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A capillary electrophoresis—electrochemistry chip con-
structed from low-temperature co-fired ceramic (LTCC)
tape is presented. This is the first report of such a chip
constructed in this manner using these materials. Electro-
osmotic flow at pH 7 is demonstrated by the migration of a
neutral marker, catechol. The separation and detection of
two phenolic compounds are presented.

Introduction

Capillary electrophoresis (CE) in the microchip format is a
powerful separation techniquel of considerableresearch interest
as evidenced by the number of related publications.2 The
advantages of microchip CE include smaller size, reduced
reagent volume and cost, the ability to design highly parallel
systems and to perform high speed, efficient separations.34 The
increase in speed without loss of efficiency is a result of
decreased injection and detection volumes, shorter delay times
between sample loading and separation, and the use of higher
field strengths. Thisresultsin less band broadening than is seen
in standard CE systems.>

One major concern in the construction of microchip CE
systems is the choice of substrate material. Because most
detection systems are based on optical detection, transparent
substrates such as glass, plastics, and elastomers have fre-
quently been used for microchip applications.# Glass provides a
rigid substrate with electroosmotic flow similar to that of fused
silica. Unfortunately, high quality glass is costly, fragile, and
difficult to bond.6 Plastic and elastomer substrates are less
expensive than glass and are amenable to mass production.”.8 A
limitation of polymer substrates is the lack of information on
their electroosmoatic properties.

It is desirable to develop microchip CE systems from
materials that have properties similar to those of glass but are
easier and less expensive to fabricate. The ceramic materials
used in this report fit these criteria. The materid is an
aluminium borosilicate ceramic and should, therefore, have
electroosmotic properties similar to those of fused silica. The
material may be purchased in large, relatively inexpensive
sheets. Fabrication can be accomplished using either milling or
laser ablation. Electrical conductors and electrodes can be
printed on individual layers, and interlayer hydraulic and
electrical connections can be provided by vertical vias. Bonding
of multiple layers (up to 80 total) is simple, requiring a
lamination and firing step. Ceramic tape technology is, thus, the
convergence of layered manufacturing and rapid prototyping. In
contrast to standard microfabrication techniques, ceramic tape
technol ogy does not require clean rooms, which reducesthe cost
of fabrication.?

The use of electrochemical detection (EC) with microchip CE
has many potential advantages.10-12 Electrochemical instru-

mentation is inexpensive in comparison to the laser systems
typically used for fluorescence detection. The mass sensitivity
and selectivity for EC are comparable to fluorescence detection.
The microchip need not be transparent. Additionally, both the
detection (microelectrodes) and control (potentiostat) compo-
nents of the system can easily be miniaturized onto the
microchip with the CE. These benefits, combined with the range
of naturally electrochemically active analytes available,12 make
the further development of microchip CE-EC attractive.

In this report, we describe the first use of ceramic substrates
for the construction of amicrochip CE system. Electrochemical
detection was used for the characterization of electroosmotic
flow. Although electrode placement limited the separation
efficiency, two model analytes, catechol and dopamine, were
separated in less than 1 min.

Experimental

Catechol, dopamine, sodium hydroxide, sodium chloride and N-
tris-[hydroxymethyl]-methyl-2-aminoethanesul fonic acid
(TES) were obtained from Sigma (St. Louis, MO) and used as
received without further purification. All solutions were
prepared from deionized water (LabConco). Platinum wire was
used for the anode, cathode, working electrode and auxiliary
electrode (Goodfellow, Cambridge, UK). The diameter of the
working electrode was 25 um, all other electrodes were 0.5 mm
in diameter. A 1 mm Ag wire was used for the reference
electrode (Goodfellow). Green Tape 951AX was obtained from
DuPont (Wilmington, DE) and processed according to their
specifications.

Ceramic microchips were produced using conventional
milling equipment and ceramic processing procedures. This
began with the patterning of two pieces of ceramic tape (Fig. 1).
In one piece, a shallow capillary trench was cut with a CNC
milling machine (Fadal VMC 15XT). In the second piece,
which serves as the cover plate, the openings for the reservoirs
were cut using the same CNC machine. These two pieces were
stacked, with athird piece of unmodified tape on the bottom for
extra strength, and aligned using alignment pins. The stack of
materialswaslaminated for 10 min at 80 °C and 3000 psi T using
a Labpress (Carver Inc. Wabash, Indiana) fitted with heated
plates. After lamination, the three pieces formed a single unit.
Fina firing of the ceramic tapes was accomplished in a
temperature-controlled oven with a maximum temperature of
875 °C. A standard cross-configuration (Fig. 1) was used for
thiswork.1 The distance between the anode and cathode was 3.0
cm and the effective distance between injection point and
detection was 2.5 cm. The capillary channel was 25 um deep
and 100 um wide.

