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ABSTRACT Electrochemical detection of single molecules is being actively

pursued as an enabler of new fundamental experiments and sensitive analytical
capabilities. Most attempts to date have relied on redox cycling in a nanogap,
which consists of two parallel electrodes separated by a nanoscale distance.
While these initial experiments have demonstrated single-molecule detection at
the proof-of-concept level, several fundamental obstacles need to be overcome
to transform the technique into a realistic detection tool suitable for use in more
complex settings (e.g., studying enzyme dynamics at single catalytic event level,
probing neuronal exocytosis, etc.). In particular, it has become clearer that stochasticity;the hallmark of most single-molecule measurements;can become the
key limiting factor on the quality of the information that can be obtained from single-molecule electrochemical assays. Here we employ random-walk simulations
to show that this stochasticity is a universal feature of all single-molecule experiments in the diﬀusively coupled regime and emerges due to the inherent properties
of Brownian motion. We further investigate the intrinsic coupling between stochasticity and detection capability, paying particular attention to the role of the
geometry of the detection device and the ﬁnite time resolution of measurement systems. We suggest concrete, realizable experimental modiﬁcations and
approaches to mitigate these limitations. Overall, our theoretical analyses oﬀer a roadmap for optimizing single-molecule electrochemical experiments, which is not
only desirable but also indispensable for their wider employment as experimental tools for electrochemical research and as realistic sensing or detection systems.
KEYWORDS: nanoelectrochemistry . single-molecule electrochemistry . redox cycling . nanoﬂuidics . nanochannel .
stochastic electrochemistry . random walks

T

he advent of techniques for detecting
and manipulating individual molecules
in solution counts among the most
impactful developments of the last two
decades.1 Currently, the most mature and
established single-molecule techniques rely
on either force transduction2 or optical
methods.3 For example, a particularly powerful approach is ﬂuorescence: the detection of
single ﬂuorophores4,5;even within living
cells68;has become a widespread tool in
many branches of science. Similarly sensitive
probes based on purely electrical or electrochemical detection, whether through electrostatic coupling or via the transfer of electrons
between the molecule and an electrode, are
being actively pursued, both as enablers of new
types of fundamental experiments and as sensor
elements in integrated lab-on-a-chip devices.
The main strategy for detecting single molecules electrochemically is so-called redox cycling,9,10 the repeated oxidation and reduction
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of a target analyte, which allows each molecule to contribute multiple electrons to the
overall current. Such an approach was used by
Fan and Bard1113 in a scanning electrochemical microscope (SECM) conﬁguration: nanometer-high cavities were formed by impinging
a wax-coated metal tip onto a conducting
substrate. A related approach was employed
by Sun and Mirkin by immersing recessed
nanoelectrodes in a mercury drop.14 Most
recently, our group demonstrated singlemolecule sensitivity in microfabricated nanoelectrochemical devices, which consist of twin
electrodes embedded in a nanochannel with
interelectrode spacings of 70 nm.15 Current
ﬂuctuations with amplitudes of 20 fA were
shown to be consistent with the entry and
egress of single individual molecules through
the detection volume of the device. Single
nanoparticles functionalized by redox-active
moieties16 can also, in principle, be detected
using the same strategy.17
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Can these experiments progress from (initially
important) one-oﬀ proof-of-concept demonstrations
to robust, reliable, and routine detection tools in more
complex experiments? We believe that the use of
microfabrication methods for the development of
nanogap transducers embedded in ﬂuidic nanochannels oﬀers a viable route due to several advantages
over traditional tip-based methods: devices with identical geometries within a high degree of precision can
be fashioned,18 a variety of geometries can be generated
which can be tailored to the intended application,19 and
integration with microﬂuidic systems is facilitated. Consequently, the approach is scalable to more complex
experiments under a diverse set of conditions. Nonetheless, signiﬁcant conceptual and experimental hurdles
remain to be overcome. Most importantly on the conceptual side, most realistic experimental situations require coupling of the nanoscale detection region to some
type of reservoir from which a sample containing the
analyte of interest is introduced. This however allows
single molecules undergoing Brownian motion to enter
and leave the detection region at random, creating an
inherently stochastic response. That is, the system is
nondeterministic and its description is necessarily probabilistic. This was manifest in single-molecule eﬀorts
reported thus far, whether via inadvertent cracks in the
wax insulation around a tip11 or the presence of a purposemade access channel15 (a notable exception being the
experiments of Sun and Mirkin14). This particular kind of
stochasticity in single-molecule signals raises important
questions about the widespread applicability of this approach as a probe in “real” analytical systems, where
usually sensitive, accurate measurements are required to
be carried out in rapid time in a reproducible and deterministic manner.
Here, we explore the fundamental limitations of
redox-cycling-based electrochemical detection of single
molecules using random-walk simulations.2023 These
simulations capture the essential behavior of freely diﬀusing molecules in solution and reveal that, while most
experimental approaches to date have focused on enhancing the current per molecule by reducing the interelectrode separation, the free diﬀusion of molecules imposes
its own inherent limitation on the quality of information
that can be derived in such experiments, even with an
“ideal” measurement system. We further investigate the
inﬂuence of various factors such as the geometry of the
detection region, the mechanism of coupling to the bulk
reservoir, and the eﬀect of ﬁnite time resolution of the
measurement electronics. We conclude by discussing
possible experimental alternatives to overcome the limitations imposed by the stochastic nature of Brownian
motion, with a view to enable more widespread deployment of this detection strategy in sensitive analytical
systems or complex fundamental experiments.
The paper is organized as follows: We ﬁrst discuss a
three-dimensional (3D) diﬀusion model of a molecule

