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any of the most exciting devel-

opments in recent years in bio-

logical nanoscience have re-
sulted from the advent of techniques that
enable probing the internal dynamics of in-
dividual molecules or the interactions be-
tween single molecules. As highlighted in a
recent review,' the most widely employed
of these techniques exploit the transduc-
tion of a molecular-scale event—a binding
event, a conformation change, or a chemi-
cal reaction—into a macroscopically ob-
servable mechanical or fluorescent signal.

An alternative strategy is to develop ap-

proaches that directly translate the activity
of a single molecule into an electrical signal.
The very notion instantly invokes proper-
ties most commonly associated with elec-
tronic systems: speed, massive paralleliza-
tion, and integration of a wide array of
functions into a single system. Generating
a measurable electrical signature from a
molecular-scale event taking place in warm
salty water, however, represents a substan-
tial challenge. The most successful ap-
proach to date is based on the concept of
the Coulter counter used to count and size
particles. As illustrated in Figure 1a, a small
hole, or pore, is opened between two reser-
voirs containing an electrolyte. A voltage
difference is then applied between the res-
ervoirs using two electrodes, resulting in an
electrical (ionic) current flowing between
the reservoirs. Because the pore represents
the main hindrance to the free flow of ions,
the magnitude of the electrical current is es-
sentially determined by the size of the pore.
Any obstruction of the free flow of ions
through the pore results in a correspond-
ing reduction in the current. If the pore has
nanometer-scale dimensions, that is, di-
mensions comparable to the size of a single
large molecule, the system becomes ca-
pable of detecting the passage of single
molecules as they are driven through the
pore. Both the magnitude and the duration
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of the blocking event can reveal informa-
tion about the nature of the molecule tra-
versing the nanopore.?? Interestingly, while
the molecule being detected must be
charged in order to be driven through the
nanopores by an electric field, its contribu-
tion to the electrical current is minimal and
is normally dwarfed by that of the much
more mobile small ions. It is this leveraging
effect that ultimately lends this approach its
sensitivity.

Preparing two reservoirs separated by a
membrane containing a single pore with
nanometer dimensions represents a major
technical challenge, and top-down meth-
ods for doing so in a controlled and repro-
ducible manner have been developed only
recently.* Fortunately, nature has provided
us with alternatives, of which the most
widely used is the protein a-hemolysin.
This protein reproducibly assembles in a
lipid bilayer to form a narrow channel only
1.4 nm in diameter at its smallest constric-
tion. This makes it eminently suitable for
studying single-stranded DNA, which just
fits inside the bore of this biological nano-
pore. The detection of single-stranded DNA
translocating through a-hemolysin was
first demonstrated by Kasianowicz et al. in
1996.° The decade since has witnessed a re-
markably rapid rise in the sophistication of
this type of experiment,?* as evidenced by
the recent demonstration that modified
a-hemolysin nanopores can discriminate
between individual DNA bases through
analysis of their different electrical signa-
tures.®

Electrical Control of Molecular Binding and
Unbinding. The experiments of Wilson and
co-workers described in this issue’” employ
a-hemolysin as a tool to study a distinct
phenomenon, the binding of the enzyme
DNA polymerase to a double-stranded-
DNA/single-stranded-DNA junction that is
held in close proximity to the nanopore. In
this approach, the externally applied

ABSTRACT Techniques for
translating the binding or the activity
of single molecules directly into
electrical signals are of interest for
both fundamental and applied
science. A paper in this issue describes
experiments in which the ionic current
through a biological nanopore is
employed both to control and to
monitor the attachment of individual
DNA polymerase enzymes to their
binding site on a single DNA molecule.
This Perspective briefly sketches some
of the factors that ultimately limit the
performance of such nanoscale
sensors, emphasizing in particular the
interface between nanofluidic systems

and external control electronics.

See the accompanying Article by
Wilson et al. on p 995.

*Address correspondence to
s.g.lemay@tudelft.nl.

