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Abstract

Microfluidic flow cells combined with an interdigitated array (IDA) electrode and/or individually driven interdigitated electrodes were fabricatec
and characterized for application as detectors for flow injection analysis. The gold electrodes were produced by a process involving heat trar
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 arr:
of electrodes with individual area of 0.01 &if®.10 cm of lengthx 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 1¢um channel depth. The electrochemical characterization of the cells was made by voltammetry under stationat
conditions and the influence of experimental parameters related to geometry of the channels and electrodes were studiedBg(GNgRK
model system. The obtained results for peaks curregjtsu@ in excellent agreement with the expected ones for a reversible redox system under
stationary thin-layer conditions. Two different configurations of the working electrédemjxiliary electroded, and reference electrode,on the
chip were examined;/R/A andR/E;/A, with the first presenting certain uncompensated resistance. This is because the potentiostat actively compe
sates thér drop occurring in the electrolyte thin layer betwetesndR, but not fromr to eactk;. This is confirmed by the smaller difference between
the cathodic and anodic peak potentials for the second configuration. Evaluation of the microfluidic flow cells combined with (individually driver
interdigitated array electrodes as biamperometric or amperometric detectors for FIA reveals stable and reproducible operation, with peak hei
presenting relative standard deviations of less than 2.2%. For electrochemically reversible species, FIA peaks with enhanced current signal \
obtained due teedox cycling under flow operation. The versatility of microfluidic flow cells, produced by simple and low-cost technique, associated
with the rich information content of electrochemical techniques with arrays of electrodes, opens many future research and application opportuni
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction low detection limits. The placement of electrochemical detectors
in microchannels’ demands microfabrication technologies and
The recent trend to miniaturize chemical assays is stimulatis being extensively investigated because of its expected great
ing the development of the field of microfluidic devices. Thepotential for chemical analysis especially when coupled with
small scale of the experiments result in amazing reduction iseparation methods and integrateqhifAS [4—7].
solution consumption, meaning that lower volumes of sample Strategies for increasing sensitivity and minimizing inter-
and reagents are required and less waste is generated. Improfecences comprise the use of multiple electrode configurations
fabrication techniques and the use of new materials are helpif@,9], such as individually driven interdigitated electrof&g].
the field to move toward its ultimate goal of producing functional Electrochemical sensors with dual electrodes show enhanced
and low-cost micro total analysis systems (.TAH) Electro-  sensitivity over single electrode onpk5]. Dual (or multiple)
chemical detectors are an attractive alternative in microfluidicglectrodes can be placed in the channels in a series configuration
[2,3] because most techniques are interfacial ones (compatib[®,11], thus forcing solutions to flow across one electrode before
with thin layer operation and small sample volumes) and provideéhe next electrode, a condition that presents similarity with
ring-disk experiments. By setting the potentials accordingly, the
upstream electrode can either electrochemically generate elec-
* Corresponding author. Tel.: +55 11 3091 2150; fax: +55 11 3091 2150.  troactive species or eliminate interferents that are electroactive
E-mail address: gutz@iqg.usp.br (.G.R. Gutz). at lower potentials than the analyte(s), so that the downstream
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electrode acts as a collector or is screened, leading to more selex- Experimental
tive detectiorf11-13].
Interdigitated array (IDA) electrodes have beenused as highlg. 1. Fabrication of microfluidic cells with integrated IDA
sensitive detectors because of their inherent features, such g&ld electrodes
large currents, high sensitivity, and rapid current rise to a steady
state. Niwa and co-workerfl4] have pioneered this tech- The fabrication process described in a previous p#pelr
nique for the electrochemical amplification of reversible redoxand summarized here was used to manufacture the microflu-
species. The redox species electrogenerated at one band elatie flow cell with integrated IDA gold electrodes. The first
trode (generator) of an IDA diffuses to adjacent band electrodestep is to draw the image of the desired electrode’s layout on
(collector), where it is regenerated to its original state. This soa 1:1 scale, using any drawing software. This image is laser
calledredox cycling process greatly enhances the current signaprinted on wax paper and the toner mask is heat transferred
because when the potentials of the band electrodes are adjustuto the gold surface of a slice of a proper CD-R (Mitsui Gold),