Figure 1. (a) Schematic geometry of a prototypical device
invoked for the simulations. (b) Individual electron-transfer
events corresponding to oxidation (blue) and reduction
(red) of a redox-active molecule conﬁned within the detection region of the device. The area enclosed by each spike
corresponds to the charge on one electron, e. (c) Oxidation and reduction currents obtained after averaging and
convolving the currents in (b) with an instrumental impulse
response with a time constant of 100 ms.

undergoing redox cycling between two electrodes. We
then show that the behavior on the time scales of
interest can equally be well-described by a much
simpler one-dimensional (1D) model that captures
the behavior of molecules diﬀusing in and out of a
detection region. We then assess the role of the ﬁnite
bandwidth of the measurement electronics since,
coupled with the stochastic nature of Brownian motion, these two factors impose the most important
limitation upon the quality of information one can
obtain in a single-molecule experiment. Finally, we
discuss ways to overcome these limitations either by
trapping the molecule or through the implementation
of directed ﬂow (advection) in the system.
THEORY
In order to facilitate interpretation and relevant
comparison with experiments, the ensuing discussion
will invoke a prototypical detection device with realistic
geometric and experimental parameters, as sketched in
Figure 1a. The detection region of this nanogap device is
the volume enclosed by the two plane-parallel electrodes constituting the ﬂoor and roof of a nanochannel.
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constant τ. Figure 1c shows simulated data like those in
Figure 1b after convolution with an instrumental time
response of τ = 100 ms. The eﬀect is dramatic: the
individual electron-transfer events are no longer resolved, and the observed current is instead essentially
constant. The magnitude of this current, ip ≈ 64 fA,
corresponds to the value expected for one freely diﬀusing molecule, ip = neD/z2, where n is the number of
electrons transferred per encounter with the electrode
and e is the charge on the electron.11 Similar arguments
regarding the limiting role of the instrument response
have been made previously by Amatore et al. regarding
the observation of individual electron-transfer events in
PAMAM dendrimers capped with ruthenium(II) bisterpyridine redox moieties adsorbed on Pt nanoelectrodes.28
Consequently, although the molecules undergo diffusion in three dimensions, the dimension perpendicular to the electrodes can be safely ignored since the
experimentalist is essentially “blind” to the motion in
these directions. Furthermore, in the channel-like geometry assumed here, motion parallel to the electrodes
but perpendicular to the axis of the channel is irrelevant since the walls of the channel conﬁne molecules
to the channel in this direction. Motion along the axis
of the channel, on the other hand, cannot be ignored:
the typical time scale for diﬀusive transport along this
dimension is τ ∼ L2/D = 2.5 s, which is readily accessible
in experiments. Therefore, while a comprehensive
description of microscopic trajectories must necessarily incorporate diﬀusion in all dimensions, the use of
2D or 3D simulations adds little in practice for understanding experimentally relevant channel-like nanogap systems since the main observable experimentally
is the entry and egress of individual molecules from the
detection region of the device. For this reason, we
focus below on random-walk simulations in only one
dimension, namely, along the length of the detection
region. This allows focusing on the features of the
system that are most relevant for experiments.
We consider one-dimensional random walks undertaken by a discrete particle. The detection region of the
device of length L (μm) is described by a lattice points
on which the particle undertakes its random walk. The
molecules can move discretely on this lattice with steps
of (1. In real units, the steps therefore have length
ΔL = L/a. The corresponding time interval between
each step is Δt = (ΔL)2/2D. At each step, the particles
can take a unit step to the right with a probability 1/2 or
to the left with a probability 1/2. While here we only
consider discrete steps of ﬁxed size, one could also,
in principle, represent each step with a continuous
distribution. However, the probability distribution obtained for the random walk on length scales longer
than ΔL is the same in both cases.29 We therefore use
the simpler, discrete model which is more amenable to
analytical analysis. The boundaries of the detection
region and the presence of the reservoir were simulated
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The electrodes are separated by a distance z = 50 nm,
and the length of the electrodes is L = 50 μm. The
detection region is assumed to extend across the whole
width of a nanochannel. We further assume that this
device is connected to bulk reservoirs via nanochannels