t1psi = 6.894 757 X 10° Pa
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Electrochemical detection was accomplished using a stan-
dard three-electrode setup. End-column detection was em-
ployed asfirst reported by Gavin and Ewing© for conventional
CE and later modified for the microchip format by Mathies and
co-workers.11 A Pt wirewas manually mounted at the exit of the
capillary channel into the waste reservoir and held in place
using epoxy (Miller—Stephenson 907). Ag wire and Pt auxiliary
electrodes were mounted in the waste reservoir. The Ag/AgCl
reference electrode was generated by oxidizing the Ag wirein
the presence of Cl-ionsfor 5 min. NaCl was added to the waste
reservoir to afina concentration of 0.1 M to ensure stability of
the reference potential . The oxidation of catechol and dopamine
was monitored using a computer-controlled potentiostat (LC-
4C, BioAnaytica Systems, West Lafayette, IN) and data
collection system (DA-5, BioAnalytical Systems).

Results and discussion

To date, two classes of substrate materials have been evaluated
for microchip CE systems—glass and polymers. These sub-
strate materials were selected based on the need for optical
transparency due to the use of fluorescence detection.4 When
electrochemical detection is employed, the need for transpar-
ency is eliminated. Thisled us to evaluate ceramic tape, which
has several advantages for microchip CE. One benefit is
reduced cost of production, as the base material is less
expensive than glass and the same price as many plastics.
Additionally, the chips need not be manufactured in a clean
room setting. The system described in this communication was
constructed totally outside of a clean room. Finally, multiple
layers may be integrated into a single device, permitting an
increased functionality per unit surface area.

The first parameter considered in testing the ceramic
microchipswasthewall roughness. The use of amilling tool for
formation of the channels should result in walls that are more
uneven than those generated using photolithography. The
increased roughness may result in band broadening and a
decreasein peak efficiency. A micrograph of achannel cut with
the milling tool is shown in Fig. 2. The observed roughness is
approximately 0.2 um, which is similar to the roughness
measured in channels fabricated by laser ablation of poly-
mers.13
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Fig. 1 Schematic depicting the design and construction of the ceramic
microchips.

306  Anal. Commun., 1999, 36, 305-307

The basic materia in the ceramic tape is auminium
borosilicate, which should generate an electroosmotic flow
similar to that of fused silica capillaries. The migration of
catechol, an electrochemically active molecule that is neutral at
pH 7.0, was investigated. The capillary channel was treated
initially with 0.1 M NaOH for 1 h. Catechol (25 mM) was
injected by applying 600 V between the sample and sample
waste reservoirs (Fig. 1) for 5 s. During this time, the
intersection of the separation and sample channelsbecamefilled
with sample solution. The shape of the plug is not well
characterized at this time because the top plate is opague;
however, it should resemble that seen by others using asimilar
geometry and injection technique.1# The electrophoretic mobil-
ity of catechol was measured at pH 7.0 with afield strength of
200 V cm—1, Fig. 3 shows a representative electropherogram.
The electroosmotic flow was calculated to be 3.00 + 0.05 x
10-4cm2V-1s-1(n = 4), whichisvery similar to that of fused
silica(4 X 10-4cm2V—1s-1) at the same pH.1516 Asexpected,
the linear velocity increased with increasing voltage, going
from 0.053 cm s 1 a 167 V cm~1 to 0.066 cm s1 at
225V cm—1, The use of higher voltages with ceramic chipswas
not tested during this initial phase; however, no problems are
foreseen as the breakdown voltage and thermal conductivity of
this material are similar to those of glass.

The most obvious feature of the electropherogram (Fig. 3) is
the large peak width, which corresponds to an efficiency of
~2500 plates m—1 and was the same at al three applied
potentials. This poor efficiency can be caused by a number of
factors. For example, manual placement of the working
electrode restricted the distance of closest approach for the
electrode and led to significant band broadening. The effect of
electrode placement on separation efficiency has been pre-
viously investigated for fused silica capillaries.2” The current
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Fig. 2 Micrograph of a100 um wide channel in processed ceramic tape.
The dark areais the recessed channel.
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Fig. 3 Representative electropherogram of catechol: 25 uM, 200 V cm—1
separation potential.



work focused on the eval uation of ceramic tape asasubstrate for
microfabricated separation systems. In the future, the system
will be designed with screen-printed electrodes that are
integrated into the system. This should significantly reduce or
eliminate band broadening due to the detector. A second factor
that can decrease the efficiency isthe plug size. No attempt was
made hereto use* pinched flow” injection as has been described
previously.14 The result was a large sample plug and decreased
efficiency.

