the AR in nanopore systems with nanoparticles.
However, these expressions are still not concise enough to
predict resistive-pulse amplitude. We then tried to develop a
simple method to estimate the resistive-pulse amplitude.

Since the resistance change is a result of excluded electrolyte
solution by the particle, some previous studies simply consid-
ered the pulse height as the third power of the particle diameter
for high aspect ratio pores.*>'” Following this line and assuming
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the cubic relation for low aspect ratio nanopores, we construct
the following equation to estimate the resistive-pulse amplitude

AT = 8(dID)* - (AIlD ypo.s (16)

where the (AI/I)4p—o.5 is the current change of d/D = 0.5, and
is used here as a reference value. We define the relative error
of AI/I estimated by eqn (16) to that of our numerical results
as RE —AI/l

Fig. 5(a) shows the values of RE —AJ/I for the nanopore
systems with D = L and D = 5L. We can see that the relative error
is within 10% for d/D = 0.7. For larger particles, it may be more
suitable to use our previously proposed equations. We also
calculated other nanopore systems with D/L ranging from 0.1 to
10, and got similar results. The relative errors were smaller than
10% for d/D = 0.7, even for ultralow aspect ratio pores. It
indicates that the hypothesis of cube relation on the current
change is acceptable for small particles (d/D = 0.7) in wide
aspect ratio range, even when the particle diameter is larger
than the nanopore length. We calculated the current change for
d/D = 0.5 with D/L ranging from 0.1 to 10, as shown in Fig. 5(b).
Interestingly, there is a maximum value of the current change
for D/L ~ 2, which suggests that a nanopore with optimized
aspect ratio may increase the detection sensitivity.

We can also extend our analytical model for cylindrical
particles (e.g., DNA). For ultralow aspect ratio nanopores, a large

T T T T T T T T
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Fig.5 (a) The relative errors of the resistive-pulse amplitude estimated
by eqgn (16) to that of our numerical results for the nanopore systems
with D = L and D = 5L. (b) Numerical results for resistive-pulse
amplitude caused by particles with d/D = 0.5 in nanopore systems with
D/L ranging from 0.1 to 10.
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spherical particle is approximate cylindrical inside the pore, but
causes less change on the AR than a cylindrical particle with the
same diameter. Thus, we consider a cylindrical particle as a
limit case for large particles. The numerical results demon-
strated that the values of § are about 0.77 for d/D ranging from
0.2 to 0.9 in a nanopore system with D = 5L, as shown in
Fig. 6(a). Fig. 6(b) shows that eqn (15) and (14) with § = 0.77
provide excellent agreement with our numerical results on
resistive-pulse amplitude for cylindrical particles with a wide
size. We also calculated various nanopore systems with D/L
ranging from 0.1 to 10, and found a constant 8 = 0.77 was
acceptable in all nanopore systems.

The particle and the nanopore surfaces are charged

Sometimes nanoparticles are driven through nanopores at low
bulk concentrations (e.g,, 10 mM or lower),'**** where the
surface charges on the particle and the nanopore have signifi-
cant effects on regulating the ionic current. The PNP-NS model
is needed to treat the transport phenomena when the surface
charges exist. Without loss of generality, we chose negative
surface charge for both particle and nanopore to prevent
the nanoparticle from being electrostatically absorbed by the
nanopore walls.

The open state was considered first. Due to excess counter-
ions stemming from the surface charges, the pore resistance
decreases once the nanopore surfaces are charged. Taking
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Fig. 6 Numerical results for a long cylindrical particle with different
sizes in the nanopore system with D = 5L. (a) The computed values of
8. (b) Comparison of the numerical results and the present analytic
model with egn (15) and (14) with 8 = 0.77 on resistive-pulse
amplitude.
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account of the effect of surface charges as the surface conduc-
tance, we get the resistance inside the nanopore with charged
walls as

(17)

mD? =D] "
L

R,y = |:Kbﬂ + Ks—

where «y, is the bulk conductivity and «, is the surface conduc-
tivity. At low salt concentrations, the conductivity of the solu-
tion scales with the ionic concentration and k¢/kp, = |oy|/
(2Fepun).