to promote the consecutive oxidation and reduction, the samafter removal of the protective polymer layer. The toner-free
molecule can react many times along its path through the cell.gold regions are etched by exposure to an iodide/iodine solu-
Theoretically, the current at the electrode in a thin layer flowtion. Afterwards, the toner mask is removed with acetonitrile.
cell is proportional to the cube root of the flow rdfé]. This A further step consisted in integrating these electrodes into a
is because the diffusion layer thickness increases when the flomicrofluidic flow cell. The CD slice with the printed electrodes
rate is decreased. By contrast, the redox species signal at the ID&heat bonded with another polycarbonate slice by a toner layer
electrodes doesnot decrease by reducing the flow rate in the loscting as spacer and gasket. A channel obtained with one layer
flow rate region because the effect of the diffusion layer formedf toner presents a depth of nearly.ih; by overlaying two
between two band electrodes in the IDA becomes dominant artdner masks (sequential thermal transfer), the channel steps
the diffusion layer thickness is not significantly influenced by theto 13um, and so forth. Microfluidic flow cells with channel-
flow rate. In other words, the flow rate of redox cycling for IDA depths of approximately 13 or 19n (relative to the unprinted
detection is constant in the amperometric region and dependseas) were constructed by piling up two or three toner layers,
only on the IDA dimensiongl4]. This fact reveals that effective respectively.
electrochemical detection with interdigitated array electrodes in Sketches of the construction of the microflow cells are shown
microfluidic flow cells can be advantageous for reversible redoxn Fig. 1. Various combinations are possible for the use of the
systems and deserves wider exploration in analytical applicagold band electrodes in these cells: single band or multiple band
tions. electrodes can be controlled against external reference and aux-
Although array electrodes have found many practical applicailiary electrodes for voltammetry or amperometric detection; a
tions[16—18], such as in flow analygi$9—-21], the manufacture downstream band can act as an internal auxiliary electrode of
of IDA is not straightforward and is difficult to implement in the an upstream working band; or generator—collector series can be
electroanalytical laboratory where microphotolithographic techsetup with the interdigitated combs. The last alternative may
nigues are usually not availab#0,22—24]. Recently, simpler constitute a low-cost replacement for ring-disk electrd@&$.
approaches to produce microchannels, based on thermal traf®ae tip of a miniaturized reference electrd@8] was pressure
fer of laser-printed toner masks and spacers, have been inventétied to orifices in the upper part of the cell. An external aux-
[25,26], with great potentiality in most applications where theiliary electrode, for comparison purposes with the internal one,
sub-micrometric resolution of the microphotolithography is notwas placed at the cell outlet (a stainless steel tube serving both
required. The attractiveness of this alternative is that the conmpurposes).
plex manufacturing technology of microfluidic devices in the The overall internal volume of cell shown Fig. 1B was
clean room is substituted by procedures and resources availatdstimated to be 182 or 266 nl, for double or triple toner layers,
in any analytical laboratory. respectively. The geometrical volume of the channel above each
In this paper, studies carried out with microfluidic cells pro- rectangular band electrode (with 0.10cm width) corresponds
duced by the thermal transfer of laser-printed toner masks oto approximately 13 or 19 nl for double or triple toner layers,
gold CD-Rs are presented. The electrochemical performance oéspectively. The IDA gold electrode consisted of pairs of 0.100-
these cells was evaluated under thin-layer conditions for indiem electrodes separated by gaps of 0.030 cm, the spacing gap
vidual band electrodes or groups of interdigitated electrodes, atsed for individually driven interdigitated gold electrodes was
two heights of the microchannel (~13n, obtained by stacking 0.050cm. The hydrodynamic flow regime along the working
two layers of toner anet19um, given by three layers) and two electrode(s) is assumed to be laminar, on account of the reduced
different positions of the reference electrode in relation to thechannel size (1.4 cm of length0.1 cm of widthx 13 or 19um
working electrodes, under both stationary and flow operationof height) and the relatively low fluid velocity (some cmi3,
The microfluidic cell with IDA gold electrodes was examined rendering a low Reynolds number.
as a biamperometric or amperometric detector for FIA. Addi-
tionally, amperometric measurements with the IDA having one.2. Materials and reagents
comb as working electrode and the other one as auxiliary elec-
trode were compared with one comb as working electrode and All solid reagents were of analytical grade and were used
an external auxiliary electrode. without further purification. Solutions were prepared by dis-
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(C) a b c d

