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Phytoglycogen nanoparticles are soft, naturally-derived nanomaterials with a highly uniform size
near 35 nm. Their interior is composed of a highly-branched polysaccharide core that con-
tains more than 200 % of its dry mass in water. In this work, we measure the translocation
of phytoglycogen particles by observing blockade events they create when occluding solid-state
nanochannels with diameters between 60 and 100 nm. The translocation signals are interpretted
using Poisson-Nernst-Planck calculations with a "hardness parameter” that describes the extent
to which solvent can penetrate through the interior of the particles. Theory and experiment were
found to be in quantitative agreement, allowing us to extract physical characteristics of the parti-
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cles on a per particle basis.

1 Introduction

Translocation — the movement of material through narrow re-
gions — is ubiquitous in nature.l' In cells, translocation is a key
process in transporting material from the cellular matrix through
the nuclear pore complex into the nucleus. In plant cells, specif-
ically, small channels in the cell wall referred to as plasmodes-
mata provide pathways for the transport of nutrients throughout
the organism.”? Unfortunately, the plasmodesmata are also path-
ways for viral infection of plants.? In other systems, proteins can
self-assemble into channels that facilitate viral infection. For ex-
ample, the rice dwarf virus, which has a diameter of about 75 nm,
moves through Pns10 protein channels with diameters of 85 nm
as it infects neighbouring cells.? What is noteworthy in this exam-
ple is the similar length scales between the size of the virus, and
the size of the channel. Outside of biological systems, transloca-
tion is also a fundamental aspect of water filtration. Given these
examples, it is clear that there is a critical need for understand-
ing the translocation of polymers and particles through confining
nanochannels, whether for food source security, water purifica-
tion, or sensing applications.

Translocation measurements of polymers were first reported
over 20 years ago.” In recent years, translocation, or "resis-
tive pulse sensing", has been suggested as a means to measure
physical properties of polymers and nanoparticles. For exam-
ple, translocation has been suggested as a method for sequenc-
ing complex molecules, including DNA and block polymers.©&
Venta et al.”) studied the translocation of Au nanorods to deter-
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mine their surface charge, and Goyal et al. studied single, Au
nanosphere diffusion via translocation.!? For soft nanoparticles,
such as liposomes, translocation measurements have been able
to detect deformation of the particles in the presence of an elec-
tric field.Y Translocation measurements are typically performed
using Coulter counter-type instrumentation, where ionic current
through one or more pores/channels is monitored as a function of
time. When a particle enters the channel, it blocks the movement
of ions through the channel, and a "resistive pulse" is observed
that is characterized by a sharp drop in the ionic current. The
amplitude of the pulse ("blockade current", Ai) can be related to
the size of the particle relative to the channel diameter, and the
duration of the pulse ("dwell time", 7) is related to the mobility of
the particle. Unfortunately, interpreting a resistive pulse to obtain
chemical, structural, or other information is often a challenging
task.

Despite the wealth of translocation studies throughout the lit-
erature, ! relatively few studies have investigated nanoparticle
translocation, especially for the case of soft nanoparticles. Phyto-
glycogen particles are low polydispersity polysaccharide nanopar-
ticles (dyp = 35 nm) composed of highly branched glucose units
and isolated from sweet corn kernels. They have been suggested
as attractive candidates for use in the cosmetic industry, among
others. Recent work from Nickels et al.2? investigated the struc-
tural characteristics of phytoglycogen nanoparticles using a com-
bination of small-angle neutron scattering (SANS) and quasi-
elastic neutron scattering (QENS). SANS measurements found
that the particles had uniform density, and by varying the scat-
tering contrast in the system, the authors of this study concluded
that phytoglycogen nanoparticles are highly hydrated and contain
more than 250% of their mass in water. The authors used QENS
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measurements to study the dynamics of water in the nanopar-
ticles, and found that the hydrated water exhibited substantially
slower dynamics than free water. Another study of the rheological
properties of phytoglycogen particles found that although SANS
showed them to be spheres with uniform density, their compres-
sion modulus (K, =~ 15 kPa) and behavior under flow suggest that
they share many similarities with star polymers and hairy col-
loids.'13' Other work has investigated the behavior of phytoglyco-
gen as it is swelled with water. 1

Given that phytoglycogen particles interact strongly with water,
and have characteristics in common with both spherical colloids
and star polymers, we hypothesized that translocation measure-
ments could yield additional information regarding the internal
structure of the nanoparticles. In this work, we perform translo-
cation measurements on phytoglycogen nanoparticles through
100 nm long solid-state Si;N, nanochannels, and interpret the
translocation signals by way of calculations using the Poisson-
Nernst-Planck (PNP) formalism. The phytoglycogen transloca-
tion characteristics are compared to a SiO, nanoparticle standard,
which is also used to experimentally validate the PNP predictions.
Our PNP calculations are in excellent quantitative agreement with
experimental values, and allow us to determine the percentage of
each particle that is water on an individual particle basis. Our re-
sults confirm the uniformity of phytoglycogen nanoparticles, and
also demonstrate the application of translocation measurement
for determining physical properties of soft nanoparticles.

