Direct Visualization of Single-Molecule
Translocations through Synthetic
Nanopores Comparable in Size

to a Molecule

Volker Kurz, Edward M. Nelson, Jiwook Shim, and Gregory Timp*

Departments of Electrical Engineering and Biological Science, University of Notre Dame, Notre Dame, Indiana 46556, United States

ABSTRACT A nanopore is the ultimate analytical tool. It can be
used to detect DNA, RNA, oligonucleotides, and proteins with sub-
molecular sensitivity. This extreme sensitivity is derived from the
electric signal associated with the occlusion that develops during the

translocation of the analyte across a membrane through a pore

immersed in electrolyte. A larger occluded volume results in an improvement in the signal-to-noise ratio, and so the pore geometry should be made

comparable to the size of the target molecule. However, the pore geometry also affects the electric field, the charge density, the electro-osmotic flow, the

capture volume, and the response time. Seeking an optimal pore geometry, we tracked the molecular motion in three dimensions with high resolution,

visualizing with confocal microscopy the fluorescence associated with DNA translocating through nanopores with diameters comparable to the double

helix, while simultaneously measuring the pore current. Measurements reveal single molecules translocating across the membrane through the pore

commensurate with the observation of a current blockade. To explain the motion of the molecule near the pore, finite-element simulations were employed

that account for diffusion, electrophoresis, and the electro-osmotic flow. According to this analysis, detection using a nanopore comparable in diameter to

the double helix represents a compromise between sensitivity, capture volume, the minimum detectable concentration, and response time.
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nanopore can be used to analyze a
molecule with submolecular sensi-
tivity, provided the diameter is small

enough.'™* Cutting-edge applications of
nanopore technology range from sequen-
cing DNA' to scrutinizing the structure of
a protein as the molecule unfolds.®~® This
extreme single-molecule sensitivity is de-
rived from the electric signal associated
with the occlusion that develops when an
analyte translocates across a membrane
through a pore immersed in electrolyte. A
larger occluded volume results in an im-
provement in the signal-to-noise ratio asso-
ciated with a blockade in the electrolytic
current through the pore. Thus, the pore
geometry is the key to its utility; it affects the
electric field, the charge density, the electro-
osmotic flow, the capture radius, and the
response time.

Due to the fragility of proteinaceous pores
in a lipid layer'® and the challenges pre-
sented by an ab initio protein design,’"?
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recent efforts in single-molecule detection
have focused on nanopores in solid-state
membranes, but this work suffers from am-
biguities in the interpretation of the elec-
trical signature of a molecule. For example,
a current blockade associated with the
occluded electrolytic current through the
nanopore can develop even if the molecule
is not in the pore lumen;'® it is possible to
observe current enhancements above the
open pore current as well as blockades
associated with the translocation of the
same nucleic acid through the same pore,'*
depending on the electrolyte molarity'*'>
and molecular configuration;'® the deepest
blockades are not always indicative of a
translocation across the membrane;'”'8
and transient collisions of the analyte with
the pore entrance may occur that give rise
to a blockade without a translocation.®'9 %!

To inform on the relationship between
the molecular motion and configuration,
and the current transients and occluded
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electrolytic volume, single-molecule fluorescence has
been measured simultaneously with the pore current.**~’
Early work that correlated fluorescent and current
measurements through o-hemolysin proteins em-
bedded in lipid membranes showed that the electro-
lytic current is directly related to the transport of Ca®*
ions through a single pore.?* More recent efforts
focused on nanopores comparable to the size of the
molecule in solid-state membranes but lacked suffi-
cient spatial resolution to track the motion of DNA as
it translocated through the pore® or to deduce the
molecular configuration. Measurements with high
spatial resolution have been limited to pores with
diameters >50 nm, much larger than the size of a
molecule?*?® or pores much longer ~20 um than the
molecule.”” Taken altogether, prior work does not
establish the relation between the current through a
nanopore comparable in size to the molecule and
the three-dimensional (3D) molecular motion through
it with sufficient resolution. Yet, a nanopore with a
diameter comparable in size to the molecule remains
the primary focus due to the potential for improving
the signal-to-noise ratio.

Seeking the optimal pore geometry, we tracked the
molecular motion in 3D with high resolution, visualiz-
ing with confocal microscopy the fluorescence asso-
ciated with double-stranded linear and circular DNA
(dsDNA) translocating through nanopores with dia-
meters comparable to the double helix, while simulta-
neously measuring the pore current. The measure-
ments were performed on nanopores in silicon nitride
membranes embedded in a transparent microfluidic
device that allowed fluidic, electrical, and optical
access all at the same time. The microfluidic device
was anchored to a high-speed piezo-scanner on a
confocal microscope for high-resolution 3D imaging.
To facilitate high-speed fluorescence measurements
commensurate with the duration of a current blockade
without photobleaching, the weak DNA autofluorescence
was augmented by intercalation with a fluorophore,
YOYO-1. While it has been shown that fluorophores
intercalated into molecules can be impelled through a
pore with a only subtle effect on the resulting current
transients,?® the fluorescence can be used to delineate
the molecular position and configuration, provided it
can be resolved.

Visualization of single-molecule fluorescence, per-
formed simultaneously with nanopore current mea-
surements on the most dilute concentrations of DNA
reported so far, reveals single molecules translocating
across the membrane through the pore commensu-
rate with the observation of a current blockade, which
is sometimes followed by an enhancement of the
current above the open pore value, in correspondence
with predictions.'® However, even in the absence of a
translocation, false positives in the current can be
associated with molecules obstructing the pore but
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Figure 1. (a) Schematic of the confocal microscope with a
two-layer microfluidic mounted on the stage. This instru-
ment uses conjugate focal planes: the objective lens of the
confocal is used to both excite with an argon laser and
collect the fluorescent light emitted by the DNA through
pinholes. An acousto-optic beam splitter (AOBS) deflects
the fluorescence light into a HyD detector. A microfluidic is
mounted on the piezo-stage that allows for translation with
nanometer-scale precision along the x, y, or z axes. A silicon
chip that supports a thin silicon nitride membrane with a
nanopore in it is embedded in the microfluidic. The nano-
pore spans the membrane, connecting the cis- and trans-
chambers of the microfluidic. The inset shows a TEM of a
(3.5 x 4.1) + 0.2 nm cross section pore sputtered in a silicon
nitride membrane 30 £ 2.0 nm thick. (b) Concatenated
confocal images of the microfluidic obtained at low magni-
fication (10x) showing the cis- and trans-chambers.
(c) Magnification of the confocal data set in (b) showing
the silicon chip and the 30 um SiN membrane. (d) Confocal
image of the silicon nitride membrane.

10um

not translocating through it. To explain the motion of
the molecules near the pore, we employed finite-
element (FE) simulations that account for diffusion,
electrophoresis, and the electro-osmotic flow. Accord-
ing to this analysis, single-molecule detection using a
nanopore comparable in diameter to the double helix
represents a compromise between sensitivity and
capture volume.

