BIOCHIP JOURNAL, Vol. 2, No. 1, 73-77, March 2008

An Integrated Nanoporous Chip for Detecting Single DNA

Molecules

Rafael Mulero® & Min Jun Kim*

Department of Mechanical Engineering & Mechanics, Drexel
University, Philadelphia, PA 19104, U.S.A

Correspondence and requests for materials should be addressed
to M.J. Kim (mkim@coe.drexel.edu)

Accepted 16 January 2008

Abstract

We have developed a novel approach for ultra-fast
DNA analysis by measurement of a parallel optical
readout of DNA translocation through solid-state
nanopore arrays. Parallelism is achieved through the
fabrication of solid-state arrays of single-nanometer
resolution pores and the simultaneous optical rea-
dout of DNA translocation utilizing scanning con-
focal microscopy. The optical readout of the arrays
circumvents the previously necessary direct elec-
trical addressing of each pore, reducing the me-
thod’s complexity. We present new nanofabrication
techniques to create optipore arrays in 50 nm thick
silicon nitride membranes using scanning transmi-
ssion electron microscopy (STEM) and discuss our
progress toward an ultra-fast high throughput DNA
analysis.
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Introduction

The a-hemolysin protein nanopore is an archetype
for the rapid characterization and sequencing of nu-
cleic acid molecules using high-resolution analysis
based on an electrical read-out™. However, due to
the difficulties in forming o-hemolysin nanopores in
lipid bilayers and tuning the dimensions of the hepta-
meric pores, there are many technical constraints in
investigating the structures, dynamics, and interac-
tions of DNA/RNA molecules electrophoretically
translocating through o.-hemolysin nanopores. One of
which is the pores’ limiting constriction composed of
alternating lysine and glutamate residues forming a
bottleneck approximately 13 angstroms across'?. As

aresult of this limitation, the pores are large enough
to allow the passage of single-stranded DNA, but too
small to accommodate double-stranded DNA.

An aternative method over the use of protein chan-
nelsisthe use of solid-state pores. These offer several
advantages over phospholipid-embedded protein
channels. The solid-state pores can be tuned in size
with nanometer precision and also display improved
mechanical, chemical and electrical stability. This
lack of stability of protein channels is evident in o-
hymolysin, where they readily diffuse in the bilayer
leading to a destabilization of the membrane. Further-
more, and of utmost importance, solid-state pores
realize the possibility of complimenting electrical
measurements using optical-based readout methods.

Recently, new fabrication approaches to solid-state
nanopores in free-standing Si;N, and SiO, films have
been developed utilizing ion beam sculpting®, trans-
mission electron microscopy (TEM)®®, and focused
ion beam (FIB) systems®°. These techniques take
advantage of feedback into the fabrication process,
which enables control of the synthesized pores’ di-
mensions at the single nanometer length scale.

Single solid-state nanopores provide afast, reliable,
and accurate DNA analysis for a variety of sample
types™. Single pores are, however, delimited in throu-
ghput by the sampling speed of their data signal read-
out systems so that a large number of DNA translo-
cating events cannot be achieved rapidly. An evident
solution for ultra-fast high throughput DNA sequen-
cing is to use nanopore arrays, which take advantage
of the parallel optical readout of DNA electropho-
retically driven through hundreds of nanoscale-sized
pores. This parallelism is achieved by the fabrication
of high-density, solid-state nanopore arrays.

Results and Discussion

Fabrication and Characterization

Using the TEM nanopore fabrication technique
developed by Dekker, Timp, and coworkers®81213,
we have fabricated solid-state optipore arrays in thin
Si,N, membranes. Through optimization of the elec-
tron irradiation parameters, nearly circular nanopores
with diameters in the range of 2-25nm were fabricat-
ed. We further characterized the ionic conductance of
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the different diameter pores, and found a linear rela
tionship of the conductivity using the cross-sectional
area of a pore as observed using TEM. We report on
the translocation of A-DNA molecules through a 6 nm
pore, as detected using a two-electrode patch clamp
technique*'**® and additionally show the ability of an
optical readout by translocating 150 bp fluorescently
labeled DNA through a 3 x 3 optipore array.