2 Experimental Methods

Phytoglycogen nanoparticles (physical diameter dyp = 35 nm,
hydrodynamic diameter D), ~ 62 nm) were donated by Mirexus,
Inc. (Guelph, Canada). HPLC grade water (Fisher Scientific) was
used for all measurements, and passed through a 0.2 um filter
prior to use. 1 M KCl solutions were prepared in a volumetric
flask using VWR ACS Grade KCI. Ludox AM-30 SiO, nanoparticles
were obtained from Sigma Aldrich as a 30 wt% solution in water.

The translocation solution cell is made from
poly(tetrafluoroethylene) (PTFE) and consists of two halves
each containing a circular well with a channel to connect to the
other half. One side contains a small inset in the outer wall
around the channel to accommodate the fluoroelastomer gasket
used to form the seal around the membrane containing the
nanochannel. The membranes (4 x 5 mm?2) were manufactured
by Goeppert, Inc. and consist of a 100 nm thick Si;N, layer (the
length of the nanochannel) deposited on 250 um of fused SiO,
with a 65 um diameter window. The channels were etched with
a focused electron beam in a transmission electron microscope
(TEM). TEM images of the final nanochannels are shown in
Figure |1} with intensity histograms in the inset confirming the
nanochannel diameters. Ag/AgCl electrodes were prepared by
passing electrical current through a 0.5 mm diameter Ag wire in
a 1 M KCI solution (Alfa Aesar annealed, 99.9% metals basis).
The total length of silver wire for the reference electrode was
82.5 mm, with 51 mm wrapped around the gold lead and 9.5
mm coated in AgCl. The headstage had the same dimensions for
the wrapping and AgCl but the overall length was 102 mm. The
AgCl portion of the electrodes was coated with a small layer of
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Fig. 1 Cross-sectional schematic of the poly(tetrafluoroethylene) (PTFE)
solution cell used for translocation measurements. Nanoparticles are
loaded into the cis fluid reservoir, and translocate through a nanochannel
into the trans fluid reservoir. The bottom transmission electron micro-
graphs show the three nanochannels used in this work. In the insets,
intensity histograms confirm the nanochannel diameters. Scale bars are
20 nm.

3% w/w agarose(Fisher Molecular Biology Grade Agarose) to
reduce fouling of the electrode. A schematic of the experimental
apparatus is shown in Figure In this configuration, chloride
ions flow towards the headstage electrode, and potassium ions
flow towards the grounded electrode. The channel is not ion
selective.

All phytoglycogen translocation measurements were performed
in a 1 M KClI solution, which is sufficient to screen any charges
on the nanoparticle surface. At this salt concentration, the De-
bye length in the system is x~' = 0.43 nm. Although it has
been observed that electroosmotic effects can be present in chan-
nels larger than the Debye length,?12 because of the small De-
bye length, and large nanochannel diameters relative to the par-
ticle size, we expect that the effects of electro-osmotic flow of
ions are negligible. Phase analysis light scattering measurements
(Mobiug, Wyatt Technology Corporation) could not determine an
electrophoretic mobility for the nanoparticles in the presence of
1 M KCL. Thus, we expect motion of the particles to be purely
Brownian. SiO, samples were prepared in a 1 M KCl, 1 M EDTA
dipotassium salt (VWR Ultra Pure EDTA dipotassium salt) solu-
tion adjusted to a pH of 14 with the addition of the appropriate
amount of 5 M KOH (Dot Scientific Potassium Hydroxide). A pH
of 14 was necessary to stabilize the particles in the salt solution.
Measurements were taken using an Axopatch 200B patch-clamp
amplifier and a Digidata 1550B data acquisition system (Molec-
ular Devices, Inc.) with a 0.1 V voltage bias applied across the

Page 2 of 10



Page 30of 10

solution cell. Data were obtained in the whole cell configura-
tion (B = 1) at a sampling rate of 100 kHz with a 10x output
gain. A 10 kHz lowpass Bessel filter was applied. Data were col-
lected using the Axoscope 10.6 software package. During mea-
surements, the headstage was placed on a Pb dampening brick to
minimize vibrations contributing to signal noise. A wire-wrapping
tool was used to securely connect the clean end of the silver wire
to the gold electrode lead of the headstage and reference elec-
trodes. The entire experimental apparatus was placed on a vibra-
tion isolation table, and enclosed in a Faraday cage. Transloca-
tion measurements were post-processed using the OpenNanopore
software package.

