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Microfluidic cells with interdigitated array gold electrodes:
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Abstract

Microfluidic flow cells combined with an interdigitated array (IDA) electrode and/or individually driven interdigitated electrodes were fabricated
and characterized for application as detectors for flow injection analysis. The gold electrodes were produced by a process involving heat transfer
of a toner mask onto the gold surface of a CD-R and etching of the toner-free gold region by short exposure to iodine-iodide solution. The arrays
of electrodes with individual area of 0.01 cm2 (0.10 cm of length× 0.10 cm of width and separated by gaps of 0.05 or 0.03 cm) were assembled in
microfluidic flow cells with 13 or 19�m channel depth. The electrochemical characterization of the cells was made by voltammetry under stationary
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conditions and the influence of experimental parameters related to geometry of the channels and electrodes were studied by using K4Fe(CN)6 as
model system. The obtained results for peaks currents (Ip) are in excellent agreement with the expected ones for a reversible redox system
stationary thin-layer conditions. Two different configurations of the working electrodes,Ei, auxiliary electrode,A, and reference electrode,R, on the
chip were examined:Ei/R/A andR/Ei/A, with the first presenting certain uncompensated resistance. This is because the potentiostat actively
sates theiR drop occurring in the electrolyte thin layer betweenA andR, but not fromR to eachEi. This is confirmed by the smaller difference betw
the cathodic and anodic peak potentials for the second configuration. Evaluation of the microfluidic flow cells combined with (individual
interdigitated array electrodes as biamperometric or amperometric detectors for FIA reveals stable and reproducible operation, with p
presenting relative standard deviations of less than 2.2%. For electrochemically reversible species, FIA peaks with enhanced current
obtained due toredox cycling under flow operation. The versatility of microfluidic flow cells, produced by simple and low-cost technique, ass
with the rich information content of electrochemical techniques with arrays of electrodes, opens many future research and application op
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

The recent trend to miniaturize chemical assays is stimulat-
ing the development of the field of microfluidic devices. The
small scale of the experiments result in amazing reduction in
solution consumption, meaning that lower volumes of sample
and reagents are required and less waste is generated. Improved
fabrication techniques and the use of new materials are helping
the field to move toward its ultimate goal of producing functional
and low-cost micro total analysis systems (�TAS)[1]. Electro-
chemical detectors are an attractive alternative in microfluidics
[2,3] because most techniques are interfacial ones (compatible
with thin layer operation and small sample volumes) and provide
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low detection limits. The placement of electrochemical dete
in microchannels’ demands microfabrication technologies
is being extensively investigated because of its expected
potential for chemical analysis especially when coupled
separation methods and integrated in�TAS [4–7].

Strategies for increasing sensitivity and minimizing in
ferences comprise the use of multiple electrode configura
[8,9], such as individually driven interdigitated electrodes[10].
Electrochemical sensors with dual electrodes show enha
sensitivity over single electrode ones[4,5]. Dual (or multiple)
electrodes can be placed in the channels in a series configu
[9,11], thus forcing solutions to flow across one electrode be
the next electrode, a condition that presents similarity
ring-disk experiments. By setting the potentials accordingly
upstream electrode can either electrochemically generate
troactive species or eliminate interferents that are electroa
at lower potentials than the analyte(s), so that the downst

0039-9140/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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electrode acts as a collector or is screened, leading to more selec-
tive detection[11–13].

Interdigitated array (IDA) electrodes have been used as highly
sensitive detectors because of their inherent features, such as
large currents, high sensitivity, and rapid current rise to a steady
state. Niwa and co-workers[14] have pioneered this tech-
nique for the electrochemical amplification of reversible redox
species. The redox species electrogenerated at one band elec-
trode (generator) of an IDA diffuses to adjacent band electrodes
(collector), where it is regenerated to its original state. This so-
calledredox cycling process greatly enhances the current signal
because when the potentials of the band electrodes are adjusted
to promote the consecutive oxidation and reduction, the same
molecule can react many times along its path through the cell.

