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ABSTRACT: Glass nanopipettes, as important sensing tools, have | 28 ' ' 1
attracted great interest due to their wide range of applications in
detecting single molecules, nanoparticles, and cells. In this study,
we investigated the translocation behavior of nanorod particles
through dual-nanopipettes using a transient continuum-based
model based on an arbitrary Lagrangian—Eulerian approach. Our
findings indicate that the translocation of nanorods is slowed down
in the dual-nanopipette system, especially in the dual-nanopipette
system with a nanobridge. These results are in qualitative
agreement with previous experimental findings reported in the 105 ‘ ‘ ‘
literature. Additionally, the translocation of nanorods is influenced : i o i e
by factors such as bulk concentration, initial location of the
nanorod, and surface charge of the nanopipette. Notably, when the surface charge density of the nanopipette is relatively high and
the initial location of the nanorod is in the reservoir, the nanorod can hardly enter the nanopipette, resulting in a relatively low
translocation efficiency. However, the translocation efficiency can be improved by initially positioning the nanorod in one of the
barrels. The resulting dual-blockade current signal can be used to correlate the characteristics of the nanorod.

amplitude of I’

H INTRODUCTION ing four-channel nanopipettes, they created a programmable
multinanopore structure with four neighboring, individually
configurable nanochannels to control the dynamics of DNA.*
These new approaches have significantly broadened the
application of nanopipettes. For example, dual-nanopipettes
have found utility in electrochemical single-cell protein
therapeutics and other applications.”” By using a 6-nano-
pipette, Zhang et al.”® established a single-cell resistive-pulse
sensing method for an important DNA repair protein, along
with evaluating related drugs.

In addition to the growing number of applications for
nanopipettes, the fundamental understanding of nanopipettes
is also constantly being achieved. The structure of nanopipettes
is more complicated compared to ordinary cylindrical
nanopores, resulting in more intricate ion transport and
particle translocation behavior. Recently, McPherson et al.”’

Inspired by the ion channels on biomembranes, nanodevices
such as nanopores, nanochannels, and nanopipettes have
drawn much interest over the past few decades.'”” These
nanodevices have the potential to create innovative molecular
delivery systems and chemical/biosensors by imitating bio-
logical ion channels.” As a simple and powerful sensing
technique, glass nanopipettes can detect specific nanoparticles
by measuring changes in the ionic current passing through
them. This includes DNA/RNA molecules,”'® proteins,”i

and organic polymers. The conical shape and narrow tip of the
nanopipette create a confined region, which enhances the
electrochemical field within the pipet. This improved electro-
chemical confinement effect enables the monitoring of analyte
properties in the form of ion signals.'* Nanopipettes are also

widely used as probes for scanning electrochemical microsco . ! .
yusecas p 8 15-17 OSCopy discovered the occurrence of a second kind of electroosmosis
and scanning ion conductance microscopy. In addition to

single nanopipettes, dual and multichannel nanopipettes have n n.anoplpette-s. At .hlgh surface charge densities and large
also been employed as new tools in several fields,*~>* applied potentials, this kind of EOF prevents dye entry from
Recently, Cadinu et al® proposed dual nanopores (also the bath into the nanopipette, regardless of the potential

29 o 30
known as double-barrel nanopores or theta-pipettes) separated pola‘rllty 7 In addltéoﬁ’ Yu and }f o-worker.s *p 10%3 d tEe
by constructing zeptoliter nanobridges to trap and detect single particle transport behavior at the nanopipette orifice by
molecules, resulting in a three-order of magnitude decrease in
molecular velocity compared to traditional nanopores. Received:  March 18, 2024
Furthermore, they reported a new strategy for manipulating Revised:  April 26, 2024
single molecules in double-barrel nanopores that enabled novel Accepted: May 9, 2024
modes of molecular transport control, demonstrating the Published: May 19, 2024
platform’s ability to effectively bridge molecules between two

nanopores and actively control DNA transport.”® By employ-
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combining the results of experiments with those from finite
element modeling. They developed a principle of access
resistance for single-particle analysis at the opening of a
nanopipette.’”>” Additionally, they observed a strong
correlation between the particle’s surface charge and the
angle 6, which is associated with the asymmetry of the current
spike.”> We studied the ion transport characteristics of double-
barrel nanopores and identified the presence of two ion-
enriched zones and two ion-depleted zones within them.**