An optimal low-density optipore array (2x 2, and 3
x 3) has been integrated into a monolithic silicon-
based chip using an automated scanning transmission
electron microscope (STEM) in which the array is
precisely determined by the patterning of the beam
scanning. An automated patterning of optipores is
possible by running the microscope in STEM mode
and directly addressing the scan coils to deflect the
beam by a desired amount’. Such a method is possi-
ble by direct beam control through either an analyti-
cal x-ray acquisition system or from a dedicated e-
beam lithography system such as an NPGS modified
for use on a STEM system. In such a system, the pro-
be shift is calibrated for x-y trandation and the elec-
tron beam dwell times can be specified for various
points on the sample. Using this method, it is possible
to produce as many accurately positioned pores as is
needed on the substrate. Figure 1 shows an array
where each nanopore has a diameter of 8nm. TEM

5x5 mm?
Solid-state Chip

tomography® reveals that all of these pores have an
identical three-dimensional structure. This verifies
that the identical structure of al the pores demon-
strates the robust nature of STEM fabrication. A
rendering of a 2 x 2 nanopore array fabricated on a
free-standing silicon nitride window framed by a 5 x

5mm? silicon chip is shown in Figure 1c.

We have characterized the ionic conductivity of our
optipores by performing a set of current-voltage (1-V)
measurements at different ionic strengths. In al cas-
es, the optipores exhibit ohmic behavior in the range
of £0.5V. Figure 2 shows a linear dependence of the
pore diameter on the square root of the ionic conduc-
tivity, indicating the effect of reducing the size of the
pore on the resistance to ion transfer. The ratio of the
slopes for the two lines obtained for different concen-
trationsis 2.21, compared to 2.23 expected for afive-
fold increase in electrolyte concentration. Conduc-
tivity measurements of a typical 3 x 3 optipore array
with d=9.3+0.8 nm yield 3.6 x 107" S, which is in
agreement with the expected conductivity of nine
pores of the same diameter (3.3x 107'S), asshown in
Figure 2.

Observation of DNA Translocation Events in
a Single Nanopore
By monitoring the conductance of a voltage-biased

Figure 1. (a) A tilted TEM
tomographic view of a solid-
state 2 x 2 optipore array. (b)
A typical solid-state nano-
pore on the optipore array.
The scale bars are 5 nm. (c)
Rendering of a 5x 5 mm?
silicon nitride on a silicon
chip. (Inset ¢) Close-up 3/4
sectional view of afree-stan-
ding silicon nitride window
with a 2 x 2 nanopore array.
(d) Rendering with quarter
section removed from the
five-piece flow-cell assem-
bly used during both optical
and electrical readout analy-
ses. (Inset d) Nanopore array
chip adhered to the upper
chamber of the flow cell.
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Figure 2. lonic conductance (G) of solid-state nanopores of
various cross-sectional areas in 1.0 M (triangles) and 0.2M
(circle) KCI solution (+10 mM TRIS buffer, pH 8.5). The
lines represent fits assuming a cylindrical pore geometry,
revealing a pore length of |=30+2nm. Inset: |-V curves
obtained from 1.0 M KCI for nanopores with average dia-
meters (+5%) of 12 nm (squares), 10 nm (diamonds), 7 nm
(triangles), and 3nm (circles).

pore, we detect the translocation of A-DNA at 500
mV of applied potential across a 6 nm solid-state
pore. The event time for each translocation varies
widely, as do the current fluctuations.

Signals were low-pass filtered at 20 KHz using a
Butterworth filter and digitized at 100 KHz (12 bit).
Figure 3 displays ion current blockades produced by
applying A-DNA ([A-DNA]~1mg/mL) to the negative
chamber of a chip (the “cis” chamber) containing a
single 6 nm nanopore. Upon the addition of the DNA,
the ion current developed sharp blockade spikes,
similar to the ones observed in a-hemolysin experi-
ments’. A typical set of ion current blockades is sho-
wn in Figure 3.

