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Rates of chloride ion diffusion in narrow (ca. 3 µm thick),
rectangular (ca. 0.1 × 1.0 mm2) channels partially filled
with polystyrene microspheres are investigated by a poten-
tiometric electrochemical time-of-flight (P-ETOF) method.
Lithographically fabricated on glass slides, P-ETOF de-
vices consist of a centrally positioned 10 µm wide, ca. 1
mm long generator microelectrode and two sensor mi-
croelectrodes of the same dimensions symmetrically
positioned on both side of the generator at a distance of
50 µm. The electrodes are silver-plated and partially
oxidized in a chloride electrolyte to form Ag/AgCl depos-
its. Constant current reduction of AgCl on the generator
electrode is used to produce chloride ions at a constant
rate. Ag/AgCl deposited on the sensor microelectrodes
allows time-dependent potentiometric monitoring of the
increasing concentration of chloride ions diffusing across
the interelectrode gap. The device is enclosed with a
parallel glass plate to form a narrow channel with the
polystyrene microbeads serving as spacers. The packing
density of the microspheres expressed in terms of the
fractional void volume (G) varied from ca. 0.6 to 1.0.
Using G, we modified a diffusion equation describing the
change of chloride ion concentration at the sensor micro-
electrode to include the effect of the microspheres re-
stricting the void volume. We rely on digital simulations
as well as on direct P-ETOF experiments to show that the
proposed equation does accurately account for the effect
of G on the diffusion processes. We thus demonstrate that
P-ETOF can be used to measure the number of identical
microspheres in the active region of a narrow channel
device. In the latter context, a future application of
P-ETOF as a signal transduction mechanism in biosensors
is outlined.

Dense arrays of nano- and microspheres are of increasing
interest and importance as separation media in microchip devices
where their use results in improvements in separations of DNA,
proteins, and other molecules of biological interest.1-4 Theoretical

and experimental work has also been done to understand the
diffusion of electrochemically active species through arrays of
microspheres and smaller beads, providing a good mathematical
description of the steady-state fluxes and addressing other
transport properties.5-9 Our interest is to characterize rates of ion
diffusion through monolayer arrays of randomly distributed
microspheres of variable packing density under non-steady-state
conditions. Our experimental approach involves electrochemical
time-of-flight (ETOF).

ETOF is a family of techniques in which ions are produced at
a “generator” electrode in a known fashion and their arrival at a
second, “collector” or “sensor” electrode is monitored.10-15 The
method we use in this report is a modification of the original
amperometric time-of-flight technique introduced by Feldman et
al.10 and used by others to measure diffusion constants of redox
species.11-15 It involves constant current generation and potentio-
metric sensing, as described in our previous reports.16-18 We refer
to it as P-ETOF, potentiometric electrochemical time-of-flight. Our
early P-ETOF experiments were carried out with diffusion occur-
ring in a hemicylindrical fashion, for which analytical solutions
to Fick’s laws cannot be obtained.16 We relied on digital simula-
tions instead. In this paper, we use narrow channel P-ETOF
devices in which the microelectrode assembly lithographically
fabricated on a glass slide is covered with another glass slide to
form a thin-layer cell, or a narrow channel as shown in Figures 1
and 2.17,18 Under these circumstances, the thickness of the channel
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(h) is small compared to the distance between the electrodes (g),
and thus the diffusion between the generator and sensor elec-
trodes is linear allowing us to use an analytical solution of the
Fick’s equations (see eq 1 for the case F ) 1).19 We explore the
application of this P-ETOF technique to cases in which micro-
spheres with diameter nearly identical to the channel thickness
occupy a fraction of the space between the generator and the
sensor electrodes. We investigate the effect of the available free
volume or the fractional void volume (F) in the channel on the
rate of diffusion of the galvanostatically generated ions.

Diffusion in porous media and in media of randomly restricted
volume by impermeable particles has been treated in the literature
before. In such cases, the effective diffusion constant (Deff) is
smaller and is often shown to be a product of F and the intrinsic
diffusion constant, D: Deff ) FD.7,8 The smaller Deff can be
understood to express the obstruction of “forward” progress of
the diffusion front. We hypothesize that this simple relationship
also holds in the cases investigated below. However, as we

document it below, introduction of this modification alone is not
sufficient to account for the observed effects. An additional
modification must be made that is intrinsic to the fact that our
experiments involve constant rate generation of the diffusing ions.
We showed earlier that decreasing the volume of the narrow
solution slab results in an acceleration of the ion diffusion.17,18 This
effect, which is not unlike the garden hose effect in which
restriction of a hose cross section results in a faster water flow,
derives from the fact that restrictions in the volume of the medium
result in an increase of the local concentration gradient of the
diffusing ions and hence their overall rate of diffusion. To account
for the effect of the presence of microspheres in the diffusion slab,
we introduce the product FA to replace the geometric cross-
sectional area, A, of the narrow slab (A ) lh, see Figures 1 and
2). For a device of a fixed interelectrode gap, this is equivalent to
accounting for the decrease of the void volume of the slab.

