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ABSTRACT: We study translocations of gold nanoparticles and
nanorods through silicon nitride nanopores and present a method for
determining the surface charge of nanorods from the magnitude of
the ionic current change as nanorods pass through the pore.
Positively charged nanorods and spherical nanoparticles with average
diameters 10 nm and average nanorod lengths between 44 and 65 nm
were translocated through 40 nm thick nanopores with diameters
between 19 and 27 nm in 1, 10, or 100 mM KCl solutions. Nanorod
passage through the nanopores decreases ion current in larger
diameter pores, as in the case of typical Coulter counters, but it
increases ion current in smaller diameter nanopores, likely because of the interaction of the nanopore’s and nanoparticle’s double
layers. The presented method predicts a surface charge of 26 mC/m2 for 44 nm long gold nanorods and 18 mC/m2 for 65 nm
long gold nanorods and facilitates future studies of ligand coverage and surface charge effects in anisotropic particles.
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Nanopores have found wide use for a variety of single-
molecule studies,1−12 including miRNA detection,13

discrimination between nucleic acid classes,13,14 detection of
DNA binding,15 measurements of molecular forces,16,17 and
anthrax toxin detection.18 The translocation properties of stiff,
rod-shaped viruses has also been recently studied.19 Although
their primary application has been toward next-generation
DNA sequencing,12 nanopores have previously been used for
studies involving nanoparticles. Nanopores have found use to
create and trap nanoparticles,20 form nanoelectrodes,21 study
single-walled nanotubes attached to single-stranded DNA,22

detect23,24 and separate25 spherical gold nanoparticles, create
nanoparticles20 and nanorods,26 and study colloids.27 Carbon
nanotube Coulter counters have previously been suggested as a
method of characterizing spherical nanoparticle surface
charge,28,29 microfluidics have been used to measure spherical
nanoparticle size distributions,30 and larger pores have been
used to measure the zeta potential of polystyrene beads.31

In this paper, we demonstrate the use of nanopores for
detection of charged nanorods (NR) and develop a method to
measure their surface charge. The measurement of the charge
of anisotropic nanoparticles is particularly challenging.
Typically, the nanoparticle charge is measured using electro-
phoretic light scattering (ELS) measurements.32,33 Although
the charge of spherical particles can be measured accurately,

these meaurements are inaccurate for nonspherical particles
with κa > 1, where κ is the inverse Debye length, and a is the
particle size.
In a traditional ELS measurement, particles are suspended in

solution and a potential is applied across the solution. By
measuring the Doppler shift of a reference laser passing through
the suspension of particles as they are pulled through the
solution, the particle mobility is extracted. This mobility can be
used in combination with one of two approximations to
calculate the surface potential. For the case where κa > 1, where
κ is the inverse Debye length and a is the particle size, the
Hückel approximation is used.34 The derivation of the Hückel
approximation requires the formula for Stokes drag,34 which is
essentially derived from an approximate analytical solution that
exists only for spherical particles.35 These approximate
solutions, however, are not valid for nanorods. Once the
surface potential is obtained, the Grahame equation34 can be
used to find the surface charge density
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where σ is the surface charge density, εr is the relative
permittivity of water, ε0 is the vacuum permittivity, k is the
Boltzmann constant, T is temperature, e is the elementary
charge, z is the electrolyte valence, λd is the Debye length of
solution, and ψ0 is the surface potential.
Using nanopores, we overcome this challenge. We present a

method to characterize anisotropic particle charge. Our method
proceeds in two steps. First, we measure the translocation of
nanorods through a nanopore of known dimensions. We then
use the information about the ionic current change to simulate
the nanorod translocation assuming a given surface charge. By
iteratively altering the assumed surface charge until the
simulations match the experimental results, we determine the
nanorod surface charge. We first validate our model by
translocating spherical gold nanoparticles of known charge,
measured with ELS.
We demonstrate this technique on ∼10 nm-diameter gold

NRs using silicon nitride nanopores. The data are gathered in
bulk quantities (most data sets in this paper contain over 500
events), but with information recorded on individual nanorods
one at a time.
A schematic of the nanopore experimental design is shown in

