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The fabrication process of novel multichannel microfluidic devices with integrated electrodes for
amperometric detection is described. Soft-lithography, lift-off and O, plasma surface activation sealing
techniques were employed for rapid prototyping of cost effective PDMS/glass microchips. The
capabilities of the proposed microdevices were demonstrated by the electrooxidation of hydroquinone
and N-acetyl-p-aminophenol (APAP) on a Au working electrode at +800 mV and +700 mV,
respectively, against a Au pseudo reference electrode, and of thiocyanate on a Cu working electrode
at +700 mV against a Ag/AgCl (KCl saturated) reference electrode. Linear response over the range up
to 1.0 mmol L' for APAP and up to 4.0 mmol L' for hydroquinone and thiocyanate were verified
through calibration curves with correlation coefficients greater than 0.97 (minimum of five data points).
The sensitivities for hydroquinone, thiocyanate, and APAP were 28, 19, and 78 pA mol™' L
respectively. Under the experimental conditions used, the estimated limits of detection were 0.21, 0.95,
and 0.12 mmol L' for hydroquinone, thiocyanate and APAP, respectively. The geometries of the
devices were designed to allow fast calibration procedures and reliable results for in-field applications.
Exerting a strong influence over the device performance, the sealing process was greatly enhanced by
depositing auxiliary TiSiO, thin-films. The general performance of the system was verified by
amperometric assays of N-acetyl-p-aminophenol standard solutions, and the influences exerted by the
present fabrication methods regarding reproducibility and reliability are addressed. The proposed
device was successfully applied in the determination of the concentration of APAP in two commercial
formulations.

Parallel analysis is very attractive and feasible using multi-
channel designs in microfluidic platforms.® Advantages of
this approach were effectively demonstrated by Emrich and
co-workers,’® where the emitted fluorescences of 384 distinct
channels were simultaneously monitored and genetic analysis
performed. Many other successful applications of parallel
sample processing and analysis have been reported and the
advantages of these systems, such as high-throughput, are
evident. Other examples include sample mixing and dilution,
separation and detection,'*!* multi-injection,” enzymatic
assays,'® combinatorial chemistry,'® single cell lysis’” and even
polymer electrosynthesis.'®

Electrochemical detectors meet the requirements of u-TAS for
in-field uses, since they are intrinsically portable, can be easily
integrated with other components and are cost effective.’®
Amperometric detection is suitable for microfluidic analytical
devices because of the low limits of detection (LOD) that can be

Introduction

Miniaturization of analytical systems can reduce costs, increase
portability, and provide faster analysis with lower consumption
of reagents and samples.’”

There are several issues associated with the calibration of
conventional single channel micro total analysis systems
(1-TAS). These include the long times required to clean-up the
microchannel between consecutive sample injections and also the
difficulty of making robust systems, capable of keeping their
chemical environment unchanged during multi-injection analyt-
ical procedures.®® Since the actual volumes involved are so small,
even trace amounts of contaminants or small changes in pH can
induce significant modifications in the chemical environment,
resulting in significant deviations of the analytical results.

“Laboratory of Microfabrication, Brazilian Synchrotron Light Laboratory,
Campinas, Brazil. E-mail: gobbi@lnls.br; Fax: +55 19 3512 1004,
Tel: +55 19 3512 1164

*Institute of Chemistry, University of Campinas, UNICAMP, 13083-970
Campinas, SP, Brazil. E-mail: fracassi@iqgm.unicamp.br; Fax: +55 19
3521 3023, Tel: +55 19 3521 3124

T Electronic supplementary information (ESI) available:
curves obtained with APAP standard solutions. See
10.1039/b807409¢

Analytical
DOI:

achieved with reasonable selectivity and because of its compati-
bility with microfabrication techniques. Amperometric detection
has been widely used in electrophoresis microdevices, despite
interferences from the separation electric field.?** This detection
mode has also been successfully used in many other microfluidic
devices, such as liquid chromatography,?® microdialysis,?*°
immunoassay,” and determination of compounds such as
peroxide,” morphine,?® pesticides,” and nucleic acids.’® As
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a non-absolute method, amperometric detection often requires
a calibration step for the quantification of analytes. However,
calibration may contribute significantly to an increase in analysis
time. Thus, fast and easily calibrated microfluidic analytical
systems are critically needed. Generally, a single electrochemical
cell is used in analytical microdevices with amperometric detec-
tion. Consequently, during the calibration and determination
steps the electrochemical cell has to be washed and filled with the
standard or sample solutions many times. Finally, when using
multiple isolated electrodes, multi-potentiostatic control must be
employed and, in this case, the current acquisition circuitry can
offer additional complexity.