RESULTS AND DISCUSSION

Nanopores with a cross section comparable to the
DNA double helix or the bending radius of a circular
plasmid are at the crux of this work. A TEM image of
a typical pore with a (3.5 x 4.1) & 0.2 nm cross section
in a silicon nitride membrane 30 4 2 nm thick is shown
in the inset to Figure 1a. A nanopore is created by
sputtering through a silicon nitride membrane <30 nm
thick on a silicon handle wafer using a high-energy
(300 kV), tightly focused electron beam (see Methods).
Subsequently, the chip supporting the membrane is
plasma bonded to a multilevel microfluidic device that
seals the chip to the microfluidic device between the
two vias, leaving the pore as the only connection
between the cis- and trans-channels, as illustrated in
Figure 1a—c.?>*° From TEM images taken at different
tilt angles, it was inferred that the pore geometry is
biconical, each with <20° cone angle.?® The biconical
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pore geometry combined with the surface charge
in the pore has the benefit of focusing the electric field
toward the center of the membrane—most of the
voltage drop occurs over ~4.5 nm region near the
constriction in the center of the membrane where the
molecule is detected.?’

We have previously established the distribution of
the electrostatic potential in nanopores like these
through measurements of the concentration depen-
dence of the conductance and molecular dynamics
(MD) simulations.3' Moreover, it was also shown that
the distribution of the electrostatic potential in a nano-
pore was roughly the same regardless of whether or
not a nucleic acid was in the pore. However, MD does
not account for the capture or exit of the molecule
from the pore. In particular, it is naive to suppose that
the motion of the DNA is described simply by diffusion
up to the orifice, where the electric force associated
with an applied transmembrane potential finally
impels the highly charged polyanion through the
pore.3? In addition to the electric field, there are other
interactions affecting the net force on the DNA in and
around the pore, which include the reduction of the
driving force by the counterion condensation, the
hydrodynamic drag of the electro-osmotic flow driven
by the motion of counterions near the DNA and pore
surface, the mechanical friction between DNA and the
pore, and the hydrophobic adhesion of bases to the
pore surface. 334

Visualization of DNA Translocations. Fluorescence micro-
scopy has been shown to be especially effective for
visualizing long polymer chains in dilute solutions.>>~>2
Provided the molecule is large enough to be resolved,
it should also be possible to observe the (Brownian)
motion of DNA and obtain information about the
transport and conformation of individual molecules
in solution with confocal fluorescence microscopy.
However, dsDNA shows only a weak autofluorescence
(the quantum yield is only 107>—10~* with absorption
in the range of 200—300 nm), and so to track the
motion with fluorescence microscopy, the dsDNA was
first intercalated with YOYO-1 iodide dye (Invitrogen)
(see Methods). In particular, high-speed fluorescence
imaging of a solution of DNA molecules was used to
track the motion and estimate the diffusivity of single
20 kbp linear and 8.6 kbp circular plasmid dsDNA
molecules. (Typical examples given in the movies S1a,
b, which were acquired at 27 fps, are relegated to
the Supporting Information.) To acquire the data, a
A =488 nm wavelength laser beam was focused on the
cis-side of the membrane, which contains fluorescent
DNA in solution so dilute that there was not more
than one molecule within the confocal volume. These
images were subsequently analyzed using particle
tracking algorithms that detect the particle's position
by calculating the intensity-weighted mean position
of pixels having a value above a certain threshold
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(see Methods). It was estimated that for a 10 pM
concentration of DNA there is less than one molecule
in the depth of focus; that is, only 1 molecule/(5.5 um)® =
1/166 um 2, corresponding to the confocal volume of
7 x (1 um)? x 8 um = 25 um>. For normal 3D diffusion,
it is expected that D = £°/60t, where Ot is the time
between each frame and ¢ is the average distance the
molecule moved. However, since only the x—y projec-
tion of that motion was observed, the diffusivity is
given by D = £*/40t. As shown in Figure S1 in the
Supporting Information, for a 4.5 pM concentration
of dsDNA in 100 mM KCl, the diffusion coefficients
above the membrane are D = 1.573 um? s~ ' and D =
2.238 um? s~ for linear (20 kbp) and circular (8.6 kbp)
plasmids, respectively, so that in 290 ms it is expected
that the molecule covers a distance of Ly ~ (D)2 =
675 nm (Lq = 806 nm for circular plasmids) if diffusive
transport predominates. This measurement of the DNA
diffusion coefficient is consistent with prior work show-
ing a topologically independent scaling law D ~ L™,
where L is the molecular length, and v, = 0.571 £ 0.014
and v;=0.571 +£ 0.57 for linear and supercoiled circular
plasmid DNA, respectively.” Our measurements show
no evidence of photocleavage of the dsDNA since the
experiment for the diffusion constant reveals only a
single Gaussian distribution of distances between two
frames signifying a unique size of the molecule.

The measurements described above were per-
formed directly over the pore but in the absence of
an electric field. To measure the effect of the electric
field and electro-osmotic flow on transport, the motion
of linear DNA was tracked near a nanopore with a trans-
membrane voltage applied. The timing of the data
acquisition in these measurements represents a com-
promise between the extent of molecular motion in a
field or flow, the depth of focus and scan area required
to track the molecule and photobleaching. Ideally, to
elucidate the relationship to the molecular configura-
tion in a nanopore, the translocation velocity has to be
made slower than the maximum scanner rate. Since
the maximum scanning rate is 8 kHz, the minimum
duration current transient must be longer than 125 us.
One approach pursued to slow the translocation velo-
city of linear DNA was to increase the friction by using a
pore that is comparable in size to the double helix,***°
while at the same time decreasing the impelling force
by reducing the effective charge by intercalating the
molecule with YOYO-1. YOYO-1 carries four positive
charges, which partially neutralizes the phosphate
charge on the DNA backbone, reducing it by approxi-
mately a factor of 2 for this loading.>® The mean dwell
time was calculated by fitting a normal distribution to
the logarithm of the event time. Choosing a 3.8 nm
diameter pore in a 30 nm thick membrane, our mea-
surements reveal an average dwell time in the pore of
only tp ~ 589 + 28 us at a 1 V transmembrane bias,
corresponding to a translocation velocity of ~1.13 cm/s,
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Figure 2. Linear 20 kbp dsDNA intercalated with YOYO-1
translocating through a 3.8 nm diameter pore in a 30 nm
thick silicon nitride membrane. (a) Confocal (x—z) cuts
through the membrane showing the translocation of
DNA-YOYO-1. The bright, ellipsoidal feature is associated
with a single molecule of DNA. (b) Fluorescent micrographs
showing dsDNA-YOYO-1 translocating from the cis-side of
the partially transparent membrane, exiting on the trans-
side. (c) Integrated intensity showing the peak (black)
intensity and mean (red) intensity in the field shown above
per frame. The peak fluorescence indicates the frame in
which a translocation occurs, while the mean fluorescence
indicates the position of the membrane. (d) Finite-element
simulation of DNA translocation through a nanopore with
the same geometry as in (a—c) and a surface charge density
of 6= —7 mC/m?. Contours of the concentration of DNA as it
translocates through the pore are calculated in steady-
state. At a distance of 10 um above the membrane, the
distribution of DNA molecules has a fwhm of 8.8 um. (e)
Maximum projection of 2600 frames as in (a), showing the
distribution of DNA above the membrane in agreement
with (d).

which is slower than prior estimates obtained for a
similar pore3® Using YOYO-DNA with a transmem-
brane bias <1 V, no signature of a translocation was
observed in either the current or fluorescence in the
30 nm thick membrane; however, using a nominally
10 nm thick membrane with a same sized pore, current
blockades were observed for transmembrane biases as
low as 150 mV. For thinner membranes, the number of
surface charges in the pore is likely to be smaller, which
leads to a reduction in the voltage required to induce a
translocation (see below).