Theoretically, the current at the electrode in a thin layer flow
cell is proportional to the cube root of the flow rate[15]. This
is because the diffusion layer thickness increases when the flow
rate is decreased. By contrast, the redox species signal at the IDA
electrodes doesnot decrease by reducing the flow rate in the low
flow rate region because the effect of the diffusion layer formed
between two band electrodes in the IDA becomes dominant and
the diffusion layer thickness is not significantly influenced by the
flow rate. In other words, the flow rate of redox cycling for IDA
detection is constant in the amperometric region and depends
only on the IDA dimensions[14]. This fact reveals that effective
electrochemical detection with interdigitated array electrodes in
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2. Experimental

2.1. Fabrication of microfluidic cells with integrated IDA
gold electrodes

The fabrication process described in a previous paper[26]
and summarized here was used to manufacture the microflu-
idic flow cell with integrated IDA gold electrodes. The first
step is to draw the image of the desired electrode’s layout on
a 1:1 scale, using any drawing software. This image is laser
printed on wax paper and the toner mask is heat transferred
onto the gold surface of a slice of a proper CD-R (Mitsui Gold),
after removal of the protective polymer layer. The toner-free
gold regions are etched by exposure to an iodide/iodine solu-
tion. Afterwards, the toner mask is removed with acetonitrile.
A further step consisted in integrating these electrodes into a
microfluidic flow cell. The CD slice with the printed electrodes
is heat bonded with another polycarbonate slice by a toner layer
acting as spacer and gasket. A channel obtained with one layer
of toner presents a depth of nearly 7�m; by overlaying two
toner masks (sequential thermal transfer), the channel steps
to 13�m, and so forth. Microfluidic flow cells with channel-
depths of approximately 13 or 19�m (relative to the unprinted
areas) were constructed by piling up two or three toner layers,
respectively.

Sketches of the construction of the microflow cells are shown
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icrofluidic flow cells can be advantageous for reversible re
ystems and deserves wider exploration in analytical app
ions.

Although array electrodes have found many practical app
ions[16–18], such as in flow analysis[19–21], the manufactu
f IDA is not straightforward and is difficult to implement in t
lectroanalytical laboratory where microphotolithographic t
iques are usually not available[10,22–24]. Recently, simpl
pproaches to produce microchannels, based on thermal

er of laser-printed toner masks and spacers, have been inv
25,26], with great potentiality in most applications where
ub-micrometric resolution of the microphotolithography is
equired. The attractiveness of this alternative is that the
lex manufacturing technology of microfluidic devices in
lean room is substituted by procedures and resources ava
n any analytical laboratory.

In this paper, studies carried out with microfluidic cells p
uced by the thermal transfer of laser-printed toner mask
old CD-Rs are presented. The electrochemical performan

hese cells was evaluated under thin-layer conditions for
idual band electrodes or groups of interdigitated electrod
wo heights of the microchannel (∼13�m, obtained by stackin
wo layers of toner and∼19�m, given by three layers) and tw
ifferent positions of the reference electrode in relation to
orking electrodes, under both stationary and flow opera
he microfluidic cell with IDA gold electrodes was examin
s a biamperometric or amperometric detector for FIA. A

ionally, amperometric measurements with the IDA having
omb as working electrode and the other one as auxiliary
rode were compared with one comb as working electrode
n external auxiliary electrode.
-
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n Fig. 1. Various combinations are possible for the use o
old band electrodes in these cells: single band or multiple
lectrodes can be controlled against external reference an

liary electrodes for voltammetry or amperometric detectio
ownstream band can act as an internal auxiliary electro
n upstream working band; or generator–collector series c
etup with the interdigitated combs. The last alternative
onstitute a low-cost replacement for ring-disk electrodes[27].
he tip of a miniaturized reference electrode[28] was pressur
tted to orifices in the upper part of the cell. An external a
liary electrode, for comparison purposes with the internal
as placed at the cell outlet (a stainless steel tube serving
urposes).

