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ABSTRACT
We show that a nanofluidic device consisting of a solution-filled cavity bounded by two closely spaced parallel electrodes can amplify the
electrical current from redox molecules inside the cavity by a factor of ~400 through redox cycling. The noise spectral density of this signal

agrees quantitatively with the calculated fluctuations in the number of molecules inside the cavity due to their diffusive motion. We demonstrate
sensitivity to fluctuations of as few as ~ ~70 molecules.

The ability to locally detect few or individual molecules in  and reproducibility has prevented the approach from evolving
solution is at present largely limited to fluorescence tech- beyond the proof-of-concept stage.
niques, and a comparable method using electrical detection Here we present a nanofluidic device that achieves highly
has so far remained elusive. Such a technique would besensitive electrical detection of electroactive ions through
highly desirable for lab-on-a-chip applications and when efficient redox cycling. The geometry of the device is
labeling with fluorophores is invasive or impossible. More carefully controlled and independently characterized, which
importantly, it would pave the way for fluidic devices in  allows a detailed comparison with theory. We analyze the
which individual ions are electrically detected and manipu- nojse spectral density of the measured electrical signal and
IatEd, aIIOWing a new class of fundamental experiments ON demonstrate that it can be quantitative|y exp|ained by
nonequilibrium statistical physics, transport at the molecular considering the diffusive motion of independent molecules
scale, and a broad range of biophysical systems. in and out of the cavity. Fluctuations of as few ag0
Electrochemically active molecules are particularly ame- molecules can be detected in this manner.
nable to electrical detection because they can transfer charge 11,0 principle of operation of the device is schematically
to appropriately biased electrodes. Electrochemical reactions,strated in Figure 1. Two closely spaced planar electrodes
involve one or a few electrons per reacting molecule, zpq piased such that the product of a reversible redox reaction
rendering the direct detection of a single molecule in solution ,; ;ne electrode serves as reactant at the other, and vice-
virtually impossible. This obstacle can in principle be o5 Redox-active molecules diffusing in the cavity between

overcome through redox CYC"”Q- in which multiple elec- ¢ g electrodes sequentially shuttle multiple electrons,
trodes are used to repeatedly flip the charge state of _targeqeading to a dramatic amplification of the electrochemical
molecules and thus allow each molecule to contribute .o

multiple electrons to the measured current. Dual-band or The device fabrication process is sketched in Figure 2a

interdigitated electrode microfluidic sensors have succe:ssfullyC We started from Si waf% rs with 500 nm thermallg)l/ grown

employed this conceptRecently, an amplification factor of : . : .
pioy P y P wet SiG. A 30 nm thick Pt layer was evaporated onto this

40 was reported for an interdigitated nanoelectrode array WithS bstrate and patterned using electron beam lithoaraphy and
30 nm spacing, and straightforward methods have been Ut pat using ithography
a lift-off process into a 12um x 12 um bottom electrode

developed for fabricating dual-band electrode sensors with ™. X : : )
with 3 um wide wires leading to macroscopic contact pads.

high collection efficiency-* Redox cycling is also routinely ) :
used as feedback mechanism in scanning electrochemicaf/'\ 120 nm th'?k amorphpus Si layer was then sputtered and
patterned using lift-off into a 3@&m x 11 um rectangle

microscopyt—® Single-molecule detection was claimed over ) : . .
by: g overlapping with the bottom electrode (Figure 2a). This

a decade ago using the latter technigbey lack of control sacrificial Si layer defined the shape and height of the fluidic
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bottom opening allowed the solution to contact the device,
while a commercie3 M Ag/AgCl reference electrode (BASI)
was placed in the top opening to set the solution potential.
The cavity was first wetted with ethanol, which was gradually
replaced with aqueous solution. Currembltage and cur-
rent-time traces were recorded using a commercial bi-
potentiostat (model CHI832B, CH Instruments).

Typical current-voltage measurements are shown in
Figure 3. First, the potential applied to the bottom electrode
was varied, while the top electrode was electrically floating.
No redox cycling is possible under these conditions. The
resulting current through the bottom electrode is shown as a
dotted line and in the inset. This sigmoidal curve is
characteristic of the reduced form of ferrocenedimethanol.
Figure 1. lllustration of the device concept. Redox-active mol- The current saturates at a maximum of 27 pA, which is

ecules undergo a random walk between two closely spacedgoyerned by mass transport from the bulk reservoir to the
electrodes, shuttling electrons from one electrode to the other. bottom electrode via the entrance holes

