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single pore formed in an insulating

membrane has been exploited as a

useful system for studying physics
underlying the electric field-driven translo-
cation of an individual molecule or particle
at the nanoscale.' > The single-particle sen-
sing mechanism involves detection of tem-
poral change in the transmembrane ion
transport associated with the volume exclu-
sion effects of a molecule passing through
the pore.' > A promising application of the
pore sensor is electrical DNA sequencing.s’14
It has recently been demonstrated that a
partial blockage of the ion current through a
biologically engineered a-hemolysin channel
during single nucleotide translocation en-
ables direct identification of the four base
molecules.”'> However, nanopore sequen-
cing is yet to be achieved because of the fact
that DNA molecules thread through the bio-
logical pores too fast to interrogate the base
sequence for the limited bandwidth (<10 MHz)
of current measurement systems.>>'® This
has led to growing interest in pursuing
the development of solid-state nanopore sen-
sors with high spatial sensitivity, as they are
more mechanically robust and configurable
to incorporate molecular translocation speed
controllability.'® 2"

The spatial resolution of a nanopore de-
vice is determined by the thickness of the
membrane. From this respect, graphene is
considered as a potential material for attain-
ing single-base resolution, because of the
excellent mechanical strength and the well-
defined single-atom sheet structure ideal
for attaining single-base resolution.> To
date, fabrication of a nanoscale pore in
a single-layered or multilayered graphene
membrane has been realized by several re-
search groups using an electron beam sculpt-
ing technique.”*?® Though not yet sequen-
cing, the atomically thin nanopores were also
found to be applicable for single-molecule
detection of double-stranded DNA>~%
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We explored single-particle translocation through a low thickness-to-diameter aspect ratio

Si3N, pore mimicking graphene nanopore structure by a resistive pulse method. lonic

conductance of 0.05 aspect ratio pores scales linearly with the diameter, indicating

predominant contribution of the access resistance to the ion transport. We find that the

access resistance changes little during particle translocation. Furthermore, we observe

enhanced particle capture rates via the strong electric field extended outside the low-

aspect-ratio pore mouth. We also demonstrate electrical discrimination of two different sized

particles using the low-aspect-ratio pore sensor with the constant access resistance

assumption. The present findings indicate the potential utility of nucleotide-sized graphene

nanopores as an electrical sensing platform for single-base identification via transmembrane

ionic current blockade detections.

KEYWORDS: solid-state nanopore - access resistance - low aspect ratio - ionic

current blockage - single-particle detection

Despite that graphene nanopores offer
prospective direct sequencing via the ionic
current blockage,® particle capture/trans-
location kinetics and its influence on the ion
transport in such an unusually low aspect
ratio pore have not been addressed. It is
anticipated that the resistivity of the elec-
trolyte solution outside the pore, the so-
called access resistance,”” becomes non-
negligible when seeking to achieve high
spatial resolution by shrinking the mem-
brane thickness, as it leads to decreased
cross-pore resistance. Here, we investigated
single-particle translocation in a low-aspect-
ratio solid-state pore mimicking the graphene
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Figure 1. Structure and open pore conductance of low-aspect-ratio pores. (a) Schematic description of thin SisN, micropore.
The transmembrane ionicresistance is defined by the cross-pore resistance, R,oro, and the access resistance, Rac, connected in
series. In experiments, the transmembrane current, /;,,,, is measured under a dc voltage V,,. (b) Optical microscope image of a
1.2 um diameter pore formed in a 50 nm thick SisN, membrane. The L-shaped external markers at both sides were utilized as a
guide to delineate the micropore at the center of the membrane by electron beam lithography. (c) /;,n,—V}, characteristics of
the low-aspect-ratio pores acquired in a TE buffer. (d) Plots of the pore conductance, Gj,,, obtained from the slope of the
lion—V}, curves in (c), as a function of the pore diameter, d. Dashed line is a linear fit. The linear G;,,,—d dependence manifests a
predominant role of R,.. Inset depicts the hemisphere extending outside a low-aspect-ratio pore indicated by a dotted curve.
The ion conductivity inside and outside the hemisphere defines R, . = p/d, where p is the resistivity of the ionic solution.

nanopore architecture wherein the access resistance,
Racc, rather than the pore resistance, Ryore, dominates
the open pore ion transport (Figure 1a).