Thus eq 1 accounts for both effects of the fractional void volume,
expressed by FA and FD, on the magnitude of the concentration
of the diffusing species at the sensor microelectrode, C(g, t), where
g is the width of the interelectrode gap, Cinit is the initial
concentration of the diffusing ions in the channel, i is the
magnitude of the generator current, and l is the length of the
generator and sensor microelectrodes. Equation 1, combined with
the Nernst equation and the value of the experimentally deter-
mined slope characterizing the microsensor’s response is used
to predict the shapes of the E-t transients recorded in the P-ETOF
experiments. Thus indeed, the fractional void volume, F, is present
as a multiplier decreasing the intrinsic diffusion constant and also,
effectively, as a factor 1/F increasing the magnitude of the second,
time-dependent term on the right-hand side of eq 1. This equation
constitutes our major hypothesis which we intended to test in the
course of these investigations.

Although, as mentioned above, testing the hypothesis of eq 1
could contribute to the optimization of microchip separation
methods, we envision another analytical application of this class
of systems. Briefly, eq 1 gives one an ability to measure the void
volume of a narrow channel in a P-ETOF device. If the latter is
restricted by a certain number of identical microspheres, it
becomes possible to determine the number of microspheres
residing in the interelectrode gap. This in turn can lead to the
development of biosensors in which the selectivity of the response
(determination of the number of microspheres) derives from the
specific chemistry of the attachment of microspheres to the
P-ETOF device surface. For example, consider double-stranded
DNA tethers binding a certain number of microspheres. Each
tether consists of a longer ssDNA fragment, a probe ssDNA,
attached to the device surface, and a shorter ssDNA fragment
attached to the microbeads. Naturally, the two feature a comple-
mentary overlap region to form a tether. The probe ssDNA
fragment is selected to also offer a longer complementary region
to the target ssDNA to be detected in an analyte solution. The
sensing process would involve, therefore, a simple exposure of

(19) Bard, A. J.; Faulkner, L. R. Electrochemical Methods: Fundamentals and
Applications, 2nd ed.; John Wiley and Sons, Inc.: New York, 2001; p 309,
eq 8.2.11.

Figure 1. Schematic view of the electrode layout in a P-ETOF
device. The generator electrode (G) is symmetrically flanked by two
sensor electrodes (S) with an interelectrode gap (g) of either 50 or
100 µm. Two externally shorted counter electrodes (C) are sym-
metrically positioned 500 µm from the generator electrode. The large
reference electrode is labeled R. The square top ends of the
electrodes function as contact pads. All electrodes are vapor-
deposited gold. G, S, and R are coated with Ag and oxidized to form
a film of AgCl. The shaded area represents photoresist that acts as
an insulating layer to establish the length of the electrodes (l, 1-2
mm). The area including the reference electrode marked by a dashed
line is covered with a second glass slide creating a narrow solution
slab. Its thickness of approximately 3.5 µm is determined by the
diameter of the polystyrene microbeads deposited in the four corners
of the device. The arrows extending from the generator to the sensor
microelectrodes mark schematically the direction of the flux of chloride
ions electrochemically produced at G. The increase of their concen-
tration at either of the two sensor microelectrodes is followed
potentiometrically. The 3.5 µm thick slab of solution between G and
S may be partially filled with polystyrene microspheres with the
diameter equal to the slab thickness as shown in Figure 2.

C(g, t) ) Cinit + i
nFFAFD{2(FDt

π )1/2
exp(- g2

4FDt) -

g erfc[ g
2(FDt)1/2]} (1)
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the device to a minute volume of a sample solution. If the analyte
solution contains the targeted DNA sequence, competitive hy-
bridization of the target and the probe DNA during an incubation
period releases a number of the microspheres. The P-ETOF
experiments described here could then be used as one of perhaps
several methods to determine the initial and final population
density of the microspheres and thus function as a signal
transduction mode in such a DNA sensor device.

