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ABSTRACT: We report the electrochemical detection of
individual redox-active molecules as they freely diffuse in
solution. Our approach is based on microfabricated nanofluidic
devices, wherein repeated reduction and oxidation at two
closely spaced electrodes yields a giant sensitivity gain. Single
molecules entering and leaving the cavity are revealed as anti-
correlated steps in the faradaic current measured simultaneously
through the two electrodes. Cross-correlation analysis provides
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unequivocal evidence of single molecule sensitivity. We further find agreement with numerical simulations of the stochastic signals
and analytical results for the distribution of residence times. This new detection capability can serve as a powerful alternative when
fluorescent labeling is invasive or impossible. It further enables new fundamental (bio)electrochemical experiments, for example,
localized detection of neurotransmitter release, studies of enzymes with redox-active products, and single-cell electrochemical
assays. Finally, our lithography-based approach renders the devices suitable for integration in highly parallelized, all-electrical

analysis systems.
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he development of experimental techniques to detect and

manipulate individual molecules in solution has yielded vital
and unprecedented insights into molecular-scale processes, in-
cluding internal dynamics, conformational changes, and inter-
molecular interactions.' These are often impossible to obtain
otherwise because such information is usually averaged out when
probing a macroscopic system. The most successful single
molecule techniques rely on optical” (e.g, fluorescence™) or
force-transduction® (e.g, optical tweezers) mechanisms, but a
complementary technique based on electrical or electrochemical
sensing has remained elusive.

Electrochemical detection of a single small molecule in solu-
tion at room temperature represents a formidable challenge
owing to the microscopic amount of charge involved per reacting
molecule. A successful approach to boost the current per
molecule is redox cycling, the repeated oxidation and reduction
of a target analyte at multiple electrodes, which allows each
individual molecule to contribute a large number of electrons to
an electrochemical current. Redox cycling is most commonly
employed in scanning electrochemical microscopy (SECM), a
technique which has been used to detect short-lived intermedi-
ates in electrochemical reactions,6 image neurotransmitter re-
lease from living cells” and investigate the catalytic properties of
surfaces.”” Redox cycling has also been used to detect small
numbers of molecules in closed, nanometer-high cavities formed
by impinging a wax-coated metal tip onto a conducting substrate' "
or by immersing recessed nanoelectrodes in mercury.'”> While
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these experiments suggest the feasibility of single-molecule
electrochemistry, practical difficulties inherent to tip-based
approaches have impeded progress over the last 15 years.

The principle of operation of our device is illustrated in
Figure la. Redox cycling takes place between two independently
biased electrodes that are separated by a thin (70 nm) layer of
solution. The active region of the device is defined as the volume
enclosed by these two overlapping electrodes and has a length of
S0 pum, a width of 1.5 um, and a height of 70 nm. A top-view
optical image and a SEM image of the cross-section of the device
are shown in Figure 1b,c, respectively. In this system, the currents
generated at the bottom electrode, i,(t), and top electrode, i,(t),
are independently measured.

Figure 2 illustrates control experiments performed in acetoni-
trile (ACN) containing only 0.1 M tetrabutylammonium hexa-
fluorophosphate (TBAPF) as supporting electrolyte. i,(t) and
i(t) exhibit only random noise with an amplitude of 7 fA rms,
whether both electrodes are biased at the same potential (E, = E,
= —0.1 V, Figure 2a) or at the potentials at which subsequent
experiments are performed (E, = 0.35V, E, = —0.1'V, Figure 2b).
Since no electrochemically active species are present in the
system, the observed fluctuations correspond to the background
noise level of the measurement system.
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Figure 3 shows raw current—time traces measured in the
presence of 120 pM ferrocene (Fc, reduced form) as the active
redox species. For this concentration of Fc, the average number
of molecules present in the active region of device is given by
(N) = CVN, = 0.38, where C is the bulk Fc concentration, V =
5.3 x 10~ "® m? is the volume enclosed by the active region of the
device and N, is Avogadro’s number. When both electrodes are
biased at B}, = E; = —0.1 V, no redox cycling can take place since
this is a reducing potential for Fc" (Efpes = +0.089 V vs
Ag/Ag") and all Fc present in the system is already in the reduced
(neutral) state (Figure 3a).