RESULTS AND DISCUSSION

The micropore sensors were first calibrated by mea-
suring lion—V}, characteristics in a TE buffer (10 mM Tris-
hydrochloride, T mM EDTA, pH 8.0). We obtained a
linear increase in /,,,, with V,, for pores with d = 6.0 to
1.2 um (Figure 1c). Plots of the pore conductance
G estimated from linear fits to the li,n—V, curves
against d reveal linear G—d dependence (Figure 1d).
The whole resistance R = 1/G between the two electro-
phoretic electrodes can be described as R = Rac +
Rpore- The cross-pore resistance Rpore for the micropore
immersed in an electrolyte solution with the resistivity
p is written as Rpore = 4pl/nd? where L = 50 nm is the
thickness of the pore. On the other hand, R, is defined
as Racc = p/d. Therefore, the linear G—d relation man-
ifests the predominant role of the ionic resistance
outside the pore on lion”” @ unique behavior observed
also in graphene nanopores.?® The slope of the G—d
plots gives p = 12.7 Qm, which is typical for the
resistivity of TE buffer (10—20 Qm).
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We utilized the low-aspect-ratio pore of size d =
1.2 um and L = 50 nm for detection of 0.78 um sized
polystyrene (Pst) particles in a solution at a concentra-
tion of 0.3 pM. We observed current spikes signifying
temporal ionic current blockage by volume exclusion
effects of the polymer beads in the pore in a V}, range
from 0.05 to 0.27 V (Figure 2a).>® The current blockade
signals can be characterized by the spike height / and
width t4 (Figure 2b). The I, distributions show a single-
peak structure. The peak current Ip; was extracted from
the I, distributions acquired at various V, conditions by
Gaussian fitting (Figure 2c). We find a linear lps;—V},
relation at the low-V,, regime below 0.23 V (Figure 2d,
red plots). These plots are in good agreement with
a theoretical estimation of R, = p/d = 9.5 MQ and
Roore = 4pL/7d® = 0.49 MQ (0.81 MQ) in the 1.24 um
pore without (with) a 0.78 um Pst particle in a solution
of p = 11.8 Qm (dashed line in Figure 2d). The open
pore current, Iy, is also reproduced using the same
pand d (Figure 2d inset). This in turn indicates that R,
of the low-aspect-ratio micropore remains unaltered
during particle translocation.

We further examined the role of R, on a single-
particle detection via the ion blockade mechanism by
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Figure 2. Single-particle detection using the low-aspect-ratio pore sensors. (a) /;,,—t curve measured using the low-aspect-
ratio pore of diameter d = 1.2 um and thickness L = 50 nm in a TE buffer solution containing 0.78 um sized polystyrene (Pst)
beads at a concentration of 0.3 pM under an electrophoretic voltage V}, = 0.1 V. Current spikes were observed signifying
single-particle translocation. (b) Magnified view of /;,, spike that is characterized by the width t4 and height /, from the base
level current I, representing the trapping duration and the ion exclusion effect by the particle in the pore, respectively. (c)
Distribution of /, data extracted from the /;,,,—t trace for 0.78 um Psts at V, = 0.10 V. Peak current /p,; was obtained by Gaussian
fitting to the histogram (black curve). (d) Ip; versus V,, plots at two different particle solution concentration conditions, 0.3 pM
(red) and 0.03 pM (green), showing a linear increase in the blockade current with the applied voltage at V,, < 0.23 V. Black
dashed line is obtained by the series resistance model calculation using p = 11.8 @m and d = 1.24 um. Inset is the background
current I, plotted with respect to Vy,. The red dashed line is a linear fit. (e) /, histograms constructed with current spikes
measured in 0.78 um Psts using a high-aspect-ratio pore of d = 1.5 um and L = 400 nm and (f) corresponding lps;—V, plots.
Black dashed line is drawn based on the series resistance model calculation with p = 14.0 @m and d = 1.68 um. Inset is the

lo— V), plots. Red dashed line is a linear fit.