on both ends through which analyte molecules are
introduced in the system. These molecules are free to
diﬀuse in and out of the detection region of the device.
The molecules are assigned a diﬀusion coeﬃcient, D =
1  109 m2/s; this value is typical since it lies within the
experimentally determined diﬀusion coeﬃcients of ferrocenyl species in aqueous and non-aqueous solutions.
Microfabrication methods allow such geometries to be
achieved.24,25 Recently, SECM conﬁgurations have also
been demonstrated that achieve spacings on the order
of 100 nm.26 In all of these cases, because the electrode
dimensions themselves are much larger than the very
small interelectrode separation, the resulting geometry
has a very highly skewed aspect ratio (z , L). As we will
argue below, this can be exploited to greatly simplify the
theoretical modeling of the system.
When molecules are present in the detection region
of the device, they undergo redox cycling, which leads
to a current through the electrodes. The behavior of an
analyte molecule as it traverses the device can be
analyzed at various scales of both length and time,
and because of the skewed geometry, these time
scales can usually be separated. On the ultrafast time
scales, one can, in principle, observe the discreteness of
each individual shuttling event as the molecule impinges on one electrode or the other.27 For the geometry considered here, this time scale would be on the
order of τs ∼ z2/D = 2.5 μs. Figure 1b shows current
resulting from a full 3D Brownian dynamics simulation
of such a particle in the prototypical geometry (for
details of the simulation and the geometry used, see
Supporting Information). Each spike in Figure 1b corresponds to a single encounter with the electrode and
the subsequent transfer of a single electron. Note that
the spikes alternate sequentially between the oxidizing
and the reducing electrode. This is expected: after an
oxidation event, the molecule must of necessity be
reduced before it can be oxidized again.
These simulations assumed an extremely high time
resolution, Δt = 1 ns. In practice, however, sensitive
electrochemical instrumentation systems typically
have a measurement bandwidth that is much slower
than this time scale in order to achieve suﬃcient sensitivity. The eﬀect of a (linear) measurement circuit on a
time-dependent signal can easily be accounted for by
computing the convolution of the “real” signal with the
so-called impulse response of the electronics. This convolution is eﬀectively a weighted average of the signal,
with the weight being determined by the impulse
response. For a simple ﬁrst-order low-pass ﬁlter with a
cutoﬀ frequency of f 0 = 1/2πτ, the impulse response is
simply a decaying exponential, (1/τ)exp(t/τ), with time
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in diﬀerent ways depending on the purpose of each
speciﬁc simulation, as described in the Methods section.
RESULTS
Time Evolution. Figure 2 shows a trajectory generated for a single particle as it undergoes a random walk.
The shaded gray represents the detection region. At
each step, we assess whether the particle is in the
detection area of the device or outside it. If it is inside
the detection area of the device, we define the occupancy in the device to be 1, else to be 0 (in an
experiment, a molecule in the detection region of the
device contributes ip amount of current and 0 current
otherwise). As the particle undergoes its random walk,
it can repeatedly enter and leave the detection region,
leading to rapid telegraph-like oscillations in the current
time response with varying amount of time spent in the
detection region for each event, as seen in Figure 2b. Most
often, the molecule spends only a very short time in the
detection region before exiting again, leading to very
rapid oscillations of the occupancy.
Distribution of Residence Times. What is the typical time
spent by the particle in the detection region? Our
intuition about Brownian motion suggests that this
should be on the order of L2/2D. This reasoning is
however misleading. The duration of an event is by
definition the time elapsed between the moment that
a molecule enters the detection region and the moment when it leaves the detection region for the first
time, a quantity known as the time of first passage.
Much is known about first passage times since they are
of great interest in diverse fields such as neuroscience,
diffusion-controlled chemical reactions, ecology, and
finance.30,31 For the present case, after a particle has
entered the device, there is, in principle, an infinite set
of trajectories that the particle can follow until it leaves
for the first time. The resulting distribution of residence
times is given by the solution to the classic Gambler's
Ruin problem in random-walk theory.32 The probability
of the particle lasting n steps in the device before it
encounters either end of the device for the first time
has the analytic form33
Ptot (n) ¼

