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Preface

The aim of this book is to cover a novel interdisciplinary research area of high cur-
rent interest, namely microsystems for use in chemistry and the life sciences, with
a set of comprehensive reviews. Since 1975, when Steve Terry and his coauthors
at Stanford published an account of their gas chromatograph on a silicon wafer, a
large number of publications have appeared in the literature. Particularly after
1990 this field started exploding. For an inexperienced scientist it is a difficult task
to obtain a good overview of what has happened during the last few years. Even
conferences with the best possible coverage of authors would only feature recent
research results.

It seems obvious that the miniaturisation first started in the analytical arena.
After a number of conferences on analytical chemistry, the first conference devoted
to microsystems, chemistry and life science ‘u-TAS was organised at Enschede (The
Netherlands) in November 1994. In the following years I was asked for a number of
review articles about this topic. Last year I found out that almost all my colleagues
in the field suffered from a similar problem: an excessive amount of writing!
The ‘lab on a chip’ idea has really taken off in the public interest! That is why we
decided to put a comprehensive volume together that could then be referred to
instead of continuously publishing review articles here and there.

The book is clearly aimed at the well educated scientist with a biology, bio-
chemistry, chemistry or engineering background. The chapters are easy to read
and give a large number of references for further details. Chapters have been
chosen to give a good overview of what has been achieved in the last decade. They
can by no means be complete in describing every experiment published. We
hope, that the authors and ourselves have made a good choice for examples that
illustrate the essentials. For an update, we would advise attending international
conferences such as Transducers (bi-annual), MEMS (annual), u-TAS (bi-annual)
and selected sessions in all application areas, e.g. the HPCE conference for appli-
cations in the electrophoresis area.

This book is dedicated to the late H. Michael Widmer, because he gave great sup-
port to my (A.M) u-TAS project at Ciba-Geigy from 1989 to 1995, and he developed
the basic concept of modern analytical monitoring and its miniaturisation.

Finally, it gives me great pleasure to thank all the authors for their contribu-
tions and suggestions. Many thanks to the publishing house, which allowed a
smooth publication of this volume.

London, May 1997 Andreas Manz
Holger Becker
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This review gives a brief introduction to materials and techniques used for microfabrication.
Rigid materials have typically been used to fabricate microstructures and systems. Elasto-
meric materials are becoming attractive, and may have advantages for certain types of appli-
cations. Photolithography is the most commonly used technique for the fabrication of struc-
tures for microelectronic circuits, microelectromechanical systems, microanalytical devices
and micro-optics. Soft lithography represents a set of non-photolithographic techniques: it
forms micropatterns of self-assembled monolayers (SAMs) by contact printing and generates
microstructures of polymers by contact molding. The aim of this paper is to illustrate how
non-traditional materials and methods for fabrication can yield simple, cost-effective routes
to microsystems, and now they can expand the capabilities of these systems.
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1
Introduction

Microfabrication is increasingly central to modern science and technology.
Many opportunities in technology derive from the ability to fabricate new types
of microstructures or to reconstitute existing structures in down-sized versions.
The most obvious examples are in microelectronics. Microstructures should
also provide the opportunity to study basic scientific phenomena that occur at
small dimensions: one example is quantum confinement observed in nano-
structures [1]. Although microfabrication has its basis in microelectronics and
most research in microfabrication has been focused on microelectronic devices
[2], applications in other areas are rapidly emerging. These include systems for
microanalysis [3 - 6], micro-volume reactors [7, 8] combinatorial synthesis [9],
microelectromechanical systems (MEMS) [10, 11], and optical components
[12-14].

One particularly exciting use for microanalytical devices is in the separation
and analysis of chemical and biological substances [3-6]. These devices require
only small quantities of reagents, have relatively short analysis times and can
show efficiencies in separations that are better than larger counterparts. In the
past few years,a number of miniaturized total chemical analysis systems (uTAS)
[15] have been developed that perform all sample-handling steps in an integra-
ted fashion. For example, capillary electrophoresis (CE) devices using micro-
channels etched into planar glass substrates have attracted attention [16 - 18] for
their use in applied molecular genetics. Systems for free-flow electrophoresis
[19], gas chromatography [20], liquid chromatography [21, 22], capillary elec-
trochromatography [23] and micellar electrokinetic capillary chromato-
graphy (MECC) [24] have been developed. Rapid and efficient capillary zone
electrophoretic separations in micromachined channels (open, gel-filled or
polyacrylamide-coated) on quartz substrates have also been demonstrated [3,
25,26].

Devices for performing not only analysis, but also chemical synthesis in
miniaturized systems (or microreactors) are also being developed [7, 27-34].
An array of chemical tools on a chip would make it possible, for example, to syn-
thesize, analyze and characterize extremely small amounts of product (~ 10712 ])
[6]; these systems will be useful for combinatorial synthesis as part of new pro-
cedures for the parallel synthesis and screening of large numbers of compounds.
Development of several prototypical microreactors suggest that microfabrica-
tion will play an important role in biology and chemistry: examples include
DNA chips for high-speed DNA sequencing [35-38]; microchips for carrying
out the polymerase chain reaction (PCR) [39]; microchip-based apparatus for
the synthesis and characterization of libraries of peptides and oligonucleotides
[40]; and microchip-based drug discovery using electronic addressing for the
investigation of small objects such as single biological cells [41].

In addition to their biological and chemical applications, microstructures
used in MEMS have evolved rapidly to integrate electronics with monitoring,
actuating, and controlling tools (including chemical, optical, and mechanical
sensors) for use in engineering. In the past few years, the scope of fabrication
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techniques and the types of devices categorized as MEMS have widened
dramatically [10, 11, 42, 43]. Most are fabricated from silicon using standard
microlithographic techniques (silicon bulk micromachining and polysilicon
surface micromachining) [44-46]. With these methods, thousands of mechani-
cal elements (for example, cantilevered beams, springs, linkages, mass elements
and joints) can be batch-fabricated on a single silicon substrate [9, 11]. Micro-
actuators, micromotors and microengines [46] have been fabricated for optical
switches, fluid pumps [47], systems for drug delivery and microchemical analy-
sis and high-speed rotational gyros for navigation [48-51]. More recently, sur-
face micromachining techniques have been used to fabricate miniaturized
optical components [12-14]. A free-space micro-optical system comprising
three-dimensional microgratings, micromirrors and microlenses is one ex-
ample [14, 52]. These and similar miniaturized optical devices are attractive for
applications in spectrometers, free-space optical interconnects, display devices,
sensors, optoelectronic packages and data storage devices.

These current and potential applications motivate the development of
techniques for fabricating and manipulating objects with nanometer and micro-
meter feature sizes. This review gives a brief introduction to materials and
techniques commonly used for microfabrication; its focus is on those currently
being explored in our laboratory. Our aim is to illustrate how non-traditional
materials and methods for fabrication can yield simple, cost effective routes to
microsystems, and how they can expand the capabilities of these systems. In
a concluding section we provide brief descriptions of a number of other
techniques for fabrication that, like those we are developing, may provide variable
alternatives to photolithography.

2
Requirements on Materials for Microsystems

Miniaturized systems for performing chemical/biochemical reactions and
analysis require cavities, channels, pumps, valves, storage containers, couplers,
electrodes, windows and bridges [53]. The typical dimensions of these compo-
nents are in the range of a few micrometers to several millimeters in length or
width, and between 100 nm and 100 pm in depth and height. An extensive set of
techniques for fabricating these microstructures is discussed in Sect. 3.

2.1
Rigid Materials for Microsystems

Microsystems can be built on various substrates with a range of materials:
crystalline silicon, amorphous silicon, glass, quartz, metals, and organic poly-
mers. Single-crystal silicon substrates have been used in most areas of micro-
fabrication for a range of excellent reasons:

1. Silicon processing itself can be carried out using thin films of organic
photoresists as resists against etching, and this technology is very highly
developed.
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2. Two- and three-dimensional shapes and patterns can be reproduced in
silicon with high precision using bulk and surface micromachining tech-
niques [46, 54]

3. Silicon devices can be batch-fabricated using the technology currently used
for fabricating integrated circuits.

4. Silicon/silicon dioxide is stable chemically and thermally.

Crystalline silicon also has several disadvantages: it is expensive, brittle, and
opaque in the UV/visible regions, and its surface chemistry is complicated to
manipulate. As alternatives to silicon, glass, quartz and some rigid organic poly-
mers (for example, epoxy, polyurethane, polyimide, polystyrene and poly-
methylmethacrylate) have properties that make them useful as materials for
microsystems [55, 56]. In particular, they are transparent in the visible and UV
regions and so can be easily adapted to optical detection in microanalytical
devices. Microstructures of these materials can be replicated readily using low-
cost methods such as replica molding and embossing [55-61]. In addition, the
surface properties of these substrates (e.g. wetness ability, adhesion, surface
adsorption and surface reactivity) can be modified rationally using a variety of
surface chemistries. Techniques involving the formation of self-assembled
monolayers (SAMs) [62] and the attachment of complex macromolecules [63]
(e.g. immunoglobulins and nucleic acids) provide new routes to tailoring sur-
face properties. Polymers are, however, not stable at high temperatures and their
low thermal conductivities may limit their use in applications requiring high
local power dissipation (e.g.in CE).

Integration of various components of a miniaturized device requires
methods for bonding materials to substrates [64]. The most commonly used
technologies for joining glass and silicon components include:

1. Anodic bonding [65], which uses electrostatic attraction to bring a glass
wafer into contact with a silicon wafer and to form covalent bonds between
them;

2. Silicon fusion bonding [65], which employs a similar mechanism to bond
together the surfaces of two slightly-oxidized silicon wafers at high
temperatures; and

3. Thermal bonding [66], which joins two glass wafers by locally melting them
under controlled conditions.

Bonding technologies for organic polymers will probably be based on
adhesives and other ones that are still being developed.

2.2
Elastomeric Materials for Microsystems

Rigid materials have typically been used to fabricate MEMS and optical com-
ponents (for example, diffraction gratings, lenses and mirrors). These materials
have the advantages of structural rigidity and strength. In certain applications,
however, rigid materials may not provide the only solution to structural pro-
blem: adaptive optics is such an application [67]. Adaptive optics have com-



Microfabrication, Microstructures and Microsystems 5

monly been constructed by assembling smaller, rigid elements that can be
moved independently to modify characteristics [68]. Elastomers are well suited
as materials for similar systems. We have created a new route for fabricating
optical elements and optical systems from elastomeric materials such as
poly(dimethylsiloxane), PDMS [69]. These types of optical components and
devices have characteristics that can be controlled by changing their shapes with
mechanical compression or extension. There are several advantages to using
PDMS as a material for adjustable optical elements:

1. It can be deformed reversibly and repeatedly without permanent distortion
or relaxation of features [70].

2. It can be molded at a scale suitable for optical applications (with feature sizes
in the range of 0.1-10 pm) with high fidelity [71].

3. It is optically transparent down to ~300 nm [72].

. Itis durable and chemically inert.

5. It is non-toxic, commercially available and inexpensive.

W~

We have demonstrated the concept of elastomeric optics by fabricating
elastomeric lenses, corner cubes, mirrors and diffraction gratings [69]. We have
used these components as photothermal detectors [73]; devices for measur-
ing displacement, strain, stress, force, torque, and acceleration [70]; optical
modulators and display devices [74]. In these devices, the active optical element
is a block of PDMS with the relief of a binary diffraction grating on its surface.
Mechanical compression/extension controls the relative optical path of light
passing through the grating; this change in path causes the patterns of dif-
fraction to be coupled to the compression/extension. Fabrication of elastomeric
light valves represents additional examples of elastomeric optical devices [75].
One such example is an array of retroreflective corner cubes [76]. The amount
of light transmitted through the valve is controlled by mechanical compression
and extension against the surfaces of the PDMS blocks in the out-of-plane direc-
tion. These deformable elastomeric light valves may have applications in display
devices, energy saving windows, sensors (accelerometers and pressure gauges)
and photolithographic systems (such as photomasks) [77].

3
Microlithographic Techniques

In the following sections, we begin with a description of photolithography, then
focus on a number of methods developed in our laboratory and conclude with
some other non-traditional techniques. More extensive descriptions of traditio-
nal approaches are reviewed elsewhere [78].

3.1
Photolithography

Photolithography is the most commonly used microlithographic technique [2,
78]. In photolithography, a substrate, spin-coated with a thin layer of photo-
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sensitive polymer (photoresist), is exposed to a UV light source through a
photomask. The photomask is typically a quartz plate covered with patterned
microstructures of an opaque material (usually chromium). The photoresist
exposed to UV light becomes either more (positive resist) or less (negative
resist) soluble in a developing solution. In either case, the pattern on the photo-
mask is transferred into the film of photoresist; the patterned photoresist can
subsequently be used as the mask in doping or etching the substrate.

In addition to conventional photoresist polymers, Langmuir-Blodgett (LB)
films and SAMs [79-81] have been used as resists in photolithography. In such
applications, photochemical oxidation, cross-linking, or generation of reactive
groups are used to transfer micropatterns from the photomask into the mono-
layers [82-84].

Photolithography is widely used to fabricate structures for microelectronic
circuits, MEMS, microanalytical devices and micro-optics. It has, however, a
number of disadvantages. It is a relatively high-cost technology and the invest-
ment required to build and maintain photolithographic facilities makes this
technique less than accessible to many chemists and biochemists. It can not be
applied easily to curved surfaces (the formation of micropatterns and micro-
structures on non-planar substrates is important in the fabrication of certain
types of optical and MEMS devices). It is applicable to only a small set of
materials and it gives little control over the properties of the surfaces that are
generated. These limitations have motivated the development of alternative,
low-cost microlithographic techniques for manufacturing microstructures.

3.2
Soft Lithography

We have developed a set of non-photolithographic techniques for microfabrica-
tion that are based on the printing of SAMs and molding of organic polymers;
we refer to these techniques, collectively, as soft lithography. Soft lithographic
techniques include microcontact printing [80], micromolding in capillaries [85],
microtransfer molding [86] and replica molding [60, 71]. Embossing [58], in-
jection molding, and some techniques based on electrochemical deposition and
etching might also be included as soft lithographic techniques. The capability
and feasibility of soft lithography have been demonstrated by the fabrication of
microstructures and systems in polymers and metals on a variety of substrates.

3.2.1
Microcontact Printing

Microcontact printing (pCP) is a technique that uses an elastomeric stamp with
relief on its surface to generate patterned SAMs on the surface of both planar
and curved substrates [87, 88]. SAMs are highly ordered molecular assemblies
that form spontaneously by chemisorption of functionalized long-chain mole-
cules on the surfaces of appropriate substrates [79, 89]. Well-established systems
of SAMs include alkanethiolates on coinage metals (Au, Ag, Cu) [90]; alkyl-
siloxanes on hydroxyl-terminated surfaces (Si/SiO,, glass) [91]; carboxylic and
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hydroxamic acids on oxide of metals [79,92]; alkyphosphonates on ZrO, [93,94];
and alkylphosphonic acids on Indium Tin Oxide [95]. The thickness of a SAM is
about 2-3 nm, and can be varied with an precision of ~0.1 nm by changing the
number of methylene groups in the alkane chain. The surface properties of a
SAM can be controlled by modifying the tail groups (that is, the functional
groups distal to the surface). SAMs have many of the features that are attractive
in microfabrication:

1. They are quasi-equilibrium structures that are at, or close to, thermodynamic
minima, and that tend, as a consequence, to be self-healing and defect-rejec-
ting [62].

2. SAMs function as ultrathin resists against certain types of etches, and patter-
ned SAMs can also be used as templates to control the nucleation and deposi-
tion of other materials (e.g. polymers [96], copper [97] and mammalian cells
[98]).

3. They can be handled outside of clean room facilities, and certain types of
fabrication involving SAMs are relatively low in cost compared with conven-
tional photolithographic methods.

Figure 1 outlines the procedure used for pCP. This technique is experimentally
simple and inherently parallel. The elastomeric stamp is fabricated by casting a
prepolymer of PDMS against a master, which can be prepared using photo-
lithography or other related techniques (for example, micromachining or
e-beam writing). We have cast more than 50 stamps against a single master. To
print hexadecanethiol (HDT) on gold, the “ink” used is a solution of HDT in
ethanol (~2 mM). After the PDMS stamp is inked, it is brought into contact
with a substrate to form patterned SAMs (Fig. 1A). Large area patterning
(10-100 cm?) is possible either by using a large flat stamp or by mounting a thin
PDMS stamp onto a cylindrical rod and then rolling the stamp across the
substrate (Fig. 1B) [99]. pCP also allows generation of micropatterns and micro-
structures on curved substrates by rolling curved substrates across an inked
stamp (Fig. 1C) [87]. Conventional lithography lacks the depth of focus to
pattern on curved substrates. We have been able to generate patterned SAMs of
alkanethiolates on coinage metals [90, 100-102], patterned SAMs of alkylsilox-
anes on hydroxyl-terminated surfaces [103-105]. CP has also been extended for
patterning arrays of colloidal particles of Pd on Si/SiO, [106].In pCP,each PDMS
stamp can be used more than 100 times without degradation in performance;
much higher levels of use may also be possible but have not been explored.

RCP followed by selective wet etching allows the formation of arrays of
microstructures of coinage metals with controlled shapes and dimensions [96,
107]. This capability has direct applications in the fabrication of sensors [108],
arrays of microelectrodes [109], and diffraction gratings [110]. Moreover, the
patterned metallic microstructures can be used as secondary masks in the
etching of underlying substrates (for example, Si, SiO, and gallium arsenide) to
fabricate microchannels and microcavities for microreactors and microanalyti-
cal systems [54]. Figure 2 shows several typical examples of microstructures
fabricated using the combination of pCP and selective etching. Figure 2A shows
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Photoresist

l Photolithography

Pour PDMS against
Master and Cure

Si
l Peel PDMS

off from Master

| PDlIS

Microcontact Printing

PDMS

HDT —
Au/Ag—>

HDT—»

Au/Ag Glass

HDT sl

PDMS

Fig.1. Schematic procedures for pCP: (A) printing on a planar substrate with a planar PDMS
stamp; (B) printing on a planar substrate with a rolling stamp; and (C) printing on a curved
substrate with a planar stamp

a scanning electron micrograph (SEM) of patterned microstructures of Ag on
a Si/SiO, surface that were generated by nCP hexadecanethiol with a rolling
stamp, followed by selective wet etching in an aqueous ferricyanide solution
[107].We can routinely produce sub-pm (>0.3 pm) features over an area of
~50 cm? in a single impression in approximately 30 s [99]. We are beginning to
define the registration and distortion of the patterns associated with elasto-
meric stamps [111]. Figure 2B shows an SEM of patterned microstructures of Ag
on Si/8i0,. Figure 2C shows a cross-sectional SEM of microchannels that were
generated in a Si(100) wafer using a combination of pCP, shadow evaporation
and silicon micromachining [54]. Figure 2D shows an SEM of a microtrans-
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—145um

Fig.2. A, B SEMs of test patterns of silver fabricated using pCP, followed by selective etching;
C cross-sectional SEM of microchannels etched in Si(100); and D optical micrograph of a
microtransformer fabricated using pCP, selective etching and electroplating

former fabricated using a combination of puCP, selective wet etching and elec-
troplating [112]. Conducting microcoils produced in this way on micro-capil-
laries have been used for high-resolution proton NMR spectroscopy on nano-
liter volumes [113] and as current carriers in micro-inductors [114]. Similar
cylindrical structures maybe useful as intravascular stents and micro-springs
[114].



10 D.Qin et al.

3.2.2
Molding of Organic Polymers

Formation of replicas by molding against rigid masters has been widely used to
manufacture compact disks (CDs) [115] and diffraction gratings [59]. By ex-
tending this procedure to include an elastomer as the material for the mold, we
have developed a number of techniques for fabricating microstructures of poly-
mers, including micromolding in capillaries (MIMIC) [85, 116, 117], micro-
transfer molding (pTM) [86], and replica molding [60, 71]. An elastomeric
(PDMS) stamp with relief on its surface is central to each of these procedures
(Fig. 3).In MIMIC, a liquid prepolymer (for example,a UV curable polyurethane
or a thermally curable epoxy) wicks spontaneously by capillary action into the
network of channels formed by conformal contact between an elastomeric mold
and a substrate. In pTM, the recessed regions of an elastomeric mold are filled

Micromolding in Capillaries
(MIMIC)

Microtransfer Molding
(uTM)

Replica Molding

| PDMS |

{

Fig.3. Schematic procedures for MIMIC, pTM and replica molding
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with a liquid prepolymer, and the filled mold is brought into contact with a sub-
strate. After curing the prepolymer, the mold is removed, leaving a polymer
microstructure on the substrate. MIMIC can only be used to fabricate inter-
connected microstructures. Figure 4A shows an SEM of a free-standing micro-
structure of polyurethane that was fabricated on an SiO, surface using MIMIC,
followed by lift-off in an aqueous HF solution [85, 116]. Figure 4B shows poly-
styrene beads crystallized in microchannels fabricated by MIMIC using an
aqueous suspension of the colloidal beads [118]. Arrays of such crystalline
microbeads are interesting for potential applications in chromatography and
applied optics. n'TM can be used to generate both isolated and interconnected
microstructures; it can also be used sequentially to fabricate multi-layer struc-
tures. The smallest features we have produced using these procedures are parallel
lines with cross sections of ~0.1x2 m?. These dimensions are limited by the
PDMS molds used in our work. Figs 4C and 4D show SEMs of two- and three-
layer microstructures fabricated using TM [86]. Figs 4E and 4F show SEMs of
carbonized polymeric structures (an interdigitated capacitor and an optical
deflector) fabricated by pTM [119].

In replica molding, microstructures are directly formed by casting and curing
a UV curable polymer against an elastomeric mold. This method is effective for
replicating feature sizes ranging from several centimeters to ~30 nm. Figure 4G
shows an SEM of a hemispherical object with 100 m corner-cubes on its sur-
face that was fabricated using replica molding against a deformed PDMS mold
[60]. Replica molding also provides a convenient route to microstructures
with high aspect ratios. Figure 4H shows an SEM of one such structure re-
plicated from a master generated in a thin film of heat-shrinkable polystyrene
[120].

Molding against an elastomeric PDMS master has several advantages. First,
the elastomer can form conformal contact with a substrate; it can also be relea-
sed easily, even from complex and fragile structures. Secondly, PDMS provides a
surface with low interfacial free energy (~21.6 dyn cm™) and low in reactivity.
As a result, the polymers being molded do not adhere irreversibly to or react
with the surface of PDMS. Thirdly, the deformation of PDMS can be controlled
easily by mechanical compression, bending and stretching. Taking advantage of
this flexibility, we have been able to fabricate microstructures of polymers with
controlled shapes on both planar and non-planar surfaces [60].

Microfabrication based on molding is remarkable for its simplicity, for its
economy, and for its fidelity in transferring the patterns from the mold to the
polymeric structures that it forms. MIMIC, pTM and replica molding have been
used to fabricate microstructures of a wide range of materials, including poly-
mers, inorganic and organic salts, sol-gels, polymer beads and precursor poly-
mers to ceramics and carbon. The feasibility of these molding techniques has
been demonstrated by the fabrication of chirped, blazed diffraction gratings
[60], polymeric waveguides [121], waveguide interferometers/couplers [122],
interdigitated carbon capacitors [118], and suspended carbon microresonators
[123]. Without steps for transferring patterns, photolithography can only be
used to generate microstructures in the classes of polymers that have been de-
veloped as photoresists.
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Fig.4. SEMs of microstructures fabricated using A, B MIMIC; C, D, E, F uTM and G, H replica
molding. See text for details

3.3
Rapid Prototyping

An elastomeric stamp or mold with relief structures on its surface is the key to
soft lithographic techniques (see Sect. 3.2). As a result, the utility of these
techniques is often limited by the availability of appropriate masters. In general,
the masters are fabricated using photolithography. Chrome masks are available
commercially from custom fabricators, but the time required for vendors to pro-
duce a chrome mask from a design presented in a computer aided design (CAD)
file can be weeks, and they are expensive (~$300 per square inch for features
larger than 20 pm, and ~$500-$1000 per square inch for features between 1 and
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20 pm). The time and expense involved in generating chrome masks are barriers
to the use of photolithography by chemists and biologists and have limited the
use of microfabrication in these fields.

Recently, we [124] and others [125] have developed a system that has enabled
us to fabricate masters having feature sizes 220 pm rapidly and at low cost. In
this technique [124], we draw patterns using computer programs such as Macro-
media Freehand or AutoCAD and print them directly onto polymer films using
a commercial, laser-assisted image-setting system (for example, Herkules PRO,
resolution of 3387 dpi, Linotype-Hell Company, Hauppauge, NY). Using this
method, photolithographic masks - transparent polymeric films patterned with
microstructures of black ink - can be made in a few hours at a cost of ~$1 per
square inch. Although these masks do not have the durability and dimensional
stability required for use in the manufacturing of microelectronic devices, they
are suitable for the rapid production of limited numbers of prototype micro-
fluidics, sensors, micro-optics, and microanalytical systems. They also have two
other attractive features:

1. They are flexible, and can be used to pattern non-planar substrates.
2. They are thin, and can be stacked on top of one another to generate new types
of patterns.

After the patterns on these polymer films are transferred into photoresist
films coated on silicon substrates using photolithography, the developed photo-
resist patterns can serve as a master to make the required PDMS stamps. By
combining this method of rapid prototyping with soft lithographic techniques,
we can fabricate patterned microstructures of polymers and metals within
24 h of the time that the design is completed. Rapid prototyping makes it pos-
sible to produce substantial numbers of simple microstructures rapidly and
inexpensively.

The rapid prototyping method has been demonstrated by fabricating struc-
tures representative of those used in microanalytical systems. Figure 5 shows
two examples: a microCE channel and a surface acoustic wave (SAW) device.
Figure 5A shows a schematic design of the pattern used in the microCE. Figs. 5B
and 5C show optical micrographs of two areas of the pattern that were etched
into a glass slide using the patterned film of photoresist as the mask. Figure 5D
illustrates the pattern used for a SAW device and Fig. 5E shows an SEM of a
portion of this device (made of silver on Si/Si0,) that was fabricated by selective
etching in an aqueous ferricyanide solution.

At present, the smallest features that can be generated directly using this
procedure are ~20 pm, a size that is limited by the resolution (3387 dpi) of the
image-setting system. It should be possible to generate features with smaller sizes
by using printers with higher resolution. Even with masks made by the current
image-setting system, we are able to generate features significantly smaller than
20 pm by using some of the techniques reported previously (e.g. mechanical
compression of an elastomeric stamp) [126]. We believe that rapid prototyping
paves the way for expanded use of microfabrication (especially when patterns
may be complex but require only modest linewidths) in chemistry and biology.
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Fig.5.A The designed pattern used in microCE; and B, C optical micrographs of two selected
areas of the pattern that was transferred into a glass slide. D The designed pattern used in SAW
device; and E an SEM image of a portion of the pattern generated in silver on Si/SiO,

3.4
Other Methods for Microfabrication

Embossing (or Imprinting) is a low-cost, high-throughput manufacturing tech-
nique that imprints microstructures in plastic materials [127]. The manufacture
of CDs based on imprinting in polycarbonate is a good example of a large-
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volume commercial application of this technique [115]. Until recently, emboss-
ing had not been seriously developed as a method for fabricating microstruc-
tures of semiconductors, metals and other materials used in semiconductor
integrated circuit manufacturing. Work by Chou and coworkers showed that
embossing can be used to make features as small as 25 nm and has attracted
attention to the potential of this kind of patterning [58, 128]. We have also
demonstrated a variant of embossing using an elastomeric master [129]. In this
technique, the elastomeric master is wet with an appropriate solvent and is
brought into contact with the surface of a polymer. The polymer is softened by
the solvent, and the resulting (probably gel-like) polymeric material is molded
against the relief structure of the elastomer to form a pattern complementary to
that on the surface of the mold.

Injection Molding is an alternative technique used for manufacturing CDs
[57].1t has been used to generate microstructures with feature sizes of >0.5 pm.
Injection molding combined with sintering technology provides a potential
route to complex structures made of nearly every sinterable material or material
combination [130]. The capability of this technique has been demonstrated by
producing fiber-reinforced metal components and those made of metal-ceramic
compounds [130]. Based on the two-component injection molding process, it is
possible to produce components with a rigid exterior and a tough core. A
low-pressure injection molding technique [131] has been used as a method for
fabricating ceramic thread-guide components used in the textile industry. In-
jection molding has great promise for fabrication on the <100 nm scale,
although the required technology has not yet been developed.

Excimer Laser Micromachining [132, 133] is a technique based on laser
ablation. Currently, this process can routinely ablate vias as small as 6 pm in
diameter in polymers, glass, ceramics and metals. The minimum size of the
features that this method can produce is limited by diffraction and by heat/mass
transport. Commercial instruments and services are available from a number of
companies (for example, Resonetics, Itek).

Laser Direct Writing is a technique that combines laser-assisted deposition
and a high-resolution translational stage to fabricate patterned microstructures
from a wide range of materials [134-137]. For example, laser-assisted deposi-
tion can be used for generating micropatterns of seeding materials for elec-
troless plating [138]. Laser-assisted polymerization enables the fabrication of
patterned microstructures of polymers [139]. Stereolithography, based on laser-
assisted processing, can be used to fabricate three-dimensional microstructures
[140-142]

LIGA (Lithography, Electroforming, Molding) [143, 144] is a technique that
combines X-ray (or synchrotron) lithography, electroplating, and molding for
fabricating microstructures with high aspect ratios and relatively large feature
sizes (~10 pm). Although the standard equipment for UV exposure can be
adapted for this application, special optics and alignment systems are needed for
structures thicker than 200 pm.

Electrochemical micromachining (EMM) is a technique designed to generate
patterned microstructures in metals and alloys [145]. Microfabrication by EMM
may involve maskless or through-mask dissolution. Maskless EMM uses the
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impingement of a fine electrolytic jet for thin film patterning. Through-mask
EMM involves selective metal dissolution from those regions unprotected by
a patterned photoresist on the workpiece. The smallest feature that can be
achieved using this technique is ~1 pm.

Ultrasonic machining, also known as ultrasonic impact grinding, uses ultra-
sonically induced vibration delivered to a tool to create accurate cavities and
channels of many shapes [146]. It can be used to form deep cavities as small as
250 pm in diameter (with an accuracy of ~50 pm) in both hard and brittle mate-
rials such as glass, quartz, polymers, ceramics and metals. This technique may
be useful for fabrication of large masters.

4
Conclusions and Future Directions

Microstructures and systems are typically fabricated from rigid materials, such
as crystalline silicon, amorphous silicon, glass, quartz, metals and organic
polymers. Elastomeric materials can be used in applications where rigidity is a
drawback. We have demonstrated the concepts of elastomeric systems by
fabrication of photothermal detectors, optical modulators and light valves. We
believe that elastomeric materials will find additional applications in the areas
of optical systems, microanalytical systems, biomaterials and biosensors.

Microfabrication is growing in importance in a wide range of areas outside of
microelectronics, including MEMS, microreactors, microanalytical systems and
optical devices. Photolithography will continue as the dominant technology in
the area of microelectronics for the foreseeable future. Photolithography has,
however, a number of limitations for certain types of applications, as discussed
in Sect. 3.1.

Soft lithography offers a new strategy for microfabrication. Based on SAMs
and molding of organic polymers, this set of techniques represents a non-
photolithographic methodology for forming micropatterns, microstructures
and microsystems of different materials on a range of substrates. Rapid pro-
totyping enhances the utility of soft lithographic techniques and enables the
generation of numerous microstructures and systems with feature sizes >20 pm
at low cost. In a research setting, soft lithographic techniques have generated
structures with feature sizes as small as 30 nm. The strengths and weaknesses of
these developing techniques are still being defined. Their strengths, however,
include low cost (capital and operational), the ability to pattern large areas and
the ability to generate structures with feature size <100 nm; limitations include
the difficulty in achieving high resolution registration and in controlling distor-
tion of patterns caused by deformation of the elastomers. We are beginning to
address these issues in our research, and we believe that new materials, designs
and configurations will lead to improvement in these areas.
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Micro Total Analysis Systems: Microfluidic Aspects,
Integration Concept and Applications
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In this contribution three aspects of miniaturized total analysis systems (WTAS) are described
and discussed in detail. First, an overview of microfabricated components for fluid handling
is given. A description of the importance of sampling- and fluid-handling techniques is
followed by details of microvalves, micropumps and micro flowchannels. Secondly, the
problems associated with system integration are discussed. As a solution for the realization of
microfluidic- and micro analysis systems, the concept of a planar mixed circuit board (MCB)
as a platform for the integration of different components is described. In addition, the design,
modeling and simulation, and realization of several components in the form of standard
modules for integration on a MCB is described. As an illustration of the potential of this
approach, the realization of a pTAS demonstrator for the optical detection of the pH change
of a pH indicator, is presented. Finally, a number of different applications of pTAS are des-
cribed, such as on-line process monitoring, environmental monitoring, biomedical and space
applications and DNA-analysis.

Keywords: Microsystem, (bio)chemical analysis, fluid handling, pTAS, micropump.
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Introduction

1.1

General

The subject of miniaturized systems for (bio)chemical analysis is attracting
increasing attention from researchers in the biochemistry, analytical chemistry,
microsensors and microtechnology field. In Europe as well as North America,
and to a lesser extent Japan, many groups are actively studying the subject;
micro total analysis systems (pTAS) have recently been assigned as a strategic
research orientation of the MESA Research Institute of the University of Twente
[1].1In this contribution, besides a description of several essential components of
such pTAS, concepts for their integration, technologies for fabricating them as
well as applications are presented and discussed. The main aim of this work is to
inform scientists and engineers active in the analytical and biochemistry fields
about the possibilities offered by modern (silicon based) microtechnology,
triggering them to think about new and innovative measurement methods.

1.2
(Bio)Chemical Analysis Systems vs (Bio)Chemical Sensors

The analysis of the (bio)chemical state of a system is often described in terms of
sensors. These (miniaturized) devices convert the (bio)chemical state (chemical
concentration, activity or partial pressure of particles such as atoms, molecules,
ions etc. [2] into a (mostly) electrical signal. However, recently miniature
components such as mixers, filters, separation columns, reactors etc., have been
developed [3, 4] that are capable of pretreating the sample, carrying out a
chemical reaction or separating the different components within a sample
mixture. The possibility to integrate such components into one miniaturized
system leads to a more generalized view on information gathering (see Fig. 1).
In general, in order to simultaneously analyze N components using a system
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Fig.1. Transfer of information from the (bio)chemical domain using an analysis system

containing M different sensors, M needs to be larger than N. Special cases are
those where M or N equals 1. N=1 can be identified with a sensor array where
more than one partially selective sensor is used to selectively detect one com-
ponent in a mixture (e.g. a gas sensor array). M=1 is a theoretical case where
one analysis system element can be used to detect different (bio)chemical
components. As an example, a conductivity sensor can be used to sense the pre-
sence of various gases in a gas chromatograph, but not to distinguish them
simultaneously. Finally, with M=N=1, one sensor may be ‘perfectly’ selective for
one component, such as for instance an ion sensitive field effect transistor
(ISFET) for pH. The latter case has been most extensively investigated during the
past few decades for a large variety of components [5].

The miniaturized analysis system, however, may also contain components
that select one component or a class of components from a mixture (filters, reac-
tors) or components that transform the simultaneous presence of N components
in a sequential presence of N different single components (separation devices).
The fact that miniaturized analysis systems contain all elements needed to
perform the required analysis is reflected in the term pTAS as first quoted by
Manz and colleagues in 1990 [6]. The recent strong interest of many research
groups in this subject is stimulated by the fact that finding solutions for
chemical measurement problems through development of individual sensors
for each of the desired parameters has not been very successful up to now.
The main reason for this lies probably in the wide variety of parameters and
applications, making one general approach for a sensor very difficult. A solution
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for this would be to develop a relatively expensive “overperforming” analysis
system instead of a simple sensor. Such a system should be modified for each
particular application. Examples of this approach are a micro flow injection
analysis system (pFIA) [7] and micro gas chromatograph (pGC) [8]. Once such
a standard or “generic” solution is widely accepted, the sensor community can
focus its efforts to optimize and economize it. In our view this is the only way to
obtain optimal synergy from the present quite diversified activities in this field.

1.3
Classifying the w.TAS Field

The research and development field of pTAS can be differentiated according to
several principles. First, the analyte phase (liquid/gas) plays an important role.
Clearly, most detection principles can be exclusively used either in the gas or
liquid phase. Some detectors, especially those based on thermal principles, can
be used in both phases albeit at different ranges of sensitivity. Secondly, the
systems can be distinguished according to their mode of operation: flow-type
systems or separation-type systems. In the latter type a further differentiation
can be made between liquid chromatography and electrophoresis systems.
Finally, the application area brings about so many specific requirements that an
application-oriented classification seems justified. Examples of application
areas are space applications, DNA analysis, and biomedical applications. A
classification according to the second criterium appears the most sensible, since
the mode of operation influences or even determines the used technology, and
is strongly linked to the application as well.

1.4
Elements of a nTAS

With the first development of piezo micropumps [9], people started to realize
that one day such pumps might be integrated together with sensors into a
complete microsystem for chemical analysis. In general, four types of sub-
systems are thought to comprise a pTAS: a sampling unit, a microfluidic unit,
a detector system and an electronic controller (see Fig. 2). The aspects of elec-
tronic control are too specific to be treated in this contribution. The detector
system in a pTAS illustrates many problems related to the small size of the
system [10]. An important aspect is the very small size required for the sensing
element operating in a microchannel of a few hundreds of microns width.
Electrochemical sensors for instance suffer from the lack of a properly
functioning micro-reference electrode. In the case of ISFETs a differential
setup with two spatially separated ISFETs in combination with a quasi-
reference electrode has overcome this difficulty [11]. For optical absorption
sensors, widely applied for chemical analysis, the very limited absorption
length is the major difficulty. Here, artificially increasing this length by
multiple reflection techniques seems the most promising direction. In such a
case, using loss-free interference mirrors is preferred over using partly-trans-
parent metal films. Unfortunately, no comprehensive study treating the prob-
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Fig. 2. Elements of a Micro Total Analysis System (pTAS)

lems of miniaturized detector systems has been carried out yet. For this reason
we will focus on the sampling and fluidic units and the concept for integration
of the different components into one system.

2
Sampling and Fluid Handling

2.1
Introduction

For miniaturized analysis systems, taking samples and manipulating them is of
great importance. When miniaturizing macroscopic systems, specific problems
include representativeness of the sample and reproducibility of small sample
manipulation. Thus, in addition to the whole range of sampling techniques
already utilized by analytical chemists in conventional systems, specific tech-
niques and components need to be developed. In particular, attention has to be
paid to dead volumes, which give rise to tailing effects in chromatography, and
surface properties of the fluid channels, that may cause turn-over effects due to
the large surface-to-volume ratio.

2.2
Sampling Techniques and Components

An often underestimated subsystem in miniaturized analyzers is the sampling
part. This subsystem incorporates an arrangement that guarantees a represen-
tative part of the analyte to be prepared and transported into the analyzer’s
fluid handling part. The configuration of the analysis system determines the
constraints for the sampling. When using silicon micropumps comprising
microvalves, for instance the presence of particles (e.g. dust particles, sand
grains, living cells) is prohibited because they block the valves. The sampling
subsystem should therefore contain a microfilter which may consist of a
conventional polymer membrane (e.g. a MilliPore filter) or a microfabricated
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Fig. 3. Micrograph of a silicon microfilter

silicon filter [12] (see Fig. 3). The latter filter has several advantages over
conventional (polymer) ones. It has a uniform pore size,low pressure loss, and
very small internal volume. Furthermore, it may be used in a setup for rapid
(microscale) mixing [13].

In microdialysis sampling, polymeric membranes are used to filter out large
biomolecules and cells from the analyte. This technique, introduced some ten
years ago, has now become a standard technique in neurochemical laboratories
[14] and seems to be well-suited for combination with pTAS [15, 16]. The great
advantage of coupling this sampling technique to a pTAS is that the internal
system volume (comprising connections) remains limited. This means that in
spite of flow rates in the order of less than 1pl/min, a high sample throughput
can be obtained.

23
Fluid Handling Components

Several review articles describing miniaturized devices for fluid handling have
been published that give excellent and detailed overviews of the state of the art
[3,4]. Here, some examples of microfabricated valves and pumps will be given to
illustrate the possibilities of silicon microtechnology.
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2.3.1

Microvalves

2.3.1.1

Valve Types

If we consider a valve as a controlled restriction in a fluid flow channel the
following types can be distinguished:

Type A

Type B
Type C

Type D

The first type consists of a plane surface which moves in a direction
perpendicular to the flow coming from an orifice (Fig. 4a). We can
have a circular orifice surrounded by a valve seat and a plane surface
which moves parallel to the valve seat until the flow is shut off.

The second type consists of the channel being constricted (Fig. 4b).
The third type is somewhere in between and consists of two mating
parts, like the ground glass stopper mated to the neck of bottles used
to store chemicals. The mating parts move into each other thereby con-
stricting the flow channel (Fig. 4c¢).

A new type of valve is formed by freezing and melting of a part (plug)
of a fluid passage. This type is also called the micro electro thermo
fluidic (METF) valve [17]. The main advantage of this type of valve is
the completely zero dead volume and absence of moving parts.

+
P oA \ e

Fig. 4 a. Valve type A; restriction perpendicular to fluid flow
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—_—m —

#

Fig. 4 b. Valve type B; restrication parallel to fluid flow
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Fig. 4 d. Valve type D; Restriction is formed by frozen part of the liquid

2.3.1.2
Activating Principles

For all types of valves, the parts have to move toward or from each other and
therefore an actuator is needed. Although there is no power needed to shut off a
flow in the ideal case, this is not true in practice. Controlling a flow (i.e. keeping
the constriction in its place in a closed loop configuration) requires a power
source, while shutting off a flow requires power to overcome friction or to over-
come pressure built up at the orifice during the action. Often a closed valve of
type A is secured by a differential pressure. This pressure must be overcome to
open the valve. An important requirement in any design is whether the valve
should be open or closed when the power goes down (some valves have more
than one stable position). From this requirement the valve types ‘normally open’
and ‘normally closed’ can be distinguished.

2.3.1.3
Technology

It cannot be denied that the work on microvalves is in its infancy and it is im-
possible to classify the valves with respect to the technology used in its pro-
duction. However, most of the micromachined valves fabricated to date use silicon
micromachining. In exceptional cases also other techniques such as LIGA (Litho-
grapfie, Galvanoformung, Abformung; a technique involving lithography electro-
deposition and molding) may be used [18].
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2.3.2
Micropumps

The classification of micropumps is somewhat arbitrary. One might distinguish
micropumps according to the type of momentum transfer to the solu-
tion (mechanical or electrical), but for practical reasons, we choose here to
distinguish them by the presence or absence of mechanical valves, this being a
generic element of many pumps. A second classification can be made using the
actuation principles (see Fig. 5).Various examples of the different pump-types
are listed below.

Valve-type Micropumps.
Piezoelectric Actuation

The very first work on micropumps using piezoelectric actuation was on a
peristaltically functioning micropump, which was not published until 1990 [19].
In this micropump, momentum is given to the fluid by a row of valves which give
the effect of a restriction moving in the direction of the desired flow. The gen-
eral structure of a pump with one actuator using two check valves is shown in
Fig. 6. A number of check valve type micropumps, all realized using a micro-
machined silicon wafer anodically bonded to Pyrex glass, have been developed

—
| Micropumps
valves valveless
— ——
piezo th.pneum| | el.static EHD | | diffusor eI.osm.‘ ’bubble

Fig. 5. Classification of micropumps

Pressure
Chamber

Inlet ! - g:> é QOutlet

Check Valve

Fig. 6. Principle of check-valve micropump with piezoelectric actuation
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at Twente University [9, 20, 21]. The check valves in these pumps are round
membranes with orifices and valve seats and they open and close as a con-
sequence of the pressure caused by the driving actuator. In the first model, the
driving actuator consists of a bimorph formed by a thin glass membrane and a
commercial piezo disc. The seats of the check valves have a surface layer in order
to prevent bonding of the check valves when the wafers are bonded. The extra
layer is also advantageous in that it give the check valve a small pre-stress.