exhibiting the /, measurements with a higher aspect
ratio micropore sensor (d = 1.5 um and L = 400 nm).
lion—t traces obtained in a 0.78 um Pst solution
(concentration is 10° particle/mL) show current spikes.
The corresponding I, histograms at V,, = 0.2 to 1.0 V
reveal a single-peak profile (Figure 2e). We plotted /ps;
as a function of V,, (Figure 2f). Similar to the case for the
low-aspect-ratio pore, the linear Ip;—V}, dependence
complies with the series resistance model that yields
Racc = 8.3 MQ and Ryore = 2.5 MQ (3.1 MQ) using p =
14.0 @m and d = 1.68 um without (with) a 0.78 um
polymer particle. The fact that the estimated diameter
is larger than the nominal value is ascribable to over-
etching during the reactive ion etching process used
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for drilling the pore. The open pore current also agrees
with the R,.c and Ryore as displayed in the inset of
Figure 2f. These results serve to corroborate the con-
stant nature of the access resistance during single-
particle translocation.

In addition to the signal interpretation, the particle
capture efficiency is a practically important issue for
high-throughput nanopore sensors.3>3' The average
signal frequency, or equivalently the particle capture
rate, was found to be f,, = 14 signals/s and 2 signals/s
at V, = 0.05 V for the [;,,—t curves acquired using the
low-aspect-ratio 1.2 um pores in a TF buffer solution
containing 0.78 um Pst beads at the concentration N of
0.3 and 0.03 pM, respectively. This suggests a linear
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Figure 3. Role of the access resistance on particle capture kinetics. (a) Specific capture rate f,,/N for 0.78 yum Psts in the low-
aspect-ratio pore (d = 1.2 um and L = 50 nm) plotted against V.. (b) f.,,/N—V,, characteristics for 0.78 um Psts in the high-
aspect-ratio pore (d = 1.5 um and L = 400 nm). Black dashed line is a linear fit.
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Figure 4. Single-particle size discrimination by blockade current measurements. (a) Blockade current histograms constructed
with /, data obtained at 0.05 V < V}, < 0.25 Vin a TE solution mixture containing equimolar 0.78 and 0.90 «m Pst beads at a net
concentration of 0.3 pM using the low-aspect-ratio pore (d = 1.2 um and L = 50 nm). The bimodal distributions reflect
translocation of different sized particles through the pore. Black bands are the blockade current deduced by the series
resistance model calculations for the two particles under a fixed pore diameter d = 1.2 um and with p ranging from 12 to
20 2m. The relative peak positions are in good agreement with the theoretical estimation. (b) I,—V}, scatter plots at V;, = 0.20 V

(top) and 0.25 V (bottom).

relation between f.,, and the bulk particle concen-
tration.3* We also find that the specific capture rate
feap/N increases with the electrophoretic voltage in
the V}, range measured. It has been established that
the capture rate scales in two different manners with
the electric field along a pore depending on whether the
electrophoretic force is strong enough to overcome
the energy barrier Eg at the mouth against particle
capture or not.>® Under low-V,, conditions, the effec-
tive barrier height is diminished with the applied voltage,
leading to a sharp increase in the rate of capture with
V. On the other hand, in a high-V,, regime wherein the
electrophoretic voltage more than compensates the
barrier energy, the capture efficiency increases little
with V}, since the probability of particle translocation
once it enters the pore is already close to unity. In
Figure 3a, f.,p/N increases only gradually with Vi, which
implies the saturation regime of the translocation
probability where eV, > Eg. On the other hand, f.,o/N
in a high-aspect-ratio 1.5 um pore at N = 1.7 pM shows
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linear dependence on V,, from f.,, = 0 Hz, suggesting
that eV, < Eg, wherein the electric-field-driven barrier
energy crossover processes dominate the single-parti-
cle capture kinetics.3%3® The essential difference be-
tween the two types of pores may lie in the fact that the
electric field extending outside the pore is stronger for
the 50 nm thick pores with larger R,c-to-Ryore ratio,
which facilitates the particle translocation.®’