To effectively utilize nanodevices, it is crucial to have
modeling and simulations that provide clear insights into the
electrokinetic translocation of nanoparticles through these
devices. Inadequate knowledge of dynamic particle motions
leads to ineffective particle manipulation in addition to placing
restrictions on the amount and quality of information that may
be gathered.” However, current studies have primarily focused
on particle translocation through nanochannels or nano-
pores.”*™*’ The dynamic analysis of nanoparticles or DNA
molecules passing through dual-nanopipettes has not been
performed through numerical simulation. Therefore, this study
aims to systematically investigate the dynamic transport
behaviors of nanorod particles through dual-nanopipettes
using a transient continuum-based model. This model is
defined within an arbitrary Lagrangian—Eulerian (ALE)
framework and includes the Nernst—Planck equations, the
Poisson equation, and the Navier—Stokes equations. Some
translocation phenomena of nanorods in nanopipettes, which
are different from those in ordinary cylindrical nanopores, have
been found.

B MATHEMATICAL MODEL

To reduce computing effort, we model the nanopipette system
as a two-dimensional geometry. The system consists of a dual-
nanopipette immersed in a large reservoir with a width of 2 X
W and a height of H, as shown in Figure 1. Figure 1

out

Figure 1. Illustrations of the nanorod translocation through the dual-
nanopipette. The dark gray parts represent the walls of the dual-
nanopipette, and the light gray part represents the simulation domain.
The purple one is the nanorod.

schematically depicts a dual-nanopipette, where the tip
contains two nanochannels with a width of b, a wall thickness
of ¢, and a gap of 2 X ¢ between the two barrels. The insertion
part of the nanopipette, which does not change in size, has a
length of H,, representing the narrow section of the
nanopipette. The outer part of the nanopipette, with a cone
angle of 6, has a length of H,,. A binary KCl aqueous solution,

out*

with the properties of permittivity &, dynamic viscosity y, and
density p, is present throughout the entire system. The origin
of the Cartesian coordinate system (x, y) used for describing
all the variables in the current investigation is set at the
midpoint of the nanopipette tip. We construct a negatively
charged nanorod particle composed of a rectangle and two
semicircles with a radius of a. The nanorod has a length of L,
and an angle of 0, with regard to the y-axis at its initial
location of (xpo, yPO). We define 0, > 0 in the case of a
clockwise angle relative to the y-axis and vice versa. The two
barrels of the dual-nanopipette are subject to an applied
potential difference ¢by. Thus, an electric field is generated
across the dual-nanopipette, which leads to the translocation of
the negatively charged nanorods. Simultaneously, an ionic
current flows from the anode barrel to the cathode barrel
through the dual-nanopipette.

In the electrolyte solution, the electrostatics are regulated by
the Poisson equation, and the ionic mass transport is regulated
by the Nernst—Planck equations:

2
AR p=F Z ¢z
i=1 (1)

o
— +V.N,=0
ot ()

D.
N. =uc. — DVc. — z—-FcV¢ (i=1and 2
1 1 1 1 IRT 1 ¢ ( ) (3)

where ¢, z, N, and D, are the molar concentration, the valence,
the ionic flux density, and the diffusivity of the i™ ion,
respectively (i.e., cation K* for i = 1 and anion CI~ for i = 2), in
the electrolyte solution. p, is the space charge density of mobile
ions; €, and & represent the absolute permittivity of the
vacuum and the relative permittivity of the electrolyte,
respectively; ¢ represents the electric potential within the
fluid; u represents the fluid velocity; F represents the Faraday
constant; R represents the universal gas constant; and T
represents the absolute temperature of the electrolyte solution.
In the dual-nanopipette system, the potential difference
between the two barrels is ¢ = 0 on the blue line and ¢ =
¢, on the orange line, as shown in Figure 1. The wall of the
nanopipette and the surface of the nanorod carry the specified
charge densities 6,, (i.e, —n - V¢ = 6,,/(&4¢7)) and o, (i.e, —n
- V¢ = 06,/(gs)). Here, the unit normal vector n points
toward the fluid from the respective boundary. The rest of the
boundaries are considered to be uncharged. The ionic
concentrations at the openings of the reservoir and the
openings of the nanopipettes have the boundary conditions ¢; =
C, (i =1 and 2), respectively, with the assumption that the top
opening(s) of the nanopipettes is relatively larger than that of
the tip. On each of the other boundaries, the normal ionic
fluxes are set to zero.