3 Theoretical Methods

To calculate the magnitude of the ionic current blockage, we
utilized the Poisson-Nernst-Planck (PNP) formalism1Z/18! using a
GPU-accelerated, in-house code. The program is run on NVIDIA
Tesla P100 and V100 GPUs. To simulate translocation events, we
create a single nanochannel with a tunable diameter d, and a
fixed length of /, = 100 nm. The PNP equations are solved for a
simulation box that is L, x Ly, = 2000 x 2000 um?, and which is
collocated on a 512 x 512 mesh. The choice of mesh size limits
our spatial resolution to approximately 4 nm. The lateral size of
the simulation box is chosen to be at least 10x the diameter of
the nanochannel. A single nanoparticle is placed along the axis
of the nanochannel, and the ionic current through the channel
is calculated as a function of nanoparticle position. Within PNP,
the electrostatic potential (¢) is first calculated from the Poisson
equation:

v e(r)Vo(r)] = - P20 M

&

where p,,(r) is the total mobile charge carrier density, £(r) the
relative permittivity in the system, and g, is the permittivity of
free space. We set £(r) =2 for the walls of the nanochannel,
and €(r) = 80 for regions that contain solvent. To model the phy-
toglycogen nanoparticles, which contain both polymer and water,
we set €(r) = hyp X 2+ (1 —hyp) x 80, where hyp is a "hardness pa-
rameter" between 0 and 1 that defines how much the solvent can
penetrate the nanoparticle. For example, a solid SiO, nanopar-
ticle has hAyp = 1 while a nanoparticle which blocks 15% of the
ion flux has hyp = 0.15. Equation [I]is solved with boundary con-
ditions that require ¢ = 0.1 V at the top of the system, and ¢
= 0 V at the bottom of the system to mimic the application of
a 0.1 V potential difference in our experimental measurements.
The 2D distribution of electrostatic potential is shown in figure
with the position of the nanochannel artificially darkened. Little
variation in the potential is observed far from the nanochannel,
and a strong decrease in electrostatic potential is observed within
the channel. Qualitatively, our results resemble those obtained by
others using similar PNP theories. 1719

In the second stage of the PNP calculation, the electrostatic
potential is used to solve the Nernst-Planck equation to determine
the charge carrier fluxes through the nanochannel:

D;Z;

kBTl ci(r)Ve(r)| =0 (2)

V. Dch,»(r) +
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Fig. 2 Electrostatic potential for a nanochannel with diameter dp = 80 nm
and length Ip = 100 nm, with an applied voltage of V = 0.1 V. The position
of the SisN, membrane is indicated by the artificially darkened regions.
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where D; and ¢; are the diffusion coefficients and concentrations,
respectively, of ion i, and Z; is the charge carried by the ion (e.g.,
Z=e=1.60x10"12 C for KT). We use D, = 1.96 x 107 cm?2/s
for the potassium ion, and D_ = 2.03 x 10~> cm?/s for the chlo-
ride ion, and fix the equilibrium concentrations of both ions to be
co = 1 mol/L. Equations[I] and [2] are then solved self-consistently
until the error in ¢ and ¢; is below 10~7 and 1079, respectively.
To aid in obtaining a numerical solution using the successive over-
relaxation approach (SOR), equation [2|is converted to an equiv-
alent form using a Slotboom transformation.2% For simplicity, we
assume that the K* and Cl~ ions have the same mobilities within
the nanoparticles as they do in the bulk of the solution, and allow
them to penetrate the interior of the nanoparticle at a concentra-
tion that is proportional to (1 —Ayp).

Upon completion of the PNP algorithm, the ion fluxes are cal-
culated throughout the system according to:
C,'Z‘

o] ®

ji(¥) = —D; [Vc,m "

The total ionic current through the channel is calculated from the
integration of the ion flux across the channel:

21 pdp)2
i=F [+ i-wlaa=rF [© [T+ ()] rardo

' @
where F = eN, is Faraday’s constant, and N4 is Avogadro’s num-
ber. The individual anion and cation currents can be calculated
from their respective fluxes in the same fashion. Because of the
axial symmetry in the system, our calculations are performed in
two-dimensions and appropriately scaled to three-dimensions. An
experimental i-V curve, and the PNP prediction, is shown in the
Supporting Information, Figure S1. Interestingly, although the
PNP result is close to the experimentally determined values, it
slightly overpredicts the conductance of the channel. A similar
behavior was also observed in Ref. 19. Because our Ag/AgCl
electrodes detect the presence of chloride ions, we use the anion
current from the PNP calculations to analyze our experimental
translocation events.

