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We present a theoretical study of nanorod translocation events through solid-state nanopores
of different sizes which result in positive or negative ion conductance changes. Using theoretical
models, we show that positive conductance changes or up events happen for nanopore diameters
smaller than a transition diameter, d:, and negative conductance changes or down events occur
for nanopore diameters larger than d.. We investigate the underlying physics of such translocation
phenomena and describe the significance of the electric double layer effects for nanopores with small
diameters. Furthermore, for nanopores with large diameters, it is shown that a geometric model,
formulated based on the nanoparticle blockade inside the nanopore, provides a straightforward and
reasonably accurate prediction of ion conductance change. Based on this concept, we also implement
a method to distinguish and detect nanorods of different sizes through focusing solely on the sign,
and not the exact value, of the conductance change.

I. INTRODUCTION

Solid-state nanopores have become increasingly popu-
lar tools for characterizing various biomolecules[1-9]. Fu-
eled mainly by new potential applications for genomic
analysis and DNA sequencing [10, 11], nanopore tech-
nology has been used to study protein binding and
unbinding[12], molecular forces[13, 14], DNA-protein
interactions[15, 16], and even properties of rod-shaped
viruses [17]. Nanopores have also found use for study-
ing nanoparticles in applications such as creating and
trapping [18, 19], or detecting [20, 21] and separating[22]
nanoparticles, as well as measuring nanoparticle surface
charge densities [23]. Nanoparticle translocation causes
a change in ion current, or equivalently, in conductance
inside nanopores which can be used to characterize the
translocating particles. Previous studies have focused on
measurement of such conductance changes [20, 23, 24]
which depend on nanoparticle properties. However, the
exact value of the conductance change is hard to describe
and is usually presented as an average value with con-
siderable errors [20, 23]. It is therefore challenging to
characterize nanoparticles based on a correlation between
nanoparticle size or shape and the value of the conduc-
tance change. Additionally, a clear theoretical under-
standing of such systems is not available which makes it
even harder to relate the outputs from experiments to
system properties.

Nanoparticle passage through nanopores is usually ex-
pected to decrease ion current, similar to the case of typ-
ical Coulter counters [25]. In other cases, an increase in
conductance has been reported [20, 23]. Limited studies
on DNA translocation have also mentioned such conduc-
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tance increases [26, 27]. However, the conditions under
which the translocation events result in conductance in-
crease or decrease and the implications of such events
have not been studied before. A clear understanding of
such translocation regimes provides valuable insight into
the underlying physics and facilitates definition of pre-
dictable and easily distinguishable (+1) and (—1) states
that correspond to these positive and negative conduc-
tance changes. This leads to new methods for character-
izing a wide variety of nanoparticles since detecting an
increase or a decrease in conductance is easier and more
practical than calculating the exact value of the conduc-
tance as a function of system properties.

In this Letter, we study nanoparticle translocation
events that result either in an increase or a decrease
in ion current. Using theoretical models encompassing
fundamental physical principles governing the dynam-
ics of a nanorod-nanopore system, we show that based
on the relative size of the nanopore and the nanorod,
translocation events with either increasing or decreasing
ion currents can happen. We characterize the different
regimes observed for nanorod translocation as a func-
tion of nanopore diameter and discuss the conditions un-
der which using a straightforward model based on the
geometric blockade is sufficiently accurate to describe
translocation events. We also study translocation of
nanorods with different sizes and demonstrate a method
to characterize and distinguish such nanorod based solely
on detecting translocation events with positive or nega-
tive ion current changes.

II. THEORETICAL MODEL

We begin our study by considering a nanorod translo-
cating through nanopores of different diameters as shown
schematically in Fig. 1. In this setup, nanopores are
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FIG. 1. (Color online) Schematic demonstration of nanorod
translocation through two nanopores of different diameters.
The nanopore membrane is shown in grey. The nanorod is
shown in orange in the middle of the pore. Cation and anions
are shown by the small and large spheres.

positioned in a thin membrane to divide two chambers
of ionic solutions such that the pores are the only path
for ion transport between the chambers. When a po-
tential is applied across the nanopores, a steady ionic
current is observed. The open pore current corresponds
to this steady current in the absence of nanorods. As the
nanorods, which carry a positive surface charge, translo-
cate through the nanopores, one by one, their presence
results in a change in the current density inside the
nanopores. This current change, or the equivalent con-
ductance change, is a key, experimentally available, quan-
tity for characterizing translocation events. We use the
terminology up event when an increase in the ionic cur-
rent is observed. Similarly, a down event refers to a de-
crease in the ionic current. Here we investigate the con-
ditions under which such events will happen. We use a
theoretical model to analyze the nanopore-nanorod sys-
tem and study these up and down events. In the sys-
tems we study here, the nanorod surface is covered by
cetyltrimethylammonium bromide (CTAB) ligands [28].
The nanopore walls are also covered with surface func-
tionalizing groups [23, 28]. We consider an average 1.5
nm increase for nanoparticles diameter and a correspond-
ing 1.5 nm decrease in the nanorod diameter to build the
suitable geometry that takes into account the presence of
the ligands.