The overall internal volume of cell shown inFig. 1B was
stimated to be 182 or 266 nl, for double or triple toner lay
espectively. The geometrical volume of the channel above
ectangular band electrode (with 0.10 cm width) corresp
o approximately 13 or 19 nl for double or triple toner lay
espectively. The IDA gold electrode consisted of pairs of 0.
m electrodes separated by gaps of 0.030 cm, the spacin
sed for individually driven interdigitated gold electrodes
.050 cm. The hydrodynamic flow regime along the work
lectrode(s) is assumed to be laminar, on account of the re
hannel size (1.4 cm of length× 0.1 cm of width× 13 or 19�m
f height) and the relatively low fluid velocity (some cm s−1),
endering a low Reynolds number.

.2. Materials and reagents

All solid reagents were of analytical grade and were u
ithout further purification. Solutions were prepared by
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Fig. 1. Sketches of the construction of individually driven interdigitated gold electrodes and IDA gold electrodes assembled into microfluidic cells. (A) Top schematic
view of the microfluidic device. (1) Inlet; (2) reference electrode, located next to inlet to the cell; (3) reference electrode, located next to outlet to the cell; (4) outlet
and auxiliary electrode; (E1–4) working electrodes. (B) Schematic illustration of the construction of a microfluidic cell with four individually driven gold electrodes.
(a) Polycarbonate slice with finished Au working electrodes (E1–E4) and orifices for flow inlet and outlet, and toner mask of channels (wax paper not shown) before
application; (b) same components of (a) after heat-transfer of toner channel; (c) microfluidic flow cell before heat-sealing of the second polycarbonate slice; (d)
complete microfluidic cell with two attached miniaturized Ag/AgCl reference electrodes (only one required for normal operation). (C) Schematic illustration of the
construction of a microfluidic cell with IDA of electrodes and two extra electrodes. (a), (b) and (c), description similar to (B); (d) complete IDA microfluidic cell
with attached miniaturized Ag/AgCl reference electrode.

solving the reagents in deionized water (18 M�cm) processed
through a water purification system (Nanopure UV, Barnstead,
Dubuque, IA). Analyte solutions were prepared daily by dis-
solving potassium ferrocyanide (K4Fe(CN)6) and potassium
chloride (KCl) in deionized water.

All electrochemical experiments were performed at room
temperature with a homemade potentiostat based on opera-
tional amplifiers connected to an interface card (PCL711B)
with 12 bits A/D and D/A converters and digital control lines,
placed in a slot of a personal computer. The software, writ-
ten in Delphi language, controls the applied potentials and
scan rates and executes data acquisition of current measure-
ments, previously converted in proportional voltages by an
operational amplifier with gain control. Cyclic voltammetry

was performed under stationary conditions using a miniatur-
ized Ag/AgCl reference electrode[28] and a stainless steel
tube as auxiliary electrode. For amperometric measurements,
the solutions were introduced into the microfluidic flow cell
by a peristaltic pump (MS Reglo, Ismatec, Zurich, Switzer-
land) fitted with narrow bore tubing (i.d. = 0.25 mm) and a
pneumatic damper. Pulsation interference increases at lower
rpm, hindering work at flow rates below 120�l min−1. For
FIA experiments, a manual, narrow bore rotary valve injec-
tor was inserted between the pump and the cell; sample vol-
umes of 3 or 10�l were used, as given in the figure captions.
The flow rate and injection volume settings had not been opti-
mized and lower settings of both should be considered in future
work.
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3. Results and discussion

3.1. Individually driven gold strip electrodes
characterization under thin layer conditions

The characteristics of cyclic voltammetry with microelec-
trodes in a microchannel have been discussed in the literature
[29,30]. However, there are few reports about the electrochemi-
cal properties of systems with multiple electrodes in microfluidic
channels[7], with little or no discussion about the effects of
geometric factors, like depth of the microchannel, distance and
positioning of the working electrodes in relation to reference
and auxiliary electrodes, on the electrochemical performance
cells[31]. A difficulty for electrochemical measurements in low
depth channels is the low conductance of the thin layer of elec-
trolyte. When the reference and auxiliary electrodes are placed
outside the thin-layer chamber and the electrolyte/analyte ratio is
not high enough, for relatively “large” working electrodes com-
pared to the channel section, one can have severe non-uniformity
of the potential on its surface as well as high-uncompensatediR
drops, producing for example, non-linear potential sweeps and
distorted voltammograms.

