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Abstract

Optical nanopore sensing offers great potential in single-molecule detection, genotyping, or
DNA sequencing for high-throughput applications. However, one of the bottle-necks for
fluorophore-based biomolecule sensing is the lack of an optically optimized membrane with a
large array of nanopores, which has large pore-to-pore distance, small variation in pore size and
low background photoluminescence (PL). Here, we demonstrate parallel detection of single-
fluorophore-labeled DNA strands (450 bps) translocating through an array of silicon nanopores
that fulfills the above-mentioned requirements for optical sensing. The nanopore array was
fabricated using electron beam lithography and anisotropic etching followed by electrochemical
etching resulting in pore diameters down to ~7 nm. The DNA translocation measurements were
performed in a conventional wide-field microscope tailored for effective background PL control.
The individual nanopore diameter was found to have a substantial effect on the translocation

velocity, where smaller openings slow the translocation enough for the event to be clearly
detectable in the fluorescence. Our results demonstrate that a uniform silicon nanopore array
combined with wide-field optical detection is a promising alternative with which to realize

massively-parallel single-molecule detection.

Online supplementary data available from stacks.iop.org/NANO/26/314002/mmedia
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Introduction

Since the completion of the human genome sequencing pro-
ject approximately 15 years ago, the demands for fast
sequencing techniques have driven a race towards parallel
DNA sequencing methods [1] with the goal of achieving full
genome mapping within a few hours (the ‘$1000 genome’
[2]). This has lately been fueled by the need for rapid DNA
sequencing of samples from individual patients since it has
been realized that the outcome of many medications is
dependent on local variations of human genes. Such ‘perso-
nalized medicine’ has called for inexpensive, massively-par-
allel sequencing methods, where miniaturization using current

0957-4484/15/314002+07$33.00

silicon processing nanotechnology seems a viable route. A
concept that has attracted much interest here is to employ a
solid-state membrane containing a nanopore array through
which single DNA strands would translocate. The read-out of
the sequence of the DNA, encoding the genes, could then be
performed electrically using the changes of the ionic current
through the pore when the DNA molecule passes inside the
pore [3]. Clearly, for this concept to be effective, the nano-
pores must be in the ~2 nm diameter range with a very small
variation in size and the membrane thickness has to reach sub-
nm range since the distance between adjacent bases is only
0.34 nm. Furthermore, the electrical read-out must be fast and
accurate enough to distinguish individual bases. Apart from

© 2015 I0OP Publishing Ltd  Printed in the UK
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DNA sequencing, the nanopore concept could have many
other applications such as single-molecule sensing, size
selection and specific biomolecule detection using functio-
nalized pores.

While most of the publications dealing with SiN mem-
branes with a single nanopore prepared by focused electron
beam or ion beam drilling report on electrical read-out [4-8],
it has been suggested that optical read-out using fluorophores
attached to the DNA would enable a safer discrimination of
the base sequence relaxing also the need for separate elec-
trodes for reading the ionic current associated to each nano-
pore [9, 10]. Having an array of well-separated nanopores,
optical read-out allows parallel simultaneous detection of
translocation events using fast camera techniques and thus
high analyte throughput. To address the fast translocation
speed and to enable read-out using only two fluorophores,
Amit Meller [9] proposed an attractive approach using a
binary scheme conversion of the original DNA strand. This
was demonstrated using single drilled SiN nanopores, but has
not been shown for large arrays of nanopores where drilling is
an inherently slow process. Other challenges related to this
relatively new concept include achieving uniform arrays with
small variations in pore size and low background photo-
luminescence from the membrane itself [24]. The latter
requirement is a serious problem as the silicon nitride mem-
branes that are mostly in use today have been reported to have
PL emission in the range of 500 to 900 nm [11, 12], where
commonly used fluorophores are emitting. Thus, the PL
background from the membrane lowers the sensitivity of the
read-out and single-fluorophore detection may become
impossible. Another limiting factor for massively-parallel
optical nanopore sensing is the relatively slow read-out rate of
CCD cameras in comparison to the fast DNA translocation
through a pore. For confocal or total internal reflection
fluorescence (TIRF) microscopy, which is typically used in
nanopore sensing experiments, the detection volume is so
small that only a very short detection window in time is
available for the camera.