Figure 2a shows a series of confocal fluorescence
micrographs that captures the translocation of a single
molecule across a 30 nm thick solid-state membrane
through a 3.8 nm diameter pore with a 1V transmem-
brane voltage applied. This sequence of images was
obtained from an x—z scan (along the pore axis)
through the membrane when a dilute, 4.5 pM, solution
of monodispersed 20 kbp dsDNA-YOYQ in 100 mM KCI
was flowed into the cis-chamber of the microfluidic

device. The x—z scan was implemented using a reso-
nant 8 kHz laser scanner along x and a galvanometer
stage that scans the z (optic) axis to produce the
unreconstructed confocal image shown in (a). In this
analysis, an image was acquired every ~290 ms with
an acquisition time of 25 ms. At t = 0 ms, a fluores-
cent molecule approaches the pore from a distance
of ~3 um away from the pore. In the next frame
(t =290 ms), the molecule is depicted as translocating
across the membrane through the pore. At t = 580 ms,
the molecule is found on the trans-side of the membrane
10 um above the trans-orifice. Finally, at t = 870 ms, the
molecule remains about 10 um above the trans-orifice
although it is displaced about 1 um laterally from
the position at 580 ms. The low excitation intensity
(500 nW) allowed for a photochemical lifetime of
several minutes. After accounting for the confocal
acquisition parameters, we found that a single trapped
dsDNA loses only about 50% of its fluorescent intensity
within 10 min. The fluorescence image associated with
the single YOYO-DNA molecule shown in each frame
appears as an elongated ellipse.

The fluorescent images attributed to single mol-
ecules in solution on the cis/trans-side of the mem-
brane were estimated to extend laterally about Ax =
650 4+ 40 nm (averaged over 100 molecules) with
the largest lateral extent being Axmax = 1.6 um, which
was greater than the lateral confocal resolution, esti-
mated to be o,, = 051/NA = 212 nm, where 4 =
V2 el Aex® + Aem?) ' = 499 nm with Ao, = 488 nm
and Aem = 510 nm. The lateral resolution, measured
using monodispersed 20 nm fluorescent nanospheres
(FluoSpheres Carboxylate-Modified Microspheres, In-
vitrogen), was gy, = 499 £ 25 nm. On the other hand,
the axial resolution with a pinhole fixed at 1 Airy unit
(AU) was estimated to be much larger: o, = 0.881/
(n—(n* — NA%)"?) = 580 nm, where n is the index of the
immersion liquid (electrolyte). The measured axial
resolution was o, = 1.740 % 0.140 um. With the pinhole
set to 1 AU, the optical slice thickness and the axial
resolution were not the same. The full width at half-
maximum (fwhm) of the intensity distribution was
determined by the emission side diffraction pattern
and the geometric optical effect of a pinhole set to
PH = 1 AU = (1.224/NA) = 705 nm; that is

— 2
y
Az = | [088——Z———| +(v2nPH/NA)?
n —+vn?2 — NA2

which was comparable to the measured value. How-
ever, neither of these estimates actually determined
the z axis resolution since, under the conditions of the
experiment, mechanical fluctuations in the thin #0
coverslip (80—130 um thick) supporting the microflui-
dic compromised the performance. Thus, at minimum
Az =25 £ 0.6 um, and so, on average, a single DNA
molecule appears to be about Az = 3.0 um along the z
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axis and oriented perpendicular to the membrane with-
out exception. While the area (30 um x 30 um)
scanned for fluorescence detects every molecule in
z and x, the depth of focus is only &1 um(~2 x g,
along y so that, assuming a Gaussian point spread
function, ~10% of the fluorescent intensity will still be
detected. Therefore, images like that shown in Figure 2a
are not always able to capture the entire trajectory of the
ejected molecules.

Under these conditions, it has been established that
dsDNA behaves almost like an ideal polymer chain,
primarily because it comprises a double helix of two
polymer chains.>*~38 Therefore, the fluorescence can
be accurately described by a worm-like chain (WLC)
behavior. The effective diameter of DNA was estimated
to be much greater than the 2 nm diameter helical
structure, or the solvated structure, which is about
2.6—2.9 nm in diameter, or the Debye screening length,
which is approximately 1 nm in 100 mM KC1.*° If DNA is
modeled as a WLC, then the mean-square end-to-end
distance for a linear chain is given by ((L*))'? = by/N=/,
where b is the Kuhn segment (which is twice the
persistence length) and N is the number of segments.>*
The measured persistence length, associated with
YOYO-intercalated DNA, is supposed to be 35 nm
(standard deviation of 18.6 nm) with standard error
of the mean 2.8 nm so that N ~ 97,%> which is con-
sistent with other estimates of native DNA.*' The radius
of gyration, Ry, is given by: ((R3)) ? = (//6) = b(N/6)"> =R.
On the other hand, the hydrodynamic radius Ry, of an
ideal linear chain, defined as the radius of a hydro-
dynamically equivalent sphere, is supposed to be
smaller than Ry (i.e., Ry ~ 1.24R;,). For this DNA, it was
estimated that /=609 nm,R=115nm,and R, ~ 93 nm,
assuming b = 70 nm and N = 97, which is consistent
with the lateral extent of the image (650 £ 40 nm). The
membrane appeared as a horizontal band of scattered
laser light spanning each frame—it does not fluoresce.
The weak light scattering from the thin nitride mem-
brane, combined with the limited resolution, makes
the 30 nm thick membrane appear thicker than it
actually was.

Complementary to Figure 2a, Figure 2b (which
bears no relation in time to the data shown in Figure 2a)
shows a series of images that follows a single molecule
as it migrates toward and eventually translocates
across the membrane through a 3.8 nm diameter pore.
This wide-field fluorescent image sequence had a
higher depth of focus allowing for tracking the mole-
cule for a longer period of time. Since the optical focus
was set in the plane of the membrane, when the
molecule translocates through the pore, it came to a
sharp focus and, correspondingly, the peak fluores-
cence was maximized, as illustrated in Figure 2c. Thus,
the location of the pore could be identified unambigu-
ously, despite the limited resolution. The increase in
the overall fluorescent intensity with time shown in
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Figure 2¢, which was associated with the molecule
moving across the weakly scattering membrane to-
ward the microscope objective, served to pinpoint the
translocation event in time, as well.