In contrast, Figure 3b shows raw current—time traces mea-
sured under redox cycling conditions (E, = 0.35V, E;, = —0.1 V).
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Figure 1. (a) Principle of operation of the device. Redox-active
molecules undergoing Brownian motion are repeatedly oxidized and
reduced at two parallel electrodes separated by a distance of 70 nm,
leading to a measurable current. (b) Optical micrograph of a device (top
view). Visible are the top electrode and its contacting wires (orange), the
access holes (black squares), and the nanochannel connecting the active
region of the device to the access holes (colored magenta for clarity).
The active region of the device is connected to an outside fluid reservoir
via the nanochannel, allowing the target molecules to freely diffuse
between these compartments. The bottom electrode is hidden below the
top electrode and the nanochannel such that only its contacting wires are
visible (dark orange).The dashed white line represents the cut in (c). (c)
Scanning electron microscope image of the cross-section of a device.
The device was cut open using a focused ion beam.

Rapid random noise is again present in the traces. In addition,
larger excursions in the current away from the baseline are
observed with durations up to seconds, that is, much slower
than the instrumental noise. These features occur simultaneously
at the bottom and top electrodes. The sign of the current
excursions is always positive at the top electrode and negative
at the bottom electrode, corresponding to oxidation and reduc-
tion currents at the top and bottom electrodes, respectively. This
is consistent with the oxidizing and reducing potentials applied to
the electrodes. Similar features were observed in experiments
with four separate devices.

We attribute the discrete features in the current to the
stochastic motion of individual diffusing molecules, each event
corresponding to the entry and subsequent departure of a single
Fc molecule from the active region of the device. To further test
this interpretation, we inverted the role of the electrodes, making
the top electrode reducing and the bottom electrode oxidizing,
Figure 3c shows that this causes the sign of the current excursions
to be inverted, as expected if the discrete events are due to
individual Fc molecules.

Figure 3d shows that for the longer events, well-defined
antisymmetric plateaus in i¢(¢) and i, () are observed. In addition,
shorter, smaller events are observed that are antisymmetric but
do not develop into well-defined plateaus.

We first focus on the longer plateaus, which correspond in our
interpretation to integer numbers of Fc molecules being present
in the device. Under the simple assumption that the transport
of Fc is limited by diffusion (Debye length <<1 nm), the current
per molecule is given by i, = eD/2*"" This yields i, = 78 fA
where —e is the electronic charge, and z is the spacing between
the electrodes (70 nm). Instead, the observed plateaus in
Figure 3d have a magnitude i, = 20 fA. We attribute this
difference to adsorption of the Fc molecules to the surface of
the Pt electrodes, as observed in earlier experiments.'® Transient
adsorption of Fc molecules to the electrodes leads to a decrease
in i, since diffusion between the electrodes is momentarily
suspended each time that a molecule adsorbs.

Increasing the concentration of Fc is expected to lead to an
increase in the average number of molecules in the device and to
a corresponding increase in the size of the current excursions.
Figure 4 shows a comparison of the current—time traces
obtained at six different Fc concentrations. For 300 pM Fc,
which corresponds to (N) = 0.95, discrete steps are still dis-
cernible in the raw current—time traces but occur more fre-
quently. For higher concentrations, changes in the instantaneous
number of molecules, N(t), become so frequent that they can no
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Figure 2. Control experiments in the absence of redox species. (a) Current versus time in the absence of redox species and with both electrodes set to
the same bias; the traces have been vertically offset for clarity. (b) Current versus time under bias conditions that allow redox cycling.
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Figure 3. Raw current—time traces for an acetonitrile solution with 120 pM ferrocene as redox species and 0.1 M TBAPF as supporting electrolyte. The
current through the top and bottom electrodes are represented by the red and black solid lines, respectively; the traces have been vertically offset for
clarity. (a) Ey, = E, = —0.1 V: No redox cycling. These traces again represent the noise level of the measurement system. (b) E, =035V, E,, = —0.1 V:
Discrete, anticorrelated fluctuations with amplitude ~20 fA are observed in both signals, each of which corresponds to an individual Fc molecule entering
and subsequently exiting the device. (c) E}, = 0.35 V, E, = —0.1 V: Each electrode now plays the opposite role (oxidation or reduction), resulting in an
inversion of the polarity of the fluctuations. (d) Magnification of several long events for the same conditions as (b). During such long events the current
approaches discrete current levels separated by 20 fA (dashed lines) that correspond to 0, 1, and 2 molecules being present in the device.

longer be resolved with the finite bandwidth of the measurement
electronics. Figure 4 also shows histograms of the current versus
time for each concentration. As the concentration is increased,
the increase in the average current is accompanied by an increase
in the width of the histogram. For 120 and 300 pM this spread is
asymmetrically distributed, whereas it becomes increasingly
Gaussian at higher concentrations.