In this report, we focus on the work to verify eq 1. We
immobilized polystyrene beads (3.6 µm in diameter) between the
generator and sensor electrodes covering a large range of surface
packing densities and measured the resulting E-t transients. The
transients thus obtained were compared with the calculated
transients using eq 1. Whereas selection of the type of ions
electrochemically generated in P-ETOF experiments is not crucial
in testing the validity of eq 1, we relied on chloride ion P-ETOF.
Chloride ions are naturally present in biological systems and,
therefore, would be compatible with future biological sensor
applications. We find that eq 1 does accurately describe Cl- ions
diffusion in the full range of the microsphere surface densities
investigated below. We also comment on the ability of P-ETOF
to accurately measure the number density of microspheres
attached to sensor device surfaces.

EXPERIMENTAL SECTION
Reagents. Nanopure water was obtained using a three-

cartridge Millipore purification system. Silver electrodeposition
was carried out using a silver plating solution from Transene Co..
Potassium chloride, perchloric acid (70%), and acetone (reagent
grade), lithium perchlorate (99.99%), and sodium nitrate were
supplied by Aldrich. Negative photoresist, SU-8 2 was supplied
by MicroChem Corp. All chemicals were used as received.

Device Design, Fabrication, and Assembly. P-ETOF de-
vices were fabricated lithographically as described previously.18

Briefly, a photoresist film was spun onto glass slides, exposed
through a patterned mask, and then developed. Chromium and
then gold were evaporated onto the slides, and the remaining
photoresist was lifted off to make the electrodes. Two regions of
each device were then coated with SU-8 photoresist to limit the
electrode area. Finally, the microelectrodes were coated with silver
metal using a commercial electroplating solution (Transene
Company, Inc.), and the generator electrode was loaded with silver
chloride by oxidizing the silver metal in a chloride solution. A
constant current reduction of the latter is the reaction generating
Cl- ions. Silver-coated sensor microelectrodes are spontaneously
coated with AgCl when exposed to NaCl solution during P-ETOF
experiments and serve as potentiometric chloride ions sensors.

A schematic of the finished device is shown in Figure 1. The
central generator electrode (G) is flanked with two identical,
symmetrically located sensor (S) microelectrodes and two counter
electrodes (C). In all experiments, l was 1-2 mm, g was 50 or
100 µm, h was 3-4 µm, and the width of the generator and sensor
electrodes was 10 µm. The far left contact pad, labeled R, leads
to a large silver-plated reference electrode. The two counter
electrodes are externally shorted to ensure a symmetric current
distribution and thus ion flux on both sides of the generator
electrode. In each experiment the potential of only one of the
sensor electrodes was monitored, and the generator current used
in eq 1 was taken as a half of the applied current. A second glass
slide was used to form a narrow channel cell. The height of the
channel (h) was established by four small groups of the same
polystyrene microspheres deposited in four corners of the device
shown in Figure 2. A small mechanical brace was used to squeeze
the device using a controlled torque tool applying torque of 0.2 (
0.05 Nm. This immobilized the coverslip and adjusted the
thickness of the thin-layer channel. Reproducibility of this step
and other related factors are discussed in the Results and
Discussion section.

Microsphere Surface Attachment. Polystyrene microsphere
beads with an average diameter of 3.6 ( 0.2 µm (Bangs Labs,
Inc.) were immobilized between the generator and sensor
electrodes in order to control the void volume of the P-ETOF
channel (see Figure 2). To accomplish this, the surface of the
device was treated with 3-aminopropyltriethoxysilane (Alfa Aesar)
in dry acetone for 24 h, which covered the glass with amine
groups. After rinsing, a 1% glutaraldehyde solution (J. T. Baker)
was added for 1 h, which resulted in a surface displaying aldehyde
groups. The microspheres were coated with bovine serum albumin
(BSA, Sigma). In order to covalently bind BSA to the polystyrene
beads, we took advantage of the small amount of carboxylic acid
residues (ca. 3.5 × 10-13 mol/cm2 according to data provided by
Bangs Labs, Inc.) present on the bead surfaces. BSA was
covalently attached to the surface of the beads by incubating BSA
and EDC (1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide) in
equal amounts in deionized water containing polystyrene beads
while shaking for 3 h. The beads were then separated and rinsed
with deionized water. At this point, the slides and microbeads
could be stored in refrigerated water for up to 2 weeks. To
immobilize the beads on the surface of the device, the BSA-coated
microbeads were allowed to settle on the device surface. This
initiates a reaction of the aldehyde groups on the glass surface
with the amine groups of BSA on the microbead surface creating
a robust linkage between the beads and the surface. Controlling