4 Results and Discussion

Because standard SiO, nanoparticles are well-characterized, and
can be treated as solid, spherical particles, we used them to vali-
date the predictions of PNP calculations. Shown in Figure [3p is a
typical translocation event for Ludox AM-30 SiO, nanoparticles,
which are reported to have an average diameter of dyp ~ 7 nm
from the manufacturer. Recent work by Teulon et al.2l repro-
duced this value from independent DLS measurements, but also
found that the average diameter of these particles determined
with other techniques such as transmission electron microscopy
(TEM) or small-angle X-ray scattering (SAXS) deviated from this
value. To illustrate this effect, we performed DLS measurements
on the Ludox AM-30 nanoparticles and found the hydrodynamic
radius R, ~ 14 nm at T = 298 K with a diffusion coefficient of
D =1.76 x 10~7 ecm?/s. Ry, is two times as large the size reported
by the manufacturer. Translocation measurements find a value
that is in much better agreement with the reported value of 7 nm.
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Fig. 3 Translocation characteristics of 7 nm Ludox SiO, nanoparti-
cles. (a) Representative blockade event taken experimentally, showing
a Ai ~ 0.020 nA current blockade across approximately 7 ~ 0.1 ms. (b)
Histogram of blockade events, showing the highest density of events
(n = 211) occurs for Ai ~ 0.20 nA, shown along with the average dwell
time and blockade current. In the heat map, the blue region contains the
highest density of translocation events, while red contains the lowest. (c)
PNP calculations of a blockade event for a dyp =4, 7, and 8 nm particle
with a hardness parameter yp = 1.00 (top to bottom). The amplitude of
the event for dyp =7 nm is Ai = 0.030 nA. (d) Simulated effect of a 10
kHz, 4-pole lowpass Bessel filter on the dwell time and blockade current
of a 0.1 ms event (solid lines) and a 0.05 ms event (dashed lines).
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For the translocation measurements in Figure |3} the nanochan-
nel dimensions are dp = 80 nm and /p = 100 nm. The magnitude
of the blockade current from this event (7 ~ 0.1 ms) is approx-
imately Ai = 0.022 nA. A 2D histogram of blockade current ver-
sus dwell time is shown in Figure [Bp, from which we observe a
high density of events in the vicinity of T = 0.1 ms and Ai ~ 0.015
nA. The average dwell time (7) and blockade current (Ai) for the
SiO, nanoparticles are 0.14 ms and 0.020 nA, respectively. A PNP
calculation of the translocation of three nanoparticles with vary-
ing diameters (dyp =4, 7, and 8 nm) through an 80 nm wide
nanochannel is shown in Figure [3c. The calculations reproduce
the expected signature of a blockade event, and the dyp = 7 nm
calculation is in close agreement with the experimentally mea-
sured values (Aipyp = 0.030 nA). From these calculations, we con-
clude that the average particle size is between 4 and 7 nm. Thus,
PNP can reliably predict the expected translocation signals of
bare SiO, nanoparticles — implying translocation measurements
may be yet another technique with which we may obtain reliable
physical properties on a per particle basis. Because of the high
salt concentration in the system ([KCl] = 1 M), charges on the
nanoparticle surfaces are screened and the particles are expected
to behave as hard particles. Using the diffusion coefficient mea-
sured from DLS, we can estimate the amount of time required for
a SiO, nanoparticle to traverse the /p = 100 nm nanochannel due
to Brownian motion alone as © = [3/6D ~ 0.1 ms, which is also in
quantitative agreement with the results from Figures[3h and 3p.

