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Enhanced Nanoparticle Sensing in a Highly Viscous

Nanopore

Taiga Kawaguchi, Makusu Tsutsui,* Sanae Murayama, lat Wai Leong, Kazumichi Yokota,

Yuki Komoto, and Masateru Taniguchi

Slowing down translocation dynamics is a crucial challenge in nanopore
sensing of small molecules and particles. Here, it is reported on nanoparticle
motion-mediated local viscosity enhancement of water-organic mixtures in a
nanofluidic channel that enables slow translocation speed, enhanced capture
efficiency, and improved signal-to-noise ratio by transmembrane voltage
control. It is found that higher detection rates of nanoparticles under larger
electrophoretic voltage in the highly viscous solvents. Meanwhile, the strongly
pulled particles distort the liquid in the pore at high shear rates over 10% s’
which leads to a counterintuitive phenomenon of slower translocation speed
under higher voltage via the induced dilatant viscosity behavior. This
mechanism is demonstrated as feasible with a variety of organic molecules,
including glycerol, xanthan gum, and polyethylene glycol. The present
findings can be useful in resistive pulse analyses of nanoscale objects such as
viruses and proteins by allowing a simple and effective way for translocation
slowdown, improved detection throughput, and enhanced signal-to-noise

properties, such as size, shape, surface
charge density, dipole moments, and
mass in a non-destructive fashion.[>® In
principle, this mechanism can be ap-
plied to virtually any substance from cells
to genomes by leveraging the various
nanofabrication techniques for sculpt-
ing a pore that fits their sizes.”! The
smaller the objects, however, it usu-
ally becomes more difficult to imple-
ment the electrical detections. This is
because the tiny analytes tend to tran-
sit the sensing zone in a quite short
time posing difficulty in recording the
resistive pulse signals with accuracy
due to limitations in the bandwidths
of the current amplifiers!'” and the re-
sponsiveness of the ionic current.']
In this context, efforts have been de-

ratio.

1. Introduction

Solid-state nanopore is a sensor capable of detecting single
molecules and particles in a liquid.'*! It monitors the ion trans-
port in a small hole via the ionic current measurements un-
der the applied voltage, which demonstrates pulse-like changes
casting the ion blockade characteristics of the objects passing
through there.[’] Consequently, it offers a method for identifying
individual analytes based on subtle differences in their physical
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voted to enhancing the temporal resolu-

tion of the ionic current measurement

setup.!213] Nevertheless, it led to the
critical enlargements of the capacitance-derived noise that can-
not be removed by conventional bandpass filters as they smear
out the fine signal features important for discriminating the
analytes.[1*]

Slowing down the translocation dynamics has thus been a cen-
tral challenge in accomplishing nanopore sensing of nanoscale
objects such as viruses, proteins, and nucleotides.>! In gen-
eral, a multitude of forces affect the translocation motions of
objects (neglecting the intriguing interactions at the pore wall
surfacel'®171). When an object possesses charges, it can be drawn
into a nanopore via the electrostatic forces induced by the focused
transmembrane voltage there.l'8] If there is a dipole moment, it
also contributes to the electrophoretic forces through coupling
with the electric field at the nanopore.'”) Hydrodynamic drag
force is also important, which can even become a determinant
factor when the objects have a scarce amount of charges.[?!

Many strategies have been verified to retard the motions in
a nanopore by the fluid properties and external probes to con-
trol the forces relevant to the translocation motions. Salt con-
centration causes a change in the zeta potential, and hence the
electrophoretic mobilities, of particles and molecules. Decreas-
ing temperature can retard the fast translocation motions of de-
oxyribonucleic acid (DNA) via the associated increase in the wa-
ter viscosity.?!l The pressurized flow is utilized particularly for
controlling the capture rates and translocation speed of charge-
neutral objects.[?”] The fluid flow rate can also be implemented

© 2024 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 1. Viscosity dependence of ion transport in a nanopore. a) Schematic illustration depicting polystyrene nanoparticle detection by measuring the
ionic current [;,, under the transmembrane voltage Vj,. dps and dp,. denote the diameters of the polymeric particle and the nanopore, respectively.

