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This communication reports the amperometric detection of single
carboxylated micro- and nanospheres adsorbing on electrodes as
well-resolved, discrete steps in the current-time response. Detection
at the single-event level is a necessary requirement for a range of
single-molecule experiments and can greatly enhance existing sensor
technologies.1 Electrochemical detection of micron-sized latex beads
at arrays of microelectrodes has also been proposed as a sensing
technique for use in sandwich-type immunoassays, and it was
deduced that single-bead detection could be realized.2 Here it is
demonstrated that the binding of individual beads to an electrode
of comparable size can be unequivocally determined. Furthermore,
we show that the principle can be successfully scaled down to detect
50 nm spheres at 100 nm-sized electrodes. Calculations suggest
that the detection of single-protein binding events will be feasible
with the advent of stable nanometer electrodes.

The amperometric detection method described here consists
of electrolyzing a solution redox mediator, ferrocene methanol
(FcMeOH), at an Au microdisk electrode (BAS, radiusre ) 2.5
µm) and recording the corresponding current-time transients in
the absence and presence of microspheres (carboxylated latex beads,
IDC, Oregon,rb ) 0.5 and 0.15µm).3 Examples of typical current-
time (I-t) transients obtained are given in Figure 1a,b.

The beads are not electroactive, and the steplike decreases in
current ∆I apparent in Figure 1 correspond to the blocking of
FcMeOH mass transfer by individual beads approaching the
electrode surface. It can be clearly seen that the average time interval
between events,∆t, is strongly dependent on the salt concentration
added to solution: the number of steps in Figure 1 increases from
one at 50 mM KCl to ca. 30 and 100 for 5 and 0.5 mM, respectively.
This electrophoretic rate of beads arriving at the electrode,2 Jmig, is
a consequence of the electric field in bulk solution due to the
oxidation current at the electrode and is given to a good approxima-
tion by the simple expression

Here,I is the anodic current response at the disk electrode,e is the
unit of charge, andc andu refer to concentrations and mobilities,
respectively (Supporting Information).Jmig is estimated as 0.50,
0.06, and 0.003 s-1 for 0.5, 5, and 50 mM KCl,5 comparable with
the rates of 0.43, 0.1, and 0.005 s-1 observed in Figure 1 up to
monolayer coverage. Systematic variation of the bead and salt
concentrations (cbead and cKCl) and current (I) demonstrated that
the bead flux is proportional toI andcbeadand inversely proportional
to cKCl. In Figure 2, the linear dependence of values determined
for 1/∆t from each measurement vs the grouped variablecbeadI/
cKCl confirms the validity of eq 1 to describe bead arrival rate. We
attribute the slight deviation in the low-rate regime to the
dependence of bead mobilityubead on the salt concentration.5b,c

Beads can also approach the surface by diffusion, but the corre-
sponding rate4 is insignificant compared to that due to migration

(Jdiff ) 4recbeadDbead ) 0.002 s-1, whereDbead≈ 4.4 × 10-9 cm2

s-1 is the diffusion coefficient for the conditions used in Figure 1).
As the anodic current controls the bead arrival rate, variation of

the applied electrode potential (at constant current within the
FcMeOH diffusion-limited region) does not influence bead trans-
port. Steps were not observed when the sign of the current was
inverted, i.e., when 1.5 mM ferrocenium methanol was reduced at
the electrode surface. In this case, the beads migrate toward the
counter electrode, not the Au disk electrode. Previously electrode-

Jmig ) 1
∆t

≈ Icbead

ecKCl
( ubead

uK+ + uCl-
) (1)

Figure 1. (a) Current-time (I-t) transients for the diffusion-limited
oxidation of 0.31 mM FcMeOH (black line) at a disk Au microelectrode
(re )2.5 mm) showing discrete current step decreases in the presence of
dispersed beads (rb ) 0.5 mm,cbead) 4 × 108 cm-3) at 0.5 (red line), 5
(blue line), and 50 mM (green line) KCl supporting electrolyte concentra-
tions. (b) Detail of panel a. (c) Ex situ optical micrograph taken after the
amperometric measurements showing the electrode surface covered by
beads.

Figure 2. Experimental values for the bead arrival rate plotted vs the
grouped variablecbeadI/cKCl (log-log scale). Each point is from a separate
measurement. Individual variables were varied systematically. (blue tri-
angles)cKCl ) 0.5, 5 and 50 mM (I ) 0.2 nA,cbead) 4 × 108 cm-3), (red
circle) I ) 0.2 nA, cbead ) 3.2 × 109 cm-3, cKCl ) 50 mM, (magenta
squares)I ) 0.02, 0.1, 0.2, and 0.3 nA (cbead ) 4 × 108 cm-3 cKCl ) 5
mM), (black square)I ) 1.89 nA,cbead) 0.4 × 109 cm-3, cKCl ) 5 mM,
(open circles)cbead) 0.4, 0.8, 1.6, 3.2, and 8× 109 cm-3 (I ) 0.2 nA,cKCl

) 5 mM), (green circles)I ) 0.06, 0.16, 0.22, and 0.53 nA (cbead) 1 ×
108 cm-3 cKCl ) 5 mM). Error bars were evaluated from counting statistics.
The solid line is a fit to eq 1 yielding a value ofubead) 5.6× 10-8 m2 V-1

s-1, in good agreement with values cited in the literature.5b,c
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posited beads were also not removed when the sign of the current
was inverted, indicating short-range attractive forces between the
electrode surface and the beads for our experimental conditions.