After the initial work at the University of Twente, other groups optimized [22,
23] or modified [24] piezoelectric actuated micropumps and probably the most
advanced micropump to date is the bi-directional one presented by Zengerle et
al. [25]. This pump uses an external piezo-actuator and has a complex, actuation
frequency dependent mode of operation which creates bi-directional pumping
as a function of frequency. The pump has unprecedented specifications: flow
rates up to 2 ml/min (8 ml/min for gas), pressure up to 17,000 Pa, bi-direc-
tionality and self-priming, which makes this pump actually the best performing
one. Unfortunately, contrary to what many researchers have been aiming at
during the past few years, there appears to be a growing demand for very precise
pumping and dosing in the nanoliter range for applications such as drug
delivery and DNA analysis.

Thermopneumatic Actuation

An alternative actuation principle is thermo-pneumatic actuation, as illust-
rated in Fig. 7. Heating of a confined gas, or gas/liquid mixture, leads to ex-
pansion of the gas which deforms a flexible membrane covering the pump
chamber. Compared to piezoelectric actuation, the voltages used for heating are
much lower, making this pump much more suitable for combination with elec-
trochemical sensors. Even more important is that this design can be fully batch
fabricated, be it at the cost of a number of extra silicon and glass wafers forming
a six layer stack. Typical yields of this pump are between 10 and 100 pl/min with
maximum pressures up to 10,000 Pa.In the operating region of the pump with
a counter pressure built up, no measurable backflow occurs, indicating that the
closure of the valves is very good. The limiting counter pressure is not deter-

Heater resistor Air chamber

Inlet aiie ] Pump Valve 2 Outlet

Chamber

Fig. 7. Principle of a thermopneumatic micropump
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Fig. 8. Pump yield as function of pump frequency for an applied voltage of 6 V at zero back
pressure (outlet minus inlet pressure)

mined by backflow but by the pressure balance within the device. In Fig. 8 the
measured as well as the simulated [26] pump yield as a function of actuation
frequency is shown.

Electrostatic Micropumps

Finally we present a design of Zengerle et al. [27], based on an electrostatic
driving principle. A thin pump membrane electrode is electrostatically repelled
from a fixed counter electrode (see Fig. 9). The design contains a stack of four
wafers. Here, there is a clear trade off between driving pressure (requiring a
small electrode gap, but staying out of the “pull in” regime) and output stroke
(requiring a large electrode gap). Quite high voltages are needed to get a
reasonable output flow, but the counter pressure that can be overcome with this
design is still rather small. However theory predicts a better performance
than the experiments show. Again a frequency, much higher than in the
thermopneumatic design can be reached giving a smoother outflow.

pump chamber
pressure P

Vs counterelectrode
Ve spacer layer

Ve membrane

Ve valve chip 1

Z %
inlet valve \- outlet valve

pressure Py pressure P,

AN

/- valve chip 2

Fig. 9. Principal design of the electrostatically actuated membrane pump [from ref. 27]
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Electrohydrodynamic (EHD) Micropumps

The EHD pump of Richter et al. [28, 29] is an example of the “body
force”’pump. In fact the driving force is created by large electric fields created
between two grids, which are positioned orthogonal to the flow direction, or by
induction [30, 31]. When using electrodes, a short distance is required to create
the necessary high fields, which must be high enough to generate ions at the first
grid, which are driven by Coulomb forces and drag the fluid in this driving direc-
tion. The process of ionization is complex and depends on electrode material,
liquid composition and voltage. With induction pumping, gradients in per-
mittivity or conductivity in the liquid are required. EHD pumps have no moving
parts, which is a clear advantage, but it can be imagined that the counter pres-
sure is limited. ‘Backflow’ immediately occurs when the driving force is shut off.
Unfortunately, aqueous solutions cannot be pumped as a consequence of the
high ionic conductivity.

Electroosmotic Force Pumping

This pumping principle relies on the presence of (immobile) surface charges
in glass capillaries. At neutral pH values, the surface of glass (silanol groups) are
negatively charged, and positive (mobile) counterions align along the inside of
the capillary. When a high voltage is applied the mobile counterions start to
move, and take the rest of the fluid column with them.

Electroosmotic flow (EOF)

This type of pumping is frequently employed in separation chemistry for capil-
lary electrophoresis, traditionally in fused silica capillaries, but recently more
and more in planar quartz structures [32-34]. It should be noted that this type
of pump is of the current-source type. This means that the pressures that can be
obtained depend on the internal resistance; in wide glass tubing, with little resi-
stance, very little pressure can be built up, and a very small hydrostatically indu-
ced differential in/outlet pressure immediately overrules the electroosmotic-
pumping. However, in very small capillaries, relatively high pressures can be
obtained (up to tens of bars).

Diffuser Pumps

An original pumping principle without moving valves was presented by
Stemme et al. [35, 36]. It consists of an actuated pump chamber and
diffuser/nozzle elements, that take care of a rectifying action. The principle of
operation relies on the fact that the pressure drop Dp over a diffuser/nozzle can
be written as:

Dp=ru**&/2

Where r is the fluid density, u is the mean fluid velocity,and § is the pressure loss
coefficient. The latter coefficient is different for a diffuser and a nozzle, so that
the pressure loss depends on the direction of the fluid flow. After a first version
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made by conventional machining techniques, a micromachined version was
realized which gave yields of 40 ml/min of water and a zero-flow pressure of
50 cm H,0.

233
Micro Flow Channels

Recently there has been a great deal of interest in the fabrication of micro-
channels in planar substrates. Several etching techniques in silicon (e.g. isotro-
pic and anisotropic wet etching) have been investigated for this purpose. Recent-
ly, deep reactive ion etching (DRIE) [37] has been developed as a new technique
to make vertical channels with relatively high aspect ratios in silicon (Fig. 10).
Vertical channels allow a high density of channels per unit area and therefore
provide a long (vertical) absorption path length for optical detection. The high
channel density is illustrated by a channel structure for chromatography
containing over 300 m of 2.5 pm wide and 25 pm deep channels on one single 3”
wafer (see Fig. 11).

The wafers containing the etched trenches are anodically bonded to Pyrex
glass to form closed channels. The bond strength thus formed is strong enough
to withstand pressures up to 250 bar. At that point a breakdown even takes place
in the monocrystalline silicon and not at the bonded interface. Clearly, the indi-
cated structures are useful for HPLC applications.

However, for capillary electrophoresis typically voltages of several kVs are
applied, and completely isolating materials such as quartz are used [32]. Un-
fortunately, wet etching of quartz is not trivial, and little is known about dry

Fig. 10. Vertical channels in silicon made with DRIE
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Fig. 11. Anisotropically etched microchannels for chromatography

etching techniques of quartz. It is therefore interesting to transform the etched
silicon structures into isolating structures. For this purpose, the etched trenches
are filled with silicon oxide and anodically bonded. Subsequently, the reverse
side of the silicon is etched back until the oxide is reached, and in such way
closed, all-glass microchannels are formed (see Fig.12).

Fig. 12 a. All-glass microchannels formed by DRIE with back-etched silicon
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Fig. 12 b. Detailed micrograph of glass-microchannels

3
System Integration

3.1
Integration Concepts

PTAS configurations often comprise a large variety of components, such as
optical, electrochemical, micromechanical and electronic ones. It is clear that
covering all the needed expertise for building such a pTAS is hardly possible for
one company or institute. Thus, it should be possible to combine components or
subsystems from different developers/suppliers into one microsystem, for
which, evidently, some sort of standardization is needed. In addition, although
for almost every microsystem a natural tendency exists to look for monolithic
integration, as for instance illustrated in the micro liquid dosing system of
Lammerink et al. [20], new functions usually start as hybridly integrated com-
ponents, so that a real life system typically is a mixture of monolithically
integrated subsystems and separate components (Fig. 13). Thus, there is a clear
need for a flexible concept for microsystem integration.

Two different approaches have been explored for integration of pTAS. The
first approach is to use vertical stacking of components [38, 39]. This builds
further on the original disc-stacking concept of Ciba Geigy [40], where planar
system components or modules with fixed size are stacked onto each other. The
liquid is transported from one module to another through on-module deposited
micro sealing rings [5]. An alternative approach is to mount the different system
modules on a horizontal baseplate. This method guarantees a better compati-
bility with standard pick-and-place techniques usually employed for the rea-
lization of electronic circuits.
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Fig. 13. Possibilities for pTAS integration
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3.2
The Mixed Circuit Board (MCB) Concept

Figure 14 shows schematic diagrams of the so-called mixed circuit board (MCB)
which generally consists of two parts to form the fluid channels. The MCB may
be built by a glass-silicon sandwich but also by plastics. The modules can be
attached with the help of existing bonding techniques such as anodic bonding,
glue and soldering. The demonstrated MCB consist of an epoxy printed circuit
board attached to a transparent polycarbonate substrate. Versions with ma-
chined channels in either one or the other part are used. The top surface of the
MCB contains the electric connections and holes for fluid transport from and to
the channels. Future developments of the MCB similar to the developments in
the printed circuit board technology like flexible versions are feasible.

3.3
System Modules

For the realization of fluid handling microsystems a wide variety of modules is
needed. Many of them, like pumps, flow sensors and filters, have already been
developed, as described in Sect. 2.3. However, for integration of these com-
ponents into a system, it was necessary to design them anew. All designs were
based on a standard port pitch of 5 mm. Figures 15 to 18, illustrate SEM and/or
optical photographs of several system modules.

3.4
Modeling and Design

Because of the enormous diversity in components it is difficult to describe a
straightforward design-path for components for the MCB concept. Here we
focus on the modeling and the design of the fluid control modules and specific
on the thermo-pneumatic actuated micropump used (twice) in the demon-
strator. An elaborated model of this micropump is given by van de Pol et al. [21].
The main functions of the fluid control in micro analysis systems are the
switching function and the direct flow and/or pressure control. Building blocks
are hydraulic inertances, resistors, capacitors and passive and control-valves.
Very often an active element like a micropump is needed.

The approach adapted in our group is based on finite element modeling
(FEM) in combination with lumped element modeling. FEM is used for specific
(mono-, duo-) domain problems. Although the encountered geometries can be
rather complex, FEM is not the appropriate tool for modeling the whole system
(multi-domain) behavior. The FEM modeling results in specific lumped para-
meters (e. g, stiffness, capacitance, fluid resistance) which are subsequently used
in a lumped element system model. This lumped element system modeling and
simulation tool is based on the bond graph description language. Practical
implementation of the modeling and simulation is done using the 20SIM pro-
gram package [26].
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Fig. 15. a Grid type flow sensor, b beam type flow sensor (the fluid channel width is 1 mm)

The modeling of a thermopneumatic micropump is given as an example of
this approach. Simulation results as well as design aspects of a microsystem con-
taining two of these micropumps are discussed.

3.4.1
Thermal Flow Sensor

The demonstrator fluid handling system contains two thermal micro flow sensors
illustrated in Fig. 19. Three resistors are located in the middle of the flow channel.
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Fig. 16. Hydraulic resistor made of anisotropically etched V-groove

Fig. 17. a Micropump (top) and b micropump (bottom)

Heat is dissipated in the middle resistor (H). The resulting temperature
distribution is sensed with two temperature sensitive resistors T, T4 located
symmetrically up- and downstream with respect to the heater. The temperature
difference AT as function of the flow shows a maximum which limits the usable
flow range of the sensor. A typical output signal of the flow sensor is given in
Fig. 20.
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Fig. 18. a Top view of pressure controlled valve
(two hydraulic resistors also visible), b bottom
view of pressure controlled valve with valve
ridge visible, and ¢ hydrauli capacitor-resistor
combination

Flow channel

)]

Fig. 19. Resistor temperatures as function of the flow with constant power dissipation in the
heater resistor. The insert shows the layout of the thermal flow sensor with three resistive
elements in the center of the flow channel
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Fig. 20. Typical flow sensor output signal as function of the flow. (For sensor geometry see
figure 19; 10 mW dissipation in the heater resistor; ImW in the sensor restistors; 150 Q). The
sensor can be used op to 100 pl/min (ethanol)

3.4.2
Thermopneumatic Micropump

The demonstrator analyzing system contains two thermo-pneumatic actuated
micropumps (see Fig. 7). The micropumps are of the reciprocating type and
consist of three main building blocks: a thermo pneumatic actuator (A),a pump
chamber with a flexible pump membrane which acts as a capacitor (C) and two
passive circular silicon check valves (V), see Fig. 21.

The pump actuator generates a periodically varying pressure in the air
chamber. This pressure acts on a flexible pump membrane between actuator and
pump chamber. Due to the deflection of the pump membrane the volume of the
pump chamber changes. By means of two check valves, the liquid is periodical-
ly sucked in through one valve and forced out through the other valve, thus
forcing a flow into one direction. The thermopneumatic actuator consists of a
cavity filled with air and a thin film heating resistor supported by thin silicon
nitride beams for (periodically) heating the gas inside.

A narrow air channel connects the cavity to the outside and allows a pressure
exchange with the surroundings. A typical actuator does have a circular air
chamber with a diameter of 8 mm and a height of 400 pm with the resistor
mounted in the middle between “floor” and “ceiling”. The “thermal” response
(warming up and cooling down of the air) can be described with a “thermal”
relaxation time 1, which is mainly determined by the heat capacity of the heater-
resistor and the heat conductivity of the gas [21]. A second relaxation time is
determined by the heat capacity of the whole pump body and the heat con-
ductivity of the body to its surroundings. Due to the air channels there is also a
(third) ‘pneumatic’ relaxation time 1. Since the pneumatic system is non-linear,

1, can only be approximated.
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Fig. 21. Cross sections of the glass-silicon-glass structures for the pump actuator, the pump
membrane and the valves. Right from the figures, the so-called Ideal Physical Models (IPM’s)
of the pump membrane and the valve are given

The pump membrane acts as a capacitor (see Fig.21, C) which stores a
volume, related to a pressure drop. In first approximation the volume change
under the membrane is linear with the center displacement [42]. The membrane
capacitance, however, shows a strong non-linear behavior for center displace-
ments in the range of large deflections.

The normally closed check valves consist of a flexible outer ring and a rigid inner
sealing ridge (see Fig. 21,V). When pressure p; is higher than p, the sealing ridge is
lifted, and liquid flows through the valve. When pressure p, is higher than pressure
p; the valve is closed. Due to a thin oxide layer on the valve ridge the valve has a
small pre-pressure. Obviously, the valve has a strongly non-linear behavior.

The whole micropump is described in a bond graph model [43]. The pump is
driven by a (square-wave) heat source. Simulation results of the pump actuation
as well as the pump rate based on this model are given in Figs 22 and 23

Fig. 22. Simulation of a pump actuator: A = heating power in [W], B = gas temperature in [K]
and C = gas pressure in the actuator chamber in [Pa]. The thermal relaxation times are 0.2 and
200 [s] and the pneumatic relaxation time is 2 [s]
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Fig. 23. Simulated and measured pump rate as a function of the excitation frequency. The
amplitude of the simulation is fitted with the amplitude of the heating power

respectively. Using the bond graph description language, modeling of more
complex systems becomes relatively simple.

3.5
Realization of a Demonstrator System

3.5.1
Description

A schematic diagram of the demonstrator chemical analysis system is given in
Fig. 24. The MCB comprises three in/outlets, two micro-pumps, two flow
sensors and an optical absorption detector module. The purpose is to measure
chemical reaction products by detection of the (spectral) absorption intensity.
Sample and reagent liquids are mixed in the appropriate amounts on-board
(currently the actual mixing takes place during the propagation in channels)
and the optical absorption is measured at the detector side.

The electronic control circuitry is situated in two levels below the MCB layer
with the modules. It is based on a microcontroller system for the micro liquid
handling and the chemical analysis data. Implemented in the electrical circuitry
are driving circuits for the micro pumps, sensing circuits for the flow sensors,
optical absorption measurement circuitry, power management and communi-
cations using an RS232 interface.

The absorption cell is a glass silicon glass sandwich component (15x 1 X
0.4 mm) where optical intensities from different colored LEDs are measured by
a 64 pixel CCD detector, see also Fig. 25. A demonstrator system with a total
system volume of about 50 ml is illustrated in Fig. 26.

3.5.2
Results

Figure 27 shows test results of the measured pump and flow sensor behavior. The
time constant of the pump/flow sensor combination is in the order of 0.2 s. This
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Fig. 24. Micro Analysis System. a Structure of NAS with two flow sensors, two pumps and an
absorption sensor modul. b Component lay-out of MAS
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Fig. 25. Cross-section of the optical absorption detector

Fig. 26. Demonstrator MAS modules mounted on a MCB
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Fig. 28. Measured light intensities with four colored LED’s

is in accordance with the simulation results. Integration of the flow sensor signal
results in a very smooth dose function.

The operation of the absorption detection is demonstrated by recording
absorption intensities. This was done qualitatively at four different wavelengths
for three liquids: a transparent fluid, the Congo red indicator at pH=7 (red-
colored), and the Congo red indicator at pH=3 (blue-colored). As indicated in
Fig. 28, the two differently colored states of Congo red can clearly be
distinguished from each other, and from the transparent background solution.
Although this demonstration is not optimized, the absorption path length for
instance is only 380 pm thick (thickness of a 3” diameter silicon wafer), it clearly
illustrates the potential of this approach.

4
Applications

Miniaturized FIA-systems can be used for a variety of applications. First of all,
such systems can be used to replace existing conventional FIA-systems, opera-
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ted by roller-pumps. The direct advantage is a 10-100-fold reduction in reagent
and sample consumption [44, 45]. These systems may find an interesting
application for (quasi) on-line process monitoring. The continuous operation in
these applications makes the reduction in consumption and waste of chemicals
an important advantage.

A second application is as an autonomous instrument for environmental field
measurements. The aforementioned advantages are here accompanied by a low
power consumption, enabling a long stand-alone time with battery use. Alt-
hough several research and development projects are actually being carried out
in Europe in this direction, up to now no such miniature instrument has been
commercialized.

A third application for pTAS is in the biomedical field. Gumbrecht et al. [46,
47] developed a monolithically integrated, ISFET-based sensor system for (bed-
side) monitoring of blood pH, pO, and pCO, in patients. Here the successful
introduction on the market mainly depends on the price of the system, for which
reason a CMOS-compatible design of the silicon part is needed. Evidently, such
a development is only possible in the case of a high volume market.

In terms of space applications, the low weight accompanied by the small size
gives the system a decisive advantage over conventional systems. In addition, the
use of silicon processing may also give lower fabrication costs. This is, however,
strongly dependent on the type of system and, as mentioned earlier, the pro-
duction volume. Examples of space applications are the space micro-bioreactor
as developed by van der Schoot et al. [48], and the previously mentioned sensor
array system [11]. Whereas the first system is meant to be a small-size, low-
power experimentation setup for biological experiments, the second one is
meant to be incorporated in the life support systems for astronauts. In this case,
the light weight, small size and small power consumption are the decisive advan-
tages of the microsystem approach.

Finally, the most promising application area of pTAS lies in DNA analysis
for two reasons. First, microstructures for capillary electrophoresis offer the

glass-bonded silicon ground plate
containing fluid channels

Fig. 29. Ammonia analyzing system according to the proposed MCB-concept
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advantage of a high analysis speed [49,50] which is crucial for DNA-sequencing.
Although most of the work on capillary-electrophoresis structures has been
carried out with micromachined quartz structures, recently techniques for
realization of electrically insulated structures made with silicon microtechnolo-
gy have been presented, as illustrated in Sect. 2.3.3.The advantage is that micro-
detectors such as electrochemical, differential pressure or thermal sensors are
much more easily integrated with the microchannels than with quartz struc-
tures. The second reason that makes microfabricated structures promising for
DNA analysis is that they allow the manipulation of fluids in the nanoliter or
even picoliter range. Recently, much work has been done on the realization of
micro-titerplates for DNA screening [51-53]. Here a combination of precise
fabrication of micro-volume reactors with a clever fluidic system and micro
dosing (inkjet) nozzles to charge every microreactor with the appropriate
chemicals yields a highly sophisticated microanalysis system with excellent
marketing prospects.

5
Conclusions

In this chapter we have described the possibilities of silicon microtechnology for
the realization of micro (bio)chemical analysis systems. It can be concluded that,
with micro system technology, a variety of components for fluid handling on a
micro scale can be realized. Etching techniques can be used for the production
of planar microchannels, either in silicon or completely insulating, in silicon
oxide. Utilization of micro system technology for a planar fluid-channel plate
also facilitates the integration of different components into one system without
connecting tubing. Using the same concept, electronic components can also be
added. It has been shown that bondgraph modeling provides a valuable tool for
the simulation of component and system behavior.

The value of this approach is illustrated by a demonstrator chemical analysis
system (UFIA-system) comprising two micropumps, two flow sensors, an optical
absorption cell and control electronics. The capability of detecting a differently
colored pH indicator proves that this concept can be used for many miniaturi-
zed FIA systems. Given the number of particular properties of pTAS such as
small size, fast response, little consumption of chemicals and electrical power
and, potentially, low price, a wide range of potential applications are possible.
However, in order to achieve low cost production, large numbers are needed.
This is best achieved by focusing efforts onto a few generic systems, that may be
finely tuned for particular applications. The selection of these few generic
systems appears to be the greatest challenge for the successful implementation
of pTAS. The most promising application seems to be in DNA analysis, where a
combination of high analysis speed, extremely small volumes, and precise
microsystem fabrication is required and which offers a potentially large market
volume.
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The prospects of inexpensive mass production of integrated chemical separation systems with
superior analytical performance through modern microfabrication technology has stimula-
ted considerable research activity over the past five years. In addition, these devices hold the
promise of being extremely rugged, capable of analysis of very small sample volumes, and
suitable for high-throughput analysis through parallel sample processing. The goal of the pre-
sent article is to review major recent accomplishments in this rapidly advancing field. Since
most research efforts up to now have been devoted to electric field driven separation systems,
in particular to chip-based capillary electrophoresis, emphasis will be laid on the discussion
of the physical-chemical basis of the operation and optimization of these devices.
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1
Introduction

The exploitation of modern micromechanical fabrication technology for
analytical chemical applications has recently created a rapidly advancing inter-
disciplinary field of research. The separation or fractionation of sample com-
ponents generally represents an essential step in the sequence of laboratory
operations that ultimately generates chemical information (identity and quanti-
ty of the constituents of interest), as a look in a modern analytical laboratory
readily confirms. Based on a thorough analysis of the physical-chemical basis of
the separation mechanisms, the improvement in analytical performance to be
gained from miniaturization have been known for quite some time (see [1]).
This knowledge has lead to the development of small-diameter packing materi-
als and open-tubular microcolumn separation techniques such as capillary gas
chromatography [2], microbore HPLC [3-6] or capillary electrophoresis (CE)
[7-9].

In particular, CE has already set new standards in analytical chemistry with
regard to separation speed, resolution power and consumption of buffer and
sample, even though commercial instruments have not been available be-
fore 1988. Column diameters typically range between 25 and 100 pm, a feature
size that is conveniently accessible by micromachining technology. It is
therefore hardly surprising that the development of micromachined chemical
separation systems has been intensively pursued over the past few years,
with the earliest roots in capillary gas chromatography dating back to 1975
[10,11].

However, microfabrication technology has more to offer to the field of analy-
tical science than just a convenient way to manufacture small-bore separation
columns. Networks of coupled channels including features such as frits, mixing
chambers, flow restrictors, reagent compartments, etc. of virtually any shape can
be produced as simple as a single straight channel with negligible additional
costs. Therefore, operational functionality, such as integrated sample injectors
or on-line modification or synthesis of compounds, can be incorporated in these
devices. Most important, this can be done without introducing significant dead
volumes into the system, which would be detrimental for the precise handling of
pico- to nanoliter sample volumes.

Integration and miniaturization represent of course very general concepts
applicable to many aspects of analytical instrumentation (e.g., integrated light
sources, detectors, electrodes, electronics for data acquisition and data pro-
cessing, etc.). The overwhelming success of microfabrication technology in elec-
tronics holds the promise that a similar revolutionary approach might be
possible for the generation of chemical information. In its ultimate consequence,
this route might lead to a so-called “miniaturized total analysis system” (WTAS)
or a “lab-on-chip”, where all necessary analysis steps such as sample pre-
treatment, chemical modification, separation, and detection are carried out in a
highly integrated, most desirably monolithic device. This would allow to use
these units for on-line and at-site monitoring in a sensor-like manner as pre-
sented in detail by Manz et al. [12-16].
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The focus of the present chapter is limited to review major accomplishments
with “partially” integrated microcolumn separation systems that have been
achieved in the last five years. “Partial” integration here refers in most cases to
the fluidic part of the system which consists for example of a network of inter-
connected microchannels. The examples chosen have all been developed at least
to the level of functional models and demonstrate principal feasibility. Many
aspects of great importance in this context, such as chip fabrication, detection
issues, higher levels of functional integration, etc., will be discussed in chap. 1
and 2 of this volume.

2
Miniaturization and Chip-Based Integration

As already mentioned, the concepts of integration and miniaturization are not
new in separation science, but the tools at our disposal for the realization of such
systems have changed dramatically with the advent of micromechanical fabrica-
tion methods. The advantages of this technology are best appreciated by a closer
look at earlier attempts to construct integrated small volume analysis systems
using “conventional” techniques.

The innovative thermostated separation system published by de Bokx et al.
[17] represents an interesting example and comprises a capillary cross intersec-
tion for sample injection and a 100 pl fluorescence detector cell based on fiber
optics. This apparatus shows basically all features that are required to perform
automated fast and efficient electrophoretic separations and has been used
to separate a mixture of laser dyes in 35 seconds with moderate efficiency.
However, in order to keep all dead volumes at the junctions sufficiently small, the
connections had to be done by tedious laser-based drilling of holes through the
capillary walls. A similar approach to interconnect capillaries was described for
a postcolumn derivatization reactor for CE [18],and many more inventive capil-
lary coupling devices have been designed.

Microfabrication technology offers a much more elegant, precise, and inex-
pensive (if produced in large numbers) route for the manufacturing of such
interconnected systems of microchannels. Figure 1 shows an electron micro-
graph of an arrangement of channels forming a sample injector for capillary
electrophoresis. The microchannels were etched into a glass plate after
photolithographic pattern transfer [19]. The intersections are virtually free of
void volumes, and the whole arrangement is very rugged due to its monolithic
integration into a single chip of glass.

A closer look at the functional models developed so far reveals that the aspect
of integration plays a more prominent role than the shear miniaturization of the
characteristic dimensions involved. This is in contrast to the common miscon-
ception that micromechanical fabrication techniques result in a dramatic re-
duction of the physical size of the devices. Although there exist impressive
examples of relatively long separation columns folded on a device of a few cm?
and below, at the present state of development, the outer dimensions are usually
dictated by the constraints of interfacing the chip to the “outside” world (sam-
ple, buffer solutions, reagents, etc.).
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Fig. 1. Electron micrograph of electrophoresis channels formed into a glass substrate by
photolithography and wet chemical etching. Channel dimensions: width: 50 pm, depth: 12 pm
(reprinted with permission from [19]. Copyright 1993 American Chemical Society)

The main incentives of chip-based integrated chemical separation systems
can be summarized as follows:

[u—

. Reduced consumption of sample, reagents, and mobile phase

2. Improved analytical performance in terms of resolution power per time unit

3. Multifunctional, interconnected channel networks with negligible dead
volumes

4. Fabrication of arrays of many parallel systems

. Increased mechanical stability due to monolithic integration

6. Suitability for inexpensive mass fabrication

w

The first two points represent a general motivation for miniaturization in sepa-
ration science independent of the actual fabrication technology. The benefit of a
reduction of the consumption of sample, reagents, and mobile phase in chemical
and biochemical analysis is self-evident and does not need to be discussed further
(reduced consumption of precious samples and reagents, reduced amounts of
waste, environmental aspects). This advantage is, however, sharply contrasted by
its severe implications on the detection side, as discussed elsewhere in this volume
in detail. The detection of the separated zones of very small sample volumes criti-
cally depends on the availability of highly sensitive detection methods. It is not
surprising that extremely sensitive laser-induced-fluorescence (LIF) has been the
mostly used detection principle for chip-based separation systems so far.
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The effects of miniaturization on the performance of an analytical separation
system are often discussed in terms of a reduction of a characteristic length
parameter (e.g., column diameter d, or particle diameter d,,) and the associated
consequences for lateral zone dispersion processes and their interplay with
longitudinal (axial) zone dispersion. A rigid discussion of the physical-chemical
basis is beyond the scope of this chapter. For a general account in terms of
scaling laws and proportionality considerations, the reader is referred to the
references [12,14]. A comprehensive and detailed description with emphasis on
the underlying physical-chemical processes can be found in the book by
Giddings [20].

Poppe has recently summarized the most essential factors in a concise and
lucid manner [21]. His reasoning is applicable to a wide range of separation
techniques provided that zone dispersion due to lateral non-equilibrium is
understood in a very broad sense that includes, for instance, lateral concentra-
tion gradients of various origins (e.g., owing to size exclusion effects, parti-
tioning between different phases, external gradients, etc.) and lateral
differences in local flow velocities. These lateral non-equilibria can be des-
cribed by characteristic relaxation time constants 7 that measure how long it
takes to establish lateral equilibrium. From a molecular point of view, they
can also be interpreted as a measure of how long it takes for a molecule to
“sample” all the various lateral regions in the system under consideration. The
parameter 7 is fundamentally related to characteristic size measures d of the
system (layer thickness, particle diameter, column diameter, etc.) through a
diffusion Eq. of the form:

dZ
r=y3 (1)

where D is the diffusion coefficient and y stands for a numerical factor depen-
ding on the geometry of the process considered.

The major reason why a reduction of the particle size or column diameter is
expected to lead to an increase of “separation speed” (resolution power per time
unit) can be found in its effect to decrease 7. Separation speed is often expressed
in the analytical literature in terms of the number of theoretical plates N per
time unit ¢ (for a definition of N in terms of experimental parameters see
Sect.3.1.1). For zone dispersion due to lateral non-equilibrium, the ratio N/t will
be in general inversely proportional to r[20]:

N . D 2
— ~ T~ —
t d?

Consequently, if a given separation problem requires the generation of a
certain number of theoretical plates, the analysis time can be reduced by low-
ering 7 according to Eq. 1. For a given fixed value of d, tis ultimately limited
by the magnitude of the diffusion coefficient. In general, however, 7 can be
strongly reduced by decreasing the characteristic size measure d. If longitudi-
nal diffusion is also taken into account, a more detailed analysis shows that the
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optimum linear flow velocity that leads to an optimum separation efficiency is
proportional to the ratio D/d [20]:

2 (3)
Ve

As d is reduced, the linear flow velocity has to be increasingly higher in order
to take full advantage of miniaturization according to Egs. 1 and 2. In liquid
chromatography, the mobile phase velocity required by Eq. 3 is limited by the
maximum pressure that can be applied to the separation column, thus imposing
an instrumental limit to the gain that can be achieved by miniaturization. In CE,
the discussion of separation performance indices is strongly facilitated by the
absence of a stationary phase. Lateral non-equilibrium in CE is usually domina-
ted by the formation of thermal gradients in the capillary, which can be
remedied by decreasing the cross section of the column (see Sect.3.1.1).

The third point listed above is of utmost importance if the theoretically
expected improvement in separation performance should be exploitable with a
real instrument. Apart from the inherent contribution of the separation column
itself (variance o,%), overall band broadening (o?) is also caused by the sample
injector (0y,), the finite length of the detection volume (04.?), and by any con-
tributions of dead volumes (04,%) due to fittings etc. (see for example [22]:

2 — 2 2 2 2 2+ 2
0°= Oy + oinj t Oget”™t Ogy”™ = Ocol”” Oexcol (4)

Clearly, any reduction in o> will only be useful if all other contributions
Oexcol” €an also be kept low enough relation to it. For example, although sample
plugs of only 150 pm length were used in the first demonstration of microchip
gel electrophoresis with 3.8 cm separation length, yet about 50% of band bro-
adening was found to be caused by sample injection [23]. Thus, small sample
volumes need to be injected, detection has to be carried out in small detection
volumes, and all void volumes spoiling the gain from miniaturization must be
avoided. Of course, the time response of the detection electronics and data
acquisition system has to be fast enough in order to avoid additional dispersion
of the detected signal. The necessity of handling very small volumes in the
femto- to nanoliter range, although a prerequisite for special applications as for
example the analysis of single cells (see for example Ref. [24]), is therefore in
many cases simply enforced by the desired analytical performance, which
requires small bore separation columns of short length.

The aspect of minimization of all void volumes is particularly important on a
micrometer length scale since diffusion then becomes a very fast and domina-
ting mixing process. Any small void volumes will act as efficient “mixing
chambers”. For a typical diffusion coefficient of a small ion in solution
(D=107° cm?s), diffusion over a distance of 10 um will take place in approxi-
mately 100 ms; over a distance of 1 um only 1 ms is required. Any concentration
gradients present on this length scale will be very readily leveled out, i.e. void
volumes will be filled. The virtues of microfabrication for the production of
virtually dead volume free interconnections can hardly be overestimated. It
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should be noted that even a fairly low dead volume (from the separation science
point of view) of only 1 femtoliter corresponds to the volume of a cube with 1 um
edge length. Features of this size are considered significant from the standpoint
of microfabrication and are easily within the scope of standard photolitho-
graphic resolution.

The potential of planar fabrication technology for the batch production of
arrays with many integrated units has been convincingly demonstrated by the
microelectronics industry. Parallel analysis systems provide a route to high
throughput analysis, which is mandatory for many modern developments in the
life sciences, as e.g. high throughput screening of combinatorial libraries or high
speed sequencing of DNA. The extreme mechanical ruggedness of monolithi-
cally integrated columns and the low fabrication costs are self-evident and
reflect the origin of this technology for the production of microelectronic com-
ponents.

3
Capillary Electrophoresis and Related Applications

3.1
General Aspects

Originally pioneered by Harrison and Manz between 1990 and 1991 [25, 26], the
development of chip-based integrated CE systems with electrokinetic fluid
handling has received ever increasing interest over the past five years. This
branch of microfabricated microcolumn separation systems is arguably the
most rapidly advancing one and the area where the most spectacular results
have been accomplished [27]. The reasons for this can be partly found in the
inherent simplicity of the fabrication, operation and control of these devices.

The early phase of development can be characterized by a transfer of con-
cepts from “conventional” CE to the planar format, such as capillary gel electro-
phoresis, micellar electrokinetic chromatography, sample stacking and pre- and
postcolumn sample derivatization. Emphasis was laid on the demonstration of
the specific advantages mainly from the separation science point of view. With
only very few exceptions, detection has received much less attention yet. LIF
detection with confocal imaging has been used in most of the early work owing
to its high sensitivity and its relatively easy implementation. If not explicitly
mentioned otherwise, all experiments described in the following sections were
carried out with LIF detection [28,29].

As far as substrate materials are concerned, glass and more recently quartz
have been predominantly employed. The reasons for this include:

1. micromachining techniques for glass and quartz are well established,

2. the general optical, electrical and chemical properties are favorable and

3. there exists a variety of surface modification methods that can be easily
transferred from conventional CE to planar chips.

The devices are usually fabricated by photolithographic pattern transfer
followed by a wet chemical etching step (see for example [25, 30, 31] for ex-
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perimental details). The channel system is then sealed by thermally bonding of
a cover plate to the structured substrate. The cover plate contains reservoir
holes which provide access to the channels. In the case of glass, annealing
temperatures between 500 and 600 °C usually have to be used for several hours,
whereas quartz devices have been bonded as temperatures as high as 1100 °C
[32,33].

Silicon devices covered with insulating layers of thermal oxide and CVD
nitride have been shown to suffer from breakdown problems which limit the
applicable voltages [34]. For that reason, very few experimental studies on high-
speed CE (requiring high field strengths) have appeared in the literature where
silicon substrates were used, in contrast to its successful use in other separation
techniques as discussed in Sects. 4 and 5.

Only very few studies with alternative materials and fabrication methods
have been published. Ekstrom et al. [35] demonstrated the feasibility of struc-
turing inexpensive polymeric materials by means of a microfabricated master
for the production of microchannel systems. The structured polymer film was
mechanically clamped between two glass plates to form a closed channel system.
Recently, a similar route for the fabrication of microchannel chips that relies on
casting of an elastomeric polymer material against a microfabricated master has
been presented by Effenhauser et al. [36] (see Sect. 3.4).

3.1.1
Optimization of Efficiency and Separation Speed

Longitudinal diffusion caused by concentration gradients in the capillary (sam-
ple plug) will be an omnipresent source of band broadening in CE, even if zone
dispersion due to lateral non-equilibrium were completely absent. Further-
more, some extra-column band broadening due to sample injection and detec-
tion will always have to be accepted in a real instrument. In this section, the
optimization of separation speed and efficiency in CE will be discussed under
the assumption that zone dispersion is governed by these three unavoidable
sources of band broadening [19]. As already mentioned, lateral non-equili-
brium in CE is in many cases dominated by Joule heating of the buffer solution,
therefore some relevant aspects of heat dissipation in capillaries will also be
discussed here.

The analysis time ¢ in CE is determined by the migration time of the slowest
detectable sample constituent i and can be calculated from

L L?
f=——=
l‘liE Hi Vs

(5

ep

where L denotes the distance between injection and detection, p; the (vector-)
sum of the electroosmotic and the electrophoretic mobility of component i, E
the absolute value of the electric field strength and V., the potential drop across
L. The most commonly used measures for the efficiency of a sample separation
method is either the number of theoretical plates N or the plate height H (more
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accurate: height equivalent to a theoretical plate, HETP) respectively, which can
be defined as:

LZ
N=— and H=
0-2

2

L

Z | =

Since the variance contributions ¢ (in length units) of longitudinal diffusi-
on, injection, and detection are not correlated, their variances can be added

2 2 2 2 — 2
0% = Ogiff” + O+ Oget” = 2D;t + Oyl (7)

The molecular diffusion coefficient of the component i is denoted D;. In this
scenario, the corresponding upper limit of N is then given by

N LZ 2D1 aexcolz B (8)
=— = +
max o2 i v L2

High plate numbers require the application of high voltages while keeping
%o/ L* as low as possible. It is interesting to note that N depends only on the
absolute voltage applied and not on the field strength. Furthermore, since both
p;and D; are inversely proportional to the friction coefficient f in the buffer
solution [20], N will in general not depend on f.

If, however, efficiency and analysis time are to be optimized at the same time,
a different outcome is obtained. As already mentioned above, separation speed
is often expressed as the ratio N/t (the rate of “generation of theoretical plates”)
and can be calculated by combining Eqs. 5 and 8

(N ) _ p’E? _ p’E?

2Dyt g T 2Dt B EHo
1 1 L

)

In contrast to N, N/t does not depend on the separation voltage but rather on
voltage gradient E. Maximum separation speed can be obtained by application
of the highest possible field strength while keeping the plate height due to extra-
column band broadening H,,, = 02./L as low as possible. Note that N/t is
inversely proportional to the friction coefficient fin the separation medium [20].

In practical applications, Joule heating imposes an upper limit on the maxi-
mum field strength. The heat W generated per time unit and unit volume V in
an electrolyte of a electrical conductivity x is given by:

W— T) E? 10
=) =) (10)

and increases with the square of the electrical field strength. Since the heat is
generated uniformly in the electrolyte volume, but can be dissipated only across
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the confining boundaries of the electrophoresis compartment, increasing the
surface-to-volume ratio provides the major route to improve heat dissipation.
Originally, this has been a major motivation for the development of narrow tube
electrophoresis and was proposed by Tiselius in 1937 [37]. Apart from a general
rise in temperature, Joule heating leads in the case of cylindrical capillaries to
the formation a parabolically shaped temperature profile [38-40].If the applied
electric field exceeds a certain limit, this profile becomes a major source of band
broadening and causes severe deterioration of the separation efficiency. The
general physical-chemical mechanisms leading to band broadening have been
discussed in detail by several authors (see for example [41]).

In contrast, microfabricated microchannels in general exhibit more or less
rectangular shaped cross sections depending on the fabrication process. The
advantage of rectangular channels with respect to heat dissipation are obvious
(even better surface-to-volume ratio) [37, 42].

In 1989, Jansson et al. [43] theoretically modeled the performance of electro-
driven separation systems in rectangular conduits etched into bulk silicon sub-
strates and proposed their fabrication. As it turned out, however, the additional
advantage of a 100-fold higher thermal conductivity of silicon compared to glass
or quartz is opposed by dielectric breakdown problems, thus again imposing a
limit to E [34]. The thermal properties of thin-walled rectangular capillaries
were recently reinvestigated by Cifuentes et al. [44-46]. If cylindrical and
rectangular columns of equal cross sections are compared, the latter clearly
show improved thermal properties (lower temperature rise, smaller temperature
gradients across the column). This improvement gets more pronounced with
increasing aspect ratio (width-to-height ratio) of the channel [44], favoring thin
and wide separation beds.

A systematic study of microchannel heat dissipation in bulk planar substrates
with a thickness in the order of a few mm has not been published yet, but a sim-
ple extrapolation of the underlying physics would indicate that the temperature
gradients will be low in these channels as well. Using low conductivity buffer
solutions, efficient separations at field strengths of up to 2500 V/cm have been
demonstrated with these devices [23, 30].

The conductivity of the buffer solution is, however, also of great relevance in
this context (Eq. 10) and capillaries of very small diameter with very efficient
heat dissipation are commercially available. Using well designed buffer solu-
tions and conventional 50 pm capillaries, fast protein separations at 2000 V/cm
have been described by Hjerten et al. [47]. Using a laser photolysis based gating
technique, the group of Jorgenson has reported extremely fast CE separations on
a subsecond timescale at up to 2500 V/cm in a 6 pm and at 3300 V/cm in a 10 pm
inner diameter capillary respectively [48, 49].

3.1.2
Electrokinetic Fluid Handling

In the present context, the term electrokinetic effects is used to cover both elec-
trophoretic and electroosmotic phenomena, which are often inseparably super-
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imposed on each other. In contrast to electrophoresis, electroosmosis is a
macroscopic phenomenon that relies on the existence of immobilized surface
charge at the channel walls when in contact with an electrolyte solution. This
charge can be due either to ionizable groups (e.g., silanol groups in the case of
glass or quartz capillaries) or can be caused by adsorbed charged species from
the buffer. As a result, a thin electric double layer of opposite charged mobile
ions (typical thickness x~!:10-100 nm) is formed with an associated difference
of the electrical potential (“J-potential”) with respect to the bulk buffer solu-
tion. Application of an external electric field in axial direction exerts a force on
this thin fluid layer where a net charge density exists, and by momentum trans-
fer to adjacent fluid layers (viscous forces), the whole fluid in the capillary will
be dragged along. According to numerical simulations by Dose and Guiochon
[50], the formation of a steady-state flow profile in general takes place on a
100 ps time scale. The flow induced by this remarkable phenomenon exhibits a
number of very useful features [51, 52]:

1. The average flow velocity is independent of the channel width and geometry
over a wide range of dimensions (roughly 10°-10* um).

2. The velocity profile is virtually flat over the cross section of the capillary,
thus causing only little zone dispersion. This is valid as long as the condition
k! < d is fulfilled [51].

3. The flow velocity is linearly dependent on the electric field strength applied
(Veo= Heo - E, where 1., denotes the electroosmotic mobility). In glass or fused
silica, linear flow velocities of 100 pm/s to 1 mm/s can be achieved with field
strengths in the order of several 100 V/cm. For a typical channel cross section
of 107° cm? (50 X 20 pm) this results in corresponding volume flow rates in the
order of 100 pl/s to 1 nl/s.

If external potentials are applied to a system of several interconnected
channels, the respective field strength in each channel will be determined by
Kirchhoff’s laws in analogy to an electrical network of resistors [28]. Ideally,
electrokinetically driven mass transport in each of the channels will take place
according to magnitude and direction of these fields. This allows for complex
fluid manipulation operations in the femtoliter to nanoliter range without the
need of any active control elements, such as external pumps or valves. This is of
particular relevance due to the demanding limitations with respect to void
volumes in the system (see Sect. 2).