b) I

ion

lower when adding more glycerol up to 90 vol%. c) Plots of the nanopore conductance G, as a function of the inverse viscosity

solutions. A dashed line is a linear fitting with zero intercepts.

by the transmembrane voltage through the electroosmosis, 2!

where the membrane surface engineering!®)! and the solution
pHI[?* become important in manipulating its velocity to accel-
erate/decelerate the translocation dynamics. One can also lever-
age transmembrane salinity difference in lowering the translo-
cation speed in cases when the ion transport was made charge-
selective to generate the ion diffusion-derived voltage across a
nanopore.[?] Moreover, optical and electric fields were proven
effective in tailoring the fast electrophoresis through the mod-
ulated surface charge densities at the membrane surface that
changed the contributions of the electroosmosis-mediated hy-
drodynamic dragging and the electrostatic interactions of the
analytes with the pore wall.l?6?’] In addition, spot heating by
laser irradiation was reported to enable thermophoretic con-
trol of DNA via the induced local temperature gradients at
nanopores. (28l

Compared to these intricate mechanisms, on the other hand,
increasing liquid viscosity by adding organic molecules stands
out as the simplest and most effective way for the transloca-
tion slowdown.[?1?9-*] By merely mixing glycerol in electrolyte
buffer, the translocation time of DNA was demonstrated to be ex-
tended significantly through the stronger viscous drag forces.[?!]
Recent experiments have also explored the use of hydrogel and
polyethylene glycol to decelerate the translocation motions of pro-
tein molecules, making them detectable through ionic current
measurements.[*>34 Nevertheless, such efforts aimed at reduc-
ing analyte mobility generally entail trade-offs, resulting in di-
minished detection efficiency and weakened ionic current signals
(Figure S1, Supporting Information). Furthermore, it remains to
Dbe clarified how the fluid properties impact the translocation dy-
namics of nanoscale objects and whether their rapid movements
affect the local viscosity within a nanopore, which may become
significant through the interplay between restricted Brownian
motions and liquid shear rates in the nano-confined space. In the
present work, therefore, we systematically investigated single-
nanoparticle translocation dynamics in organic-water mixtures,
uncovering the particle motion-derived shear thickening of the
nano-confined fluid that enabled not only the translocation slow-
down but also the enhanced detection throughput and signal-to-
noise ratio.

versus V,, characteristics of a 300 nm diameter nanopore in 0.14 M NaCl solution of glycerol-water mixture. The ionic conductance becomes

~T1 of the electrolyte

2. Results and Discussion

The ionic current [, through a 300 nm diameter nanopore in a
50 nm-thick silicon nitride membranel®! showed ohmic behav-
iors against ramps of the transmembrane voltage V; in a 0.14 m
NaCl buffer of pH 7.4 (Figure 1a). Increasing its viscosity by
adding glycerol up to 90 vol.% while keeping the salt concentra-
tion constant, the I, , — V, slopes decreased steadily (Figure 1b)
due to the diminished ion mobility (glycerol is an organic solvent
with the viscosity # amounting 1389 mPa s, which is orders of
magnitude higher than that of water (1 mPa s)).[*!] Accordingly,
the nanopore conductance G, revealed a quasi-linear relation
with n~! (Figure 1c), where we used the empirical formula for
estimating the viscosity of the water-glycerol mixtures.**! Here,
the conductance is given by the nanopore geometry (a cylindrical
shape with the lithographically-defined diameter d,,,,. of 300 nm
and length equivalent to the membrane thickness L., of 40 nm)
and the solution resistivity p as G, = (Ryore + Rye)™!, where
Rypre = 4pLyern /70> and R, = p/d,,,. are the resistance in-
side and outside the channel, respectively!*’] (the contributions of
surface counterion conduction is ignored as the effect should be
negligibly small for the nanopore much larger than the Dukhin
length under the relatively high ion concentration condition and
the SiN, membrane surface charge density of -15 mC m~2).%8
Since the hard dielectric component would be barely deformed
under the conditions tested, the change in the ionic conductance
is naturally ascribed to the reduced solvent resistivity by the addi-
tion of glycerol. In fact, p is described as a function of the mobili-
ties of cations () and anions (u,) as p = n.eu, + n,eu,, where i,
= Q/6zyr,, as given by the Stokes law (Q and r_, are the charge
and radii of cations and anions, respectively), which anticipates
the linear increase in G,,,. with the reciprocal viscosity as seen
in Figure 1c.