The oxidation of the potassium ferrocyanide was used to
test the electrochemical response of the cell under finite dif-
fusion conditions (with the microfluidic flow cell shown in
Fig. 1B).Fig. 2A presents cyclic voltammograms obtained scan-
n of
1
l h of
f
F e
w d
i
o t of
e ence
e
c pth
o
c

ed in
T
t oten-
t d
b ref-
e ating
t f
a ially
f
i n
v
i
R le
s
t

oner
( ame
r ue Ta

bl
e

1
C

yc
lic

vo
lta

m
m

et
ry

da
ta

fo
r

ex
pe

rim
en

ts
w

ith
in

di
vi

du
al

ly
in

te
rd

ig
ita

te
d

go
ld

el
ec

tr
od

es
in

m
ic

ro
flu

id
ic

ce
lls

fo
r

tw
o

an
d

th
re

e
to

ne
r

la
ye

r
at

di
ffe

re
nt

po
si

tio
ns

of
th

e
re

fe
re

nc
e

el
ec

tr
od

e

Tw
o

to
ne

r
la

ye
rs

ce
ll

(∼
13�

m
)

T
hr

ee
to

ne
r

la
ye

rs
ce

ll
(∼

19�
m

)

E
le

ct
ro

de
s

co
nfi

gu
ra

tio
nR
/E

1
–E

4
/A

E
le

ct
ro

de
s

co
nfi

gu
ra

tio
nE

1
–E

4
/R

/A
E

le
ct

ro
de

s
co

nfi
gu

ra
tio

nR
/E

1
–E

4
/A

E
le

ct
ro

de
s

co
nfi

gu
ra

tio
nE

1
–E

4
/R

/A

I p
a

I p
c

�
E

p
E

0′
I p

a
I p

c
�

E
p

E
0′

I p
a

I p
c

�
E

p
E

0′
I p

a
I p

c
�

E
p

E
0′

E
1

0.
13

2
−0

.0
96

0.
01

5
0.

27
0

0.
12

4
−0

.1
00

0.
04

6
0.

27
9

0.
20

1
−0

.1
62

0.
00

5
0.

27
6

0.
19

7
−0

.1
60

0.
02

5
0.

27
8

E
2

0.
12

6
−0

.1
00

0.
01

4
0.

27
2

0.
11

3
−0

.0
93

0.
03

3
0.

27
8

0.
18

8
−0

.1
60

0.
00

8
0.

27
7

0.
19

6
−0

.1
50

0.
02

5
0.

27
7

E
3

0.
12

6
−0

.0
93

0.
00

9
0.

27
1

0.
12

3
−0

.0
90

0.
02

6
0.

28
3

0.
18

9
−0

.1
60

0.
00

8
0.

27
7

0.
19

9
−0

.1
58

0.
02

5
0.

27
9

E
4

0.
12

0
−0

.0
90

0.
01

0
0.

27
1

0.
11

2
−0

.0
86

0.
02

5
0.

28
3

0.
19

1
−0

.1
59

0.
00

8
0.

27
7

0.
19

3
−0

.1
52

0.
02

0
0.

27
8

C
on

ce
nt

ra
tio

n:
1.

17×
10

−3
m

ol
l−

1
of

K
4
F

e(
C

N
) 6

so
lu

tio
n

in
0.

2
m

ol
l−1

K
C

l.
S

ca
n

ra
te

:1
0.