In the measurements described above, the relative size of the
current steps,〈∆I〉/I, where 〈∆I〉 is the average step size,6 was
invariant with csalt, cbead, and I for submonolayer coverage. It is
expected that〈∆I〉/I should scale with the ratio of electrode to bead
radii. To probe this, the above measurements were repeated for a
range of electrode radii (individually addressable, lithographically
fabricated, recessed disk electrodes with radiusre ) 0.5-5 µm,
recessed byh ) 0.26-0.38µm) for rb ) 0.5 and 0.15µm. 〈∆I〉/I
increased linearly with increasingrb/re (Supporting Information).
An example of anI-t transient showing steps corresponding to
the detection of 0.15µm spheres at a 0.5µm electrode is given in
Figure 3a. Furthermore, the detection of 25 nm spheres (carboxy-
lated CdSe Q-particles, Quantum Dot Corp) at a nanometer Au
electrode demonstrates that the technique can be scaled down further
to the sub-100 nm scale (Figure 3b).

Ex situ images confirm that the beads form closed-packed
structures on the electrode surface with a high degree of specificity
(Figure 1c). Deposition is not due to sedimentation, as it is
independent of sample orientation, and the dependence ofJmig on
salt concentration is contrary to DLVO theory for particle stability.7a

It has been previously noted that colloidal particles can assemble
at an electrode due to dc electrophoretic deposition,7b-d the attractive
interaction between beads being effected by the surrounding
electroosmotic flows.8 The effect of Brownian motion is, however,
expected to become increasingly relevant as sphere size decreases
to the submicron scale.8b For nm-scale spheres, the competition
between electroosmosis and Brownian motion was experimentally
visualized as step oscillations between plateau regions in theI-t
response for both the 150 (Figure 4) and 25 nm spheres (Figure
3b). Deposited beads can also rearrange on the electrode surface,
giving rise to extra steps or abruptincreasesin the current.

Simulation of the diffusion problem for our electrode-bead
system shows that∼50% of the current decrease occurs as the bead
moves from a distance∼5rb to a distance∼rb from the surface
(Supporting Information). This makes the technique independent
of the adsorption mechanism at the electrode, greatly broadening
its applicability. For complete monolayer coverage, the calculated
total drop in current is 35% (Supporting Information). This value
is consistent with experimental observations at low current, low
cbead, and highcKCl. For other conditions, a larger decrease in the

current was observed, indicating that multilayers of beads are
formed (e.g., red line in Figure 1a).7d The step size is predicted to
decrease with increasing surface coverage, as the beads’ relative
influence on FcMeOH mass transfer is less. Experimentally, this
was seen as a gradual smearing out of∆I at long times until it
could no longer be resolved above the background noise.

The detection technique described here can in principle be scaled
down to detect individual molecules preferentially binding at
nanometer electrodes. In this case, the flux of particles would be
primarily due to diffusion rather than electrophoresis. For example,
a protein (e.g., glucose oxidase, Gox,rb ≈ 5 nm) binding at are ≈
15 nm electrode would yield a diffusive rate 1/∆t ≈ Jdiff ) 0.08
s-1 (DGOx ) 4.3× 10-7 cm2 s-1, cGOx ) 50 pM), much larger than
the corresponding electrophoretic rate given by eq 1,Jmig ) 1.3×
10-4 s-1 (I ) 30 pA, csalt ) 50 mM, uGOx ) 3.4 × 10-10 m2 s-1

V-1).9 From rb/re ) 0.33 we predict a〈∆I〉/I0 value of ca. 2%, a
readily measurable signal.
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Figure 3. I-t transients showing discrete step decreases in current in the
presence of dispersed beads at (a) a lithographically fabricated, recessed
Au electrode (cKCl ) 5 mM, cFcMeOH ) 0.34 mM) and (b) an Au
nanoelectrode electrodeposited on an etched Pt wire nanoelectrode insulated
with polymer (re ) 33 nm) in the presence of carboxylate-functionalized
core-shell particles (cKCl ) 1 mM, cFcMeOH ) 0.57 mM).

Figure 4. I-t response for a fabricated electrode showing both current
oscillations and abrupt increases (cKCl ) 5 mM, cFcMeOH ) 0.5 mM). The
inset is a magnification of a region where rapid oscillations in current were
observed.
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