To study up and down events, we first need to calcu-
late the open pore conductance, Go. In the absence of
the translocating nanorod, the total current is a combina-
tion of the contributions of the bulk concentration of ions
and the positive ions shielding the negatively charged
nanopore walls [26, 29]. Therefore, Gy is calculated based
on
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Here F is the Faraday constant, px, and pc;_ are

the mobility of the cations and anions, ¢y is the bulk
concentration of ions inside the nanopore, and opore is
the surface charge density of the nanopore. Ly, and
dpore Tepresent the length and diameter of the nanopore.
For the system we study here, Lyore = 42 nm, opore =
—23x1072C/m?, pk, = 6.10 x 107°m?/V's, pci_ =
6.36x1078m?/V s, and ¢ = 100 mM [27]. The nanopore
diameter, dpore, is the variable parameter in the model
and is considered to be between 17 and 28 nm.

To calculate the conductance change due to the
translocation of a nanorod, we note that the nanorod
blocks a portion of the ionic current due to the volume
it occupies inside the pore. This blockade effect yields
a conductance reduction (i.e. AG < 0). On the other
hand, since the nanorod walls carry a positive charge,
the anions inside the electrolyte solution that surround
the nanorod follow the movement of the nanorod and
therefore induce an increase in anionic current. By con-
sidering the superposition of these two opposing effects,
we can now calculate the total change in conductance
due to nanorod translocation as
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where d,,q is the nanorod diameter. For the first
term of Eq. 2, the nanorod occupies a region inside the
nanopore where ion concentrations are equal to the bulk
concentration ¢y in an open-pore system in the absence of
the nanorod. In the second term of Eq. 2, A, denotes the
effective charge per unit length of the counterions screen-
ing the nanorod wall which introduces the positive con-
tribution to the total conductance change [26]. The value
of A\q is dependent on the distribution of ion concentra-
tion in the space between the nanopore and the nanorod
walls. Since both the nanopore and nanorod walls are
charged, electric double layers are formed next to each
wall due to the presence of shielding counterions. When
the nanopore and nanorod walls are far away from each
other, i.e. in larger nanopores, the shielding counterions
of the nanorod are not influenced by the nanopore walls.
In this case, A\, is essentially equal to the charge per unit
length of the nanorod as the shielding counterions are just
affected by the surface charge of the nanorod. However,
as the nanorod and nanopore walls become closer to each
other, i.e. in smaller nanopores, the double layers start
overlapping and influencing each other, thereby affecting
Ag. If the nanopore wall is close to the nanorod wall, it
will magnify the effect of the negative charges shielding
the nanorod wall since the nanopore wall is negatively
charged and will push the negative ions away from itself
and towards the nanorod wall. This will result in an in-
crease in A4 as the nanorod and nanopore walls get closer
to each other.

Variations of A, as a function of the relative nanorod-
nanopore size can be alternatively explained by studying
the effective force acting on the nanorod. This is essen-
tially the driving force for nanorod translocation which