The molecule appeared to move in the x—y plane
above and below the pore a distance ~4.4 £+ 1.3 um
between frames in Figure 2b, which is consistent with
diffusion over a length L = (D)% = (1.572 um?/s x
65)"?=3.1 um. The motion along the z axis between
frames shown in Figure 2a is inconsistent with diffu-
sion; however, since the molecule appears to travel
0, ~ 5.7 £ 0.7 um > Ly =675 nm. This large range of z
motion is attributed to the combined action of the
electrophoretic force and the electro-osmotic flow on
the molecule.

Simulations of the motion performed using a FE
model (COMSOL v4.2; see Methods) under similar
conditions reveal that the velocity of the molecule in
the pore can be very high (~60 cm/s along z), assuming
that the viscosity of water in the pore is approximately
Npore = 10 mPa-s (10 that of bulk water 77,0re = 1.002
mPa-s),*>** which is consistent with the duration of
the blockade current. However, the velocity of the
molecule collapses immediately (15 nm) above the
membrane to a value <5 mm/s, forcing the ejected
DNA into a plume 13 um long with a 6.8 um (fwhm)
width above the pore, as illustrated in Figure 2d. The
DNA velocity is slowed by the electro-osmotic flow
associated with the double layer of counterions of the
charged pore walls, which forces water in the opposite
direction (for a negatively charged pore) through the
pore and diminishes the electrophoretic effect.>* Cor-
respondingly, the superposition of 2600 consecutive
measurement frames covering 754 s of data (including
the data of Figure 2a) shown in Figure 2e indicates that
the distribution of the 38 DNA molecules exiting the
pore seems to be confined in a plume, as well.

Taken altogether, the images along with the simu-
lations support the interpretation that the bright fluo-
rescence observed at t = 290 ms, showing a molecule
that appeared to span the thickness of the membrane,
likely corresponds to dsDNA localized near the pore for
an interval greater than the average translocation time
(tp ~ 600 us), but <25 ms, which was the duration of
the acquisition window. The rate at which such events
occurred was about 0.05 molecules/s (38 molecules
translocating in 754 s) for this pore. This rate coin-
cides with the mean DNA flux of 0.045 molecules/s
(7.7 nmol nm~2 s") derived from FE of a 3.5 nm
diameter pore, which takes into account the concen-
tration of the DNA (on the cis-side of the membrane),
the diffusion, the electrophoretic migration into the
pore due to the electric field, and the electro-osmotic
flow and corroborates our estimate of the electric field
distribution. The trajectory of the molecule along
z both prior to and after it exits the pore was pro-
foundly affected by electrophoretic forces and the
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electro-osmotic flow, while diffusion seemed to play
a more substantive role in determining the x and y
components.

Visualization of Linear DNA Translocations and Correlation
with the Pore Current. Simultaneous current measure-
ments and image acquisition to capture the dynamics
of the translocation process remains a challenge be-
cause a single line scan can repeat only once every
125 us (=1/(8 kHz)) at best and because the electrical
photocurrent generated by the focused laser excita-
tion on the membrane can obscure and even saturate
the pore current for the duration of the exposure,
depending on the bandwidth and gain of the current
amplifier. Furthermore, it is difficult to effectively shield
the sample from electric interference associated with
the microscope, hence the measured rms current noise
(25 pA) is higher than when measured without having
the microscope (10 pA). Nevertheless, fluorescence
images acquired under these conditions, like that
shown in Figure 3a, can still indicate the translocation
of a single molecule and can localize its position to
within 3 um of the cis- and trans-orifices routinely.
Current measurements performed at the same time
that these images were acquired revealed current
transients associated with a single-molecule transloca-
tion. These transients exhibited a multifaceted struc-
ture. For example, the inset shows that there was a
blockade Al/l,=0.42 £ 0.11 below the open pore value
(I = 3.5 £ 0.5 nA) with a duration lasting tp < 120 us;
followed by a much shallower blockade within
the noise of the open pore current, with a duration
~800 us; followed by a sharp enhancement of the
current over the open pore value Al/lo = 0.65 £ 0.11 of
nearly 1 ms in duration; followed by an enhancement
Al/lo = 0.14 £ 0.05 that persists for >50 ms. Following
Aksimentiev et al.,'® we expect that the presence of
DNA in the pore reduces the ionic current through it.
However, when DNA rapidly exits the pore, clouds of
Cl~ and K* ions that were accumulating near the pore's
orifices are released, resulting in a transient increase of
the total current above the open pore level. Due to the
wide field of view, it is unlikely that another fluorescent
DNA could interfere with this current measurement.
Thus, we interpret these data to show that DNA block-
ades the pore for only a limited duration (<150 us) with
the subsequent convection of counterions accounting
for the enhancement above the open pore value,
as predicted.'?

In contrast, Figure 3b shows an extraordinary event
in which a linear plasmid is trapped in the same
nanopore for a duration exceeding 2.32 s so that the
progress of the molecule through the pore can be
easily tracked. We assume that the current blockade in
the pore, which was initiated ~8.4 s prior to the time
course shown in the figure, is due to a nonfluorescent
species. As evident from the fluorescence, a single
dsDNA is captured by the pore near 1.45 s and
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Figure 3. Direct visualization of single linear 20 kbp DNA
plasmids translocating through a nanopore along with
concurrent measurements of the current. (a) Confocal x—z
cuts of fluorescence DNA translocating through the same
3.8 nm diameter pore shown in Figure 2, along with the
corresponding current measurements. The fluorescence is
acquired in a 40 ms window every 290 ms; the yellow-
shaded regions superimposed on the current time-course
indicate when the confocal fluorescence measurements are
performed. The fluorescence shows an ellipsoidal feature
approaching the membrane at t = 290 ms and exiting the
pore at t =580 ms. The corresponding current measurement
shows a current transient near t = 400 ms that includes a
very short duration blockade (120 us) as well as an enhance-
ment above the open pore value (/, = 3.5 nA) that extends
for nearly 50 ms following the blockade. (b) (Top) As above,
confocal x—z cuts of fluorescence DNA translocating
through the same 3.8 nm diameter pore, (bottom) along
with the corresponding current measurements performed
with a nonfluorescent species blockading the pore. The
fluorescence shows a single molecule of dsDNA approach-
ing the membrane at t = 0.29 and 0.58 s. The corresponding
current measurement shows a current transient near
t = 1.45 s which is interpreted as the molecule entering
the cis-orifice. The molecule translocates slowly through the
already blockaded pore only exiting between t = 2.32 and
2.61 s. In this case, the current through the pore is modu-
lated by the translocating DNA. The lower inset shows a
magnified view of a current transient through the unadult-
erated pore, which occurs near 2.6 s. The top inset shows a
plot of the positional dependence of the fluorescent inten-
sity from t = 0.29—2.61 s illustrating that changes in the
fluorescent volume coincide with the observed change in
the current.
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proceeds to modulate the current as it presumably
reconfigures to thread the end of the strand into the
pore and finally translocate across the membrane at
2.32 s, which coincides with the deepest current block-
ade. A detailed comparison of the blockade current
(see inset for Figure 3b) with the fluorescent images
reveals that the fluorescence diminishes to a minimum
at t = 232 s; that is, the integrated (fluorescent)
intensity is approximately 50% less than the value
found at t = 1.45 s or t = 1.74 s. We assume that the
changing intensity corresponds to a reconfiguration of
the DNA with the minimum intensity associated with
the maximum occlusion of the pore by the molecule
and deepest blockade. In addition, the distribution
of the fluorescence over the x position changed from
2.03 to 2.32 s: the center of the intensity shifts to the
right by 40 & 20 nm, which is interpreted as a change in
the DNA conformation at the pore immediately before
it exits at 2.32 s. At t = 2.61 s, the dsDNA drifts to a
position about 10 um above the trans-orifice and the
current returns to the open pore value of Iy = 3.5 +
0.5 nA, indicating that both the DNA and the nonfluor-
escent species have exited the pore. Evidently, the pore
returns to an unadulterated (pristine) condition since
another single DNA molecule is observed translocating
across the membrane in the interval between 2.61 and
2.90 s as indicated by the measurement of a blockade
(Al/ly =0.43 £ 0.11, tp = 600 us) at t = 2.62 s (which is
magnified in the inset) followed by an apparent en-
hancement of the current above the open pore value.
Thus, the DNA seems to occlude the nanopore produ-
cing a current transient that corresponds to a blockade
when the fluorescent volume is minimized.