Here we report on DNA translocation experiments
through an array of nanopores fabricated in a silicon mem-
brane. The membrane was fabricated using silicon processing
technology and an array of nanopores was obtained by using
electron-beam lithography, anisotropic etching and electro-
chemical etching. This resulted in regularly-spaced nanopores
with diameters down to ~7 nm in a 300 nm thick membrane,
as described in a companion paper [13]. While the location of
the pore is set by lithography, the pore diameter is controlled
by etching bias and current. The high aspect ratio of the pores
is believed to slow down the translocation velocity of DNA
[14, 15]. In this paper we focus on using such arrays of silicon
nanopores for parallel detection of DNA translocation in a
conventional wide-field microscope. The low background PL,
inherent in the silicon membrane, the high aspect ratio of the
pores and the relatively large depth of focus of the microscope
used here allow us for the first time to detect parallel single-
fluorophore-labeled DNA translocations through 20-30 nm
pores using a wide-field microscope with an electron-multi-
plying CCD camera.
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Figure 1. (a) A SEM image of a nanopore array with a pitch distance
of 4 ym on a silicon membrane. (b) A SEM top view of a nanopore
with a diameter of 20 nm, which is located in the center of an
inverted pyramid. The surface of the inverted pyramid was partly
roughened during the etching. (c) Cross-sectional view of a
electrochemically etched nanopore in bulk silicon. (d) A schematic
cross-section of a nanopore on a silicon membrane. The top inverted
pyramidal structure is fabricated by KOH etching, while the pore at
the bottom is formed by electrochemical etching in HF.

Experimental details

A wafer of chips containing 300 nm thick silicon membranes
with arrays of inverted pyramidal structure was fabricated by
standard cleanroom processing [16]. Each chip was
1.5% 1.5 cm in size and contained 32 membranes. Nanopores
were then formed by electrochemical etching of silicon in
hydrofluoric acid (HF). During electrochemical etching, sili-
con is dissolved in the electrolyte (HF) owing to the exchange
of charge carriers at the silicon-electrolyte interface under
bias. Pores are formed at the tip of the inverted pyramids due
to positive charge carriers attracted by the higher local electric
field. Details on the fabrication process, including a descrip-
tion of the etching parameters, can be found in a companion
paper [13]. With respect to this fabrication method, mem-
branes with 10 by 10 pore arrays were selected and prepared
for further DNA translocation experiments. The membranes
were characterized by scanning electron microscopy (SEM;
Gemini, ULTRASS, Zeiss). A SEM image of such an array of
nanopores with a pitch distance of 4 um is shown in
figure 1(a). It was found that the diameters of the pores are
mainly between 20 to 30 nm, with a few exceptions as large
as a couple of hundred nanometers. Smaller diameters down
to ~7nm can also be achieved although not used for trans-
location experiments here. Figure 1(b) shows a representative
pore with a diameter of 20 nm in top view. Due to the diffi-
culty of obtaining a cross-sectional view of a nanopore on a
membrane, a SEM cross-section of a nanopore, fabricated
also by electrochemical etching in bulk silicon, is shown in
figure 1(c). It can be seen that the pore wall is upright. The
effective pore depth is defined as the distance between the
pore opening at the bottom of the etching pit and the backside
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Figure 2. Photoluminescence spectra of a SiN membrane (black) and
a Si membrane (red). The 15 nm thick SiN and the 300 nm thick Si
free-standing membranes were excited by a 514 nm laser. The PL
spectra were recorded under the same conditions to permit
comparison. While the SiN membrane shows a strong emission from
580 to 850 nm, the PL emitted by the Si membrane is negligible.

of the membrane. Since the inverted pyramids were formed
by anisotropic KOH etching, the depth of the pyramid is 1/+/2
of the width. Therefore, we estimated that the effective depth
of the pore is around 80 nm; see figure 1(d). The aspect ratio
of these electrochemically etched pores can be as high as 4,
while the one for TEM-drilled pores is typically around 1
[17-19]. Further, to characterize the optical properties of the
membrane, photoluminescence micro-spectroscopy was per-
formed respectively on a 300 nm thick Si membrane and on a
15 nm thick SiN membrane (TED PELLA, INC.) under the
excitation of a 514nm Omicron Phoxx diode laser. The
spectra were obtained by an imaging spectrometer (Andor
Shamrock 500), which was connected to an inverted micro-
scope. An electron-multiplying CCD (EMCCD) camera
(Andor iXon-X3 888) was used to record the signal. All
measurements were performed under the same conditions
with the laser focused at the center of the membrane. As
shown in figure 2, the SiN membrane has a relatively intense
and broad PL emission covering 580 to 850 nm, even though
the thickness of the membrane is 15 nm only. On the contrary,
the 300 nm thick Si membrane reveals negligible PL in the
same wavelength range. The low PL of bulk Si in the visible
range is attributed to its small energy bandgap, which is
1.11eV at 300 K.