Moreover, fluid motion is regulated by the Navier—Stokes
equations, and the inertia of these equations is ignored because
the electrokinetic flow in nanofluidics has a quite low Reynolds
number, given as

au 2
— =-Vp+uVu +F,inQ
ot L @)

V-u =0, in); (5)
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N
F = —peV(i) = —(F Z cizi]V(;S
i=1 (6)

where p is the pressure. At the openings of the reservoir and
the openings of the nanopipettes, normal flows with p = 0 are
imposed. The surfaces of the nanopipette are subject to a
nonslip boundary condition. The other boundaries of the
reservoir are subject to slip boundary conditions. The
movement of the nanorods can be divided into translation
and rotation; hence, the following is the flow boundary
condition for the nanorod surface:

u=U, + o, X (x, - x,) )

where U, denotes the translational velocity and @, denotes the
rotational velocity; the location vectors x, and x, correspond to
the nanorod surface and center, respectively.

According to Newton’s second law, U, can be determined
by

du,
m,—— = E
P dt total (8)
F, is the total force exerted on the nanorod, which is

composed of the hydrodynamic force Fy and the electrical
force Fg, that is

E,u =Fy + Fg 9)

F, = fTH~ndF = f[—pl + p(Vu + Vu')]-ndl'
(10)

— [Eaar — _ ekl
FE—/T ndF—/eoef[EE Z(E E)I] ndl i~

The hydrodynamic and Maxwell stress tensors are
represented in these equations by T™ and TF, respectively. E
denotes the electric field and can be calculated by E = —V¢.

The nanorod’s rotational velocity, @,, can be determined by

dw,
P H E
Lt = f(xs —x,) X (T"n + TEn)dl
where I, is the moment of inertia of the nanorod.
The nanorod’s center of mass X, and orientation 0P can be

determined by

(12)

t

X, =X, + /0 Updt (13)
t

9}’ = 9p0 + ; wpdt (14)

where x,) and @, are the initial location and orientation of the
nanorod, respectively.

When the nanorod passes through the dual-nanopipette, the
ionic current induced through the nanopipette is

2
I= /F[Z: ziNi]-ndS -

where S denotes either the surface of the anode or cathode due
F)
to current conservation (a—/:e + VJ =0, J is the current

density). In this study, we can obtain a reduced current due to
the 2-D geometry. During the computation, to normalize all
the governing equations listed above, the particle radius a is

selected as the length scale, RT/F as the potential scale, the
bulk concentration C, as the ionic concentration scale, U, =
£0eR2T?/(1aF*) as the velocity scale, and uUy/a as the
pressure scale. Thus, the above governing equations have been
normalized as

2
*2 g% (Ka)z %
V7T = T Z G zZ
i=1

(16)
aci* % o % % P * kk gk
at*+V‘(u ¢ = D'V — zD¢VPT) =0 (17)

% 2 2
Real* + V*p* VRt = (ka) z Ci*ZiV*¢*
ot L (18)
V¥a* =0 (19)

where k' = A, = \/g,&;RT/(2F*C,) is the Debye length and

Re = pUgya/p is the Reynolds number.
The following dimensionless boundary conditions are

applied:

i 450* (orange lines) or 0 (blue lines) (20)
* ok *
—-n-V¢" = 0, on the nanorod surface (21)
* % * .
—n-V'¢" = o,, on the nanopipette wall (22)
¢ = 1 at the reservoir and nanopipette openings (23)
ot = U;: + a)}:k X (x:l< - x:) on the nanorod surface
(24)
The dimensionless equations for nanorod motion are
du’
*"5p H* E* *
m,— = T n+ T n)dl
=] ) (25)
I*di: = /(x* - x) x (TH*-n + T n)dr*
Pt P (26)
TH* — _p*I + (V*u* + V*u*T) (27)
. E"E*
T = E'E" - ——1
(28)