Among the several materials used in microfabrication,
poly(dimethylsiloxane) (PDMS) has been widely used in micro-
fluidics. PDMS can be bonded to itself or to glass via O, plasma
surface activation, yielding low-cost irreversibly sealed micro-
fluidic devices.*’** PDMS has become the first choice for rapid
prototyping of disposable microchips, due to its high process-
ability, disposability, low cost and ability to promote irreversible
bonds with glass.

In this work, the fabrication and characterization of a PDMS/
glass multichannel microfluidic chip, with fully-integrated elec-
trodes for amperometric detection is described. Our design is
based on a single working electrode, which is shared by an array
of five microchannels, allowing fast and reliable analytical
procedures. This multichannel/single working electrode
measurement concept was validated and it was demonstrated
that it can be easily applied to obtain fast and reliable in-field
quantitative analytical assays.

Experimental
Reagents and solutions

All solutions were prepared using deionized water from a Milli-Q
purification system (Millipore, Bedford, MA, USA) with resis-
tivity greater than 18 MQ cm. All chemicals were of analytical
grade and used as received. Acetone, hydroquinone (HQ),
KSCN, NaNO;, NaOH, HF, HCI, and H,SO,4 were purchased
from Labsynth (Diadema, SP, Brazil). N-acetyl-p-aminophenol
(APAP, acetaminophen) was from Fluka (purchased from
Sigma-Aldrich, St. Louis, MO, USA). 0.1 mol L' stock solu-
tions of APAP, HQ, and thiocyanate were prepared in deionized
water and standard solutions of these analytes were prepared by
appropriate dilution of stock solutions with the supporting
electrolyte to the desired concentrations.

Table 1

Device fabrication

Conventional UV photolithographic methods were employed to
pattern the replication masters and electrodes used in this work.
The materials and experimental details are specified in Table 1.
All mask layouts were drawn using AUTOCAD 2004 software
and photo-plotted with 8000 dpi resolution. The UV exposures
were carried out in a MJB-3 UV300 contact mask aligner (Karl-
Suss, Garching, Germany), with a 350 W mercury source emit-
ting from 280 nm to 350 nm.

PDMS microchannels were cast by soft-lithography.’*3* The
replication masters were patterned with a thick SU-8 photoresist
layer over square optical glass plates (60 mm side Kodak 1A
High Resolution Glass) and mounted in an appropriate holder.
The material used as precursor of PDMS layers was the Sylgard
184 Silicone Elastomer Kit (Dow Corning, Midland, MI, USA).
Sylgard curing agent and prepolymer base were mixed ina 1 : 10
weight ratio. The mixture was poured onto a replication master
and degassed in a desiccator at 40-50 mtorr (5.3-6.7 Pa) for one
hour to eliminate air bubbles. The polymer curing process was
carried out for one hour on a hot plate at 100 °C, and was fol-
lowed by peeling off the PDMS layers. The external access to the
microfluidic arrays were obtained by drilling holes in the PDMS
layers.3¢

The electrodes were patterned using the lift-off technique. The
photoresist layers were patterned onto square optical glass plates
(60 mm side Kodak 1A High Resolution Glass) by the litho-
graphic protocol described in Table 1. Titanium-gold (TiAu) and
titanium-gold-titanium (TiAuTi) thin-films, deposited with
a Leybold Univex 300 e-beam evaporator (Cologne, Germany)
using the lift-off technique, were tested as electrode materials.
After thin-film depositions, the devices were immersed in acetone
to remove the photoresist layer and excess metal, leaving the
patterned electrodes on the glass surface. Substrates with TiAuTi
films were fully covered with thin silica films (SiO,), which were
deposited in a PECVD/RIE system (Vacutec, Cheshire, UK).
Microchips with copper electrodes were also prepared using the
same technique.