Figure 1. A nanometer-sized pore in a thin membrane is
positioned to divide two chambers of ionic solution such that
the only path from one chamber to the other is through the
nanopore. An electrode is placed in each chamber and
connected to an amplifier, and nanorods are added to one
chamber. When a potential is applied across the nanopore, a
steady current, or open pore current, is observed. The potential
also serves to drive the charged nanorods through the pore. As
the nanorods pass through the nanopore, or translocate, their

presence alters the current density inside the nanopore, and a
current change is noted in the electrical readout (Figure 2). If
the presence of the nanorods decreases the current density
through the nanopore, a decrease is observed in the electrical
readout, and if it increases the current density, an increase is
observed. We show from these events that the charge on
arbitrarily shaped nanoparticles can be determined.
Silicon nitride membrane fabrication is described else-

where.36,37 Briefly, suspended 40 nm thick silicon nitride
membranes approximately 25 μm square are supported by 5
μm of silicon dioxide (used for capacitance reduction) on 500
μm of n-type doped silicon. A schematic cross section of the
completed membrane design is shown in Figure 1a. Nanopores
are drilled in the silicon nitride membrane using the condensed
beam of a JEOL 2010F TEM.38 The nanopores presented here
have diameters in the range of 19 to 27 nm to accommodate
the NRs used. Figure 1b shows a TEM image of one such
nanopore with a diameter of 23 nm. To account for the fact
that nanopores are not perfectly circular and more accurately
described by ellipses, nanopore area was measured from TEM
images of the nanopore, and the nanopore diameter was
calculated from a circle of equivalent area. We estimate the
error in our nanopore diameter to be 0.5 nm due to
measurement error. The nanopore device is cleaned directly
prior to testing in hot piranha solution for 10 min. The
nanopore is then sealed over an aperture in a polytetrafluoro-
ethylene (PTFE) cell with silicone elastomer, and positioned
inside a PTFE channel, shown in Figure 1c. Salt solution
composed of 1, 10, or 100 mM KCl with EDTA at 1/1000 the
KCl concentration buffered to pH 8 using Tris−HCl at 1/100
the KCl concentration is injected into the cell and channel.

Figure 1. (a) Nanopore structure (not to scale). The nanopore is created in a 40 nm thick silicon nitride membrane, as demonstrated in the TEM
image. The silicon nitride membrane is supported by 5 μm of silicon dioxide for noise reduction on a 500 μm silicon wafer. (b) TEM image of a
nanopore. The nanopore shown is 23 nm in diameter. (c) Experimental design. The nanopore is placed to divide two chambers of KCl solution. A
voltage bias is applied between the chambers, and nanorods are introduced to the chamber at higher bias. The nanorods are drawn throught the
nanopore by the potential bias. (d) Nanorod characterization. Nanorod samples ranged in length between 44 and 65 nm. The nanorods pictured are
10 nm in diameter and 44 nm long. (e) Demonstration of the nanorod−nanopore system. A nanorod capped with cetyltrimethylammonium
bromide molecules inside a silicon nitride nanopore is illustrated with a 20 nm diameter nanopore and a 11 nm diameter nanorod. The silicon nitride
pore is presented in purple and gray. In the center, the gold nanorod and the ligands are shown in yellow (NR) and green (ligands). In between the
nanorod and the walls of the pore, water molecules and KCl ions are shown as red/white and green/yellow spheres, respectively.
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This low salt concentration is used to prevent NR aggregation,
and NR aggregation was checked using absorbance spectros-
copy (see Supporting Information Figure S2). Bias potentials
between 500 mV and 2000 mV are applied across the nanopore
using Ag/AgCl electrodes separated from the solution by a 1%
agarose gel, and ionic current is monitored as a function of
time. Agarose gel is used to prevent any interaction of the
nanorods or nanorod coating with the electrodes.
Gold NR synthesis has been recently described elsewhere.39

All NR samples used here are 10 ± 3 nm in diameter. The three
NR samples used are 65 ± 11 nm in length and 10 ± 2 nm in
diameter, 45 ± 7 nm in length and 9 ± 2 nm in diameter, 44 ±
6 nm in length and 10 ± 2 nm in diameter, or spherical
particles 12 ± 2 nm in diameter, as determined by analyzing a
large number of particles from TEM images (see Supporting

Information Figure S1). A TEM image of a typical nanorod
sample is shown in Figure 1d. NRs are colloidally stabilized
with double layers of cetyltrimethylammonium bromide
(CTAB), which gives the NRs a positive charge in solution
and adds an additional 2 nm to all surfaces of the NR, making
the gold nanorod-ligand system ∼14 nm in effective diameter,
as simulated below and illustrated in Figure 1e. The absorbance
spectrum for nanorods in a range of KCl concentrations was
checked, and for the salt concentrations presented here (100
mM KCl or less), the absorbance peaks were not found to
broaden or red-shift, indicating that the nanorods have
negligible agglomeration at these salt concentrations (see
Supporting Information Figure S2).