Fig. 1. Sketches of the construction of individually driven interdigitated gold electrodes and IDA gold electrodes assembled into microfluidic cells. (A) Top schema
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) outl
and auxiliary electrode; (£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{#) 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;
complete microfluidic cell with two attached miniaturized Ag/AgCl reference electrodes (only one required for normal operation). (C) Schematic illustration of th
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/AgCI reference electrode.

solving the reagents in deionized water (18 /if2) processed was performed under stationary conditions using a miniatur-
through a water purification system (Nanopure UV, Barnsteadzed Ag/AgCl reference electrod@8] and a stainless steel
Dubuque, IA). Analyte solutions were prepared daily by dis-tube as auxiliary electrode. For amperometric measurements,
solving potassium ferrocyanide fke(CN)) and potassium the solutions were introduced into the microfluidic flow cell
chloride (KCI) in deionized water. by a peristaltic pump (MS Reglo, Ismatec, Zurich, Switzer-
All electrochemical experiments were performed at roomland) fitted with narrow bore tubing (i.d.=0.25mm) and a
temperature with a homemade potentiostat based on operpreumatic damper. Pulsation interference increases at lower
tional amplifiers connected to an interface card (PCL711BYpm, hindering work at flow rates below 1p0min—1. For
with 12 bits A/D and D/A converters and digital control lines, FIA experiments, a manual, narrow bore rotary valve injec-
placed in a slot of a personal computer. The software, writtor was inserted between the pump and the cell; sample vol-
ten in Delphi language, controls the applied potentials andimes of 3 or 1wl were used, as given in the figure captions.
scan rates and executes data acquisition of current measurBae flow rate and injection volume settings had not been opti-
ments, previously converted in proportional voltages by armized and lower settings of both should be considered in future
operational amplifier with gain control. Cyclic voltammetry 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
channeld7], 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-uncompens&ted
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-
ning at 10mVs?! between 0.1 and 0.4V in the presence of
1.17x 10-3mol =1 K4Fe(CN} in 0.2 mol 1 KClI for a thin-
layer with 13um of thickness at stationary condition, for each of
four individually driven interdigitated gold electrodes;&Ey).

For this data, the reference electrofteis located between the
working electrodekE;, and auxiliary electroded4, as depicted

in Fig. 1A. This configuration will be referred @/R/A now

on. Fig. 2B shows cyclic voltammograms for the same set of
electrodes under identical conditions, but with the reference
electrode close to the inlet of the microfluidic cell, iIR&;/A
configuration (Fig. 1A)Fig. 3was obtained for a channel depth
of 19um, in theE;/R/A configuration (Fig. 3A) and th&/E;/A
configuration (Fig. 3B).

The results for this series of experiments were gathered in
Table 1. By switching from th&/E;/A to theE;/R/A configura-
tion, the difference between the cathodic and anodic peak poten-
tials increases from 0.015 to 0.046V fBi. This is expected
because in the second configuration the misplacing of the ref-
erence electrode hinders the potentiostat from compensating
the iR drop in the electrolyte thin layer between the tip Rof
and the working electrode(s). In fact, by switching sequentially
from electrode€, to E; in the second configuration, theE,
increases, while itis rather unaffected in #1€;/A setup. When
variousk; are connected simultaneously, in téR/A setup the
iR drop becomes more significant frof to E1, while in the
RIE;/A configuration E; will be correctly potentiostated, while
some overcompensation will be noticed #oE4, growing in
this order.

By increasing the channel depth to three layers of toner
(~19p.m) and keeping the electrolyte/analyte ratio at the same
ratio of 170 used before, lowexEy, values were observed due

Table 1

Cyclic voltammetry data for experiments with individually interdigitated gold electrodes in microfluidic cells for two and three toner layer at different positions of the reference electrode

Three toner layers cell (~19m)

Two toner layers cell (~18m)

Electrodes configuratiofi;—Es/RIA Electrodes configuratioR/E1—Es/A Electrodes configuratiofi;—Ea/RIA