0
m

V
s−1

.E
1–

4:
w

or
ki

ng
el

ec
tr

od
es

(s
eeF

ig
.1

A
);

R
:r

ef
er

en
ce

el
ec

tr
od

e;A
:a

ux
ili

ar
y

el
ec

tr
od

e;I
pa

:a
no

di
c

cu
rr

en
tp

ea
k

(�
A

);
I p

c:
ca

th
od

ic
cu

rr
en

tp
ea

k
(�

A
);�

E
p
:s

ep
ar

at
io

n
of

ca
th

od
ic

an
d

an
od

ic
pe

ak
s

(V
);

E
0′

:f
or

m
al

re
do

x
po

te
nt

ia
l(

V
).
ing at 10 mV s−1 between 0.1 and 0.4 V in the presence
.17× 10−3 mol l−1 K4Fe(CN)6 in 0.2 mol l−1 KCl for a thin-

ayer with 13�m of thickness at stationary condition, for eac
our individually driven interdigitated gold electrodes (E1–E4).
or this data, the reference electrode,R, is located between th
orking electrode,Ei, and auxiliary electrode,A, as depicte

n Fig. 1A. This configuration will be referred asEi/R/A now
n. Fig. 2B shows cyclic voltammograms for the same se
lectrodes under identical conditions, but with the refer
lectrode close to the inlet of the microfluidic cell, in aR/Ei/A
onfiguration (Fig. 1A).Fig. 3was obtained for a channel de
f 19�m, in theEi/R/A configuration (Fig. 3A) and theR/Ei/A
onfiguration (Fig. 3B).

The results for this series of experiments were gather
able 1. By switching from theR/Ei/A to theEi/R/A configura-
ion, the difference between the cathodic and anodic peak p
ials increases from 0.015 to 0.046 V forE1. This is expecte
ecause in the second configuration the misplacing of the
rence electrode hinders the potentiostat from compens

he iR drop in the electrolyte thin layer between the tip oR
nd the working electrode(s). In fact, by switching sequent

rom electrodesE4 to E1 in the second configuration, the�Ep
ncreases, while it is rather unaffected in theR/Ei/A setup. Whe
ariousEi are connected simultaneously, in theEi/R/A setup the
R drop becomes more significant fromE4 to E1, while in the
/Ei/A configuration,E1 will be correctly potentiostated, whi
ome overcompensation will be noticed forE2–E4, growing in
his order.

By increasing the channel depth to three layers of t
∼19�m) and keeping the electrolyte/analyte ratio at the s
atio of 170 used before, lower�Ep values were observed d
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Fig. 2. Cyclic voltammograms of a 1.17× 10−3 mol l−1 K4Fe(CN)6 solution
in KCl 0.2 mol l−1 for four individually driven interdigitated gold electrodes in
microfluidic cell with 13�m deep channel. Potential scan rate: 10.0 mV s−1.
(A) Ei/R/A configuration and (B) same set electrodes of “A” usingR/Ei/A.

to the thicker layer of conducting electrolytic, e.g., of 0.005
and 0.025 V forE1, respectively, inR/Ei/A and Ei/R/A con-
figurations. The formal redox potentials, calculated from the
average of the cathodic (Epc) and anodic (Epa) peak potentials,
E0′

= (Epc + Epa)/2, are very close to the literature value[32], in
all cases.

A theoretical treatment of current–voltage curves for a
reversible redox system under stationary thin-layer conditions
was presented by Hubbard[34]. The peak is symmetrical and
the peak current is linearly related to the scan rate according to
the equation[33]:

ip = n2F2(4RT )−1AdC∗
oν (1)

where,n is the number of electrons transferred,F the Fara-
day constant (96 485 C mol−1), R the universal gas constant,
T the absolute temperature,A the area of the electrode (cm2),
d the thickness of the solution layer (cm),C∗

o the concentra-
tion (mol cm−3) of the analyte in the bulk solution and� is
the scan rate (V s−1). For an ideal Nernstian behavior, there is
no difference between the cathodic and anodic peak potentials,
[Epa− Epc] = 0, and the peak current is directly proportional to
�. From Eq.(1), the current values were calculated as 0.143
and 0.208�A, for two and three toner layers, respectively. In
contrast, the average of experimental values were 0.122 and

Fig. 3. Cyclic voltammograms obtained in microfluidic cell with 19�m deep
channel. Same conditions ofFig. 2.