The coincidence of a nonfluorescence species with
fluorescent DNA in the pore and the concomitant slow-
ing of the translocation shown in Figure 3b implies
that, if the DNA concentration is too high and multiple
molecules are incident on the cis-orifice, a nanopore
could become susceptible to clogging, which could
adversely affect the current regardless of whether or
not a blockade is observed. As illustrated in Figure 4a,
this happened even at a relatively dilute concentration
of DNA of 5 pM. Figure 4a,b juxtaposes the results of
intermittent fluorescence measurements obtained
concurrently with measurements of the pore current
through a 5.8 £+ 0.2 nm diameter pore in a nominally
30 nm thick membrane. For these measurements, both
the trans- and cis-side of the membrane were im-
mersed in 10 mM TE buffer and 10 mM KH,PO,/NaOH,
but YOYO-1 intercalated linear 20 kbp dsDNA at a
concentration of 4.5 pM was introduced on the cis-side
only—which translates to 1 molecule/(22 um)*. During
the measurements, the transmembrane voltage was
pulsed at 1, 0.5, 0.25, 0.125, and 0.150 V for 20, 15, 18,
60, and 20 s, respectively, as represented in the lower
portion of Figure 4b. Confocal images were acquired
every 1 s and the acquisition time for each x—z scan at
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Figure 4. DNA accretion in a nanopore: 20kb dsDNA-YOYO-
1 at a concentration of 4.5 pM reversibly accumulates near a
5.8 nm pore in a 30 nm thick silicon nitride membrane pore
at pH 5 when a large enough attractive potential is applied.
(a) Confocal x—z scans of the fluorescence as a function of
voltage corresponding to snapshots taken from (b). At t =
464 s, the voltage is 1V, while at t =470 s, the voltageis 0V,
etc. The t = 464 s image illustrates an accumulation of
fluorescent dsDNA at the pore. (b) (Top) Integrated fluores-
cence intensity (blue bars) obtained from a 10 um square-
shaped ROI centered at the pore, along with the current (red
line) through the nanopore. For V > 0.25 V, the current
diminishes with time coincident with the accumulation of
DNA. (Bottom) Corresponding transmembrane bias vol-
tage. Inset: Change in the current—voltage characteristic
with DNA accumulation relative to the open pore obtained
in the absence of DNA. The /- V characteristic is asymmetric,
and the pore current is diminished—the larger the voltage,
the more the current is suppressed—when DNA accumu-
lates at the orifice. (c) Contour plot showing the simulated
steady-state DNA concentration in cross section of a 5.8 nm
pore in a 30 nm thick membrane with a zeta-potential of { =
—20 mV. The applied potential is either +3 V (left), +1 V
(center), or 850 mV (right). The bulk DNA concentration in
the cis-side (below the membrane) is 5 pM. The scale bar
indicates 30 nm. (d) Fluorescent images obtained in steady-
state as a function of the transmembrane voltage 5 s after it
is switched, illustrating accretion of 20 kbp dsDNA at a
concentration of 4.5 pM around the same pore as in (a)
immersed in an electrolyte consisting of 10 mM KH,PO,,
NaOH at pH 5. As the voltage increases from —3 to +-3 V, the
attraction of DNA to the pore turns to repulsion, and the
fluorescent DNA is dispersed as evident from the increase in
the fluorescent volume at 0 V. Even when +3 V is applied for
>10 s, the fluorescence in the neighborhood of the pore
persists, indicating that the DNA adheres to the pore.

128 ms (256 lines x 4 line accumulations x 125 us line
scans).

The confocal x—z scans shown in Figure 4a are
typical snapshots illustrating accumulation of dsDNA
at the pore observed at 464, 470, 490, 496, 515, and
540 s, which corresponds to transmembrane biases of
1,0.0,0.5,0.0,0.25, and 0.0 V, respectively. It is evident
from the increase in fluorescent intensity that DNA is
accumulating near the pore. During a voltage pulse,
the fluorescence increases with time, indicating an
accretion of DNA in the region of interest (ROI), but