Analysis of the stochastic signals permits an independent,
quantitative test of single molecule sensitivity. For independent
molecules in diffusive equilibrium with a reservoir, the number of
molecules inside the active region of the device, N| is expected to
follow the Poisson distribution'*

N ()
py =M O

Here Py is the probability of having N molecules inside the
device at a given time. The variance of this distribution is simply
equal to (N). Thus, the rms fluctuations in the number of
particles, and the corresponding fluctuations in the faradaic
current, are expected to scale as (NY? or, equivalently, as c

To test this prediction, we must first separate the faradaic
fluctuations from the background noise of the measurement
system. This can be achieved by performing a cross-correlation

analysis of the independently measured signals at the two electrodes.
These currents are given by i (t) = i, ,(t) + ix(t) and i, (t) = iy, o (£)
— ig(t), where i, () and i, ,(f) are the instrumental noise for the
two detectors and ir(t) is the anticorrelated faradaic contribution
to the measured currents. Noting that i ,(f) and #,,(t) are
uncorrelated both with each other and with ix(t), it follows
directly that the uncorrelated and anticorrelated parts of the
fluctuations can be extracted from the simultaneously measured
traces using

(i () + (@ (8) = ((ielt) + (1)) (2)
(in(t)y = — G(t)in(t)) (3)

Figure S shows the uncorrelated and anticorrelated fluctua-
tions as a function of C. The uncorrelated part is insensitive to C,
as expected since it is caused by extraneous noise sources. Its
magnitude is in agreement with the value expected from the
control experiment of Figure 3a, (7> + 7°)"/? = 10 fA rms, as
shown by the black line.

Similarly, the anticorrelated fluctuation level scales with cv 2
as illustrated by the red line. This quantitative analysis therefore
independently supports the conclusion that the observed dis-
crete fluctuations originate from single molecule fluctuations.
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Figure 4. Current—time traces i,(t) — i,(t) and histograms for different Fc concentrations: (a) no Fc (b) 120 pM, (c) 300 pM, (d) 1.2 nM, (e) 3 nM,
and (f) 12 nM. The gray lines show the raw data while the red lines have been smoothed. Histograms of the current distribution are shown on the right;
each histogram was created from at least 500 s of data. The solid blue lines are simulated histograms based on a simple random walk model, as discussed

in the text.
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Figure 5. Uncorrelated and anticorrelated parts of the measured
fluctuations in the current versus Fc concentration, C. The anticorre-
lated signal is proportional to C""* (red line has slope =1/2), consistent
with independently diffusing molecules.

In principle, one might expect to observe well-defined peaks in
histograms of i,(t) — iy,(t) at values 2Niy,, where N=0, 1, 2,..., with
amplitudes given by eq 1. This is however not observed in the
data of Figure 4. The apparent discrepancy originates from the
space-filling property of diffusive random walks, coupled with the
finite time resolution of our detection circuit. This important
point is best illustrated through a comparison with simulations.
We simulated molecules undergoing a random walk in a one-
dimensional system. The active region between the electrodes
was located in the center and represented 1% of the total system
size. The remainder of the system thus played the role of
reservoir. The number of molecules in the total volume was
chosen such that the average number of molecules in the active region
matched the concentration in the device during measurements.

Following each time step, in which each random walker stepped
either left or right on a lattice, the number of molecules present in the
active region was determined. This led to the occupancy-time traces
such as is shown in Figure 6a. Rapid telegraph-like oscillations are
observed each time that a molecule is located near an edge of the
active region of the device and correspond to the molecule repeatedly
entering and exiting the device.

In the experiment, however, very rapid oscillations cannot be
resolved due to the finite response speed of the sensitive
measurement circuit (see Supporting Information). Therefore,
to compare to experiments, these simulated time traces were first
convolved with the measurement response function (see Sup-
porting Information) as shown in Figure 6b. The rapid oscilla-
tions of the simulation are no longer resolved, and only the
longest plateaus can be identified. The blue lines in the histo-
grams of Figure 4 show the corresponding simulated current
histograms. Notably, sharp peaks are absent in the simulated
data, just as in the experiment.

