858 15.2 Microfabrication

In order to define 4-TAS, one has to take a look at competing concepts in
analytical chemistry. On one hand, there is the chemical sensor (Fig. 15.1-1a, see
Sec. 7.8 and 7.9). An ideal sensor shows a high sensitivity toward the substance to
be detected while at the same time suppressing response to any other substance, It
has a large dynamic (e.g., concentration) range, and displays reproducible signals
and low noise over an extended period of time. Ideally, it can be used in sity, e.g.,
the sensor should be small enough to be operated at the place of interest, possibly
immersed in the liquid or the gases under consideration. In on-line applications,
signal acquisition must be fast and continous. So far, problems remain in obtain-
ing selectivity (partly overcome by the use of sensor arrays) and with the life time
of the devices. Furthermore, the development of a market-ready sensor is very
time- and labor-consuming.
Miniaturized total analvsis systems are TAS, If a TAS can be reduced in size, leading to the advantages listed above, we can
where the analytical functions take place at define it as a miniaturized total analysis system (u-TAS), and it should be able to
the location of the measurement itsell. perform all the necessary steps of sampling, handling, and pretreatment at the
same location as the measurement itself. This approach, illustrated in Fig. 15.1-1,
combines the advantages of chemical sensors with the resolving power of modern
bench-top analytical systems. These properties make u-TAS an ideal concept for
high-throughput applications, such as clinical analysis or process control of simple
mixtures.

15.2 Microfabrication

The fabrication process for u-TAS makes use of integrated circuit technology,
developed originally for the microelectronics industry. Chip fabrication relies on

Il-established pr , including photolithography, wet etching, or advanced
gas-phase technologies such as reactive ion eiching (RIE). Figure 15.2-1 shows
a typical fabricalion process. A substrate, usually silicon, glass, or quartz, but
potentially also polymers, is covered with a metal film (usually chromium or gold
with a thin chromium layer to promote adhesion) and a photoresist layer. With a
photomask, which contains the structural information for the device, produced by
standard lithography processes, the resist film is exposed and then developed, re-
moving the photoresist from the exposed areas. The substrate is then placed in an
ctching bath, which etches through the metal film in the areas not covered by
photoresist. In a second etch step, the substrate itsell is etched, typically in HF/
HNO; or KOH. Depending on the etchant and the substrate, the microchannels
have different profiles. In glass or other amorphous materials, one usually has
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Fig. 15.2-1. Microfabrication process for the _ _

production of microchannels Microchannels
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860 15.3 Examples and Experimental Results

15.3.2 Free-flow electrophoresis
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Fig. 15.3-3. Example of a separation of two
fluorescent dyes obtained with the HPLC-chip

Samgia Iniat

Fig. 15.3<4. The principle of free-flow
electrophoresis ( FFE)

Electraphoretic separation is the separation of
individual molecules under the influence of an
electric field applied along the capillary.

Flec ic flow is the of the
complete liquid column in a capillary under
the influence of an electric field applied along
the capillary.

Carrer buffer iniets

Free-flow electrophoresis (FFE) is a very useful technique for sample pretreat-
ment. The principle can be explained by Fig. 15.3-4. The sample is fed into a
carrier stream. An electric field is applied perpendicular to the flow of the carrier.
lons are then deflected from the flow direction according to their electric charge

g pinbiy tepngm uado ue oy udisaq z-g's1 B

o Ly
and electrophoretic mobility. The angle of deflection increases with the applied |
electric field, the ion charge and mobility, and decreases with the flow speed of the | o
carrier. After the separation process, the different species can be observed as they | PR Do

exit the outlet channel.

Figure 15.3-5 shows the layout of a FFE device fabricated on silicon. The
sample is fed into the system at the location marked ‘sample inlet’ and is trans-
ported by the carrier, accessing the chip through the carrier buffer inlet channels.
The voltage is applied by two platinum arrays in the side beds, separated by a
spacer, consisting of 2500 V-shaped grooves. A device of this type can be used for
continuous sample fractioning where specific species are selected for a subsequent
analysis step.