Results and Discussion. Figure 2 shows one data set
acquired during this experiment. Figure 2a shows segments of

Figure 2. (a) Segment of a current trace for a nanorod experiment. This experiment used a 24 nm diameter nanopore with 65 nm long nanorods
that were 10 nm in diameter. The data were taken in 10 mM KCl solution. Before nanorods are added, or when the voltage polarity is switched, no
translocation events are seen, demonstrated in the top trace taken at −500 mV. After nanorods are added, spikes are seen in the current versus time
trace (bottom trace taken at +500 mV). These are translocation events. This is the only experiment taken on the Axopatch 200B. All other
experiments were taken on the Chimera VC100. (b) Results of another nanorod translocation experiment. This experiment was performed at −600
mV applied bias and 100 mM KCl, with a 19.3 nm diameter nanopore and 45 nm long, 9 nm diameter nanorods. Although occasional downward
spikes can be seen in the current vs time trace, these events are extremely rare compared to the frequency of upward spikes, and are attributed to
noise in the system. (c) Results of a nanorod translocation experiment. This experiment was performed at 1 V applied bias and 1 mM KCl, with a
20.4 nm diameter nanopore and 45 nm long, 9 nm diameter nanorods. For (b) and (c), a segment of the raw current vs time trace is shown at the
top alongside a TEM image of the nanopore used in the experiment. The scale bars in the TEM images are 10 nm. Below is plotted a 2D histogram
of the change in current (ΔI) during an event versus the duration of the event. Along the sides are the corresponding 1D histograms. ΔI is fit to a
Gaussian function, and event duration is fit to an exponential function to determine the quoted values of ΔI and event duration.
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the current versus time trace acquired during the experiment.
Voltage is applied to the top electrode (Figure 1c) and
measured at the bottom electrode, held at virtual ground.
Before nanorods are added to the voltage-applying chamber, or
when a negative voltage applied to the top electrode prevents
the positively charged nanorod used here from translocating, no
translocation events are seen (Figure 2, top). When nanorods
are added to the voltage-applying chamber and the correct
positive voltage polarity is applied to the top electrode, nanorod
translocations appear as spikes in the current versus time trace
(Figure 2, bottom). After the addition of nanoparticles,
fluctuations in the baseline current are observed in some
measurements. For example, Figure 2c shows baseline current
fluctuations of ∼0.1 nA at 1 V applied bias. Although these
fluctuations may be due to the translocations of individual
cetyltrimethylammonium molecules, which are large enough to
modulate the nanopore current but small enough, and
translocate frequently enough, to avoid appearing as individual
translocation events, we investigated the baseline noise
dependence upon addition of CTAB molecules only and
observed no noticeable increase in baseline noise (see
Supporting Information Figure S4). However, baseline current
fluctuations were observed to increase with applied voltage, and
the voltage above which fluctuations became noticeable varied
between nanopores. Although the origin of these fluctuations is
unclear at present, evidence suggests it is not due to CTAB
molecules in solution, but rather it may be related to inherent
mechanisms of ion current flow through the nanopore at high
applied bias. By plotting the change in conductance during an
event (ΔG) versus the event duration, the distribution of event
shapes becomes clear. Figure 2b and c show two more
experiments using the nanopores pictured with a segment of
the current versus time trace and their histogram distributions
of event duration and ΔG.
We found that the percent change in the conductance, ΔG/

G0 = (G0 − Gevent) × 100%/G0, where G0 is the nanopore
conductance without a nanoparticle present and Gevent is the

nanopore conductance during nanoparticle translocation,
decreases with increasing pore diameter (see Figure 3a), so
that events increase the conductance in small diameter
nanopores (trace in Figure 3b) and decrease the conductance
in large diameter nanopores (trace in Figure 3c). Figure 3a
shows ΔG/G0 vs nanopore diameter for experiments using 100
mM KCl in a range of nanopore diameters. If we use only a
geometrical argument to understand the dependence on ΔG/
G0, where the nanopore functions as a resistor and a
translocating nanoparticle effectively reduces the resistor
cross-sectional area (A), G = σA/l, where σ is the solution
conductivity and l is the nanopore membrane thickness, then
ΔG/G0 should never be greater than 0 (shown as a dashed
black line in Figure 3a) because a resistor with a smaller cross-
sectional area should always have a lower conductivity. Further,
from this model, ΔG/G0 should asymptotically approach zero
as the pore diameter grows because the nanorod cross-sectional
area accounts for a smaller fraction of the nanopore cross-
sectional area as the nanopore diameter grows. This geometric
model is plotted as a dashed blue line in Figure 3a. Instead, we
observe that ΔG/G0 crosses over from positive to negative
values as the nanopore diameter increases, corresponding to a
transition from events that increase to events that decrease the
current.
The regime of increased ionic current in smaller diameter