0.194�A for microfluidic cell with a channel-depth of about
13 and 19�m, respectively. The small difference between the
expected and found value might be caused by the uncertainty in
the channel depths and some contribution of radial diffusion at
the electrode edges.

In a different approach, data fromFigs. 2B and 3Bwas used to
obtain the charge involved in the anodic and cathodic peaks (inte-
gration with background correction); by calculating the volume
of solution that contains the number of moles of ferrocyanide
involved in the oxidation/reduction cycle, the values of 13.5 and
18.7 nl were obtained for the thin layer above electrode, again,
very close to the estimated geometrical ones, of 13 and 19 nl.

The effect of the K4Fe(CN)6 concentration on the cyclic
voltammograms was evaluated, looking for analytical appli-
cations of the microfluidic cell in theR/Ei/A configuration. A
linear calibration curve was defined for the explored region
of 1.17× 10−5 mol l−1–1.17× 10−3 mol l−1, with a correlation
coefficient of 0.999. The detection limit for K4Fe(CN)6 calcu-
lated as three times the standard deviation of the blank (3σ)
was 2.8× 10−6 mol l−1. As expected, in the examined region
of 5–20 m V s−1, a linear dependence of scan rate of the cyclic
voltammograms and peak height was observed.
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Fig. 4. Amperometric response for four individually driven interdigitated gold
electrodes in microfluidic flow cell with 19�m deep channel. Injections of 3�l
of 1.17× 10−3 mol l−1 K4Fe(CN)6 solution in KCl 0.2 mol l−1, at 100�l min−1

and 0.400 V vs. Ag/AgCl applied potential. Average currents at the electrodes
(in �A): (E1) 1.23± 0.01 (RSD = 0.8%); (E2) 1.26± 0.01 (RSD = 0.8%); (E3)
1.35± 0.02 (RSD = 1.5%); (E4) 1.24± 0.01 (RSD = 0.8%).

3.2. Flow injection studies of the individually driven
interdigitated gold electrodes

Flow injection analysis (FIA) is widely adopted in analytical
chemistry due characteristics such as low sample consumption,
repeatability of results, high throughput and versatility[35].
The individually driven multiple gold electrodes were tested
as amperometric sensors under flow conditions. The potential
of the working electrode was held constant at 0.400 V ver-
sus Ag/AgCl and the amperometric response for each work-
ing electrode was measured.Fig. 4 shows the amperometric
response for 3-�l injections of 1.17× 10−3 mol l−1 K4Fe(CN)6
in 0.2 mol l−1 KCl at 100�l min−1 for the microfluidic cell
with three toner layers. The FIA-amperometric responses for
the microfluidic cells with thin-layer channels that are 13 or
19�m deep revealed similar results irrespective of the posi-
tion of the electrodes. This is because the chosen potential of
0.400 V is sufficiently positive to record currents determined by
mass transport in all cases, including the configurations that pre-
sented someiR potential drop. Repeatability of peak heights for
any electrode inFig. 4, expressed as the relative standard devia-
tion, RSD, falls between 0.8 and 1.5%, a quite acceptable value
for 3.5 nmol of injected analyte. Comparison of the average peak
height of the four electrodes renders a RSD 4.3%, demonstrat-
ing that there is little variation in the geometrical area of the
electrodes of the microfluidic cell produced by the proposed
t

3
a
u

e for
t A)
o with
a ted
a king

Fig. 5. Amperometric response for 10-�l injections of 1.17× 10−4 mol l−1

K4Fe(CN)6 in 0.2 mol l−1 KCl, at 150�l min−1 and 0.400 V vs. Ag/AgCl
applied potential. (A) One electrode band. Average current: 0.091± 0.002�A
(RSD = 2.2%); (B) a comb with four bands’ electrode and external auxiliary
electrode. Average current: 0.386± 0.004�A (RSD = 1.1%). (C) Same comb
of “A” using other equivalent comb as internal auxiliary electrode. Average cur-
rent: 0.444± 0.005�A (RSD = 1.1%).