An important consideration in interpreting our measurements
is the effect that the application of a 10 kHz lowpass Bessel fil-
ter has on the characteristics of translocation events. Due to high
frequency noise, we are unable to resolve translocation events
without the use of a lowpass filter. A recent paper from Robin-
son et al. found that instrumental filters can alter both the dwell
times, characterized by the full width at half maximum of the sig-
nal, and the value of the blockade current.?? Although we predict
that the dwell times due to Brownian motion are on the order of
0.1 ms, this is near the lower limit below which a lowpass Bessel
filter may attenuate the measured current. Shown in figure[3|d are
two idealized translocation events having dwell times of 0.1 ms
(solid black line) and 0.05 ms (dashed black line). The amplitude
of the signal is Ai = 0.020 nA to mimic the translocation of SiO,
nanoparticles. After application of a 4-pole, lowpass Bessel filter
(blue curves) we find that the amplitude and dwell time of the
0.1 ms event are maintained. However, a ca. 15% attenuation of
the blockade current is observed for the 0.05 ms event. The impli-
cation of these results is that for events that occur on timescales
below 0.1 ms, the 10 kHz hardware filter on the Axopatch 200B
amplifier may need to be replaced with a higher frequency filter
if the magnitude of the blockade current is to be used for de-
termining the physical characteristics of nanoparticles. For the
timescales we study in this work, the filter does not significantly
alter the measured dwell times, since they are extracted using the
CUSUM algorithm® and not the FWHM of the signal.

To further rationalize the value of the blockade current ob-
served for SiO, nanoparticles, we can estimate the relative
amount that the current should decrease. If the channel has
an ohmic response, the ionic current can be written iy = GyV.
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Fig. 4 (a) Dependence of current on nanochannel diameter from PNP
calculations for three diameters of nanoparticle with a hardness factor
of hyp = 1.00 (i.e., hard particles). The dashed lines are quadratic fits,
reproducing the expected scaling of current with with dp. (b) Relative
decrease in current as a function of d3,/d3, taken from (a). The dashed
line is a least-squares linear fit, with a slope of 1.03.
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The open conductance of the nanochannel, when no particles are
present, can be expressed as

Go = (m/41p)(uk+ + ter- )Nacoedp (5)

where N, is Avogadro’s number, ¢ is the bulk ion concentration,
e is the elementary charge, and p. is the mobility of the ion.2
When a nanoparticle occludes the nanochannel, the conductance
G decreases relative to Gy and can be expressed as

G = (n/4ly) (i + Her- )Nacoe(dd —d3p) (6)

which results in the characteristic pulse measured experimentally.
Equations [5] and [6] imply that the relative size of the blockade
event is . 5

A dyp @

i dP
For the d =7 nm SiO, nanoparticles, Ai/iy = 0.0076. The open
channel current from PNP calculations is iy = 3.75 nA, allowing
us to estimate the blockade current as Ai ~ 0.029 nA. From the
i-V curve (Supporting Information, Figure S1), we estimate Ai =
0.019 nA using the experimental open channel current. On the
basis of these estimates, we conclude that the pulses observed
experimentally are due to occlusion of the nanochannel by the
particles.

Having validated our PNP calculations, we performed a series
of calculations to determine the characteristics of blockade events
for nanoparticles as a function of the nanoparticle diameter (dyp)
and channel diameter (dp) in a 1 M KCI solution with a 0.1 V po-
tential applied. Shown in Figure [4p is the chloride current as a
function of nanochannel diameter for three sizes of hard nanopar-
ticles (i.e., Ayp = 1.00). The dashed lines are fits, showing the ex-
pected quadratic scaling of the current with dp. As dyp increases
for a given value of dp, the current decreases due to occlusion
of the channel’s cross-section. If equation [7] holds, then a plot of
Ai/io with respect to d%p/d% should be linear. This plot is shown in
Figure[@p along with a linear least-squares fit, which gives a slope
of 1.03. Finally, as d3p/d3 decreases from 1 (complete block-
age) to 0 (no blockage), the magnitude of the blockade current
decreases from 100 % of the open channel current to 0 %, as
expected. From these results, we conclude that PNP calculations
give a valid estimation of the current and blockade current as both
dp and dyp change, and recover the expected scaling relations for
blockades resulting from physical occlusion of the nanochannel.

A histogram of blockade current versus dwell time for 154 phy-
toglycogen translocation events is shown in Figurefor adp =60
nm channel. The phytoglycogen nanoparticles show a relatively
tight grouping near 7 = 0.1 ms and Ai = 0.005 nA. Relative to the
PNP calculations in Figure for a dyp = 30 nm diameter particle,
the average blockade current for the phytoglycogen nanoparti-
cle ((Ai) =0.005 nA) is several orders of magnitude smaller than
the theoretical value (Ai ~ 7.20 nA). This is attributed to the fact
that the nanoparticle is not hard, and water/ions can readily pen-
etrate the interior of the nanoparticle. For this reason, the oc-
clusion of the nanochannel is diminished. In the Supporting In-
formation, we show that although PNP calculations find that the
electrostatic potential does not vary significantly in response to
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Fig. 5 Translocation characteristics of 35 nm phytoglycogen nanopar-
ticles. The 2D histogram from n = 154 events shows an average dwell
time of () =0.12 ms and an average blockade current of (Ai) = 0.0055
nA. Blue regions correspond to a higher density of translocation events,
while red regions correspond to a low density of translocation events.