Using this setup, we first investigated the translocation dy-
namics of nanoparticles in the salt solution without glycerol.
Adding 180 nm-sized carboxylated polystyrene nanospheres
to one side of the membrane, the ionic current traces ex-
hibited pulse-like changes suggestive of temporal ion trans-
port blockade during their electrophoretic translocation through
the nanopore (Figure 2a; see also Figures S2-S4, Supporting

Small Methods 2024, 2301523 2301523 (2 0f10) © 2024 The Authors. Small Methods published by Wiley-VCH GmbH

85UB017 SUOLLLIOD BAIFER1D 3|qedlidde 8Ly Aq pausenob ke sSppiie VO ‘s o SaInJ 10} Azl 8UIIUO A8|IM UO (SUORIPLIOD-PUR-SWBY WD A3 1M A1 1 [pUIUO//STRY) SUORIPUOD PUe SWis L 8U) 385 *[7202/90/0€] Uo AfiqiTauliuo A8|im “AiseAIuN eXesO AQ £25TOEZ0Z PILS/Z00T OT/I0P/W00" A3 1M Afeq 1 pu1|U0//SdNY WO} papeo|umoq ‘0 ‘80969962


http://www.advancedsciencenews.com
http://www.small-methods.com

small

methods
www.small-methods.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Glycerol 0 vol. %, 0.14 M NaCl, dpore = 300 nm, dps = 180 nm

lion (NA)

193 signals
193 signals
243 signals
gnals

321 signals
342 signals
© 286 signals
signals

301 signals
215 signals
195 signals
331 signals

© 347 si

(=)
o
[4)]
<
o
2
o
<
o
2
(¢)]
<
(=)
)
[¢)]
<
o
w
(=)
<
o
[4)]
o
<
o
[¢)]
[$)]
<
o
()]
o
<

0.45V

Bl o 247

0 1.00 1.00 1.00 1.00 1.00 1.00 1.0 1.00 1.00 1.00 1.00 1.0
t (ms) t (ms) t (ms) t (ms) t (ms) t (ms) t (ms) t (ms) t (ms) t (ms) t (ms) t (ms)

b c

Vb=04V ; g
on off |
70 " °
°
o ®
o ®
7 ,, ~ ’g 60F o ® ] °
. /s g %. * [ ]
O c
o é\ = 50p ° ] °
‘ ‘ ()
®
= 40 @ fon e o
% v o for i
0 01 02 03 04 05 0.6
Vb (V)

Figure 2. Nanoparticle translocation dynamics in water. a) Resistive pulses recorded in a dispersed solution of 180 nm-sized carboxylated nanobeads
in water containing 0.14 m NaCl. The ionic signal becomes larger as the transmembrane voltage is increased from 0.05 (left) to 0.60 V (right). All the
data were taken using one identical nanopore. b) A magnified view of a resistive pulse. The insets describe the nanoparticle drawn into the nanopore
via the electrophoretic forces (red arrows) against the electroosmotic flow (orange arrows). t,, and t,g are the capture and escape times, respectively.

c)t

on

(red) and t.g (blue) plotted with respect to V},. While the capture-to-translocation behaviors differ by V,, conditions due to the associated changes

in the relative contributions of the electrophoretic and electroosmosis-mediated drag forces, the ratio between t,,, and t,g remains almost unaltered.

Information).?#% Upon enlarging the transmembrane voltage
from 0.1 V to 0.6 V, the signal intensities increased linearly
with Vj in accordance with the transmission line model of the
nanopore circuit,>#!] i.e., the resistance changes in the same
manner during the nanoparticle translocation irrespective of the
V,, conditions. Closer inspections of the signal profiles identified
symmetrical forms of resistive pulses, which is not surprising as
the electric field distribution around the nanopore is symmetric
with respect to the membrane surface (Figure S5, Supporting In-
formation) that predicts spatiotemporally-symmetric motions of
the electrophoretically-driven nanoparticles. To show this quan-
titatively, we extracted the partial signal widths before (t,,) and
after (t,4) the passage of the nanobeads through the nanopore
(Figure 2b; see also Figures S6 and S7, Supporting Information).
As shown in Figure 2c, t, and ¢4 tend to become shorter with
V,, signifying the faster electrophoretic motions of the nanoparti-
cles under the stronger electric field. An exception is the feature
at 0.6 V where the translocation time turns to increase attributed
to the more significant increase in the electroosmotic flow speed
at that voltage imposing stronger hydrodynamic drag force to
slow down the electrophoretic translocation (note that SiN, sur-