The characteristics of electrokinetically controlled fluid flow in microchannel
manifolds has been studied in a systematic way by Harrison and coworkers [28,
30]. An illustrative demonstration of the potential of this approach is shown in
Fig. 2 for the controlled dilution of a fluorescein solution under voltage control.
In parallel with a stepwise decrease of the potential applied to the fluorescein
reservoir, a decrease of fluorescence signal downstream after the junction is
visible in Fig. 2. As long as the ionic strength and pH in each supply channel is
the same (same p1,,), mass balance is automatically fulfilled, and the incoming
flows at the intersection will be exactly balanced by the outgoing flow of the
mixed components (otherwise, mass balance would be enforced by additional
hydrodynamic or secondary internal flows). This way of mixing fluids was also
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Fig.2. Fluorescence intensity recorded downstream a T junction after controlled dilution of a
fluorescein sample. Dilution is controlled by stepwise reduction of potential V, (reprinted
with permission from [56]. Copyright 1994 American Chemical Society)

used to perform well controlled chemical reactions on a chip, as for instance
with postcolumn sample derivatization for detection purposes [33, 53, 54] (see
Sect.3.2.4).

However, in the same studies, characteristic “leakage” effects at capillary
junctions were observed and have been attributed both to hydrodynamic and
diffusion effects. For example, a steady flow of buffer in the straight part of a
T-junction often induces a small secondary leakage flow from the side channel,
although no voltage is applied there (floating potential). Photomicrographs and
video imaging were used by several groups for the documentation of these
effects [55,56]. The underlying fluid dynamics is not completely understood yet,
and the direction of the secondary flow can be reversed under certain condi-
tions. Numerical simulations of the fluid dynamics at the junction have been
carried out very recently and seem to provide better understanding [57]. The
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effect disturbs for instance the injection of sample plugs due to a small steady
flow of sample into a separation capillary (see Sect. 3.1.3), hence causing a high
background signal. However, application of potentials to each of the channels
involved can fully suppress this leakage flow, as is described for example in Refs
[23, 56, 58, 59].

3.13
Sample Injection

A means for sample injection has been the first functionality that was success-
fully integrated into a planar CE device [19, 25, 27, 30, 56]. The geometrical
design used was first proposed by Verheggen et al. and has demonstrated its
performance with the injection of microliter sample volumes and sample plug
lengths of several cm [60]. A miniaturized and valveless version of this design
consists of two closely spaced T-junctions (“double-T injector”) [19] as illustra-
ted in Fig. 3 or, in its most simple version, of a simple channel crossing.

Buffer Sample

2 (v (&)

j — ﬁ

Einj 10 mm
AL
Esep

) b

@@ - (5
Injection Waste . Waste

Fig.3. Layout of a glass chip with integrated sample injection. The inset shows details of the
channel geometry of the injection region (reprinted with permission from [19]. Copyright
1993 American Chemical Society)
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Application of a potential between reservoirs 1 (sample) and 4 (injection
waste) electrokinetically pumps sample solution as indicated in Fig. 3. In
this way, a geometrically defined 150 pm (90 pl) section of the separation
channel can be filled [19]. If the injection potential is applied long enough to
ensure that even the slowest sample component has completely filled the
injection volume, a representative aliquot of sample can be analyzed (so-called
“volume defined” injection). This is in contrast to electrokinetic sample
injection in conventional capillaries, which is known to bias the sample ac-
cording to the respective ionic mobilities [61]. These characteristic differences
are shown schematically in Fig. 4. It should be noted that this picoliter sample
injector is exclusively controlled by the application of electric fields and does
not require any active elements with moving parts such as valves and external
pumps. The reproducibility of the peak height of the injected sample plugs
has been reported to be within 2% RSD (relative standard deviation) and less
[19,23].

Leakage from the injection capillaries into the separation channel is often
observed after application of the separation voltage. It can be avoided by more
sophisticated voltage control protocols during sample injection and separation
[23, 56, 58, 59].

A similar volume defined injection protocol where the sample is confined
within two controlled side streams of buffer solution has been developed by the
group of Ramsey and has been dubbed “pinched injection” scheme [31]. The

a A

conc.

conc.

0 L

Fig.4. Schematic representation of electrokinetic sample injection in a a volume defined in-
jection scheme (unbiased loading) and b conventional CE (biased sample loading). The sam-
ple migrates through the injection volume in a way resembling a frontal electropherogram
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same group also investigated an injection scheme based on switching of an elec-
trokinetically driven continuous sample flow for a short time (so-called “gated”
sample loading) [31]. The performance of both injection techniques was found
to be very satisfying, although the latter technique (“gated injection”) again
leads to an electrokinetic bias of the sample. The reproducibility of the peak area
was found to be around 1-2% RSD and below.

“Gated” sample injection have also been used in combination with a sample
preconcentration technique known as sample stacking. This technique exploits
the changes of the ionic migration velocity when crossing a boundary of a
discontinuous change of buffer conductivity with an associated step-like
change of the electric field strength. Jacobson et al. have shown with fast
separations of derivatized amino acids that concentration enhancements up to
a factor of 30 can be achieved [62].

3.2
Electrophoretic Separations

3.2.1
Separations in Free Buffer Solution

As has been discussed before, short separation channels in combination with a
high electric field strength and minimized extra-column band broadening
should result in both fast and efficient electrophoretic separations. Mixtures of
fluorescent-labeled (FITC) amino acids were often used as model samples. An
example of a high-speed high-resolution separation of a mixture can be found
in Fig. 5, which also shows how the separation evolves with increasing migration
path [19]. For L=5 mm, sample components differing by one unit in effective
charge are well separated within 2.5 seconds, and four out of five neutral amino
acids with similar effective charges can be resolved. If the separation length is
increased to L =24 mm, all five neutral amino acids are base-line resolved within
14 seconds [19,27],and a separation speed index of 8,300 plates/second could be
obtained in combination with a corresponding plate height as low as 0.3 pum.
Other examples of fast separations of amino acids on microchips have been
published in Refs. [30, 56].

In the presence of electroosmotic flow, opposite charged dyes can be separa-
ted at particularly high separation speed on a time scale of 100 ms generating up
to 18,600 theoretical plates/second, as reported by Jacobson et al. [63]. The same
group has reported rapid separations of metal ions (Zn**, Cd**, AI’*) complexed
with a fluorescent quinoline dye on a quartz microchip [32]. Channel walls were
coated with polyacrylamide to prevent electroosmotic flow, the separation was
achieved in less than 20 s at 870 V/cm and L=16.5 mm.

An interesting application of microchip CE is the analysis of serum cortisol
immunoassays that have been performed off-chip prior to their injection [64].
Separation and quantitation of the free and bound labeled antigen could be
achieved in less than 30 s and allowed the determination of serum cortisol in the
clinical range of interest.
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Fig.5. Electropherograms of a mixture of six FITC labeled amino acids utilizing 5 and 24 mm
separation length recorded at 1060 V/cm. Sample was injected and separated on the glass chip
depicted in Fig. 3 (reprinted with permission from [19]. Copyright 1993 American Chemical
Society)

3.2.2
Separations in Polymer Sieving Media

Today, the majority of electrophoretic separations is performed using poly-
acrylamide or agarose gels with biopolymer samples. Therefore, in order to
widen the range of microchip CE to this central area of bioanalytics, transfer of
gel electrophoresis protocols has been investigated very early in the develop-
ment of microfabricated chemical analysis systems. The first application was
described by Effenhauser et al. [23], who used a microchannel system filled with
non-cross linked 10% T polyacrylamide for the size separation of phosphoro-
thioate oligonucleotides ranging from 10 to 25 bases in length. A high field
strength of 2300 V/cm was employed, resulting in rapid size separation in less
than 45 seconds with 0.2 pm plate height as depicted in Fig. 6. Chemical modifi-
cation of the channel walls was found to be not necessary. As it turned out, reso-
lution was limited in this study by the length of the injected sample plug of
150 pm (separation length: 3.8 cm). In a follow-up study, a longer separation
length diminished the relative band broadening contribution of the injected
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Fig. 6. Electropherogram of fluorescein labeled phosphorothioate oligonucleotides (PS pd
(T)10-25) recorded in 10% T, 0% C polyacrylamide matrix at 2000 V/cm, L=38 mm (reprinted
with permission from [23]. Copyright 1994 American Chemical Society).

sample plug and lead to baseline resolution of the same sample [65]. The actual
aim of this work was the isolation of fractions of single oligonucleotides by
electrokinetic manipulation, and was achieved by automated switching of
voltages at a T-junction after separation. The voltage switching protocol is shown
schematically in Fig. 7. The result of the isolation of a single oligonucleotide
(18-mer) is also shown in Fig. 7.

Woolley and Mathies were the first to demonstrate the separation of longer
double stranded DNA (¢ X 174 HAE III restriction fragments) on CE chips [29].
In this study, an entangled hydroxyethylcellulose solution was used as a sieving
matrix. The DNA sample was on-column labeled for fluorescence detection by
adding an intercalating dye to the buffer solution. Separations of the DNA
fragments (with good 271/281 bp fragment resolution) were achieved in 120
seconds with 3.5 cm separation length. The influence of the field strength and
the width of the separation and injection channels on the separation efficiency
was studied in a systematic manner by fabrication of 15 different width com-
binations on a single device.

The same authors have exploited the unique combination of speed and resolu-
tion for DNA sequencing on a chip, a key application in modern molecular bio-
logy. The chip was completely filled with a 9% T, 0% C polyacrylamide sieving
medium [66]. Sequencing was performed in a four color labeling and fluores-
cence detection format. By using a separation distance of 3.5 cm, sequencing
resolution of up to ~200 bases could be obtained in less than 10 minutes with
97 % accuracy (Fig. 8). Resolution was limited by the length of the injected sample
plug, and could be improved to 500 bases by using an optimized chip layout in
combination with an optimized sieving matrix.
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Fig.7a. Voltage switching protocol for the electric field controlled withdrawal of preselected
sample zones at a T-intersection. The same sample used in Fig. 8 was base line separated prior
to fraction isolation at 1130 V/cm
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Fig.7b. Result of the withdrawal of a single oligo (PS pd(T) ;) (reprinted with permission from
[65]. Copyright 1995 American Chemical Society)
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Fig.8. Analyzed four-color DNA sequencing data (M13mp 18) recorded on a CE chip in a 9%
T, 0% C polyacrylamide matrix at 200 V/cm, L=35 mm. Blue: C; green: T; black: G; red: A.
(reprinted with permission from [66]. Copyright 1995 American Chemical Society)

3.23
Integrated Precolumn Reactors

A variety of pre- and postcolumn sample derivatization schemes has been deve-
loped in CE, mainly for the attachment of fluorescent labels for detection pur-
poses. Precolumn sample modification is usually less demanding than postco-
lumn reactions for reasons discussed in Sect. 3.2.4.

A chip-based integrated precolumn microreactor with 1 nl reaction volume
has been explored by Jacobson et al. [67]. The reactor is operated in a continuous
manner by electrokinetically mixing of sample (amino acids) and reagent
(o-phthaldialdehyde) streams. The reaction time is adjusted via the respective
flow velocities. By switching of potentials, small plugs of the reaction product
were injected into a 15.4 mm separation channel in a “gated” injection scheme
(<1.8% RSD in peak area). The separation efficiency achieved was relatively
poor, however, electrokinetic control of reaction time (and yield) permitted to
monitor the kinetics of the derivatization under pseudo first-order conditions.
A similar integrated precolumn reactor operated in a stopped flow mode has
been described by Harrison et al. [68].

Another interesting application of an integrated precolumn microreactor
with a volume of 0.7 nl is the on-chip digestion of plasmid DNA (pBR322) with
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an restriction enzyme (HinflI) [69]. The operation procedure is similar to the one
described above, apart from the fact that the digestion reaction was carried out
either in a continuous flow or a stopped flow mode. Subsequent fast size analy-
sis of the digested DNA fragments was performed with a 1% hydroxyethyl
cellulose sieving matrix. The double stranded DNA was labeled on the separa-
tion channel by the counterpropagating (positively charged) intercalating dye
TOTO-1 and detected by means of LIE The electropherogram of the fast size
separation of the digested DNA fragments is shown in Fig. 9.

Very recently, the coupling of a PCR (polymerase chain reaction) reaction
chamber with microchip electrophoresis has been published by Woolley et al.
[70]. This instrument can be regarded as a special case of a precolumn sample
modification system, although integration is not used here in the sense of mono-
lithic integration as in the examples discussed before. The silicon-based micro
PCR reactor (20 ul) was glued into one of the reservoir holes of the cover plate
of a glass CE chip, and served as a “special” sample reservoir. The contents of
the PCR reactor was periodically injected into the separation channel and
electrophoretically analyzed. In this way, the course of the PCR amplification of
a 268 bp fB-globin target could be monitored through the determination of the
peak area. The product was analyzed in a 0.7% hydroxyethyl cellulose buffer
solution. PCR amplification (30 cycles) and the electrophoretic analysis of the
sample was done is less than 20 minutes.

3.24
Integrated Postcolumn Reactors

Postcolumn derivatization schemes for detection purposes offer a number of
advantages over precolumn labeling, such as the avoidance of multiple labeled
products with associated differences in migration times (proteins, peptides) and
less stringent demands on reaction product stability. On the other hand, apart
from the limited number of appropriate reagents with high absorption at the
excitation wavelength, high fluorescence quantum yield, low background
fluorescence and sufficiently fast reaction kinetics, it is obvious that a com-
promise has to be found between intimate mixing of the reaction partners on
one side (fast kinetics, high product yield) and conservation of the separation
efficiency on the other side. In general, this requires a very high degree of con-
trol for the mixing of two fluids. A variety of innovative mixing devices has been
developed based on conventional plumbing of capillaries, however, all these
designs suffer more or less from the complicated fabrication of the capillary
junction and from dead volume constraints as discussed in Sect. 2. Chip-based
integration of such a mixing device would clearly offer essential advantages in
this respect.

The first experimental demonstration of such a device has been published by
Jacobson et al. [53]. Amino acids were injected by a “gated” injection scheme,
separated in a 7 mm channel and subsequently labeled by controlled mixing
with an o-phthaldialdehyde reagent solution at a T-intersection. The separation
efficiency achieved, however, was relatively poor and the inadequate kinetics of
the labeling reaction caused significant band broadening.
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Fig.9. Upper — Schematic of the electric field controlled enzymatic digestion of DNA in a mani-

fold of microchannels: a principal arrangement, b loading of DNA and enzyme, ¢ injection of

the digested products, d separation of the fragments.
Lower - Electropherogram of the digested products (pBR322 digested with the enzyme Hinfl)
recorded at 380 V/cm, L=67 mm (reprinted with permission from [69]. Copyright 1996
American Chemical Society)
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Recently, Fluri et al. [33] have presented optimized chip designs with a very
high operation performance due to improved mixing through diffusion. Using
the same labeling chemistry as mentioned above, on-chip postcolumn reactions
were carried out with only 10% degradation in separation efficiency, permitting
fast separations on a time scale of seconds with 0.5 pm plate height (Fig. 10).
Postcolumn labeling and detection of bovine serum albumin (BSA) was also
demonstrated by these authors.

20KV 01

Fig. 10a. Electron micrograph of an optimized mixing junction for postcolumn reactions
microfabricated into a quartz substrate

lysine valine
phenylalanine
Dns-OH

glutamic acid

T T T T

5 10 15 20
time (sec)
Fig. 10 b. Electropherogram of amino acids and hydrolyzed dansyl chloride with postcolumn

derivatization using the reactor shown above (reprinted with permission from [33]. Copyright
1996 American Chemical Society)



Integrated Chip-Based Microcolumn Separation Systems 73

3.25
Synchronized Cyclic Capillary Electrophoresis

A novel electrophoretic separation concept based on repeated column switching
has been achieved by Burggraf et al. [58, 71-73]. Since the column switching
procedure is synchronized to one or several analytes of interest, the method has
been dubbed “synchronized cyclic capillary electrophoresis” (SCCE). The prin-
ciple is shown in Fig. 11. Sample injection is performed according to a volume
defined injection scheme as described in Sect. 3.1.3. Periodically repeated appli-
cation of voltages cycles the sample around a system of channels arranged in a
square, and permits to employ a separation channel of virtually “infinite” length.
The field switching period is synchronized to the migration of a certain analyte
of interest (component 2 in Fig. 11.). As indicated schematically in Fig. 11, only
components within a small “mobility window” around sample 2 will be kept in
the system, whereas both faster and slower components (1 and 3) will be with-
drawn. The principle advantage of this concept is that it “mimics” the higher
separation effect of a high separation voltage applied a long separation channel
resulting in the same field strength. The total potential drop V,, effectively ex-
perienced by an ion after the nth cycle is given by its total migration distance s
multiplied by the field strength E:

Vapp
Ve=s E=4-n-d-“2=2.nV,

+U +U +U | |
M—Wgéw— = — =T1=1=
+Ui

§ injection § ‘E phase 1

s Ll =
a jone b Gnd ¢ ?Gnd

! ]

+U Gnd | | Gnd

= =0y = s =
d Gnd e |+U f +U i

Fig. 11. Principle of synchronized cyclic capillary electrophoresis. Three sample components
with different mobility are symbolized. The voltage switching protocol is synchronized to
component 2 (reprinted with permission from [73]. Copyright 1994 Hiithig Verlag, Germany)
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where d denotes the length of the edge of the square and V,,, the actually
applied potential (the factor 2 reflects the fact that the potential is applied
diagonally). Ten complete cycles with 500 V applied mimic the application of
10 kV. The advantage is apparent by recalling Eq. 8, which states that the plate
number N is proportional to the voltage drop experienced by the sample ions.
High plate numbers should be possible with moderate voltages applied.

Despite the intriguing features of the concept and the demonstrated ex-
perimental feasibility [58, 71-73], few applications to real samples have been
demonstrated so far. For reasons of the inherent complexity of the many junc-
tions to be controlled and the repetitive character of the experiment, the effects
of any non-idealities in the system will rapidly accumulate (e.g. a loss of sample
material is frequently observed at each intersection, thus degrading the analy-
tical performance). In order to demonstrate the usefulness of SCCE for real
analytical applications, von Heeren et al. have shown that its performance can be
improved when fluid flow is suppressed by filling the device with an entangled
polymer solution [74]. The same authors have also used SCCE microstructures
for MECC separations of biological samples [59] (see Sect. 3.3).

3.3
Electric Field Driven Chromatography

Electrophoresis chips can be readily adapted to perform electrochromato-
graphic separations in open channels, as has been demonstrated by Jacobson et
al. [75]. In this work, the channel walls were coated with a thin film of stationary
phase by pumping chlorodimethyloctadecylsilane (ODS) through the whole
channel system for 18 h at 125 °C. Loading of sample was performed in the same
way as described for the CE experiments with a “pinched” injection scheme, and
the mobile phase was electroosmotically pumped through the serpentine
shaped separation channel (length: 165 mm). Application of a field between
27-163 V/cm resulted in a linear flow velocity of the mobile phase between
0.13 and 0.78 mm/s. The feasibility was demonstrated with separations of three
coumarin dyes on a time scale of a few minutes with plate heights in the range
between 4 and 5 pm.

Another format of chromatography which has been performed on electro-
phoresis chips is micellar electrokinetic capillary chromatography (MECC).
This technique represents a very powerful extension of CE for the separation of
both neutral species and ionic compounds, and has been originally developed by
Terabe et al. [76]. Transfer of MECC to CE microchips has been first demon-
strated by Moore et al. [77]. The experimental procedure used is identical to high
speed CE, apart from the fact that a MECC buffer with 50 mM SDS and 10%
methanol was used. Again three coumarin dyes were used as a model sample.
Separation was achieved within a few minutes. At low applied field strengths
(< 400 V/cm), the reproducibility was found to be excellent (below 1%).

Very recently, von Heeren et al. [59] have performed MECC separations with
SCCE. In particular, these authors demonstrated the application of microchip
MECC to biologically relevant samples such as labeled urine. A competitive
immunoassay for monitoring patient serum levels of theophylline was carried
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out by off-line MECC quantitation of the labeled theophylline tracer.In the same
publication, a series of video micrographs is depicted that illustrate the precis-
ion of sample injection and the speed of separation achieved.

3.4
Other Recent Developments

By far most of the work discussed in this review has been based on LIF detec-
tion, usually with an 488 nm Ar-ion laser as the excitation source. Only very few
other examples exist in the literature where other detection principles were
investigated. One of these exceptions is an integrated detection cell for chip CE
that has been described by Liang et al. [78]. In combination with the U-shaped
separation channel, two additional well aligned channels to take up the excita-
tion and collection fibers where micromachined in a glass plate. The U-cell pro-
vides a longitudinal path of 120-140 um in length parallel to the flow direction
and can be used both for absorption and fluorescence measurements. The
absorption detection limit was 0.003 AU (=6 uM of a fluorescein dye); in the
fluorescence mode a detection limit of 3 nM fluorescein (20 000 molecules) was
achieved.

A micromachined CE device featuring a truly monolithically integrated
detector has been recently reported by Webster et al. [79]. A semiconductor
radiation detector was fabricated together with a separation channel on a silicon
substrate in a 10-mask process. The preliminary results achieved with the detec-
tion of beta decay events of ?P-labeled DNA at 27 V/cm demonstrate the feasi-
bility of the concept.

Very recently, new materials and fabrication procedures have been explored
in order to overcome a number of disadvantages associated with glass and
quartz substrates. One of these new approaches is based on casting of the micro-
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Fig. 12. Fluorescence burst transients originating from individual YOYO-1 stained A-DNA
passing through a focused laser beam molecules in a molded PDMS electrophoresis chip.
DNA concentration: 82 fM, E=200 V/cm
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channel systems from a micromachined silicon master with polydimethyl-
siloxane (PDMS), an elastomeric polymer material that is curable at room
temperature [36]. The PDMS replicas show sufficiently good adhesion on
smooth and clean surfaces, thus avoiding any bonding process to generate a
closed channel system. The performance of these inexpensive devices was
demonstrated with the separation of labeled DNA digests. Single A-DNA mole-
cules (multiply labeled with an intercalating dye) could also be detected with
high efficiency in a PDMS channel under electrophoretically controlled flow
conditions (see Fig. 12) [36].

4
Free Flow Electrophoresis

A very useful and versatile technique for sample pretreatment and fraction
collection on a preparative scale is free flow electrophoresis (FFE). In FFE, a
narrow stream of sample solution is continuously injected into a carrier buffer
that flows through a shallow separation bed. Perpendicular to the carrier stream,
an electric field is applied. The trajectory of a charged sample constituent
through the separation bed is then given by the superposition of the longitu-
dinal hydrodynamic flow velocity and its individual electrophoretic migration
component in perpendicular direction, as shown schematically in Fig. 13. This
technique has been successfully applied to the isolation of a wide range of bio-
logically and medically relevant objects, such as nucleic acids, proteins, viruses,
bacteria, cell organelles, and cells. A recent review including the discussion of
currently available commercial instruments is given in [80].

A minijaturized and integrated version (“p-FFE”) fabricated onto a silicon
wafer has been published by Raymond et al. [81, 82]. The device includes a 25 pl

Sample Inlet

@

Carrier Flow

Electric Field - o

Sample Outlets

Fig.13. Concept of FFE.N,-1,and -2 denote the positions where a neutral compound, a mono-
anion, and a dianion, respectively, are expected to exit the system (reprinted with permission
from [81]. Copyright 1994 American Chemical Society)



Integrated Chip-Based Microcolumn Separation Systems 77

F——3cm —

1 2

« NI,

wo 9

©

T O T T
T T T

Fig.14a. Layout of a silicon FFE device. (1) and (2): buffer inlets, (3) sample inlet, (4) and (5): side
bed inlets, (6) and (7) side bed outlets, (8) and (9) side beds containing Pt electrodes, (10) outlet
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Fig. 14b. Electron micrograph showing the inlet and side bed channel arrays (reprinted with
permission from [81]. Copyright 1994 American Chemical Society)

separation bed of 50 um depth, two electrode side beds, two arrays of 2500
channels for isolation of the side beds from the separation bed (mimicking the
membranes in conventional instruments), and two arrays of 125 inlet and outlet
channels, respectively. The layout of the device and an electron micrograph of
the inlet and side bed channel arrays is shown in Fig. 14. For electrical insula-
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tion, the silicon device was coated with a 100 nm thermal oxide layer and a
600 nm layer of silicon nitride (breakdown voltage: 200-300 V). The device was
sealed through anodic bonding of a glass cover plate. Platinum wire electrodes
were manually inserted into the side beds. Buffer was delivered into the separa-
tion and side beds using syringe pumps under computer control; detection was
done by means of LIF very similar to the set-up used for microchip CE.

The feasibility of the approach has been demonstrated with base-line resol-
ved separations of tagged amino acids at a electric field strength of 50 V/cm
applied across the “separation length” (bed width) of 1 cm [81]. However, it is
clear that high resolution separations will not be the domain of this technique,
for the absolute magnitude of the separation voltage across the separation bed
is limited to ~100-200 V (see Eq. 8). The flow through the outlet channels was
combined into one hole in the cover plate, therefore fraction collection ex-
periments were not possible in this study.

In a follow-up study, the same authors examined the applicability of the same
device for relevant protein samples and investigated the main contributions to
band broadening [82]. As a consequence of the small depth of the beds, zone
spreading caused by Joule heating was shown to be negligible (see Sect. 3.1.1).
Cross fields of up to 100 V/cm were applied for the separation of human serum
albumin, ribonuclease A and bradykinin. The feasibility of fraction collection
was demonstrated with four collected fractions of a whole rat plasma sample.
Off-line analysis of these four isolated fractions by CE indicated the separation
of serum albumins and globulins.

5
Liquid Chromatography

The very first realizations of integrated chip-based chemical separation tech-
niques can be found in the field of chromatography. The complete gas chroma-
tograph fabricated on a silicon wafer by Terry et al. [10, 11], first reported in
1975, represents an outstanding achievement and laid the basis for the current
developments in this field (although an “incubation time” of more than 15 years
was required). This work has been reviewed several times (see for example [14])
and will not be further discussed here.

More recently, the description of a small-bore liquid chromatography by
Manz et al. [83] on a 5x 5 mm silicon chip revived the interest of the analytical
chemical community. The chip incorporated an open tubular column of
6 X2 pm cross section (column volume: 1.8 nl) and a conductometric detector
with a detection volume of only 1.2 pl. Although this work was an important
benchmark study, the actual functioning of the chromatograph was never
demonstrated with separations.

The first experimental investigation and performance demonstration of an
integrated liquid chromatography chip was carried out by Ocvirk et al. [84]. The
device is shown schematically in Fig. 15 and comprises a split injector, a small-
bore separation column, a frit, and a detector cell, all integrated in a monolithic
manner. An electron micrograph of the silicon chip is also depicted in Fig. 15.
The whole device was composed of two 350 pm Si chips and a 50 um interme-
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Fig. 15. Schematic layout of the HPLC chip: a layout of the channel system, b cross section
along the channel axis, ¢ cross section along the detector cell axis. IS: sample and mobile phase
inlet, S: split injector, OS: outlet for rejected sample and mobile phase, C: separation channel,
F: frit, D: optical detector cell, OD: outlet to waste, P: positioning grooves for optical fibers
(reprinted with permission from [84]. Copyright 1995 John Wiley)

diate glass layer, all sealed and mutually bonded by an anodic bonding process.
Note that the total dead volume in this rather complex 500 nl separation system
amounts to only 0.5%. The column was packed with 5 pm particles through
application of a pressure of up to 130 bar. Much attention had to be paid to the
interfacing of the chip and the sealing of all external fluidic connections. Un-
fortunately, the injected sample volume could not be kept at a low enough level,
and the analytical performance did not reach the theoretically expected plate
numbers (80 plates could be obtained for a separation of two dyes in an analysis
time of one minute). Nevertheless, this work demonstrates the feasibility of
integrated small volume liquid chromatography.

6
Conclusions and Outlook

The past 5 years have witnessed an impressive rate of progress in the field of
integrated chip-based separation systems. A variety of functional models has
been developed that very clearly demonstrate the feasibility of the general
approach. In particular, chip-based electrophoretic separations show unique
features with respect to separation speed, sample injection, and the consump-
tion of sample and buffer solution. The analysis time is often reduced by a factor
between 10 and 100 compared to conventional CE systems, without a significant
decrease of separation efficiency.

The achievements discussed in this chapter also underline that such systems
are more than just separation systems. They should rather be regarded as gene-
rally applicable fluid handling systems for small volume samples. In particular
in the case of electric field controlled systems, the fluid handling requires only
control of electric potentials and can be easily automated. Electrophoresis ex-
periments on the level of single DNA molecules have already been demonstrated
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in chip-based devices [36]. The combination of electrokinetic control of pico-
liter sample volumes and single molecule detection would result in a novel and
valuable tool for the identification, selection, and manipulation of single mole-
cular objects in solution (enzymes, receptors, genes, viruses etc.). Fast drug
screening and molecular diagnostics could profit from such an approach [85,
86].

In order to develop the concept from novelty to utility, many practical issues
with respect to economical device fabrication and general handling (e.g. fluidic
interfacing of the chip) still have to be solved and currently prohibit routine
applications. However, the commercial opportunities have been very well re-
cognized and the critical issues are being directly addressed, e.g. by a growing
number of instrumental biotech companies [87]. The shift in research activities
towards commercially interesting applications is also reflected by the most
recent presentations of active researchers in this field (e.g. parallel CE arrays
[88], coupling of microchip CE to mass spectrometry [89, 90], new polymer
substrate materials [36, 91], on-chip immunoassays [92, 93]. Judged from the
current pace of development and the tremendous commercial opportunities,
microfabrication technology is very likely to substantially impact the fields of
analytical chemistry and medical diagnostics in the next decade.

Acknowledgement. The author is grateful to Drs. Gerard J.M. Bruin, Alfredo E. Bruno, and Aran
Paulus (Novartis Pharma AG, Basel, Switzerland) for their critical reading of the manuscript
and helpful comments.

7
References

. Novotny MV, Ishii D (1985) ] Chromatogr Lib, 30, Elsevier, Amsterdam

. Golay MJE (1958) In: Coates V] (ed) Gas Chromatography. Academic Press, New York

. Knox JH (1980) ] Chromatogr Sci 18:453

. Novotny M (1981) Anal Chem 53:1294A

. Novotny MV, Ishii D (1985) ] Chromatogr Lib, 30

. Tsuda T, Novotny M (1978) Anal Chem 50:632

. Virtanen R (1974) Acta Polytech Scand 123:1

. Mikkers FEP, Everaerts FM, Verheggen TPEM (1979) ] Chromatogr 169:11

. Jorgenson JW, Lukacs KD (1981) Anal Chem 53:1298

. Terry SC (1975) A Gas Chromatography System Fabricated on a Silicon Wafer Using

Integrated Circuit Technology, Ph. D. Thesis, Stanford University

11. Terry SC, Jerman JH, Angell JB (1979) IEEE Trans Electron Devices ED-26:1880

12. Manz A, Graber N, Widmer HM (1990) Sens Actuators B 1:244

13. Manz A, Harrison DJ, Verpoorte EM]J, Fettinger JC, Liidi H, Widmer HM (1991) Chimia 45:
103

14. Manz A, Harrison DJ, Verpoorte E, Widmer HM (1993) In: Brown PR, Grushka E (eds)
Advances in Chromatography, vol 33. Marcel Dekker, New York, p 1

15. Manz A, Verpoorte E, Effenhauser CS, Burggraf N, Raymond DE, Harrison DJ, Widmer HM
(1993) J High Resolut Chromatogr 16:433

16. Manz A, Verpoorte E, Raymond DE, Effenhauser CS, Burggraf N, Widmer HM (1995) In:
van den Berg A, Bergveld P (eds) Micro Total Analysis Systems. Kluwer, Dordrecht, p 1

17. de Bokx PK, Gillissen EEA, van de Weijer P, Bekkers MH]J, van Bommel CHM, Janssen HG
(1992) J Chromatogr 598:115

18. Pentoney SL, Huang X, Burgi DS, Zare RN (1988) Anal Chem 60:2625

OO 0NNV W

—



Integrated Chip-Based Microcolumn Separation Systems 81

19.
20.
21.
22.

23.
24.
25.
26.

27.
28.
29.
30.
31.

32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.

54.

55.
56.
57.

58.

59.
60.
61.
62.
63.
64.
65.
66.

Effenhauser CS, Manz A, Widmer HM (1993) Anal Chem 65:2637

Giddings JC (1991) Unified Separation Science. John Wiley, New York

Poppe H (1994) Analusis 22: M22

Gluckman JC, Novotny M (1985) In: Novotny MV, Ishii D (eds) Microcolumn Separations
(J Chromatogr Lib), 30. Elsevier, Amsterdam

Effenhauser CS, Paulus A, Manz A, Widmer HM (1994) Anal Chem 66:2949

Ewing AG, Strein TG, Lau YY (1992) Acc Chem Res 25:440

Harrison DJ, Manz A, Fan Z, Liidi H, Widmer HM (1992) Anal Chem 64:1926

Manz A, Harrison DJ, Verpoorte E, Fettinger JC, Paulus A, Liidi H, Widmer HM (1992)
J Chromatogr 593:253

Harrison DJ, Fluri K, Seiler K, Effenhauser CS, Manz A (1993) Science 261:895

Seiler K, Harrison DJ, Manz A (1993) Anal Chem 65:1481

Woolley AT, Mathies RA (1994) Proc Natl Acad Sci USA 91:11348

Fan ZH, Harrison D] (1994) Anal Chem 66: 177

Jacobson SC, Hergenroder R, Koutny LB, Warmack R]J, Ramsey JM (1994) Anal Chem 66:
1107

Jacobson SC, Moore AW, Ramsey JM (1995) Anal Chem 67:2059

Fluri K, Fitzpatrick G, Chiem N, Harrison DJ (1996) Anal Chem 68:4285

Harrison DJ, Glavina PG, Manz A (1993) Sens Actuators B 10:107

Ekstrém B, Jacobson G, Ohman O, Sjédin H (1990) WO 91/16966

Effenhauser CS, Bruin GJM, Paulus A, Ehrat M (1997) Anal Chem 69:3451

Tiselius A (1937) Trans Faraday Soc 33:524

Hinckley JON (1975) ] Chromatogr 109:209

Brown JF, Hinckley JON (1975) ] Chromatogr 109:218

Coxon M, Binder MJ (1975) ] Chromatogr 107:43

Gobie WA, Ivory CF (1990) ] Chromatogr 516:191

Brown JF, Hinckley JON (1975) ] Chromatogr 109:225

Jansson M, Emmer A, Roeraade ] (1989) ] High Resolut Chromatogr 12:797

Cifuentes A, Poppe H (1994) Chromatographia 39:391

Cifuentes A, Xu X, Kok WT, Poppe H (1995) ] Chromatogr A 716:141

Cifuentes A, Rodriguez MA, Garcia-Montelongo FJ (1996) ] Chromatogr A 737:243
Hjerten S, Valtcheva L, Elenbring K, Liao JL (1995) Electrophoresis 16:584

Moore AW, Jorgenson JW (1993) Anal Chem 65:3550

Monnig CA, Jorgenson JW (1991) Anal Chem 63:802

Dose EV, Guiochon G (1993) ] Chromatogr A 652:263

Rice CL, Whitehead R (1965) ] Phys Chem 69: 4017

Li H, Gale R] (1993) Langmuir 9:1150

Jacobson SC, Koutny LB, Hergenréder R, Moore AW, Ramsey JM (1994) Anal Chem 66:
3472

Harrison D], Fluri K, Fan Z, Seiler K (1995) In: van den Berg A, Bergveld P (eds) Micro
Total Analysis Systems (MESA Monographs). Kluwer, Dordrecht, p 105

Burggraf N (1993) Unpublished results

Seiler K, Fan ZH, Fluri K, Harrison DJ (1994) Anal Chem 66:3485

Harrison DJ (1996) In: Widmer HM, Verpoorte E, Barnard S (eds) 2nd International
Symposium on Miniaturized Total Analysis Systems (uTAS 96) , Basel, Switzerland
Burggraf N (1995) Synchronized Cyclic Capillary Electrophoresis, Ph. D. Thesis, Universi-
ty of Neuchatel, Switzerland

von Heeren F, Verpoorte E, Manz A, Thormann W (1996) Anal Chem 68:2044

Verheggen TPEM, Beckers JL, Everaerts FM (1988) ] Chromatogr 452:615

Huang X, Gordon M]J, Zare RN (1988) Anal Chem 60:375

Jacobson SC, Ramsey JM (1995) Electrophoresis 16:81

Jacobson SC, Hergenrdder R, Koutny LB, Ramsey JM (1994) Anal Chem 66:1114

Koutny LB, Schmalzing D, Taylor TA, Fuchs M (1996) Anal Chem 68:18

Effenhauser CS, Manz A, Widmer HM (1995) Anal Chem 67:2284

Woolley AT, Mathies RA (1995) Anal Chem 67:3676



82

C.S. Effenhauser

67.
68.

69.
70.

71.

72.
73.

74.
75.
76.
77.
78.
79.
80.
81.
82.
83.
84.

85.
86.

87.
88.

89.

90.

91.

92.

93.

Jacobson SC, Hergenréder R, Moore AW, Ramsey JM (1994) Anal Chem 66:4127
Harrison DJ, Fluri K, Chiem N, Tang T, Fan Z (1995) Transducers 95 - Eurosensors IX,
Stockholm, Sweden p 752’

Jacobson SC, Ramsey JM (1996) Anal Chem 68:720

Woolley AT, Hadley D, Landre P, deMello A, Mathies RA, Northrup MA (1996) Anal Chem
68:4081

Burggraf N, Manz A, Effenhauser CS, Verpoorte E, de Rooij NF, Widmer HM (1993) ] High
Resolut Chromatogr 16:594

Burggraf N, Manz A, de Rooij NF, Widmer HM (1993) Anal Methods Instrum 1:55
Burggraf N, Manz A, Verpoorte E, Effenhauser CS, Widmer HM, de Rooij NF (1994) Sens
Actuators B 20:103

von Heeren F, Verpoorte E, Manz A, Thormann W (1996) ] Microcolumn Sept 8:373
Jacobson SC, Hergenrdder R, Koutny LB, Ramsey JM (1994) Anal Chem 66:2369

Terabe S, Otsuka K, Ichikawa K, Tsuchiya A, Ando T (1984) Anal Chem 56:111

Moore AW, Jacobson SC, Ramsey JM (1995) Anal Chem 67:4184

Liang Z, Chiem N, Ocvirk G, Tang T, Fluri K, Harrison DJ (1996) Anal Chem 68:1040
Webster JR, Jones DK, Mastrangelo CH (1996) MEMS *96 p 491

Roman MC, Brown PR (1994) Anal Chem 66:86A

Raymond DE, Manz A, Widmer HM (1994) Anal Chem 66:2858

Raymond DE, Manz A (1996) Anal Chem 68:2515

Manz A, Miyahara Y, Miura J, Watanabe Y, Miyagi H, Sato K (1990) Sens Actuators B 1:249
Ocvirk G, Verpoorte E, Manz A, Grasserbauer M, Widmer HM (1995) Anal Methods
Instrum 2:74

Eigen M, Rigler R (1994) Proc Natl Acad Sci U.S.A. 91:5740

Keller RA, Ambrose WP, Goodwin PM, Jett JH, Martin JC, Wu M (1996) Appl Spectrosc 50:
12A

Dutton G (1996) Gen Eng News September 15:18

Mathies RA (1996) Microfabrication Technology for Biomedical Applications. Cambridge
Healthtech Institute, San Jose, California

Foret F, Xue Q, Dunayevskiy Y, Karger BL (1996) In: Widmer HM, Verpoorte E, Barnard S
(eds) 2nd International Symposium on Miniaturized Total Analysis Systems (LTAS 96).
Analytical Methods & Instrumentation, Basel, Switzerland p 81

Ramsey JM (1996) Microfabrication Technology for Biomedical Applications. Cambridge
Healthtech Institute, San Jose, California

Soane D (1996) Microfabrication Technology for Biomedical Applications. Cambridge
Healthtech Institute, San Jose, California

Harrison DJ, Chiem N (1996) In: Widmer HM, Verpoorte E, Barnard S (eds) 2nd Interna-
tional Symposium on Miniaturized Total Analysis Systems (WTAS 96). Analytical Methods
& Instrumentation, Basel, Switzerland p 31

Regnier F (1996) Microfabrication Technology for Biomedical Applications. Cambridge
Healthtech Institute, San Jose, California



Biological Application of Microstructures
G. Fuhr - S.G. Shirley

Humboldt-Universitdt zu Berlin, Institut fiir Biologie, Lehrstuhl fiir Membranphysiologie,
Invalidenstrafle 43, 10115 Berlin, Germany.

The investigation of living cells, isolated organelles, viruses and macromolecules in micro-
structures fabricated by semiconductor technology is a new field of research and has found its
first biotechnological and medical uses. This chapter contains selected examples of three-
dimensional structures to characterise, manipulate and separate suspended and adherently
growing cells. It addresses the problem of cell cultivation in strong electric fields. In addition,
some theoretical and experimental results dealing with dielectrophoresis, trapping of sub-
micron particles and cryoconservation of cells in microstructures are given. The behaviour of
adherently growing animal cells on artificial surfaces is described. Combinations of electrical
and optical methodologies are discussed and the perspectives for such semiconductor- or
glass-based devices are outlined.

Keywords: Three dimensional microstructures, electric field, field cage, cell adhesion, cell
migration.

1 Introduction . ... ......... .. ... .. .. .. .. ... 84
2 Miniaturisation . .. .......... .. .. .. . o L. 84
2.1 TheAvailableForces . .......... ... ... ... ... 86
2.2 Dielectrophoresis . . . ... ... ... e 87
23 Cooling . . . . . i 89
24 Gradients . . . . ... 91
3  Manipulation of Cells in Suspension . . . ... ............ 92
3.1 Positioning, Moving and Sorting of Cells and Submicron Particles . . 92
3.2 Single Cell Characterisation . ... ................... 97
33 Resonances . .. .. ... e 97
4 AdherentCells . . ... ... ... ... ... ... ... ... ... .. 100
4.1 Fibroblasts as Model Cellular Systems . . . . .. ... ......... 100
4.2 CellMigration . . ... .. ... ... 102
4.3 Artificial Control of Cell Migration . .. ................ 103
4.4 Long Term Exposure of Cells to ElectricFields . . ... ........ 105
4.5 MICIOPOTES . & v v v v v v e e et et e e e e e 106
5 Cryo-Conservation . ........................... 109
5.1 Cryo-Conservation of Cells in Micro-Structures . . .. ........ 110
5.2 Cell Adhesion Patterns . . . ... ... ................. 111

Topics in Current Chemistry, Vol. 194
© Springer Verlag Berlin Heidelberg 1998



84 G. Fuhr - S.G. Shirley

6  Perspectives . . ... ... ... ... e 114
7 References . . ... . ... ... 114
1

Introduction

Great strides have been made over the past few years in biotechnology. Genetic
engineering now allows us to transform cells and, to an extent, construct
organisms with properties to our advantage. There are, however, other branches
of biotechnology and this article deals with one of them - the interactions of
living cells and their components with inanimate matter and how those inter-
actions can be put to use.

For the last ten years or so, a handful of groups world-wide have been wor-
king to develop microtools for cell handling. The aim is to develop a series of
basic elements which can be juxtaposed and connected to build useful devices.
This work draws heavily on techniques pioneered for semiconductor manu-
facture. The results are promising and the number of groups is increasing as the
result of industrial interest.

The first generation of instruments is likely to include devices for sorting and
selecting cells, devices for accurately positioning one or more cells in a mixture
and cell based biosensors with long shelf lives. New measurement techniques at
the single cell level and new ways of probing cell-cell interactions will open up
possibilities in basic research.

The aim of this article is to give an introduction to this new field of research
with enough background to make it easily accessible to both biologists and
physical scientists. We explain the basic principles by the use of selected exam-
ples and try to cast some light on the complex process of interfacing artificial
and biological systems. Although some of the devices described are constructed
of silicon, we are not here concerned with its semi-conductor properties [1, 2]
concentrating rather on cell-manipulation devices. While we give some litera-
ture sources, we do not attempt to give a complete overview of the literature
of the several branches of science on which this work is based. Neither do we
give a detailed mathematical explanation of the effects as this may be found
elsewhere [3-10].