For the DNA translocation experiments, a membrane
with a pitch distance of 8 ym was selected. After oxygen-
plasma treatment to increase the surface wettability, the
membrane chip was mounted on a home-made double cell
with cis- and trans-chambers as shown in figure 3. A PDMS
sheet with a single channel was added to the backside of the
chip to allow only one membrane being exposed to the buffer
solution. The buffer, a diluted saline-sodium citrate (SSC)
solution (10 mM NaCl, 1 mM sodium citrate, pH =7.0), was
filled in both chambers and in-house synthesized 450 bps
double-strand (ds) DNA labeled with single fluorophores
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Figure 3. Optical detection of translocation events. Middle: scheme
(not to scale) of the sequencing cell (PEEK: polyether ether ketone)
designed for optical read-out using an inverted microscope. Top:
zoom-in shows scheme of translocation of double stranded DNA
strings labeled with a fluorophore (star-like symbol). Bottom left:
white light reflection image of 4 pores located in a 10 x 10 array with
8 um pore-to-pore distance. Bottom right: two frames from a
sequence of photoluminescence images of the same area. The scale
bars in image (a), (b) and (c) are 2 um.

(Atto-532) were added to the cis-chamber. The final con-
centration of the analyte in the cis-chamber was no more than
100 pM. A bias of 1V was applied across the membrane to
drive DNA through the nanopores, while a sequence of
images being recorded. Details about the DNA synthesis can
be found in the supplementary information.

As illustrated in figure 3, the detection cell was placed on
top of an inverted wide-field microscope with bright-field
laser excitation (514 nm). The laser, operated at 60 mW, is
focused on the membrane with a spot area of 75 ym?”, which
results in a power density of 4.6x 10* W cm™. Such high
excitation is used to maximize the signal-to-noise ratio.
Considering the fact that optical read-out is performed at a
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single molecule level, effective background PL control is
critical, in particular under bright-field excitation using a
wide-field microscope. To avoid Raman scattering from water
molecules here at the wavelength of 625 nm, a bandpass filter
at 571/72 nm was used as emission filter. A dichroic mirror
and a single bandpass filter at 514/3 nm as excitation filter
eliminate the backscattered excitation light as a background
source. A thin quartz window, instead of normal glass, with a
thickness of 170 yum is mounted as closing on the trans-
chamber in order to minimize the background PL. A 63x
objective lens with window correction is used to compensate
the image distortion induced by the quartz window and the
liquid in the cell. In this configuration, the optical signal
emitted at the nanopore region, passes the beamsplitter cube,
and is then collected by the EMCCD. The actual field of view
is cropped to approximately 50 x 50 um? in order to increase
the frame rate. On a nanopore array with a pore-to-pore dis-
tance of 8 um, 30 pores were imaged at the same time. With
an acquisition time of 50 ms for each image and a read-out
time of ~50 ms, the total frame acquisition rate is ~10 Hz.

Results and discussion

An example of recorded PL images is shown in the lower
panel of figure 3. Here, a white light image of 2 x2 pores and
2 frames from a sequence of PL images, that captured
translocation events, are shown. The dark points in the white
light image, which are actually the inverted pyramids, indi-
cate the pore locations. In the PL images the white spots
represent translocations of DNA molecules. The intensity of
these successive PL signals was extracted as a function of
time for several individual pores from a sequence of recorded
images by using the software Image]J with a home-built
Java code.

A set of simultaneously recorded intensity time traces,
where the pore diameter varies from 20 to 440 nm, is shown
in figure 4. Observing the time-dependent signal, it is obvious
that the three small pores (20, 30 and 32 nm) reveal similar
time traces with well distinguishable, repeating PL peaks,
indicating frequent translocation events, while interestingly
the larger pores (370, 440 nm) show clearly different beha-
vior. Taking into account that the raw data was recorded
within several hours and was obtained from pores located on
the same membrane, environmental conditions (such as local
buffer concentration, temperature gradient due to laser, etc) of
these pores can be considered as almost identical. Thus, we
rather assume that the differences of translocation behavior
for different pores can be attributed to diameter and geometry.
To gain more insight into the translocation mechanism, fur-
ther analyses of the intensity time traces were done with
respect to the latter point.