1
a

þ

a 1
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v¼1

a 1
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Here, a is once again the number of lattice points that
make up the length of the device, and n can be converted
into residence time, t, according to t = n(ΔL2/2D). In eq 1,
the first term within brackets corresponds to the probability of exiting from the same side that the particle
enters, while the second term corresponds to the probability of traversing the detection region and exiting at
the other end of the device.
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Figure 2. (a) Trajectory of a particle as it undergoes a
random walk. The gray region denotes the detection region.
(b) Corresponding occupancy plot of the particle within the
deﬁned detection region.

Figure 3. Distribution of residence times of the molecule in
the detection region. The black line denotes the distribution
calculated according to eq 1, while the red line is the
corresponding distribution from a random-walk simulation.

Figure 3 compares the analytically computed probability distribution and the simulated distribution of
residence times. There is excellent agreement, naturally, since both simulation and analytical calculation
represent the same model. The plot further shows that
the most probable residence times are very short. This
is a consequence of the fact that it is more likely for the
molecule to exit very quickly from the same side as it
has entered than to propagate toward the center of the
device. At short time scales, the probability distribution
diverges as t3/2, where t is the residence time. Thus,
even if the motion of the particles was probed on a much
faster time scale, the same behavior would be observed.
On longer time scales, a “shoulder” is seen in the probability distribution, which corresponds to the alternative
scenario where the particle traverses the entire length of
the device and exits from the other end. The mean time
for ﬁrst passage, considering only these latter events, is
given by L2/6D, consistent with intuition.15,30
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How does this rapid entry and exit of molecules
compare with typical experimental time scales? The
inverse relationship between the gain and the measurement bandwidth of ampliﬁers in electronic measurement circuits ensures that the more sensitive a
current measurement system, the lower its time resolution. In particular, the impulse response of electrometers capable of measuring femtoampere level currents
is on the order of a few hundred milliseconds.15 Comparing this to the distribution of residence times (Figure 3), it
is clear that most events have residence times that are
much shorter than this experimentally accessible time
scale, and only the relatively rare, atypically long events
can be resolved.
The consequence of ﬁnite time resolution is further
illustrated in Figure 4a, which shows a typical occupancy
time trace obtained for the case of ÆNæ = 0.2. As expected,
it reveals rapid telegraph-like oscillations corresponding
to the presence of 0, 1, or 2 molecules over time. To
reproduce the eﬀect of the instrument, this trace was
then convolved with a ﬁrst-order impulse response as
described earlier (τ = 100 ms). This ﬁltering results in
considerable smoothing of the occupancytime trace
(Figure 4b) such that only the events of durations much
longer than τ are able to attain the full magnitude of
occupancy as in the unﬁltered case. On the other hand,
the very rapid events are heavily averaged and not
individually resolved in the convolved traces. This leads
to noisy-looking curves with apparent plateaus at values
of the current that do not correspond to integer number
of particles.
It is, in principle, possible to deconvolve the smoothed
curve to recover the original data. In practice, this is not
possible, however, due to the presence of additional
instrumental noise superimposed on the single-molecule
signals in experimental data. This noise is ampliﬁed by the
deconvolution procedure, leading to no improvement in
the quality of the signals.
Quantifying the Occupancy. In order to extract quantitative information from stochastic signals, a statistical
description is required. The average occupancy in the
detection region of the device, ÆNæ, can be controlled
via the bulk concentration of the reservoir, C, since the
two are in diffusing equilibrium. Neglecting doublelayer effects, which is appropriate under the high salt
conditions considered here, this is simply ÆNæ = CVNA,
where NA is Avogadro's constant and V is the volume
of the detection region of the device (more generally,
ÆNæ is set by the chemical potential of the reservoir). As
was made manifest by Figure 4a, however, the instantaneous number of molecules present, N(t), cannot be
controlled and stochastic fluctuations between different values of N occur. In general, the probability of
having exactly N particles at any given time, PN, is given
by the Gibbs distribution, PN  ZN exp(μN/kBT), where
ZN is the partition function for N particles, μ is the
chemical potential of the redox species, kB is Boltzmann's