Small Methods 2024, 2301523
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face has negative surface charges at pH 7.4 inducing water flow
via the counter-cation transport in direction opposite to the elec-
trophoresis of the negatively-charged polystyrenes).['”] Yet, the ra-
tio between t,,, and t g remains almost unaltered suggesting the
similar contributions of the electrophoretic and electroosmosis-
mediated hydrodynamic drag forces on the particle motions at
the pore entrance and exit.

In stark contrast to the above observations, we found highly
asymmetric resistive pulses in glycerol solutions. Detecting the
nanobeads dispersed in glycerol-water mixtures (the salt con-
centration was kept at 0.05 M), we obtained smaller open pore
current I,,., as well as the ionic signal heights I, ascribed to
the increased liquid viscosity (Figure 3a). The stronger viscous
drag force on the polystyrenes also led to broadening of the
pulse signal waveforms (Figure 3b) and reduced particle capture
rates (Figure S8, Supporting Information). Meanwhile, the signal
shapes became more asymmetric as we increased the amount of
glycerol (Figure 3c). More quantitatively, whereas both ¢, and t 4
were found to increase with # indicating the lower mobility of
the nanobeads in the more viscous solution (Figure 3d; see also
Figures S9 and S10, Supporting Information), the former time

© 2024 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 3. Spatially-asymmetric translocation dynamics in a viscous solution. a) lonic current traces measured in water-glycerol mixture solutions of
180 nm polystyrene nanoparticles under Vi, = 0.2 V. The open pore current Iy, decreased monotonically with increasing the glycerol contents.
b) Resistive pulses observed under different viscosity conditions. All the data were taken using one identical nanopore. c) Magnified views of the ionic
signals. As the solution viscosity is increased, the signal waveforms become more asymmetric. Note the difference in the scale of the ionic current and
time. d) t,, (red) and t g (blue) plotted as a function of 5. Results of 100 nm nanoparticles detected with a 150 nm nanopore are also shown. e) The
ratio [ tof plotted as a function of 77 (red). Iopen is also shown (skyblue). The dashed curve represents the 1~ dependence of the open pore current.

is revealed to be extended more prominently than the latter as
shown by the increase in their ratio t,, /t 4 (Figure 3e).

What caused the asymmetric resistive pulses? It is known that
capacitance of a nanopore chip couples with the ionic resistance
to render a signal retardatio effect like in electric circuits smear-
ing the I, , signals into asymmetric forms by elongating the pulse
tails." However, Figure 3b presents signal blunting at its onset
and not tail. In fact, we integrated a polyimide micropore layer on
the nanopore membrane to reduce the chip capacitance to ensure
a fast enough response of I, , to the translocation motions of the
polystyrenes.*?] The anomalous asymmetry in the ionic signal

profiles should, therefore, originate from the translocation mo-

Small Methods 2024, 2301523

2301523 (4 of 10)

tions of the nanobeads. Meanwhile, since there is no difference in
the solution properties at the entrance and exit of the nanopore,
the electric potential distribution is theoretically predicted to be
symmetric with respect to the membrane plane no matter the vis-
cosity and transmembrane voltage conditions tested (as shown
by the finite element analyses in Figure S11, Supporting Infor-
mation), which expects the narrowing of the ionic signals at both
the onsets and tails with V/, as observed in the NaCl solution with-
out glycerol (Figure 2c). Indeed, I, during the resistive pulse
measurements (Figure 3e) decreased as n~! ensuring the varied
viscosity as settled via the solution preparations. In this regard,
inertial effects can be a possible factor that serves to regulate the

© 2024 The Authors. Small Methods published by Wiley-VCH GmbH
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passages of the particles toward the axial direction after escap-
ing the nanopore.l*}] Nevertheless, their influence is anticipated
to be negligible in the liquids much more viscous than water
as denoted by the short Stokes time of 51 ps for the 180 nm
nanosphere of 3.2 fg in the 70 vol.% glycerol-water solution of
n = 37 mPa s. The asymmetric features in the resistive pulses
thus suggest peculiar contributions of local viscosity in the
nanopore on the electrically-driven translocation dynamics in the
organic-water mixtures.