2
Miniaturisation

Miniaturisation is not simply a “down-scaling” of well known devices. The rela-
tive importance of different forces and processes changes with scale. While this
prohibits the use of some familiar techniques, it opens up possibilities for novel
ones. Accurate positioning and manipulation of cells requires that devices be
structured on or near the same scale as the cells themselves and, in this sense,
miniaturisation is essential (Fig. 1). It also brings other benefits such as the short
response times associated with small devices, ease of sterilisation and, most
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Fig.1. The accuracy of e-beam lithography is illustrated in the scanning electron micrograph
(top). The size of the features formed in the silicon oxide is 0.5 pum and the typical animal cell
(a fibroblast) has a diameter of 20 um. This kind of cell adheres actively to surfaces, forming
thin filopodia which here have all attached to the micro-hillocks. Semiconductor technology
is capable of manufacturing micro-electrodes, sensors, pores and electronic networks with

sizes smaller than that of the cell. The lower illustration summarises the main detection and
measuring methods currently in use

importantly, it allows the construction of complex systems. Also many cells and
tissues are sensitive to pH and other ionic gradients. Only in microsystems can
such gradients be generated, stabilised and controlled on a micron scale.
Another advantage of miniaturisation is that small devices can work with
small quantities of biological material, a single cell or a few viruses or macro-

molecules. This is a highly desirable feature in pharmaceutical screening devi-
ces and diagnostic systems.
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2.1
The Available Forces

It is worth reviewing the forces that act and can be used for the manipulation of
cells in microstructures. Random thermal (Brownian) motion becomes im-
portant for objects of cellular size and very important for smaller ones. The
energy associated with this (about 2 x 102! J/particle, regardless of size at room
temperature) provides a yardstick to which the strengths of the other forces can
be compared. For instance, a perfectly controlled force of 10-'° N would be ca-
pable of holding a particle within about 2 pm of a target position.

Most important are the chemical forces. The energy of a single C-C bond is
about 107" J and the energies of reactions involving covalent bonds are typically
a few x 107" J/molecule with many molecules being involved in cellular inter-
actions. Neither must the secondary chemical forces be overlooked. For ex-
ample, the energy associated with the exclusion of water from between two
hydrophobic surfaces of 1 pm? (hydrophobic bonding) is about 10-'* J. The
chemical forces are short range, requiring contact. But, once a cell has contacted
a surface and chemical interactions have occurred, they will dominate its be-
haviour. These interactions may be incidental or those controlled by the cell
itself as part of the cascade of physiological responses following contact. They
may also be used deliberately and the structuring of the “chemistry” of the
surface is one method of controlling cell behaviour (see Sect. 4.3).

The physical forces are long range, more suited to manipulating cells in
suspension. There are four main considerations:

How strong can the force be made?

How does the strength vary with particle size?

How does the force vary with particle nature?

How easily can the force field be structured and controlled?

Gravity does noticeably affect objects of cellular size in suspension. The
combined gravitational/buoyancy force on a cell of 10 pm diameter and density
1.01 is about 5x 1071 N. This is sufficient to cause slow sedimentation but too
weak to be used as a primary manipulative tool. The gravitational force can be
enhanced by the use of a centrifuge or by changing the density of the suspending
medium but there is no practical way of structuring such changes.

Much stronger forces are available by utilising hydrodynamic flow. The force on
a 10 um cell in water streaming at 1 mm/s is about 10-'°N. It is worth noting that
liquid flows in microstructures occur with low Reynold’s numbers and that they
are very stable and predictable. It is also possible to achieve a degree of structure
in a flow regime, e. g. by the use of local convective streaming. Unlike most of the
other forces mentioned here, the viscous drag on a particle depends on its radius
not its volume and this fact can also be used to advantage. It is likely that many
future devices will use flow to impose one of their controlling forces on particles.

Electrophoresis is a well known macroscopic technique which can also be
applied in microstructures [11]. Forces can be quite high. A cell with a net im-
balance of a thousand electronic charges in a field of 50 kV/m experiences a
force of about 107'! N. The heat that such fields and the resulting currents pro-
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duce can be removed in microstructures (see Sect. 2.3) but there are difficulties
in structuring dc fields. Some coarse structure can, in principle, be achieved by
the use of channels to connect with external electrodes, but fine structuring
requires the use of electrodes within the device itself and this is prohibited by
electrolysis with dc.

Dielectrophoresis (DEP) is less widely known and, for that reason, it is ex-
plained in more detail in the next section, see [3]. There are only a small number
of practical macroscopic devices based on the principle. Fundamentally, it utili-
ses the force experienced by a (charged or uncharged) particle in an electric
tield gradient. As devices are scaled down, gradients can be made steeper and
fields can be made stronger. DEP becomes very important in small devices. The
force on a 10 pm cell in a field varying from 50 kV/m to zero in the space of
50 pum is of the order of 107!° N. Very importantly, DEP occurs in dc or ac fields
and the use of high frequency ac eliminates electrolysis problems. Also, the
dielectrophoretic force is frequency dependent in a way that reflects cellular
properties and good use can be made of this fact. Negative DEP (see next
section) has the advantage of moving cells to regions of low field strength
where they experience the least possible stress.

Laser tweezers can and have been used to manipulate cells [12-17]. A particle
in a laser beam experiences two forces. The first is radiation pressure which
drives the particle in the direction of the beam. The second is a force akin to DEP
which drives the particle toward regions of highest intensity (the beam’s focus).
This force is only found with optically transparent material but, with suitable
beam geometry, it can be made larger than the first. The optical forces are of the
same order of magnitude as DEP (107! to 10 N for a typical cell). Laser
tweezers suffer from the disadvantage that they drive cells towards a region
where the light intensity can be damagingly high but, properly controlled and
used short-term, they have characteristics complimentary to DEP. A laser beam
manipulates a single chosen particle. In principle, multiple-particle manipula-
tion is possible but it requires multiple controlled laser beams. DEP on the other
hand affects all particles in the chosen region with possible discrimination be-
tween particle types. Hybrid devices are quite plausible. For instance a system
might screen a cell mixture by means of DEP and flow, use a short laser exposure
to select a particular cell and then hold it in position using the gentler dielec-
trophoretic force again (Fig. 2).

It is worth remembering that the breaking of chemical bonds requires
displacements of only a small fraction of a nanometer. The energies associated
with even the strongest of these physical forces acting on an object of cellular
size with displacements of this order are only comparable to the energy stored
in a very small number of chemical bonds.

2.2
Dielectrophoresis

The full theory of DEP and related phenomena can be found elsewhere [3, 6,
18-21]. We give just a short, non-mathematical introduction outlining the main
features.
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Fig. 2. Schematic diagram showing how electrical, optical and hydrodynamic forces could be
combined for handling particles. a In negative DEP, a particle experiences a force driving it
toward a region of lower field strength; in this case the field minimum formed at the centre of
an eight electrode cage. A steeply divergent laser beam exerts two forces on a particle. One (not
shown) is the radiation pressure which acts in the direction of the beam. The second is a force
akin to DEP which moves the particle towards the focus of the beam. Under the right con-
ditions, the second force can be made stronger than the first. b Diagrammatic view of a
channel with two ring electrodes, each surrounding a central opening which leads to a
parallel channel. Such electrodes create a field which has a minimum at the centre of each ring
(at the openings). Viruses or other particles brought into the device by streaming (F), the
hydrodynamic force), would normally be concentrated and forced by the field (F, the electri-
cal force) through one or other of the holes into the parallel channels. Particles can be sorted
to the correct hole by switching the direction of a parallel sided laser-beam (F, the optical
force, radiation pressure)

A particle in an electric field polarises and the resulting dipole is aligned
either parallel or anti-parallel to the external field depending of whether the
permittivity of the particle is greater or less than that of the surrounding
medium. A non-uniform electric field exerts a force on the induced dipole and
this force drives a particle toward regions of high field strength (positive DEP)
if the particle has higher permittivity than that of the medium or towards low
field strength (negative DEP) if it has lower permittivity. The dielectric force
becomes large only when the field strength varies significantly from one side of
the particle to the other, steep gradients are required.

When an alternating, non-uniform field is used, the situation is similar. The
induced dipole is still aligned (spatially) with the field but it oscillates and, in
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general, there is a phase difference between it and the field. Positive or nega-
tive DEP occurs according to whether the phase angle is less or greater than
90°. The phase angle depends on both the permittivity and conductivity of
particle and medium and on the frequency. DEP is a frequency-dependent
force (even for homogenous particles with frequency-independent dielectric
properties).

A living cell is a highly structured particle with several dielectric interfaces
(at minimum, external medium/membrane and membrane/cytoplasm) [5, 22].
A force is developed at each interface. These forces have different frequency
dependencies and can sum to give a complicated “force spectrum”. The usual
pattern for cells in solutions of low conductivity is for positive DEP at low
frequencies crossing over to negative DEP at high ones. With high external con-
ductivity, the DEP stays negative at all frequencies. Although the force-frequency
relationship is complex, it is very reproducible and can be used to determine cell
dielectric properties.

23
Cooling

Another advantage of miniaturisation is the ease with which heat can be re-
moved from systems. The application of strong electric fields to conducting
solutions such as cell culture media produces considerable heating. Heat pro-
duction per se not damaging to cells and other biological material, it is high tem-
peratures that must be avoided. Small devices allow easy removal of heat and
prevent excessive temperature increases. To illustrate the point, consider a rec-
tangular film of liquid of thickness t, cooled at the top and bottom faces and
exposed to and electric field of strength E. The power is deposited in the liquid
at a density of p=gE? where g is the electrical conductivity. Considering con-
ductive cooling only, the temperature rise at the centre of the film is A@=pt?/8k,
where k is the thermal conductivity of the liquid.

For an aqueous solution with an electrical conductivity of 1 S/m (typical of
cell culture media) and a field of 100 kV/m, the power density is 10'° W/m?.
Without cooling this would be sufficient to take the liquid from room tempera-
ture to boiling point in 30 ms. Despite the low thermal conductivity of water
(k=0.59 W/m °C at 15°C), the steady state temperature rise at the centre of a
50 pum thick cooled film is only 5.3 °C.

This illustrates two points. First the temperature rise is proportional to the
square of the film thickness and as devices are scaled down cooling improves
dramatically. Secondly (and counter-intuitively), conduction becomes the domi-
nant cooling process in such devices. To obtain the same degree of cooling by
forced convection alone would necessitate totally replacing the liquid in the film
some 500 times per second. Convection does of course occur in devices and is
sometimes used to advantage but conduction is usually responsible for trans-
porting most of the heat. This is another example of the relative importance of
processes changing with scale.

The distribution of heat production which occurs in and around a living cell
in an electric field is also important. This is illustrated in Fig. 3.
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Fig. 3. Heat production is an important consideration for devices using electric fields in the
liquid near cells. This figure shows the theoretical distribution of heat production in and
around a spherical cell at the centre of a quadrupole electrode chamber in a solution of low
electrical conductivity (top) and high conductivity (bottom). The heat production is given by
gE? where g is the conductivity of the solution or cell component and E is the (local) electric
field strength. The contour interval is 7% of the maximum in each case. The cell is modelled
as an electrically conductive sphere enveloped by an insulating but capacitive membrane.

In both cases, the region of highest heat production is at and near the electrode edges.
However, this component of the heat is easily removed into the substrate. It is the heat pro-
duction in and near the cell which is important. At high external conductivity the heat
production is fairly uniform with some heat being produced within the cell. Some heat pro-
duction can be tolerated and while this sets a limit on the driving voltages which can be
applied, useful fields and forces can still be developed. It may seem attractive to use solutions
of lower conductivity as less heat is then produced and it is produced external to the cell. But
the appearance of local “hot-spots” means that it may not be possible to increase voltages and
fields as much as might be expected. The figure shows the situation at high frequencies
(1 MHz) and for solution conductivities of 0.1 mS/m and 1.4 S/m. At low frequencies, heat
production becomes fully external to the cell and its distribution becomes less dependent on
solution conductivity
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Heat must also flow through the walls of a device. DEP utilises electric field
inhomogeneities which means that the fields (and heat production) within the
liquid tend to be quite localised. The external heat flows can occur over much
wider areas so it is sometimes possible to use even poorly conducting materials
such as ordinary glasses and quartz. In critical cases, silicon, which has a high
thermal conductivity (150 W/m s °C), is used.

2.4
Gradients

Thermal gradients in microdevices can be made very steep, stable and con-
trollable. Although the actual temperature variations are quite small, the gra-
dients can be of the order of 10° °C/m. Most cells have temperature sensitive
behaviour and an example of the use of controlled local heating to exploit this
can be found in Sect. 4.4. But thermal gradients of this magnitude may have
wider applications than guiding cell growth. Techniques such as thermophor-
esis [23], up until now a theoretical curiosity, may become practical with
gradients of this order.

Ionic gradients can be generated as well as thermal ones. In particular, a
measure of pH control can be achieved. By correctly pulsing dc electrodes, it is
possible to generate useful,local pH changes while the electrolytically generated
hydrogen and oxygen dissolve rather than appear in gaseous form. Such acidic
and alkaline clouds (Fig.4) can be moved over and near a micro-electrode array
by suitable switching [24]. In principle, it should be possible to move them away
from the array with a suitable flow regime to produce pH pulses in a field-free
region. Controllable pH clouds might be used for signal transmission to living
cells as well as for titration applications in micro-chemical devices.

Fig.4. The pH shifts around electrodes can be visualised with fluorescein isothiocyanate which
fluoresces in alkaline solution. (The tip-tip distance between opposite electrodes is 200 pm.
a The horizontal electrodes are negative and the vertical ones positive. The alkaline clouds
formed around the cathodes are clearly visible
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Fig. 4b. 3 seconds after reversing the polarity, new alkaline zones have formed around the
vertical electrodes and dark, acidic regions have been created near the horizontal ones

3
Manipulation of Cells in Suspension

DEP and related phenomena are very useful for handling cells in microdevices.
Macroscopically, dielectrophoretic particle manipulators have a long history
[3,25-32] but, except for dust filters, they have found few commercial applica-
tions. The basic reason is that precise particle positioning requires strong gra-
dients and fields which are structured on a scale comparable with the size of the
particles themselves. In macroscopic devices this is very difficult to achieve. But
semiconductor fabrication technology is now capable of making electrode
systems on the micrometer and sub-micrometer scale and precise cell handling
systems are becoming a reality.

3.1
Positioning, Moving and Sorting of Cells and Submicron Particles

Positive DEP drives particles towards field maxima and negative DEP moves
them to field minima. It is only possible to create field maxima at the surfaces of
the electrodes, no maximum can exist elsewhere in an isotropic solution.
Trapping or positioning of particles by positive DEP therefore requires the
dielectrophoretic force to be balanced by some other force (e.g. sedimentation,
buoyancy or flow) and to be subjected to feedback control. This was first done
with a two electrode system by Jones and Kaler [33-37].

They also developed a system using negative DEP [37]. Field minima (unlike
maxima) can be created remote from electrode surfaces and negative dielectro-
phoretic traps do not need balancing forces and active control circuitry.

Steep gradients could not be achieved in these macroscopic devices and high
excitation voltages were needed to compensate for this. The situation changed
with the advent of 3-dimensional micro-electrodes fabricated on glass and
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silicon substrates. It is now possible to build cages working at MHz frequencies
and low voltages which will hold a cell at a given position within a physiological
(highly conductive) solution [38] (Fig. 5). The motion of the particle is strongly
damped by the surrounding liquid and trapping is stable, without oscillation or
complex trajectories.

The simplest negative dielectrophoretic trap does not require control
circuitry but control circuitry can, of course, be used. By modulating the am-
plitude and/or phase of the driving voltages, the caged cell can be moved to a
desired position in three dimensions with micron accuracy and it can also be
rotated about any axis [38, 39]. Currently, there is a system for positioning a cell
by means of a joystick and direct computer control is an obvious next step
(unpublished data).

Such cages compare favourable with laser tweezers. The precision of control
is about the same but rotation is much easier to achieve with cages. The electro-
de assemblies themselves can are fairly robust, cleanable and sterilisable and can
be manufactured to fit and work in a conventional microscope. The cost of the
assemblies in medium scale production would be sufficiently low that they could
almost be regarded as “disposable elements” and interchangeable electrode
systems for different applications are perfectly feasible. The cost of a complete
system including h.f. generators and control circuitry is much less than the cost
of the corresponding laser equipment and there are advantages too in terms of
overall size and the virtually “maintenance free” reliability associated with
modern electronics. Field cages hold cells much more gently than do laser
tweezers, cells can be held for days if necessary and can be seen to grow and
divide during this time [38, 40]. An additional advantage is that multiple cages
can be fabricated on the same chip and individual control of many cells simul-
taneously is feasible.

The field cage principle is not only applicable to cells, smaller particles can be
held. The dielectrophoretic force varies with particle volume and this, ulti-
mately, puts a lower limit on the size of particle which can be handled. But fields
in microstructures can be made very strong and very non homogeneous and
this allows the manipulation of particles much smaller than was previously
thought possible. Viruses can be concentrated from suspensions and trapped
[41-43]. The concentration occurs because convective streaming induced by the
thermal gradients created by the device itself carries particles into the cage. The
fields are strong enough to induce particle-particle interactions and virus
aggregation occurs within the cage. The smallest cages fabricated to date have
electrode gaps of 500 nm.

Field cages can also be used to create layered particle aggregates of defined
shape which can then be made permanent by e.g. photopolymerisation (Fig. 6)
[44]. Possible applications of this technique range from the encapsulation of
drugs in micron scale structures with controlled release pores to the creation of
ordered aggregates of living cells.

As particle sizes fall, Brownian motion becomes more important. For small
particles, trapping becomes a statistical process. A given particle will have a
“lifetime” within the cage. For particles of 10 nm, numerical simulations show
that this lifetime is a few minutes, in comparison to microseconds without field,
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Fig.5. The upper part of the figure (A, B) gives two examples of the different force distribu-
tions which can be generated within field cages. The surface of constant, centrally directed
force is shown in each case. An aggregate of small particles within the cage would take on the
shape of this surface. The shape is determined by the number of electrodes and their positions
and by the amplitude and phase of the driving voltage applied to each. Great variety is possible
even with a fixed electrode geometry. By suitable choice of the driving regime, the surface can
be moved or distorted, even to the point of creating an opening to allow the release of a
trapped particle in a specified direction. The lower part of the figure shows some examples of
cages made by semiconductor manufacturing techniques. C Shows a field cage composed of
two glass plates (spaced 100 um apart) each of which carries eight electrodes. D Is a top view
of 4 octopole cages arranged along a channel of 20 pm width. The terminals are arranged
symmetrically. E Shows a cage where the upper electrodes are twisted slightly, rather than
lying exactly above the lower set. This electrode arrangement gives force distributions as seen
in B. F Shows the smallest quadrupole electrode system fabricated. The meander (square-
spiral) electrodes are 200 nm wide and surround a central gap of 500 nm. G Confirms that the
aggregate created by a twisted electrode cage is of the “pin cushion” shape predicted in B. The
aggregate is about 100 pm in diameter and is formed of latex particles. H Shows a grain of
Helianthus annus pollen (50 pm) trapped in a large cage. I is a fluorescence image of
submicron particles trapped in a 20 pm (tip-tip) cage. J shows a fibroblast (10 pm diameter)
trapped in one of the cages pictured in D
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Fig. 6. This particle aggregate was formed in an octopole field cage. It has six tails of which four
are visible here. The cage was 200 pm in diameter and energised by 25 V at 1 MHz. The
aggregate is formed of 3.9 pm diameter latex beads levitated and held by the forces in the cage.
By alterations of driving regime, different shapes are possible and suitably prepared particles
can be crosslinked to form a permanent structure by photo-polymerisation or by chemical
means. The bar is 200 pm

so even particles of this size can be handled. This opens up possibilities for
handling cell organelles and even the largest macromolecules.

Cages can hold a cell and make fine adjustments to its position. A cell hand-
ling system may also need to move cells from one place to another and this calls
for different arrangements. One solution to the problem utilises travelling
waves. These can be generated over an array of parallel electrodes and were first
used by Melcher [45, 46] to induce liquid pumping (electro-hydrodynamic
pumping). In principle, the fluid flow induced by such pumps could be used to
move cells but most effort has centred on the use of travelling waves to move
cells directly. A synchronous “linear motor” for moving cells in microsystems
was first demonstrated by Masuda et al. [47].

We have developed an asynchronous system (particle velocity < wave pro-
pagation velocity) using high frequency travelling waves [48, 49] (Fig. 7). A
feature of this system is that particle movement is the result of two forces. First,
there is DEP, this is simply the result of the electric fields being more intense
near the track. This force either attracts particles to the track (positive DEP) or
repels them and levitates them above it (negative DEP). The frequency and diel-
ectric properties of the particle determine whether positive or negative DEP
occurs. The second force occurs because the electrodes are energised with a
travelling wave and this force is directed along the track. Mathematically, this
force is analogous to the torque experienced by a particle in a rotating field and,
very importantly, its frequency spectrum is quite different to that of DEP
[48-50]. It is possible to choose conditions so that cells of one type are levitated
and then propelled through the solution while different cells are attracted to the
track where they are immobilised by friction or roll slowly. So not only is it
possible to transport cells by travelling waves, it is also possible to sort them.
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Fig. 7. A cell near a travelling wave array experiences two forces. The first is dielectrophoretic
as the electric fields are most intense near the array. Depending on the frequency, this force
may be positive (b and c in the inset) or negative (a and d). The positive force attracts particles
to the track where they are either immobilised or roll slowly due to friction. Particle velocity
is, therefore, near zero over the central part of the frequency range where positive DEP occurs.
At low and high frequencies, there is negative DEP. The force (F;) levitates the particle above
the track. Since the particle is then free to move, the effects of the second force can be seen.
The travelling wave force (Fy) is related to the torque generated by a rotating field and derives
from the phase gradient inherent in a travelling wave. For a cell, this force shows a peak at low
frequencies in a direction opposite to that of the wave propagation and a second peak at high
frequencies in the direction of the wave. (There is a close analogy to the electro-rotation spec-
trum.) The combination of DEP and travelling wave force produces a velocity spectrum as
shown in the inset. The structures shown are fabricated by photolithography and consist of
gold electrodes on a glass substrate. The width of each electrode is 30 um and the gaps are
55 pm. The crossed channels are formed in thin (100 um) glass which covers the non-working
areas of the electrodes

This is not the only kind of cell sorter which is possible. Basically there are
three different types. Firstly, there are those which utilise electrical forces only.
The travelling wave device is an example of this. Since the electrical forces scale
with particle volume, this kind will sort according to the passive electrical pro-
perties of the cells [51-53]. Secondly, there are those which use an electrical and
another force in combination. Flow is the most promising candidate. As the
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hydrodynamic force scales with particle radius, very sensitive size-based separ-
ations should be possible even for cells with very similar electrical properties in
a dielectrophoretic/flow sorter [54]. The third kind is the active sorter, where
cells are guided by electrical fields which are switched in response to some
trigger signal derived from a sensor. This could be as simple as a yes/no
optical signal giving an inexpensive device which would perform the task of a
fluorescence activated cell sorter (Fig. 8). Or, given the favourable geometry and
microscope-compatability of the microdevices, it could involve complex pattern
recognition.

3.2
Single Cell Characterisation

A cell (like any other polarisable body) will spin when suspended in a rotating
electric field [55]. It becomes, in effect, the rotor of a dielectric motor. The torque
and hence rotation speed induced in a complex-structured body like a cell is
frequency dependent. In the kHz frequency range, it reflects mainly the pro-
perties of the cell membrane. At MHz frequencies, rotation depends primarily
on the electrical properties of the cytoplasm. Also, feature such as large organel-
les, membrane mobile charges and surface structure may leave signatures in the
rotation spectrum. The technique of measuring rotation speed as a function of
field frequency is known as single cell dielectric spectroscopy. A detailed theory
and many examples of its use can be found elsewhere [4, 10, 18, 56].

Until now, measurements were made in macroscopic devices. This limited the
technique to using solutions of very low conductivity. Microdevices allow the
use of a range of conductivities up to and even beyond physiological [40]. In
some cases the use of physiological solutions is essential. For cells which will
tolerate variations in ionic strength, much more information is available when
measurements are made at a range of external conductivities. For instance, by
adjusting the permittivity and conductivity of the external solution it is possible
to suppress the main cytoplasm peak of the spectrum and see the signatures of
other polarisation processes which were masked by it (Fig. 9). This allows the
study of membrane components such as mobile charges [10, 57].

An additional advantage of microdevices is that the cell under study can be
centred in the electrode chamber by DEP. This removes the main reason for
manual intervention in the measurements and opens the possibility for auto-
mating the spectroscopy. It is likely that instruments of this type will become
commonplace in the next decade.

3.3
Resonances

With increasing miniaturisation, the area of electrodes in contact with the solu-
tion becomes smaller and its behaviour becomes more capacitive. Microelectrode
structures typically have a resonant frequency [58]. Usually, this occurs at
hundreds of MHz. While this is above the frequency of most generators it can
accentuate harmonics when square wave drive is used. Also, by the addition of
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Fig. 8. One design for an active particle sorter. a The device consists of two parallel glass plates
50 um apart. The lower one, which is visible here, has platinum/titanium electrodes shaped by
laser ablation. The electrodes of the upper plate are formed in indium-tin oxide (ITO), a trans-
parent conductor, to allow the working of the device to be viewed. (The bar is 50 um). There is a
flow of electrolyte from left to right through the device. The particles have been concentrated
from the 1000 pm wide input stream and “collimated” by another dielectrophoretic device, part
of its last element is visible at the left of the figure. Due to the laminar nature of the flow such
single-file particle “beams” (arrowed) will travel considerable distances without degradation.
The sorter itself consists of two steering electrodes (club ended) and two output “channels” for-
med by the “V” electrode at the right and the two “tick-shaped” electrodes (all five electrodes
have their counterparts on the upper plate). The output channels are permanently energised and
confinement of particles here is purely electrical, there are no mechanical barriers. The four
large, roughly triangular areas are non-working. When the upper pair of steering electrodes are
energised, particles are deflected into the lower channel and vice versa.(Lower and upper here
refer to the figure, corresponding electrodes of the upper and lower plates are energised simul-
taneously.) The few particles visible in the upper channel have been removed from the main
stream by transient switching of the steering electrodes. In a practical application, this switching
would be controlled by signals from an optical or other sensor examining the incoming par-
ticles. b The passage of particles through the device is determined by the left to right fluid flow
and by the field-strength valley created by the steering and channel electrodes. Plotted here are
the force contours when the lower steering electrode pair is energised. The numbers on the axes
are a scale of pm
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Fig. 9. A rotation spectrum is produced by observing the motion of a cell in a rotating electric
field of constant amplitude and plotting the rotation speed of the cell against frequency of the
field. In solutions of low conductivity, the cell rotates in the opposite direction to the field
(anti-field rotation) at low frequencies. This rotation reaches a peak when the field frequency
corresponds to the charge relaxation time of the membrane. The position of this peak there-
fore contains information about membrane permittivity and conductivity. As the frequency
increases further, the rate of cell spinning falls, becoming zero at about 1 MHz. Above this
frequency, the cell starts to spin with the field (co-field rotation) and a second peak is reached.
The frequency at which this peak occurs depends in practice mainly on the conductivity of the
interior of the cell. It may be used for non-destructive determination of cytosolic electrolyte
concentration.

The curves (a) to (j) show rotation spectra with increasing external conductivity
(a-10*S/m;b -3x10%S/m;c - 103 S/m;d - 3x103 S/m;e - 102 S/m; f - 3x1072 S/m;
g-0.1S/m;h-0.3S/m;i-1S/m;j-3S/m).In solutions whose conductivity reaches that of
the cytosol (curve i) the second peak is suppressed. When the conductivity greatly exceeds
that of the cytosol (curve j), two anti-field peaks are observed. To obtain most information,
rotation spectra should be measured at a range of concentrations.

In addition to the general behaviour outlined above, rotation spectra can contain signa-
tures from such features as cell walls, large organelles, surface structure and membrane mobile
charges. This allows the spectra to be used in a variety of investigations

capacitance and inductance the resonant frequency can be lowered and the
effect put to use. Most of the devices described here need to be energised with
only a few volts and such drives are easy and cheap to generate. A few, however,
need higher voltages, up to about 100 V. Such voltages can be produced in the
device itself from a low voltage source by the correct control of resonance,
circumventing the need for expensive high-voltage generators.

A typical example of a resonance assisted device might be a cell separator
designed to discriminate between cells which have only a small difference in
dielectric properties. The cross over frequencies from positive to negative DEP
will be similar but not identical for the two cells. By working at a frequency
between the two crossovers it is possible to separate the cells but the forces pro-
duced will be small unless very high fields are used (Fig.10). Controlled
resonance can be used to boost the fields at the working frequency.
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Fig. 10. Modifying the resonances in an electrode system can be useful when two cell types
have only small differences in passive electrical properties and in dielectrophoretic force
spectra. The best frequency to achieve a separation lies near the crossover frequencies when
one cell is showing positive DEP and the other negative. But at such a frequency the forces are
small. By suitable adjustment of capacitive and inductive elements at each electrode, it is
possible to make a system resonate at the desired frequency, thereby increasing the drive
voltage (and force) many fold without the need for expensive high voltage signal generators.
The real dielectrophoretic force spectra (a) can be transformed into effective spectra (b)

4
Adherent Cells

4.1
Fibroblasts as Model Cellular Systems

Many cells of medical and pharmaceutical importance grow adherently. Typical
examples are macrophages and fibroblasts. These human and animal cells have
quite different properties to the cells of plants and bacteria (Fig. 11). First, they
do not have a cell wall and, as a consequence, they do not have a well defined and
constant shape. Rather, a cell’s shape is determined by its cytoskeleton, a
network of protein fibres which is dynamically controlled by the cell itself. It is
this feature which allows directed movement and allows the cell to change shape
in response to its environment. A second feature is that a high degree of surface
structure is found in these cells, microvillae are common. Cells adhere to (some)
surfaces or to each other within seconds of contact (Fig. 11 a-d). Cells also
migrate over surfaces at speeds of several pum/h. Both processes are actively con-
trolled. Cell division is a rupture utilising the forces acting on the substrate
surface and, indeed, cells will only divide when suitably anchored (Fig. 12).

It was shown over two decades ago that animal cells could grow and develop on
artificial substrates. “In vitro cell culture” is now a routine process in medical, phar-
maceutical and biological laboratories world-wide. However, the glass and plastic
substrates are not structured and cell growth and migration are random. Photo-
and e-beam-lithography are capable of structuring surfaces on the sub-micrometer
scale and this opens up possibilities for directed cell growth and movement.
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Fig. 11. Scanning electron micrographs (a-d) shown sequential stages in the early part of the
adhesion process for mouse fibroblasts from initial contact with a surface to the assumption
of amore or less final morphology. The cytoskeleton has the ability to change cell shape quick-
ly and an individual cell may pass from the initial spherical form to the final flattened one in
a few minutes. The initial adhesion process at the points of contact between cell and surface is
also very rapid but there are subsequent changes at the adhesion sites affecting the nature and
strength of the bonds which may continue for many hours. These can be studied by TIRF
microscopy

Fig.12. In this scanning electron micrograph of the final stage of cell division both daughter
cells are more or less spherical and adhering to the surface by filopodia. After disrupting the
connecting filaments they will flatten and start migration over the surface with velocities of
several micrometers per hour
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4.2
Cell Migration

The process of cell migration is essential for organisms. Macrophages migrate
continually through body tissues and capillary walls to attack cells and particles
marked by the immune system and fibroblasts move to fill gaps in tissue during
wound healing.

The molecular mechanisms of cell migration are complex but are becoming
understood (Fig. 13). Contact is mediated by cadherins and integrins, two
families of membrane proteins with special binding epitopes. On the cytoplasm
side of the membrane, vinculin and other macromolecules serve to link the
integral membrane proteins to the cytoskeleton. Aggregation and deaggregation
of micro-tubuli generate cell motion and determine its direction while material
is actively recycled from the back of the cell to the front. The process is con-
trolled to produce a strong binding at the front edge of the cell and weaken that
at the back.

Fig. 13. a Schematic description of the molecules involved in the processes of cell adhesion and
migration. Inside the leading edge of the cell, actin filaments (1) are connected via vinculin (2)
and talin (4) to integrins, a family of proteins (5) which span the membrane (6). Outside, the
integrins have epitopes which normally bind to fibronectin (3) but they can also adhere to
artificial surfaces. At the other end of the cell the molecular contacts are broken and the ma-
terial is recycled. b On artificial surfaces recycling is hindered and cell trails can be observed.
c and d Under higher resolution cell trails are seen to be filament like structures or patches
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Cells also migrate on artificial surfaces like silicon or glass but there is a
difference. When a cell migrates over another cell,adhered material is scavenged
and reincorporated into one or other partner. A cell migrating on an artificial
surface loses material and leaves a trail. These trails can be investigated by total
internal reflection fluorescence (TIRF, see legend to Fig. 19) microscopy and
atomic force microscopy as well as by scanning electron microscopy. Typically,
strips or tubes of material of about 200 nm dimension and membrane patches
are left on the surface. Different kinds of cell leave different trails and the
properties and structurisation of the surface also have an effect.

The trails left by cells are unavoidable and they can influence the long-term
stability of micro-systems, especially sensors. But they can also be used to
advantage. Since a trail is characteristic of the cell which made it, trails can be
used to identify cells, if necessary on an “occasional monitoring” basis. Also the
rate at which trails appear in a unit area can give information about cell vitality
or the effect of pharmaceuticals.

4.3
Artificial Control of Cell Migration

Cell-based micro-systems would be greatly advanced if ways could be found to
control the direction, speed and timing of cell migration. Cells interact by direct
surface contacts and by releasing transmitters which affect neighbouring cells.
Achieving some measure of control over these processes on a cell by cell basis
would, ultimately, lead to such things as artificial tissues and working neural
nets [1,2]. More immediately, even a very crude level of control of cell adhesion,
growth and movement could be used to direct cells to the correct place in a
device and to avoid cells clustering and blocking channels.

Three kinds of method are currently under investigation in different labora-
tories:

1. Surfaces can be treated to provide chemical cues to the cells (by e.g. coating
with thin films containing charged molecules).

2. Surfaces can be microstructured to provide topographic cues to the cells
[59,60].
Both these methods are essentially static in that once a device has been
manufactured its characteristics cannot be changed.

3. A third possibility is the use of high frequency electric fields to shield areas
of the device.

Examples of these techniques are shown in Fig. 14.

Electrical forces are not strong enough to dislodge a cell once it has attached
to a surface. But they can be made strong enough to prevent the initial contact
since fields near a surface can be very large and very non homogeneous. A
simple array of parallel conductors with a spacing of a few hundred nanometers
is particularly useful. With this geometry, fields can rise from virtually zero at
1m above the electrode plane to several MV/m in the plane itself. When such an
array is energised at MHz frequencies, cells are strongly repelled [38]. Alterna-
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Fig. 14. Two of the possible methods for controlling adherent cells are illustrated here. a The
electric field in the area of electrode interdigitation is of a frequency which produces strong
negative DEP. Cells cannot settle onto this area and so grow elsewhere. (They may eventually
migrate across the surface into the central region as the electrical force is not strong enough
to prevent active cell movement.) The bar is 50 um. b This is a similar electrode system to that
shown in a) except that the frequency has been chosen to produce positive DEP. Cells are
attracted to the interdigitated area where they grow in several layers. This photograph was
taken two days after the abdominal implantation of the device in a pig. Most of the cells are
macrophages. The bar is 50 pm. ¢ This 9 X 9 mm chip is made from glass (to which cells can
adhere) coated with a thin plastic layer (to which they cannot). The plastic layer has been
structured by laser ablation to expose the glass in places. Cells cultivated on this structure
grow only in the cleared areas and show up as dark lines and points, following the underlying
pattern.d Magnified detail from the upper part of c. The small, laser-cleared squares which are
visible are of 10 um side. Suitable choice of the size and spacing allows cells to be aligned and
ordered

tively, at lower frequencies, cells can be attracted to the electrodes by positive
DEP.

For the reasons given in Sect. 2, heating is not a problem with devices of this
kind. (In fact, the situation is favourable since the heat is generated very close to
the cooling surface). Even with animal cells in highly conductive (several S/m)
culture media, fields of 50 kV/m or more can be used.
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4.4
Long Term Exposure of Cells to Electric Fields

If cells are to be used long-term in electrical devices, especially for medical
applications, then the effect of electric fields on cells must be considered.
Possible effects of fields on cells are summarised in Fig. 15. It is important to
distinguish between processes occurring within the cell itself, those occurring in
the membrane and those which are external. It is also necessary to discriminate

aggregation of membrane proteins
. T ttraction

Fig. 15. The possible mechanisms by which a strong electric field can affect cells in suspension
or adherently growing. Most of the heat is produced near the electrodes and, therefore, tends
not to be a direct problem as it can be easily dissipated into the substrate. This heating can,
however, induce convection currents which, in turn, may impose mechanical stress on an
adherent cell. There is also some heating between the electrodes. At low frequencies, this
occurs only in the medium although it may be concentrated in regions surrounding the cell.
At high frequencies, this heating becomes more uniform but, because high frequency currents
can flow inside the cell, there is some internal heat production. The total amount of heat
evolved depends on the conductivity of the medium and on the square of the applied voltage.

At low frequencies, the external field induces an alternating voltage which is superposed on
the resting (dc) transmembrane potential. As frequencies rise and the membrane capacitance
dominates its electrical behaviour, this induced voltage drops to a very low level.

The dielectrophoretic (or electro-rotation) force imposed on an adherent cell is not strong
enough to dislodge it from the substrate. The force will, however, create mechanical stress in
the immobilised cell. At higher frequencies (when there is a field inside the cell) a force may
also be imposed on organelles. The dielectrophoretic force tends to be small as the internal
field is fairly uniform but with rotating fields it is sometimes possible to observe distortion or
rotation of large organelles.

The frequencies used are well below those needed to induce electronic or vibrational
transitions in molecules. But it is possible that an alternating field might produce a quivering
motion of, say, a protein as the molecular dipoles attempt to align with the field. In the vast
majority of cases, the energy involved would be less than the random thermal energy of the
molecule but the strongest possible fields might just have a noticeable effect on the most pola-
rised species. Effects on proteins are much more likely to be indirect, mediated by the induced
membrane potential or by mechanical stress. Possibilities include the aggregation/deaggrega-
tion of membrane proteins, conformational changes and “knock-on”effects such as changes
in ionic transport rates
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between thermal effects and true electrical ones. Microstructures allow the
investigation of these matters under well defined conditions of field distribution
and heat production. Indeed, the experiments are only possible in micro-
structures as high fields applied to physiological solutions in macroscopic
devices will produce boiling (see Sect. 2.3) and the use of low-salt solutions
brings its own artefacts to the problem.

Electrical breakdown of the membrane sets an upper limit on the fields that
can be applied. Controlled electrical breakdown of the membrane is a fairly well
understood process which is used in the techniques of electrofusion and
electroporation but it is clearly undesirable in the devices under discussion.
Surprisingly, fibroblasts can be cultivated for days with no apparent adverse
effects in fields inducing trans-membrane potentials of 80% of the breakdown
voltage (unpublished data).

The induced trans-membrane potential varies with frequency, being highest
at low frequencies (Fig. 16a). At high frequencies, very high fields can be applied
and this allowed investigation of thermal effects as it is possible to produce local
heating of the solution by 1 or 2 °C. Fibroblasts will only grow in the temperature
range 30-40°C. When a device is at a temperature just below the lower limit of
this range, cells will only survive in the warm area between the electrodes
(Fig. 16b). With the device just below the upper limit, the electrode area remains
clear (Fig. 16¢). At first sight, either figure alone might be taken to indicate an
electrical effect on the cells but the two together show that the process is
thermal. The heating produced by the electrical currents in a microdevice can be
quite localised and it is very controllable. In principle, it offers one possibility for
cell growth guidance.

The experimental results indicate that sustained, high frequency electric
fields in the kV/m range do not have gross deleterious effects on fibroblasts.
The cells will grow, divide and migrate, apparently normally [40]. There are
many potential mechanisms by which an electric field might have subtle
effects on a cell. For instance, at high frequencies, external fields produce
currents within the cell itself and these currents will cause heating. Also, the
dielectrophoretic force acting on an anchored cell will cause mechanical stress
and it is possible, in principle, for an electric field to affect ion carriers and
transport proteins within the membrane. Microstructures are a necessary tool
for investigating these possibilities and for exploiting any phenomena which
might be found [61].

4.5
Micropores

Square pores can be made in a monocrystalline silicon membrane by the pro-
cess of anisotropic etching. The accuracy of the technique lies in the submicron
range. Fibroblasts moving on the membrane surface show interesting behaviour
when they encounter a pore, Fig. 17. It is possible for a cell to bridge across a pore
(staying on the same side of the membrane). It is also possible for a cell to travel
through the pore to the other side of the membrane. To do so it must negotiate
edges with angles of more than 270 degrees. In some cases, there must be con-
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Fig. 16. Top The illustration shows the variation of the induced transmembrane potential of a
cell with frequency and with the conductivity of the external medium. The induced potential
increases with external conductivity. However, it also decreases with frequency and above
about 5 or 10 MHz the induced potential has fallen below 10 mV in most practical cases. Cells
can be cultivated for days in fields of high MHz frequencies.

Centre Fields may have thermal as well as direct electrical effects on cells. This chip is
cultivated at 30 C, too cold for fibroblast growth. An electric field (50 kV/m) in the area of
electrodes interdigitation warms this zone, taking it to a tolerable temperature. Cells near the
electrodes are both more numerous than elsewhere and have the characteristic flattened sha-
pe. Cells further away have a more spherical, inactive form.

Bottom This chip is cultivated at 40 °C, just below the upper temperature limit for fibroblasts.
The electric field again raises the temperature locally, creating a zone where cells cannot grow
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Fig. 17. a A scanning electron micrograph of square pores etched in a 3 micrometer thick
silicon membrane. The pores were produced by anisotropic etching and their width on this
side of the membrane is 6 pm. Cells (fibroblasts 3T3) attach to the surface and migrate over
the pores. b Electrodes are placed on either side of the membrane and a constant current
passed through it (mainly through the pores). The presence of cells is easily detected and
movements of cell filopodia of less than 100 nm and the passive electric properties of the cell
body can be determined by analysis of the signal fluctuations and impedance

siderable additional deformation because a fibroblast can traverse a pore
smaller than the typical cell body dimension. A third possibility is that the cell
lodges within the pore and extends filopodia to the other side.

The case of a cell in or near a pore presents an excellent geometry for the
measurement of impedance since any electrical currents must flow through the
pore provided the silicon is suitably insulated. Any movement of the cell will
result in a change of the impedance measured between one side of the mem-
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brane and the other. The ideal situation occurs when the pore size has been
chosen so that a cell lodges within. In this case, movements of filopodia of less
than 100 nm can be detected [62].

Since cell and filopod movement depends on the chemical environment of
the cell, a pore-impedance device could function as a chemosensor for sub-
stances of medical and pharmacological importance, especially if the cells
themselves have been genetically engineered for the purpose. Another use of
such a device would be the study of cell-cell interactions as different kinds of
cell could be separated by the membrane and allowed to interact through the
pore.

The pore-based device has two main advantages over systems which try
to acquire the same information from unaided microelectrodes. In a
pore-impedance device, the size and position of the electrodes is relatively
non-critical, the electrodes can be made large enough to avoid polarisa-
tion problems. Secondly, the pore itself is robust and formed in an inert mate-
rial, it is not destroyed by attack from the cells and is fairly resistant to
accidental damage. It may become blocked by a cell but it is easily cleaned after
use.

Electrodes and pores can be arranged in several ways. A single pore can be
interrogated by its own electrode pair. This gives unambiguous information
about a single cell. A few (between 2 and 4) pores can be addressed by a single
pair of electrodes. Usually, this will give information about a single cell but
with an enhanced chance of getting a suitably positioned cell in the device. A
large number (hundreds or thousands) of pores can have a common pair of
electrodes which give an averaged signal from a large cell population. It is also
possible to imagine a device one side of which is a series of channels, each with
its own electrode and a pore through to a common space on the other side of
the “membrane”. This would allow many (possibly different) measurements to
be made simultaneously.

5
Cryo-Conservation

Cryo-conservation of cells is a standard laboratory technique. A properly frozen
cell suspension can be stored for years if necessary at liquid nitrogen tempera-
tures. However, in a suspension, the position of an individual cell is unknown, as
are the temperature gradients to which a particular cell has been subjected. For
some purposes it would be advantageous to freeze cells in known positions. An
example would be a diagnostic device, pre-cultivated with the correct cells in
position on the sensor elements. In fact, devices incorporating living cells
will probably only find wide application if they can be stored stable for long
periods and easily transported. The use of liquid nitrogen for this purpose
seems attractive.
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5.1
Cryo-Conservation of Cells in Micro-Structures

There are three problems to be avoided:

1. Damage to the micro-structure during freezing and thawing.
2. Damage to the cells during freezing and thawing.
3. Loss of cell adhesion.