andV, are the potentials applied to the top and bottom electrodes . .
with respect to a Ag/AgCl reference electrode immersed inthe bulk ~ N€Xt, & constant potential of 0.10 V was applied to the
reservoir, whilei; andi, are the corresponding measured currents. top electrode, allowing redox cycling to take place. This
change to the potential of the top electrode caused the
electrode was etched through the oxide by @BEreactive electrochemical current through the bottom electrode to
ion etching (RIE). A 60 nm thick top Pt electrode was then increase by a factor 6400 (solid line, current saturates at
fabricated using the same techniques as the bottom electrodel2.5 nA). The simultaneously measured current through the
It was positioned over the well in the SiCyer to achieve  top electrode (dashed line) was the inverse of the current
a parallel plate geometry (Figure 2b). Next, a 350 nm,SiO through the bottom electrode, confirming that nearly 100%
capping layer was deposited into which twa x 3 um of the generated product was cycled between the electrodes.
access holes were etched using RIE (Figure 2c). These hole$nverting the role of the two electrodes yielded equivalent
served as access points for the plasma in the sacrificial etchresults. Individual devices were stable for days, and results
process and, afterward, for filling the cavity with fluid. Ina were reproducible using different devices.
final step, the Si layer was sacrificially removed using a high- ~ Under the conditions used in our experiments, electron
density inductively coupled SFplasma. No oxygen was transfer between the molecules in solution and the electrodes
added, rendering the process isotropistomic force mi- is extremely fast and does not limit the measured current.
croscopy (not shown) indicated that the top electrode buckled In addition, because of the high concentration of inert sal,
slightly upward, the final height of the cavity being300 electric fields are strongly screened (Debye lengthnm)
nm. Parts ef of Figure 2 show scanning electron micro- and transport of the redox species is due solely to diffusion.
graphs of a finished device. The devices were cleaned usingNeglecting fringing near the edges of the electrode, the

an oxygen plasma prior to experiments. transport-limited steady-state currefifdue to 1D diffusion
For measurements, ferrocenedimethanol (Fe(Qt),) between the two electrodes is

(Aldrich) was chosen as electroactive species for its simple

electrochemical behavior. Aqueous solutions were prepared eDL,iA\,cO e

from 18 MQ cm Milli-Q water with 250 mM added KCI. A W= —— —— =5, N0 (1)

polydimetheylsiloxane (PDMS) cell with two openings

served as a 20@L bulk reservoir. The~100 um wide Here—e s the electron charg® the diffusion constant of
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Figure 2. (a—c) Cross-section of the device at various stages of the fabrication process, as described in the text. (d) Simplified geometry
used for theoretical modeling. (e) Scanning electron microscopy image of the final structure. (f) Magnification of the right entrance hole
showing the fluidic cavity. (e) and (f) were taken at an angle ¢f 40
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' ' ' ! of orderL3/2D = 106 ms. This is 3 orders of magnitude
10+ i longer than the ion shuttling time= 85 us deduced from
Bottom electrode the cavity height. On the time scale on which particles diffuse
5l (redox cycling on) 400X in and out of the active region, the shuttling dynamics are
'f.; - thus averaged out and each ion in the active region of the
e 0L = ! i device contribute®/2r = 0.95 fA to the currenti(t) thus
g O “\\ Bottom electrode provides a direct probe of the number of redox idifs) in
O 5LS5L & \ (redox cycling off) ] the cavity, and fluctuations iift) reflect number fluctuations
E ol N Top electrode due tq d|ﬁu_5|ve motion a!ong_ the Iength_of the channel.
-10 - a T \Jredox cycling on) _ To investigate these dlffusmn fluctuations, we recordgd
000204 @ T _____ i(t) for different concentrations under redox cycling condi-
0.0 01 0.2 0.3 0.4 0.5 tions (v, = 0.50 V, V, = 0.10 V). Typical time traces for
V, vs Ag/AgCI three concentrations are shown in Figure 4b (colored curves),

together with a measurement of the background noise in the
Figure 3. Current-voltage characteristics (cyclic voltammetry, —absence of redox cycling (gray cur\g,= V, = 0.10 V). It
scan rate 1 mV/s = 1 mM) measured with the bottom electrode s readily apparent from these raw time traces that the noise
while the top electrode was disconnected (dotted line, magnification amplitude increases with increasing number of ions in the

shown in inset) and while a potential of 0.10 V was applied to the : : :
top electrode (solid line). The dashed line represents the currentcaV'ty' Figure 4c shows the corresponding power spectral

through the top electrode obtained simultaneously with the solid densitiesS(f). All three spectra have the same shape,
line. consisting of a low-frequency plateau and a power-law decay

at high frequencies up to 10 Hz. Above 10 Hz, a faster decay
the redox ions (4.7 1076 cr?/s)® Li the area of overlap is observed due to the finite bandwidth of the measurement

between the two electrodes (1Qom?), A, Avogadro’s elec_tron_lcs. . . . -
number, ¢, the bulk redox-active jon concentration the Diffusive fluctuations of the number of particles in a finite

distance between the electrod&s[ = zL2A,c, the average volumeowas treatgd by MaqFarIa?mmd by Van Viiet and.
number of particles in the active region of the device, and Fasset?who pred_lcted a white spec_trum at IO\.N frequ_enues
= 72/2D the mean time to diffuse from one electrode to the and a ge_ometry-lr)dependehtm “_dlffusmn tail” at high
other. A factor of 2 appears in the denominator of eq 1 frequencies. We fitted the data with the form
because each ion crosses the gap twice per cycle.