The sealing process was carried out by oxidizing PDMS
surfaces and cleaning glass substrates through RF (radio
frequency) O, plasma oxidation using a PLAB SE80 plasma
cleaner (Plasma Technology, Wrington, England). Before the
plasma treatment, PDMS layers were immersed in a 10% (v/v)
HCl solution for 8 min, and electrodes were dipped in a 10% (v/v)
H,SO, (v/v) solution for 10 s. The plasma working parameters
were obtained from Jo and co-workers,?* and were 120 mtorr

Materials and conditions of UV photolithographic processes used to built microelectrodes and replication masters

Lithographic process Electrode building

Master building

Photoresist Shipley Microposit S1811 (Marlborough, MA, USA) MicroChem SU-8 25 (Newton, MA, USA)
Spin coating 6000 rpm (30 s) 1000 rpm (30 s)
Thickness ~1 um ~50 um
Pre-exposure bake 95°C, 5 min 65 °C, 5 min
95°C, 15 min
65 °C, 5 min
Exposure time 6s 70 s
Post-exposure bake — 95 °C, 15 min
65 °C, 3 min

Developer

Clariant AZ351 Developer (Summerville, NJ, USA)

MicroChem SU-8 Developer (Newton, MA, USA)
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(16 Pa) O,, 70 W RF power, and 20 s exposition. After plasma
oxidation, the PDMS layers and the substrates containing the
electrodes were manually aligned, faced against each other and
allowed to stand for two hours.

In the case of devices where electrodes were covered by silica,
an additional etching step was necessary. With the sealed device,
silica was removed by injecting a 10% (v/v) HF solution through
the channels for a pre-established period of time, that ranged
from 30 to 120 s. Due to the hazardous nature of HF, its
manipulation was carried out by suction with a PIAB a7 mini
vacuum pump (PIAB, Hingham, MA, USA).

Microchip designs and operation

In order to evaluate the capability of detection with a single
working electrode in multiple channels, two microchip designs
were used, as depicted in Fig. 1. In the first approach (design 1),
a common outlet reservoir was used for positioning auxiliary and
reference electrodes, while the working electrode was allowed to
cross five channels at a position near the outlet reservoir. In the
second approach (design 2) all channels were completely isolated
and the three electrodes crossed the channels.

The operation of the microdevice is quite simple and is
exemplified in Fig. 2. Before analysis, all channels and the
reservoir are filled with supporting electrolyte and the potentio-
stat is turned on (Fig. 2a). Under this condition, no electron
transfer will take place at the electrode. In the next step, the
supporting electrolyte in channel 1 is replaced by the standard
solution (Fig. 2b) using a mini vacuum pump while the current is
monitored. Keeping the first standard solution in channel 1, the
supporting electrolyte is now replaced by the second standard
solution in channel 2, and so on up to the last channel. If one or
more solutions inserted in the microchannels were standard
solutions, a calibration can be performed. During the process,
one or more channels can also be filled with sample solutions, in
order to perform quantitative determinations.

Reutilization of the devices took place only after careful
cleaning of the channels and reservoir with supporting electrolyte.

Amperometric detection

Electrochemical experiments were conducted on a Model 400
potentiostat (EG & G Princeton Applied Research, Oak Ridge,

(b)
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Fig. 1 Microchip designs. (a) Design 1: Single outlet reservoir where
auxiliary and reference electrodes are placed; (b) Design 2: Five inde-
pendent channels—all three electrodes are positioned on-channel. Elec-
trode and channel widths are 50 pm and 100 um, respectively, and the
channel height is 50 pm. WE, RE, and CE stands for working, reference,
and auxiliary electrodes, respectively.