The low-aspect-ratio pore was used for discrimina-
tion of Pst particles of different sizes. We measured /o,
ina TE solution containing an equal amount of 0.78 and
0.90 um Pst beads. Bimodal /, histograms were ob-
tained. The peak positions of these I, distributions at V,
< 0.20 V were in good accordance with R,cc and Ryore
deduced by the series resistance model for the two
different polymer particles (black bars in Figure 4a).

While we have seen so far that current blockade
events in the linear lps.—V), regime can be interpreted
by the series resistance model with a constant ac-
cess resistance assumption, a peculiar feature always
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Figure 5. Pore-blocking events. (a) Temporal stacking and (b) complete pore-blocking events observed during fio,
measurements using a 1.0 um pore in a TE solution mixture of 0.78 and 0.90 um Pst beads. Green and purple dashed lines
denote the ion current level estimated by the multiphysics model calculation fora d = 1.2 um and L = 50 nm micropore system
with 0.78 and 0.90 um spherical particles placed at the center, respectively. Blue dashed line is the open pore current

estimated with the same model but without a particle.

appeared at the high-field conditions; Ips; suddenly
starts to decrease at V/}, > 0.23 V. The unexpected high-
field characteristic is reproduced even in the I, mea-
surements conducted in the solution mixture of two
different sized particles (Figure 4a). It is noticeable that
lo scales linearly with V,, in the voltage range measured
(Figure 2d inset), in accordance with the f;,,—V,, char-
acteristics in Figure 2c. Therefore, the high-bias anom-
aly cannot be attributed to a field-induced change in
the ion mobility in the low-aspect-ratio pore at V}, >
0.23 V. Rather, it is more likely to be attributed to
translocation processes of the polymer particles. Scat-
ter plots of I, versus ty in Figure 4b already reveal a
change in the particle translocation processes at V}, >
0.2 V; although 0.78 um and 0.90 um particles can be
discerned by the two event clusters observed in the
diagrams at V|, = 0.20 and 0.25 V, the data are con-
spicuously scattered more extensively at V, = 0.25 V.
Especially, there is an increasing number of short
events with relatively small current blockages. These
data would correspond to translocation blocking
events by random collisions at the vicinity of the pore
among several particles electrically attracted to the
pore at the same time. Conversely, the long events with
high I, may originate from simultaneous crossing of
several particles. Eventually, the overall distribution of
Ip fluctuates at the high-bias regime, as we have seen in
Figure 2d. The fact that /p5; decreases at the high biases
suggests a predominant influence of the many-body
collision effects. The absence of the high-bias feature in
the high-aspect-ratio pores can be understood by the
inadequate electrophoretic driving force for letting
multiple particles surpass the energy barrier and be
captured together in the pore within a short range of
time.3'33