Figure 4. (a) Occupancytime trace for an average occupancy, ÆNæ = 0.2. (b) Corresponding currenttime plot after
convolving the trace in (a) with a model impulse response
with a time constant τ = 100 ms. This shows how the ﬁnite
time response of the measurement electronics precludes
the observation of rapid rise and fall in current as the
molecule enters and leaves the detection region.

constant, and T is the absolute temperature.34 For the
case of non-interacting particles, which is appropriate for
a dilute solution, this is analogous to an ideal gas; in this
case, the probability distribution reduces to the wellknown Poisson distribution, PN = ÆNæN exp(ÆNæ)/N!.1113,15
Figure 5a,d,g shows the probability distributions
obtained by histogramming occupancytime traces
generated by random-walk simulations for three different values of ÆNæ. In order to get suﬃcient statistics,
simulations of 105 time steps were repeated 200 times.
The resulting probability amplitudes agree to within
1% with the Poisson distribution for PN.
Implicit in this analysis is the assumption of inﬁnite
time resolution. To evaluate the experimentally feasible
distribution, we convolved the simulated occupancy
time traces with the assumed impulse response and
then histogrammed the resulting traces. Figure 5e,f
shows histograms obtained for two diﬀerent time constants of the impulse response, τ = 0.1 and 1 s, respectively, for ÆNæ = 1. In comparison to the unﬁltered traces,
the histograms for the ﬁltered traces are considerably
smeared, such that the weight in the probability distribution shifts from the peaks to values intermediate
between integer multiples of ip. This eﬀect becomes
more pronounced as τ increases.
The basis of this smearing of histograms can be
understood by considering the broad distribution of
residence times together with the ﬁnite time resolution
inherent to measurement systems. Because the vast
majority of events are of very short durations, they are
heavily smoothed in experiments, resulting in values of
current that are much smaller than ip. The longer
events which do result in integer multiples of ip for
the current are rare and make only a minor contribution to the histograms. Taken together, these two
factors preempt the observation of distinct peaks in
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Figure 5. Histograms of simulated traces for diﬀerent average occupancies and measurement time constants. Rows (top to
bottom): Average occupancies of ÆNæ = 0.2, 1, and 2, respectively. Columns (left to right): Traces ﬁltered with varying time
constants of the impulse response, τ = 0, 0.1, and 1 s, respectively.

the histograms corresponding to the presence of
integer number of molecules. We emphasize that this
limitation arises from the fundamental properties of
Brownian motion of particles since we have not included any extrinsic noise (e.g., instrumental noise) to
the traces. Needless to say, the unavoidable presence
of extrinsic noise in any measurement will only exacerbate the smearing of histograms.
OVERCOMING STOCHASTICITY
We have seen how the intrinsic properties of random
walks combined with the ﬁnite time resolution of
measurement systems act in concert to limit the ability
to resolve single molecules. We now explore possible
approaches to mitigate this eﬀect.
Role of Access Channel. In the geometry of the device
considered thus far, the detection region is connected
to 1D access channels on either side through which
molecules can enter. The sharp boundary between the
channel and the detection region, coupled with the
space-filling property of random walks, increases the
likelihood that most trajectories of particles follow a
back-and-forth path at the edge. However, what if the
detection region of the device was directly connected
to a 3D reservoir? One would expect qualitatively
different behavior because, unlike in 1D, there is only
a small chance in a 3D random walk that the particle
SINGH ET AL.

will return to its point of origin. In other words, there
is high probability that, once a particle diffuses to
the edge of the detection region and enters the 3D
reservoir, it escapes forever. While not influencing the
distribution of dwell times, this should eliminate the
clustering of short events and could thus potentially
reduce the smearing out of histograms.
Figure 6a shows occupancytime traces obtained
in this way for ÆNæ = 0.2. Comparing with Figure 4a
shows that, unlike the case of the 1D reservoir where
long portions of the trace have 0 occupancy, in the
present case, the short events are distributed fairly
uniformly. As a result, the long events in the convolved
data (Figure 6b) appear less noisy. Comparing the
corresponding histogram (Figure 6c) to those of Figure 5,
the only diﬀerence is that, in the present case, the
amplitude corresponding to 0 occupancy is much
reduced. However, for the peaks of interest, there is
no signiﬁcant diﬀerence between the two cases. We
therefore conclude that coupling to a 3D reservoir
instead of a 1D channel represents only a minor improvement to the system's ability to resolve single-molecule
events.
Trapping of Molecules. We now consider another possible mechanism by which to overcome stochasticity;
trapping of molecules in the detection region. While
conceptually straightforward, this approach has the
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Figure 6. (a) Occupancytime plot for a device conﬁguration in which the detection region is directly coupled to a 3D
reservoir, with an average occupancy of ÆNæ = 0.2. (b)
Corresponding currenttime plot after convolving the
trace in (a) with a model impulse response with a time
constant, τ = 100 ms. (c) Histogram of the convolved traces
for an average occupancy of ÆNæ = 1.