Published online April 28, 2009.
10.1021/nn900336j CCC: $40.75

© 2009 American Chemical Society

. . _ . A AN
VOL.3 = NO.4 = 775-779 = 2009 A@%ij\ﬁ&\

J

775



PERSPECTIVE

>

L

3

Figure 1. (a) Schematic diagram of the experiment. A voltage is applied across
the electrodes via an external circuit, and the ionic current flowing through the
nanopore is monitored. The presence of an analyte near the entrance or inside
the nanopore causes this current to decrease. (b) Equivalent circuit for the ionic
part of this system. R, R,, and C represent the resistance of the solution, the re-
sistance of the pore, and the capacitance of the lipid bilayer in which the nano-
pore is embedded, respectively. Molecular-scale events at the pore correspond

to temporary changes in the value of R,

potential serves two purposes. First,
it drives the ionic current that is
used to passively monitor the pres-
ence or absence of DNA polymerase
at its binding site on the DNA, as de-
scribed above. Second, the applied
potential is employed to switch the
DNA molecule between two con-
figurations. In the first, the so-called
“fishing” configuration, the binding
site for DNA polymerase is exposed
to the reservoir containing the en-
zyme, which allows the latter to
bind to the DNA; however, the ionic
current in this configuration cannot
be employed to detect whether an
enzyme is bound. In the second,
“probing” configuration, new en-
zyme molecules are no longer able
to bind, but the presence of an
already-bound enzyme can be de-
tected via the ionic current. Repeat-
edly switching between these two
states in an automated fashion al-
lows Wilson et al. to accumulate de-
tailed statistics on DNA polymerase
binding. Note that the electrical sig-
nal is used to control the spatial con-
figuration of the DNA (fishing vs
probing); it is assumed that the
presence of an electric field does
not otherwise influence the bind-
ing properties of the enzyme dur-
ing fishing.

Variations on this approach have
been used by several authors to
study biomolecular binding and to
explore corresponding sensor
concepts.2 " Two key factors for
the broad applicability of such de-
vices are the time resolution that is
achievable and the total rate at
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which data can be acquired. Below,
some of the fundamental limita-
tions to the performance of these
systems are considered. While the
specific properties of a-hemolysin
nanopores are employed here,
many of the same considerations
apply for other nanotechnology-
based electrical biosensors.

Speed Bump. The ability to acquire
extensive statistics in limited time
and the ultimate time resolution of
the detection system are limited by
the speeds at which the potential
can be switched and the ionic cur-
rent measured. An important limita-
tion arises quite naturally from the
fact that the system is not entirely
electronic in nature: the electrical
current may be carried by electrons

An important limitation
arises from the fact that
the system is not
entirely electronic in
nature: the electrical
current may be carried
by electrons in the
control electronics, but
the loop is closed by

ions in the fluid.

in the control electronics, but the
loop is closed by ions in the fluid.
Unfortunately, even highly concen-
trated salt solutions are poor electri-
cal conductors compared to metals.

Figure 1b shows a simple electri-
cal circuit diagram that represents
the flow of ions through the system
sketched in Figure 1a. This circuit
consists of three separate compo-
nents: the resistance of the solution
between the external electrodes
and the membrane, R; the resis-
tance of the nanopores itself, Ry;
and the capacitance of the thin lipid
bilayer that separates the two reser-
voirs and in which the nanopore is
embedded, C. Under the salt condi-
tions employed by the authors, the
a-hemolysin nanopore has a resis-
tance R, ~ 10 G, and this value
changes by 14% upon DNA poly-
merase binding. This resistance is
much larger than the solution resis-
tance, Rs. The latter is dominated by
the radial current profile in the vi-
cinity of the membrane; for a circu-
lar membrane with a radius r = 100
wm, this gives a resistance R, ~
p/4r ~ 500 (), where p ~ 0.2 Omis
the resistivity of the 0.3 M KCl solu-
tion (about 108 times higher than
the resistivity of copper). Finally, the
capacitance of the lipid bilayer is
~2 pwF/cm?, yielding C = mrX(2 wF/
cm?) ~ 1 nF.