In an effort to shed further light on the mechanism behind
the electrokinetic asymmetry, we carried out the resistive pulse
measurements in a high-content glycerol solution (80 vol.%) of
0.8 M NaCl under various V, conditions (Figure 4a,b). Here, we
utilized the relatively high salt concentration to compensate for
the reduction in the ion mobilities associated with the elevated
viscosity to gain a large enough ionic current response upon
the electrophoretic translocation of the polymeric nanobeads.
We found a linear increase in both I, and I, with the trans-
membrane voltage (Figure 4c) similar to the results obtained in
water (Figure S12, Supporting Information). Furthermore, the
nanoparticle capture rates f;,,, deduced by a statistical analysis of
the occurrence rates of the ionic signals (Figure S13, Supporting
Information),[* became higher under larger V, ascribed to the
more extensive electric field distributions at the pore entrance for
electrically drawing them into the nanopore (Figure 4d; see also
Figure S14, Supporting Information, for the case in salt water).
Curiously, on the other hand, while this anticipates faster elec-
trophoretic speed of the nanoparticles by stronger electric field
at the nanopore, the V, dependence of the resistive pulse width
t; revealed the opposite indicating their slower translocation mo-
tions under larger transmembrane voltages (Figure 4b,d; Figures
S15 and S16, Supporting Information).

Closer inspections of the signal waveforms (Figure 4e; Figures
S17 and S18, Supporting Information) identified slightly shorter
t. at higher V;, denoting faster electrophoretic motions of
the polystyrenes under the larger electric field at the pore exit
(Figure 4f). On the contrary, t,, became longer upon raising the
voltage from 0.2 to 1.0 V (Figure 4f; Figures S19 and S20, Support-
ing Information). Marcuccio et al.**] observed similar asymmet-
ric resistive pulse signals for DNA electrophoretically translocat-
ing through a nanopipette under a viscosity gradient formed with
salt solution and a water-organic mixture. They attributed the
slow decay of the ionic current to the roles of dense counterions
on the polynucleotide chain, along with the complex interactions
of the solutions involving shifting of the solution interface.l*’]
Unlike DNA, in contrast, the contribution of counterions is antic-
ipated as negligible for the 180 nm-sized polystyrene beads hav-
ing bulky spherical structures that render mostly volume exclu-
sion effects. Moreover, the nanopores in the present work were
filled with homogeneous water-organic mixtures of constant vis-
cosities and ion concentrations, and hence there is no solution
interface at the nanopore. Therefore, the signal asymmetry ob-
served here cannot be attributed to the physico-chemical inter-
actions of the electrolyte solution. Instead, it is more natural to
ascribe the signal asymmetry (Figure 4g) to much slower motions
of the nanobeads at the entrance by up to a factor of three than
those at the exit. As a whole, it led to the increase in t; manifest-
ing the significance of the electric-field-mediated translocation
slowdown in the capture stage.

Small Methods 2024, 2301523
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To better understand the counterintuitive translocation be-
haviors, we deduced their real-time dynamic motions from the
resistive pulse profiles. For this, we simulated the I, change
upon the nanoparticle translocation by calculating the steady-
state ion flux through a 300 nm SiN, nanopore with a 180 nm
nanosphere moving along the axial direction in a framework
of a finite element method (Figure 5a).[***¢! Comparing the
position-dependent ionic current with the measured resistive
pulses (Figure 5b), we estimated the temporal changes in the par-
ticle location z (Figure 5c) as well as its first derivative (Figure 5d),
i.e., the translocation speed v. It revealed a steady increase in
v as the nanoparticle moved closer to the nanopore under low-
V,, conditions, which can be interpreted as the accelerated elec-
trophoretic motions via the focused electric field. While this nat-
urally anticipates larger v under higher transmembrane voltages,
the nanoparticle velocity at the entrance was shown to become
lower with V; (Figure 5e). After passing through the entrance,
meanwhile, it starts to accelerate rapidly followed by decelera-
tion at the exit via viscous dragging (Figure 5e,f). The overall fea-
tures represent an unexpected role of glycerol to retard the elec-
trophoretic motions of the nanobeads only at the nanopore en-
trance.