in turn induces a positive conductance change by dis-
placing the shielding counterions around the nanorod.
The total effective force, Ferr, acting on translocating
particles is a combination of the bare electric force and
electroosmotic forces [13]. This force can be represented
by [13, 30] Ferf = Mgy X Ag, where A¢ is the applied
potential across the nanopore, and A¢y ¢ represents the ef-
fective charge per unit length, similar to A, in our model.
Since in our model A, decreases as nanopore diameter in-
creases, it suggests that the effective force decreases as
the nanopore size increases. This observation is in agree-
ment with previous theoretical and experimental studies
of the effective force acting on rod-shaped DNA molecules
translocating through solid-state nanopores [13, 31].
Next, in order to define the two regimes dis-
cussed above more rigorously, we introduce a quantity
dseparation Which represents the difference between the
pore and the rod diameters beyond which electric double-
layers do not overlap. The value of dseparation can be cal-
culated based on the thickness of the double layers next
to the nanorod and nanopore walls. For this purpose, we
calculate the cation and anion concentrations, cx, and
cci_ , from numerical solution of the Navier-Stokes and
Poisson-Nernst-Planck equations [29, 30, 34]. The result-
ing concentration profiles are shown in Fig. 2. By consid-
ering the ion concentration profile for larger nanopores,
such as the system with a 28 nm nanopore shown in Fig.
2 (b), we find that double layers next to the nanorod and
the nanopore are approximately 1.5 nm and 2 nm thick,
respectively. Considering the 1.5 nm combined length of
the surface functionalizing groups attached to the out-
side surface of the nanorod and the inside surface of the
nanopore, we estimate a value of rseparation ~ 5 nm, or
dseparation ~ 10 nm. Thus, with dseparation determined,
if dpore — drod > dseparation, Aq is constant and can be
calculated as the charge per unit length of the nanorod,
ie., Ao = TdroaTroa Where o,0q = 1.8 x 1072C/m? is
the surface charge density of the nanorod [23]. When
dpore — drod < dseparation, Aq Will increase. Based on
experimental measurements [23], for a 11 nm diameter
nanorod inside a dpore1 = 19 nm nanopore, AG/Gy
around 20% is observed which can be equivalently ob-
tained using A;1 = 3.2nC/m with Egs. 1 and 2. With
Aqo and Ag1 in hand, we use a simple linear curve fit to
calculate the values of )\, for nanopore diameters that

satisfy the condition dpore — drod < dseparation-

IIT. RESULTS AND DISCUSSION

After calculating A;, we can use Eqgs. 1 and 2 to calcu-
late Gy and AG for different nanopore diameters. Fig-
ure 3 (a) shows a schematic view of the the nanopore-
nanorod system. The resulting relative conductance
change, AG/Gy is shown in Fig. 3 (b) for different
nanopore diameters. For small nanopore diameters, pos-
itive AG, or up events, are observed while for large
nanopore diameters AG is negative, corresponding to a

(a) (b)

250 300

42 nm
%)
(=3
S
¢ (mM)
)
i=3
=

4 T
Nanopore pore

double layer
‘12.5 nm, |

15.5nm

FIG. 2. (Color online) (a)Cation concentration inside the
nanopore in presence of a translocating nanorod. (b) Ion con-
centration in the space between the nanorod and the nanopore
for a smaller 17 nm and a larger 28 nm nanopore. 7,4 and
Tpore Tepresent the nanorod and nanopore radii.

down event. A similar trend is observed from the few
available experimental values [23], which have not been
explained quantitatively before and are in good agree-
ment with our simulations. More specifically, for the 11
nm nanorods, up events happen when nanopore diameter
is smaller than d; ~ 19.9 nm which we call the transition
diameter. For nanopore diameters larger than the transi-
tion diameter, down events occur. Therefore, d; presents
a measure for detecting (+1) and (—1) states that are
defined simply based on the sign of AG/Go.

Looking at the simulation results for AG/G versus
the nanopore diameter, we observe two different regions
in Fig. 3 (b). The red curve (surrounded by the shaded
area) describes a simple model based on the geometric
blockade of the nanorod inside the nanopore can pro-
vide a fairly accurate description. We call this model
the geometric model which expresses AG with respect to
the amount of space occupied by the nanorod inside the
nanopore. Since the nanopore and the nanorod represent
cylindrical geometries, the ionic current change relative
to the open pore current will be proportional to the re-
duction in cross sectional surface area of the nanopore in

. d?
presence of the nanorod, i.e. AG/Gy = — == where dp,

2
represents the effective diameter of the ngnorod. This
geometric model provides a rather simple explanation
of the ion conductance change due to nanorod translo-
cation; the negative sign implies a reduction in the ion
current. Comparing the theoretical model results to the
geometric model reveals that this model is only valid for
down events when the nanopore diameter is larger than
a specific value denoted by d,. For the system discussed
in Fig. 3 (a), we have d; ~ 21 nm. The red curve in

Fig. 3 (b) represents the geometric model, — dﬁ;’ with
an effective nanorod diameter of d¢/f = 11.25 nm. The
bounding shaded area is described by the same model
with d,,, limits corresponding to d¢/f + 6.7%. This re-
sult shows it is possible to use a straightforward geomet-
ric model to describe the ion conductance change similar
to typical Coulter counters, however, this approximation
is only valid for nanopore diameters larger than d,. Ad-
ditionally, we also calculated the Dukhin length [32], I py,
to study the effect of surface conductance. For the sys-
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FIG. 3. (Color online) (a)Cross-sectional view of the nanopore-nanorod system. The nanorod wall is covered with ligands and
carries a positive charge, while the nanopore wall carries a negative charge. (b) AG/Go(%) versus the nanopore diameter,
dpore, Obtained from the thoeretical model in comparison to experimental data. The red curve (surrounded by the shaded area)

represents the simple geometric model.