Intensity histograms corresponding to the traces above
(after background subtraction) are shown in figures 5(a)—(c)
for the pores with a diameter of 32, 370 and 440 nm,
respectively. The Gaussian fit (truncated orange curve peak-
ing around zero) represents the background signal, where the
standard deviation ¢ of approximately 100 counts is the
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Figure 4. Photoluminescence intensity time traces at the location of
individual pores, obtained on an array of pores with diameters
ranging from 20 to 440 nm, under a bias of 1 V.
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Figure 5. Intensity histograms of translocation recorded at nanopores
with diameters of 32, 370 and 440 nm, respectively. Gaussian
fittings (orange) of the background signal are displayed on top of the
histograms. PL signals which are larger than 3¢ over the background
are counted as translocation events, which are colorized.

background noise level for all three pores. Intensity values
exceeding 3o of the background signal are set to be counted
as translocation events (colorized counts). From this plot, a
clear dependency on the pore diameter can be observed, i.e.
the number of detected events increases with decreasing pore
diameter. Based on the on/off threshold, being set also at 3¢
of the background signal, the statistics of translocation
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Figure 6. Normalized event interval time (off-time) distributions.
The event interval time distribution falls off inversely with the pore
diameter.

duration (on-time, see supporting information figure S1) and
event rate (off-time) can be further extracted. The event rate
distribution, shown in figure 6 in a (normalized) semi-log
plot, can be fitted well with a single exponential function,
which implies that most likely single-molecule events are
detected and that the process that a molecule finds and passes
through a pore is purely random. The characteristic event rate
is directly obtained from the decay constant of the mono-
exponential function. For example the event rate of the 30 nm
pore is 0.47+0.02 Hz, which is way below the frame rate
(10 Hz). At such event rate regime, we believe that the most
events of the arising in PL intensity at the pore positions are
resulted from single molecules. Now let us focus on the event
rate of pores with different diameters. Described by the
Smoluchowski rate equation [20]

J = 2ncDr,,

with constant analyte concentration (c) and diffusion
coefficient (D), the rate of analytes (J) arriving at the pore
entrance governed by free diffusion should scale linearly
with the pore diameter (2r,). Surprisingly, it is found in our
detection that the event rate scales inversely with the pore
diameter. For example the 370 nm pore has an event rate of
0.19+0.02 Hz only. By the Smoluchowski rate equation, we
estimated the arriving rate of DNA is 0.05 Hz for a 30 nm
pore, and 0.61 Hz for a 370 nm pore. The detected event rate
on the small pores (20-32 nm) is on average almost 10 times
greater than the Smoluchowski rate, which is in agreement
with the results reported by other groups, when bias is
applied [20]. On the other hand, one would expect that larger
pores allow more molecules to pass per unit time, resulting
in a higher event rate and even multi-molecule events with
higher PL intensity. However, the experimental results
clearly show the opposite. This discrepancy, i.e. the
‘missing’ events on the larger pores, will be discussed in
the following section.

First, it should be emphasized that the optical detection
mechanism used here substantially differs from electrical

detection or other optical detection using confocal or TIRF
microscopy, typically used in such experiments. Under the
continuous laser excitation, fluorophores are detectable by the
CCD camera within the entire depth of focus of the objective
lens. In a wide-field microscope, a 63x objective lens has a
depth of focus of ~1 ym, which is about 50 times larger than
the thickness of the pores used in electrical measurements, or
10 times larger than the depth of focus of a confocal micro-
scopy or the evanescent field in TIRF microscopy. As an
example, the time it takes for a 450bps DNA to diffuse
through such distance is calculated. The diffusion coefficient
of a 450 bps DNA, as used in our experiments, can be esti-
mated as 9.2x 1072 m?s7! [21]. Thus, the time anticipated
for such a molecule to move through the depth of focus purely
by diffusion is around 110ms. Following this, the event
duration for optical detection should be significantly longer
than the dwell-time measured by ionic current blockage,
which is typically within 1 ms (for DNA of a length less than
1 kbps passing through a ~10 nm pore) [7, 19-23]. Note that
this fact of significantly longer event durations allowed us to
use wide-field microscope optical detection with an acquisi-
tion frame rate of about 10 Hz only.