Damage to the microstructure is fairly easy to avoid. Liquid containing
structures cannot be sealed during freezing and materials must be carefully
chosen. Both silicon and quartz are stable under the conditions met during the
fast freezing and thawing of cells. Despite the fact that both these materials have
thermal expansion coefficients smaller than those of metals, many metalizations
also seem to be stable. Silicon is especially suitable for this kind of work due to
its high thermal conductivity.

Cells in suspension must be frozen rapidly in order to encourage the forma-
tion of small ice crystals rather than the large ones which would rupture
membranes. The same principle holds for cells attached to surfaces but there is
a complication. When cells are frozen in suspension, it is usual to choose con-
ditions which promote some degree of cell shrinkage to prevent rupture of the
cell membrane (Fig. 18). However, shrinkage of a cell adhered to a surface creates

Fig. 18. Diagrams illustrating the differences and difficulties during freezing of cells in suspen-
sion (a) and on surfaces (b, c and d). In both cases, large ice crystal formation must be avoided,
this means that freezing must be rapid and often involves the use of cryo-protectants. In sus-
pension, the use of hypertonic solutions to shrink cells by osmosis helps to avoid membrane
rupture. But with cells fixed to surfaces, shrinkage can lead to rupture of the filopodia or to parts
of cytoskeleton or cell membrane (c). Additionally, animal cells under stress (including this kind
of osmotic stress) tend to build up into a spherical shape. This means they would lose many of
their surface contacts before freezing and disappear into solution after re-thawing. Cryo-con-
servation of adhered cells in defined positions requires very precise control of the conditions
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mechanical stress and can rupture the filaments of the cytoskeleton.
It is therefore necessary to control osmotic and ionic conditions very care-
fully to achieve a constant cell size during freezing. When this is done, survival
rates of fibroblasts frozen on glass or silicon surfaces can be higher than
80 %.

The maintenance of cell adhesion is also vital and therefore it is of funda-
mental interest to visualise the adhesion points and understand the dynamics of
the process.

5.2
Cell Adhesion Patterns

For biotechnological purposes, it is necessary not only that cells remain viable
but also that adhesion is maintained so that a cell can be found in the expected
position. The adhesion pattern that a cell has adopted before freezing is crucial
to successful cryo-preservation. Adhesion patterns can be visualised by (TIRF
microscopy, [63]) mentioned above and also by confocal laser scanning fluores-
cence (CLSM, [64]) microscopy. We have investigated the adhesion patterns of
fibroblasts as a function of adhesion time and various surface treatments [65].
Some examples are shown in Fig. 19.

Fig.19a,b. This set of photographs illustrates the complexity of cell adhesion.a Two fibroblasts
growing on a polylysine coated glass plate as seen in transmission microscopy. (Polylysine
promotes cell adhesion by creating a surface rich in negative charge.) The bar is 4 pm.
b The same cells seen by total internal reflection fluorescence (TIRF) microscopy. The TIRF
technique utilises the evanescent wave produced in the solution when light strikes the
glass/solution interface at a shallow angle and undergoes “total” internal reflection. The
evanescent wave exists only near the surface and is used to excite fluorescence in the fluo-
rescein-containing culture medium. Areas where a cell has contacted the surface and excluded
the solution therefore appear dark against a light background. These polylysine fixed cells
contact the surface (with gaps of less than 10 nm) over most of their area and therefore have
little freedom of movement
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Fig. 19 c-f. ¢ Transmission micrograph of a cell growing on glass with no polylysine coating.
The bar is 4 pm. d The same cell as in ¢ visualised by TIRF microscopy. The strongly localised
adhesion plaques are clearly visible. e This confocal laser scanning image shows the actin
filaments of the cytoskeleton labelled immunofluorescently. f Vinculin, which connects the
cytoskeleton to the adhesion molecules, is here shown fluorescently labelled under the con-
focal laser scanning microscope. The bar is 5 um

As well as visualisation, quantitative measurements are necessary in order to
understand the adhesion process. One possible method involves streaming the
cells over a surface and measuring the maximum speed of flow at which adhesi-
on can occur [see 64]. Another technique uses the atomic force microscope for
measurements at a single molecule [66].

We have developed a new micro-system using rotating electric fields for mea-
suring adhesion (unpublished data). A schematic representation of this is given
in Fig. 20. A cell is allowed to sediment onto a surface which carries four elec-
trodes. The electrodes are driven to produce a field which rotates at MHz fre-
quencies, but the direction of rotation is periodically reversed. This leads to a
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Fig.20. A diagram of the measurement of cell-cell adhesion and a measured curve. a The sub-
strate with four planar electrodes is first prepared as desired, e.g. a cell monolayer could be
grown. A high frequency electric field (say 10 MHz) used to spin a test cell about an axis per-
pendicular the surface. As this cell sediments, its rotation velocity is measured. This allows the
calculation of the induced torque from the frictional torque (N=8mR®5 w, where ) is the vis-
cosity of the solution, R is the cell radius and @ the angular velocity of the cell). After reaching
the surface, the test cell is driven alternately clockwise and counter-clockwise (initially
through 45° to avoid large shearing forces). As the test cell forms more molecular contacts with
the cells of the monolayer, the amplitude of the oscillation becomes smaller and smaller until
the cell is immobilised. The cell motion can be detected automatically by noise analysis.b The
example shown is the adhesion process of a fibroblast sedimenting on a cleaned glass surface.
The graph is of normalised amplitude of cell oscillation vs time. The curve can be divided into
four main parts:

a The first molecular contacts occur but there is no fixation.

b There is transient fixing.

¢ The cell undergoes rapid adhesion.

d With an increasing number of contacts and flattening of the cell body, the specimen be-
comes immobilised.

The advantages of this method are that the cell is in a known position and that the torque
applied has been accurately calibrated.
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slow clockwise/anticlockwise oscillation of the cell. The torque applied to the
cell can be deduced from measurements of the amplitude of oscillation as the
cell sediments toward the surface. When the cell reaches the surface and mole-
cular contacts develop, the amplitude of oscillation is reduced until, finally, the
motion is abolished by adhesion.

6
Perspectives

Microstructure based biotechnology is a fascinating field of research which is
beginning to produce its first applications. It is not a simple down-scaling of
existing techniques but an attempt to find new cell handling methods and to
create new interfaces between living material and inanimate objects.

The first practical applications are likely to include field cages for cell posi-
tioning, inexpensive cell sorters and single cell cultivation depots. But once the
basic elements for cell handling have been developed, very many kinds of device
will become easy to produce. We can expect to see new systems for use in medi-
cal diagnosis and pharmaceutical testing within the next decade and a range of
cell based biosensors.

Microtechnology continues to develop and new techniques such as three
dimensional structurisation by laser ablation and deposition will doubtless be
used in bio-systems opening up a new range of possibilities.

Looking further ahead, the understanding of and the ability to control cell-
surface and cell-cell interactions is the key to developing much more sophistica-
ted devices such as those incorporating biological contractile elements and even
working neural nets. Ultimately this road might even lead to artificially grown
tissues and organs. Microstructures have a bright future in the biological world.
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1

Introduction

The Human Genome Program and related public and private research programs
are rapidly determining the full sequence of the human genome and the
genomes of other medically and economically relevant organisms. The motiva-
tion for these programs is the identification of new targets for therapeutic inter-
vention, new diagnostic markers for human disease, and the development of
improved agricultural and industrial products. The resulting databases provide
the primary structural information for the genome; as such, they are the
foundation of future research. The next phase is to associate functions with
newly discovered genes.

Building on these databases, researchers are asking which genes are associa-
ted with human disease (discovery), where these genes are located within the
genome (mapping), the extent to which the genes are being translated into
protein (expression), and how the genes of individuals differ (genetic variation).

Topics in Current Chemistry, Vol. 194
© Springer Verlag Berlin Heidelberg 1998
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The existing tools to address these questions are slow and cumbersome. We
describe a new paradigm for genetic analysis based upon high density arrays
of polynucleotide probes. Methods for light directed polynucleotide array
synthesis, as well as array packaging, sample preparation, array hybridization,
epifluorescence confocal scanning, and data analysis are described. Applications
to discovery, genotyping, expression, and resquencing are presented.

2
Array Fabrication

In the development of polynucleotide arrays for sequencing applications, one of
the principal challenges has been to fabricate arrays of sufficient size and com-
plexity with the highest possible density of encoded sequence information. To
fabricate the high-density arrays needed for large-scale sequence-analysis
applications, we have made use of light-directed synthesis [1-4]. In this tech-
nique, 5’-terminal protecting groups are selectively removed from growing
polynucleotide chains in pre-defined regions of a glass support by controlled
exposure to light through photolithographic masks. This approach can be
applied to the synthesis of other biopolymers as well. The advent of this technol-
ogy has made it possible to fabricate DNA probe arrays with densities as high as
10° unique probe sequences per cm?.

hv

B

protecting

ddoseser ™" uieeeree et TToeeees
pitiisiy —

i

. XX
TT4%9909 coupes TTCCeses repem

AAGGCCTT
TGCATGCA
* L ATATATAT
slEEREsE

(4n steps ->-> 4" sequences)

Fig. 1. Light-directed synthesis of polynucleotide probe arrays. Exposure to light through a
photolithographic mask is used to remove protecting groups from surface sites in pre-defined
regions of a functionalized glass substrate. A solution of an activated polynucleotide building
block is then applied, which reacts specifically in the exposed regions of the substrate. Repeated
cycles of illumination-deprotection and monomer coupling are used to construct a two-
dimensional array of probe sequences
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Figure 1 illustrates the overall process of photolithographic polynucleotide
array synthesis. The process begins with a planar glass or silica substrate, which
has been covalently modified with linker molecules bearing terminal hydroxyl
groups to provide reactive sites for polynucleotide synthesis. Hydroxyl groups
on the linker molecules are protected with a photolabile protecting moiety (see
below). Specific regions of the surface, defined by a mask, are exposed to light,
causing the selective removal of protecting groups from linkers exclusively in
the illuminated regions. The entire substrate is then treated with one of four
similarly protected nucleoside phosphoramidite building blocks (dA, dG, dC or
T), activated using standard DNA synthesis protocols. The monomer reacts
specifically with unmasked hydroxyl groups on the exposed regions of the sub-
strate. Cycles of photo-deprotection and nucleotide addition are repeated to
build the desired array of sequences. The process is very efficient: a simple com-
binatorial masking scheme [1, 2] (Fig.2) will generate an array containing 4"

A A G AGCT
AGCT AGCT AGCT
T
o]
round 2 c— - G
A A A
AGCT AGCT AGCT
T T T
C C C
round 3 G s ™ — G
A A A
A A A A A AQ AC AG QCT AGCT AGCT AGK
AGCT A C T AGCT
. T e I T g T
N c H C o . . g c
round 4 . G e G -g G
- (LU A 2 A H A
AQCT AGCT AGCT AQGC AQOT AGCT AGCT AGCT AGCT AGCT AGCT AGCT
44 tetranucleotides

Fig. 2. Masking strategy for the combinatorial synthesis of all possible polynucleotide tetra-
mers. In round 1,a mask is used to add all four nucleotides, to four separate regions of the sub-
strate, as the first base in the array. An orthogonal mask is used in round 2 to subdivide each
mononucleotide “cell” into quarters for the addition of the four nucleotides as the second base.
This generates a 4 X 4 array of all possible dinucleotides. The mask used in round 3 further
subdivides the dinucleotide cells into quarters for the addition of the third base. After
4 rounds, an array of all 256 dinucleotides is obtained. This process can be continued, using
masks which subdivide cells into increasingly smaller regions, to obtain complete arrays of
longer polynucleotide sequences
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unique sequences in only 4n chemical steps. For example, the complete array of
all possible 10mer probes (>10° sequences) requires only 40 steps. Table 1
illustrates the relationship between the number of synthesis cycles and the total
number of unique sequences of a given length that can be prepared. Although
complete sets of polynucleotide probes of certain lengths are being studied for
potential use in generic’ sequencing applications, current applications (see
Applications Section) employ specific subsets of probes for detecting and/or
resequencing known sequence fragments. However, any set of probes of length
L or less (probe length can be varied within an array) can be synthesized using
at most 4L chemical synthesis steps. A unique set of photolithographic masks
can readily be generated for each specific probe array.

Currently, this process employs nucleoside phosphoramidite monomers in
which the 5”-hydroxyl is blocked with a photo-removable MeNPOC [5] pro-
tecting group. The latter is based on a well-known class of photolabile 2-nitro-
benzyl derivatives, and is well suited to the synthesis of DNA probes, since the
photocleavage reaction occurs from an n-m* excited state resulting from irra-
diation with light in the near-UV region (1, ~350 nm, e=5500 M~'cm™). This
has several advantages, including the ability to use filtered 365 nm I-line emis-
sion from readily available high-intensity collimated Hg lightsources. The use of
longer wavelengths also avoids potential photochemical modification of the
DNA probes or quenching of the photolysis reaction due to electronic inter-
actions between the nucleic acid bases and the MeNPOC excited state. Photo-
lysis involves an intramolecular redox reaction which requires no special
solvents, catalysts or coreactants (Fig. 3), and complete deprotection requires
about one minute using standard photolithography exposure systems.

The stepwise efficiency of polynucleotide synthesis using this method is in
the 92-96% range [2, 4]. These values reflect the chemical yield of the photo-
chemical deprotection reaction after complete (exhaustive) photolysis. The
other chemical reactions involved in the base addition cycles are essentially
quantitative. For instance, a large excess of activated monomer and additional
capping steps are used to make sure that no unreacted sites remain which can be
extended in subsequent synthesis cycles. This ensures that significant levels of
insertion or deletion sequences do not accompany the desired full-length probe
sequences. Despite the presence of incomplete or “truncated” probes, the per-
formance characteristics of the arrays when they are used for hybridization-
based sequencing is very good. Array hybridizations are typically carried out

Table 1. Combinatorial synthesis of polynucleotide probe arrays

Probe Length Chemical Steps Number of Possible Probes
4 16 256
8 32 65536

12 48 16 777 216

16 64 ~43x%10°

20 80 ~1.1x 10"
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under stringent conditions so that hybridization to significantly shorter (<n-4)
oligomers is negligible, and statistically, the full-length probe is the major
species able to hybridize under such conditions. Thus, sequence information can
routinely be “read” from array hybridization data with single-base resolution.

DNA probe arrays are currently manufactured on a large-scale by automating
the entire process using techniques and equipment similar to those used in the
microelectronics industry. For example, two wafers, each containing replicate
arrays of 65,000 unique 20-mer probes, can be completed in less than 15 hours.
After synthesis, wafers are briefly treated to remove base protecting groups from
the immobilized polynucleotides, and then diced to yield individual arrays for
packaging in injection-molded cartridges. Additional increases in capacity and
throughput will accompany further improvement and scale-up of these produc-
tion techniques.

The resolution of the photolithographic process determines the maximum
achievable density of the array (i.e. the amount of sequence information encod-
ed on the chip). Table 2 shows the relationship between the resolution, in terms
of smallest feature size, and the maximum density at which an array can be
“printed”. Application of the photolithographic process using photolabile pro-
tecting groups currently provides a spatial resolution that allows arrays to be
fabricated with densities on the order of 10° sequences/cm?, which corresponds
to an individual feature size of ~10 x 10 m. This feature size is near the limit of
resolution that can be achieved by this method using standard photolithography
equipment.

By comparison, imaging materials and processes currently used in the semi-
conductor industry are capable of sub-micron resolution [6]. For this reason, we
have been exploring new processes for synthesizing DNA probe arrays which
combine standard solid-phase DNA synthesis chemistry with polymeric photo-
resist films serving as the photoimageable component [7-9]. In addition to the
potential for higher resolution, this approach has the advantages of using
standard dimethoxytrityl (DMT)-based DNA synthesis reagents and conven-
tional semiconductor microlithography tools exclusively. Furthermore, photo-
resists typically require much shorter exposure times, compared to the photo-
labile protecting groups described above.

One way to use a photoresist film for array synthesis is to employ the image-
patterned film as a physical barrier to mask selected regions of the substrate
from exposure to reagents used in DNA synthesis. Figure 4A (Left) outlines a

Table 2. Photolithographic resolution and maximum array density

Resolution (mm) Array Density (sequences/cm?)
500 400
200 2500
100 10 000
50 40 000
10 1000 000

1 100 000 000
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simple process in which the resist is used as a barrier to the acid solution used
for the selective removal of DMT protecting groups from the surface
polynucleotide chains, thereby activating the exposed regions of the chip for
building block addition. Initial efforts to implement this strategy were some-
what hampered by the generally poor compatibility between the surface chem-
istry and the conditions necessary to develop the resists. This problem is re-
solved, however, by the introduction of an inert underlayer to protect the surface
from the resist processing. This bilayer technique is illustrated in Fig. 4 B (Right).
Arrays have been prepared using the resist bilayer process which show identical
performance to those made using photo-protecting group chemistry [7-9]. The
production of 8 m features was demonstrated using this method, and higher
resolution is likely with further process optimization.

An alternative and potentially much simpler photoresist-based process is one
in which a polymer film containing a photo-acid generator is applied to the sub-
strate (Fig. 5) [8,9].Here the film does not function as a physical mask. Instead,
exposure to light through a mask creates localized acid development in regions
of the film which are adjacent to the substrate, resulting in direct removal of
DMT protecting groups from the growing DNA oligomers in those regions. No
development or image-transfer steps are required. Substrate-resist compatibili-
ty must be optimized resolved in order to implement this approach. In particu-
lar, the acid strength and concentration must be carefully controlled to achieve

Derivatized eoooooe®® oeooo0ee Derivatized
Glass 0000000 0000000 (Glass
Substrate  [3iidER o cHog-Doom AR gubstrate
] g - g g
000000 2 2 T Coat
2090009 2000000
0000 0000000

Coat _ o Underlayer,
Photoresist M % Photoresist

FEVHHAE AALAME
Expose Sessses - —-— Expose
Photoresist 3333333 ggggggg Photoresist

mm Develop )
Develop PPHHHY H@@® Photoresist,
Photoresist, 29 oo

9 P Transfer Image,
Detritylate % Detritylate

Strip s & Strip Photoresist
Photoresist, ,’&&Qg e T é ..m, + Underlayer,
Coup|e next 0000000 - 0000000 Coup|e next
nucleotide ¢ nucleotide

Fig.4. Polynucleotide array fabrication processes using polymeric photoresists. Left: A single
layer resist process. Right: A “bilayer” process using a protective underlayer



124 R.C.Anderson - G. McGall - R.]. Lipshutz

Derivatized 2000000
Glass 0000000
Substrate

Apply PAG-

g 8ok s L0
Polymer Film 133388 f

Expose PAG- ’gt‘ HHO®

Polymer Film °§ i °§ °§ OE ;"!

. HHH
Strip PAG- gg 00 633

Polymer Film 1383838

Couple next o0 b4
DMT-nucleotide $55558%

Fig. 5. Polynucleotide array fabrication process using photo-acid generator. In this process,
acid is generated photochemically in a polymer film to effect light-directed surface activation

efficient deprotection without causing degradation of the surface chemistry.
With further optimization and refinement, high resolution photoresist-based
processes should soon enable high-throughput production of polynucleotide
arrays with features on the order of one micron or smaller.

3
Applications

In hybridization-based sequence analysis, an analyte nucleic acid, or “target” is
incubated with the GeneChip™ array, and the extent of hybridization with each
DNA probe on the array is assessed in order to identify those which are perfect
complements to the target. This requires the preparation of a fragmented and
labeled target mixture from a genetic sample. Confocal epifluorescence scan-
ning is used in conjunction with fluorescent labeling to monitor hybridization.
The protocols for sample preparation are application specific and described
below. Analysis of the scanned digitized images is carried out using specially
developed software to determine the sequence of the sample.
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3.1
Design of Polynucleotide Arrays

Careful design of the polynucleotide array can enhance the accuracy and relia-
bility of information gathered from hybridization-based assays. These designs
are facilitated by the high density of features available on GeneChip™arrays. For
example, whereas the absolute intensity of hybridization is a strong function of
sequence [10], selective binding is more easily detected by monitoring the inten-
sity relative to a reference probe. Redundant probes provide the opportunity for
local intensity reference standards and therefore a higher quality of information.

One standard array design takes advantage of the empirical fact that the
sensitivity to probe-target mismatches is highest at the center of the oligomer
probe [11]. As shown in Fig. 6, a frame is selected around a section of the target
sequence, repesenting the perfect match allele complimentary to the wild type
probe. For example, with a 20-mer probe a frame size of 20 would be used. A set of
four probe features are generated that are complimentary to this frame with an A,
C, T, and G substituted at the center position. A second set of four probe features
are generated by translating the frame by one base and carrying out the substitu-
tions at the new location. This approach exploits the strength of detection using
relative intensities. Within each set of four features at a given frame position, the
brightest feature is the correct base assignment at that substitution position. This
approach to probe design has been used for monitoring mutations in HIV [12].

A somewhat more complex approach is necessary to sense clusters of muta-
tions. In this tiling, eight additional sets of four features are added that inter-
rogate for mutations directly adjacent to, and one base away from, the center of
the frame. These additional sets assume either wild type or one specific muta-
tion at the frame center. This strategy has been applied to the detection of cystic
fibrosis gene mutations [13].

Probe Tiling Strategy

TARGET 5'...AAAGAAAAAACACAGTACTAAA. ..
'A' PROBE 3 ttttttitgtcat
'C' PROBE 3 ttttttCtgtcat
'G' PROBE 3¢ ttttttctgtecat
'T* PROBE 3¢ ttttttTtgtcat
n

TARGET 5'...AAAGAAAAAA ACAGTACTAAA. ..
position n 3 ttttttitgtecat

n+l 3¢ tttttc gtcatg

n+2 3° ttttct tcatga

Fig.6. Design of polynucleotide array using first tiling method
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3.2
HIV Resequencing Application

Genotype diversity in HIV viruses increases with the progression of the disease,
and in one hypothesis HIV overcomes the immune system through the accumu-
lation of these mutations [14]. Studies on HIV therapy have resulted in the puta-
tive assignment of certain mutations in the RT and protease regions of the HIV
genome as conferring drug resistance. Research on HIV therapy demands
methods for rapidly screening these regions of the viral genome. As shown in
Fig. 7, a GeneChip™ array with over 10,000 features has been developed for this
purpose.

Genetic samples are prepared by extracting the viral RNA from serum or
plasma and reverse transcribing it to DNA. A portion of the HIV genome is
amplified using PCR [15]. As shown in Fig. 8, transcription promoter regions are
included in the PCR primers. Labeling is carried out by in vitro transcription
[16] in the presence of fluorescenated UTP’s, and fragmentation by heating in
the presence of magnesium salt. This GeneChip™ assay is currently in use at
several research laboratories and is commercially available.

11141720

EACH PROBE CELL
CONTAINS ~10°
OLIGONUCLEOTIDES
OF SAME SEQUENCE

Fig.7. False color image of fluorescent intensities on a GeneChip™ array that analysis sequen-
ces within the HIV-1 genome
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Procedure

T3 promoter

R -

T7 promoter

in vitro
transcription
' fragmentation

* hybridize & wash

! scan

Fig.8. Series of reactions used to prepare labeled and fragmented RNA target

3.3
mRNA Expression Monitoring

Gene expression is one of the fundamental mechanisms used by organisms to
control their function. Proteins are translated from regions of genomic DNA
through an mRNA intermediate that is relatively shortlived, referred to as a
“message”. By monitoring levels of different mRNA molecules over time, insight
into the state and activity of an organism can be gained. A set of such ex-
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periments can be used to decipher the function of various genes resulting in a
better understanding of how an organism works. This improved understanding
can lead to improved therapeutics (i.e. drugs) and diagnostics.

In contrast to the resequencing arrays, the goal in this application is to detect
the presence and quantity of certain known sequences. This is accomplished by
designing two polynucleotide array features for each 20-mer mRNA segment to
be detected: a perfectly complimentary probe and a reference probe that differs
only by a single base substitution in the central position [17]. A GeneChip™
array with 65,000 features has been developed that quantitatively detects the
presence of 118 murine genes. The level of mRNA was detected over three orders
of magnitude while maintaining specificity in the presence of complex cellular
mRNA backgrounds. These results were used to develop a four chip set covering
6,500 of the 100,000 human genes.

3.4
Other Applications

Some mutations in genomic DNA have been correlated with the predisposition
towards, onset and progression of certain cancers. For example, mutations in the
familial early onset breast cancer gene, BRCA1 have been monitored using these
polynucleotide arrays [18]. The rapid development of new applications for gene-
tic analysis continues. For example, GeneChip™ arrays have been developed that
analyze the entire human mitochondrial genome in a single experiment [19].

4
Conclusion

Methods for the synthesis, hybridization, scanning, and analysis of high density
arrays of polynucleotides have been developed. These methods have been
applied to polymorphism discovery, genotyping and expression. These new
tools are significantly changing the way scientists are exploiting the information
in rapidly growing genetic databases, assisting in the transition from structure
to function.

Many benefits will be realized by incorporating these polynucleotide arrays
into an integrated analysis system. Decreased assay cost and contamination,
along with improved throughput and reproducibility can be achieved by inte-
grating sample preparation processes with the polynucleotide arrays; these
systems under development at Affymetrix [20-21].
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Introduction

The most welcome technical achievements in life science are the ones that
enhance well-being or restore impaired or lost biological functions. Rehabilita-
tion engineering is a research field that has devoted its full spectrum of efforts
to compensate for malfunctions and disorders in human biological systems.
This includes the development of devices for the rehabilitation of neural dis-
orders which are termed neural prostheses. Neural prostheses directly interface
with the central and peripheral nervous system. The most commonly known
neural prosthesis is the cardiac pacemaker, which has existed for more than
30 years. A variety of other lesser known devices have been developed to par-
tially restore neural functions in disabled people.

The age of microtechnology provides ample opportunities to design a new
breed of neural interfaces that exhibit small dimensions, less weight, and im-
proved performance. Miniaturization of electrodes yields a higher number of
contact sides per unit area for stimulation and nerve signal recording. Inte-
grated electronics and wireless communication by radio frequency links allows
large data throughputs. Despite all technical achievements, implantable neural
devices have to interact with the highly delicate, protective and complex bio-
logical system that also exerts chemical and mechanical forces. The devices need
to be non toxic for the organism, light and soft to prevent mechanically induced
traumatization, and biostable in the body over decades. Evolution has generat-
ed a nervous system characterized by massive data flows, huge redundancies,
and the most sophisticated data processor, our brain. Neural micro-devices are
facing the formidable task of interacting with such a complex system. Even
though the most sophisticated technology appears to be crude when compared
to nature, chances are high that beneficial effects will be achieved. In the follow-
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ing, conventional approaches for interfacing the nervous system are summa-
rized. The features on conventional electrode types are then compared to the
ones of micromachined electrode arrays. Examples of current research projects
are given which highlight the potentials of neural micro devices but also the
difficulties to be overcome in the future.

2
Some Fundamentals of Neurons and Electrostimulation

Since the first experiments of Galvani and Volta [1] it has been known that
muscles and nerves can be electrically stimulated to bring about muscle con-
traction. Physicians investigated the possibility of using electricity to cure
diseases and to observe the secrets of electrical nerve signals. Surprisingly, the
scientific work on Functional Electrical Stimulation (FES) only started about
45 years ago [1]. The mechanism of nerve excitation and the generation of
action potentials was first described analytical by Hodgkin and Huxley in 1952.
Their basic differential equations were investigated for over 30 years and pro-
vide the fundamentals to model even advanced mechanisms [2]. The anatomy
and physiology of the nervous system is highly complex. Therefore, here we will
address just some basic principles which are necessary to understand the
different concepts described below. In a highly simplified scheme, the nervous
system can be divided into the central nervous system (CNS) which consists of
the brain and the spinal cord and the peripheral nervous system (PNS) which
consist of the “remaining” nerves. Most of the scientific approaches that are
presented below, deal with traumatizations of the CNS, e.g. paraplegia, the
recording of nerve signals, or the stimulation of peripheral nerves. If central
paralysis has occurred, the nerves below the trauma are intact, it is just the in-
formation from the brain which is affected. Different mechanisms occur when
peripheral nerves are damaged. A retrograde degeneration will evolve which
may alter excitation of the nerve. One nerve consists of many single nerve fibers
that are organized in nerve bundles, so-called fascicles. They are surrounded by
a layer of connective tissue, the perineurium. The whole nerve is also embedded
in loose connective tissue, the epineurium. Small capillaries provide the nerve
with oxygen. They pass in parallel to nerve and have orthogonal connections
between the interior vessels. Nerve fibers exhibit different diameters relating to
their tasks in the body. Thick fibers conduct nervous signals very fast and have
a low excitation threshold. Thin fibers are slower with a higher threshold. The
nerve signals are generated asynchronously by the brain and thin fibers are
often activated first. If electrical stimulation is used, the thick fibers are
activated first due to their lower threshold and this is called inverse recruitment.
Unfortunately, these thick fibers often innervate fast fatiguing muscle fibers.
Additionally, an activation of muscles with FES is always a more or less syn-
chronous activation. Therefore, sophisticated training and stimulus protocols
have to be used to allow a long term activation with diminished muscle fatigue.
Different standard concepts are established to investigate basic mechanisms at
nerves and at the nerve cell membrane. The most famous perhaps is the patch
clamp electrode which allows the investigation of single ion channels on nerve
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cell membranes. In this article, we would like to focus on technology used in
rehabilitation and clinical settings to improve the daily life of people with neural
disorders.

3
Conventional Approaches to Interface with Neurons

Different types of contacts between technical systems and the nervous system
are common in experimental medicine and clinical application. In the following
an overview is given on the main concepts for recording nerve signals and their
advantages and disadvantages are discussed.

3.1
Surface and Needle Electrodes

Clinical electrodiagnosis of diseased nerves and muscles with surface and needle
electrodes is well established [3]. The surface electrodes consist of stainless steel
rings or plates that are positioned on the skin during examination. The needle
electrodes are manufactured from stainless steel cannulae or platinum wires.
They are pierced into the muscle or down to nerves for performing acute stimu-
lation or recording of muscle and nerve signals, respectively. The surface
electrodes are non-invasive and easy to apply for a trained person. Infections
during long-term use can be prevented. If a part of a system fails, it can be
replaced in a very simple and inexpensive way because all components are extra-
corporal. This is a reason for the widespread use of surface electrodes not only
for diagnostics but also for therapy [4], e.g. to reduce spasticity [5-7], and for
FES of upper [8, 9] and lower limbs [10, 11] in paralyzed people. Unfortunately,
there are many disadvantages inherent in this approach. The large electrodes
stimulate with very low selectivity. Due to the extracorporal position of the
electrodes, the energy consumption is very high. Burning of the skin can occur,
if stimulation parameters were chosen too high and electrodes were used with-
out gel or saline solution to decrease the electrode-skin resistance. Repro-
ducible electrode positioning is time consuming and needs well trained and
highly motivated physicians and patients. In daily use, normally the physio-
logical benefits will outweigh the technical disadvantages; the training of the
paralyzed muscles by FES will improve blood supply and helps to prevent
decubitus.

3.2
Nerve Surrounding Electrodes

Since the 1970s, nerve surrounding electrodes have become the most successful
types of implantable biomedical electrodes in clinical use. For example, they
have been used for stimulation of the lower limb [12], the urinary bladder [13],
and for recording neural signals [14, 15]. Some electrodes have been safely in use
for over 15 years [16]. They have been investigated intensively and many efforts
have been made in respect to spatial selectivity and nerve fiber recruitment.
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3.2.1
Helix-Electrodes

Helix-electrodes contact peripheral nerves on a small area due to their open
structure. They consist of a silicone rubber substrate with one or two embedded
platinum wire electrodes (Fig. 1). They were developed at the Huntington
Medical Research Institute (HMRI) in a monopolar and a bipolar version [17].
The latest versions have been applied in paralyzed people at the sacral spinal
roots for micturition control and incontinence. Their advantage can be seen in
the self-sizing properties due to the spiral structures when the nerve is affected
by edematous swelling after the implantation trauma.

A disadvantage can be seen in their open structure with insufficient homo-
geneity of the electrical field for multipolar electrode settings compared to
closed devices .

3.2.2
Cuff Electrodes

Extraneural Cull-electrodes are available in two variations. The early “split
cylinder” models consist of SILASTIC designs which have a stiff closing mecha-
nism and only a few electrode channels. They have to be carefully adjusted to the
nerve diameter.

For an effective stimulation they have to fit snugly to the nerve. If the nerve
has post-implantation swelling due to mechanical or chemical irritation, an
increase of 0.3% for a nerve diameter of 1.0 mm is sufficient to build up a pres-
sure of 20 mm Hg. This may influence the intraneural blood flow in a way that
damage may occur to the nerve due to a lack of oxygen [16]. If a larger cuff dia-
meter is chosen, fibrotic tissue may grow between the cuff and the nerve with a
high electric resistance. This results in much higher energy being necessary for
stimulation. The mechanical disadvantages can be improved with a different
design, the spiral cuff electrode (Fig. 2). It is built of two silastic sheets and
platinum foil electrodes with Teflon insulated wires. The platinum electrodes are
fixed on one foil. The second foil is stretched, electrode windows cut inside and
then is glued on the basic foil and electrodes. Due to the stretching of the inner

Fig.1. Monopolar helix electrode of the HMRI [17]
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Fig.2. Monopolar Spiral Cuff-Electrode with cable before implantation [17]

foil, the electrode curls to a cuff in respect to the amount of stretching before the
gluing procedure. With this concept, a nerve swelling up to 21% for a 1.0 mm
nerve may develop before irreversible damage occurs [16]. Typical dimensions
of the electrodes are 20 mm in length, an inner diameter of 4 mm, and a thick-
ness of 0.3 mm for a silastic foil. With proper selection of material and electro-
de arrangement, the electrical field for the stimulation is limited to the internal
cuff [18]. For a good spatial selectivity, many electrodes are placed radially on
the circumference of the nerve. They could be used independently in any
electrode configuration [19]. The most popular electrode configurations [18]
are:

a) monopolar electrode configuration: one electrode inside the cuff is used
against a large counter electrode outside the cuff, placed on body parts
distant to the cuff. The electrical field exceeds the location of the nerve.

b) bipolar electrode configuration: two electrodes are stimulated against each
other. This arrangement is rarely used in cuffs [19] but quite common in sur-
face and intraneural electrodes.

¢) tripolar electrode configuration: one cathode in longitudinal direction of the
cuff and nerve is placed in-between of two anodes. In this way, the electrical
field is focused on to a small area inside the cuff.

d) steering electrodes: they are used additionally to mono- or tripolar electro-
des. They are arranged opposite to the cathode. Superficial nerve areas are
turned in a refractory state to reach deep nerve areas for selective stimulation
[20].The refractory state is achieved with transversally applied subthreshold
steering currents.

In experiments with a twelve channel cuff electrodes, different muscles were
selectively activated by stimulating the adequate nerve with a different tripolar
electrode configuration and transversal steering currents [12,21].

Although cuff electrodes were originally only designed for nerve stimulation,
it was shown that recording of nerve signals is also possible [22,23]. The signals
of mechanoreceptors of the paw of a cat were recorded during skin contact
[23-25] and slip detection [26]. The method was developed to clinical relevance.
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First systems for footdrop correction after stroke [27] use recorded nerve signals
from the calcanean nerve of the foot for the control of an electrostimulation
system.

3.3
Book Electrodes

A common form of electrodes in clinical use are the book electrodes for urinary
bladder stimulation. The prototype was introduced in 1972 by G.S. Brindley [28]
(Fig. 3) to contact the anterior sacral spinal roots. The devices consist of a
silicone rubber block with four slots. In each slot, three platinum foil electrodes
were embedded, each of which can be addressed independently.

The spinal roots were placed in the slots comparable to a bookmark laid
in-between the pages of a book. The slots were covered with a medical
epoxy resin to prevent the roots slipping out. After more than 10 years of
development, the Brindley group were able to report the first 50 cases of an
radio frequency controlled implant called a sacral anterior root simulator
(SARS) in humans [29]. Meanwhile, there are over 500 patients with an urinary
bladder stimulator [30]. Besides the intradural surgical implantation, an
epidural implantation procedure was developed [31] to enhance the group of
patients that may benefit from this kind of neural prosthesis. The implantation
was mostly combined with a deafferentation of the posterior sacral roots to
interrupt reflex circles and to restore continence. The disadvantages of
this surgical procedure include the loss of reflectoric defecation and of
reflectoric erection and ejaculation in male patients. It could be shown that
the SARS could be also used to restore male sexual and reproductive func-
tions [32, 33]. Even after a long clinical experience with excellent results, the
electrodes seem to be very bulky from a technical point of view. There
is a high demand of miniaturization above all with regard to minimal in-
vasive surgery, because operations on the open vertebral column are still very
risky.

A
¢ Spinal root
A B B 0 W (T
Side view. Three of the wires are shown as if in section :::2:“?3:
Cable
=~
5 mm

Back view. The course of one spinal root is shown

Fig.3. Prototype of a book electrode [28]
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34
Epineural Electrodes

Phrenic nerve stimulation for respiration is backed up by more than 10 years of
experience [34]. It is used for patients where a high lesion of the spinal cord
causes chronic respiratory insufficiency. The Vienna phrenic pacemaker stimu-
lates the two branches of the phrenic nerves with four electrodes each. The cyclic
combination of the electrodes, called roundabout stimulation, changes over time
to prevent fatigue of the diaphragm during the 24 hours of stimulation per day.

The electrodes are manufactured from single or multistrand stainless steel
wires (Fig. 4). The interconnection cables are coated with silicone. Besides a
simple manufacturing technology, the electrodes demonstrate good electrical
and mechanical properties [35]. In long term implantations the nerve damage
due to continuous electrical stimulation was below 4.8 %. Explantation of the
electrodes is easy to perform [36].

3.5
Interfascicular Electrodes

Another electrode type takes into consideration that the nerve fibers are organized
in bundles. In the case of SPINE (“slowly penetrating interfascicular nerve
electrode”), small silicone pads with platinum foil electrodes inserts incorporated
vertically [37] (Fig.5) or radially into the nerves between the nerve fascicles.

f.. 4 | ——

Fig.4. Epineural electrodes with connection cable (Medimplant, Inc.)

Closure Tube

Opening slit Fraying out

Element

Contacts

Fig.5. Interfascicular electrode made of silicone rubber [37]
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They separate the nerve into electrically insulated compartments and
allow a selective stimulation of the nerve. The SPINE combines the advantages
of a relatively small traumatization of the nerve with the high selectivity
of intraneural implanted electrodes. The disadvantage of this design is
again the relatively bulky size, especially at the site where cables are inter-
connected.

3.6
Electrodes for Contacting the Central Nervous System in Clinical Practice

The acute recording of evoked potentials and the stimulation at the spinal cord
has been a well-established method for more than 20 years. The procedures
require electrodes that are similar to pacemaker electrodes. Applications can
be found in the field of skoliosis correction [38, 39] and the repair of
aorta aneurysms [40]. An intraoperative stimulation of fibers of the sacral
spinal cord was performed during dissection of unilateral testicle tumors to
preserve ejaculation [41]. The main application of implants for chronic stimu-
lation of the spinal cord is the handling of chronic pain [42]. There are two
types of electrodes: the percutaneous electrodes resemble the pacemaker elec-
trodes. They consist of a mandrel with up to four ring electrodes of a platinum
iridium alloy (Fig. 6). They have a length of 3 mm with an interelectrode
distance of 6 mm or a length of 6 mm with an interelectrode distance of
12 mm.

The electrodes are manufactured and distributed by MEDTRONIC
(Minneapolis, USA). The epidural implantation is performed under local
anesthesia. The second electrode type consists of four platinum disks that are
embedded in a silicone rubber carrier. They have a diameter up to 6 mm
(Fig. 7). They are implanted close to the spinal cord under complete ane
sthesia. Surgical procedures have been developed from the early 1970s up to
the present [43]. Current designs offer the possibility of externally correcting
small dislocation of electrodes [44]. Meanwhile more than 300 patients have
benefitted from this therapy.

Fig.6. Percutaneous four pole electrodes (Medtronic, Inc.)
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Fig.7. Surgical four pole electrodes (Medtronic, Inc.)

3.7
Potentials of Microtechnologies

The conventionally systems presented above are relatively simple. Many of them
are highly reliable, some of them implanted and in daily use for over 15 years
[16]. Their advantage lies in the relative simple implantation procedures and
only a few possible reasons for failure, e. g. broken wires, electrode corrosion or
insulation failure. Normally, electrode areas and insulation thickness are “over-
sized” to guaranty a long lifetime. Nevertheless, there are limitations to the
current designs in regard to size and functionality. Advanced microtechnologies
offer the advantage to overcome the limitations. “Microtechnologies” offer the
following advantages:

The dimensions of devices can be dramatically decreased while increasing
the number of electrode channels. In this way, a higher spatial resolution is
achieved, resulting in a higher selectivity. Downsizing device sizes reduces
weight and therefore the mechanical load when attached to the nerve. In additi-
on, small dimensions offer the possibility of minimal invasive surgery for
implantation thus reducing surgical trauma. From the cost point of view, batch
processing of the devices yields higher productivity and lower the costs of pro-
ducts. The dimensions and properties of the devices can be created with higher
reproducibility when compared to hand-crafted designs.

4
Micromachined Neural Prostheses

For more than 10 years, researchers have investigated different concepts of
utilizing microsystems to contact single neurons or whole structures in the
central and peripheral nervous system.

The main approaches will be presented in the following, starting with single
neurons and leading to more complex structures and systems intended for use
in daily life. The demands on microsystems for their use in a physiological
environment will be pointed out in examples while describing the devices in
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detail. Finally, a specification of an optimal micromachined neural prosthesis
will be given and compared to existing and possible future developments.

4.1
Cultivation of Neurons on Microsystems

Cultivation of neurons on technical microsystems is one approach for inter-
facing the nervous system. Planar and three-dimensional microprobes and
microelectrode arrays are needed to investigate neural activities, growth, and
adhesion of the cells. Experiments with cultivated embryonic nerve cells from
chickens have elucidated that the structure’s topology, e.g. the width of grooves,
have an important impact on the growth of the cultivated cells [45-47]. From-
herz et al. were able to demonstrate the guided growth of nerve cells from
leeches on a laminine coated substrate [48, 49]. In further experiments, they
obtained a current-free measurement of the membrane potential of a single
neuron of a leech, a so-called retzius cell. The cell adhered directly to the gate of
a field effect transistor (FET) [50]. Using an array of FET’s, a multielectrode
array for a network of cultivated neurons will be possible. Usually, metallic
electrodes are used for a bidirectional information exchange with nerve cell
cultures for recording and stimulation. The activity of embryonic spinal cord
cells of mice have been recorded simultaneously over a period of several month
on a planar glass substrate with 64 indium tin oxide (ITO) electrodes [51]. Auto-
nomous signals, generated from the cultivated neural network were examined
[52]. An axonal outgrowth of embryonic nerve cells from rats was observed and
electrical activity was recorded in a microstructure with 16 electrodes, which
were connected with grooves, [53, 54]. Other groups applied silicon micro-
machining to create wells with gold electrodes on the bottom and a grillwork at
the top (Fig. 8) [55, 56].

The cells were seeded into the wells. The grillwork prevented the neurons
from migrating. The Jerry Pine group managed to plant single hippocampus
cells of the rat into a three-dimensional silicon structure which was termed a

Fig.8. Cultured neurons in microwells [55]
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“cultured neuron probe” [57]. They were able to demonstrate that the trans-
planted cells inside the microcompartments retain their capacity for axonal out-
growth. Nerve action potentials were directly recorded extracellularly from the
soma of the cells.

4.2
Shaft Electrodes

Planar shaft electrodes are the most common microstructures to contact the
nervous system. The “Center for Integrated Sensors and Circuits” at the Univer-
sity of Michigan (USA) is most experienced in the microfabrication of this kind
of penetrating electrodes [58-63]. The center has established a distribution
service providing microprobes to researchers all over the world. A basic
illustration of the electrode design is seen in Fig. 9.