tem we consider here, Dukhin length is about 0.9 nm,
approximated based on lp, = (|ored|/€)/(2¢o) where
Oroq 18 the nanorod surface charge density and e is the
electron charge [32]. When the nanopore wall and the
nanorod walls are close to each other, the Dukhin length
is relatively large, thus the surface conductivity effect by
the rod becomes significant and contributes to Acsy. In
summary, the combination of the effects of Debye layer,
Dukhin layer, and geometrical blockade is responsible
for the conductance change with the first two effects re-
flected in Acrp. It is also worth mentioning that as F.yy
is partially determined by electroosmotic force, the elec-
troosmotic effect is another source that influences the
total conductance change [33]. Furthermore, we define a
dimensionless quantity d* = (dpore — drod)/(IDe + IDu)
based on the nanopore and nanorod diameters, and the
Debye (Ipe) and Dukhin (Ip,,) lengths. Based on the cal-
culation of dgeperation and the double layer and Dukhin
lengths in previous discussion, the geometric model will
be valid for d* > 2.3. This provides a simpler measure
based on a dimensionless quantity defined by the physical
parameters of the system.

Next, revisiting Fig. 3 (b), we look at the up and down
events and the validity of the geometric model in more
detail. In Fig. 4 (a), we studied the transition between up
and down events for nanorods of different diameters by
calculating d; from theoretical model. For each nanopar-
ticle diameter the value of d; determines the nanopore
diameter above which down events are observed and be-
low which up events are observed. Figure 4 (a) shows
the resulting d; values for nanorods with diameters in the
9 — 15 nm range. This plot provides different choices of
nanopore diameter that result in up events for nanorods

of one size and down events for nanorods of another size.
For example, if we consider a 10 nm and a 14 nm nanorod
translocating through a 20 nm nanopore, up events are
observed for the 14 nm nanorod and down events are ob-
served for the 10 nm nanorod. Such combinations of (+1)
and (—1) states provide a powerful tool to detect and
distinguish nanorods of different size based solely on the
sign of the current change. In particular, if we consider
an electrolyte solution that contains two different sizes of
nanorods, provided that appropriate conditions based on
Fig. 4 (a) are satisfied, applying an external voltage will
result in observation of both up and down translocation
events. Each (41) state, i.e. positive ion current change,
represents the translocation of the larger nanorod and
each (—1) state, i.e. negative ion current change, repre-
sents the translocation of a smaller nanorod. Therefore,
the plot in Fig. 4 (a) provides a blueprint for designing
nanoparticle detection or counting devices that can dis-
tinguish between nanoparticles of different size. Also, the
fact that this design will only be based on positive or neg-
ative current change observations, and not on the exact
value of the current change, increases the effectiveness
of this method since comparing exact numerical values
needs extra computational and experimental efforts and
is often subjected to different possible errors.

We can also determine the conditions for validity of
the geometric model for nanorods of different size by cal-
culating the corresponding dy. Figure 4 (b) shows the
value of d4 calculated for nanorods of different diame-
ters. This figure will provide valuable knowledge about
using the straightforward geometric model to get an ac-
curate estimate of the ion conductance change. For each
specific nanorod diameter, the geometric model is only
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FIG. 4. (Color online) (a) d: as a function of nanorod diam-
eter. (b) dg4 values for nanorods of different diameters.

valid for nanopore diameters larger than the correspond-
ing d,. By considering the curve formed by connecting
the points on Fig. 4 (b), we can determine whether the

geometric model is valid or not, given both the nanorod
and nanopore diameters. If the corresponding point (d,,,
dpore) lies above the curve in Fig. 4 (b), using the geo-
metric model is reasonable, while if this point lies below
the curve, the geometric model is prone to significant er-
rors. It is also worth mentioning that the farther above
the (dpr, dpore) point from the curve is, the more accu-
rate the geometric model will be.

IV. CONCLUSIONS

In conclusion, we have demonstrated different
regimes in translocation of nanorods through solid-state
nanopores, and showed that up and down events can be
observed independently based on the relative nanopar-
ticle and nanopore sizes. Up events take place in sys-
tems with smaller nanopore diameters, while for larger
nanopore diameters, down events occur. We also demon-
strated how (+1) and (—1) states can be helpful to imple-
ment a simple way for distinguishing nanorods of differ-
ent size with a simple algorithm based on observation of
positive and negative changes in the conductance. This
general approach might pave the way for using solid-state
nanopores as fast electronic sensors to detect and charac-
terize a wide variety of nanoparticles with different sizes
and shapes.
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