The dimensionless ionic current flowing through the
nanopipette normalized by FU,C,a’ is

2
I* = f[z ZN¥
i=1

-ndS™*

(29)

B NUMERICAL IMPLEMENTATION AND CODE
VALIDATION

COMSOL Multiphysics (www.comsol.com) was used to solve
this strongly coupled model. The coupled PNP and NS
equations have been previously demonstrated to exhibit
satisfactory sensitivity in studying particle translocation
through a nanopore.”” Our model is based on the ALE
approach, which can effectively capture the translocation
behaviors of particles in the computational domain and has
been em4ployed by other researchers with consistent find-
ings.41_4 In our model, the electric potential and concen-
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tration were discretized using quadratic elements, while the
fluid behavior was discretized using P2+P1 elements. To
ensure accurate results, an extremely fine mesh was applied to
the nanorod surface and nanopipette wall. A mesh range of
10,000 to 45,000 elements was utilized to guarantee full
convergence and mesh independence (Figure S1). Figure S1
demonstrates the convergence of corresponding values and
satisfactory result stability, with differences within 5% as the
total number of meshes increases. To further confirm the
validity of the developed model, we investigated the y-
component velocity of nanorods through dual-nanopipettes.
There are three configurations using a dual-nanopipette: (i) a
conventional single nanopipette configuration, (ii) a dual-
nanopipette configuration without a nanobridge (in the
reservoir), and (iii) a nanobridge configuration.”> The
simulation domains can be found in Figures 1 and S2. It is
assumed that the wall of the nanopipette is uncharged (3 = 0)
to eliminate the influence of surface charge density on the wall
of the nanopipette and focus solely on the influence of the
configuration. The initial location of the nanorod in the
conventional single nanopipette configuration and dual-nano-
pipette configuration without a nanobridge is in the large
reservoir, and that in the dual-nanopipette configuration with a
nanobridge is in the cathode barrel. Figure 2 shows the

T T T T

LS . .
S — single-nanopipette
— = dual-nanopipette

= = dual-nanopipette with a nanobridge i

0.2} = 1

v,

Figure 2. Nanorod’s y-component translational velocity, Vi, vs its
location, y¥, in the single-nanopipette (solid line in black), dual-
nanopipette (dashed line in red), and dual-nanopipette with a
nanobridge (dash-dotted line in blue). Cy = 100 mM (ka = 1.0265),
o =SV (¢ = 193.41). The blue part is the narrow section of the
nanopipette (y* is between 0 and 50).

relationship between the nanorod’s location yif and its y-
component translational velocity V§ in the three configu-
rations. To facilitate a straightforward comparison, Figure 2
shows that at the midpoint of the nanopipette insertion (yj =
25), the y-component translational velocity of the nanorods in
the conventional single-nanopipette configuration is approx-
imately 0.35, that in the dual-nanopipette configuration is 0.21,
and that in the dual-nanopipette configuration with a
nanobridge is 0.19. Notably, in the dual-nanopipette with a
nanobridge configuration, the y-component translational
velocity of the nanorods is the lowest. This implies that in
the dual-nanopipette with a nanobridge, the velocity of
nanorods passing through it is reduced, which is qualitatively
consistent with experimental results.”> The reason that the
nanorod is slowed down in the dual-nanopipette is that the
electric field is nearly half that of a single nanopipette (Figure
S3). On the other hand, in the case of dual-nanopipettes with

nanobridges, the nanorods, being similar in size to both the
nanopipette tip and the nanobridge, experience a current
blockade in both the barrels and the nanobridge (Figure S4).
This leads to a longer dwell distance and increased detection
time. However, this velocity has not been reduced to 3 orders
of magnitude as mentioned in the literature,”> as we only
considered the simplest case at this stage, ignoring factors such
as the surface charge density of the nanopipette and the
crowding and tangling of molecules in the actual experiments.