The multichannel device consists of a micromachined silicon substrate with
up to 36 thin-film metal electrodes. The width of the electrodes and inter-
connections on the shaft is only 140 m. The structures are insulated with a CVD
dielectric at the bottom and the top. Only the active electrode areas are opened.
Monolithically integrated analog CMOS circuitry is located on the same device
for signal amplification and data encoding. The circuitry occupies an area of
2.5 mm? on the device. Other researchers have adopted the Michigan design of
shaft electrodes [64,65]. They have micromachined their own versions. The elec-
trodes were used in animal experiments. Recordings have been achieved in the
peripheral nervous system [66] as well as from the central nervous system of the
honey bee [65]. Intracortical recording and stimulation at guinea pigs and rats
has been performed [67, 68]. High spatial resolution is obtained when electro-
des are placed inside the nerve or cortex. Multishank electrodes allow stimula-
tion and recording of nervous signals in a (two-dimensional) plane. Different
designs are available. The shanks of the silicon shafts are stiff and brittle. This
carries the risk of nerve traumatization during implantation which may adver-
sely influence the long term stability of the devices in the peripheral nervous
system.
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Fig.9. Schematic of a “Michigan” shaft electrode
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4.3
Three-Dimensional Electrode Arrays

A three-dimensional device was obtained by an hybrid assembly of comb-like
multishank electrodes. The final structure resembled a bed of nails [69, 70]. The
array contains 256 electrodes with a lateral and horizontal spacing of 120 um
and 150 pm, respectively (Fig. 10). The assembly was sealed with glass and was
implanted into the subarachnoidal space without any significant tissue damage.

4.4
Electrodes to Contact Regenerating Nerves

Micromachining allows the fabrication of micro sieves and microstructures
through which regenerating peripheral axons may grow. Electrodes on the sieve
will give rise to extracellular recordings in close proximity to single neurons.
Different designs have been investigated. The long term vision describes a
neural prosthesis that controls the artificial limb of an amputee by autogenous
nerve signals. Micromachining is an integral part of all designs. A typical design
is shown in Fig. 11 and comprises a silicon die, guidance channels, and connec-
tion cables in a hybrid assembly.

imm WO19

Fig.10. Threedimensional electrode area [69]

Fig.11. Schematic of a silicon sieve electrode for a regenerating nerve
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The openings in the silicon structures are shaped as slots [71] or via holes
[72]. Monolithic integration of circuits for signal processing and encoding into
the device has been reported [73]. A particular challenge are the connections of
the microsystem to the “outer world”. On some silicon structures, contact pads
are offered as sites for electrical contact [71, 74]. The fabrication of integrated
cables and round shaped via requires a complex process technology [75]. The
via holes are etched in silicon membranes, which vary in thickness from
50-100 pm [76] to 4 pm in thickness [77]. The fabrication of round via holes has
been demonstrated in thinner membranes [77] The glossopharyngeal nerve of
a cat regenerated and reinnervated after an implantation time of only 100 days
[78].

Silicon sieve electrodes were also achieved by European groups (Fig. 12)
[79]. Regeneration of the sciatic nerve of a rat has been demonstrated
[80-82].

4.5
Requirements for Electrodes and Insulation Material

The design of microelectrodes is a critical part in neural prostheses. Electrode
design requirements need to include aspects of biocompatible and biostable
operation. One requirement may exclude the other. An optimum stability, life-
time, and safe performance has to be combined with a minimum of toxicity. The
optimal requirements are as follows [83, 84]:

a) minimal energy consumption for stimulation concomitant with effective
charge delivery at a small (geometric) electrode surfaces,

b) low tendency to create irreversible electrochemical reaction products that
may cause inflammatory reactions when a high reversible charge delivery
capacity is reached,

c) low polarization of the phase boundary, as well as low afterpotentials,

d) low and stable impedance of the phase boundary,

e) low cut off frequency of the impedance,

f) low tendency for artifacts, e. g. electrochemically induced noise.

Fig.12. Sieve electrode in silicon technology. a SEM, dimensions 1.4 mm x 1.4 mm;
b light micrograph, sieve with platinum thin-film electrodes
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Microelectrodes are fabricated utilizing thin film technologies. Electrode
materials are used for which thin film processes are established. The “classical”
materials are gold and platinum [85, 86] but their charge delivery capacity is
quite low (Au: 20 pC/cm?, Pt: 75 pC/cm?). At fast charge delivery rates, the maxi-
mum charge injection capacity is often one magnitude lower [87, 88] and the
electrodes may corrode [89]. As electrode areas become smaller to obtain a
higher spatial solution, their impedance increases progressively and the charge
delivery decreases. There are two alternative solutions to this problem: one is the
enlargement of the electrochemical active surface. Rough or even fractal sur-
taces help to increase the charge delivery capacity substantially. Fractal titanium
nitride (TiN) is known as a material with a low cut-off frequency and excellent
charge injection limits are achieved with a large electrochemical surface area
[90]. A second excellent material is iridium oxide which belongs to the group of
electroactive materials. Iridium can be deposited with evaporation or sputter
technology. The oxide is generated electrochemically using cyclic voltammetry.
The electroactive mechanism of the AIROF (activated iridium oxide films)
is based on valence changes in its oxidation state at different potentials at the
phase boundary [91, 92]. The charge delivery capacity is in the range of
3000 pC/cm? Different densities of iridium and AIROF may induce stress in the
films, which needs to be reduced to obtain films that are stable over a long sti-
mulation period.

A further challenge is the formation of biocompatible and long-term stable
insulation layers with means of semiconductor technology. As shown in Sect. 3,
most of the hand-crafted neural prostheses are insulated with a silicone rubber
coating. These coatings are quite thick when compared to dimensions of the
micromachined devices presented in this section. Therefore, many research
groups areworking on the development of biostable coatings of semiconductor
insulation materials. Mostly, the technology of chemical vapor deposition
(CVD) is used. In a physiologic environment, materials like silicon nitride and
silicon oxide are not stable as monolayers [47, 93, 94]. An excellent stability is
achieved when combining the layers to multilayers (Fig. 13) [95, 96]. Insulation
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Fig.13. Different combinations for biostable insulation layers in microsystem technology
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decays when exposed to physiologic environment. Problems include the
trapping of hydrogen atoms in oxide layers [97], the degradation of silicon
nitride [98,99], the change of silicon oxide to water soluble silicate [100],and the
diffusion of ions (Na, Cl) in the insulation layers [97]. Furthermore, insulation
deficiencies often arise from pin holes in the materials, e. g. from small particles.
The use of combination layers also alleviates this problem. The possibility of
minimizing the intrinsic stress of the complete multilayer by compensating
compressive stress in the nitride with tensile stress in the oxide enhances the
mechanical durability and life-time of the devices.

5
Flexible, Micromachined Neural Prostheses with Integrated Cables

Our research group has investigated materials other than silicon for interfacing
nervous structures. The ideal material combines biocompatibility with proper
mechanical characteristics while still applying microtechnologies. We have
developed microtechnologies for the fabrication of ultra light-weight and
flexible devices. In the search for a non-toxic material, we have chosen polyimide
[101-103], which is well known in microelectronics [104-107], e.g. as a stress
buffer in multi-chip-module (MCM) assemblies [108]. Hybrid assemblies of
micromechanical systems are possible on a base of polyimide substrates and
interconnections. Hybrid designs allow adaptation of the system to many
applications, in a relatively low development time and with less costs than the
complete redesign of silicon-based integrated system. Further more, flexible
polyimide based assemblies may be transformed from planar structures into
three-dimensional shapes.

In the following, a detailed description of the process technology is given. Dif-
ferent designs of neural prostheses will be presented and two applications will
be discussed in detail.

5.1
Process Technology

The fabrication of polyimide based microstructures with a single metallization
layer is described. The silicon wafer is merely used as a supporting structure to
perform the photolithographic steps and thin film procedures in the cleanroom.
The wafer is removed at the end of the process.

As the first step, a silicon wafer is spin coated with resin-like precursors of
polyimide. From the broad selection of polyimides, we have chosen the Pyralin
PI2611 (DuPont) (Fig. 14a). It belongs to the new generation of polyimides with
low water absorption and a thermal coefficient of expansion (TCE) that is adapt-
ed to the TCE of silicon nitride. The polyimide is dried on a hotplate and fully
imidized in a curing process at 350 °C under a nitrogen atmosphere. The bottom
layer can vary between 2 pm and 7 pm with a typical thickness of 5 pm. The
thickness is a compromise between flexibility and mechanical stability. In a
second step, we use thin film technology to deposit platinum electrodes, multi-
strand ribbon cables, and connection pads in a single process step utilizing the
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Fig. 14. Fabrication process of flexible neural prostheses

so-called lift-off. After roughening the polyimide surface in an oxygen plasma to
enhance the adhesion properties, a photoresist layer is deposited onto the wafer.
The pattern of the metallization is removed by photolithography and the metal-
lization of platinum (300 nm) on a titanium adhesion layer (30 nm) is sputtered
on the complete wafer (Fig. 14b). The mechanical stress inside the metallization
depends on many process parameters. We optimized the process to achieve good
adhesion combined with low mechanical tensile stress. Lift-off technology is
applied which yields remaining patterns for electrodes, cables, and connection
pads. A polyimide top layer of 5 um thickness provides additional mechanical
support and insulates the metallization (Fig. 14 c). Reactive Ion Etching (RIE) is
utilized to open the electrode areas and connection pads while leaving the inter-
connections insulated. A patterned aluminum layer (300 nm) served as an
etching mask (Fig. 14d). An oxygen plasma was generated in the RIE reactor to
obtain structures with sharp edges and a low surface roughness.

In the next step, the outer shape and holes are produced. After removing the
aluminum, a resist layer is spun on, which protects the electrode and pad areas.
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An aluminum etching mask is deposited (Fig. 14e) and patterned corresponding
to the shapes of the devices. RIE is used to etch the polyimide down to the sup-
port wafer and to separate all devices in one etching step. After removing the
aluminum and the resist, the single devices are separated from the support
wafer. The resulting components have a total thickness of 10 pm (Fig. 14f).

Finally, it is possible to generate the three-dimensional shapes of the micro-
devices. For this, the devices are bent to their desired position and tempered at
300°C for 2 hours. The devices maintain their three-dimensional shapes. Typical
shapes of neural interfaces comprise gutters (Fig. 15), cuffs (Fig. 16), or helically
rolled interconnections to attain a better longitudinal elasticity (Fig. 17).

The number of tracks for interconnections is limited by the width of the inter-
connecting cable. A higher number of electrodes and interconnections is
achieved when multi-layer strands are fabricated. We have developed double
layer strands with sandwiched insulation layers of about 5 pm in thickness.
Multiple metallization layers are used when concentric bipolar electrodes are
fabricated. Bipolar concentric electrodes minimize the electrical stray field
when applying current pulses. In this way, energy consumption for stimulation
is reduced.

A main problem in all biomedical signal recording is the capacitive coupling
of undesired signals into electrodes or interconnections. These so-called

Fig.15. Gutter-shaped electrode array

Fig.16. Multichannel cuff electrode with four tripoles



Microtechnical Interfaces to Neurons 149

—1 mm

Fig.17. Electrode with rolled interconnections to receive a higher longitudinal elasticity

artifacts could be, for instance, the signals of nearby muscles of some mV when
trying to record nerve signals in the order of pV. Additionally, crosstalk occurs
between conducting tracks when package density is increased. This led us to
develop coaxial, electrically shielded interconnections in thin film technology.

5.2
Artificial Limb Control with a Microsystem

It is still a vision to be able to control an artificial limb by autologous neural
signals. Many research groups have pursued this idea. The first approaches
started in 1945, when a lower limb was lost and acute recordings of nerve signals
were taken to control a wooden artificial limb [109, 110]. Decades later, with the
emerging of micromachining technology, miniaturized devices have been devel-
oped. Some silicon-based microsystems had been introduced above. The idea of
all sieve shaped electrodes is to entrap regenerating nerve in a microsystem after
amputation. The working hypothesis is to record nerve signals that come
“down” from the brain when intending to move of the limb. As a feedback, a
stimulus would deceive a “movement” or “grip” in the sensoric areas of the brain
to which the limb was innervated. The neural microdevice and a miniaturized
telemetric implant will exchange data with an artificial limb. By this, an “in-
telligent” artificial prosthesis is created that is controlled by the brain. Current
upper limb prostheses are controlled differently. Many types of artificial arms are
cable-activated with a harness control. The most sophisticated prostheses feature
myoelectric, two-channel controls. They are equipped with a microcontroller that
allows the choice of several programs for hand opening, turning and closing.

If a microsystem should interface a regenerating nerve, some basic demands
have to be taken into consideration: the system must be absolutely non toxic, it
must be stable in the physiologic environment for a long time, and the mecha-
nical load on the severed nerve should be as minimal as possible during muscle
contraction and limb movement. The neural prostheses should be equipped
with multiple electrodes for recording nerve signals and for stimulation of
different portions of the nerve.

We have developed basic structures of a light-weighted microsystem in the
framework of the European INTER-project (Intelligent Neural Interface,
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ESPRIT, #8897). The regeneration of a dissected nerve through a sieve was inves-
tigated in an animal model at the sciatic nerve of rats. The basic components of
the implant are illustrated in Fig. 18: a multichannel sieve electrode with long
integrated interconnections, two guidance channels, and the nerve stumps that
were inserted very carefully into the channels. The sieve electrode was fabri-
cated with the single-metallization layer process described above.

The implant has a total lenght of 30 mm with ribbon-cable 1 mm wide
(Fig. 19). The sieve is circular shaped with a diameter of 2 mm. The sieve is
perforated with 281 round holes having a diameter of 40 pm and a center-cen-
ter distance of 70 pm (Fig. 20). They have an electrode area of 1,473 pm? and
10,300 pm? for the counter electrode, respectively. The via holes feature steep
edges and a smooth surface (Fig. 21). By using combinations of O, and CF, for
RIE or a higher HF power, we obtained higher etching rates, but the surface
roughness increased and resembled the structure of a sponge.

Integrated interconnects S Distal nerve stump

Guidance channel

Regenerating axon

Sieve electrode
X Proximal nerve stump

\
Fascicle with axons

Fig.18. Schematic of a flexible multichannel sieve electrode with integrated interconnections

Fig.19. Sieve with integrated cables (length 21 mm) and connection pads (light micrograph)
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Fig.20. Sieve with 281 holes, 7 electrodes and a large counter electrode (SEM)

Fig.21. Detailed view of an circular electrode around a via hole (SEM)

5.2.1
In Vitro Device Characterization

Before implantation several in vitro tests were performed. For evaluation of a
possible toxic reaction, we investigated the material and the whole devices in
vitro with cell culture methods. Direct contact and extraction tests with a mouse
fibroblasts cell line (L 929) and a neuroblastoma cell line (neuro-2-a) were
performed according to the international standard ISO 10993 (“Biological
Evaluation of Medical Devices”). The materials and devices showed no toxicity,
i.e. no significant differences in membrane integrity of the cell membranes,
mitochondrial activity and DNA synthesis rate. The neuro-2-a cell line is so
sensitive that even small changes in process technology are detectable. The
flexible polyimide structures proved to be non toxic.

Neural implants need also to be biostable in a “wet” environment. Therefore,
mechanical bending tests were performed in physiologic saline solution at room
temperature to simulate loading stresses of movements. In dynamic tests the
electrodes were fixed at the ends and bent for 130,000 times at an angle of 120°
with a repetition frequency of '/; Hz. The devices remained stable. No cracks or
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delamination were observed with means of light and electron microscopy.
Soaking the devices in saline solution provides a rough estimation of the
degradation behavior of the material. After more than 26 months of soaking, no
alterations of the devices are detectable.

Designing neural implants requires thorough investigations on the electrical
and electrochemical properties of the microelectrodes before implantation.
Injectible stimulation charges are estimated and electrode recording im-
pedances are determined. Proper impedance match between the recording
electrodes and the amplifier-filter electronics yields high signal-noise ratio and
allows the detection of small nervous signals. Well established electrochemical
methods were used for electrode characterization. Using a three-electrode setup
(device under test — platinum counter electrode — Ag/AgCl reference electrode)
and a potentiostat we performed electrode impedance spectroscopy with an
amplitude of 100 mV in the range between 1 Hz and 100 kHz. Based on the
results (Fig. 22), we can model the equivalent circuit of the electrode that helps
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Fig. 22a, b. Electrode impedance spectrograph obtained from a platinum electrode
(a Value; b phase)
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to understand the mechanisms at the phase boundary and derive the co-
efficients for amplification and signal filtering.

A further standard method for electrochemical analysis is cyclic voltammetry. A
voltage ramp is increased and decreased between two potential limits and the curent
is monitored. In the resulting curve, electrochemical reactions in the equilibrium
state can be detected. At platinum electrodes, the formation of Pt-H complexes and
the oxidation and reduction at the metal surface can clearly be observed (Fig. 23).

The enclosed area of the curve is a measure of the reversible charge delivery
capacity of the electrode. For fast current pulses, a different measurement
method is used to determine the charge injection limits without gassing.
Current pulses are applied and the voltage over two electrodes is monitored just
below the gassing limits (Fig. 24). Once having passed the extensive in vitro
testing, the electrodes were tested in chronic animal experiments.

5.2.2
Chronic Implantation of Microimplants

The group of X. Navarro (Barcelona, Spain) implanted our microsystems in rats
under pentobarbital anesthesia. The sciatic nerve was sharply transsected at the
midthigh. The nerve stumps were introduced into the ends of the silicone tubes
and fixed with one 10-0 suture at each end, leaving a short gap between. The
wound was closed by muscle and skin sutures. Regeneration of the nerve was
proved with histological and electrophysiological methods over two to six month
postimplantation. One rat was reanesthesized and the sciatic nerve was reexposed.
There was a thick regenerated nerve cable inside the guidance channels. The
nerves were organized in fascicles corresponding to the grid pattern of the via
holes. Electrical stimulation of the sciatic nerve over the electrode elicited muscle
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Fig.23. Cyclic voltammogram of a platinum electrode (1.5 V/s scan rate)
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Fig.24. Potential over an electrode after a current pulse (200 pA, 250 ps)

action potentials similar to those evoked by nerve stimulation over conventio-
nal metal hook electrodes. Direct recordings from the interface connection pads
allowed to record nerve action potentials in response to electrical stimulation of
distal regenerated nerve, and in response to functional sensory stimulation, e.g.
toe stretching, heat, pinching [111]. The quality of the regenerates was better than
of those grown through silicon dice [82].

5.2.3
Evaluation of Design

The design of a ultra-light weighted neural prostheses showed excellent results
in our hands. The flexible material properties only caused slight mechanical
induced tissue reactions. The devices were biostable for an implantation time of
over 6 months. The regeneration rate was better than in all silicon based systems
tested before. Though these results are very promising, they mark only the
beginning of efforts to obtain a neural prosthesis for humans. Long-term stabi-
lity testing has to be performed under normal and accelerated aging conditions.
A stability over some decades is required for an implantation in humans. A tele-
metric unit is currently developed to transceive signals to a controller system
outside the body and vice versa. Until now, there are only few notions about the
signal processing of the nerve data and their use for an artificial limb control. A
major challenge will be the examination of nerve regeneration when the distal
end of the nerve is really missing. Even enthusiastic estimation predict ten or
more years of development until the first clinical systems will be available.

5.3
A Concept for a Retina Implant for the Blind

In Germany, 30,000 patients are suffering from vision impairment or blindness.
Different research groups are focusing their work on the development of a
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neural protheses to aid people suffering from blindness. Three main approaches
are investigated relating to different traumatization mechanisms. In one
approach, the visual cortex is directly contacted with a three-dimensional
microsystem [112]. In the second effort, the electrode array is directly inter-
facing the optic nerve. Alternative to the approaches above, the retina is contact-
ed directly with micromachined devices subretinally [113, 114] or epiretinally
[115, 116]. The authors work with a consortium which develops an epiretinal
visual prosthesis [117, 118]. An epiretinal prosthesis is indicated when patients
suffer from retinitis pigmentosa (RP). In RP patients the light sensitive receptor
cells -rods and cones- are damaged. Light is not transduced into electrical
impulses and therefore no visual information is received in the visual cortex of
the brain. Proper electrical stimulation of the ganglion cells of a patient with a
needle electrode evokes a sensation is evoked that is described as a lightning,
“pea-shaped” spot, termed phosphene [119].

5.3.1
Epiretinal Microdevices

A consortium of 13 technical and medical partners works on different tasks to
develop a complete system for a visual prosthesis (Fig. 25). The neural pros-
theses comprises a unit to record and process ambiance light, an encoder that
transforms visual information into a sequence of stimulation pulses, a micro-
electromechanical system that is implanted into the eye for interfacing the reti-
na and for generating the appropriate stimuli.

A similar project on contacting the retina is persued at MIT for more than five
years.

The main difference of our project is the development of a retina encoder
which simulates the signal processing of the different layers of the retina. The
encoder transforms visual information into stimuli for the ganglion cells. The
stimulation patterns should resemble the ones obtained from a non damaged
retina. In detail, a high speed, pixel addressable camera with a light sensitivity of
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Fig 25. Concept of the retina implant of the German EPI-RET consortium
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7 decades has been developed. Optical and electromagnetical telemetry systems
for the energy and data transmission are under current investigation. Pictures
were preprocessed with spatio-temporal filters in a so called “retina encoder” to
simulate the properties of the retina. Artificial neural nets help to derive the
filter parameters which are particular in each future patient. Monolithic
integration of CMOS circuitry is being developed for signal transmission,
generation, and control. Supporting electronics is connected to the flexible,
micromachined stimulator structures. Ophthalmologists investigate different
strategies for an epiretinal fixation and develop new operation and implantation
techniques. Function tests of implants are under way. It is objective of the pro-
ject to deliver a first demonstrator of the complete prosthesis for evaluation in
an animal model after four years. Even very optimistic estimations deal with a
time frame of 10 to 15 years until a first generation of retina implants will reach
be clinical significance for patients.

5.3.2
Design and Development of a Biocompatible Retina Stimulator

Since the begin of the project in August 1995, the authors work on the design,
development, and characterization of biocompatible retina stimulator struc-
tures. We have screened various substrate and insulation materials for biocom-
patibility applying our standardized cytotoxicity tests. Several test geometries
for stimulator structures were designed and evaluated. First demonstrators were
fabricated and implanted in rabbits for acute studies. For an early evaluation of
the microelectrode properties, we designed test structures to stimulate the
retina. While stimulating the retina with our microelectrodes, correlated elec-
trical evoked potentials (EEP) were recorded with clinical standard electrodes
on the top of the visual cortex at thresholds similar to other groups [120]. These
initial investigations led to the design of a round stimulator structure with long
interconnections and connection pads at the terminal end. Our microfabrica-
tion process was utilized to design the highly flexible, light-weighted stimulati-
on structures that adhere to the retina because of their three-dimensional
deformability.

The actual retina contact structure incorporates 12 or 24 independent
electrodes, respectively. The electrodes were arranged concentrically to mini-
mize the electrical stray field during stimulation. We established the microfabri-
cation process for double metallization layers needed to obtain concentric
microelectrodes. In a temper step, the electrodes were formed into a convex
shape according to the curvature of the eye. The generation of convex shapes
was possible since the stimulator was designed in concentric rings interconnec-
ted by s-shaped bridges (Fig. 26).

In acute and first chronic implantations in rabbits, the stimulator structures
showed an excellent performance. Only minor foreign body reaction occurred.
The fixation support structures are located apart from the stimulation site. By
this, more choices are available to fix the structure to the retina. Possible
ophthalmologic fixation methods include laser scar formation and retinal tacks
without affecting the ganglionic structures directly under the stimulation elec-
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Fig 26. Flexible multichannel retina stimulator (SEM) with 12 (left side) and 24 (right side)
independently addressable bipolar electrodes, respectively

trodes. The pads at the end of the interconnections will be connected to micro-
electronic circuitry. The interconnect length is designed in a way that bulky elec-
tronic can be modularly assembled in the periphery and will not affect the area
where the stimulation occurs.

Future work will focus on real three-dimensional electrodes that may slowly
penetrate the superficial layer of the retina. We hope to improve the spatial
selectivity of a stimulator structure and to lower the energy consumption during
stimulation, when the microelectrode is in close proximity to the somata of the
ganglion cells. A possible design of this structure is shown in Fig. 27. It demon-
strates the design potentials that microfabrication of polymer based micro-
structure offer.
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Fig.27. Approach of three-dimensional, penetrating electrodes (SEM)
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6
Future Trends

At the end of this chapter, some readers may wonder why we did not present one
of the three most famous and beneficial neural prostheses that are in clinical use
since several years: the cardiac pacemaker, the cochlea implant and the urinary
bladder stimulator of Brindley. In our view, the devices may not be considered
microsystems. Only the electronic parts are built of monolithic integrated
circuitry in silicon technology. The electrodes are still manufactured in a con-
ventional way not reaching miniaturization levels that were presented here.

We foresee a tremendous progress in the development of neural prostheses in
the next 20 years. Developments will focus on microimplants that could help
neurally impaired people to restore activities of daily life.

Many of the microsystems based neural prostheses described above bear
already the aspect of future and vision. Even being most enthusiastic about the
possibilities of neural microsystems we hesitate to postulate that technical
systems will provide all the functionality that a biological system is able to offer.
To our understanding it is less desirable and probably not feasible to interface
each of the billion neural pathways with microsystems. Future effects should
rather be directed to built contact to functional units or to utilize the control
strategies of the body. This may be illustrated by the example of an upper limb
prosthesis. Grasping is normally a perfect interplay between sensory feedback
and applied muscle forces. It is a future challenge of a neural prosthesis to record
sensory inputs for adapting the parameters that result in grasping. This system
would mimic the closed loop control strategies of our body preventing slipping.

Neural microsystems of the future will employ the myriad of functionalities
biology provides. We envision the coupling of cells with microsystems to control
the syntheses of bioagents or to create highly complex and sensitive biosensors.
Examples are dopamine cells on a microsystems that are implanted into the
basal ganglia of the brain. The microsystem controls the dopamine production
of the cells according to the needs of a patient with Parkinson’s disease. In bio-
sensing, microsystems will utilize the neural signals of cell complexes and
organs that persues high sensitivities to agents. In the example of lobster
tentacles one may detect traces of amino acids simply by recording the nervous
activity of the tentacles. There, the biohybrid system is transducing the chemi-
cal signal into multiple action potentials that are recorded simultaneously by a
microsystem.

The examples above has demonstrated that future microtechnical interfaces
to neurons will converge from microelectromechanical systems in biohybride
microsystems.
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Several techniques for miniaturization of simple chemical and medical analysis systems are
described. Miniaturization of total analysis systems realizes a small sample volume, a fast
response and reduction of reagents. These features are useful in chemical and medical ana-
lysis. During the last decade many micro flow control devices, as well as the micro chemical
sensors fabricated by three dimensional microfabrication technologies based on photofabri-
cation, termed micromachining, have been developed. Miniaturized total analysis systems
(LTAS) have been studied and some prototypes developed. In microfabricated systems,
“microfluidics”, which represent the behavior of fluids in small sized channels, are considered
and are very important in the design of micro elements used in pTAS. In this chapter micro-
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1

Introduction

Miniaturization of chemical sensors and biosensors is proceeded by three
dimensional micro fabrication technologies based on photofabrication com-
monly used in the integrated circuits, termed micromachining. Very small
devices controlling or sensing flow in the order of ml/min are named micro flow
control devices. Many micro flow devices of microvalves, micropumps and
micro flow sensors made by micromachining have been developed during the
last 10 years [1]. Microvalves and micropumps fabricated by micromachining
have a very small dead volume that enables precise control of ul/min or ml/min
flow with a very fast response time. By integrating these devices with micro flow
sensors to obtain feedback control, very precise liquid dosing or controlling
systems are realized [2, 3]. In this case, discrete, standard connecting ports used
in the conventional systems are not necessary. This is useful for the reduction of
dead volume.

Micro flow control devices open new possibilities for the miniaturization of
conventional chemical and biochemical analysis systems. The micro total
analysis system (uTAS) including microfabricated detectors (e.g. silicon based
chemical sensors, optical sensors), micro flow control devices and control/detec-
tion circuits is a practical micro electro mechanical system (MEMS). uTAS
realize very small necessary sample volume, fast response and the reduction of
reagents which is very useful in chemical and medical analysis. Two approaches
of monolithic and hybrid integration of these devices have been studied.
Monolithic and hybrid types of flow injection analysis (FIA) systems were
already demonstrated [4, 5]. The combination of the partly integrated com-
ponents and discrete components is useful in many cases [6]. To fabricate such
systems, bonding and assembling methods play very important roles [7].

Behavior of the fluids in the microfabricated channels are different from
those in the millimeter scale channels. Miniaturization of micro flow devices
opens a new research field, “microfluidics” which represents the behavior of the
fluid in the micro channel [8]. Since the Reynolds number in the micro channel
is usually below 200, the flow is laminar and special design concepts are
necessary for the fluidic elements of mixers, reaction coils etc.in the uTAS. Some
components of flow switches and fluid filters were developed using laminar flow
behavior.

Microvalves are classified into two categories: active microvalves (with an
actuator) and passive microvalves (without an actuator). Micropumps are also
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classified into two groups: mechanical and non-mechanical pumps. In active
microvalves and mechanical micropumps the miniaturized conventional actu-
ators and the micromachinable actuators have been studied most widely and
used. The characteristics of these devices depend strongly on the features of the
microactuator used. Pumping without mechanical actuators is obtained by elec-
trohydrodynamics, electroosmosis and ultrasonic behavior. Electrically driven
liquid handling using electroosmosis are applied for flow injection analysis
(FIA) systems, liquid chromatography (LC) systems, etc., because of their simple
planar structures [9, 10]. Good matching with electrophoresis separation is use-
ful in FIA applications. An immunological pTAS is also realized by this method
[11]. In practical use, mechanical components for introducing samples and for
providing reagents are required. To miniaturize conventional total analysis
systems, mechanical micro flow control devices are still indispensable.

In this chapter, first the simple pTAS concepts for chemical and medical
analysis using mechanical micro components are presented. Micro components
of UTAS considering the microfluidics are described next. The micro flow
control devices of microvalves, micropumps and micro flow sensors are then
reviewed.

2
Examples of Micro Total Analysis Systems

2.1
Chemical Analysis

In order to realize automatic chemical analysis, integration of the elements to
obtain sample handling, treatment and detection is necessary. A basic flow
system can be built up using standard components of micro chemical sensors, a
reaction coil, a 3-way microvalve, suction and injection micropumps as shown
in Fig. 1. The sample flow is controlled by suction pump and introduced up to
the reaction coil part. The reagents are introduced through the 3-way microvalve
and mixed to the sample in the reaction coil. After the reaction between sample
and reagent, the product is measured in the detector cell. Finally the calibration
solution is introduced through the reaction coil by the injection pump to
calibrate the microsensors. At the same time, the reaction coil and the detector
cell are cleaned. The advantage of this system is that the samples do not enter the
micropumps where the unfiltered solution might cause degradation of pumping.
Similar systems the detection of ion concentrations have been realized using the
ISFET as the detector by stacking the wafers on which the components are
fabricated [5].

2.2
Medical Analysis

For medical and biomedical applications, a pTAS has to be designed considering
property of the sample fluid especially in whole blood analysis. Prototypes of
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Fig.1. Setup of a simple micro total analysis system for chemical analysis

whole blood gas analysis systems using pH ISFET and micro valves driven by
shape memory alloy (SMA) actuators and piezobimorph actuators were devel-
oped [12, 13]. Problems of blood coagulation and protein adhesion have to be
solved in such systems. Another problem is that body fluids like whole blood
have high viscosity so as to make the microchannel resistance high. Pumping
pressure of the sample flow control micropump should be higher than those
used in the chemical pTAS.

Disposable pTAS will be ideal for medical use [14]. However, the high fabri-
cation cost of sophisticated pTAS including micropumps and microvalves is a
real problem. One of the basic components of medical pTAS taking this into
account is illustrated in Fig. 2. A detector cell consists of micro sensors and a
3-way microvalve is placed at the sample inlet. Flow is controlled by a suction
pump and an injection pump connected to the detector cell. The calibration
solution flow is also controlled by an individual pump and a 3-way valve. In
this system, only sample flow reaches the detector cell. The upper parts of the
system are free from contamination and corrosion so that they can be reused
many times, while the detector cell has to be disposed of. To realize this system,
a 3-way microvalve which can handle whole blood is indispensable. A separ-
able channel type microvalve whose channel part is disposable while actuator
part is reusable is useful for the 3-way microvalve of the detector cell [15].
Mechanically fixed stack structures including disposable parts are useful in
many medical pTAS.



Fluids for Sensor Systems 167

Calibration

Cleaning Solution g jution

Reservior

Highest
------ Sample
. level

—__ Partly
3-way (1) C Waste Disposable
Detector

Flow Cell

Sample Inlet

Fig.2. Setup of a simple micro total analysis system for medical analysis [15]

3
Microfluidics Applied Flow Devices

3.1
Mixer

Effective mixing of the sample solution and reagent is important in uTAS. Fast
mixing is necessary to reduce the analyzing time in uTAS like FIA and flow cyto-
metry analysis systems. Mixing is generally a two-step process [16]. First,
segmentation where a heterogeneous mixture of two fluids is formed by con-
vection; and secondly the inter-diffusion of molecules between domains.

In microfluidics, segmentation by stirring or creation of turbulent flow can
not be expected because Reynolds numbers do not exceed 2000 (the limit for
turbulent flow). Some methods for mixing in microfluidics have been developed.

1. Mixing by inertial forces has been demonstrated using a 80 zigzag micro-
channel (300 pm x 600 pm X 1 mm). The mixing time achieved in this case is
1 second at the Reynolds number of 33 [17].

2. Segmentation has also been achieved by injecting one liquid into another
through micro nozzles [18].

Segmentation in fluids with Reynolds numbers below 1 is only possible by the
way in which two fluids are merged. Since the width of the microfabricated
channels on the planer wafers is usually larger than the depth, a method for
reducing mixing time is to stack the two flow streams as thin layers in one
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Fig.3. Schematic of the micro fluidics mixer [16]

channel, thus increasing the contact area as well as reducing the diffusion length
as shown in Fig. 3. A multi-stage multi-layer lamination of two liquids is very
effective to realize fast mixing. To realize this lamination of two liquids, many
structures have been tested [19, 20].

3.2
Flow Switch

Flow switches using fluidics in small Reynolds number are fabricated. The
principle of the flow switch is shown in Fig. 4 [21]. Mixing of the sample stream
and carrier liquid is negligible when the contact area is small and the contact
time within subsecond range. The width of the sample stream is controlled by
two carrier flows. This structure can be applied for a valveless sample injection
in FIA and for sorting of particles and living cells in flow cytometry. A flow
switch having 5 outlets has also been obtained by this method.

3.3
Fluid Filter

Fluid filters were realized in the low Reynolds number regime [22, 23]. It sepa-
rates the particles and molecules based on the diffusion coefficient while
diluting their concentration. The concept of the diffusion-based filtration is
shown in Fig. 5. As the two flow streams of sample and dilutant are introduced



Fluids for Sensor Systems 169

Outlet 1 \/ometz Outlet 1 YOutletZ

Carrier I arrier 2 Carrier 1 Carrier 2
Inlet Inlet Inlet Inlet
(a) Normal Mode (b) Switching Mode

Fig.4. Schematic of the micro fluidics switch [22]
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Fig.5. Schematic of the micro fluidics filter [23]

to the central channel, no mixing occurs at low Reynolds number although
some molecules diffuse across the fluid. At the end of the central channel, the
flow is split into two streams of a filter outlet and waste. Since the smaller
molecules a have larger diffusion coefficient compared to those of the larger
ones, the stream to the filter output is preferentially enriched with smaller
molecules.

4
Micro Flow Control Devices

4.1
Actuators

The performances of mechanical micro flow control devices depend strongly on
the features of the actuator [1]. In fact, the sizes of these devices are determined
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Fig.6. Actuators for micro flow control devices

by that of the actuator used. The actuators developed so far have been classified
into two categories, miniaturized conventional actuators and micromachinable
actuators. Many actuators listed in Fig. 6 have been studied and some have been
used in micro flow control devices. A schematic of the typical miniaturized
conventional actuators and micromachinable actuators is given in Figs. 7 and
Fig. 8.

4.1.1
Miniaturized Conventional Actuators

Miniaturized conventional actuators have to be glued or mechanically assem-
bled on the microfabricatied valve or pump structure.

a) Electromagnetic. Electromagnetic actuation was realized with a solenoid
plunger as shown in Fig. 7a. This is the first microvalve which has been used
in the gas chromatography system fabricated on a silicon wafer [24]. The force
generated by this actuator depends on the applied current to the solenoid coil
and on the number of the turns. A large stroke is one of the advantages of this
actuator.

b) Piezoelectric. Actuators using the piezoelectric effect have been widely used
from a very early stage. Some types of miniaturized piezoelectric actuators,
disk (Fig. 7b), cantilever (Fig. 7c) and stack (Fig. 7d) are commercialized.
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Plunger
Coil

g

Piezoelectric Disk Piezoelectric Plate

(b) Piezoelectric Bimorph (c) Piezoelectric Bimorph
(a) Electromagnetic (Disk Type) (Cantilever Type)
Valve
[1|- Leak D Pressure
< —
Pressure (A — SMA Coil
- Chamber =} Bias Spring

= [ ] .¢- ]

(d) Piezoelectric Stack (e) Pneumatic ® Sha;.)e Men'nory Alloy

and Bias Spring

Fig.7. Schematics of the miniaturized conventional actuators [1]

These actuators consist of the piezoelectric plates and metal electrodes. Since
disk type actuators can be easily glued with resin to the structure, these are
used in the micropumps. The disk and cantilever type show a large deforma-
tion and fast response although the generated pressure is not large.

To generate large pressure, a stack structure of many piezoelectric plates and
metal electrodes is used. Pressures greater than 350 kgf/cm? are obtained. The
maximum stroke is, however, small. The stroke to length of the actuator is
smaller than 10-. A high applied voltage of over 100 V and a small current are
features of this actuator.

¢) Pneumatic. Typical pneumatic driving system has electromagnetic valves and
an air compressor or nitrogen supply (Fig. 7e). The displacement and gene-
rated force can be widely controlled. However, fast response and small size
cannot be expected.

d) Shape memory alloy and bias spring. Small actuators are obtained using a
shape memory alloy (SMA) coil memorizing the expanded state and a bias
spring (Fig. 7f). The SMA coil regains its original shape when it is heated
above the critical temperature. The critical temperature of Ti-Ni SMA is
40-50, achieved by the Joule effect. To obtain a reasonable response time, a
large current of about 1 A is required. It is difficult to control the displace-
ment.
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4.1.2
Micromachinable Actuators

a) Electrostatic. The principle of the electrostatic actuator is very simple as
shown in Fig. 8a. The electrostatically generated pressure P, is calculated by:

Pa=1/2¢, - {V/(dy+ €0x doy) }?

where d,, d; and V are the gap between the electrodes, the isolating layer
thickness and the applied voltage respectively. The generated force is inverse-
ly proportional to the second power of the distance d,. Hence the available
stroke is limited when reasonable pressure is required.

b) Electromagnetic. A miniaturized electromagnetic actuator is shown in
Fig. 8b. It consists of a soft magnetic mass suspended by a spring beam and
external coil. The generated pressure P, is calculated by:

P,.=M,/A [ §/6xH, dx

where A, M, and H, are the area, the magnetization of the mass and the
vertical component of the magnetic field produced by the external coil
respectively.

Another type of electromagnetic actuator is shown in Fig. 8c. It consists of a
deflectable membrane having a metal conductor and a external permanent
magnet. A current applied to the conductor perpendicular to the magnetic
field generates the Lorentz force.

. Metal
Soft Magnetic Conductor
E Material
Spacer lectrode — Coil

= L N Magnet S

(a) Electrostatic (b) Electromagnetic (c) Electromagnetic
Pressure (Lorentz Force)

Heater Chamber

\ @’ / Heater Bimetal
\

¥

N

(d) Thermopneumatic (e) Bimetallic

Fig.8. Schematics of the micromachinable actuators [1]
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¢) Thermopneumatic. A typical thermopneumatic actuator has a sealed pres-
sure chamber and movable diaphragm as shown in Fig. 8d. The pressure
chamber is filled with either gas or liquid. The inner pressure is increased by
electrical dissipation in a heater resistor incorporated in the chamber.
Generated pressure Py, in the chamber is given by:

Py, =P, exp (-L,/RT)

where P, L,, R and T are the initial pressure, the latent heat of vaporiza-
tion, gas constant and temperature respectively. The rising time of the
actuator depends on the heat capacitance and the available power of the
heater, while the relaxation time is determined by the heat transfer to the

outside.

d) Bimetallic. The structure of a bimetallic actuator is shown in Fig. 8e. It
consists of two materials having different thermal expansion coefficients and
micro heater. The generated pressure Py, is proportional to the difference
between the thermal expansion coefficient of the two materials (y,-vy,) and

the heating temperature AT:
Py O (Yo - Ya) AT

The general features of the miniaturized conventional actuators and the

micromachinable actuators are listed in Table 1.

Table 1. Features of the miniaturised conventional actuators and the micromachinable actu-

ators [1]
Actuators Pressure Stroke Response Time Reliability
(Displacement)
Extermal
Soleniod Plunger small large midium good
Disk Type small midium fast good
Piezoelectric
Stack Type very large  very small fast good
Pneumatic large large slow good
Shape Memory Alloy large large slow not enough
and Bias Spring
Micromachinable
Electrostatic small very small very fast very good
Thermopneumatic large midium midium good
Electromagnetic small large fast good
Bimetallic large small midium enough
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4.2
Microvalves

4.2.1
Active Microvalves

Almost all kinds of actuators described above have been applied to fabricate gas
flow control microvalves [1, 25]. However, for liquid flow control only a few
microvalves have been developed.

a) Piezoelectric actuator. Fig. 9 shows a 3-way microvalve using a piezoelectric
stack [26]. It has a 2-ring movable diaphragm to obtain one inlet and two
switching outlets. To reduce the leakage of the normally closed gap, a
suspended Ni valve seat is used. A sample injector was fabricated using a pair
of this valve. A very small dead volume 3-way microvalve was developed using
a piezoelectric stack as shown in Fig. 10. It consists of the separable channel
part and actuator part [14]. Since the channel part is disposed of after use
while the actuator part can be used frequently, cost is reduced and can be
applied in medical systems. The cantilever type piezoelectric bimoph is also
used as an actuator for the microvalve in medical systems [13].

b) SMA coil and bias spring. Normally open and normally closed microvalves
have been developed for blood flow control [12]. Structures are shown in

| Piezoelectric
1| Stack Actuator

Itel 1
(a) Mode 1

| I —
Inlet 2 Outlet

(b) Mode 2

Fig.9. Structure of the 3-way microvalve using the piezoelectric stack actuator [26]
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Micro Channel
Ridge / Ridge

(a) Top View

Piezoelectric Micro Channel

Polymer
Stack A Membrane | Actuator
Si Ridge
/(Fulerum) Part
Channel
Part

Inlet 1 Outlet  Inlet2
(b) Cross Sectional View

Fig. 10. Structure of the separable type 3-way microvalve using the piezoelectric stack
actuator [14]

Normally Normally
Closed Open

Bias SMA
Spring Coil

Guide Plate (Al)

Fig.11. Structure of the microvalve using SMA coil and bias spring actuator [12]

Fig. 11. A silicone rubber membrane is used as a soft sheet which covers the
hole in the flow channel. A larger stroke enables larger flow conductance
suitable for the control of blood flow. This valve, however, can be used only as
an on-off valve.

¢) Thermopneumatic. Thermopneumatically driven microvalves have also been
fabricated [27]. An example of the normally open microvalve is shown in
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(a) Open Mode

=~ —

L |
(b) Closed Mode

Fig.12. Structure of the thermopneumatic microvalve [27]

Fig. 12. A resistive metal thin film heater is formed on the upper glass. Using
the liquid-gas phase system of methyl chloride, the generated pressure is
increased and the response time reduced. The dynamic range of this type
of valve can be broad by adjusting cavity shape, quantity of gas and liquid
molecules.