(a) b
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Fig. 2 Scheme for analysis using a single working electrode and the
multiple channels design. For simplicity, part of design 2 were chosen, but
similar procedures were adopted for design 1. (a) All channels are filled
with supporting electrolyte and the potentiostat is turned on; (b) The
electrolyte solution in the first channel is replaced by a solution con-
taining an electroative analyte. A rise in current is observed; (c) The
electrolyte solution in the second channel is replaced and a new increase
in current is observed.

TN, USA) using a three electrode cell configuration. In the case
of gold working electrodes, reference and auxiliary electrodes
were also gold electrodes, built in during the fabrication process.
In the case of a copper working electrode, external Ag/AgCl
(KCl saturated) reference and platinum auxiliary electrodes were
necessary and this was only possible using microchip design 1.
The potentiostat was interfaced with a conventional desktop
personal computer through a PCL711B interface card (Advan-
tech, Taipei, Taiwan). Data acquisition was performed with an
in-house software program. The current was monitored at
a constant potential of +700 mV and +800 mV against a pseudo-
reference gold electrode for the detection of APAP and HQ,
respectively, at the Au working electrode. For the detection of
SCN- at the Cu working electrode, +700 mV against Ag/AgCl
(saturated KCIl) reference electrode was used.

Results and discussion

Under conditions of controlled potential, and considering an
electrochemical cell composed of a planar working electrode of
area A, filled with supporting electrolyte containing an electro-
active analyte at concentration C*, the electrode current i can be
written as:*’

;_ nFAD
T4

(c* - ) (1)

where 7 is the number of electrons involved in the reaction, F'is
the Faraday constant (96485 C mol™'), D is the diffusion coef-
ficient of the analyte, ¢ is the length of the Nernst layer (or
diffusion layer), and C° is the analyte concentration at the surface
of the electrode. With sufficient potential applied to the elec-
trode, and after a relatively short period of time, eqn (1) can be
approximated by:

i=kC* )

with k = (nFADI9o).

If we now consider the active area of the electrode distributed
on different electrochemical cells, electrically connected through
a conductive media, the current developed on each of these active
areas will be proportional to the effective concentration of the
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analyte present in the cell. As the potentiostat will measure the
total current developed and, assuming that the active area is
equal in all electrochemical cells, the total current can be

described by:
ir=>i=kY Cr (3)

To evaluate the proportionality of the current, the first
approach was to construct a microchip with design 1 (Fig. 1a).

Since electron transfer occurs only at the surface of the elec-
trode, it is possible to define separated active areas over the same
working electrode in order to use them as distinct electrodes.
Based on this concept, we have projected an integrated amper-
ometric detection system with a single WE shared by five
microchannels, in order to build microchips suitable for fast
calibration procedures.

05 pA

(a)
00 05 10 15 20 25
time I min

(b)

0 10 20 30 40
[HQ] i mmol L1

Fig.3 (a) Representative current response for the oxidation of 1.0 mmol
L-! hydroquinone (HQ) in 0.1 mol L~! NaNO; using a microchip with
design 1. To obtain this current profile, channels were first filled with
0.1 mol L™" NaNOs electrolyte. The supporting electrolyte was then
sequentially replaced by solutions containing HQ. (b) Current differences
between injections (quadruplicate), measured at the diffusion condition,
present a linear relationship in the range of 1.0 to 4.0 mmol L' of HQ.
Other conditions: three Au electrode cell; Potential: +800 mV against
Au pseudo-reference.

Table 2 Analytical parameters for different devices

Precise control over fabrication processes must also be taken
into account in order to obtain good analytical results. In
electrochemical microdevices, the fabrication process plays
a central role in setting the active limits of the electrodes,
exerting an influence on the behavior of the systems. Among all
the fabrication steps, sealing is one of the most critical due to
two major factors: (i) portability requirements: permanently
sealed microdevices are highly preferable since they do not
require any active alignment and can be easily transported
without risk of damage; (ii) the sealing step determines the
active area of the electrodes. As a result, the analytical reliability
of a device is under the direct influence of its sealing step reli-
ability, since this is the most fragile and least controllable step
of the whole fabrication process.