nanopores during NR translocations is likely due to interaction
between the Debye layers of the nanopore and nanorod. Our
nanopores have been measured to have a negative surface
charge similar to published values40 due to hydroxyl groups that
attach to the silicon during piranha treatment (see Supporting
Information Figure S3 for a measurement of pore surface
charge), and the nanorods have a positive surface charge due to
the dissociation of the Br− ion from the CTAB coating. For
small pores, the Debye layers of the nanorod and the nanopore
overlap, thereby increasing the net ion concentration inside the
pore. If the increase in the total number of ions near the
nanopore walls is greater than the number of ions that were

Figure 3. (a) Plot of the event percent change in the conductance during an event versus the nanopore diameter. Each marker represents a different
current vs time trace collected. The nanoparticle lengths used in each experiment vary, but no trend was observed between nanoparticle length and
ΔG/G0. The nanopore thickness (40 nm) and salt concentration (100 mM KCl) were held constant in all experiments shown. We found that the
percent change in the conductance decreases as the nanopore diameter increases. ΔG/G0 error bars correspond to the standard deviation of
histograms of the relative change of conductance during nanorod translocations. ΔG/G0 = 0 is marked with a dashed black line, and the theoretical
curve based on geometric arguments (−dNR2/dpore2) is shown as a dashed blue line, where dNR = 10 nm is the nanorod diameter, and dpore is the
nanopore diameter. The data point shown in green corresponds to (b) the top nanopore and green current vs time trace. These data were taken with
the 44 nm long nanorod sample at 1 V applied bias. Although the baseline fluctuates somewhat, all data sets including (b) were analyzed with a
moving baseline, and events were defined as five standard deviations of the noise below the baseline. The data point shown in red in (a) corresponds
to (c) the bottom nanopore and red current vs time trace. This data was taken with the spherical nanoparticle sample at 1 V applied bias. The scale
bars in the TEM images are 10 nm, and the black outline in the TEM images is a guide to the eye of the nanorod cross section, including the CTAB
coating. (d) Schematic demonstration of the effect of electric double layer on ion concentration inside the nanopore.
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blocked by the nanoparticle, a positive change in conductance is
observed. Ionic mobility also plays a role in the final nanopore
conductance. Throughout a single experiment, we observe that
either every event increases the conductance or every event
decreases the conductance, but we never observe both
increasing and decreasing events in the same experiment.
Additionally, the same nanorod sample has shown events with
increasing current in smaller pores and events with decreasing
current in larger pores. This suggests that it is the nanopore
diameter (relative to the constant nanorod diameter) and not
the nanorod sample that is responsible for this phenomenon.
Geometrically, in 100 mM KCl solution (λd ≈ 1 nm), the
electrical double layers should begin to overlap when the
nanopore is ≤19 nm, and from Figure 3a, we see that the
crossover between increasing and decreasing events occurs
around 20 nm. A similar effect has been observed previously in
DNA translocation experiments by altering the salt concen-
tration41 or the pH,42 and both modifications will alter the size
of the electrical double layers. Events that enhance conduction
in silicon nitride nanopores were observed for negatively
charged gold nanoparticles23 under similar conditions of low
salt concentration and the ratio of nanoparticle to nanopore
diameter of ∼0.5−0.8, attributed to the interplay of surface
charge values, salt concentration, and the ratio of nanopore to
nanoparticle diameter. Event duration was also analyzed. As
expected, longer NRs had longer translocation times (see
Supporting Information Figure S4). To elaborate on this point,
we consider a model that takes into account the nanopore
blockade and the increase in the ion concentration due to the
electric double layer effects. There are two significant
contributions to ΔG. One due to the nanorod occluding the
nanopore, which can be described as41