Figure 2. Cartoon showing the device during operation. The arrows originating at the generator electrode (G) symbolize propagation of the
chloride ions. Microbeads act as spacers to form a slab of solution with a thickness h. The aspect ratio of the microbead diameter and the
interelectrode gap (g) is out of scale. The microbeads are covalently bound to the surface of the device with tethers involving BSA symbolized
by striped ovals in the inset and described in the Experimental Section.
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the time of this step allowed for a semiquantitative control of the
ultimate surface density of the beads. The bead attachment was
sufficiently strong to resist vigorous rinsing of the device surface
carrying the beads with water. However, we observed that all the
beads could be dislodged by quickly lifting a glass slide initially
used to create the 3 µm thick slab of solution above the device
surface.

The P-ETOF experiments were carried out with a solution
containing either 1 M NaNO3 or LiClO4 and 1-3 mM NaCl
squeezed between the device surface and a cover slide, creating
a narrow solution channel for ion diffusion. A constant reduction
current of typically 2.0 µA was applied to the generator electrode
to produce the chloride ions.

Instrumentation. Electrochemical experiments were carried
out using a CH Instruments model 660B electrochemical analyzer.
Simultaneous recording of P-ETOF E versus t transients and of
the potential of the generator electrode was done via dual-channel
recording in the chronopotentiometric mode. This instrument has
1 kHz sampling rate and better then 0.5 mV resolution.

Computations. Numerical simulations of E-t transients were
performed using Comsol (formerly Femlab). The simulations were
performed in two dimensions (2D), with the beads modeled as a
random arrangement of impermeable circles with a 2D F value
numerically equal to the 3D F of an experimental system of
interest. We note that to generate a 2D random array of circles
of a particular F value, the circle density is lower than the projected
2D density of microspheres in a P-ETOF device. The generator
electrode was placed on one end of the simulation grid, and the
sensor electrode was placed 50 or 100 µm away, while the
simulation window extended at least 1 mm beyond that. At that
distance, its exact position had no influence on the results of the
simulations. The potential of the sensor electrode was calculated
using an average of the chloride concentration over the width and
length of the electrode, although the diffusion wave was found to
be sufficiently linear to render this precautionary measure un-
necessary. Whereas multiple arrangements of beads were experi-
mented with at each value of F, there were no differences in the
shape of the transients obtained at a given F value as long as we
discriminated against those confirmations in which more than two
circular “beads” were allowed to touch. This reflects an expected
weakness of a 2D simulation grid in which clusters of intercon-
nected circles constitute unrealistically excessive obstacles in the
diffusion process which is not met in any real monolayer system
of random arrays of microspheres.

RESULTS AND DISCUSSION
Our first task was to compare E versus t transients obtained

with eq 1 (in combination with the Nernst equation) to those
obtained by numerical simulations of the ion diffusion in P-ETOF
channels packed with spherical microbeads described in the
Experimental Section. The comparison is shown in Figure 3. An
excellent agreement exists between the two sets of E versus t
transients that were obtained for three F values from 0.67 to 1,
reflecting the experimental conditions below, and two different
rates of ion generation. This offers a first indication that eq 1
correctly describes ion diffusion in channels populated with
microspheres. It is also noteworthy that the two effects of the
fractional void volume on the rate of diffusion discussed in the
introduction are dominant in two different time domains of the

transients. In the initial, short time domain, the E versus t
transients obtained for larger values of F exhibit an earlier rise.
This is due to the dominating effect of Deff, a product of D and F.
Conversely, at longer times, those transients obtained for smaller
F values exhibit a greater rate of the sensor potential increase. In
this time domain, the 1/F effect resulting in an increase of the
overall diffusion rate with decreasing void volume (the “garden
hose effect”) dominates. Naturally, the two distinct time domains
are separated by a crossover point clearly visible in Figure 3.