As can be seen in Fig. 3a, when the supporting electrolyte is
replaced by the solution containing the electroactive species,
a current increase is observed. Note that this current depends on
the transport of material to the electrode surface. Consequently,
higher currents are observed under flow conditions. When
pressure is removed, the current decays to a stable level deter-
mined by diffusion of the electroactive species to the surface of
the electrode. Under this diffusional condition, a linear analytical
curve is obtained, as shown in Fig. 3b. Using this approach, it is
possible to sequentially use several channels, for example, one or
more for calibration and the others for the injection of solutions
of unknown concentration, in a procedure that resembles
external calibration. Alternatively, standard solutions could be
added to the sample in order to perform standard addition
calibration.

The same design was tested for the detection of thiocyanate at
a copper electrode using 0.1 mol L~! NaOH as supporting elec-
trolyte. In contrast to devices built with gold electrodes, copper
can not be used as the pseudo-reference and auxiliary electrodes.
In order to overcome this drawback, platinum and Ag/AgCl
(saturated KCl) auxiliary and reference electrodes, respectively,
were placed at the common outlet reservoir. The results obtained
for the sequential injection of 1.0 mmol L~ potassium thiocya-
nate solution are listed in Table 2. Copper promoted a very good
irreversible seal to the PDMS layer and no leakages were
observed for these devices. In order to obtain good device
performance, leaking in the region between the PDMS and the
gold electrodes must be minimized. Sealing deficiencies in these
regions result in an increase in the active area of the electrode,
leading to instabilities in the current profiles. This problem can
be partially solved by applying negative pressure at the outlet
reservoir, but in the case of microchips with design 1 this might
be difficult because a common reservoir is used.

Device/electrode Analyte? Range/mmol L'
Design 1/Au Hydroquinone (HQ) 1.0-4.0
Design 1/Cu Thiocyanate 1.0-4.0
Design 2/Au-SiO, Acetaminophen (APAP) 0.5-2.5

Fit parameters’ R N¢
Ai = (0.000 £ 0.002) + (0.028 £ 0.001) [HQ] >0.99 5
Ai = (0.006 & 0.006) + (0.019 + 0.003) [SCN"] >0.97 5
Ai = (=0.002 £ 0.003) + (0.078 + 0.001) [APAP] > 0.999 6

“ Detection potentials: HQ: +800 mV against a Au pseudo-reference electrode; Thiocyanate: +700 mV against a Ag/AgCl (saturated KCl);
Acetaminophen: +700 mV against a Au pseudo-reference electrode. ® Current in pA, concentration in mmol L~'; Values are for triplicate
determinations for hydroquinone, single determination for thiocyanate, and quadruplicate determinations for acetaminophen. ¢ N is the number of

data points for each analytical curve.
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Fig.4 Quadruplicate full analytical procedure carried out by sequential
injections of 1 mmol L~' APAP standard solutions in a microchip with
design 2 containing TiAu electrode: (a) first, (b) second, (c) third and (d)
fourth replicates.

Although good results were obtained with microchips using
design 1, back-flow interference led us to further improve the
performance of the device. Back-flow can cause the transport of
material by convection, inducing baseline instabilities. In
contrast, using the design 2 (Fig. 1b), all three gold electrodes
were placed inside the channel array, with the working elec-
trode positioned at the center. Microchips with design 2 were
used for the oxidation of APAP, as can be seen in Fig. 4. This
second design allowed negative pressure to be applied at the
outlet, preventing leakages and channel deformations. So,
APAP solutions were inserted into the channels by applying
negative pressure at outlet reservoirs and releasing the pressure
after the solution in a given channel was replaced. After
a transient response period, the current reaches a stable value,
which corresponds to the diffusion of the analyte to the surface
of the electrode, as illustrated for the oxidation of APAP in
Fig. 4.

Role of the sealing process

Although devices with design 2 effectively eliminated the limi-
tations due to back-flow, the desired analytical performance
could not be achieved due to sealing defects at the TiAu elec-
trodes after a few analytical procedures. Fig. 4 shows four
consecutive full analytical procedures, carried out with TiAu
electrode devices and performed in quadruplicate.