B RESULTS AND DISCUSSION

In the present study, we investigate the second configuration as
this configuration is more commonly used for dual-nano-
pipettes. As shown in Figure 1, the whole domain, including
the reservoir and the dual-nanopipette, is filled with KCI
electrolyte solution. The width of the reservoir is 2 X W = 300
nm, and the height is H = 200 nm. The width and wall
thickness of the nanochannels on the nanopipette tip are b =

10 and ¢ = 10 nm, respectively. The heights of the insertion
part and the outer part of the nanopipette are H;, = 50 nm and
H,, = 200 nm. The outer part of the nanopipette features a
cone angle of 6 (~12.4°). The nanorod has a length of L,=10
nm, and the semicircles have a radius of a = 1 nm. The surface
of the nanorod has a constant charge density of o, =—0.01 C/
m? The values of several physical parameters are as follows: p
=1 X 10* kg/m? & = 80, &, = 8.854 X 107> F/m, u = 1 X
1073 Pass, D;(K*) = 1.95 X 107 m?/s, D,(CI™) = 2.03 X 107°
m?/s, T = 300 K, F = 96485.3415. The translocation behaviors
of a nanorod through dual-nanopipettes are studied as a
function of these parameters: the bulk concentration C,, the
applied electric field, the surface charge density of the dual-
nanopipette o, and the initial location of the nanorod (x;“o,
Vio)-

"Effect of the Bulk Concentration, Cy. We first investigate
how the bulk concentration affects the nanorod’s y-component
velocity when applying two distinct electric fields, ¢y = 0.1 V
(¢ = 3.8682) (Figure 3A) and ¢y = 10 V (¢ = 386.82)
(Figure 3B) through dual-nanopipettes in a large reservoir. In
this section, it is assumed that the wall of the nanopipette is
uncharged (o = 0). The nanorod’s initial location is (xl’fo, y;“o)
= (0, —30); that is, the nanorod is in the large reservoir. The
concentration influences the thickness of the electric double
layer (EDL). When the EDLs of the particle and nanopore
overlap, it leads to significant electrostatic interactions that
affect the translocation process. For bulk concentrations of C,
= 100 mM, 10 mM, and 1 mM, the ratios of the nanorod
radius to the Debye length, k4, are 1.0265, 0.32, and 0.10265,
respectively. When the applied electric field is relatively low
(¢ = 0.1 V in Figure 3A) and the bulk concentration is
relatively high (dashed line: C; = 10 mM and dash-dotted line:
C, = 100 mM), the nanorod successfully passes through the
nanopipette. However, when the concentration is relatively low
(solid line: Cy = 1 mM), the nanorod stops at the nanopipette
orifice (see Supporting Material Movie 1), which is similar to
the observation that nanorods cannot pass through ordinary
cylindrical nanopores under low bulk concentration and
applied electric field conditions.”* When the applied voltage
increases 100 times to ¢, = 10 V, the velocity of the nanorods
increases approximately 100 times. At C;, = 1 mM, the
nanorods are not trapped and can enter the nanopipettes at a
high velocity. That is, under the condition of a large voltage,
the larger the concentration, the slower the translational
velocity. This phenomenon is also consistent with that of
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Figure 3. Nanorod’s y-component translational velocity, Vi, vs its
location, y¥, when ¢y = 0.1 V (¢ = 3.8682) (A) and ¢, = 10 V (¢
= 386.82) (B). Solid lines in black, dashed lines in red, and dash-
dotted lines in blue represent, respectively, C, = 1 mM, 10 mM, and
100 mM (ka = 0.10265, 0.32, and 1.0265). The blue part is the
narrow section of the nanopipette (y* is between 0 and S0).