π μ μΔ = − ++ −G
L

d N C e
4

( )1
pore

NR
2

K Cl a 0
(2)

where Na and e are the Avogadro number and electron charge,
respectively. Here, C0 is the initial ion concentration in the
solution. The other contribution, as shown in Figure 3d, comes
from the ion concentration increase (ΔC) due to double layer
effects

π μ μΔ = + − + Δ+ −G
L

d d N Ce
4

( )( )2
pore

pore
2

NR
2

K Cl a
(3)

This results in G/G0 = (ΔG1 + ΔG2)/G0 = (ΔC/C0)(1 − dNR
2/

dpore
2) − dNR

2/dpore
2; an average ΔG/G0 around 20% as

observed in our measurements, would correspond in this model
to an increase in ion concentration of about ΔC = 0.76C0 for a
19.5 nm diameter pore and a 11 nm diameter rod. This
possibility is supported by Monte Carlo simulations of electrical
double-layer formation inside nanopores43 showing increases in
ion concentration inside the nanopore, even as large as ΔC =
5C0. An increase in concentration is expected when the electric
double layers play a significant role, which is the case for
smaller nanopore diameters. The value of ΔC will in general
depend on the specific nanopore and would be different for
different nanopore sizes. Motivated by our work, future efforts
may include a rigorous modeling of the overlapping double
layers and their effect on ion transport inside nanopores.
Sample simulation results for spherical nanoparticles and

nanorods are shown in Figure 4a and b. To validate our method
for measuring anisotropic nanoparticle surface charge, we first
tested the method with spherical nanoparticles. The change in
ionic current during nanoparticle translocation is defined as ΔI.
Experimentally, quoted ΔI values were found by fitting a
histogram of ΔI for hundreds of translocation events to a
Gaussian distribution. To compare simulation to experiment,
finite element modeling was used to obtain a theoretical
prediction (ΔIth). This value was then compared to the mean of
the measured current distribution (ΔImeas). For the trans-
location of spherical nanoparticles through nanopores, the
nanoparticle surface charge density and all other required input
parameters are known. Here, we focus only on systems with
larger diameter pores that can be modeled as resistors and in
which the nanoparticle passage causes a decrease in ionic
current. We used a finite element model to calculate the electric
current inside the pore (see Methods). In Figure 4a, we have
shown the electric potential profile obtained inside the pore in
the presence of a spherical nanoparticle of diameter 11 nm. As
shown in Figure 4c, at 2000 mV, for a 21 nm pore with 100
mM KCl and a translocating 11 nm spherical nanoparticle, the
finite element model predicts a value of ΔIth = 1.0 nA where the
experimental results reveal an value of ΔImeas = 0.7 ± 0.5 nA.
Therefore, the simulation result lies in between the
experimental measurement limits and we observe a good
agreement between the simulation and the experiment.
For nanorods, we can use the finite element model to

estimate the nanorod surface charge density σrod based on the
experimental result for the current change (ΔImeas) during

Figure 4. (a) Electric potential profile inside a nanopore during spherical nanoparticle translocation with voltage bias of 2 V, corresponding to ionic
current changes shown in (c). The electric field vector points downward in this picture. (b) Electric potential for nanorod translocation with voltage
bias of 1 V, corresponding to ionic current data in Figure 3b and c. (c) Change of ionic current, ΔI, during spherical nanoparticle translocation from
experiments and simulation. The histogram of the current change is shown with the vertical dashed line representing the simulation result.
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nanorod translocation. Since the only unknown parameter is
the nanorod surface charge density, choosing a specific value for
σrod will result in a corresponding ΔIth obtained from the
model. Therefore, through trial and error, that is, by choosing
different values for σrod as an input parameter and calculating
the corresponding ΔIth from the finite element model, a surface
charge density that results in a ΔIth matching with experimental
data (ΔImeas) can be found. The trial and error was started from
a surface charge density value of 10 mC/m2, around that of the
spherical nanoparticles, with steps of 2 mC/m2 until a desirable
value for ΔIth is obtained. The iteration is performed for both
the upper and lower limits of ΔImeas obtained from the
experiments. The same procedure is repeated for translocation
events of nanorods of two different lengths, 44 and 65 nm,
inside a 19 nm pore. Based on these iterations, we obtained
average values of 26 ± 10 mC/m2 and 18 ± 9 mC/m2 for the
nanorod surface charge densities, respectively. The average
value of the surface charge density obtained here is larger than
that of the spherical nanoparticles (14 mC/m2). The surface
charge density is usually proportional to the surface ligand
coverage of the particles, which typically scales with the surface-
to-volume ratio.44 This ratio is smaller for spherical shapes
compared to cylinders, and thus, we would expect lower ligand
surface coverage for the spherical nanoparticles. For nanorods
of different lengths but the same diameter, the surface to
volume ratio is smaller for longer nanorods, consistent with
surface charge densities that we obtained.
Using numerical simulations along with experimental data