The first two experiments revealed acceptable amperometric
profiles (Fig. 4a and b). However, the analytical signal decreases
in the third replicate (Fig. 4c) and then vanishes in the fourth
replica (Fig. 4d). In addition, it is possible to note some expo-
nential-like current decays at the end of some transient pulses,
instead of a sharp decay. Such increases in the stabilization times
can be associated with solution leakage between the PDMS layer
and Au electrode surfaces. Unlike glass, Au is inert to the O,
plasma and does not have enough bonding sites to react with
oxidized PDMS. When positive pressure is applied at the inlet
reservoirs, leakage can be clearly observed in the region of the
electrodes. Therefore, the incomplete sealing obtained over the

Au surfaces degrades under stress. With the seal broken and
leakages taking place onto the Au surface, the oxidation currents
are no longer reproducible, since control over the dimensions of
the active area of the working electrode is lost.

To overcome this drawback, SiO, thin-films were deposited
over glass plates previously patterned with TiAuTi electrodes to
give a TiSiO, bi-layer. Just like glass, SiO, surfaces present
reactive silanol groups that can react with oxidized PDMS
surfaces providing good seals between the electrodes and PDMS
layer. However, in order to expose the active areas after the
sealing step, it is necessary to remove the TiSiO, bi-layer from the
electrode surfaces in the channel region. This was done using HF
buffer, which etches the SiO, and the Ti layers. This procedure
must be carefully controlled since HF attacks the glass electrode
support and even the sealing layer under the PDMS if the etching
time is relatively long (see Fig. 5).

The addition of TiSiO, to the TiAu electrodes has improved
the sealing and enhanced the reproducibility of analytical
procedures carried out in the microdevices. These effects are
verified in the quadruplicate analytical assay shown in Fig. 6,
where the experiments were performed with 1.0 mmol L' APAP
standard solutions.

channel —

Fig. 5 SiO, auxiliary sealing layer being removed by 10% (v/v) HF
etching solution for: (a) 45's, (b) 90s, (c) 1155, and (d) 145 s. Black arrows
illustrate some etched areas under the PDMS layer.

0.2 pA

_— e~
]éi

00 05 10 15 20
time / min

Fig. 6 Quadruplicate full analytical procedure carried out by sequential
injections of 1.0 mmol L~' APAP standard solutions in microchip with
design 2 and TiAu electrode covered by an auxiliary TiSiO, sealing layer:
(a) first, (b) second, (c) third and (d) fourth replicate. The use of the
sealing layer promotes maintenance of amperometric profiles throughout
the whole assay.
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In contrast to the results obtained from devices without the
TiSiO, layer, the additional layer showed good amperometric
profiles in all runs without significant decrease in sensitivity. We
tested devices with TiSiO, layer for over three months and no
noticeable degradation in device performance was observed.

Analytical behavior

The reliability of the analytical responses achieved with the
microchip can be verified by plotting the absolute (cumulative)
oxidation current between injections (Fig. 7). Each plot concerns
quadruplicate analyses carried out on the same device. In order
to investigate the role of the TiSiO, etching time, devices were
submitted to HF treatment for (a) 90 s and (b) 45 s. Although we
obtained comparable results for both devices, it can be noticed
that in Fig. 7a the error bars increase systematically with the
number of filled channels. This cumulative error during the
analytical procedure is attributed to over-etched regions gener-
ated at the microchannel edges close to the working electrode
when the longer HF treatment was used (Fig. 5). Decreasing the
HF etching time reduced the over-etched regions, resulting in
significant reliability of the device response (see Fig. 7b).

Using the same data set used to generate Fig. 7, but taking
only the differences between consecutive non-injecting current
levels (Ai)—instead of the absolute current values—it is possible
to compare the relative responses given by distinct working
electrode active areas, both in the same and in different devices
(Fig. 8). Again, the effect of the SiO, etching times on
measurement variability becomes evident due to the differences
in error bars, which are smaller for the device submitted to 45 s of
HF treatment. However, it is also interesting to note that both
plots show the same oscillating pattern around the mean value.
We attribute this behavior to slight differences at the edges of the
active areas of each working electrode, as a result of the resolu-
tion limitations of the fabrication mask.