disadvantage that a reference electrode can no longer
be employed. The earliest examples of electrochemical
detection of single molecules adopted this strategy:11
an electrode that was shrouded by insulating wax was
pressed against a conducting substrate, thereby sealing off the detection volume from the external solution. However, fluctuations in the current were still
observed which were attributed to intermittent trapping. More recently, Sun and Mirkin were able to
ensure trapping of molecules in nanoscale cavities.14
Although they did not perform amperometric measurements, the number of trapped molecules was
inferred from the (essentially time-independent) magnitude of the limiting currents in cyclic voltammetry
experiments.
In the context of an integrated nanoﬂuidic system,
any analytical method that relies on the mechanical
trapping of molecules within the detection region
would require some manner of valves35 to automate
the opening and closing of access to the device. Such
valves are likely to result in some dead volume on
either extremity of the detection region. Here we
explore the eﬀect of this dead volume on stochasticity
of the resultant current. We assume that the average
occupancy in the detection region is ÆNæ = 1. Further,
we deﬁne the total volume of the system Vtotal to
include the volume of the detection region (V) and
the dead volume (Vdead). We investigate the eﬀect of
SINGH ET AL.

Figure 7. Occupancy traces for particles trapped in the
device with sealed boundaries for (a) Vdead = 0; (b) Vdead =
V; and (c) Vdead = 2V. The inset in each plot shows the
associated geometry. In all cases, the assumed average
occupancy in the detection region is ÆNæ = 1.

keeping ÆNæ constant and increasing Vtotal. For the case
Vdead = 0, the occupancy is equal to 1. Thus, amperometrically, only a constant current ip is expected, as
shown in Figure 7a. If, however, there is some dead
volume present on either side of the detection region,
into which molecules can diﬀuse, then ﬂuctuations in
the occupancy (and current) will be seen. The probability of ﬁnding N molecules in the detection region is
simply given by the binomial distribution,
!
ÆNæ=p N
PN ¼
p (1  p)(ÆNæ=p)  N
N
where p = V/Vtotal is the individual probability of ﬁnding
each particle in the detection region. Figure 7b shows
the occupancy traces obtained for Vtotal = 2V. As
expected, the occupancy has a binomial distribution,
with P1 = 0.5 and P0 = P2 = 0.25 (see Supporting
Information). As the dead volume increases
(Figure 7c), however, the occupancy traces become
increasingly indistinguishable from the case where
there is no trapping and the detection region is
coupled to an inﬁnite reservoir (see histograms in
Supporting Information). This is not surprising since
the binomial distribution asymptotically converges to
the Poisson distribution for small p and large N.
Experimentally, this implies that, for any improvements
from conﬁnement to be noticeable, the dead volume
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Figure 9. Distribution of residence times as a function of
ﬂuid ﬂow velocity obtained from simulations for a device
with L = 200 μm. Red, 200 μm/s; blue, 100 μm/s; black,
analytical solution (in the absence of ﬂow) using eq 1. The
small, noise-like oscillations arise from interference between the two discrete step sizes present in the simulation.

Figure 8. Currenttime traces in the presence of ﬂow with
diﬀerent ﬂuid ﬂow velocities in a device with L = 200 μm: (a)
1 μm/s, (b) 50 μm/s, (c) 100 μm/s. In all cases, the traces have
been convolved with an impulse response with time constant τ = 100 ms.

must be signiﬁcantly smaller than V. Alternatively, the
measurement must integrate over such a long period
of time (.L2total/D, where Ltotal is the total length
including the length along the dead volume) that the
ﬂuctuations are averaged over. In this sense, trapping
of molecules beneﬁts from small device dimensions.
Hydrodynamic Flow. A way to overcome stochasticity
that is particularly suitable for fluidic devices is through
the introduction of advective flow in the system. We use
the term advection to denote a flow that is parallel to the
surface of the two electrodes so as to distinguish it from
convection, which is typically used to describe perpendicular flow. The solution containing the redox-active
analyte could be advected through the device using
either pressure or electrokinetic methods. This is particularly relevant for cases where sample exchange is desirable. Since advective flow disrupts the diffusive equilibrium between the detection region and the outside,
how does it impact the stochasticity of the signals? The
main effect is to directly alter the residence time of the
molecule in the detection region, with the average residence time given by tflow = L/v, where v is the velocity of
the fluid and L is the length of the detection region as
above. Because the instantaneous rms velocity of the molecules is much larger than v, diffusion (and therefore ip)
remains entirely unaffected; the flow merely introduces a
persistent bias. In order for the flow to be effective in
creating a well-defined residence time, however, the rms
fluctuations in the displacement due to diffusion, Δx,
SINGH ET AL.