Figure 4a shows the measured steady-state diffusion- S(f) __ % 2)
limited currentliCiversus electroactive ion concentration + (1)3’2
(squares). From a linear fit (solid red line) and eq 1, we fo
determine the height of the cavinto be 282 nm, consistent
with the known cavity height. which interpolates between these limits. As shown by solid

Individual ions enter and leave the active region by lines in Figure 4c, this empirical equation provides an
diffusion, each ion residing in the active region for a time excellent fit to the data.
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Figure 4. (a) Red squares show the measured diffusion-limited steady-state dilfi@nta function of the redox molecule concentration.
The solid red line is a fit to eq 1. The black circles show the measured low-frequency spectral 8evsitpncentration. The dashed black
line is a fit to S O ¢, whereas the blue dotted line is calculated from the simplified geometry model of eq 3 without fitting parameters.

The right-hand scale fd® is chosen such that the black circles also represent the rms current noise amplitude as per the left-Hnd scale.

(b) Current time traces, for three concentrations of ferrocenedimethanol during redox cycling 0.50 V,V, = 0.10 V). The gray curve
shows the background noise level with no redox cycliag= 100 uM, V; = V, = 0.10 V). The curves have been offset for clarity. (c)
Spectral densities at the same concentrations. The solid lines are fits to eq 2.
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Thef ~3”2 diffusion tail has been rigorously observed for All the constants in eq 3 are thus known; a direct
large (10um diameter) particles using light scatterifigt comparison with our data is shown as the dotted blue line
is not observed in corresponding molecular-scale correlationin Figure 4a. The idealized 1D model agrees with the spectral
fluorescence spectroscopy experiments, howEMeecause  density data within a factor of2 without fitting parameter,
in this case, the excitation domain consists of a Gaussianindicating that it captures the essential functioning of the
laser intensity distribution. The strength of the signal from device. We attribute the slight discrepancy to simplifications
each molecule then depends smoothly on its position in the of the geometry model, in particular the finite thickness of
domain, suppressing high-frequency fluctuatidns¥? dif- the bottom electrode, the 3D geometry of the access holes,
fusion noise has been observed at the molecular scale inand the different areas of the top and bottom electrodes
solid-state system% 16 and in ionic transport experiments exposed to solution.
on electrolyte-filled capillarie¥}° but in the latter case, For the smallest concentration investigated in Figure 4a,
contributions from volume flow had to be disentangled. It the rms amplitude of the fluctuations in the current is 67
is unambiguously observed here because our device reprefA.2! Since each molecule generates a curgéat = 0.95
sents a near-ideal realization of the theoretical model, giving fA, this indicates that we detect fluctuations of as few as
a signal that is directly proportional to the number of particles ~70 molecules. Becaus#2r scales ag 2, we expect that
in a test volume with sharp boundaries. further downscaling of the device dimensions will make it

To quantitatively compare our results to theory, we possible to study individual molecules.
introduce a simplified 1D model of our device, as shown in In summary, we have deve|oped a nanofluidic device
Figure 1d. It consists of a central active region of lenigth  consisting of two planar electrodes separated by 300 nm.
= 10 um flanked by two access channels of length= 6 Redox cycling permits a-400-fold amplification of the
um. Neglecting particle exchange with the bulk reservoir, it electrochemical current. The concentration dependence of
is predicted that, in this simple geometry, the spectral density the fluctuations in this electrical signal, their high-frequency
of the particle number exhibits & ~%2 diffusion tail at  f-32pehavior and their low-frequency amplitude demonstrate
frequencies greater thdWz(Le + La/2)? = 1.2 Hz!°This  that the device acts as a direct probe of the diffusive motion
is in agreement with our data, as seen in Figure 4c. of independent molecules.

At lower frequencies, exchange of molecules between the
device volume and the reservoir adds a further contribution
to the fluctuations. Bezrukov et #l.calculated the particle
number fluctuations in a cylindrical nanopore opening onto
large reservoirs. We extended their formalism to the geom-
etry of Figure 2d. In this model, the time-dependent diffusion
equation is solved explicitly inside the device, while the
outward fluxjou from the device to the macroscopic reservoir (1) For a comprehensive overview, see Amatore, C.Pinysical
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