The key verification of eq 1 must come from a comparison
with experimental data. Using eq 1, we are able to generate E
versus t transients when all parameters describing a P-ETOF
experiment are known. To this end, in each experiment, all
dimensions of an individual P-ETOF device were measured
beforehand. The specific value of F was obtained by analyzing
microscopic photographs of the polystyrene microbeads deposited
in the interelectrode gap and assuming the average value of their
diameter. This procedure allowed us to determine the F values
with an absolute precision of (0.03. The literature value of the
chloride ion diffusion constant of 2.0 × 10-5 cm2/s was corrected
for the high ionic strength of the electrolyte used in the P-ETOF
experiments to yield 1.2 × 10-5 cm2/s.16 The thickness of the
narrow channel was set by the same polystyrene microbeads
deposited in four small groups in the four corners of a device
prior to the device assembly as outlined in the Experimental
Section. In order to reliably obtain the magnitude of h, the
following protocol was developed. Each P-ETOF device was
initially assembled with no microbeads deposited in the interelec-
trode gap. In other words, the microbeads were only deposited
in the corners of the device to serve as spacers. The dependence
of the resulting E versus t transients on the torque used in
tightening the top glass plate to the electrode assembly plate (see

Figure 3. Comparison of the E vs t transients obtained by Femlab
simulations (open circles) and those calculated using eq 1 (continuous
lines). The color coding (top to bottom in the long time domain of the
plot) correlates with the values of the fractional void volume: F )
0.67 (red), F ) 0.83 (green), F ) 1.0 (blue). The transients were
obtained for two values of the generator current, 5 µA (the upper set),
and 0.5 µA (the lower set). In all cases for both calculations and
simulations, the following values of the adjustable parameters were
used: initial chloride concentration, Cinit ) 1.0 mM, l ) 0.1 cm, g )
50 µm.
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the Experimental Section) was investigated. The data in Figure 4
demonstrate that when the applied torque was in the range of
0.1-0.3 Nm the devices can be reproducibly assembled multiple
times. The channel thickness for that device was obtained by
fitting eq 1 to the experimental data using h as an adjustable
parameter. On the basis of 12 such experiments carried out with
different devices the average value of h was found to be 3.4 ( 0.2
µm. This value is slightly smaller than the nominal average
diameter of the microbeads of 3.6 ( 0.2 µm due to the applied
force.

In the case of the Cl- P-ETOF experiments done with
microbeads present in the interelectrode gap, the thickness of
the narrow channel was measured after removing all microbeads
from the active region of the device. In about 40% of all cases,
this measurement yielded the same value of h as that obtained in
the first P-ETOF run carried out with a particular device. However,
in the remaining cases, we observed that the deposition of the
microbeads in the interelectrode gap also resulted in the deposi-
tion of some microbeads on the layer of the photoresist film used
to establish the length of the generator and sensor microelec-
trodes (see Figure 2). Those microbeads became then perma-
nently imbedded in the 2 µm thick photoresist film during the
device assembly. Naturally, this resulted in a somewhat larger
value of h ranging from 3.7 to 4.1 µm. In those cases the newly
determined value of h instead of that obtained in the initial P-ETOF
run executed with no microbeads in the active region was used
to compute the theoretical E versus t transients. In either case,
the h value was determined by fitting eq 1 to the experimental E
versus t transients recorded with no microbeads in the interelec-
trode gap.

To vary the microbead surface density, experiments with high
microsphere density were followed by the additional Cl- P-ETOF
experiments in which some microbeads were removed by gentle
rinsing. In each case, the microbead density was determined using

microscope photographs of the interelectrode gap region. Figure
5 shows two of those photographs corresponding to F of 0.59 and
0.90. As a point of reference, we point out that the hexagonally
closed-packed bed of microspheres enclosed in a channel with
the height equal to the microsphere diameter corresponds to F
of 0.575. Also shown in Figure 5 is the comparison between three
E versus t transients obtained in these experiments and the
corresponding theoretical transients obtained using eq 1. A very
good agreement between the theory and experiment in those and
all other investigated cases demonstrates the validity of eq 1 to
quantitatively describe ion diffusion in this class of media of
variable free volume.

In order to use P-ETOF as a technique measuring the void
volume or the number of microbeads of a given diameter present
in the interelectrode gap, it is not convenient to compare
experimental and theoretical E versus t transients. Instead, it is
best to measure the change in potential that the microsensor
exhibits in an arbitrarily selected time interval ts, coincidental with
the application of a current pulse to the generator electrode (Ein

- Ets). Figure 6 shows a calibration plot of Ein - Ets versus F for
three ts values of 2.0, 2.5, and 3.0 s selected to fall in the long
time domain of the transients (see Figure 3 and the related
discussion). The data points correspond to the experiments such
as those in Figure 5. Since the Cl- P-ETOF experiments sum-
marized in Figure 6 were carried out with several different devices,
the individual E versus t transients were first normalized to correct
for small differences in h, l, and Cinit to correspond to the same
arbitrarily selected set of h, l, and Cinit parameters. The theoretical
Ein - Ets versus F curves represented by continuous lines were
obtained using eq 1. It is interesting to note that these curves are
not linear although in view of the experimental errors linear fits
would equally well represent the data.