should be much less than the length of the device: Δx =
(2DΔtflow)1/2 , L. Rearranging, this leads to a condition
for the required velocity, v . 2D/L. For a device of length
L = 200 μm, this corresponds to v . 10 μm/s.
Figure 8 shows occupancy traces for three diﬀerent
ﬂuid velocities. For the case where v is less than the
critical value (Figure 8a), the occupancy trace shows
short events similar to the case where there is no ﬂow
in the system. Conversely, when v is much greater than
the critical value (Figure 8b,c), the short events are no
longer seen, and the occupancy traces show uniform,
well-deﬁned residence times in the detection region.
Figure 9 shows the simulated distribution of residence
times under conditions of ﬂuid ﬂow. A prominent, welldeﬁned peak develops at values of the residence time
close to the advection time (near 2 s in Figure 9) that
correspond to particles that enter from one side of the
device and exit from the other. As can be seen,
increasing the ﬂuid velocity shifts this peak to shorter
residence times, consistent with intuition. It also increases the absolute probability of such events occurring, especially compared to the case when there is no
ﬂow in the system. The simulated curves also show
small, very rapid oscillations; these are an artifact of the
simulation that arise from having two discrete step
sizes of varying lengths corresponding to diﬀusion and
ﬂow (ΔL and Δxﬂow, respectively).
DISCUSSION AND CONCLUSIONS
Our focus has been to delineate the fundamental
features of Brownian motion that have a direct impact
on single-molecule electrochemical detection. In real
experiments, there are at least two additional factors
that can signiﬁcantly impact the quality of the information that can be extracted from amperometric data.
The ﬁrst is dynamic adsorption of analyte molecules to
the electrode surface: intermittent adsorption results
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region is diﬀusively coupled to a bulk reservoir, the
inherently stochastic nature of Brownian motion
coupled with the ﬁnite time resolution of measurement electronics causes signiﬁcant deviations from the
ideally expected Poisson distribution for the faradaic
current. We have further explored three speciﬁc strategies by which this signiﬁcant limitation can be
overcome.
Our results show that the mechanical trapping of
molecules in the detection region can ameliorate the
smearing of the current distribution, as long as dead
volumes can be neglected or that the signals are
integrated for a suﬃciently long time. Direct coupling
of the detection volume to a 3D reservoir, on the other
hand, leads only to minor enhancement of the quality
of the signals. Finally, we showed that advective ﬂow,
wherein the solution containing the redox-active analyte is actively driven through the detection region,
leads to essentially deterministic signals if the ﬂow is
suﬃciently rapid. We propose that this latter approach
oﬀers the most promising route for overcoming stochasticity and creating reliable single-molecule detectors. The limitations imposed by the inherent nature of
Brownian motion, as delineated in this paper, represent the key bottleneck in the wider adoption and
utilization of single-molecule electrochemical sensitivity in more complex, realistic assays. However, the
methods proposed herein to circumvent these hindrances can, in our view, enable a more widespread
employment of this attractive capability.

METHODS

detection region of the device was represented by a small
subset of this large simulation domain (a = 100, or 1% of the
total). The part of the simulation domain outside the detection region thus played the role of the nanochannel and was
also suﬃciently large to represent the reservoir. Periodic
boundary conditions were enforced; particles exiting at one
end of the simulation domain were reintroduced at the other
end, ensuring that the “bulk” concentration remained constant throughout the simulation. The positions of a number
of random walkers appropriate for the simulated concentration were randomly initialized; the walkers were moved
independently at each time step, and the total number of
molecules in the detection region was calculated after each
step.
To simulate an advective ﬂow of the solvent, a translation of
magnitude Δxﬂow = vΔt was superimposed on the random-walk
motion for each walker at each time step.
Conflict of Interest: The authors declare no competing
ﬁnancial interest.