15.3.3 Capillary electrophoresis (CE)

This electrophoretic technique has also been used in p-TAS. The sample and the
buffer liquid are fed into small capillaries. If a voltage is applied at either end of
the capillary, two phenomena can be observed. The first effect, the electrophoretic
separation, is simply the motion of individual ions, positive or negative, in the
fluid under the influence of the applied field. The second effect is called electro-
osmotic flow and pumps the fluid through the capillary. It arises from the existence
of an electric double layer { Helmholtz layer) close to the capillary walls, consisting
of a negative immobile charge at the walls (ionized silanol groups) and a layer of
positive ions from the liquid which are attracted by this negative charge. If an
electric field is applied along the capillary, the mobile positive ions in the fluid
start to move, owing to the electrostatic force. Because of the viscosity of the lig-
uid, the complete fluid column is dragged along by the moving ions.

An important parameter for the performance of a separation system is its effi-
ciency. It can be shown theoretically that the separation efficiency, the number of
theoretical plates N, is given by:

L

Neo a4
where L is the capillary length and o its diameter. The analysis time ¢ is given
by:
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Fig. 15.3-5. Design of an FFE system on a

seconds, rather than minutes as in conventional CE. Several chips have been de-
signed with a pre-column mixing chamber to monitor fast chemical reactions or
with post-column reactors to add the fluorescence labeling after the separation.
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15.3 Examples and Experimen

tal Results

path-length with respect {0 the detection volume, either by using multiple reflec-
tions from the channel walls or by probing the capillary in a longitudinal direc-
tion. In HPLC chip designs, platinum electrodes have been included in the chip
for electrochemical detection. The requirement of floating the detector electronics
at a high voltage makes this approach more difficult to use in CE.

Harrison, D.J., Fluri, K., Seiler, K., Fan, Z., Effenhauser, C.5., Manz, A., Science 1993, 261,
895-897.

Manz, A., Graber, N., Widmer, H.M., Sensors and Actuators 1990, Bl, 244-248.

Manz, A., Becker, H. (Eds.), Micro System Technology in Chemistry and Life Science, Topics
in Current Chemistry, Vol. 194, Springer 1997

Terry, S.C., Jermann, 1.H., Angell, 1.B., IEEE Trans, Electron. Devices, 1980, ED-26, 1880~
1886.

van den Berg, A., Bergveld, P. (Ed.), Micro Total Analysis Systems, Dordrecht, Kluwer 1995.

Questions and problems

1. Why is a miniature analytical system attractive?
Answer:
« Performance is better: larger number of theoretical plates and better resolu-
tion achievable
» Time scale is shorter
« Less reagent consumption and less waste production
« Equipment is small and possibly cheap

2. An injected sample broadens during a capillary electrophoresis separation by
longitudinal diffusion (broadening proportional to square root of time). Mini-
aturization by a factor of 10 (linear) at maintained voltage would result in 1000
times less volume, 100 times less cross-section, 10 times shorter capillary, and
100 times faster linear flow rate. How is the peak maximum of an injected
component affected? Which of the following three detector schemes seem most

favorable for this case?

Laser-induced fluorescence is proportional to the amount of material, sensi-
tivity at 1 pL, 10-"2 mol/L: amperometric detection is proportional to surface
area, sensitivity at 1 L, 10-% mol/L; potentiometric detection is constant, sen-

sitivity 10-®mol/L injected material.

Answer:

Compare the known system at 1 pL with the new system at 1nL:
« Detection volume 1000 times smaller

« Concentration in detection volume = peak maximum, becomes 10 times

larger (square root of time)
« Amount of compound in detection volume 100 times smaller
« Fluorescence: 100 times smaller, 107" mol/nL
« Amperometric: 10 times smaller, 10-"7 mol
« Potentiometric 10 times larger, 10~'* mol
Conclusion: fluorescence is still a lot more sensitive at the 1 nL level.

Note: at the 1pL level, all three detection methods show about the same
sensitivity. (If you have answered this question correctly, or if these kinds
of question interest you, consider doing a PhD thesis in this area: e-mail

a.manzi@ic.ac.uk.)
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