— ACINTANIS
KURZ ET AL. VOL.7 = NO.5 = 4057-4069 = 2013 “*JNUL{\) 4063

WWwWW.acsnano.org



the change in current is more gradual and less pre-
cipitous. Analyzing the slope of the fluorescence as
function of voltage (1 V:3.0 au/s; 0.5 V:2.0 au/s;
0.25 V:0.3 au/s), we observe a 10-fold depreciation in
the capture rate when switching from 1 V down to
250 mV. Moreover, the fluorescence returns to the
noise floor between pulses when the voltage relaxes
to zero. As indicated in the inset to Figure 4b, the
accretion of the DNA to the pore affects the current—
voltage characteristics, which shows that, in the ab-
sence of DNA, the pore current scales nearly linearly
with the transmembrane voltage over the range
of —1 to 1V (red line), but during voltage pulses with
dsDNA on the cis-side of the membrane, DNA accu-
mulates near the pore and the fluorescence increases
while the current decreases (blue). The current is a
linear (within 5%) function of voltage in the absence
of DNA, implying a nearly symmetric distribution of
surface charge in the symmetric biconical model for
the pore (inset to Figure 4b), whereas when DNA is
injected at the negative electrode, it introduces
an asymmetry in the current—voltage characteristic,
presumably due to an imbalance in the charge near
the pore associated with DNA near the cis-orifice.??
These data support the contention that the dsDNA
in the neighborhood of the cis-orifice obstructs the
pore current at this concentration for voltages in the
range between 0.2 and 1 V. This assertion is corrobo-
rated by the FE analysis represented in Figure 4c. The
figure shows that ata +1 and +0.85 V bias (middle and
right) the DNA below the cis-orifice of a nanopore with
a zeta-potential (the electrostatic potential of the
charged surface in an electrolyte at the double layer**)
of £ = —20 mV is confined to a narrow plume about
12 nm wide, which is consistent with the resolution
limited width shown in Figure 4a. Since the simulations
treat the DNA as a point particle, we assert that the
finite size of 20 kbp DNA leads to crowding and a
blocked pore. As indicated by eq 3 in the Supporting
Information, the surface charge density corresponding
to{=—20mVand 10 mM electrolyte is 0= —4.7 mC/m?,
which translates to ~33 charges inside a 5.8 nm bico-
nical pore in a 30 nm membrane. The accumulation of
dsDNA below the nanopore increases as the applied
voltage approaches a translocation threshold, which
depends on the surface charge density of the pore. The
simulations reveal that the translocation threshold in a
30 nm thick membrane is about 1V (Figure 4c (center)).
While dsDNA may translocate through the pore, there
still appears to be an accumulation of dsDNA at the
orifice on the cis-side. Below this threshold, shown in
Figure 4c (right), the dsDNA does not accumulate at the
orifice appreciably above the background concentra-
tion. Thus, the accumulation of dsDNA occurs when the
applied voltage is near the translocation threshold
voltage of the pore of a given surface charge density.
For the same surface charge density, a thinner 10 nm

KURZ ET AL.

thick membrane contains only ~7.5 charges in the
pore and the threshold voltage is similarly reduced to
only 650 mV.

The accumulation of dsDNA in the experiments
represented in Figure 4a,b seems to be reversible in
both simulation and experiment; that is, the dsDNA
diffused away from the pore when the transmembrane
voltage vanished. There were conditions for which
the dsDNA adhered to the membrane near the pore
whether or not a voltage was applied, however.
Figure 4d shows fluorescent images obtained in stea-
dy-state (left and right) as a function of the transmem-
brane voltage 5 s after it was switched, illustrating
(again) the accretion of linear dsDNA at a concentra-
tion of 4.5 pM around a 5.8 nm diameter pore in a
30 nm thick membrane immersed in an electrolyte
consisting of 10 mM KH,PO,, NaOH at pH 5. As the
voltage decreased from 3 to —3 V, the attraction of
DNA to the pore diminished and the fluorescent
dsDNA was dispersed as evident from the increase
in the fluorescent volume at 0 V. Eventually, at a
repulsive bias of —3V, the fluorescent volume reached
a minimum—confined to the immediate vicinity of the
pore, but even when this voltage was applied for >10's,
the fluorescence in the neighborhood of the pore per-
sists, indicating that the dsDNA adhered to the pore—
similar observations have been made on ~100 nm
diameter pores and attributed to the effect of surface
charge in the pore.?®

FE indicates stark differences between small and
large diameter pores. While, for the same transmem-
brane potential, the electric field is greater than
2-fold higher inside and near a pore with a 3.5 nm
than it is for a 20 or 100 nm diameter pore (see
Figure S2 in the Supporting Information), the electric
field extends much farther beyond the membrane
into the surrounding electrolyte as the pore diameter
increases. For example, at a distance of 1 um above the
pore, the electric field is ~24-fold higher for a 100 nm
diameter pore than for a 3.5 nm diameter pore. On the
other hand, for a 3.5 nm diameter pore, the electric
field is confined to a region just above the pore, making
it less likely to capture a molecule (or visualize it).
Likewise, a 10 nm thick membrane shows a higher
field than 30 nm thick membranes, but the disparity
is not nearly as prominent as with the diameter.
The effects of changes in the concentration and zeta-
potential are also negligible in comparison to the
effect of pore diameter and membrane thickness.
To illuminate the differences, we have measured the
current and fluorescence of a circular plasmid DNA
translocating through a pore with a diameter compar-
able to the bending radius.

Visualization of Circular DNA Translocations and Correlation
with the Pore Current. While many eukaryotic genomes
are linear, prokaryotic genomes and most cloned DNA
constructs are circular. Thus, analyzing circular DNA
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Figure 5. Simultaneous measurements of the pore current and fluorescence associated with circular dsDNA plasmids
interacting with a ~24 x 17 nm? cross section pore in a silicon nitride membrane. (a) Electrolytic current through the
nanopore (blue) and fluorescence recorded in 1 s intervals, denoted by the gray bars. A red O indicates a current event
meeting the criteria for a plasmid translocation, and a red x indicates an image showing a plasmid on the trans-side. Inset:
histogram showing the open pore current near 20.5 nA and the blockade current near 19.5 nA. (b) Expanded view of
(a) showing the current and fluorescence in the time frame between 110 and 132 s. (c) Series of three x—z slices showing an
overlay of transmission and fluorescence, illustrating a translocation in frame 117 and an open pore in frames 116 and 118.
The corresponding current blockade was observed in frame 117 and indicated in (b), while no fluorescence was in frames 116
and 118, even though there are current blockades, suggesting bounces. (d) Scatter plot of the 475 current events detected in (a).
Projections of both axes are plotted as histograms on each side. Two Gaussians were fit to distributions of the translocation
durations (z) and the blockade depths (Al/ly). The events colored blue are in regions that match the criteria for plasmid

translocations.

using a nanopore is also of interest, especially for
accurate control of single-cell transfection.*° Provided
that each molecule can be counted with high enough
fidelity using a current measurement, transfection
via electroporation using a nanopore offers single-
molecule accuracy.

For a DNA molecule to become circular, it has to be
long enough to bend into a circle with the correct
number of bases so that the ends are properly rotated
to allow them to bond. The B form of the DNA
helix twists 360° per 10.4—10.5 bp in the absence of
torsional strain. Thus, with an integral number of turns
of the DNA helix (i.e., multiples of 10.4 base pairs), the
minimum length for a circular DNA plasmid is around
416 base pairs (or about 141 nm). We formed a circular
plasmid 8624 bp long, which likely exists in a super-
coiled conformation corresponding to over- or under-
winding of the strand. This conformation is too stiff to
translocate through a 1—10 nm diameter pore. How-
ever, the circular plasmid can be forced to denature in
the pH 9 electrolyte due to the disruption of the hydro-
gen bonding. For an ideal circular chain like this in the WLC
model, L = 0 by definition and the radius of gyration
is ((R)'?/2 = b(N/12)"”? = R,, which is shorter than
that of a linear chain with the same contour length.

KURZ ET AL.