In this regard, it is noticeable that the fast-moving polystyrenes
distort the glycerol-water solution confined between their sur-
face and the nanopore wall at high shear rates amounting to over
10° s7!, which is orders of magnitude larger than the conditions
involved in macroscopic fluid systems.[*’#8] Such an extreme con-
dition would anticipate the emergence of non-Newtonian char-
acteristics of the viscoelastic fluid such as shear thickening and
thinning.[*5% For example, the electrostatically drawn particle
densified the hydrogen bond-mediated glycerol-water molecule
networks>1>2] at the front space. This dilatancy raised the local
viscosity during the capture stage to give a longer t_,. As the par-
ticle entered the pore, meanwhile, the high-density glycerol was
dissociated by the excessively strong electrophoretic forces un-
der the huge electric field over 2 MV m™! (Figure S4, Supporting
Information) thereby leading to the rapid rise in v via the associ-
ated reduction in the viscosity through a transition from dilatant
to pseudoplastic characteristics of the fluid (Figure 5g).

To verify this, we performed nanoparticle detections in several
different viscoelastic fluids. Polyethylene glycol (PEG) of molec-
ular weight 200 was mixed with water at 20 vol%. The resistive
pulse measurements were performed in the PEG solution con-
taining 0.14 M NaCl, where we found increased asymmetry in
the ionic signal profiles (Figure 6a) due to the retarded (acceler-
ated) particle motions at the pore entrance (exit) under higher V;,
(Figure 6b). The results were qualitatively the same in xanthan
gum solution (0.1 wt. %) (Figure 6¢,d). These findings suggest
the rather universal mechanism of the asymmetric translocation
motions of nanoparticles in viscous solution involving the high-
shear rate-mediated dynamic change in the local viscosity in the
nanopore.

3. Conclusion

Raising solution viscosity has proven useful for improving
several important features of nanopore sensing without any
tradeoffs. Applying higher transmembrane voltage, the elec-
trophoretic motions at the pore entrance can be retarded via

© 2024 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 4. Transmembrane voltage contributions on the translocation dynamics asymmetry. a) Resistive pulses detected for 180 nm nanoparticles translo-
cated through a 300 nm nanopore in 80 vol% glycerol solution of # = 94 mPa s containing 0.8 m NaCl under various V,, conditions. All the data were
taken using one identical nanopore. b) Resistive pulse height (I,) versus width (t4) scatter plots. c) I, (red) and Iy, (skyblue) plotted against V.
d) Transmembrane voltage dependence of the particle capture rate f.,, (orange) and translocation time (t4). €) Typical resistive pulses obtained at
0.2 V (top) and 0.9 V (bottom). Red and blue colors denote the onsets and tails of the signals. f) Plots of t,,, (red) and t.g (blue) as a function of V.
g) V,-dependence of the ratio between t,,, and t g exhibiting increased resistive pulse asymmetry under larger transmembrane voltage.
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Figure 5. Velocimetric analysis of nanoparticle translocation dynamics in viscous solution. a) lon blockade characteristics of a 180 nm nanosphere
passing through a 300 nm nanopore in a 50 nm-thick SiN, membrane in 0.8 M NaCl solution of viscosity 94 mPas under V, = 0.2 V. z denotes the
center position of the nanoparticle from the nanopore. b) A resistive pulse obtained under the same conditions in (a). c) Temporal change in the particle
position deduced by comparing the I,,, —z (a) and I,,, — t (b) profiles. d) Nanoparticle velocity v numerically estimated from the z — ¢ traces under V},
= 0.2V (green) and 0.9 V (purple). Orange dashed line points at the apex of the resistive pulses, while red and purple lines denote 2.5 ms before and
after that point. e) The particle velocity 2.5 ms before (red) and after (blue) it passes through the nanopore. f) The translocation velocity at a point when
the particle resides at the center of the nanopore. g) Conceptual models depicting the electrophoretic translocation mechanism of a nanoparticle in
glycerol-water mixtures involving glycerol molecule densification and reordering under the influence of high shear rates within the nanoconfined liquid
between the particle and the pore wall.