If the nanopore walls are charged, the open pore resistance
decreases as a result of the counterion accumulation near the
pore entrance due to the surface charge. Recently, Lee et al.*®
proposed an approximate equation for AR, which can be
rewritten as

Ry, = [2KbD + 'YKS]_I (18)

where v is a numerical constant. While v = 2 was used in Lee's
work, we found that y = 3 is the best match for our numerical
results. From eqn (17) and (18), we can get an analytic expres-
sion for «, as the ratio of the AR to the pore resistance at the
open state.

o ~FCbu1k’TCD2 + 2’TCD|(7n‘
°" 8Fcpu DL + 6|oy|L

(19)

Fig. 7(a) and (b) shows that the «, increases as the surface
charge density of the nanopore surfaces increase in 10 mM KCl
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Fig. 7 Comparison of the open a, obtained from numerical simula-
tion and predicted by egn (19) as a function of the nanopore surface
charge density in a nanopore system with (a) D=L =50 nmand (b) D =
5L = 250 nm. The bulk electrolyte solutions are 10 mM KCL.
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solution. Two typical nanopore configurations with D = L =
50 nm and D = 5L = 250 nm were investigated here. It is found
that the eqn (19) for «,, fits our numerical results well. Although
the pore resistance and the AR both decrease as the nanopore
walls are charged more, the change of the pore resistance is
larger than that of the AR, leading to an increased «,,.

Next, we consider the blocked state. We assume a typical
surface charge density, —10 mC m™>, on both the particle and
nanopore surfaces with10 mM bulk concentration. Fig. 8(a) and
(b) depict the comparison of computed values of aj, in charged
and neutral cases with the relative particle diameter d/D ranging
from 0.2-0.9. The blocked values of «y, for a wide size particle
become larger in charged case. The difference between values
for ay, slightly increases for larger particles. It is hard to get an
analytical expression for blocked «y, in charged case. To get the
accurate analysis, numerical simulations with the PNP-NS
model should be applied.

Because of limitations in space, we only consider particles
with d/D = 0.5 for the current change. Using a fixed surface
charge density, —10 mC m >, on the nanopore surface or the
particle surface, we changed the charge densities from —1 to
—100 mC m™ > on the particle surface or the nanopore surface,
respectively. Under a 10 mM bulk concentration, as the surface
charge density on the particle surface increases, more coun-
terions accumulate near the particle surface to compensate
the excluded ions. Therefore the current change caused by the
particle decreases, as shown in Fig. 9(a). When the nanopore
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Fig. 8 Comparison of the blocked «, between charged and
uncharged cases in a nanopore system with (a) D =L =50 nm and (b)
D = 5L = 250 nm. The surface charge densities on both the particle
and nanopore walls are assumed to be —10 mC m~2 for charged cases.
The bulk electrolyte solutions are 10 mM KCL
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Fig. 9 Numerical results of the current change caused by a particle
(d/D = 0.5) for the D = L and D = 5L nanopore systems as a function of
(a) the surface charge density of the nanopore surface, (b) the surface
charge density of the nanoparticle surface, and (c) different bulk
concentrations. The bulk concentration in (a) and (b) is 10 mM. The
surface charge densities on both the particle and nanopore walls in (c)
are —10 mC m~2.

surfaces are charged more, more counterions accumulate
inside the nanopore, leading to decrease the resistance change
inside the pore. From our numerical results, the current
change in both nanopore systems also decreases as the nano-
pore surfaces are charged more, as shown in Fig. 9(b). When
the nanopore surface charge density is about —100 mC m, > the
current change may decrease to half or even lower.