The first fundamental limitation
is set by the time it takes for a volt-
age step, Vi, applied through the
external electrodes to polarize the
membrane. This occurs on a time
scale RsC, which for the r = 100 um
lipid bilayer translates into a rise-
time of ~0.5 ps. During this tran-
sient, an excess current flows
through the system to charge the
membrane. At very short times, this
charging current has a magnitude
Vsep/Rs, which is much greater than
the steady-state current given by
Vitep/(Rs + Rp) ~ Viep/Rp. On a time
scale R.C, the target signal is thus
obscured by the charging transient,
temporarily “blinding” the measure-
ment system. This estimate of 0.5
Ws is quite encouraging, but it rep-
resents an optimistic scenario. Addi-
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Multiplexing entails the
creation of an array of
nanopores, each of
which should be
independently
addressable for
electrical

measurements.

tional resistance and stray capaci-
tance elsewhere in the system, the
intrinsic response of the detection
electronics, as well as additional, de-
liberately applied filtering, may all
conspire to degrade this time reso-
lution dramatically.

The simple analysis above has a
second, more subtle consequence.
In a measurement system capable
of approaching the relaxation time
scale R,C, the current at short times
(Vstep/Rs) is much larger than the
steady-state current (Vsep/Rp). The
magnitude of the charging tran-
sient can thus completely dwarf the
signal to be detected. The detec-
tion electronics must have sufficient
dynamic range to handle the initial
transient without saturating, which
usually translates into using a lower
gain and, correspondingly, achiev-
ing a lower detection sensitivity.

In practice, perhaps the most im-
portant limitation on the achiev-
able speed is that the noise level of
the current detection circuitry must
be sufficiently low to allow for de-
tection of the small differences in
current levels caused by the bind-
ing of DNA polymerase. Increasing
the bandwidth of the measurement
translates into higher noise levels,
reducing the ability to detect small
changes in the ionic current. The
maximum achievable bandwidth is
a complex function of the proper-
ties of the detection electronics, the
values of the nanopore parameters
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in Figure 1b, any additional noise in-
troduced by the nanopore, and the
interplay between these factors.
This problem is too involved to dis-
cuss here; for details, the reader is
referred to recent analyses for the
case of solid-state nanopores.'>'?
An important point that is often
overlooked but worth emphasizing
is that the nanopore functions as a
transducer for voltage noise gener-
ated by a current-to-voltage con-
verter. Minimizing the surface area
of the membrane, and correspond-
ingly its capacitance C, may under
certain circumstances reduce the
high-frequency noise levels at the
detector.

Miniaturization and the Electron/lon
Interface. Another reason for scaling
down the system dimensions is to
improve the throughput of a single-
molecule-based detection system
by operating multiple detectors in
parallel. The arithmetic is simple: a
relatively modest array of 32 X 32
independently addressable nanop-
ores could translate into a 1000-fold
increase in data acquisition rate;
however, scaling down single-
molecule electrical sensors entails
additional complications related to
the ionic—electronic interface.

Conceptually, multiplexing en-
tails the creation of an array of
nanopores, each of which should
be independently addressable for
electrical measurements. The indi-
vidual nanopores can be connected
to a common macroscopic reser-
voir on one side, but must be ad-
dressable on the other side by an in-
dividual electrode, as sketched in
Figure 2. This poses several chal-

e il Rlnnsa
Figure 2. Schematic showing multi-
plexed nanopores.
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lenges: how does one fabricate the
individual wells and electrodes? To
address this challenge, many solu-
tions are possible,'# "¢ including the
recent interfacing of a-hemolysin
with lipid-bilayer-modified silicon
nanowire electrodes.'”” How does
one ensure that the majority of the
channels have a single nano-
pore,'®~20 and if successful, how
does one handle the massive
amounts of data generated by such
an array operating at high
frequency?