changes in nanoparticle hardness (Figure S2), the concentration
of ions within the nanochannel strongly depends on the nanopar-
ticle hardness (hyp, Figure S3). Thus, the reduction in the block-
ade current observed for the phytoglycogen nanoparticles is likely
due to the fact that they are not solid particles and allow more
ions to pass through the channel.

The histogram in Figure |5| also shows an asymmetric group-
ing of the translocation events, which slopes down and to the
right (i.e., to longer dwell times and larger blockade currents).
This general shape is observed for all phytoglycogen transloca-
tion measurements we performed, and is discussed below. In-
terestingly, the average dwell time is very close to that mea-
sured for SiO, nanoparticles, which are more than 30% smaller
than the phytoglycogen nanoparticles. DLS measurements of the
phytoglycogen nanoparticles found a diffusion coefficient of D =
7.9 x 10~8 cm?/s, on the basis of which we predict that the aver-
age dwell time for a phytoglycogen nanoparticle is T =3 /6D ~ 0.2
ms.

2D histograms for 654 translocation events though a dp =
80 nm nanochannel are shown in Figure [6h, with an average
dwell time of (7) = 0.18 ms and an average blockade current of
(Ai) =0.0058 nA. In Figure [6p, analogous data are shown for 115
translocation events for a dp = 100 nm nanochannel, which have
an average dwell time of (7) = 0.20 ms and an average blockade
current of (Ai) = 0.0082 nA. The average dwell times for both sys-
tems are similar, on the order of 7 = 0.2 ms, which is in excellent
agreement with the value obtained by considering Brownian mo-
tion of the particle across the 100 nm length of the nanochannel.
If the applied voltage is halved, the average dwell times remain
constant while the blockade current decreases from (Ai) = 0.0082
nA to 0.0064 nA (dp = 100 nm, not shown), supporting the hy-
pothesis that the nanoparticle motion is purely Brownian. For
these reasons, we conclude that the data for the 80 nm and 100
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Blue regions correspond to a higher density of translocation events, while
red regions correspond to a low density of translocation events.

nm systems are representative of true translocation events. On
the other hand, because the dwell time in the 60 nm system is
much lower than for the larger diameter nanochannels, it is likely
that the majority of the data in Figure [5| are not true transloca-
tion events, but "bounce-off" events where the particle enters the
channel, but is not captured and returns its original fluid reser-
voir. This behavior can be further substantiated by considering
the amplitude of the blockade events. To further substantiate
the idea that the majority of events for the 60 nm nanochannels
are "bounce-off" type events, we performed measurements with a
dp =40 nm channel. The results, contained within the Support-
ing Information, have a similar shape to Figure[5] and an average
dwell time of (7) ~ 0.15 ms. The similar dwell times between
the dp = 40 nm and dp = 60 nm imply that events in those two
systems are more similar to each other than the dp = 80 nm and
dp = 100 nm channels. Furthermore, the shape of the histograms
is similar, with the vast majority of events tightly grouped near
7= 0.1 ms. For all systems, the blockade currents are orders of
magnitude lower than the PNP predictions for hard nanoparticles
(hyp = 1.00). Figure [f] displays an asymmetric shape of the his-
tograms for both systems. The origin of the histogram asymmetry
is discussed in more detail later.
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moving through dp = 60 nm (squares), 80 nm (circles), and 100 nm (dia-
monds) diameter nanochannels. Lines are visual guides.

Since it is known that the phytoglycogen nanoparticles are not
hard particles, but rather highly branched saccharide chains, we
performed PNP calculations as a function of the hardness pa-
rameter hyp to predict the amplitude of the blockade events for
nanoparticles with a fixed dyp = 30 nm diameter. In Figure [7]
we observe a decrease in the amplitude of the blockade current
as the hyp decreases. This behaviour is consistent with a less
dense particle allowing more ions to flow through the interior of
the particle. Also observed in Figure [/|is that for iyp < 0.25, the
magnitude of the blockade current decreases below Ai = 0.030 nA,
which is more similar in magnitude to the values measured exper-
imentally. In addition, as hyp decreases, the blockade currents for
the three nanochannel diameters converge at the smallest value
of hyp considered. However, even at the smallest value of hyp in
this series of calculations, the magnitude of A is still larger than
the values measured experimentally.