the dilatant characteristics of the shear-deformed nano-confined
organic-water fluid. Simultaneously, it brings a more extensive
electrostatic field to enable higher detection throughput by elec-
trophoretically drawing a larger number of analytes into the sens-
ing zone per unit time. Besides the capture-to-translocation dy-
namics, the increased voltage can also serve to amplify the ionic
signals. All these outcomes of the combined use of viscous so-
lution with high transmembrane voltage are beneficial for de-
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tecting small particles and molecules by the ionic current mea-
surements, the task of which is generally difficult to accomplish
by conventional means including a salt gradient approach that
cannot serve to raise the signal-to-noise ratio.”>5*! Similar ef-
fects are expected in nanopores of different sizes by designing
the experimental conditions to meet the shear rate requirement.
Meanwhile, it should be noted that substances with small sur-
face charge densities pass through a pore via electroosmotic flow

© 2024 The Authors. Small Methods published by Wiley-VCH GmbH
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Figure 6. Asymmetric modes oftranslocation dynamics in other viscous solutions. a) Increase in resistive pulse asymmetry under higher transmembrane
voltage for 180 nm nanoparticles translocating through a 300 nm nanopore in 20 vol% PEG (average molecular weight 200 g mol~') solution with 0.14 m
NaCl. Yellow plots are the average /. All the data were taken using one identical nanopore. b) Plots of t,,, (red) and t g (blue) as a function of V;. c,d)
Results for the nanoparticle translocation in 0.1 wt. % xanthan gum demonstrating similar features to those observed in the PEG and glycerol solutions.

All the data were taken using one identical nanopore.

instead of electrophoresis.[>*>*] Further efforts should be devoted
to verifying whether the present approach equally works to slow
down the translocation motions in such cases where the analytes
are carried by the fluid flow.

4. Experimental Section

Polyimide-Covered Nanopore Chip Fabrications: A 4-inch silicon wafer
was coated with 50 nm-thick silicon nitride layers on both sides by low-
pressure chemical vapor deposition. A 1 mm x 1 mm region of the sili-
con nitride was removed through a metal mask by reactive ion etching us-
ing trifluoromethane etchant gas. The thus appeared silicon surface was
exposed to 25% potassium hydroxide aq. heated to 80 °C. As a result,
the silicon layer was anisotropically etched forming a deep trench with a
40 nm-thick silicon nitride membrane of approximately 200 um x 200 um
size at the bottom. On the membrane surface, an electron beam resist
ZEP520A was spin-coated and baked at 180 °C. Subsequently, a circle of
diameter 300 nm was delineated by electron beam lithography. After de-
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velopment in a developer solution, the residual resist layer was used as
a mask to open a nanopore by removing the exposed silicon nitride via
the trifluoromethane reactive ion etching. After that, the nanopore chip
was cleaned by keeping it in N,N-dimethylformamide overnight followed
by rinsing with isopropanol and acetone several times. On the nanopore
membrane, a 5 pm-thick photosensitive imide precursor was spin-coated
and prebaked on a hot plate. The light was irradiated at a 50 um region
around the nanopore by mask-less photolithography followed by develop-
ment and hard-baking. Finally, a silicon nitride nanopore was obtained in
a 50 um polyimide micropore. Here, the thick polymer layer served to re-
duce the chip capacitance thereby enabling a fast response of the ionic
current against the particle translocation with suppressed high-frequency
noise.