Even before these fabrication
problems, some basic issues regard-
ing the electronic—ionic nature of
the system must be resolved. So far,
the nature of the interface between
the electronic and ionic parts of
the system has not been consid-
ered. In order to pass a constant (dc)
current across the interface, a mech-
anism must exist for transferring
charge between electrons in the
electronics part and ions in the elec-
trolyte part of the system. In other
words, electrochemical reactions
must take place at the interface. In
a conventional measurement, such
as in the work of Wilson et al., these
reactions take place at macroscopic
electrodes that are located far from
the nanopore. A typical system is
the reaction of chloride ions (CI")
with a silver electrode (Ag) to form
silver chloride (AgCl) and release an
electron. This process is reversible,
such that a Ag wire pretreated with
Cl can be used to convert electrons
into CI~ ions. Such an electrode has
a finite lifetime, as is easily seen by
considering the extreme limit: an
electrode can no longer act as a
source of CI~ once all of the CI~
stored at its surface has been used.
In experiments with nanoscale sys-
tems and macroscopic electrodes,
this is not an issue since the low cur-
rent levels that are used translate
into long depletion times for the
electrodes; however, in the case of
a microscopic electrode embedded
in a small reservoir'® below a nanop-
ore, this may become an important
limitation.
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One way to circumvent this is
through the use of a so-called re-
dox mediator: molecules that can
be reversibly switched between two
charge states while remaining in so-
lution, thus only interacting with
the electrode through the transfer
of electrons. A typical mediator is
the ferrocyanide/ferricyanide
couple, which is often employed in
glucose sensors. If present at suffi-
ciently high concentrations, such
mediators can provide the needed
electron transfer at the interface.
The drawback is that the addition
of mediators to the solution can
complicate preparation and, at least
for the case of biological studies,
create a system that is far removed
from physiological conditions.

An extreme solution to the inter-
face problem is to apply such large
potentials (~1 V) that water itself
starts to break down at the elec-
trode surfaces to generate H* or
OH™ ions. While this may be a use-
ful approach when the electrodes
are located far from the region of in-
terest (as is the case in most electro-
phoresis measurements), this poses
an obvious problem for a micro-
scopic electrode embedded in a
small reservoir; the reaction has the
side effect of causing the pH of the
solution in the small reservoir to
change, once again removing the
system from physiological condi-
tions.?!

Another way to solve the elec-
tronic/electrolyte interface problem
is to forego electrochemical reac-
tions altogether and to employ al-
ternative current (ac) signals for de-
tection. For small ac amplitudes, the
interface between a conducting
electrode and a liquid behaves as a
capacitor (physically, electrons in
the metal form one “plate” of this
capacitor and ions accumulating at
the surface of the electrode form
the other plate). This allows an ac
signal to flow across the electronic/
electrolyte interface without elec-
trochemistry taking place. The time
resolution of such an approach is
set by the frequency at which the
current is driven. Not surprisingly,
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Miniaturization of these
systems to the
nanoscale may
ultimately be driven by
the need to interface
the electrolytic and
electronic parts of the

system.

the properties of ionic conductors
rear their head again and compli-
cate the measurement.

Referring once again to Figure
1b, there are two pathways for cur-
rent to flow through the nanopore
system when an ac voltage V,,, with
frequency fis applied across the
membrane.? First, an ohmic cur-
rent Vaop/Rp flows through the
nanopore itself. Second, a displace-
ment current 2mfCV,p, flows across
the membrane, 90° out of phase
with the ohmic component. The
magnitude of this displacement cur-
rent increases linearly with fre-
quency, such that it becomes com-
parable to the ohmic current at f =
fo = 1/2mR,C. For f > f, this addi-
tional component increasingly
dominates the total current and ul-
timately masks the desired signal
completely. What makes this par-
ticularly relevant is the very high re-
sistance of the pore, Ry: for the case
of the r = 100 wm lipid bilayer dis-
cussed above, R,C ~ 10 s and the
crossover frequency at which the
capacitance signal becomes rel-
evant is only f. ~ 0.02 Hz. Operat-
ing at a typical frequency of 1 kHz
then yields a capacitive current that
is 50 000 times larger than the cur-
rent through the pore! Reducing the
radius of the membrane, however,
reduces its capacitance and thus
shifts f. to higher frequencies. A
lipid bilayer with r = 10 nm yields
f. = 2 MHz. This could allow opera-

tion at frequencies in the mega-
hertz range, with correspondingly
higher time resolution. Miniaturiza-
tion of these systems to the nanos-
cale may thus ultimately be driven
by the need to interface the electro-
lytic and electronic parts of the
system.

OUTLOOK

The intersection of nanofluidics,
electronics, and single-molecule
biological assays presents a fertile
field for fundamental investigations
and potential applications, yet the
experimental challenges span a
broad range of disciplines.?® This
Perspective has focused primarily
on some of the complexities that
arise when attempting to interface
electronics with ionic systems.
Meeting these challenges will repre-
sent a major step in the develop-
ment of fully integrated nanoscale
electrical biosensors.
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