To better connect the PNP calculations to the experimental
measurements, we performed additional PNP calculations that
systematically varied hyp for nanoparticles with a fixed diameter
of dyp = 35 nm, and in dp = 60, 80, and 100 nm nanochannels.
The calculations indicated that to obtain blockades that matched
experiments, hyp ~ 0.05. The data are shown in Figure [8] Also
in agreement with experiments, the variation of blockade current
with the channel diameter is not strong. Within the error of our
measurements, captured by the standard deviation in the exper-
imental value of (Ai), we detect no appreciable difference in the
blockade current, and cannot differentiate between the 80 nm
and 100 nm diameter nanochannels experimentally. The value
of hyp that best describes the experimental data can be rational-
ized in terms of the neutron scattering measurements made by
Nickels et al.12 From SANS measurements, the authors of this
work concluded that phytoglycogen nanoparticles are composed
of N, = 2.59 x 10* glucose monomers, each of which has a volume
of v, =0.166 nm?, and N,, = 5.85 x 10° water molecules, each with
a volume v,, = 0.030 nm.’2 Because the blockage of ionic cur-
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Fig. 8 Comparison between the magnitude of (Ai) from experiments
(squares) and PNP calculations of a dyp = 35 nm nanoparticle with Ayp =
0.10 (circles), hyp = 0.05 (diamonds), and hyp = 0.01 (triangles). Error
bars correspond to one standard deviation in (Ai). The schematic below
depicts the occlusion of a nanochannel by a phytoglycogen nanoparticle
with diameter dyp = 35 nm. Gray circles represent glucose monomers
that fill the volume of the nanoparticle and block ion transport.

rent depends on the diameter of the nanoparticle, hyp should
depend on the physical cross-sectional area of a phytoglycogen
nanoparticle, as depicted in the schematic in Figure [8] Assum-
ing the constituents are roughly spherical, then the diameter of
each monomer and water molecule is approximately d, = 0.7
nm and d,, = 0.4 nm, respectively. The hardness is given by
hyp = Nyd2 /(Ngd? + N,d?). Assuming no overlap of monomers,
we estimate hyp = 0.1. If only 50% of the monomers contribute
to the cross-sectional area of the nanoparticle (e.g., the bottom
hemisphere of the particle) then N, — N, /2 and hyp = 0.06. These
rough estimates are in excellent agreement with the results from
PNP calculations.

Because our translocation measurements provide us with the
time required for a particle to move through the nanochannel
(i.e., dwell time), we can also extract a diffusion coefficent and a
hydrodynamic radius for each nanoparticle that is detected. The

8| Journal Name, [year], [vol.],1

average diffusion coefficient and hydrodynamic radius from all
events can be compared to DLS measurements to both check the
accuracy of determining such quantities from translocation mea-
surements, as well as to establish whether the nanoparticles are
undergoing Brownian or electrophoretic motion. If the nanopar-
ticles undergo Brownian motion during translocation, then for
each particle, the diffusion coefficent can be expressed as:

3

= 6c ®

where [p is the length of the nanochannel, and 7 is the particle’s
dwell time. For all of our measurements, /p = 100 nm. Because
"bounce-off" events do not represent true translocation events, we
excluded them from the calculation of D by restricting our calcu-
lations to those for which 7 > 0.1 ms, and for which the diameter
of the nanochannel dp > 60 nm. From the recorded transloca-
tion events, we found D = 8.76 x 10~8 cm?2/s, which is close to
the value measured using DLS (7.90 x 10~% c¢m?/s). Using the
value of D obtained from translocation measurements, we find
an average hydrodynamic radius of R, = 28 nm, which is close to
the DLS value of R, = 31 nm. Thus, we have strong evidence that
the translocation of the phytoglycogen nanoparticles is Brownian.
Unfortunately, due to the size of the Ludox SiO, nanoparticles,
the average translocation time is close to that of the "bounce-
off' time for the phytoglycogen nanoparticles. Nevertheless, if
we calculate the diffusion coefficient of the SiO, nanoparticles,
excluding no events, we obtain D = 1.88 x 10~/ cm?/s, which is
close to the DLS value of D =1.76 x 10~7 cm?/s. From the cal-
culated value of D, we obtain for the SiO, nanoparticles R;, = 13
nm, which is again close to the DLS value of 14 nm.