Electrodes configuratioR/E1—E4/A

AE,

Ipc

Ipa

AE,

Ipc

Ipa

AE,

Inc

Ipa

AE,

Inc

Ipa

0.278
0.277

0.025

—0.160
—0.150
—0.158
—0.152

0.197
0.196
0.199
0.193

0.276
0.277

0.005
0.008
0.008
0.008

—0.162
—0.160
—0.160
—0.159

0.201
0.188
0.189
0.191

0.279
0.278

0.046
0.033

—0.100
—0.093
—0.090
—0.086

0.124
0.113
0.123
0.112

0.270
0.272

0.015

—0.096
—0.100

—0.093
—0.090

0.132

0.126

Ep

0.025

0.014

E>

0.279
0.278

0.025

0.277
0.277

0.283
0.283

0.026

0.271

0.009
0.010

0.126
0.120

E3

0.020

0.025

0.271

E4

Concentration: 1.1% 10~ mol 11 of K4Fe(CN} solution in 0.2 molt1 KCI. Scan rate: 10.0 mV'€. E;_4 working electrodes (seféig. 1A); R: reference electrode; auxiliary electrodelps: anodic current peak

(nA); Inc: cathodic current peak (WA Ep: separation of cathodic and anodic peaks (Eﬁj; formal redox potential (V).
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Fig. 2. Cyclic voltammograms of a 1.2710~3 mol =1 K4Fe(CN}) solution 041 i . 03 0.4
in KC1 0.2 mol I"2 for four individually driven interdigitated gold electrodes in (B) Potential (V) vs. Ag/AgClI

microfluidic cell with 13um deep channel. Potential scan rate: 10.0 M/ s

(A) E//RIA configuration and (B) same set electrodes of “A” usRiG/A. Fig. 3. Cyclic voltammograms obtained in microfluidic cell withid® deep

channel. Same conditions Big. 2.

to the thicker layer of conducting electrolytic, e.g., of 0.005
and 0.025V forE, respectively, inR/E;/A and E;/RIA con-

figurations. The formal redox potentials, calculated from they 194, A for microfluidic cell with a channel-depth of about
average of the cathodic ¢¢) and anodic (fz) peak potentials, 13 50 19,m, respectively. The small difference between the
E% = (Epc+ Epa)/2, are very close to the literature vali82], i expected and found value might be caused by the uncertainty in

allcases. the channel depths and some contribution of radial diffusion at
A theoretical treatment of current-voltage curves for athe electrode edges.

reversible redox system under stationary thin-layer conditions |n a different approach, data frofigs. 2B and 3Bvas used to
was presented by Hubbaf84]. The peak is symmetrical and optain the charge involved in the anodic and cathodic peaks (inte-
the peak current is linearly related to the scan rate according t§ration with background correction); by calculating the volume
the equatiorf33]: 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 19nl.
The effect of the IKFe(CN) concentration on the cyclic
voltammograms was evaluated, looking for analytical appli-
d the thickness of the solution layer (cnQ; the concentra- cations of the microfluidic cell in th&/E;/A configuration. A
tion (molcnt3) of the analyte in the bulk solution andis  linear calibration curve was defined for the explored region
the scan rate (V). For an ideal Nernstian behavior, there is of 1.17x 10-°mol1=1-1.17x 10~3 mol %, with a correlation
no difference between the cathodic and anodic peak potentialspefficient of 0.999. The detection limit forgke(CN) calcu-
[Epa— Epc] =0, and the peak current is directly proportional to lated as three times the standard deviation of the blank (3o
v. From Eq.(1), the current values were calculated as 0.143wvas 2.8x 10-®moll~1. As expected, in the examined region
and 0.208.A, for two and three toner layers, respectively. In of 5-20mV s, a linear dependence of scan rate of the cyclic
contrast, the average of experimental values were 0.122 anltammograms and peak height was observed.

1)

where,n is the number of electrons transferrddthe Fara-
day constant (96 485 C nmot), R the universal gas constant,
T the absolute temperaturé,the area of the electrode (éjn

ip =n?F2(4RT)AdC}v
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Fig. 4. Amperometric response for four individually driven interdigitated gold ¢ 10 20 30 40
electrodes in microfluidic flow cell with 1@m deep channel. Injections of3 Time (min)
0f 1.17x 10-3 mol I=1 K4Fe(CN); solution in KC1 0.2 mol 1, at 100wl min—1
and 0.400V vs. Ag/AgCl applied potential. Average currents at the electrode&ig. 5. Amperometric response for 10-pl injections of 1:4Z0~*mol |1
(in wA): (E1) 1.2340.01 (RSD =0.8%); (B) 1.26+0.01 (RSD =0.8%); (B) K4Fe(CN)} in 0.2molt? KCI, at 150uImin~! and 0.400V vs. Ag/AgCl
1.35+0.02 (RSD =1.5%); () 1.24+0.01 (RSD =0.8%). applied potential. (A) One electrode band. Average current: Gt0®.002u.A
(RSD =2.2%); (B) a comb with four bands’ electrode and external auxiliary
electrode. Average current: 0.388.004pA (RSD =1.1%). (C) Same comb