Nonetheless, the simulated histograms capture the main fea-
tures of the complete experimental data set for each concentration,
including the absence of sharp peaks, the spread in current values
and the degree of asymmetry of the distributions. Considering that
the only inputs for the simulations are the concentration C, the
diffusion constant D, the device volume V, the value i, = 20 fA, and
the instrument response function, all of which were independently
known, this represents good agreement.

‘We now turn to the time duration of the events. We define the
time duration of an event as the time elapsed between the entry
of a randomly diffusing molecule into the active region of the
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Figure 6. (a) Simulation of the number of randomly diffusing molecules present in the device as a function of time. (b) Simulated current response
generated by convolving the data in (a) with measurement circuit response function and adding background noise. (c) Probability distribution of
the occupancy times of a molecule in the channel. The solid curve is the probability that a molecule remains in the channel for a given occupancy time,
irrespective of where it exits the channel. The dashed curve is the probability distribution of occupancy times, with the additional condition that
the molecule enters from one side of the channel and exits from the other. This takes an average time of L?/6D. The shaded region denotes events too

short to be individually resolved in the experiment.

device and its subsequent exit. This time of first-passage corre-
sponds to the duration of the steps we see in the current—time
trace. One might intuitively expect that the average time duration
of these events would be L/ D, where L is the length of the active
region of the device, times a numerical factor of order unity.
However, most of the events seen in the simulated traces occur
on a much faster time-scale. Why is this?

In a random walk model, a molecule entering from one side of
the channel has, in principle, an infinite set of possible trajectories
by which to exit on either side of the device. This multitude of
trajectories spans a correspondingly wide range of durations.
Determining the distribution of durations is identical to the well-
known “Gambler’s Ruin” problem in probability theory. The
analytical solution to this problem is known'® (see Supporting
Information) and is plotted in Figure 6¢c. A key feature of this
distribution of occupancy times, t, is that for short times it
diverges as t >/%. This is because an event starts, by definition,
when a molecule enters one end of the channel; there is thus a
high probability that it leaves again from the same end after only a
short time.

Figure 6¢ further reveals that, given the finite time response of
our instrument (~ 100 ms), most of these shorter events occur
on a much faster time scale than is experimentally accessible
(shaded area of Figure 6c). Therefore, only the longer, much
rarer, events are observed in the experiment. This highlights
further why clear peaks in the histograms of both the data and the
simulations in Figure 4 are not observed; most events are too
short to be fully resolved, and their contribution to the measured
current is heavily smoothed.

To reconcile our intuition with the predicted distribution of
Figure 6, it is useful to consider only events that correspond to
entry from one end of the device and exit from the other. The
distribution of durations for such events, also shown in Figure 6c,
does not exhibit the t >/ divergence since the molecule must
travel the full distance L in this case. The mean duration of these
events is given by L>/6D, which is of order L/D as expected for a
random walk.'®

Importantly, Figure S indicates that concentrations as low as
~100 pM can be determined from correlation analysis in these
devices. This is remarkable because background currents from
leakage and unwanted reactions (e.g.,, oxygen reduction) typi-
cally render the detection of such low concentrations practically
impossible in steady-state measurements. It is possible here
because the stochastic signal can be extracted from the essentially

constant background current. We therefore conclude that our
statistical redox cycling approach not only enhances the absolute
sensitivity of electrochemical detection in terms of the number of
molecules involved but also leads to important enhancements in
molar sensitivity, a more significant figure of merit in many
analytical applications.

The real-time detection of individual redox-active molecules
as they freely diftuse in solution represents an unprecedented level
of sensitivity for electrochemical fluidic sensors. While the experi-
ments described here employed monolithic devices that were
diftusively coupled to a reservoir, our microfabrication-based
approach ensures that the devices can be easily incorporated into
complex systems as ultrasensitive electrical sensing elements. We
thus envision a wide range of applications in integrated systems for
genomics, proteomics, and single-cell analysis where electrical
detection may ultimately prove preferable to the currently more
established optical detection techniques.
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© Supporting Information. Details of fabrication of nano-
fluidic devices, materials and methods, simulations and addi-
tional data. This material is available free of charge via the
Internet at http://pubs.acs.org.
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