Despite the poor efficiency, separation of two model
analytes, dopamine and catechol, was accomplished using the
ceramic microchip system. A representative electropherogram
for the separationisshownin Fig. 4. The average migration time
for dopamine in these separations was 25.3 + 1.9 s. Dopamine
is positive at pH 7 and, therefore, migrates faster than catechol
(tn = 41.9 9). Again, the peaks are broad; however, the two
peaks are clearly resolved, and the separation occursin lessthan
1 min even at this low applied voltage.

Conclusions

The goa of this report is to establish the use of ceramic
substrates for microchip CE systems. Figs. 3 and 4 clearly show
the potential of the material for use in CE applications. The
current limitation to the use of this system isthe poor separation
efficiency. Work is currently underway to construct and
characterize a system that uses integrated screen-printed
electrodes. These electrodes should permit much better separa-
tion efficiency, asthey will be aligned much closer to the end of
the capillary; this should substantially decrease the extracolumn
effects. In addition to the use of screen-printed electrodes, work
isunderway to construct a system with a glass cover plate. This
will alow better characterization of the plug shape and the use
of optical detection.
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Fig.4 Representative electropherogram of catechol and dopamine: 25 uM
each, 200 V cm—1.

Acknowledgements

M.K., H.B., and J.S. were supported, in part, by DARPA
through grant N66001-97-1-8911. DuPont freely provided us
with advice and materials. M.K. gratefully acknowledges a
fellowship from the International Microel ectronics and Packag-
ing Society (IMAPS) Educational Foundation Grant. C.S.H.
was supported by a NIH postdoctoral fellowship (F32
GM19889-01). S.L. gratefully acknowledges support from NSF
Career grant #9702631. Part of this work was supported by the
Center for Bioanalytical Research through the Kansas Technol-
ogy Enterprise Corporation and a subcontract of NIH SBIR
grant #R44GM52272 with Bioanalytical Systems. The authors
gratefully acknowledge Nancy Harmony for editorial assistance
with the manuscript.

References

1 D.J Harrison, A. Manz, Z. Fan, H. Ludi and H. M. Widmer, Anal.
Chem., 1992, 64, 1926.

2 See, for example, Micro Total Analysis Systems ' 98, Proceedings of
the uTAS 98 Workshop, Banff, Canada, Oct 13-16, 1998, ed. D. J.
Harrison and A. van den Berg, Kluwer, Boston, 1998.

3 C. S. Effenhauser, A. Paulus, A. Manz and H. M. Widmer, Anal.
Chem., 1994, 66, 2949.

4 C. S. Effenhauser, G. J. M. Bruin and A. Paulus, Electrophoresis,
1997, 18, 2203.

5 C.S. Effenhauser, A. Manz and H. M. Widmer, Anal. Chem., 1993,
65, 2637.

6 D. J Harrison, K. Fluri, K. Seiler, Z. Fan, C. S. Effenhauser and A.
Manz, Science, 1993, 261, 895.

7 C. S. Effenhauser, G. J. M. Bruin, A. Paulus and M. Ehrat, Anal.
Chem., 1997, 69, 3451.

8 J R. Webster, M. A. Burns, D. T. Burke and C. H. Mastrangelo, in
Micro Total Analysis Systems '98, Proceedings of the uTAS 98
Workshop, Banff, Canada, Oct 13-16, 1998, ed. D. J. Harrison and A.
van den Berg, Kluwer, Boston, 1998, pp. 249-252.

9 H.H.Bauy, S. G. K. Anathasuresh, J. J. Santiago-Aviles, J. Zhong, M.
Kim, M. Yi, P. Esponoza-Valleos and L. Sola-Laguna, in Micro-
Electro-Mechanical Systems (DSC-Vol. 66), 1998 International
Mechanical Engineering Conference and Exposition, 1998, pp. 491—
498.

10 P.F. Gavinand A. G. Ewing, Anal. Chem., 1997, 69, 3838.

11 A. T. Woolley, L. Kaigin, A. N. Glazer and R. A. Mathies, Anal.
Chem., 1998, 70, 684.

12 L. A.Holland and S. M. Lunte, Anal. Commun., 1998, 35, 1H.

13 M. A. Roberts, J. S. Rossier, P. Bercier and H. Girault, Anal. Chem,,
1997, 69, 2035.

14 S. C. Jacobsen, R. Hergenroder, L. B. Koutny, R. J. Warmack and
J. M. Ramsey, Anal. Chem., 1994, 66, 1107.

15 X.Huang, R. N. Zare, S. Slossand A. G. Ewing, Anal. Chem., 1991,

63, 189.

16 T. Tsuda K. Nomuraand G. Nakagawa, J. Chromatogr., 1983, 264,
385.

17 S. Park, S. M. Lunte and C. E. Lunte, Anal. Chem., 1995, 67, 911.

Paper 9/04807C

Anal. Commun., 1999, 36, 305-307 307