provides a promising method for characterizing and measuring
unknown properties of nanoparticles of different shapes. The
numerical method used here has also been used and validated
for DNA translocation inside solid-state nanopores.45 Com-
pared to the ELS measurement, the numerical solution of the
coupled Navier−Stokes and Maxwell equations in our method
is more accurate than simple approximations assumed for
spherical particles. At the same time, our method has the
advantage that it can be generalized for particles with different
shapes and geometries. Some typical limitations include the
errors associated with the experimental measurements as well as
the inaccuracies within the framework of continuum models,
especially with regards to molecular level details for smaller
nanopores, which are also common in other continuum level
models such as the ones used with ELS measurements.
Conclusion. In this work, we demonstrated an original

method for characterizing the surface charge on gold nanorods
due to charged ligands. The method works by first measuring
the current change and event duration during nanorod transit,
then iteratively adjusting the surface charge value of the
nanorod in simulations of translocations until the simulation
matches the experiment. We first validated our method by
measuring the surface charge on spherical nanoparticles and
comparing it to values obtained by ELS and found the numbers
to be in good agreement. We found that in some experiments,
translocation events increased the nanopore current and in
others, events decreased the current, for smaller and larger
diameter nanopores, respectively. We surmise that this
transition from positive to negative current change is due to
the onset of interactions between the Debye layers of the
nanoparticle and nanopore at low salt concentrations for
nanopore diameters comparable to the nanoparticle size.
Although our model describes well the regime of ΔG/G0 < 0
in larger diameter nanopores, future work should include more
detailed simulations to quantitatively explain the observed

crossover of ΔG/G0 from positive to negative values as the
nanopore diameter increases. We anticipate that future studies
will make use of this new characterization method in
experiments on charged nanorods.

Materials and Methods. Either a VC100 low-noise patch-
clamp amplifier (Chimera Instruments) or an Axopatch 200B
(Molecular Devices) was used to measure the current through
the nanopore and apply a bias voltage. When the Chimera was
used, data were sampled at 6 MHz bandwidth, and a fourth-
order low-pass Bessel filter was applied at 1 MHz. All data were
digitally filtered with a low-pass cutoff of 10 kHz and a sampling
rate of either 50 or 100 kS/s. Custom Python software defines
events as a percent change in the current relative to the
standard deviation of the moving average open pore
conductance. For analysis purposes, we consider an event to
end when the conductance value returns to within one standard
deviation of its previous open pore conductance value. All
current versus time trace displayed in this paper are displayed
with the filtering settings with which they were analyzed.
Surface charge density values were extracted from zeta

potential measurements. For nanorods, this value is an
estimation due to violating the spherical particle assumption.
The values extracted from these results were 10 mC/m2 for the
65 nm long nanorods and 9 mC/m2 for the 44 nm long
nanorods. For spherical nanoparticles, this value represents a
more accurate measurement of surface charge density. For the
spherical nanoparticles used here, a value of 14 mC/m2 was
obtained.
Atomistic level models have been previously used to study

the solid-state nanopores46 as well as different properties of
nanoparticles capped with organic ligands.47−51 Due to the
computational limitations, these models prove to be useful for
small sized systems with pores and nanoparticles of diameters
below 5 nm. For larger systems, similar to the ones we study
here, the kinetics of particle translocation through nanopores
can be studied using continuum models. In the numerical
simulations we used the finite element method to solve the
coupled Navier−Stokes, Maxwell, and the drift−diffusion
equations using COMSOL Multiphysics. For spherical nano-
particles, we used an average diameter of 11 nm for the particle
and 21 nm for the pore. For 100 mM KCl, we use values of μK+

= 6.10 × 10−8 m2/(V s) and μCl− = 6.36 × 10−8 m2/(V s) for
the mobilities of of electrolyte45 and a value of σ = −23 mC/m2

for the nanopore surface charge density (see Supporting
Information Figure S3). For nanorods, we consider a pore
diameter of 19 nm, an average diameter of 11 nm for nanorods
with rod length of 44 nm with voltage 1 V and another rod of
length 65 nm with voltage 0.5 V.
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