4.2.2
Passive Microvalves (Check Valve)

Microvalves without actuators are mainly used for check valves of micropumps.
Very small leakage under reverse applied pressure and large reverse-to-forward
flow resistance ratio are required in the micropump. The response time that is the
transition time during the open-to-close or close-to-open is also an important
parameter in the check valve. Structures and operation schemes of the check
valves developed so far are shown in Fig. 13. Figure 13 a shows a ring mesa struc-
ture having a hole through the center and a surrounding ring diaphragm [28].
Fig. 13b shows a simple cantilever structure [29, 30] while Fig. 13¢ depicts a
round disk suspended by four thin beams made of polysilicon which is fabrica-
ted by surface micromachining [31]. Figure 13d illustrates a thin V-groove with
a small slit [32]. The valve consists of a perforated thin polyimide membrane
stretched over an opening in the titanium membrane as shown in Fig. 13e
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Table 2. Features of the micro check valves [1]

Type Structure Size Reverse Forward/Reverse
Leakage Flow Rate

Ring Mesa Fig.13a 7 mm ¢

(Bulk Si)

Cantilever Fig.13b I mm x 1 mm 1ul/min 5 x 10°

(Bulk Si) (0.6 mH,0) (1.0 mH,0)

Disk Fig.13¢ 1.2 mm ¢ 5ul/min 200

(Poly-Si) (1.0 mH,0) (1.0 mH,0)

V-shape Fig.13d 80pm X 100pum 6 % 10?

(Bulk Si) (6.0 mH,0)

Membrane Fig.13e 1.0 mm ¢ 360 pl/min 2.6 x 10°

(Ti-Polyimide) (0.1 kgf/cm?*:He) (0.1 kgf/cm?:He)

Float Fig. 13f l2mmx12mm  0.26 pl/min 2.1 x 10*

(Silicone) (10 mH,0) (10 mH,0)

[33]. Fig. 13f shows a silicone rubber float and through hole, made by molding
so as to fit precisely into the hole [34]. This structure is suitable for the
high pressure micropump. The size and characteristics are summarized in
Table 2.

4.3
Micropumps

4.3.1
Mechanical Micropumps

Two kinds of micropumps have been developed: reciprocating (diaphragm) and
peristaltic. The majority of the micropumps developed so far are the reciprocating
type (Fig. 14). These consist of a pressure chamber driven by an actuator and inlet
and outlet check valves. Many types of micropumps have been constructed with
the combinations of the actuators and the check valve described above.

a) Piezoelectric. Figure 15 shows the micropump developed in the early stage
and used in some micro flow systems [28]. It consists of a piezoelectric disk
and ring mesa type balk silicon check valves. The driving frequency of this
micropump is limited by the feature of the check valve. A microfabricated
nozzle/diffuser elements instead of the check valves can be used for the
micropump [35]. Fig. 16 shows the pumping system connecting two micro-
pumps in parallel [36]. One of the disadvantages of micropumps using check
valves is the restriction of the driving frequency. This type of the micropump
can be driven at frequency of a few kHz. The other types of micropump using
piezoelectric stack and poly-silicon check valves are shown in Fig. 17.
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Actuator

Check
Valve

Inlet
Pressure Chamber

Fig.14. Schematic of the reciprocating (diaphragm) micropump

Piezoelectric
Disk Pressure

Chamber

Fig.15. Structure of the micropump using piezoelectric disk actuator [28]

Pump Mode

Supply Mode

Fig.16. Schematic of the nozzle/diffuser parallel connected micropumps [36]
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Pressure
Chamber

Inlet

Piezoelectric
[~ Stack

Outlet

Check Valve

Glass

Si

Glass

Fig.17. Structure of the micropump using piezoelectric stack actuator [6]

4 mm x 4mm

Memhrane

Spacer
~Lower Electrode

_<:essure Chamber\ Si
/ \ /i

-Valve Wafer 1

/ Si

/\_/

Inlet Check Outlet Check
Valve 1 Valve 2

~Valve Wafer 2

I\

Suction Mode

[\

/|

Pumping Mode

Fig.18. Structure of the micropump using electrostatic actuator [37]

b) Electrostatic. The structure and operation of the electrostatically driven
micropump is shown in Fig. 18 [37]. The cantilever type check valves are used.
High driving frequencies of a hundred Hz can be realized by this combinati-
on. This can be fabricated by the simple batch process.

c) Thermopneumatic. Two types of thermopneumatic micropumps are devel-
oped as shown in Figs. 19 and 20. The micropump of Fig. 19 has stacked glas-
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Thermopneumatic

Heater Chamber

Resistor

Glass

Ui
(c.

Si

Glass

r Check 1
Inlet Valve Outlet

Fig.19. Structure of the micropump using thermopneumatic actuator fabricated on a silicon
wafer [2]

Table 3. Features of the actuators used in the typical micropumps

Actuator Pressure Stroke R.esponse
(Displacement) Time

Piezoelectric Disk

Midium Midium Fast
< lkgflen’| <50 pum | >0.1 msec

(a) Piezoelectric Disk

Very Large Small Fast
<350 <10 pm >0.1 msec
kgflem?

(b) Piezoelectric Stack

Spacer Electrode
F Small Very Small | Very Fast
<0.5 ) <5um <0.1 msec
kgf/em’
(c) Electrostatic
Heater g \‘;.:sj::r
AY e
Large Large Slow
<10 <100 pm > 5 msec
L] kgf/en?

(d) Thermopneumatic
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ses and a silicon structure fabricated by anodic bonding [10]. The micropump
of Fig. 20 uses a plastic as the body material fabricated by molding [38, 39].

The characteristics of the actuators, check valves and micropumps which
have been used in flow systems are listed in Table 3, Table 4, and Table 5 respec-
tively. The characteristics depend on the dimensions designed so that these are
only typical values.

Thermopneumatic

Inlet Heater Chamber Outlet

Check Valve Plastic

Resistor

Polymer
Membrane

Plastic

Fig. 20. Structure of the micropump using thermopneumatic actuator fabricated by plastic
molding [38]

Table 4. Features of the micro check valves used in the typical micropumps

Rverse Forward/ :
Check Valve | Leakage Reverse I':Z:,f:.'.'si
(Pressure) Flow Rate
:" A Fast
Diffuser/Nozzle
s .
Eﬂ <0.5pl/min | >2.8x 10
4 (0.4mH,0) | (0.4mH0)
Cantilever (Bulk Si)
)(i"'&)(m’s
~ | <5 pl/min >200
% 1.0mH,0O
Disk (Poly-Si) (1-0mH0) | (1.0mH0)
1mmé
% Tl 24 pl/min <75
(2.3mH,0) (2.3mH,0)
Mel:lhrnne T
? Tmmé E‘
Ring Mesa (Bulk Si)
1,2mmx1.2;
et | <02 wmin| >2.1x10° | Y
. (10 mH,0) | 10 mH) | Slow
Float (Slilicnne)
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Table 5. Characteristics of the typical micropumps

Maximum
Actuator Check Valve | Flow Range Output
Pressure
S Sul/mi
3 ) pl/min
Piezoelectric Disk | "meai V51 (100V,1Hz) 1.0mH,0

) Ring Mesa (Bulk Si

a) Piezoelectric Bimorphf
(Disk Type)

Il

2.3ml/min:H,0 7.6mH,0
(1kHz)

(b) Diffuser/Nozzle

Poly-Si i
40ul/min
[i, (100V,doHz) | 1SmH0

(b) Piezoelectric Stack | (c) Disk (Poly-Si)

3

Electrode

Spacer "
= g 350pl/min
%:E 1 00V 400Hz) | 1m0

€) Cantilever (Bulk Si)|

(c) Electrostatic

» 577 5 58ul/min 0.3mH,0
Heater [ e | (2.5W.,5H2)
% ) Ring Mesa (Bulk Si
», Polyimide
(d) Thermopneumatic Air: 218 pl/min

Air: 98 hPa

1

(150mW,30Hz)

(f) Membrane
(Polyimide)

43.2
Non-mechanical Micropumps

Electrohydrodynamic pumps, electroosmotic pumps, ultrasonic pumps and
thermocapillary pumps have been reported as non-mechanical micropumps.

a) Electrohydrodynamic. Two types of electrohydrodynamic micropumps are
presented: a powerful DC-charge injection micropump and a traveling wave
voltage driven micropump. The motive force of the DC-charge injection
pump is the Coulomb force exerted on the charges between two electrodes as
shown in Fig. 21 [40, 41]. Under conditions of high field injection of charge
from the electrodes occurs. This phenomenon can be controlled by the
electrochemical reaction at the electrode-liquid interface that is dependent
on the composition and geometry of the electrodes. The mesh-like parallel
electrodes and multi pole electrode array placed along the channel are used.
Since the injected ions are moved by the attractive electrostatic force, the gap
between the electrodes should be as small as possible. Pumping fluids are
limited to liquids of low conductivity and to dielectric liquids.
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Fig.21. Schematic of the DC-charge injection electrohydrodynamic micropump [40, 41]

A typical structure of the traveling wave voltage driven micropump is shown
in Fig. 22 [42]. The electrode array is formed on the glass surface and the flow
channel is formed across the electrodes. Phase shifted rectangular voltages
are applied along the channel direction. The principle is rather complicated.
A practical requirement for the pumping is the induction of free electric
charges that can interact with the traveling field due to the charge relaxation
process in the volume of the fluid. This is possible under temperature induced
conductivity gradients. The required conductivity is typically in the range
between 10~'*and 10~ S/cm. By using high frequency and low voltage wave
form, a micropump which can drive conductive liquids from 10~ to 10-' S/cm
has also been developed [43].

Flow Channel

cesmeme- )

Direction

Electrode Array
v
Phase Shifted Retangular Voltages

Fig.22. Schematic of the traveling wave electrohydrodynamic micropump [42]

b) Traveling Flexural Wave (Ultrasonic). Fluidic motion induced by traveling
flexural waves can also be used for the microtransport of liquids as an ultra-
sonically driven micropump [44, 45]. Liquid can move in the directions of
wave propagation with the speed proportional to the square of the acoustic
amplitude.

c) Electroosmosis. Electrokinetic phenomena of electroosmosis can also be
used in pumping electrolyte solutions [46]. This pumping is observed in
capillaries with a diameter of less than 50 pm.
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d) Thermocapillary. Thermocapillary pumping uses changes in surface tension
to induce a pressure-driven flow [47]. To move a liquid drop, surface tension
at one drop end is decreased by heating. This method has been applied in
planer DNA pTAS.

4.4
Micro Flow Sensors

Many gas micro flow sensors have been developed [48]. The majority of them
use thermotransfer for flow detection. Recently, several liquid micro flow
sensors have also been developed. Three types of flow sensors are illustrated in
Fig. 23:

a) Thermotransfer. A typical thermotransfer type micro flow sensor consists of
a micro heater and two micro temperature sensors located symmetrically
upstream and downstream of the flow in the channel (Fig.23a) [10]. The heat
distribution from the middle microheater is sensed by both temperature

Cooled Heated
1 | 1
Flow > \E >
A A »
./ [
Micro Micro Micro
Temperature Heater Temperature
Sensor Sensor

(a) Bridge Type Thermal Flow Sensor

1
Flow mmm

-
Micro Micro

Heater Temperature
Sensor

(b) Time of Flight Type Flow Sensor

/Pressure Sensor

Flow
Orifice
(c) Differencial Pressure Type Flow Sensor

Fig.23. Schematics of the liquid flow sensors [10,49]
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Flow Piezo Resistor

Cantilever

7
T\

Fig.24. Structure of the drag flow type micro liquid flow sensor [51]

sensors. The difference between the temperatures up- and down stream pro-
portional to the mass flow is detected. Both the heater and two temperature
sensors are simple resistors made of thin metal films or polysilicon. Another
type of flow sensor using diodes or transistors as a heater and temperature
sensor has also been developed [49].

b) Thermal time-of-flight. The flow rate is measured by the transit-time of heat
pulse generated by the micro heater and carried by the liquid (Fig. 23b).
Diodes fabricated on the silicon wafer have been used as both the heating
device and temperature sensor [49].

¢) Differential Pressure and Drag Force. In laminar flow conditions with a small
Reynolds number, the pressure difference around an orifice is proportional to
the flow rate [50]. Micro pressure sensor can be used for measuring pressure
difference (Fig. 23c). Figure 24 shows the flow sensor consisting of a can-
tilever beam having piezoresistive strain gauges [51]. When liquid flows
through the sensor, a drag force of the skin friction and pressure difference
across the beam acts on the beam. Linear response can be expected for small
deflection of the beam and laminar flow in the slit.

5
Conclusions

Flow in micro fabricated fluidic devices and systems is usually laminar because
the Reynolds number of fluids in micro channels of pm dimensions is small
(<200). In miniaturization of the conventional chemical analysis systems, new
design concepts considering the microfluidics are necessary. Micro mixers,
micro flow switches and micro fluidic filters have been designed taking the
microfluidics into consideration. Micro flow devices of microvalves, micro-
pumps and micro flow sensors reviewed in this chapter have operation ranges
depending on the structure, dimensions and actuators used. These devices are
chosen according to their characteristics when used in pTAS. Hybrid micro
systems including partly integrated devices are most realistic. Assembly tech-
niques play an important role in fabricating uTAS.
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Introduction

All biological systems which are inherently not in thermodynamic equilibrium
require a variety of sensing components to maintain control and stability.
Multiple sensor systems are essential for life processes and may serve as sampels
for various technical systems.

Topics in Current Chemistry, Vol. 194
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Sensors have been used in industry for years, and the rise of microelectronic
technology has caused an increased need for more and better sensor devices.
The increasing complexity of technical systems requires development of
complex sensor systems - a strategy as nature shows.

It is not surprising that the first integrated and miniaturized sensor systems
were developed for investigating biological systems and especially the most
complex system - the brain [1].

Since such pioneering times, the need for integrated sensor systems has
increased in science and research for monitoring purposes in medicine. In
addition, sensor systems are now also used in analytical science, environmental
control and bioprocessing.

In contrast, rapid growth of integrated, “smart” sensor systems in real and
industrial application has not been fulfilled till now. The industry used well-
established mechanical and electromechanical sensors in the past, especially in
aircraft and automotive industries which resisted changes to electronic systems
mainly for reasons of safety.

In the 1980s microprocessor driven applications and sensor interfaces
entered the market, and also a variety of conventional sensors were used to
create sensor systems by simply adding different sensors and using sensor bus
systems or smart distributed systems [2]. In process technology, aircraft and
automotive applications distributed conventional sensor systems are now sta-
te-of-the-art.

On the other hand, integrated sensor systems were used only in CCD TV and
photo-cameras [3] in large numbers and for special applications. The reasons
for this include difficulties of production, yield and the risk of new markets
despite the emerging needs in medicine, biology and environmental control.

In this chapter the state-of-the-art of different sensor systems with emphasis
on integrated systems for microanalytical application will be given. The techno-
logy, mainly the so-called microsystem technology (MST), is able to create
complex miniaturized and integrated analytical systems which have entered the
field of chemical and medical research. Industrial application of such systems is
rare and only marketed for physical application fields, but the impact for the
future will be highlighted in the following chapter.

2
Sensor Arrays

2.1
Mechanical Sensor Systems

Miniaturized and integrated sensor systems were developed early for pressure
and accelerometer sensors. The technology of silicon micromachining leads to
sensitive pressure sensors which were marketed early [4]. Also accelerometers
were developed mainly driven by the huge market of air bag application and
crash sensors [5].

Integrated systems of pressure and temperature are also on the market [5].
For analytical purposes only SAW devices are used for antibody and gas detec-
tion which are in an early stage of research [6].



Sensor Systems 191

2.2
Thermal Sensor Arrays

Thermal sensor array systems for medical-analytical purposes were developed
early [7]. Temperature distributions and blood perfusion in the brain were mea-
sured with thin film thermistors exhibiting a temperature resolution of 0.1 mK
with a time constant of few milliseconds.

The principle of calorimetry is very interesting for biological applications.
Calorimetric biosensors are based on the detection of the heat production of
biological reactions which is caused by enthalpy changes. The micro calori-
metric sensing principle is very versatile because of the exothermic nature of
nearly all enzymatic reactions [8] and was introduced as a conventionally con-
structed device very early [9]:

If a reaction is occurring in an adiabatically isolated mass, defined as
calorimeter, the temperature of the mass will change according to the expres-
sion (1)

AQ

AT=
MC,

(1

where AT is the temperature change, AQ is the energy difference, M the total
mass of the calorimeter and C. is the total thermal capacity of the calorimeter.

Conventional calorimetric biosensors with thermistors as the transducer
were invented early by proposing a thermal biosensor in a flow stream [10]. So
far the design of enzyme thermistors does not entirely match the market
demand well, but it seems well suited for special applications [10, 11]. A num-
ber of devices have utilized discrete pairs of thermistors for differential mea-
surements with immobilized enzymes or with separate enzyme columns
(9,10, 11].

As a second transducer thermopile sensors are well suited for performing
differential measurements because of their underlying physical principle. With
conventional design there are some difficulties related to size, sensitivity and
mechanical stability of thermocouples.

If silicon technology is involved all thermal sensors suffer from the high
thermal conductivity of silicon, which dramatically decrease their sensitivity
[12]. However, by use of micromachining and integrated silicon technology a
powerful thermal biosensor can be realized. Using a thermopile integrated on a
thin micromachined silicon membrane reduces thermal loss due to the sub-
strate and so excellent performance can be accomplished [13].

The thermopile depends on basic physical principles with the inherent
ability to measure temperature differences directly with high common-mode
rejection [13]. Furthermore the compatibility with silicon technology enables
size reduction and direct immobilization of the biochemical sensing part onto
the chip.

Thermopiles made according to standard bipolar or CMOS process can be
purchased from XENSOR Integration (Delft, The Netherlands). An array of
p-type silicon/Al thermocouples is connected to form a thermopile and integrated
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in an n-type silicon epitaxial layer. By standard micromachining techniques a
membrane is etched onto which the sensing junctions are placed. Enzyme
immobilization was performed simply by way dropping enzyme solution
within the cavity formed on the reverse side of the thermophile during the
micromachining process.

To realize glucose-, urea- and penicillin sensors in a flow injection mode
(FIA) appropriate enzymes can be immobilized [13]. The measuring range is
very limited in all reported cases due to enzyme kinetics and a more sophisti-
cated set up is required.

To perform calorimetric measurements in a conventional way the lack of
well matched thermistors are a draw-back. Recently a thin-film thermistor
based on amorphous germanium has closed this gap [7, 14]. The temperature
resolution is 0.1 mK and the time resolution is in the msec range. Placing such
an integrated miniaturized thermistor into an enzyme column urea or
glucose can be measured but of course with the same draw backs of a limited
measuring range due to enzyme kinetics and oxygen deficiency problems.

For clinical applications the calorimetric method was extended for whole
blood measurements of glucose [15]. Using microelectronic and micro-
machining tools an array of thermistors covered by different enzymes can be
easily produced leading to a multi-analyte detection using the same transduc-
ing principle [16]. Using such technologies the sample volume can be reduced
to 1 pl and the response time is well below one minute. Lactate, glucose, urea
and penicillin measurements were performed in a microflow arrangement
[17] (Fig. 1). Even for an in vivo approach such a measurement method can be
used [18].
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Fig.1. Micro-thermistorarray with immobilized enzymes for calorimetric analysis
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23
Integrated Optical Devices

Optical sensors are interesting analytical tools capable of performing a variety
of different measurements [19]. Most of the work has been done on measuring
pH, O, and CO, but biosensing devices were also developed and marketed
[19-22].

A conventional marketed sensor system uses optrodes for measuring blood
gases in an clinical chemical analyzer based on fluorescence [23].

Integrated optical devices combine microelectronic production technology
with the inherent advantages of optical sensing. Many of these developments are
in an early state of research but a variety of optical biosensors can be realized in
principle. Integrated optical device manufacturing is nowadays commercially
available (IOT) and nearly all optical elements can be integrated and minia-
turized on chip [24].

The biosensing devices focus mainly on affinity principles such as antibody -
antigen reactions and are based on surface plasmon resonance [25], grating
couplers[26] or interferometers [27]. It seems possible to get stable and highly
sensitive devices based on these principles [28], and further investigations can
lead to miniaturized sensor modules with reduced cost, size and complexity.

A combination of a highly sensitive transducer based on luminescence exci-
tation in the evanescent field with fluidic systems gives detection limits of 100
femtomoles of analyte. Such systems are well suited for antigen-antibody detec-
tion and DNA analysis [29].

24
Electrochemical Sensor Arrays

Electrochemical biosensors based on well known and therefore most com-
mon transducing principles have been investigated intensively for the last
30 years.

Electrochemical transducers can be divided into conductometric, potentio-
metric and amperometric measuring principles.

2.4.1
Conductometric Sensors

A simple transducing principle is the measurement of impedance between
planar electrodes which is changed by altering the ionic content of the mea-
suring system.

If biological sensing elements are immobilized on such electrodes bio-
sensors can be realized using changes of the conductivity in the electrolyte
solution caused by biological reactions or changes of the double layer capaci-
tance by binding or affinity reactions of the biological molecules immobilized
on the electrode surface.

Planar interdigitated electrodes for impedimetric measurements can be pro-
duced by means of microelectronic technology [30]. Although this measuring
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principle has been known for a long time more investigations are necessary
to fully understand the transduction principle for biosensing [31]. One obstacle
is the high concentration of the ionic background which is always present
in biological samples [32], and a second problem is associated with electrode
fouling.

One advantage of this general transducing principle is the simple possibility
to create biosensing arrays sensitive to urea, L-asparaginase and creatinine [30].
Such arrays gives a fast response but are responding non-linear and are limited
in the measuring range.

For gas sensing devices the conductimetric measuring principle is used in
most cases with good success (see section on gas sensor systems). However, for
practical applications and commercialization much more investigations are still
needed.

2.4.2
Potentiometric Sensors

Potentiometric measurements involve the determination of the electrical poten-
tial between two electrodes at zero current flow. A reference electrode has to
establish a constant potential independent of the electrolyte used. This is not
easily performed even in a conventional measuring set-up and therefore various
constructions have been investigated using different electrolyte chambers and
porous plugs [33]. For microelectronic realization this problem becomes very
severe [34].

The working electrode has to respond directly to the analyte to be measured.
The most common potentiometric device is the pH-electrode and related
ion-selective electrodes.

Such devices respond to changes in the analyte concentration by varying the
electrical potential described by the Nernst equation (Eq. 2):

E=E, + RT/zF* Ina,/a, (2)

where E is the electromotoric force, E, the standard potential, R the gas con-
stant, T the absolute temperature, z the exchanged electrons, F the Faraday con-
stant and a, the activity of the species to be detected, a, is usually set=1 mol-L.

The first representative of a potentiometric sensor was the pH-glass electrode
invented in 1906 [35]. Decades of development resulted in the invention of many
more ion-selective electrodes including more recently those based on neutral
carrier membranes [36] and of the microelectronic fabricated ion selective field
effect transistor (ISFET) [37].

Such an ISFET was originally used for detecting pH changes but by casting
with ion selective membranes a lot of different ion-selective sensors can be
obtained in principle [38,39]. Even a multi-parameter electrolyte sensitive chip
for clinical applications was invented [39].

To obtain a microelectronic biosensor, a biological substance has to be immo-
bilized onto the gate insulator of the ISFET.

The enzyme-containing FET, called ENFET, is fabricated from an ISFET by
casting a thin membrane containing the enzyme over an ion-selective membrane
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or an inorganic gate insulator. The underlying mechanism of ISFETs is describ-
ed in reference [40] and the enzyme reactions in reference [41].

Local changes in the ion concentration as a result of substrate conversion by
the immobilized enzymes have been measured using pH [41] or fluoride
sensitive field effect transistors (pF-ISFET) [42] or ammonia-sensitive FETs
[43].

Immunosensing with the FET gate by the direct detection of protein interac-
tion has been described in the literature, but it seems that a direct detection of
protein interaction with a pH-sensitive gate of a FET is limited by fundamental
principles [44].

One of the great advantages of FET-type biosensors is the possibility of
using a differential method which allows measurements with a pseudo-
reference electrode [45] but with the drawback of weak stability. However, for
a biosensor device one can circumvent the problem of non-specific responses
for example to the changes of pH in the analyte using pH-ISFET devices as
the reference electrode [42, 46]. Another advantage is the placing of a pre-
amplifier in the near vicinity of the high resistive electrode in the case
of ISFETs. However, some problems are associated with an ISFET device
including drift, sensitivity to ambient light, dependence on buffer capacity
in the sample, encapsulation problems and sensitivity against contamina-
tion [40].

The originally used gate materials for pH sensing, SiO, and Si;N, exhibit a
large drift and do not show the desired Nernstian response [37, 47]. Using
special gate materials such as Al,0; or Ta,05 an enhancement of slope and better
drift properties have been achieved [40, 48] although the reproducibility of
results of different authors are not comparable.

Additionally the expected advantage in using a standard silicon technology
is lessened by the fact that it is not possible to use the described special gate
materials in a standard CMOS foundry.

For certain applications, solutions could be found which satisfy the special
needs but up to now no general approach has been found that suits a wide
range of applications with a single design. Therefore only a few ISFET- pH-sensors
entered the market in the last years [49].

For biosensor devices these problems are aggravated because of the addi-
tional integration of a biological component on a planar device surface [50].

Different approaches have been reported for enzyme immobilization and
membrane deposition including drop-on techniques [42, 51], ink-jet printing
[52] and photolithographically patterned enzyme membranes [53, 54].

Integrated multi-biosensors based on ISFET can be produced by using a
photosensitive polymer which incorporates the enzyme and is spinned onto
the gate [54]. The reported measuring range for glucose is 5 mM which is rather
weak, and some cross sensitivities due to problems regarded with buffer type
and capacity were also reported.

One method to extend linear range and to perform measurements in whole
blood is to use a further diffusion limiting membrane [55]. Although such an
approach slows down the sensor response, measurements in serum and bio-
logical fluid are possible.
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Due to the fact that nearly all ENFET approaches lead to insufficient or
unsatisfactory sensor performance, no ISFET based biosensor has been fully
commercialized for wider applications to date.

Another approach is the use of the potentiometric principle with planar thin
film electrodes on a separate chip but in close vicinity to a FET input amplifier.
Glucose and urea chips are now on the market commercialized by the company
i-stat. These sensors are based on ion selective electrodes. The problems of
stability are circumvented by a simple on chip calibration procedure and by the
use of such microelectronic electrodes as disposable single shot probes for
measuring Na, K, Cl, BUN, Glucose, iCa, pH, pCO, and Hct [56, 57].

Such microelectronic biosensor systems are really microanalytical sensor
systems which have already reached the clinical market.

243
Amperometric Sensors

Using the faradaic current derived from a redox reaction at an electrode a
versatile chemical analytical method can be established. Applying a distinct
potentiostatically controlled voltage between a working electrode and the
electrolyte, with the redox species electrochemically converted only at the
electrodes, results in a stationary current following Eq. 3. In this case, a diffusion
controlled measurement of redox species can be obtained.

I=nFADco/d (3)

where I is the diffusion limited current, n the exchanged electrons per reac-
tion, F the faradaic equivalent, A the electrode area, D the diffusion constant of
the analyte, co the analyte concentration and d the thickness of the diffusion
layer.

In contrast to the potentiometric principle where nearly no transport of ana-
lyte to the sensor occurs, the amperometric measurement requires the control of
faradaic current at the electrodes and the diffusion of an analyte towards the
electrode. One typical example for an electrochemical measuring device is the
Clark electrode which uses the reduction of oxygen [58].

Microelectrode arrays can also be produced by thin film technology and
silicon micromachining. Electrochemical analysis using planar thin film metal
electrodes as transducer can be done with high performance in vitro [59].

Using chip-array electrodes even trace metals can be detected with high
selectivity [60].

Due to the history of the principle it is not surprising that miniaturized
enzymatic amperometric biosensors produced by means of thin and thick film
technology were investigated extensively in recent years [61-66].

Amperometric biosensors combine the specificity and selectivity of bio-
logical sensing components with the analytical power of electrochemistry.
Because of the use of metal electrodes which can be deposided on nearly all
substrates, thin and thick film technology is the method of first choice. The
limitation which occurs with silicon device technology is no longer decisive and
biosensor production is not restricted to silicon production lines.
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Placing an amperometric device in real samples, e.g. blood, a degradation of
electrochemical performance over time occurs due to contamination of the elec-
trode reducing electrochemically accessible reaction sites [67]. Therefore sur-
face modifications or special electrode materials like e.g. carbon are needed and
the electrodes have to be covered with functional membranes to ensure full
faradaic current. This poses a problem in the production even using special
technologies.

For microelectronic biosensors a further problem is the immobilization pro-
cedure of enzymes. Again different approaches were tried including drop-on
techniques [61], ink-jet printing [68], spray techniques [62], electropolymeriza-
tion [64], lift-off techniques [63,66] and photolithographically patterned enzyme
membranes [65].

At present nearly all of the cited amperometric microelectronic sensors
intended for long term application are unable to work well in undiluted blood
and even few conventional sensor systems are able to measure glucose and
lactate concentration in undiluted media for a longer period [69, 70]. Trans-
ducer and biomembrane related difficulties have to be overcome with electro-
chemical transducers for measurements in undiluted biological media.

The best investigated systems use H,0, producing oxidases. The subsequent
oxidation of H,0, on the working electrodes at a potential from +400 mV to
650 mV versus an Ag/AgCl reference electrode serves as the transducing
mechanism.

The problem of interfering substances which are also oxidized at this poten-
tial can be overcome by differential methods using an enzyme covered electrode
and a blank electrode and measuring the differential signal. Such systems are
able to compensate for electrochemical interference but cannot hinder fouling
of the electrodes [71].

A further method is the use of mediated devices allowing reduced working
potentials down to + 200 mV where the interfering substances are not oxidized
[72]. The drawback of mediator based devices in long-term applications is the
leakage of mediators [64].

However for short term measurements this means an excellent way to over-
come the mentioned problems.

The first miniaturized electrochemical device for measuring glucose in whole
blood was a mediated system produced in thick-film technology by screen
printing [73]. This disposable, single-shot system is produced and actually
marketed widely by the company Medisense. Several other companies are now
following with similar approaches [74, 75].

For long term operation other approaches have to be used. To protect the Pt
working electrodes against fouling and to prevent erroneous reading due to elec-
trochemical interference, an electropolymerised semi-permeable membrane can
be utilized [76].

The reported semi-permeable membrane consists of an electropolymerized
di-amino-benzene in phosphate buffer (pH 7). Polymerization is achieved
by cycling the potential between 200 mV and +800 mV for a certain period.
In principle such an electrode modification hinders fouling in an excellent
way [77].
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To overcome immobilization of biological substances and to establish dif-
fusion limitation a number of methods have been tried. For example in the
mediated disposable glucose sensor screen printing of free enzymes and media-
tor have been used. Due to the solubility of both substances only single shot
applications are possible. For long term applications more sophisticated
methods are necessary.

A miniaturized planar amperometric glucose sensor has been created on
Sapphire substrates. Thin film titanium-gold electrodes are covered with an
enzyme layer which is patterned by a lift-off technique [66]. This sensor exhibits
a fast response time of 30 seconds but the linear measuring range is poor.

The continuous in-vivo measurement of glucose by an implanted sensor in
patients is of great importance. Such a monitoring can lead to a better control of
normoglycaemia, a better quality of life and a hypoglycaemic alarm which is of
outstanding importance [78].

Therefore, another type of planar glucose biosensor with Pt electrodes on a
silicon substrate has therefore been developed for in vivo measurements [61].
The enzyme glucose oxidase was immobilized by the well known GDA-BSA
method and the whole sensor was covered subsequently by a polyurethane
membrane. This silicon chip has to be sawed and assembled on a flexible carrier
for in vivo application, the assembled catheter was successfully evaluated in rats
[79]. This sensor gives encouraging results in aqueous solutions and subcuta-
neous applications. Drawbacks of this include the complicated mounting and
assembling procedures which are difficult and cumbersome.

An alternative approach places the Pt electrodes directly on a flexible polymer
carrier [80]. Eli Lilly developed a three-electrode transducing system based on a
polyimide carrier with electroadsorbed enzyme and a highly oxygen-permeable
membrane covering the sensor. Such a system was tested in vivo and published
results seem encouraging although the company cancelled the project.

For microelectronic production and for getting clinically reliable sensors the
UV initiated free radical crosslinking of the polymer directly on the substrate
is advantageous since it allows microfabrication and designing the physico-
chemical properties of the membrane [ 65].

A combination of different technologies such as electropolymerization and
photopatternable enzyme membranes can lead to reliable sensor systems. An
easy to handle thin film process was developed for immobilizing different H,0,
producing enzymes [77]. The hydrogel layer, containing e.g. the enzyme GOD,
was patterned by photolithography and could be placed selectively on the
individual working electrode [71]. An uppermost photopatternable membrane
was introduced containing the enzyme catalase which decomposes excess H,0,
into O, and H,0 in order to prevent the release of the cytotoxic agent H,O, into
the biological environment. This membrane also prevents sensor fouling by
blood components because of the low protein deposition characteristics of
pHEMA [81]. To increase the diffusion pathway and to separate the H,0, source
(GOD) and the H,0, sink (catalase), an additional pHEMA membrane was
placed between the GOD and catalase membrane.

The electropolymerization of the semipermeable membrane can be performed
on the Pt electrodes on a wafer as well as the photopatterning of the enzyme mem-
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branes. Subsequently the additional diffusion barrier and the catalase layer were
placed over all working and counter electrodes in the same manner.

Multi-analyte chips can be produced in this way using microelectronic
technology.

The sensors do not show any dependence on interferences [77]. They exhibit
extended linear ranges with high sensitivities and low residual currents. Due to
the wafer processing a high reproducibility can be obtained [77].

The thin hydrogel membranes exhibit a fast response time of 25 sec to 98%
equilibrated signal and a fast hydration time of several minutes. The sensor chips
can be stored dry for at least one year at 4 °C without changes in performance.

The long term operational stability in undiluted bovine serum spiked with
analyte is more than one week at 37 °C.

This is an example where multi-enzyme sensor devices can be designed to
obtain precise, reliable, integrated biosensors with extended measuring range for
clinical use. They can be produced by means of microelectronic technology. Such
multi-enzyme sensors were accomplished by immobilizing different enzymes
into stacked membranes which were structured by photolithography. This is an
important step towards commercialization, and an additional feature is the pos-
sibility to integrate additional electrochemical sensors for measuring O,, CO,
and pH on one substrate. Such an integrated lab-on chip seems to be a realistic
vision and can revolutionize both point of care testing and metabolic monitor-
ing. In addition, the technology of photopatterned multi-enzyme sensors can be
used for the creation of in vivo devices on a flexible polyimide strip [82] (Fig. 2).

Fig. 2. Photograph of a flexible polyimide-based in vivo sensor for glucose, lactate and pH
measurements
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3
Microanalytical Systems

Modified microelectronic technology has created integrated and miniaturized
sensor arrays. Additionally, microsystem technology allows to form whole
microanalytical systems with integrated fluidics.

3.1
Gas Sensor Systems

A good example for a microanalytical device is the gas sensor array. The
conductometric approach for gas sensing was favored during the last years using
metal oxides or conductive polymers. Unfortunately such sensors are quite
unspecific and therefore sensor arrays with modified sensing layers have to be
used. The selectivity derives from a sophisticated data processing using neural
networks. Complete gas analysis systems with microfluidic and data acquisition
are now under development.

Integrated array sensors produced by thin film technology and micromachin-
ing use integrated heaters and SnO,-semiconductors as well as conducting
polymers [83, 84]. Another approach uses piezoelectric quartz crystals [85].
Such systems appear closer for industrial use in detecting complex odors from
foodstuff or beverages.

For air monitoring a complete miniaturized system made by silicon micro-
machining has been proposed [86]. Valves, gas fluidics, filters, thin film sensors
and pumps are integrated in silicon and mounted on a printed circuit
board (Fig. 3). The application of such systems will become apparent in the
future.
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Fig.3. Proposed microanalytical measuring system for gas analysis
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3.2
Separation Based Devices

The concept of an total analysis system (TAS) was presented early by Widmer
[87] and was extended to a pTAS concept by Manz [88]. In contrast to sensor
systems such systems are based on unspecific sensors gaining the selectivity by
separation principles. Electrophoresis devices are good candidates for minia-
turization saving time and reducing production costs. Further details are given
in various chapters in this book.

3.3
Bioanalytical Sensor Systems

The technology for integrating different biosensors on a chip forms the basis for
the lab on-chip which will require additional liquid handling and optionally
active liquid treatment. Different approaches for a microanalytical system
(KTAS) have been published [89] and are now an emerging field of research.

For several reasons, most applications of chemo- and biosensors require flow
through devices, for example in allowing analysis of samples from multiple
sources, removing flow sensitivities, avoiding sterilization and biocompatibility
problems, enabling recalibration or performing bioanalytical assays.

A classical approach for a flow-through device with sensors is the
clinical-chemical analyzer already introduced in several hospitals. Such devices
use standard miniaturized electrodes and a sophisticated fluid handling system
which is bulky [90].

In order to minimize the assembling effort, to reduce system costs, and to
allow miniaturization the classical build-up of enzymatic and ion selective
electrodes is successively replaced by solid supported functional membranes, in
this way integrating functional membrane and transducer. Integration of the
liquid handling environment with the sensors further reduces assembling effort,
minimizes internal volumes and increases reliability of the measuring system.
Furthermore, by integrating fluidic functions which allow sample pretreatment
and reagent addition, such devices open up new applications.

ISFET based systems have been developed at different laboratories [91-93]
using a planar or three dimensional set up. Such systems which are equipped
with micropumps and valves are able to detect ions and other interesting
chemical parameters (Fig. 4). Different approaches have been made in the
detection of ions and diluted gases. Microarrays for measuring pressure, tem-
perature, pH, O,_ and CO, were realized using silicon technology and a hybrid
set up of the different components [94]. Blood gas measurements with inte-
grated pH, O, and CO,-electrodes have been tested in real samples [95].

Hybride micro-FIA systems produced in silicon technology using oxygen
microelectrodes and microcavities have been developed for measuring phos-
phate concentrations [96]. Multiple analyte biosensor arrays can also be realized
using thin film and silicon technology. The so-called containment technology
has been applied to immobilize enzymes in three dimensional cavities formed
in silicon wafers to get fully process compatible biosensor devices [97] (Fig. 5).



202

G.A. Urban, G. Jobst

- PCB carrier

polymer ring

]

&

>

sensor chip

500 OO b 00
N

ISFETs
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Such systems have been developed and used also for microdialysis sampling in
human serum [98].

Another type of thin film device consists of four 0.5x 0.5 mm? platinum
working electrodes and a Ag/AgCl reference electrode made on a 0.3 mm glass
carrier. The enzymes were immobilized onto the working electrodes in a photo
crosslinked pHEMA membrane and additionally covered by a diffusion limiting

and a catalase containing top layer [77].
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Fig.5. Electron micrograph of a microcontainment oxygen sensor (source: ICB)

A low cost microfluidic device was realized by utilizing printed circuit board
technology which is capable of producing microsystems [99, 100]. The printed
circuit board (PCB) for the assembly of the thin film biosensor array comprises
conducting pads for the thin film device and the plug connection to the poten-
tiostate, a 5x 1 mm? gold counter electrode, drilled through holes for liquid inlet
and outlet, and a photopatterned spacer made from the dry film resist used for
insulation of the PCB (Fig. 6).In a second configuration, used for on line buffering
and reagent addition, the PCB additionally comprises a mixing coil of 170 x
0.6x0.1 mm? dimension (=10.2 pl) together with a second inlet hole. The entire pro-
cessing was done with conventional PCB technology equipment. Assembling of the
thin film sensor array with this PCB (Fig. 6) gives the analytical micro flow system.
The dimension of the flow chamber is 5 x 1 x0.3 mm?® (=1.5 pl) (Figs.7 and 8).

Ex vivo blood monitoring experiments with human volunteers were per-
formed by placing a device comprising two glucose and two lactate sensors into
the sampling line of a double lumen catheter. Venous blood was continuously
withdrawn and in line heparinized with a dilution of less then 5%.

These experiments are described in detail in reference [101]. The glucose/
lactate device was first one point calibrated with a protein-free buffer solution.
The measured sensitivities were applied to the sensor currents for calculation of
glucose and lactate levels and the time course of glucose and lactate levels of a
combined intravenous and oral glucose tolerance test together with reference
values was determined (Figs. 9 and 10).

The good agreement between sensor and laboratory results proves the effec-
tiveness of the pre-calibration procedure and sensor stability. The results
suggest that these devices can be used for short term glucose-lactate monitoring
in for example the intensive care unit, the operation theater, in sports, medicine,
rehabilitation and in diabetology.
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Fig. 6. Photomicrograph illustrating the assembling of the thin film sensor array with the
printed circuit board. a. sensor array, b. counter electrode, c. pacer, d. channel for conductive
adhesive with conducting pad of PCB, e. inlet hole for conductive adhesive, f. outlet hole for
conductive adhesive, g. bonding pads
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Fig.7. Schematic cross section of the flow through device with integrated static mixer
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Fig.8. Schematic cross section of the flow cell of the flow through device
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Fig. 10. L-Lactate sensor reading (solid line) and reference values (boxes) of an IVGTT/OGTT

To meet the demands for multianalyte monitoring in biotechnology, where
closed loop control of metabolites is expected to increase fermentation reliabili-
ty and yield, a glucose-lactate-glutamine-glutamate device which can monitor
the concentrations of this four substances simultaneously, without any reagent,
and with no need for sample pretreatment was realized by Moser and co-
workers [102]. Figure 11 shows the calibration graphs of such a device which
needs little effort for monitoring. A sensor array comprising two lactate and two
lactose sensors was assembled with a PCB comprising a mixing coil (Fig. 7) for
yoghurt fermentation monitoring.
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Fig. 11. Calibration graphs of a glucose-lactate-glutamine-glutamate monitoring device

The sample flow of 6 ul/min was on line buffered and diluted with 100 ul/min
PBS pH 7.4 carrier solution. During yoghurt fermentation, the pH of the sample
changes drastically by several pH units. Reliable measurements with biosensors
are, due to the pH sensitivity of the enzymes used, not possible without sample
pretreatment. Figure 12 shows that employing the on-line buffering strategy
allows the monitoring with biosensors even in considerable changing matrices.
Such changes in matrix composition occur during most bacterial and fungal
fermentations.
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Fig.12. Yoghurt fermentation monitoring
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Another application of the device comprising a mixing coil is reagent
addition, as demonstrated by assay for the glutamate producing enzymes
glutamic oxaloacetic transaminase (GOT) and glutamic pyruvic transaminase
(GPT) [103]. A thin film biosensor array comprising two glutamate and two
blank sensors is assembled with a PCB comprising a mixing coil. The sample
containing the enzyme to be assayed and a reagent with the respective enzyme
substrates are mixed in the mixing coil. After stopped flow the increase in
glutamate concentration is monitored by the difference signal from the
glutamate and the blank sensors. The calibration graphs of such a device for the
GOT and GPT assays are shown in Fig. 13. Compared to conventional spectro-
photometric assays for these enzymes, this assay offers the advantage of not need-
ing enzymes to be added to the reagent and of electrical readout which allows
the assay working in whole blood. This assay scheme with a bioanalytical micro-
system can be applied to a variety of diagnostically important enzymes. Attrac-
tive is also the possibility to directly combine metabolite analysis, e.g. lactate
and glucose, with enzyme assays in one device, giving a more versatile lab-on
chip.

Since these devices are made from two components produced by means
of well-established mass production technologies (thin film and printed
circuit board technology) and assembling of the parts is compatible to IC
packaging techniques, cost effective mass fabrication of this device seems
realistic.

Microphysiometry is the measurement of the metabolic activity of living cells
in a miniaturized environment. Considerable interest in such devices from the
industry arises from their use in drug screening.

Other applications are toxicity monitoring and cytotoxin response measure-
ment of cancer cells [104]. Future applications may be strain prescreening in
biotechnology, rapid sterility tests and preanalytical screening in combinatorial
chemistry.
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Fig.13. Calibration graph of the GOT and the GPT assay
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According to the different ways in which cells alter their environment, e.g.
heat produced, acidification, oxygen consumption or metabolite production, to
some extent reflecting metabolic pathways, various sensors can be used to
measure metabolic activity. In order to get deeper insight into the cell meta-
bolism, different sensors were integrated into one small test chamber [99]. Even
an entire fermenter has been realized by means of silicon-micromachining
[105].