3.2. Flow injection studies of the individually driven e ) ; o
. divitated cold el d of “A” using other equivalent comb as internal auxiliary electrode. Average cur-
interdigitated gold eiectrodes rent: 0.444¢ 0.005.A (RSD = 1.1%).

Flow injection analysis (FIA) is widely adopted in analytical - L
chemistry due characteristics such as low sample consumptiofil€ctrode and one as auxiliary electrodle. For 10-pl injections of
repeatability of results, high throughput and versatifeg].  K4Fe(CN) at a flow rate of 15Qmin™" and 0.400V versus
The individually driven multiple gold electrodes were testedA9/AgCl, by switching from condition A to B, a current growth
as amperometric sensors under flow conditions. The potenti@f @PProximately four times was observed. The extraincrease of
of the working electrode was held constant at 0.400V ver-15% from B to C can be explained on basis of the contribution
sus Ag/AgCl and the amperometric response for each workof redox cycling prpcess.Afraction ofthe ferrgcyanide oxidized
ing electrode was measureflig. 4 shows the amperometric at one electrqde is reduced at th_e next (auxnlary)_ one and made
response for 3-pl injections of 1.1710~-3 mol 1= K4Fe(CNJ available again for the forthcoming electrode while the analyte
in 0.2mol X KCI at 100pImin—? for the microfluidic cell flows through the cell, thus reducing the depletion. An increase

with three toner layers. The FIA-amperometric responses fof? the relative contribution ofedox cycling to the measured
the microfluidic cells with thin-layer channels that are 13 orcurrent was observed with the decrease of the flow rate, e.g., at

19pm deep revealed similar results irrespective of the posidOM ml'n—l,the difference in peak height from B to C amounted
tion of the electrodes. This is because the chosen potential G0%:- Itis wellknown that another way to increase redox cycling
0.400 V is sufficiently positive to record currents determined by'S 10 use a larger number of smaller and much more closely
mass transport n all cases, including the configurations that préiPaced IDA414]. With the electrode preparation process used
sented soméR potential drop. Repeatability of peak heights for here, the minimum size of bands and gaps can .be reduced to 100
any electrode iffFig. 4, expressed as the relative standard devia@nd 50um, respectively26], one order of magmtude less than _
tion, RSD, falls between 0.8 and 1.5%, a quite acceptable valfl® 1.0 mm bands and gaps chosen for the microcells shown in
for 3.5 nmol of injected analyte. Comparison of the average peak!d: 1and more suitable for effective exploration of thelox
height of the four electrodes renders a RSD 4.3%, demonstrafyc/ing process. _
ing that there is little variation in the geometrical area of the 1€ observed RSD for the current peaks measurements in
electrodes of the microfluidic cell produced by the proposed9- 5 Were just 2.2% (= 11) for one electrode band, 1.1%
technique. (n=12) for a comb with four bands’ electrode using internal
auxiliary electrode and 1.1% &9) for same comb using the

3.3. Comparison of the use of external and internal external auxiliary electrode, respectively.

auxiliary electrode for interdigitated working electrodes
under flow operation 3.4. Biamperometric detection

In Fig. 5, a comparison of the amperometric response for Biamperometric detection in flow-injection analysis (FIA)
three setups, all in th&/E/A configuration, is presented: (A) is an attractive alternative because it requires simpler instru-
one band electrode; (B) an array of four band electrodes witimentation (no potentiostat and no reference electrode needed)
an external auxiliary electrode (Fig. 1C); (C) an interdigitatedand it presents increased selectivity for reversible redox cou-
array of two combs with four electrodes, one acting as workingples[36]. In recent years, some applications of IDA to micro-
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analytical determinations have appeared in the literg®ré¢  Acknowledgements

but combination of IDA with FIA seems still unexplored. The
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