Flow Cell Integration: The entire surface of the polyimide except the
area around the 50 um-sized micropore was coated with 10 nm-thick
silicon dioxide by chemical vapor deposition. On the silicon dioxide-
coated polyimide surface, a microchannel-patterned polydimethylsilox-
ane (PDMS) block was bonded by pretreating their surfaces with oxygen
plasma. The same process was used to adhere another piece of PDMS
to the other side of the nanopore chip. Prior to the bonding, three holes
were punched in each of the PDMS blocks, which were used for injecting

© 2024 The Authors. Small Methods published by Wiley-VCH GmbH
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electrolyte solution into the nanopore as well as to insert Ag/AgCl rods for
the ionic current measurements.

lonic Current Characteristics Measurements: Glycerol was added to
NaCl solution at various vol.% ratios for preparing electrolyte buffers of dif-
ferent viscosity at pH 7.4. The salt concentration was adjusted to make the
ionic strength of the glycerol-water mixtures the same. The solution was
poured into the holes in the PDMS blocks to fill the nanopore from both
sides. An silver/silver chrolide electrode was used to apply the transmem-
brane voltage V}, and record the ionic current Iy, through the nanopore
using a pico ammeter-source unit (Keithley 6487). I, versus V,, charac-
teristics were measured by sweeping the voltage at a 5 mV step in a range
from 1.4 to —1.4 V.

Single-Nanoparticle ~ Detections: 180  nm-sized  carboxylated
polystyrene nanobeads (Polysciences) were dispersed in the salt so-
lutions at 1x 100 particle mL~". The zeta potentials of the nanoparticles
were measured to be around -40 mV using a zeta sizer (Malvern).
The particle suspension was added to one side of the nanopore while
filling the other side with the solution containing no nanoparticles. The
transmembrane voltage V|, was applied to an Ag/AgCl electrode using
a battery-based potentiostat. The output ionic current was recorded
through another silver/silver chrolide electrode placed at the other side of
the membrane by amplifying it with a custom-designed current amplifier
followed by digitizing with a fast digitizer (NI PXI-5922) and data storage
in a solid-state drive (NI HDD-8261) at 1 MHz. In order to avoid the
influence of fabrication errors, the same nanopore chip was used to
investigate the viscosity and voltage dependence of the nanoparticle
translocation dynamics. For the variation in the nanopore structures,
meanwhile, it was confirmed to cause only marginal effects on the
measurement results (Figures S14 and S15, Supporting Information). All
the measurements were performed under a program coded in LabVIEW.

Resistive Pulse Analyses: The I, traces were sectioned into 0.5 sec-
onds of data. The base current in each data set was offset to zero
by subtracting the linearly-fitted component. Resistive pulses in the
offsetted I, curves were extracted by finding the local minima be-
low a threshold level followed by saving 2500 points before and af-
ter the local minima in a data file. The onset (t,,) and offset time
(tog) were obtained by calculating the time required for the ionic cur-
rent to reach above zero amperes from the pulse apexes. The resistive
pulse heights were acquired as the minimal I, in each ionic signal.
All the data analyses were performed using a program coded in Visual
Basic.

Statistical Analysis:  Distributions of the resistive pulse feature param-
eters such as the height, width, t,,, t,4 and At were evaluated by con-
structing histograms. Gaussian peaks were fit to the distributions to as-
sess the average values and the variations as their center positions and
the full width at half-maxima. All the calculations were performed using
Origin Pro.

Finite Element Analyses: A three-dimensional model of a cylindrical
pore of 300 nm diameter in a 50 nm-thick silicon nitride membrane (elec-
trical conductivity of ¢ = 1.4 x 107 S m~" and relative permittivity
of &, = 9.7) was constructed in COMOSL Multiphysics 5.4. The whole
geometrical structure consisted of an 8 um-radius and 16.05 um-height
cylinder filled with a glycerol-water mixture of various viscosities from
1 mPas (0 vol%) to 94 mPas (80 vol%) with Na* and CI~ at a concen-
tration 1 mol L™'. A sphere of diameter 180 nm was placed at a posi-
tion along the axial direction. The transmembrane ionic current was cal-
culated by solving the Poisson equation, continuity equation at steady-
state current, Nernst-Planck equation, and Naiver-Stokes equation in a
framework of a finite element method. All simulations were conducted by
a software package of COMSOL multiphysics 5.4 using AC/DC, Chem-
ical Reaction Engineering, and Computational Fluid Dynamics (CFD)
modules.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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