(Thus, due to the relatively tight conformation com-
pared to linear DNA, supercoiled DNA could actually
migrate faster through a pore than linear DNA.)
Figure 5a juxtaposes measurements of the fluores-
cence in a ROI (30 x 20 x 2) um at the trans-orifice of
a 23.8 x 16.6 £ 0.2 nm pore in a membrane that is
nominally 30 nm thick with an electrolytic current
associated with a 8.6 kbp circular plasmid translocating
through it at a 1 V bias. The figure illustrates that the
electrolytic current through the open pore was ap-
proximately 20.5 &+ 0.5 nA, but frequently (about once
every 2—3 s), current blockades were observed occur-
ring in the range between 19 and 20 nA. The result of
repeated fluorescence measurements (every 1 s with a
250 ms acquisition window) revealed single plasmids
in or around the pore as represented by the gray bar
graph superimposed on the current trace. We ob-
served 367 molecules in 142 s (2.6 molecules/s) for a
concentration of 5 pM on the cis-side of the membrane.
Figure 5b offers a magnified view of the same data in
the time frame between 110 and 132 s. In particular,
the confocal x—z scan offered in Figure 5c taken at
117 s, which corresponds to the At = 85 ms long,
Al/I=0.053 current blockade observed at 117.7 s, shows
fluorescence on the trans-side of the membrane.
VOL.7 = NO.5 = 4057-4069 = 2013 K@L%{gj
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When a fluorescent molecule was found on the
trans-side of the membrane, a translocation event was
tallied. Fluorescent events and current blockades are
indicated by the red crosses and circles, respectively, in
Figure 5a. Conditioned on the observation of fluores-
cence, the coincidence between fluorescence and
current blockades observed in the range of 19—20 nA
was very high—out of 49 fluorescent events tallied,
a current blockade was observed every time. However,
fluorescent events were not tallied every time a current
blockade was observed. For example, current block-
ades dt ~ 10 ms long with Al/l = 0.05 £ 0.01 were
observed near 116 and 118 s, as shown in Figure 5b,
but no fluorescence was detected on the trans-side
of the membrane in the corresponding snapshots
acquired near the same time shown in Figures 4c.
These short duration current blockades with asso-
ciated fluorescence on the cis-side of the membrane
were conjectured to be associated with DNA mol-
ecules “bouncing” off the pore in a configuration that
does not admit to translocation; the molecules cannot
be straddling the pore since no fluorescence was
observed there.>'®~?! Finally, other short time, shal-
low current blockades are observed that are not
correlated to fluorescence at all (on either the cis- or
trans-side). These cannot be attributed to smaller
fragments of DNA since they would still fluoresce,
albeit weakly. Instead, these events must be due to a
species without perceptible fluorescence, possibly
not even DNA.

Using a custom script written in MATLAB, all cur-
rent events were characterized based on their dwell
time and percentage blockade current in the interval
showed in Figure 5a; the corresponding scatter plot is
shown in Figure 5c. The criterion used to tally a trans-
location is 0t > 10 ms and Al/l > 0.039. Out of 367
current blockades matching the criteria for a transloca-
tion, only 49 fluorescent events were observed. This
discrepancy between the number of blockades and
fluorescent events was accounted for by the fact that
the fluorescence was measured only 25% of the time;
that is, the inter-arrival time is sometimes shorter than
250 ms, so that multiple blockades occur when only
one fluorescent event was tallied; some fluorescent
molecules were out of the confocal volume, which is
small 30 x 30 x 2 um in order to keep the frame rate
high. Therefore, only a slab of the 6 um diameter plume
as shown in Figures 2d,e is monitored, and so only
~50% of the translocation events are detected.

CONCLUSION

In conclusion, visualizing the motion of fluorescent
DNA while performing pore current measurements
using the most dilute concentrations reported so far
reveals single molecules translocating across a thin
silicon nitride membrane through nanopores compar-
able in size to a hydrated double helix in a linear
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plasmid or the bending radius of a circular plasmid.
The motion of the molecule near the pore is affected by
both electrophoresis and the electroosmotic flow. In a
large 24 x 17 nm pore, there is a close correspondence
between blockades in the pore current and transloca-
tions observed in the fluorescence. On the other hand,
blockades in the pore current only rarely coincide with
observations of a translocation in the fluorescence in a
3.8 nm diameter pore. The large electric field within
and near the small diameter pore may account for this
discrepancy: the molecular motion in and around the
3.8 nm pore is just too fast to be captured with the type
of confocal microscopy used here.

FE reveals that the electric field is tightly focused in
a 3.5 nm diameter pore relative to larger diameter
pores. While the electric field is 2x larger for the same
voltage, it extends only a few nanometers above the
membrane for a 3.5 nm diameter pore. In contrast,
the electric field at a distance of 1 um above the pore is
~24-fold higher for a 100 nm diameter pore than for
a 3.5 nm diameter pore. The corresponding potential
energy indicates that the capture volume, defined by a
potential of kgT, for a 20 nm diameter pore is a prolate
hemiellipsoid with a semimajor (radial) and semiminor
axes of 84 and 72 nm, respectively (see Supporting
Information Figures S3 and S4). On the other hand, fora
3.5 nm diameter pore, the capture volume has a 33 nm
semimajor axis and a 20 nm semiminor axis. In terms of
the total volume, the 20 nm pore's capture volume is
~32-fold larger than that of the 3.5 nm pore, which
correlates with the disparity measured in the event rate
for 24 x 17 nm the pore (2.6 Hz) compared with the
3.8 nm pore (0.05 Hz). These translocation rates are in
close correspondence with simulations of the average
DNA flux (0.045 Hz), which support our estimate for the
electric field distribution. Moreover, these results have
implications for the response time.

The rate of capture, which is inversely proportional
to the response time, is related to the product of the
analyte concentration and capture radius;*> so a re-
duction in the capture volume either increases the
response time or increases the minimum detectable
concentration. Thus, the detection efficiency is mani-
festly affected by the pore diameter. On the other
hand, the high electric field and narrow field distribu-
tion above the pore are ideally suited for electropora-
tion since only a minimal area of the cell membrane
would be affected.3° Thus, the model for the pore,
the electric field, and the DNA concentration used
in the simulations are consistent with the observed
frequency of translocations.

For electrolyte concentrations, pH and electric fields
used prevalently: an accumulation of linear DNA
obstructing the orifice of a 5 nm diameter pore affects
the pore current even in the absence of a translocation;
linear DNA sticks to the synthetic pore in concentrated
electrolyte even in the absence of an applied field; the
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pore clogs with DNA irreversibly at pH 5. While at pH 8,
the small 3.4 nm diameter pore clogs, especially at high
field, but the clogging is reversible. In contrast, at the
same pH, the larger 24 x 17 nm pore diameter does not

METHODS

Biomolecules. To visualize a translocation, we used monodis-
persed, linear double-stranded DNA (dsDNA) and circularized
plasmid DNA intercalated with YOYO-1 iodide dye (Invitrogen).
YOYO-1 has a 491/509 nm peak fluorescence excitation/
emission, a molar extinction of 98000 M~ cm™’, and a quan-
tum yield of 0.52. These values were determined for DNA
complexes in 10 mM Tris, T mM EDTA, 50 mM NaCl, pH
7.4.3°738 A 20 or 8.6 kbp circular plasmid dsDNA was added to
a YOYO-1 dye solution (40 mM Tris-acetate, 2 mM EDTA, pH 8.0)
for afinal ratio of 5:1 nucleotides to dye molecules. This mixture
was then incubated for 90 min at room temperature then stored
at 4 °C. A 25 pM concentration of DNA-YOYO was added to
100 mM KCI (pH 8.0).