Such differences must be taken into account in quantitative
analysis, since they are systematic error sources and may lead to
significant deviation in the response of the microchips. For
instance, an analytical curve using APAP standard solutions at
0.25, 0.5, 0.75, and 1.0 mmol L~! injected into the first, second,
third and fourth microchannels, respectively, and taking the
current increase due to each injection as the analytical signal can

R> 0.999 R>0.999

012345

012345
Channel number

Fig. 7 Effect of TiSiO, removal time on measurement variabilities. The
assays were performed in microchips with design 2 treated with 10% (v/v)
HF for: (a) 90 s and (b) 45 s. Results obtained for the oxidation of APAP
solutions on Au electrodes at +700 mV against Au pseudo-reference
electrodes. Injected solution: 1.0 mmol L' APAP standard solution.

0.10 -
0.08 4

w| Y s

4 .

w] |

Ai/pA

Ai/pA

0.04 v v v v v .
0 1 2 3 4 5 6
Channel

Fig. 8 Current variations recorded per filled microchannel for devices
treated with 10% (v/v) HF for (a) 45 s and (b) 90 s. Results obtained for
the oxidation of APAP solutions on Au electrodes at +700 mV against
Au pseudo-reference electrode. Injected solution: 1.0 mmol L-' APAP
standard solution.

be seen in the electronic supplementary information.t However,
even though this result compares well with similar attempts to
perform quantitative assays carried out in p-TAS, it can be
improved when the data are divided by a reference standard data
set (electronic supplementary information). In this case, the
reference set was obtained from the responses of each working
electrode active area to the injection of a APAP standard solu-
tion at 1.0 mmol L-!. This correction eliminates the analytical
signal dependence on the actual active area of the working
electrode and ensures more reliable analyses, as indicated by the
improvement in the correlation factor.

Application to commercial formulations

The proposed microchip was applied in the determination of two
commercial formulations of APAP containing 750 mg per tablet
(sample 1, mean weight 0.84 + 0.05 g) and 500 mg per tablet
(sample 2, mean weight 0.6146 + 0.009 g). For this, four tablets
were ground to powder and a mass of sample sufficient to
prepare 100 mL of a nominal 5.0 mmol L~' APAP solution was
weighted and dissolved in supporting electrolyte, giving the stock
solutions of the samples. These solutions were ten-fold diluted,
filtered with 0.22 pm syringe filters (Millipore, Bedford, MA,
USA) and injected using the procedure described for the stan-
dard solutions. For each analysis, 0.5 mmol L' APAP standard
solution were injected in three channels, while the other two
channels were filled with the sample solution. The results
obtained using the calibration curve were 0.70 + 0.12 g per tablet
and 0.43 + 0.08 g per tablet for sample 1 and 2, respectively.
Although these results agree with the nominal content per tablet,
the analysis of sample 1 presented a greater deviation, probably
due to the variability in the weight of the tablet.

Conclusions

The fabrication process of a novel multichannel p-TAS based on
PDMS and glass materials and with fully-integrated electrodes
for amperometric detection has been described. Our results
suggest that the complete independent channel design is more
suitable due to the absence of back-flow problems associated
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with devices with a common outlet reservoir. In addition, the
results indicate that the performance of the device is affected by
the sealing quality, and that O, plasma sealing efficiency can be
strongly enhanced by covering electrodes with thin-films of SiO»,,
deposited by PECVD.

The concept of amperometric measurements with a single
shared working electrode has been demonstrated to be func-
tional, leading to fast calibration and reliable analytical proce-
dures. The resolution of the masks used in the photolithographic
step is responsible for small variations in the active area of the
working electrodes and leads to some analytical errors. These
errors can be corrected using the relationship between the raw
analytical signal and a standard reference sample.

Under the experimental conditions, the sensitivity of the
devices ranged from 19 (thiocyanate) to 78 uA mol~' L and the
selectivity could be improved by the modification of the elec-
trodes or by the use of a separation technique coupled to the
detector. Moreover, different modifications could be made in
each of the active areas in order to promote specific responses per
channel.
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