electrode and one as auxiliary electrode. For 10-�l injections of
K4Fe(CN)6 at a flow rate of 150�l min−1 and 0.400 V versus
Ag/AgCl, by switching from condition A to B, a current growth
of approximately four times was observed. The extra increase of
15% from B to C can be explained on basis of the contribution
of redox cycling process. A fraction of the ferrocyanide oxidized
at one electrode is reduced at the next (auxiliary) one and made
available again for the forthcoming electrode while the analyte
flows through the cell, thus reducing the depletion. An increase
in the relative contribution ofredox cycling to the measured
current was observed with the decrease of the flow rate, e.g., at
10�l min−1, the difference in peak height from B to C amounted
40%. It is well known that another way to increase redox cycling
is to use a larger number of smaller and much more closely
spaced IDAs[14]. With the electrode preparation process used
here, the minimum size of bands and gaps can be reduced to 100
and 50�m, respectively[26], one order of magnitude less than
the 1.0 mm bands and gaps chosen for the microcells shown in
Fig. 1 and more suitable for effective exploration of theredox
cycling process.

The observed RSD for the current peaks measurements in
Fig. 5 were just 2.2% (n= 11) for one electrode band, 1.1%
(n = 12) for a comb with four bands’ electrode using internal
auxiliary electrode and 1.1% (n= 9) for same comb using the
external auxiliary electrode, respectively.

3

IA)
i stru-
m eded)
a cou-
p ro-
echnique.

.3. Comparison of the use of external and internal
uxiliary electrode for interdigitated working electrodes
nder flow operation

In Fig. 5, a comparison of the amperometric respons
hree setups, all in theR/E/A configuration, is presented: (
ne band electrode; (B) an array of four band electrodes
n external auxiliary electrode (Fig. 1C); (C) an interdigita
rray of two combs with four electrodes, one acting as wor
.4. Biamperometric detection

Biamperometric detection in flow-injection analysis (F
s an attractive alternative because it requires simpler in

entation (no potentiostat and no reference electrode ne
nd it presents increased selectivity for reversible redox
les[36]. In recent years, some applications of IDA to mic
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analytical determinations have appeared in the literature[37],
but combination of IDA with FIA seems still unexplored. The
biamperometric signals for IDA gold electrodes with a constant
potential difference of 0.100 V between the combs are shown in
Fig. 5. For repetitive injections of 10-�l of a 1.17× 10−4 mol l−1

K4Fe(CN)6 (0.2 mol l−1 KCl), at 150�l min−1, and the sam-
pling frequency was about 48 h−1, an average peak current of
0.91± 0.02�A was obtained, corresponding to an RSD of just
2.2% (n= 19). Detection limit (3σ) for K4Fe(CN)6 was esti-
mated to be 3.1× 10−6 mol l−1.

4. Conclusion

The results shown in this work have demonstrated the great
potential of the proposed individually driven interdigitated gold
electrodes and IDA gold electrodes in microfluidic cells of very
simple construction. The easiness of construction of microflu-
idic devices by the adopted technology, associated to the reduced
cost, propitiates the fast development of prototypes. The mate-
rials of the microfluidic cells are chemically resistant to most
aqueous solutions used in electroanalysis and the cells are long
lasting, in excess of 30 days. The cell resists harsh manipu-
lation due to the epoxy-glue reinforced edges of the (smaller)
upper polycarbonate slice. Detachment of the toner from one
of the two polycarbonate slices has been observed by pres-
s
i ome
r ro-
c old
e ion o
t iliary
e ss o
t on-
fi
o sim
i
K

bet-
t eas
i inte
d lyt-
i ore
d mall
e ces
s ified
h
c -
p era-
t rms
o r to
a ge.
M flu-
i me-
t and
t ure
m

Acknowledgements

Authors are thankful to Fundação de Amparoà pesquisa
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