ordinary cylindrical nanopores and has been explained in
previous studies because particles with a fixed surface charge
density have an increased zeta potential as ka decreases.’’
Consequently, the velocity of the nanorod increases with
decreasing bulk concentration. However, it is worth noting that
the particles could be trapped at the nanopipette orifice when
the concentration is relatively high (C, = 100 mM) if a larger
voltage, such as 20 V, is applied (see Supporting Material
Movie 2). Additionally, in the conventional single nanopipette
configuration, the nanorod cannot enter the nanopipette when
Co = 100 mM and ¢, exceeds a critical value (see Supporting
Material Movie 3). This finding deviates from our general
understanding that a stronger electric field facilitates easier
entry into the nanopore. This is because, except for
electroosmotic flow, which is always the opposite of electro-
phoresis for balancing the force acting on the nanorod when
the nanopipette is uncharged (Figure SS), nanorods also
experience negative dielectrophoresis, pushing the nanorod
away from the tip of the nanopipette.

Effect of the Surface Charge Density of the Nano-
pipette, o,. In nanopore/nanopipette sensing, the surface
charge density on the walls of the nanopore/nanopipette may
strongly affect the translocation of particles due to the
generation of an EOF, especially when the electric double
layers of the nanorod and the nanopore/nanopipette overlap
and under a relatively low electric field.** Thus, we investigate
the effect of the surface charge density. Through a series of
simulation studies, the influence of the surface charge density
can be divided into two cases.

When the surface charge density of the nanopipette is
relatively low (+£0.002 C/m?), the surface charge can promote
(0.002 C/m?) or hinder (—0.002 C/m?) the translocation of
particles. Figure 4 shows the relationship between the y-
component translational velocity V§ and the nanorod location

20 0 20, 40 60 80
Ye

Figure 4. Nanorod’s y-component translational velocity, V¥, vs its
location, yf#, in the dual-nanopipette under ¢, = 10 V when C; = 10
mM (A) and C, = 100 mM (B). Solid lines in black, dashed lines in
red, and dash-dotted lines in blue represent, respectively, o, = 0,
—0.002 C/m? and 0.002 C/m>. The blue part is in the narrow section
of the nanopipette (y* is between 0 and 50).

yi under ¢by = 10 V when C, = 10 mM (Figure 4A) and C, =
100 mM (Figure 4B). When the surface of the nanopipette is
negatively (positively) charged, the direction of EOF is in
opposition to (consistent with) that of electrophoresis.
Therefore, Vi is less (greater) than when the surface of the
nanopipette is uncharged. This is also consistent with the
phenomenon of ordinary nanopores. However, this trend
changes in the opposite direction after passing through the
narrow section (i.e., when y* > 50). When the surface of the
nanopipette is negatively charged (—0.002 C/m?), V¥
increases when they enter the narrow section but decreases
after passing through the narrow section. When the nano-
pipette surface is negatively charged (—0.002 C/m?), V¥
becomes the largest. To further understand these behaviors,
the flow fields around the particles are shown in Figure 5. The
direction of the flow field changes due to the interaction
between the nanopipette and the negatively charged nanorod
after the nanorod enters the nanopipette, so V§ increases.

Additionally, we investigate the situation in which ¢, = 0.1
V, Co = 10 mM and 100 mM. The electric field and flow field
in the nanopipette are significantly influenced by the surface
charge density of the nanopipette, making it a challenge for
particles to enter the nanopipette, except for when C; = 100
mM and 6,, = —0.002 C/m> Because the applied voltage is
low, the flow plays a major role in driving the particles to move
in the streamline direction. However, in these cases, the
applied electric field can be appropriately increased to increase
the probability of particles entering the nanopipette.

When we continue to increase the surface charge density,
such as to +0.005 C/m?, it becomes difficult for the nanorods
to enter the nanopipette (Figure S6A,B), and the nanorods
move away from the tip of the nanopipette under the action of
fluid, which leads to a low capture efficiency of the
nanopipette. This is different from that of ordinary cylindrical
nanopores. In a single cylindrical nanopore, when the
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Figure 5. Spatial distributions of the intensity of the electric field IE*| and flow field around the particle under ¢y = 10 V and C, = 100 mM. (A) o,
=—0.002 C/m? (B) o, = 0, (C) 6,, = 0.002 C/m* The color bars represent |[E*|, and the arrowed lines represent the streamlines of the flow field.