Nanopores. A nanopore is created by sputtering through
silicon nitride membranes <30 nm thick on a silicon handle
wafer, using a high-energy (300 kV), tightly focused electron
beam emanating from a field emission source in a FEIl Titan
80-300 transmission electron microscope (TEM) operating in
nanoprobe mode as described elsewhere.>* From TEM images
taken at different tilt angles, it was inferred that the pore
geometry is biconical each with <20° cone angle. Subse-
quently, the chip containing the membrane is plasma bonded
to a multilevel microfluidic device. The plasma bond seals
the chip into the microfluidic between the two vias, leaving
the pore as the only connection between the cis- and trans-
channels, as illustrated in Figure 1. The cis-reservoir has
a volume of ~100 uL, while the trans-reservoir via has a
volume of ~6 nL.

To characterize the pore, a transmembrane voltage was
applied and current was measured at 23 £+ 1 °C with a Multi-
Clamp 700B amplifier and digitized with a DigiData 1440A
(Molecular Devices) using Ag/AgCl electrodes embedded in
each fluidic channel at a sampling rate of 100 kHz. For potentials
>1V, the potential was applied and the current measured with
a picoammeter/voltage source 6487 (Keithley) with a signal rise
time of 1 ms.

Microfluidic. A silicon chip supporting a silicon nitride mem-
brane with a pore in it was embedded in a microfluidic device
formed from poly(dimethylsiloxane) (PDMS) consisting of two
microchannels configured to independently address the cis-
and trans-sides of the membrane through vias using methods
reported elsewhere *° The entry channels were all 250 um wide
and 75 um high, with vias (see Figure 1d) that are 600 x 325 and
50 um thick. The silicon chip was tightly sealed to the PDMS
trans-microfluidic channel with a plasma bonding process
(Harrick PDS-001) that exposed the chip and PDMS to an oxygen
plasma ata power of 30 W for 180 s. At the same time, to provide
optical access, we likewise sealed the trans-channel in the PDMS
to a #0 cover glass (Corning) using the same bonding strategy
described above. We subsequently tested the seal against a
30 nm thick silicon nitride membrane without a pore in
100 mM KCl pH 8 for >6 months without failure; the leakage
current was <8 pA at 1 V. Finally, the microfluidic is clamped on
a high-speed (8 kHz) scanner stage on the confocal fluores-
cence microscope.

Confocal Fluorescence Microscopy. Fluorescence data were col-
lected using a Leica TCS SP5 Il (Leica Microsystems) confocal
microscope with enhanced, hybrid GaAsP detectors for im-
proved sensitivity to fluorescence. All confocal images were
acquired using an HCX PL APO lambda blue 63x 1.2 NA (Leica)
water immersion objective using a 488 nm argon excitation
laser at a power of 500 nW.

Finite-Element Simulations. The electrophoretic and electro-
osmotic flow of ions through the nanopore was simulated using
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clog at all. We attribute the clogging to DNA sticking to
the effect of surface charges in the pore, which may be
modified by varying the pH or by using a thinner
membrane.

a FE model (COMSOL v4.2). The potential across the nanopore
was determined by solving the Poisson equation:

VIV = —p/egy Q)]

where V is the potential, ¢ is the relative dielectric permittivity
of water, and & is the vacuum permittivity. In the electrolyte,
¢ = 78.5 and the volume charge density is given by p = 3z,
where z and n are the valences and number density of each ion
of species i, respectively. In the silicon nitride, ¢ =9.7 and p = 0.
The surface charge density in the pore was a boundary condi-
tion. The electro-osmotic flow in the nanopore was determined
by solving the Stokes equations:

V-v = 0and Vp = yV3v )

where v is the velocity, p is the pressure, and # is the viscosity
of water. The viscosity of water, 77, was assumed to be larger in the
confined geometry of the nanopore; thus 77 was varied with respect
to distance from the pore as 7(2) = (17pore — no)exp[f(4n/L)2] + Mo,
where z is the axial position of a pore centered atz=0; L =30 nm is
the thickness of the membrane, 77,0re = 10.0 mPa-s, and 70 =
1.002 mPa-s.*>* At the walls of the nanopore, the velocity was
set to the boundary condition v, = ue.E;, where the electric
field E= —VVis determined from eq 1 and the electro-osmotic
mobility is given by ue, = —e€0l/n, where £ is the zeta-potential.
The Grahame equation**

o(0) = \/8noeeoksT sinh( et ) @3)

2kgT

was used to calculate the relationship between the zeta-
potential and the surface charge density. In eq 3, e is the
elementary charge and kgT is the thermal energy at T = 298 K.
The electrophoretic motion of ions of species i through the
nanopore was calculated using the Nernst—Planck equation:

V-(nv) = D;V2n; +ziu;c;V?V (4)

where D; is the diffusion coefficient and y; is the electrophoretic
mobility of each ion. The diffusion coefficient and the mobility
of eachionare Dy=133 x 10 °m?s~ " and Ug=7.6 x 108 m?
V' 57 for potassium and D¢ = 2.03 x 1072 m?s™" and uc =
7.9 x 1078 m?V~"s™" for chlorine.*® The transmembrane poten-
tial, V, in eq 4 was determined from eq 1, and the velocity, v, was
determined from eq 2. To simulate translocations through the
nanopore, DNA was treated as a point particle with a diffusion
coefficient D=1.57 um?s~" and mobility ¢ = 1.5 x 10*um?V~"s~".

Particle Tracking. Fluorescent image sequences of 20 kbp
linear DNA and 8.6 kbp plasmids at 6.6 and 27 frames
per second, respectively, were analyzed with ImageJ) and the
MTrackJ plugin, allowing for a semiautomatic particle tracking
using the autosnap function which detects the particle's posi-
tion by calculating the intensity-weighted mean position of
pixels having a value above a certain threshold. The threshold,
which is automatically computed, is the value that maximizes
the interclass variance between objects and background pixels
(Otsu's threshold).*” Over 50 particles were traced for about
15 time-steps each.
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Supporting Information Available: 1. Two movies showing

single molecules translocating through a pore. 2. Figure S1
showing particle tracking in the vicinity of the nanopore. 3.
Figure S2 showing the Z-component of the electric field along
the pore axis for pores ranging from 3.5 to 100 nm in diameter.
4. Figure S3 showing electric potential energy along the z axis in
nanopores ranging from 3.5 to 100 nm in diameter in either
10 or 30 nm thick membranes. 5. Contour plots showing the
electric potential energy above nanopores ranging from 3.5 to
100 nm in diameter as well as the capture radius above each
pore. This material is available free of charge via the Internet at
http://pubs.acs.org.
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