To compute the distribution of residence times of particles in
the device, a single particle was injected at one end of the
detection region (using a = 20) and the random-walk simulation
was run until the particle exited either end of this region. The
simulation was run repeatedly, and the total number of steps
taken before exiting was histogrammed.
To simulate the behavior of molecules trapped in a closed
volume, we considered the two edges of the 1D lattice (a = 100)
to be perfectly reﬂecting boundaries. If a random walker took a
step that would make it exit the simulated region, it was instead
moved in the opposite direction.
To simulate the eﬀect of coupling the ends of the detection
volume to a 3D reservoir, we treated the detection region as a 1D
lattice (a = 100) with perfectly absorbing boundaries. As particles
undergoing the random walk touched the edges of the detection
region, they were removed from the system. Simultaneously, new
particles were introduced into the system at each time step and at
each end of the detection region with a ﬁnite probability, p (where
p , 1). Particles were thus introduced into the detection region at
a rate Γin = p/Δt, while they exited with rate Γout = ÆNæ/τ0, where τ0
is the mean lifetime of the particle in the detection region and ÆNæ
is the average number of particles in the detection region (or
average occupancy); τ0 can be evaluated numerically using τ0 =
(ΔL2/2D)∑nnPtot (n). At steady state, Γin = Γout, so that ÆNæ = pτ0/Δt.
The average number of particles present in the detection region is
thus proportional to the parameter p; for our prototypical geometry, p = 0.005 corresponds to ÆNæ = 1.
To simulate the coupling of the detection region to a reservoir
via a nanochannel, in which transport is also eﬀectively 1D, we
employed simulations on a large 1D lattice of 104 points. The
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in a decrease of the eﬀective diﬀusion coeﬃcient of the
analyte in the detection region,36 causing the current
per molecule to have a value lower than the purely
diﬀusive case ip = eD/z2. Furthermore, individual adsorptiondesorption events add an additional component to the noise, although they are likely to occur
on time scales much faster than the instrumental
response and therefore likely to be averaged. Various
approaches including the functionalization of electrodes with self-assembled monolayers with tailored end
groups can be used to minimize adsorption.37 A second aspect we have not considered so far is the background noise and contributions to it from instrumental
noise, leakage currents, etc. Here we focused on an ideal
scenario, where the only source of stochasticity is Brownian motion itself. Real experiments will have considerable extrinsic noise superimposed on the signal and
thereby further obscure single-molecule features in the
signals. As in most single-molecule techniques, elimination of the background noise is often as big a challenge as
the selective ampliﬁcation of the desired signal.
In summary, we have used random-walk simulations
to elucidate the properties of redox-cycling-based
nanogap sensors suitable for electrochemically detecting individual molecules. We argued that, while full 3D
simulations can give insight into individual electrontransfer events, 1D random-walk simulations suﬃce to
capture the dynamics that are experimentally accessible in channel-like nanogap detectors. These 1D simulations show that, in regimes where the detection
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3D Random Walk
A three-dimensional simulation is used to model the current response of a single molecule inside
the active area of a nanofluidic sensor. It is assumed that the molecule can only adopt two oxidation
states and that it reacts immediately whenever it touches an appropriately biased electrode. The
molecule’s pathway is calculated via a diffusive random walk. The space available for diffusion
is limited by two infinite plane-parallel plates that are separated by a gap of 50 nm and represent
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S1

the top- and bottom electrodes (see Figure S1). Initially, the molecule is released in between the
electrodes and can then diffuse freely within the given boundaries.

Figure S1: Schematic representation of the geometry used in the three-dimensional random-walk
simulation. A single redox-active molecule can diffuse freely in between two infinite plane-parallel
electrodes.
The software is written in C++ and compiled via the GNU Compiler Collection (GCC). It
utilizes the pseudo random number generator Mersenne Twister (mt19937), which is a part of
GNU Scientific Library (GSL). During each iteration of the random walk, which corresponds to
a time interval dt, individual pseudo random numbers are generated for the movement in all three
Cartesian dimensions. The molecule’s coordinate is then randomly either increased or decreased
by the fixed one-dimensional spatial step size dr1d . The lateral and temporal step sizes dr1d and
dt are linked via the following equation that can be derived from the one-dimensional diffusion
equation:

dr1d =

√
2 · D · dt

(1)

The simulation data presented in the article utilize a diffusion coefficient of D = 1 × 10−9 m2 /s and
a temporal step width of dt = 1 × 10−9 s.
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Current Distribution for Trapped Molecules
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Figure S2: Histograms from simulated traces for particles trapped in the device with sealed boundaries and differing dead volumes (see Fig. 7 of main text): (a) Vdead = V and (c) Vdead = 2V . (b)
and (d) are histograms for traces corresponding to (a) and (c), respectively, that have been filtered
with the model impulse response (τ = 100 ms). In all cases the average occupancy hNi = 1.
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