Since the surface conductance is more significant at
lower bulk concentration, it is necessary to study the effects
of the bulk concentrations. We assume identical surface
charge density, —10 mC m™?, on both the particle and the
nanopore surfaces. As the bulk concentration of solution
decreases, the current change decreases, as shown in Fig. 9(c).
At low enough bulk concentrations, the blocked current may be
larger than the open current in the D = L nanopore system with
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d/D = 0.5. This indicates that the resistance pulse may be
reversed, for example, DNA translocation in low bulk concen-
trations,*® where the excess counterion stemmed from DNA
molecule surface charge may be larger than the excluded ions.

Transitional current change caused by particle translocation

Finally, we consider the particle at different axial positions of
the nanopore system. Fig. 10(a) depicts the current changes
caused by a particle (d/D = 0.5) translocating through the D =
5L = 250 nm nanopore system along z axis. We assume —10 mC
m ™2 on both the particle and nanopore surfaces with different
bulk concentrations ranging from 1 mM to 100 mM.

At high bulk concentration, we got a position-dependent
bell-shaped current change. Similar to previous simulation
works,'”*? the ionic current starts to change when the particle is
approximately one pore diameter away from the pore mouth.
Such current change could be used to determine the corre-
sponding position of resistive pulse width in experiments."®
However, it is hard to determine the exact start position for
experiments with considerable current noise. From our
numerical results of 100 mM, the current change is only about
1% of its maximal value when the particle is one pore diameter
away from the pore mouth, and the corresponding position of a
10% of the maximum relative current change is about half pore
diameter away from the pore mouth. The latter position may be
also useful in experiments to estimate particle translocation
velocity.
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Fig. 10 (a) Numerical results of the current change caused by a
particle (d/D = 0.5) translocating through the D = 5L = 250 nm
nanopore system along z-axis with the bulk concentrations ranging
from 1 mM to 100 mM. (b) The ionic concentration distribution on the
z-axis at 1 mM bulk concentration for the open state.
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The resistance pulse is symmetric at high bulk concentra-
tion. However, we noted that the particle position of the
maximum current change is slightly biased from the middle-
point of the nanopore at low bulk concentrations. Moreover, the
blocked current may be larger than the open current at 1 mM at
some positions. We attribute these unique phenomena to ionic
concentration polarization (CP) caused by external electric
field.* Fig. 10(b) demonstrates that the ionic concentration is
slightly smaller than the bulk value at the anode side near
the nanopore mouth and vice versa at the other side. Since
the nanopore diameter is much larger than the thickness of the
electrical double layer (EDL), which is a shielding layer near a
charged surface and is about 10 nm at 1 mM bulk concentra-
tion, the concentrations of K" and Cl~ are identical along the
z-axis in the central part of the nanopore. A blocked particle
mainly affects the bulk conductance. When the particle reaches
the low concentration region, it causes a less increase in the AR.
At 1 mM bulk concentration, a heavily charged particle can even
produce a negative current change.

Conclusions

A comprehensive study using continuum models is conducted
to investigate the effects of the access resistance on resistive-
pulse caused by a translocating nanoparticle through a nano-
pore. For uncharged surfaces, we develop a correlation equation
of « to estimate the effect of the access resistance at the blocked
state. Using the approximate values of «, we are able to predict
the current change caused by the translocation of a nano-
particle through a nanopore under various operating condi-
tions. Moreover, we establish a cubic relation between the
relative particle size and the current change in nanopores
ranging from high aspect-ratio to low aspect-ratio. Based on the
cubic relation, a simple but effective method is proposed to
estimate the resistive-pulse amplitude. For charged surfaces,
the ratio of access resistance to pore resistance will increase if the
nanopore or the particle surfaces are charged more, suggesting
that the role of access resistance becomes more important. We
also find that the shape of the position-dependent resistive-pulse
might be distorted significantly at low bulk concentration due to
concentration polarization. This study provides a deep insight
into the mechanism of access resistance in nanopore systems
and will be helpful in interpreting experimental results for
nanoparticle translocation.
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