In the case of our devices, the major source of experimental
error is an uncertainty in F of 0.03. This corresponds to an
uncertainty in the determination of the number of microbeads in

Figure 4. Set of three E vs t transients recorded to illustrate the
reproducibility of P-ETOF measurements with polystyrene microbeads
used only as spacers. The color coding corresponds to the values of
torque applied in tightening the P-ETOF devices: torque of 0.3 Nm
(red and green circles, two runs each followed an assembly of a
device); torque of 0.1 Nm (blue circles). Black line represents
calculation with eq 1. The other experimental parameters were igen

) 2.0 µA, Cinit ) 3.25 mM, l ) 0.17 cm, g ) 50 µm, F ) 1.

Figure 5. Comparison of three E vs t transients (open circles)
recorded in the presence of microbeads in the interelectrode gap of
a P-ETOF device and the theory (continuous line) represented by eq
1. The color coding (top to bottom in the long time domain of the
plot) correlates with the values of the fractional void volume: F )
0.59 (red), F ) 0.90 (green), F ) 1.0 (blue). The experimental
parameters were igen ) 2.0 µA, Cinit ) 3.25 mM, l ) 0.16 cm, g ) 50
µm. The insets are photographs of sections of interelectrode gap
region populated with microbeads. Their surface density corresponds
to F of 0.59 (top left) and 0.90 (bottom right).
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the interelectrode gap of a device of ca. 5% or approximately 300
microbeads. In view of the length of the generator and sensor
microelectrodes typically extending to 1-2 mm, we were forced
to rely on a random sampling technique in our analysis of several
digital images of the entire interelectrode region. Clearly, the
precision of the experiments featured in Figure 5 is not sufficient
to consider P-ETOF to be capable of measuring the number of
microbeads in the channel. However, this was not our major goal
of the experiments carried out so far. In order to optimize and to
use P-ETOF as a microbead counting technique, the size of the
devices must be decreased to approximately l ) g ) 30 µm. This
would increase the fractional size of an individual 3.6 µm
microbead relative to the volume of the narrow channel by
approximately a factor of 100. This would also eliminate the error
in the microscopic measurements of the microbead surface density
and the related F. Under those conditions, the precision of the
measurement would be determined by the instrumental error in
the Ein - Ets measurements of (0.5 mV corresponding to the
absolute uncertainty in F of 0.01. The latter, in turn, corresponds

to the uncertainty in the microbead count of 1. The importance
of developing this new capability to using electrochemical means
to count microbeads in the microscopic active region of a
biosensor can be readily appreciated when we return to the brief
outline of a DNA sensor in the introduction. Although several
methods can be used to count microbeads on a surface of a
biosensor device, detachment of one microbead would correspond
to dissociation of perhaps only 100 dsDNA tethers attaching that
bead to the surface. Thus, when fully implemented, P-ETOF would
allow a very sensitive detection of target DNA in an analyte
solution.

CONCLUSIONS
We examined the effect of a random array of microspheres

deposited in a narrow channel of a P-ETOF device on the diffusion
of chloride ions in the channel. We showed that the fractional
void volume in the channel determined by the population density
of the microbeads is an essential parameter determining the
diffusive arrival rate of chloride ions at the potentiometric Ag/
AgCl microsensor positioned at opposite end of the channel
relative to the chloride generator microelectrode. Our experiments
as well as 2D computer simulations demonstrated the validity of
eq 1 in which a fractional free volume parameter modifies the
solution of the diffusion equations. The particular way in which F
effects ion diffusion monitored by the microsensor is rather
intricate. The increasing population of the microbeads slows down
and then accelerates E versus t sensor response in the early and
latter stages of the process, respectively, relative to the response
of the sensor in a device with no microbeads. We also discussed
a possibility of using this experimental methodology to determine
the number of microbeads residing in the interelectrode gap of
P-ETOF devices and potential application of this approach as a
biosensor signal transduction method.
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Figure 6. Plots of the magnitude of the sensor potential change
recorded during a specific time interval, ts, as a function of the
fractional void volume obtained on the basis of several E vs t
transients such as those in Figure 5. The symbols represent data
corresponding to the following ts values: 3.0 s (closed circles), 2.5 s
(open circles), 2.0 s (diamonds). The lines represent theoretical
predictions obtained with eq 1.
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