High Throughput Detection of Single
Molecules through an Optipore Array

The direct electrical addressing of each pore in the
optipore arrays is perturbed by ion current blockages
in neighboring pores. To demonstrate the functio-
nality of the arrays, we performed DNA translocation
experiments using a scanning confocal microscope.
As TMR (tetramethyl-rhodamine)-labeled 150 bp
single-stranded DNA (PAGE purified) from a 0.01
UM solution were translocated through the nanopore
array, their fluorescence readout was measured using
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Figure 3. (a) Measured ionic current (in 1.0M KCI) of a6
nm diameter solid-state nanopore at a driving voltage of 500
mV, slowing the frequent drops in the current corresponding
to translocation of A-DNA ([A-DNA]~1mg/mL). (b) Three
individual events are shown at increasing time resolutions.
The abrupt changes in the current upon DNA entry and exit
from the nanopore occur in less than 50 us.

an iXon CCD camera. Thus, combining DNA trans-
location through an optipore array with its optical
readout capability presents us with novel geometries
for the massive parallelism of ultra-fast DNA analy-
sis through nanopores.

An optimal array made of 6 nm diameter nano-
pores, shown in Figure 4, is fabricated in a silicon
nitride membrane, which has a refractive index of
approximately 2.03. Unlike metal-deposited mem-
branes, fluorescently labeled DNA in the “cis’ cham-
ber are completely illuminated by the excitation light,
so that the entire DNA sample is fluorescing at the
same time. We add a pinhole in the light path to reject
the background haze caused by out-of-focus fluore-
scent light. The resulting images captured by the
scanning confocal microscope show six translocating
events of single-stranded DNA through the 3x 3
optipore array shown in Figure 4. Further investiga-
tion of the optical signal readout method is needed,
and future studies will use a TIRF system instead of a
confocal microscope because of the low background
conditions, and hence, higher signal/noise ratio.
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Conclusions

In summary, we have developed and optimized a
procedure for rapid nanopore fabrication in Si;N,
membranes. Our procedure yields highly tunable na-
nopores in the range of 2-20 nm, which can be used
for nucleic acids and protein analysis. We achieve uni-
formity of typicaly 0.5nm (STD) in the optipore ar-
rays. An important attribute of our procedure is that
the fabrication time is typically less than 60 seconds,
which favorably compares with previous reports>®.
This makes it ideal for the fabrication of high-density
optipore arrays with a uniform size distribution, and
therefore opening up to a wide range of possibilities
for a highly parallelized DNA and protein analysis
using a combination of electrical and optical detection.

Materials and Methods

Each nanopore chip was mounted in a custom-built

Figure 4. Confocal micro-
scopic images translocating
ssDNA through a 3 x 3 opti-
pore array. (a) Schematic of
the 3x 3 optipore array (10
um distances between 5nm
diameter pores). (b) Fluore-
scence signals from the 4%,
6", and 8" pores. (c) Fluore-
scence signals from the 2",
5" and 7t pores. (d) Fluore-
scence signals from the 2™
and 5" pores.

flow cell to enable low-noise electrical and optical
measurements. Once the nanopore array chip is com-
pletely fabricated, it is adhered to the five-piece flow
cell (Figure 1d) consisting of two chambers bridged
by the nanopore array chip, an electrode holder, and a
glass dlide. The chamber consists of upper “cis’ and
lower “trans’ portions fabricated from polytetrafluo-
roethylene (PTFE), forming miniature electrolytic
fluid chambers accessible by fluid lines. During ex-
perimentation, both chambers are filled with a con-
ducting KCI solution. The electrode holder used to
hold the Ag/AgCl anode tops the upper chamber and
defines the anode’'s contact exposure to the ionic
fluid. The circular glass cover slip alows a direct
optical path to the chip during optical-based readouts
and is sealed to the bottom of the lower chamber
using a silicone elastomer epoxy. The same epoxy is
also used to seal the nanopore array chip to the bot-
tom of the upper chamber (Figure 1d inset). The elec-
trodes are connected to a Molecular Devices Axo-
patch 200B patch clamp amplifier, which clamps a
potential across the nanopore array while recording



the resulting ionic current flow. The electrical datais
sampled at 100-250 kHz, digitized using a MD Digi-
data 1440A digitizer, and analyzed using pClamp
10.1 software. To minimize any ambient EMF-induc-
ed noise in the data signal, the entire flow cell and
patch clamp headstage are located inside a copper
Faraday cage.
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