However, when a bias is applied, a recorded translo-
cation event is a combined process of a molecule passing
through a pore driven by electro-kinetic forces (electro-
phoresis and electro-osmosis) [25-27] and moving out of the
depth of focus governed by both local electric field and
diffusion [28]. Depending on the pore diameter, the electro-
kinetic forces and the molecule-pore interaction may accel-
erate or slow down the whole translocation process, result-
ing in shorter or longer event durations. In fact, more than
75% of the recorded translocations are single-frame events,
indicating that most of the event durations are shorter than
the active acquisition time of 50 ms. When the whole
translocation process is less than the active acquisition time,
the PL intensity is defined by the time that the molecule
appears in the detection volume, thus scaling with the
translocation time. As already shown in figure 5, the PL
intensity distributions of large pores do not have events far
above the noise level. Thus, the most probable explanation is
that the translocation through the larger pores is too fast to
be fully captured by our optical system. In order to have a
rough estimation of the detection limit, we considered that
the translocation events which last more than two frames
reveal the intensity of a single-fluorophore stay-in focus for
the entire frame. The average single-fluorophore full-frame
PL intensity is ~700 counts (see supplementary information,
figure S2), while the background 3¢ is about 300 counts.
Assume the detection limit of our optical system is when
signal-to-noise ratio is equal to three, that is, 300 counts.
Thus, the detection limit in terms of single molecular
translocation time is ~43% of the acquisition time; that is
~21 ms in our optical system. As a consequence the event is
not detected when the translocation time is shorter
than 21 ms.

The small pores, on the other hand, show relatively high
event rates. This suggests that the pore diameter can be a
limiting factor for the whole event time, although passing
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through a pore is only one part of the translocation process.
Indeed, studies based on ionic current measurements show
that when a molecule—pore interaction contributes to the
translocation process, the dwell-time distribution transforms
from a Gaussian-shaped curve to a log-normal curve [22].
Enhanced interaction increases the width of the dwell-time
distribution resulting in a longer tail [29]. Such transformation
is also observed to some extent in the distributions shown in
figure 5. Considering the fact that the natural form of a
450 bps dsDNA in 10 mM buffer solution is similar to a loose
wool ball with a radius of gyration of 55 nm [21], the DNA
molecule has to reshape itself (‘squeeze’) in order to pass a
30nm pore. Taking into account that the depth of an elec-
trochemically etched pore is about 80 nm, which is several
times longer than the depth of TEM-drilled pores (10-20 nm)
[30], used in electrical detection schemes, the translocation
time is affected probably even stronger in our system by the
molecule—pore interaction. Further, the local electric field
around a pore is also related to its diameter [28]. Thus, the
movement of a DNA molecule in the pore vicinity may also
depend on the pore diameter. Synchronized measurements of
optical and electrical detection would be useful to further
elucidate the translocation process. Nevertheless, we conclude
here that slowing down the translocation time allows more
events to be detected and thus a higher event rate is observed
for the smaller pores. For future experiments, we plan to
increase the temporal resolution by using a single-channel
avalanche photodiode detector (APD) to investigate the
translocation through small pores. Remarkably, the statistics
obtained from the small pores with similar diameters
(20-32 nm) are quite similar; this indicates that the variation
of single molecule detections between pores with similar
geometry is small. Thus, the pore arrays fabricated by elec-
trochemical etching are promising to be used in high-
throughput parallel sensing. Their high aspect ratio (deep
depth) further seems to enable a slowing down of the DNA
translocation speed which can be advantageous for accurate
optical detection.

Conclusions

In summary, a silicon membrane was found to be a viable
alternative for biomolecule optical detection due to its low PL
in the visible range. DNA translocation was measured on an
array of silicon nanopores, varying in diameter from 20 to
440 nm, by using a wide-field optical microscope. Individual
DNA translocation events could be detected simultaneously
for several nanopores. Statistical analysis based on dis-
crimination between small (~30nm) and large (~400nm)
nanopores allowed us to explain the translocation mechanism
by electro-kinetic forces and molecule—pore interaction. The
observed translocation characteristics make such arrays
attractive for single molecule detection as well as for high-
throughput parallel biomolecule sensing and DNA
sequencing.
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