Figure |8] clarifies a few puzzling experimental observations.
First, we observed that for dp = 60 nm, the average dwell time
(1) = 0.12 ms, which was 50 % faster than expected for a 35
nm nanoparticle undergoing Brownian motion over a distance of
100 nm. In addition, for dp = 60 nm, (Ai) = 0.005+0.002 nA -
which was the smallest and most precise value for our series of
measurements. These two observations combined imply that the
nanoparticles did not, on average, undergo translocation for the
dp = 60 nm system. The PNP calculations demonstrated that for
hyp > 0.05, the average blockade current should be larger than
this value for real translocation processes, and the theoretical
value falls outside of the error bars for the 60 nm system. Second,
the 2D translocation histograms show a pronounced asymmetry
in all systems measured, which corresponds to some translocation
events blocking more current, and taking longer than expected for
purely Brownian motion. A possible mechanism that gives rise
to this asymmetry is shown in Figure [9] In Figure [Oh, a single
nanoparticle creates a blockade event (shown on the right) due
to occlusion of the channel (denoted by the grey lines). The sig-
nature of this event is an blockade current of Ai = 6 pA which lasts
7 =0.2 ms. In Figure Eb, two nanoparticles enter the nanochan-
nel simultaneously, with positions that are offset from the cen-
ter of the channel. This results in a slightly larger occlusion of
the nanochannel, which in turn creates a larger blockade current,
shown in the schematic to the right. The signature of these types
of events in a 2D translocation histogram would be an asymmetry
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Fig. 9 Schematic of the translocation process. (a) A single nanoparti-
cle moving through the nanochannel creates a blockade event, the depth
of which is related to the diameter of the nanoparticle, relative to the
nanochannel diameter, and the length of which is related to the diffu-
sion coefficient of the nanoparticle. (b) Two nanoparticles simultaneously
translocating, creating a larger occlusion of the nanochannel, illustrated
by the dashed gray lines. Relative to (a) the blockade created is larger
in amplitude and longer in time. (c) Blockade event for dp = 80 nm of
Ai ~0.020 nA and 7 ~ 2 ms. The two arrows show step increases in the
blockade current over approximately 0.5 ms.

consistent with what we observe in our experiments. To support
this hypothesis, in Figure Ek, a translocation event for a phyto-
glycogen nanoparticle through a dp = 80 nm nanochannel shows
a two-step increase in the blockade current, which occurs over
T2 0.5 ms to 1 ms. The step increase in the current may be the
signature of one particle exiting the nanochannel while another
remains inside — leading to a small reduction in the magnitude
of the blockade current. The time scale of the step increase is
on the order of the time expected for a single nanoparticle to
fully translocate. More experimental studies of this behaviour in
the future, with additional theory and simulations, may lead to a
greater understanding of these events, and give rise to the abil-
ity to determine additional nanoparticle characteristics on a per
particle basis.

5 Conclusions

In summary, we have performed the first translocation measure-
ments of soft phytoglycogen nanoparticles. Translocation was in-
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terpretted using Poisson-Nernst-Planck (PNP) calculations which
were validated using standard SiO, nanoparticles. We modified
our PNP calculations to account for a "hardness parameter” /yp
which describes the extent to which the solvent can pass through
the interior of the nanoparticle. Experimentally, we measured
average dwell times that are in quantitative agreement with val-
ues calculated when assuming Brownian motion of the particles
with their diffusion coefficients (7 ~ 0.2 ms). 2D histograms of
the translocation data showed a slight asymmetry towards longer
translocation times, and larger blockade currents. This asymme-
try was ascribed to multiple particle events, and the possible sig-
nature of such events was observed experimentally. PNP calcula-
tions were found to be in excellent quantitative agreement with
experiments, and allowed us to conclude that the phytoglycogen
nanoparticles had hardness parameters hyp =~ 0.05, which is in
reasonable agreement with an estimate from previous studies by
others.12 In addition, analysis of the dwell times measured ex-
perimentally allowed us to extract diffusion coefficients and hy-
drodynamic radii that were in excellent agreement with values
measured using dynamic light scattering (DLS).

Looking to the future, there are many opportunities to apply
these techniques to other types of particles, including asymmetric
particles, viruses, and complex polymer architectures. Nanochan-
nel sensing is a powerful technique for obtaining physical charac-
teristics on a per particle basis.®) Measurements on other types of
particle systems may in turn lead to increased understanding of
viral infection, new types of nanoparticles that favour transloca-
tion, or in new water filtration strategies. Due to the challenging
task of interpreting translocation signals, there are numerous op-
portunities to apply new theoretical techniques to advance the
use of nanochannels in many sensing applications.
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