nanopore surface charge density is positive, the direction of
EOF is consistent with the direction of electrophoresis, and the
capture efficiency is usually improved. To further understand
these behaviors, the flow field around the particle is shown in
Figure S6C,D. Figure S6C,D shows that although the direction
of EOF in the nanopipette is the same as that of
electrophoresis (0.005 C/m?) or the opposite (—0.005 C/
m?*), most streamlines do not enter the nanopipette. Moreover,
the greater the surface charge density of the nanopipette, the
greater the effect of EOF, resulting in the particle not entering
the nanopipette. The same phenomenon also occurs when a
single nanopipette is used and when C, = 100 mM.

It can be noticed that although the translational velocity of
nanorods can be reduced in dual-nanopipettes, when we study
the influence of surface charge on particle translocation, we
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also find that the translocation efficiency is not high when
using a single-nanopipette or dual-nanopipette, especially when
the surface charge density is relatively high. We can consider
changing the surface charge by chemical modification to
minimize the surface charge density before the experiments.
For dual-nanopipettes, in addition to chemical modification
methods, we propose a new method to improve the
translocation efficiency, which is discussed in the next
subsection.

Effect of the Initial Location of the Nanorod, (xg, yg)-
The initial location of the nanorods also affects their
translocation.** In the dual-nanopipettes, the particles could
be in the reservoir or in the barrels. Figures S7 and S8 show the
results for the initial location of the nanorod in the cathode
barrel, that is, (x%, y%) = (25, 150), when the nanopipette is
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Figure 6. Trajectories of the nanorod and the reduced current through the nanopipette bearing a relatively large surface charge density under ¢, =
10V, C; = 100 mM at (xg‘o, y;fo) = (25, 150). (A) Trajectories of the nanorod when 6,, = —0.005 C/m?, (B) trajectories of the nanorod when 6,, =
0.005 C/m?, (C) the reduced current when o,, = —0.005 C/m? and (D) the reduced current when o,, = 0.005 C/m? The red one is at the initial
location. The blue part is in the narrow section of the nanopipette (y* is between 0 and 50).

uncharged or bears a relatively small charge density (+0.002
C/m?), respectively. In most cases, the nanorods translocate
from the cathode barrel to the anode barrel, except for when
0,=0,¢,=0.1V,and Cy =1 mM. We compare the flow fields
between Cy = 1 mM and 10 mM (Figure S6). When C, = 1
mM, the EOF in the cathode barrel is in opposition to the
direction of nanorod motion; when C, = 10 mM, the EOF is
the same as the direction of nanorod motion. Thus, the
nanorods could be trapped in the barrel when Cy = 1 mM.
Compared with the results when o, is 0 and +0.002 C/m?,
when o, = 0, the concentration is lower and the velocity is
faster in both barrels. However, when the surface charge is not
equal to 0, the opposite trend occurs in the anode barrel after
the nanorods pass through the narrow section (Figure S9).
The reason has been discussed in the previous subsection
(Figure S). Meanwhile, when the aperture of the nanopipette is
relatively small, the nanorod is difficult to enter the
nanopipette when the initial location of the nanorod is in
the reservoir (x%, y%) = (0, —30). However, when the initial
location of the nanorod is in the barrel (x%, yi) = (25, 150),
the nanorod can pass through the two barrels when o,, = 0.002
C/m?, while the nanorod can only pass through one barrel and
stop at the orifice of the nanopipette when 6,, = —0.002 C/m?*
(Table S1).