Despite that the constant R,.c model explains most
of the experimental results, such an ideal situation is
counterintuitive, as it is expected a priori that the
access resistance increases to some extent when a
particle partially occupies the hemispheres at the pore
entrance possessing about half of the total access
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resistance?” and excludes the ions there (in a similar
manner to that of the ion exclusion effects on Ryore). In
fact, our multiphysics model calculations of the block-
ade current based on self-consistent ion transport
derivation®' using Navier—Stokes, Nernst—Plank, and
Poisson equations derive a higher I, than what we
obtained from the series resistance model: The multi-
physics model calculations give /, = 2.33 nA, whereas
the series resistance model with a constant R, as-
sumption estimates /, = 0.64 nA for a 0.78 um particle
translocation through ad= 1.2 umand L =50 nm pore,
while both models give a similar background current of
lo ~ 20 nA. This predicts that the access resistance
should change appreciably at least under a static point
of view wherein ion transport takes place through the
pore with a particle located at the center. Interestingly,
we find an I, that matches well with the multiphysics
model estimation for temporal stacking or complete
blocking events detected during 0.78 and 0.90 um
polymer bead translocation through a 1.0 um pore
(Figure 5a,b). Particle stacking was confirmed by rever-
sing the direction of the electrophoretic field after the
permanent decrease in lig,, Which led to removal of the
trapped particle and concomitant recovery of the
original background current level. We speculate that
the access resistance responds dynamically to the ion
exclusion in the hemisphere by the particles upon
translocation and gives rise to fluctuations of ;,p, but
the effect on I, is moderate unless they are swiftly
moving without being stacked in the pore due pre-
sumably to a relaxation of ion distributions or contri-
butions of counterions on the particle surface.

CONCLUSION

In summary, we have studied the single-particle
translocation through low-aspect-ratio pores. The pore
conductance in a low thickness-to-diameter aspect
ratio ranges less than 0.05 scaled linearly with the pore
diameter, suggesting an access resistance dominant
regime of the ion transport. The low-aspect-ratio
pore sensor can be used to identify polymer beads of
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different sizes by measuring the blockade current as-
sociated with ion exclusion by particles in the pores. In
these experiments, the access resistance was found to
remain constant during particle translocation as long as
they are not trapped in the pore. The invariance of access
resistance is a favorable condition for single-molecule

METHODS

Fabrication of Low-Aspect-Ratio Pores. We fabricated a micro-
pore in a thin SisN; membrane with a thickness-to-diameter
aspect ratio less than 0.1 as follows. A 0.8 mm square region of
the unpolished side of a SizN, (50 nm)/Si (0.5 mm)/SizN,4 (50 nm)
wafer was exposed to reactive ion etching (CF,, 100 W) to
partially remove the SisN, layer. We then wet-etched the
exposed 0.5 mm thick Si layer by a KOH solution at 90 °C. As a
result, we obtained a 50 nm thick, 100 um x 100 um Si3Ng4
membrane (Figure 1b). After that, we patterned a circle of
diameter d = 1.0 to 6.0 um in a resist layer (ZEP520A) coated
on the substrate using an electron beam lithography process.
Subsequently, a micropore of diameter d was sculpted by
exposing the substrate to reactive ion etching (CF, 100 W).
Finally, the residual resist layer was removed by immersing the
sample in N,N-dimethylformamide for 8 h followed by oxygen
plasma cleaning. This yields Siz;N, micropores with an aspect
ratio less than 0.05, which corresponds to a 6 nm sized graphene
nanopore.

Pore Device Sealing and Single-Particle Detections. In our experi-
ments, we adhered polydimethylsiloxane (PDMS) blocks onto
which a microchannel was patterned at both sides of the pore
device. Specifically, we prepared an SU-8 mold on a Si/SiO,
wafer using a photolithography method. PDMS (Sylgard 184)
was cured on the mold at 70 °Cfor 1 h. Three holes were pierced
in each PDMS block: one for placing a Ag/AgCl electrode and
two for the inlet and outlet of particle solution. The PDMS
channel and the sample substrate were treated with oxygen
plasma for surface activation® and attached together to obtain
permanent bonding between PDMS and Si3N,4. Carboxyl-func-
tionalized polystyrene microbeads of size 0.78 and 0.90 um
were employed as target particles. These particles were dis-
persed in a TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 8.0). We
introduced the particle-dispersed solution in the trans chamber
and buffer solution in the cis chamber via the PDMS channel. For
single-particle detection, the electrophoretic field V}, was ap-
plied to the pore utilizing two Ag/AgCl electrodes at both sides,
and the transmembrane ionic current, /,,,, was monitored at
1 MHz employing a home-built current amplifier backed by a
digitizer (National Instruments NI-5922) and stored in a RAID
hard drive (National Instruments HDD-8265) under LabVIEW
control.
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