The translocation of nanorods differs when a nanopipette
has a relatively large surface charge density. Figure 6 shows the
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trajectories of the nanorods and the reduced current through
the dual-nanopipette with a relatively large surface charge
density. When o,, is negative and relatively large (o,, = —0.005
C/m?), the EOF’s direction differs from that of the
electrophoresis, and the EOF force defeats the electrical
driving force; then, the nanorod may become stuck in the
cathode barrel; that is, the nanorod cannot translocate to the
other barrel (Figure 6A). Thus, when 6, = —0.005 C/m? a
long-term ionic current blockade occurs (Figure 6C). When o,
is positive, due to the EOF occurring in the same direction as
the electrophoresis, the nanorods can be completely trans-
ported from the cathode barrel to the anode barrel (Figure
6B). When 6,, = 0.005 C/m? the translational velocity of the
nanorod is greater than that when o,, = 0.002 C/m? because
the effect of EOF increases with increasing surface charge
density. Comparing Figures 6 to S6, it can be found that the
initial location of the nanorod could also affect the trans-
location behavior of the nanorod. Thus, to improve the
potential low translocation efficiency of the nanopipettes
mentioned earlier, the nanorods can be put in one of the
barrels at the beginning.

Figure 6D shows the amplitude of the ionic current when
the nanorod is translocated through the dual-nanopipette with
6, = 0.005 C/m? Two ionic current blockades are formed
during the process of nanorod transport from the cathode
barrel to the anode barrel. This is because the size of nanorods
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is equivalent to that of nanopipette tips. When the nanorod is
in the nanopipette, an ionic current blockade will be formed.
When the particle is in the reservoir, because the nanorod is
too small relative to the reservoir, an ionic current blockade
cannot be formed. Thus, two blockades will be formed during
the whole translocation process. This phenomenon was not
observed in previous experiments because long DNA was
usually used to conduct experiments with dual-nanopipettes,
and the DNA did not leave the nanopipette completely; thus, a
current similar to that of a single nanopipette or dual-
nanopipette with a nanobridge would form. However, this
resulting dual-blockade current signal can potentially be used
to analyze the characteristics of nanorods twice, and the
correlation of them, potentially increasing the accuracy of the
analysis. On the other hand, the second blockade is smaller
than the first blockade, which is different from when the
surface charge density is relatively small (Figure S10).
Additionally, after the nanorod passes through the narrow
section, the current tends to continue to decrease because of
the increased cross-sectional area. These changes in ion current
can be explained by ion transmission. Figure S11 shows the
distribution of the dimensional concentration of K" (Figure
S11A) and CI~ (Figure S11B) when the nanorod passes
through the nanopipette. Taking K* ions as an example, we
analyze ion transport in dual-nanopipettes. Because the
nanorod is negatively charged, it is surrounded by many
positive ions, that is, K* ions, so that when the nanorod enters
the anode barrel, the nanorod tends to bring K* ions into the
anode barrel. Since the nanopipette is positively charged, the
basic direction of electroosmotic flow is from the cathode to
the anode (Figure SC), which also transports K* ions into the
anode barrel, and the larger the surface charge density is, the
more severe this effect will be. Both effects are opposite to the
ionic current’s overall flow direction, so the current will be
reduced.

B CONCLUSIONS

In this study, we developed a transient continuum-based model
to investigate the translocation behaviors of nanorods through
dual-nanopipettes. The model comprises the Nernst—Planck
equations, the Poisson equation, and the Navier—Stokes
equations, and the ALE method was used to solve it. Although
our model is simplified to a two-dimensional representation, it
allows us to qualitatively analyze the translocation of nanorods
within the nanopipette and draw the following conclusions:

1. Compared to that of a single nanopipette, under the
same conditions, the translocation of nanorods could be
slowed down in the dual-nanopipettes, especially in
cases where nanobridges are present, which qualitatively
agrees with the experimental observations.

. In a dual-nanopipette without a nanobridge, when the
nanorod is initially placed in the reservoir connecting the
dual-nanopipette, the translocation efficiency is adversely
reduced, especially if the surface of the nanopipette has a
relatively high charge density.

. The translocation efficiency can be improved by
positioning the particle initially in one of the barrels,
during which the nanorod is successfully transported
from one barrel through the reservoir and enters the
other barrel, even when the charge density on the
nanopipette surface is relatively high. During this
translocation process, the resulting ionic current history
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exhibits two blockades, corresponding to the nanorod
exiting one barrel to the reservoir and entering the other
barrel from the reservoir. The resulting dual-blockade
current signal may be used to correlate the character-
istics of the nanorod.
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