For high throughput applications, such as drug screening, massive paralleli-
zation and therefore miniaturization is required. Different companies are now
entering the market with microphysiometer arrays [106] based on light-addres-
sable potentiometric sensors (LAPS) for pH sensing. There are several reasons
why pH sensor based microphysiometers are the most advanced and used
devices. Proton extrusion rates of mammalian cells are in the order of 10® pro-
tons/cell that is between two and three orders of magnitude higher than their
oxygen consumption [99]. In contrast to oxygen and enzyme sensors, the
sensing principle is usually based on an equilibrium measurement and therefore
the measurement influences the composition of the test solution, which is
altered by the cells, very little. LAPS devices are very attractive transducers for
microphysiometer arrays since their production casts are low compared to
CMOS and ISFET production, largely compatible with silicon-micromachining
and their operation principle allows easy mapping of the pH dependent surface
potential on the wafer surface. A drawback of all potentiometric measuring
techniques suffer from the need of a reference electrode. Recently, Cheng [107]
published an amperometric pH sensor with a pH responsive monolayer modi-
fied microelectrode. Monolayer protonation modulates the electron transfer
rate of ferricyanide reduction. This method would have the drawback of the
tolerance of the cells to the added redox species if applied to microphysiometry.
But since an electrode arrangement for amperometry can be realized in sub-
nanoliter containments [108], even single cell microphysiometry seems feasible
with this method. Only 108 protons are required to protonate a 13 pm diameter
modified electrode. In an approach with a low cost optical device, an ultrathin
pH responsive membrane is placed on replicated chirped grating couplers
[109, 110]. A resolution of 10-* pH units was achieved but miniaturization is
limited.

Probing oxygen consumption or metabolite production provides additional
or complementary information about the cell metabolism. However, oxygen and
enzyme sensors consume their substrates. With oxygen sensors it is possible to
overcome this problem by using an inert anode, in this way balancing the oxygen
consumption by the oxygen production on the anode [111]. With enzyme
sensors, analyte depletion can be avoided by the application of substrate recyc-
ling. Monitoring glutamate can be done by adding or coimmobilizing the GOT
and adding the substrate aspartate. But of course such recycling schemes are
only applicable to a limited number of metabolites and may suffer from the
influence of the cosubstrate on the cells metabolism. Furthermore, since the
metabolite consumed by the enzyme sensor, due to the short diffusion distances,
is rapidly drained from micropools, this offers the possibility of directly ac-
cessing absolute numbers of metabolite production rates. Cooper and co-workers
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recently succeeded in measuring metabolic activity of single cells [112]. One
neutrophil is placed in a sub-nanoliter pool comprising an electrode arrange-
ment for amperometry [103] and superoxide release is monitored by means of a
cytochrome-C modified electrode.

The challenge of establishing hundreds or thousands of electrical contacts if
such amperometrically transduced microphysiometers are massive parallelized
can be satisfied by multiplexing the individual sensors by CMOS components
integrated on a silicon wafer [113].

Some even more exciting news can be expected from this combination of
bio-sciences and micro system technology in the near future.

Microchip arrays for parallel binding and detection of DNA or proteins for
drug discovery and different clinical microsystems are under development
[114].

4
Conclusions and Outlook

It can be concluded that although extensive research work has been done on
microanalytical devices the enthusiasm and high expectations in such systems
have not been fulfilled to date. Further work and technological breakthroughs
are still necessary in the long run. Up to now only niche markets can be covered
by microanalytical sensor systems for remote locations.

Increasing production volumes resulting in lower prices of devices will push
the whole market and open additional ones. The expectations of using small
samples as well as small reagent volumes, minimization of time expenditure of
skilled clinical people, minimization of calibration fluid consumption and waste
are still key advantages of such a micro technology.

If it is possible to get highly reliable devices to process thousands of samples
immediately with an appropriate production technology to obtain cheap and
portable devices, a breakthrough of microanalytical sensor systems is still to be
expected.

In addition on-line measurements are now possible for the first time. The
technological route for realization of microanalytical sensors systems will now
be evaluated and for market driven decentralized applications a distinct solu-
tion can still be expected in the near future.
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Handling and processing of pl and sub-pl sized samples are challenging, and have a series of
attendant problems, such as loss of sample on the walls of transfer devices, loss by evapora-
tion, loss of components of the sample during manipulation and processing, and obtaining a
representative sample from an nonhomogeneous specimen. A further difficulty is that the
expected concentration of the analyte restricts the scale of miniaturization of the sample.
Detection of rare cell types (e.g.,cancerous cells, fetal cells in maternal circulation, assessment
of minimal residual disease) and microorganisms is problematic, and the expected cell fre-
quency or microbial load will determine a sample size compatible with detection. In such
cases a specific selection or a preconcentration step is a more logical approach to ensure the
presence of the desired cells or microorganisms. In this review the principles and applications
of the current range of microfluidic (e.g., pumps, valves) and microfiltration systems (e.g.,
silicon microfilters) and electronically controlled microstructured devices relevant to the
micro-sample preparation are critically discussed.
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1

Introduction

A typical analytical reaction comprises the following three steps:

1. Sample preparation.
2. Chemical reaction.
3. Detection/quantitation of the signal.

In the past various approaches have been explored in the effort to integrate
all three steps but with little success. The sample preparation step is often the
most difficult step in an assay, particularly for complex mixtures such as bio-
logical fluids, and is therefore typically performed separately from the reaction
and detection/quantitation steps. However, the long awaited, totally integrated
analytical system may soon become a reality as a result of progress in the appli-
cation of the microfabrication processes used in the microelectronics industry
into the analytical arena [1-3]. Microfabrication has played a central role in the
development and current mass production of microprocessor and memory
chips for the computer industry. This miniaturization process has brought down
the scale of the computer from a machine that typically occupied several rooms
to the size of a small notebook. Now these microfabrication processes are being
explored for the production of micromachined silicon or glass chips with diverse
analytical functions for use in basic research, forensic science and clinical diag-
nostics. These devices are showing great promise for totally integrated analyti-
cal systems that could form the basis of smaller, more efficient benchtop or even
palmtop analyzers that require only pl-nl sized samples as compared to the
pl-ml sized samples required for most conventional assays.

A problem that has proved particularly difficult is the simplification of the
sample preparation step for nucleic acid analyzes. Preparation of samples for
DNA or RNA analysis is laborious. The traditional approaches for preparing
nucleic acids can be classified into two categories: liquid-liquid extraction and
liquid-solid extraction.

Liquid-liquid extraction of polynucleotides normally involves the use of an
organic solvent (such as phenol or chloroform) or an aqueous solution (such as
sodium perchlorate, guanidine hydrochloride or guanidine thiocyanate in high
concentration) to remove the proteinaceous materials from the aqueous phase



Sample Preparation In Microstructured Devices 217

that contains DNA or RNA. The extraction of DNA using proteinase K digestion
followed by phenol/chloroform extraction is an established method [4]. There
are, however, several disadvantages to this procedure. First, the method is time-
consuming and the organic solvents used are hazardous. In addition, it is
difficult to completely separate the DNA-containing aqueous phase from the
organic phase which contains digested and/or denatured proteins and lipids.
These form a small but appreciable intermediate layer. The presence of
proteinase K also increases the level of proteinaceous contamination and may
cause some degradation to DNA due to the presence of contaminating nuclease
[5]. An alternative procedure to extract DNA from blood employs phenol/-
chloroform without proteinase K [6]. This procedure gives good yields of DNA
in a relatively short period of time.

Buffone and Darlington used incubation with sodium perchlorate instead of
proteinase K and phenol to extract DNA from human blood [7]. DNA has also
been extracted by dehydrating and then precipitating the cellular proteins using
a protein salting-out procedure [8]. This method requires vigorous shaking for
deproteinization which may cause shearing of DNA. In addition, DNA can be
lost as a result of co-precipitation with proteins. In another method, guanidine
hydrochloride was used instead of sodium dodecyl sulfate (SDS) to lyse cells and
salt-out the proteins [9]. DNA extracted this way is difficult to redissolve. In con-
trast, DNA extracted using guanidine hydrochloride and proteinase K can be
redissolved quickly [10]. Also methods using pronase instead of proteinase K
[11] or using proteinase K at 60 °C, instead of 37 °C [12], produced good quality
DNA. Liquid-solid extraction, on the other hand, requires the use of a solid
material such as polymerized silica gel or glass beads to remove the protein con-
tents from the lysate containing polynucleotide. DNA has been extracted from
cultured cells by a method reported by Thompson et al. using guanidine
thiocyanate and glass particles [13]. Although the DNA was extracted in high
yield relatively quickly, the time required to re-dissolve the DNA was long. In
two separate reports, DNA has been isolated using proteinase K, silica gel and
phenol/chloroform [14, 15]. Although proteinase K and phenol were still used,
significant time saving was achieved. In a modification of the above method,
sodium perchlorate, polymerized silica gel and chloroform were employed
together with a specially designed plastic tube to extract DNA from micro-
samples of human blood. The total time involved in the extraction and redisso-
lution of DNA was approximately 2 h [16]. Extraction of DNA has also been
achieved by means of a Sephadex G-25 column [17] and columns packed with
insoluble particulate materials containing pendent groups which are chemically
similar to phenol [18].

Most of these DNA isolation procedures are time-consuming or hazardous to
the operators because toxic chemicals are used in the sample extraction pro-
cedure. They all require centrifugation, pipetting, votexing or thermal incubati-
on steps which are almost impossible to integrate with current instrumentation.

The isolation of polynucleotides in microstructured devices provides a
promising new approach that may be compatible with total integration of
subsequent analytical steps and its current status is examined in the following
sections.
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2
Particular Problems for Microsamples

Handling and processing of microsamples (e.g. ul and sub-pl sized samples) are
difficult, and most of the current analytical methods used in the life sciences
usually analyze samples at volumes of >2 pl. Analysis of sub-pl volume samples
has a series of attendant problems, including:

i) Loss of sample on the walls of transfer devices (e.g. pipette tips).

ii) Loss by evaporation.

iii) Loss of components of the sample (e.g. the analyte to be detected) during
manipulation and processing (e.g. loss by adsorption onto the walls of
tubing, or containment vessels).

iv) Obtaining a representative sample from an nonhomogeneous specimen.

A further difficulty is that the expected concentration of the analyte restricts
the scale of miniaturization of the sample. For example, for an analyte present at
a concentration of 1 zeptomol 1! (107! mol 1) there are only 602 molecules
present in one liter of sample. Hence,in a 1 ul sample there is less than one mole-
cule of the analyte, and thus this degree of miniaturization is impracticable.

In genetic analysis of genomic targets the prospects for sample miniaturiza-
tion are excellent. Adult human blood contains between 4,400 and 11,000 white
cells in a 1 pl sample. In theory a single white cell is sufficient as the sample for
a polymerase chain reaction (PCR) to amplify a genomic DNA target, and for a
blood specimen with a white blood cell count of 10,000 nl-! this would be con-
tained in a 100 pl sample. Miniaturization of samples for analyzes designed to
detect rare cell types (e.g. detection of cancerous cells, fetal cells in maternal
circulation, assessment of minimal residual disease) or for the detection of
microorganisms is more problematic, and the expected cell frequency or micro-
bial load will determine a sample size compatible with detection. In such cases
a specific selection (e.g. magnetic immunobead technology) or a preconcentra-
tion step is a more logical approach to ensure the presence of the desired cells or
microorganisms.

3
Microfabrication

3.1
Micromachining and Microfabrication

A range of techniques and materials are available for micromachining which rely
upon the controlled removal or deposition of material at a pm scale (Table 1).
Simple wet etching of silicon is the most extensively developed technology [19,
20], but there is increasing interest in micromachining of glass (soda glass and
Pyrex) because of its optical and insulating properties. Generally, feature sizes of
approximately 1 pm are possible using conventional photolithography and wet
etching of silicon and other fabrication methods can produce structures with
minimum feature sizes of <1 pm (e.g.0.3 pm, deep UV (230 - 260 nm); 0.1 pm,
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Table 1. Materials and methods for microfabrication

Materials Methods
Metals and Elemental Materials Etching
Aluminum, copper, diamond, gold, silicon Anisotropic etching, isotropic etching
Glass Microscopy-Based Techniques
Pyrex, soda Atomic force microscopy, scanning
probe microscope
Oxides Ablation
Alumina, quartz, rubidium molybdenum Electron-beam, focused ion-beam,
oxide laser, reactive ion etching
Polymers Miscellaneous
Fluorocarbon polymers Embossing
Semiconductors

Gallium-arsenide, indium phosphide

Miscellaneous
Silicon carbide

X-ray and e-beam ; <1 nm, scanning tunneling microscope) [20-23]. Moving
parts can be fabricated in microdevices by sacrificial layer techniques, in which
an intermediate sacrificial layer is selectively removed to release an overlying
structure. This technique has been used to produce complex multicomponent
devices with moving parts such as motors [24]. Complex microchip structure
can also be manufactured by bonding together components to form multilayer
structures and holes introduced by laser drilling [25].

3.2
Advantages of Microfabrication

An advantage of microfabrication is that it offers increased flexibility in design
and ease of manufacture compared to the processes used to manufacture
macroscale devices. In the case of devices made from silicon, the pre-existing
microelectronics industry manufacturing processes are already in place for high
volume, low-cost production (millions of wafers per year). Thousands of devices
can be fitted onto a 4 or 6 inch wafer, and thus many different microchip designs
can be simultaneously fabricated on a wafer. This facilitates more rapid design
cycles and design iterations than would normally be possible for a macroscale
device. Also, changing the design of a microfabricated device is easier and
cheaper, because it would only involve relatively simple modifications to the
photolithographic mask.

The low internal volume of a microchip analyzer (pl-ul) produces an econo-
mic benefit because reagent consumption per test is correspondingly low, and
also a clinical benefit because the volume of sample for analysis is small (pl-nl)
in comparison to the pl volumes used in macroscale analyzers. Small sample
sizes are particularly beneficial in a clinical setting (finger stick versus
venipuncture). It also minimizes exposure of health workers to potentially
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hazardous specimens. Finally, the low capacity of microchip devices minimizes
waste fluid volume, and there is also the possibility that the sample can be
entombed in the device (unreacted sample, reagents and reaction mixture) for
safe disposal.

Other advantages of microfabricated devices include faster response times,
and the fabrication of multiple test sites for simultaneous replicate assays in one
microfabricated device. This analytical redundancy provides a safeguard that is
not easily attained in a conventional macroscale analyzer, where duplicate assays
represent the usual extent of repetitive assay of a sample. Encapsulation techno-
logy used in the microelectronics industry may also be applicable to microscale
devices and could be extended to operations over a wide range of environmental
conditions of humidity, and temperature.

Finally the flexibility in the design of a microchip device does not lock the
chip into a single assay design. Development of single-principle polynucleotide-
assay devices suitable for assaying large or small targets (capillary electro-
phoresis or hybridization assay designs) has been fraught with difficulties -
such limitations do not apply to microfabricated devices.

In the following discussion we examine microflow control elements useful for
sample preparation such as valving and micropumping. We then examine the
devices designed specifically for sample preparation, i.e. microfiltration devices
and electrical sample preparation devices.

4
Microfabricated Fluid Control Elements

Control of a fluid within an integrated analytical microchip is an important task.
Fluid control tasks include acquisition of the sample by the microchip from a
specimen container or reservoir, movement of the sample to different regions of
the microchip for processing and distribution of the sample to multiple pro-
cessing or test sites. A range of microfabricated pump and valve technologies
have been described and these may ultimately provide the fluid control elements
anticipated to be required for integrated microchips.

4.1
Micropumping

411
Electroosmotic Pumping

Electroosmotic pumping in a fused capillary column was first reported by
Jorgenson and Lukacs in 1981[26]. Since then this type of pumping mechanism
has been adopted by several groups to move solutions in microchannels in glass
chips. Seller et al. reported the first example of fluid flow driven by electro-
osmotic pumping in a network of intersecting capillaries integrated on a glass
chip [27]. Controlling the potentials applied to the capillaries allowed quantita-
tive transport of reagents from different streams to an intersection of capillaries.
Electrophoretic transportation of biomolecules such as DNA and proteins has
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been accomplished in an integrated microchip to perform enzymatic diges-
tion [28]. As a follow-up to the electroosmotic or electrophoretic pumping, an
electrodynamic focusing unit composed of a two-dimentional sheath flow
chamber fabricated in a glass chip was employed to accelerate the flow speed
and also to confine spatially the flow of both fluids and ions [29]. In another
report a combination of both mechanical pumping force and electrophoretic
mobility discrimination was applied in a free flow chip electrophoresis device
for selective sampling of one or several components from a complex sample

[30].

4.1.2
Traveling-Wave Pumping

Flow movement of fluid and particles suspended in solution was achieved via
traveling-wave pumping [31]. The driving force was generated by application
of four square-wave voltages of 1 MHz frequency, with progressive phase
differences of 90° to the appropriate electrodes. A typical pump has a planar
array of 13 microfabricated electrodes on the glass chip which formed one side
of a pump channel (Fig. 1). Each electrode was 0.5 pm high, 35 pm wide and
the gap between adjacent electrodes was 35 pm. The pump channel was 50 pm
deep, 600 pm wide and 4 mm long. The high-frequency traveling wave genera-
ted inside the pump is able to drive the liquid forward but can also trap micro-
particles present in the fluid. The latter feature of this type of pumping may
be especially useful for “filtering” particles such as bacteria from a water
sample.

Output
Input

Plexiglass
Electrode \ N
AN

Channel

Ceramic Carrier

Chip

Fig. 1. The traveling-wave micropump assembly. The electrode array chip, with a channel cut
in a glass cover mounted on it, is sandwiched between a ceramic carrier and a Plexiglass cover.
The volume between the chip and Plexiglass cover forms the circulatory space, consisting
of the pump channel itself as well as the two side-channels around the outside of the return
flow [31]
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4.1.3
Thermal Capillary Pumping

The transportation of discrete nanoliter sized drops of fluid through enclosed
microchannels fabricated in a silicon chip has been achieved using addressable
local heating [32]. Heating was achieved by a selective flow of D.C. current
through the addressed electrode built inside the capillary channel. The electro-
des were made by first depositing a 0.35 pm thick layer of aluminum on the
silicon wafer using an electron beam coating technique, and then covering the
metallic electrode sequentially with 1 pm SiO,, 0.25 pm Si;N,, and 1 pm SiO,
using plasma-enhanced chemical vapor deposition. The thermal capillary pump
can accurately mix, measure, and divide drops by simple electronic control
thereby providing a versatile pumping method with integrated functions.
Figure 2 shows the transportation and mixing of two separate reagent streams
in a Y-shaped channel device.

41.4
Piezoelectric Pumping

A piezoelectric pump is constructed with two glass plates and a silicon wafer
[22]. A pressure chamber and a raised flat surface suspended with a thin
diaphragm are formed on the upper glass plate (Fig. 3). The piezoelectric actua-
tor is placed on the raised flat surface. In order to guide the flow of the pumped
liquid, two check valves made of poly-silicon are fabricated on the silicon wafer

A
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Fig. 2. Drop motion and mixing in a Y-channel device. The device was constructed by bonding
the silicon heater elements and glass channels. (A) Initiation of movement by heating the left
interface of two drops (nl level) at their starting locations in the branches of the Y-channel,
(B) the movement in progress, and (C) the combined drop
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Inlet Outlet

Pyrex glas:
Silicon
Pyrex glas
Valve 1 (open) Chamber Valve 2 (closed)
Diaphram Piezoelectric
Actuator

Valve 1 (closed) Valve 2 (open)

Fig. 3. Structure and principle of the piezoeletric micropump using poly-silicon check valves
(22]

at the inlet and outlet of the pressure chamber respectively. The liquid is driven
to the outlet when the piezoelectric actuator is switched on. When the actuator
is switched off, liquid flows from the inlet into the pressure chamber. As a
periodic voltage is applied to the actuator, pumping of fluid is achieved. An
interesting recent development is the so called dynamic passive valves which
have exceeded the performance of the traditional static passive valves. The static
passive valves usually use a mechanical element such as a flap, a sphere or a
membrane to stop the flow of the fluid. In contrast, the dynamic passive valve
uses flow-channels which have a simple truncated pyramidal shape [25, 33].

4.2
Microvalving

4.2.1
Freeze-Thaw Valving

The freeze-thaw valve is a recently developed microvalving system [34, 35]. Unlike
all other valving systems it does not require any moving parts in the capillary
channel and has no dead volume. A small section of fluid inside the capillary is
made to act as its own shut-off valve upon freezing. The freezing process was
achieved by using a fine jet of a mixture of liquid and gaseous carbon dioxide at
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Fig. 4. Cross-section view of the magnetically driven valves, 2/2 ways [36]

approximately - 65 °C delivered from a cylinder of the compressed liquid. Flow
of fluid driven by the electroosmotic pumping can be halted by localized
freezing. This can be monitored by the instantaneous loss of current due to the
formation of an insulating plug of ice. To make the cooling system compatible
with the planar microstructures, a chip-based electrothermal cooling device
such as a Peltier device may be fabricated.

4,2.2
Magnetic Valving

In the magnetic valving system reported by Lochel et al., a thin square shaped
membrane structure (2 x 2 mm) of NiFe alloy was used as the flow-controlling
element driven by the presence or absence of a magnet applied externally to the
chip device [36]. The nickel-iron alloy was deposited by electroplating. In the
middle of the membrane an integrated bar of the same ferromagnetic material
amplifies the force for moving the membrane. The four edges of the membrane
were sealed against the silicon substrate. Fig. 4 shows the cross section of this
type of magnetically-driven valve. As shown in Fig. 4, the magnetic valve is
normally open and flow occurs if a high pressure is applied from the upper side
of the valve. The application of a magnetic field drives the ferromagnetic mem-
brane toward the valve seat and closes the valve. If the fluid pressure increase is
from the lower side of the valve, then the flow moves the membrane towards the
seat and closes the valve. The valve can be opened again by re-applying the
magnet field using an external magnet.

5
Sample Preparation in Microstructured Devices

5.1
Microfiltration

When designing filters to effect blood cell separation or isolation, it is soon
apparent that the deformability of the cells plays a major role in the separation
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efficiency. The reported sizes of blood cells are often based on morphological
studies of the stained cells. However, filtration of the spherical and discoid
white and red blood cells is influenced by the cell concentration, applied
pressure, viscosity of the medium, and the size of the filter port. Red blood
cells with relatively stable discoid architecture will readily align themselves to
facilitate passage through a 3 pm gap while highly deformable white blood
cells with spherical diameters in excess of 15 pm will pass through filter gaps
of only 7 pm.

A fundamental consideration in the design of filter systems on microchips
aimed at the isolation a white blood cell population with very low red
cell contamination [i.e. to prevent inhibition of PCR by hemoglobin] is the
level of tolerable efficiency. For genomic studies it is not essential to achieve
high efficiency in white cell collection, but rather to achieve an adequate
number of cells for successful amplification (e.g. PCR). Thus, a filter system
that receives 1.0 pl whole blood containing approximate 5000 white blood cells
would still be effective if the resulting white cell collection was only 10%
(i.e., collected 500 cells) provided the red cell population remaining was less
than 50,000 cells. Therefore, a system that isolates white blood cells with 10%
efficiency and removes red blood cells with 99 % efficiency will meet require-
ments. When filters are designed appropriately, they are capable of retaining
white blood cells and allowing red cells to flow around them to the exit
port.

One approach to microfiltration is to fabricate filters directly from silicon.
A series of silicon microfilters have been fabricated using both conventional
wet etching and reactive ion etching. Different designs were explored in-
cluding simple arrays of posts, tortuous channels [37], comb-shape filter [3]
and weir-type filters [38]. The general structure of a microfiltration chip is an
etched channel (or chamber) that contains the filter element across the entire
width of the channel. The structure is capped with a Pyrex glass top and
this provides for convenient visual inspection of the filtration process. Sample
is introduced into the channel and mechanically pumped through the filter by
a syringe pump. Depending on the size of the filter, different particulate
components are trapped at the front surface (Fig. 5) or within the filter bed
(Fig. 6).

The main focus of the microfiltration development has been the efficient
isolation of white blood cells from whole blood as part of sample prepa-
ration for nucleic acid amplification reactions such as PCR [39]. Weir-
type filters have proved particularly effective in this regard. These are
fabricated from a strip of silicon that lies across the entire length of a
channel. This strip is selectively etched to a depth of between 3 and 5 um and
then the structure capped with glass. The gap between the top of the silicon
strip and the glass is the active filter for cells (Fig. 7). Weir-type filters with
gaps of approximately 3-4 pm effectively isolate white cells from whole
human blood without retaining red blood cells. Microchips that integrate
this type of filter and a PCR chamber have been designed and tested and
shown to be effective for the isolation and direct PCR analysis of genomic
DNA targets.



Fig. 5. Filtration of the white blood cells from diluted human whole blood using a comb-type
filter chip. The white blood cells were stained with New Methylene Blue dye. The image was
taken by reversing the applied pressure slightly to allow the trapped white cells be released
from the front surface of the filters (arrow) and be seen clearly [3]

Fig. 6. Filtration of the white blood cells from New Methylene Blue dye stained undiluted
human whole blood using a weir-type filter chip (flows direction is indicated by the arrow).
The image was taken during the filtration process. The purple-blue particles seen in the
middle of the chip were the stained white cells trapped on the surface of the weir filter
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Inlet White blood Cell Blood Flow Outlet Red Blood Cell

Fig. 7. A cross-section view of the weir-type filter to illustrate how the weir-type filter chip
works

5.2
Electronic Sample Preparation

Microfabricated arrays of posts in a silicon chip were used to study the electro-
phoretic migration behavior of DNA several kilobases long [40]. The silicon chip
was bonded with a glass cover to form a chamber containing a two-dimensional
array of posts in SiO,. Each post is 0.15 pm high, 1.0 pm in diameter and has
2.0 m center-to-center spacing. A device like this could be useful for the isolation
of the large-sized chromosome DNA from crude lysate or human lymphocytes
directly lysed within the device.

Devices have also been developed which separate nucleic acid sequences
from complex biological specimens using proprietary methods based on
differences in charge, size and sequence. For the initial stage of separation from
the crude sample, a device which performs electrophoretically-driven purifica-
tion of nucleic acids from samples (up to 1000 pl in volume) has been fabrica-
ted. The subsequent stage employs a microdevice with feature sizes as small as
200 pm for sequence enrichment or complexity reduction. The complexity
reduction process allows target sequences in complex genomes to be enriched
prior to a hybridization assay. In complex mixtures of sequences such as genomic
DNA, the irrelevant sequences are so abundant that they cause interference with
hybridization to single copy per genome sequences. In order to prevent inter-
ference in conventional assays for human genes, enrichment is accomplished by
performing a sequence-specific amplification process, e.g. PCR. However, the
use of amplification complicates quantitation of target sequences. Previous
strategies include the Southern blot procedure [41], involving the digestion of
genomic DNA, followed by size fractionation using gel electrophoresis and
blotting to a membrane, to spread out the DNA according to size to allow
hybridization without significant interference.

The complexity reduction device captures specific sequences using an
electrophoretically-driven hybridization process [42-44]. The process of using
electrode bias to control a hybridization reaction is shown in Fig. 8. In the first
step, a complex mixture of nucleic acids in solution is added to the complexity
reduction device. In the second step, the electrode is positively biased to attract
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Fig. 8. Illustration of the complexity reduction process

the negatively charged polynucleotides in the sample. Capture probes immo-
bilized in a permeation layer above the electrode hybridize to the sequence of
interest. In the third step, the unhybridized sequences are driven away from the
capture probes by reversing the bias of the electrode to negative. Next, the solu-
tion is replaced to remove the unhybridized material. In the fourth step, the field
strength of the negatively biased electrode is raised by increasing the current
level. At higher field strength the specific target is dehybridized from the capture
probe and can be transported to an assay site where the signal associated with the
target can be concentrated for more sensitive detection. Although the assay may
also involve an electronically driven hybridization reaction [44], the hybridiza-
tion sites used in complexity reduction are larger (200 to 500 pm vs 80 pm) to
accommodate the crowding caused by the irrelevant nucleic acid sequences.

The complexity reduction device shown in Fig. 9 consists of a plastic sample
chamber mounted on top of a printed circuit board (PCB) with holes through
both the chamber and the PCB. The diameters of the holes at the top of the
chamber range from 200 to 500 pm. To provide electrodes, the walls of the holes
in the PCB are plated with gold and electrically connected to a standard electronic
interface at one end of the PCB. To contain the aqueous sample in the chamber, the
through holes are filled with a hydrogel, typically a polyacrylamide derivative.
The polyacrylamide is derivatized or combined with streptavidin to permit
attachment of oligonucleotide probes which protrude into the sample chamber.
Another function served by the hydrogel is that gas bubbles caused by electroly-
sis at the electrodes are prevented from rising to the hybridization site in the
chamber. Thus, current levels as high as 500 pA can be used without bubbles
blocking hybridization.
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Fig. 9. Diagram of the complexity reduction device
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Fig. 10. Capture of a target sequence at different dilutions in human DNA

The device has been used to capture DNA sequences in very complex mix-
tures [45]. For the experiment shown in Fig. 10, a model target sequence con-
sisting of a 75-mer based on a sequence from group A Streptococcus pyogenes
(GAS) was synthesized and labeled with the fluorophore Bodipy Texas Red. In
addition, the unlabeled complement to the 75-mer was synthesized. Equimolar
amounts of the two oligonucleotides in amounts varying from 0.1 to 10 nM were
combined with 2 pg sheared and denatured human DNA with a final volume of
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40 pl. Typically, we combined the target DNAs with a standard electrophoresis
buffer such as 0.5x TBE. A 48-mer complementary to the fluorophore-labeled
75-mer oligonucleotide was also attached to the derivatized polyacrylamide at
some sites in the device to provide a specific capture probe. An unrelated
oligonucleotide was attached to other sites to provide a control probe. Electro-
nic hybridization was accomplished by adding the target solution and biasing
the electrodes below the 200 pm diameter sites in a negative ramp mode from
50 to 5 pA for 90 s. After hybridization, the unhybridized DNA is driven from the
hybridization sites by reversing the bias and then removed by replacing the
hybridization solution with fresh buffer. It has also been shown that the signal
from the hybridized target DNA may be released from the capture site by in-
creasing the current level at the negatively biased electrode to 50 pA.

The signal at the hybridization site was detected by exciting the fluorophore
with a 594-nm laser and collecting the emitted light through an objective lens
and optical filters onto a cooled charge coupled device (CCD) camera connected
to a personal computer with a frame grabber card. Signal levels were measured
using an imaging program [43]. As can be seen from the graph in Fig. 10, the
level of signal at the specific probe exceeded the signal at the nonspecific probe
by over 3-fold when the weight ratio of human DNA to 75-mer was 200,000: 1
[45]. At higher amounts of 75-mer, the signal strength at the specific probe was
even greater relative to the signal at the nonspecific probe.

Electronic complexity reduction may provide an alternative method for
sequence enrichment that is rapid, user-friendly and potentially quantitative.
The device used in this experiment permits very high current densities and thus
allows transport in buffers other than those typically used for electrophoresis.
Beyond the use in complexity reduction, this device, with its ability to sustain
high current densities, may have application in hybridization assays with a
limited number of probes, immunoassays or other protein-binding reactions,
and cell transport studies. Furthermore, the use of electrophoretic transport
through all of the steps from sample processing through the assay should facili-
tate systems integration.

6
Conclusion

Progress in the development of on-chip sample preparation has been extensive
and there are already devices that can isolate white cells from whole blood and
isolate specific DNA sequences. In addition, the first step to integrating sample
preparation with other analytical procedures, e.g. PCR, has been achieved, thus
demonstrating the potential of totally integrated microfabricated analyzers.
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The modern methods of three dimensional microfabrication have lead to the development
of extremely miniaturized chemical and biotechnological systems. These so called micro-
reactors represent novel approaches in respect of production flexibility and chemical reactions
not yet applied in chemical processing. This has stimulated world-wide research in this field so
that the technical feasibility of such devices has been demonstrated in the laboratory scale.

Microreactor technology has developed to such an extent that a wide variety of micro-
reactor components, . g. micropumps, mixers, reaction chambers, heat exchangers, separators
and complete integrated microreaction systems with process control units have been fabrica-
ted using the appropriate microfabrication process and materials that are suitable for specific
applications.
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List of Abbreviations

ACHEMA  Ausstellungstagung fiir Chemisches Apparatewesen, Frankfurt,

Germany
AGIE AGIE, Losone, Suisse
AIChE American Institute of Chemical Engineers
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DECHEMA Deutsche Gesellschaft fiir Chemisches Apparatewesen, Chemische
Technik und Biotechnologie e.V., Frankfurt, Germany
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uTAS Micro Total Analysis Systems

PNNL Pacific Northwest National Laboratory, USA

1

Worldwide Activities in the Field of Microreactors

In the last two decades powerful tools have been developed for the fabrication of
microdevices [1-3]. This led to the miniaturization of mechanical, optical,
thermal and fluidic components. Recently, micromachine technologies are also
being applied for synthetic and screening purposes in the field of microreactors
[4-13]. Main achievements of this vivid development have been made in Europe
and the United States [8]. In Europe research groups and industry are especially
active in Great Britain, Denmark, France, Belgium and Germany [14]. In the
United States most of the developments have been made by institutes, e.g.
Redwood Microsystems or the Pacific Northwest National Laboratory (PNNL), to
mention only two. In the Far East, especially in Japan, founding programs for
microsystem technology of large financial volume have been started [8]. However,
these activities are more related to fields different from microfluidic applications.

Although some components of microreactors, e.g. micropumps [15] and
miniaturized analytical systems [16, 17] have been described much earlier, a
systematic development and fabrication of components and integrated systems
for chemical synthesis started only 3 or 4 years ago [18]. While the development
was mainly initiated by research institutes [18], considerable interest is mean-
while found in the chemical and pharmaceutical industry [19]. This is not only
manifested by joined projects between institutes and industry, but, moreover, by
first microreaction systems which are currently under commercial investigation
in industry [19]. A first national conference (with many international contribu-
tions) which dealt with microreactors for chemical and biological applications
was jointly organized by IMM and DECHEMA (the German equivalent of
AIChE) already in 1995 [18].In 1996 a session of the Spring National Meeting of
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the AIChE was related to microreaction systems [8]. The first international con-
tference about microreactors was held in 1997, again under the leadership of
IMM and DECHEMA. Microreactors were selected as a separate topic on the
ACHEMA (June 1997), the German exhibition of chemical technology.

2
Definitions of Microreactors

The term microreactor has actually been used a long time before microtechniques
were applied for microfluidic purposes [20]. Small fixed bed reactors with typical
dimensions in the centimeter range were termed microreactors and used to pro-
be reactions under process conditions similar to those in macroscopic reactors.
These reactors were fabricated by conventional mechanical engineering techni-
ques and are still a powerful tool in chemical engineering, e.g. in fluid catalytic
cracking. Thus, from the very beginning, investigations of miniaturized reactors
were believed to give important data for the control of large-scale processes [21].

Miniaturization of chemical and biological systems started in the last decade
with the development of a number of microanalytical systems. These devices
combine sensors, actuators and microfluidic elements to create micro total
analysis systems (uTAS). The subject has been treated in a series of conferences
held every two years [16, 17]. Main goals were the fabrication of systems which
needed reduced amounts of expensive chemicals due to minijaturization and
integration of several subunits. Further interest concentrated on the favorable
use of surface phenomena for an increase in sensitivity and gain in analysis time
per sample due to parallelization or use of different process regimes. Only two
among a huge number of these devices are mentioned here: the group of N. Rooij
developed biological reactors which were applied in outer space [16]. Miniaturi-
zed micro electrophoresis chips were built by several groups, e.g. by Widmer,
Manz and colleagues [22] and by Mathies [23, 24]. One main effect of chip
miniaturization is the decrease of heat release, the so-called Joule effect, by
enhanced heat flow which led to much shorter analysis times still at a high
resolution due to higher voltages achievable [24].

While a big scientific community has been established for analysis systems
(such as pTAS), the interest in research on synthesis and screening systems is
relatively new and only identified around three years ago [17]. It is still a very
vivid and open circle whose industrial part has significantly increased during
the last two years [19]. Nearly all chemical companies are at present more or less
involved in this development.

Microstructures which are used in this context will be termed microreactors
in the following (a more precise definition is given below and in the next chap-
ters). It should be emphasized that microreactors are not constrained to micros-
copic sizes (nor to minuscule processing rates) as first outlined by Wegeng [8].
His precise definition of microreactors is repeated here:

“Components and systems that exploit engineered structures, surface
features or dimensions that are typically measured in terms of microns
(one millionth of a meter) to hundreds or thousands of microns, and that
may include microelectronic components as an integral part of the system”.
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The most remarkable point of this definition is the conclusion that, in con-
trast to many analytical systems, not all lateral dimensions along the axis of flow
have to be in the um range, but only some of them as much as it is demanded by
the application desired. Actually, in today’s microreactors a number of small
microchannels are often connected to a common large feed stream (principle of
manifolding or partitioning [7]). This combination of very small and large units
requires a high technological flexibility which needs the application of both
microfabrication and precision engineering techniques. The parallelization of
microchannels leads to a high throughput which is needed in synthetical rather
than in analytical applications [8, 25]. Parallelization is often accompanied by a
shortening of the flow axis in order to keep the pressure drop as low as possible,
if this is allowed by the kinetics of the process [8]. Indeed, a micromixer array
developed at IMM utilizes both effects and can be operated at a flow rate of up
to 3 1/h while still maintaining good mixing quality [26]. However, reactions
running at this high speed have to be necessarily fast, otherwise the length of the
miniaturized part has to be increased with the consequence of reduced flow
rates. Having this in mind, three categories of process regimes can be defined
which correspond to different types of microreactors:

1. In the regime of fast single reactions continuous flow systems with relatively
short miniaturized paths will be used.

2. In the regime of slow single reactions semi-batch systems including valves
will be adequate.

3. In the regime of multiple parallel reactions, either fast or slow, semi-batch
systems similar to titer plates have to be developed which are connected to
microdispensing systems and separation/analysis units (Fig. 1).

Microreactor components of types 1 and 3 have been developed in a number
of cases [8]. Those of type 2 have not been realized to our best knowledge. Howe-
ver, future developments will certainly move into this field, since the majority of
reactions, in particular those in liquid media, are of that type.

Microreactors can not only be characterized by the types of reactions and
process regimes they address. In addition, a task definition should be given
which determines the complexity of the systems and, therefore, what kind of
functions are provided (see Fig. 1). The simplest subsystems are microreaction
components which correspond to a single operation. Most often these are unit
operations which e.g. perform mixing, heat exchange, reaction, separation and
others. The majority of present microfluidic structures actually belong to this
group [5]. Since usually more than one (unit) operation is necessary to result in
a net effect, individual microreactor components are mainly used to serve as
demonstration units. Heat transfer coefficients and heat fluxes have been deter-
mined for this purpose, e.g. by temperature measurements of hot and cold sol-
vent streams passing through micro heat exchangers [5]. The quality of mixing
has been analyzed in micromixers by standard reactions which have originally
been developed for the characterization of macroscopic vessels, e.g. neutraliza-
tion reactions yielding a change of color [9, 27] or, much more elaborated, con-
current reactions which are affected by local changes of mixing quality [26].
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Phenomenological Definition of Microreactors

1) Microreactors for fast single reactions Continuous flow systems with relatively
short miniaturized paths
2) Microreactors for long single reactions Semi-batch systems including valves
3) Microreactors for multiple parallel Semi-batch systems similar to titer-plates
reactions, either fast or long connected to microdispensing systems

and separation/analysis units

Functional definition of microreactors

1) Microreaction components Single (unit) operation, e.g. mixing, heat
exchange, reaction, separation
2) Integrated microreaction systems Single reaction with several (unit)
for single reactions operations — System with several
components in fixed sheets
3) Integrated microreaction automats Multiple reaction with several (unit)
for multiple-step reactions operations — System with several

components in flexible sheets

Fig.1. Different types of microreactors: Functional definition of microreactors

However, some of these microreaction components may be successfully applied
for specific purposes, e.g. for the production of colloidal particles whose pre-
cipitation process is sensitive to mixing or for the preparation of emulsions for
cosmetic industry.

In the majority of applications, more complex systems have to be constructed
which will be termed integrated microreaction systems [8, 29]. Here, com-
ponents are assembled to form a complete and complex unit so that macro-
scopic channels are only found at the end and beginning of the whole system,
while fluidic channels in the system show diameters in the pm-range. These
devices can be regarded as microscopic analogues of typical laboratory equip-
ment such as three-necked flasks connected to coolers, distillers and drop fun-
nels. First integrated systems have been realized by PNNL, IMM and DuPont by
a sandwich-type arrangement of microstructured sheets [7, 8,28]. Each of these
integrated systems is especially designed for one single reaction so that the
microstructured units are fixed. Although structural details may be varied by
the exchange of sheets, the reactors are still confined to one purpose. Designs
different from sheet architecture have also been realized, mainly for pTAS appli-
cations. Fiehn proposed a fluidic ISFET microsystem (FIM) based on a planar
integrated system [29]. Also, alternatives with reversibly mounted components
perpendicular to the substrate have been presented [30]. Finally, van den Berg
developed a so-called mixed circuit board (MCB) containing the fluid channels
as well as the electronic circuitry in combination with the silicon-based fluidic
components (modules) [31].

Even more complex systems will be given by integrated microreaction
systems for multiple-step reactions. They will be composed of flexible sheets
which may be divided into classes each representing a homologous series of
components. Thus, similar to the series of flasks with variable sizes of 25, 50,
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100 and 250 ml, micromixer sheets with variable dimensions of lamella and
lengths of mixing zone may be part of such systems. However, this demands a
standardization for interconnection (similar to that for laboratory equipment).

If microreactors, either as components or integrated systems, will run in
parallel as an array, new solutions for feeding or dispensing systems have to be
developed. This is also true for the process control of a large number of product
streams which will be a challenge for realization. Tomorrow’s answers to these
questions will determine which type of microreactor will be favored and will
specify the major applications, either simulation of processes, synthetic pro-
duction or mass screening.

3
Microreactor Components and Integrated Systems

In order to introduce the basic microreactor components this chapter gives an
overview of some important developments which have been achieved in the last
five years, instead of presenting a comprehensive survey of the whole field of
microreactor technology. Different components and their applications are
discussed, also leading to a characterization of their efficiency for synthetic
applications.

3.1
Micropumps and -valves

Micropumps and -valves were the first components to be explored on a large
scale. They were fabricated with or without moving mechanical parts [8]. Active
pumps contain a diaphragm which is actuated by electrostatic, piezoelectric,
electromagnetic or electro-thermopneumatic forces resulting in a constant
volume displacement with each stroke. Although many of these pumps have
been designed for purposes different from those discussed here, e. g. for medical
applications, some of them may be applied as components in microreactors
depending on their flow rate, cycle time and pressure accessible. Wegeng
attributes electro-thermopneumatic actuators with the highest force output and
the capability of extremely short cycle times (from 10~ to 10~ s) [8, 32]. Typical
flow rates published for a number of micropumps are in the range of
10-500 pl/min [33-39]. Higher pump rates were reported for a bi-directional
pump (about 800 pl/min) [40,41]. Still higher rates of 14,000 pl/min were found
for a valveless diffusor-nozzle micropump [42] and an electro-hydrodynamic
(EHD) micropump with 16,000 pl/min [43]. A microvalve delivered by Redwood
Microsystems even withstands a backpressure of 67 bar [8] (Fig. 2).

3.2
Micro Heat Exchangers

Micro heat exchangers were expected to give enhanced heat transfer in chemical
reactions, e.g. in order to control undesired reactions. Wegeng and Ehrfeld attri-
bute the main potential of miniaturized heat exchangers to the minimization of
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Fig. 2. Mold insert in nickel for membrane micropump made by LIGA technique using
multiple irradiation

local temperature changes in case of exo- and endothermic reactions, thus
yielding essentially isothermal conditions [8, 25]. While tube-like micro heat
exchangers have been reported to be applied as components in integrated
systems by IMM [44], planar sheet architectures have been favored in other cases
(8, 45].

For the design of micro heat exchangers, it has to be considered that both heat
and mass transport time-scales are strongly correlated with the characteristic
dimensions of the exchanger according to diffusion theory [8, 9]:

Heat transport: t ~d*/a

Mass transport: t ~d*/D

(t: time-scale, d: channel width,

a:thermal diffusivity of fluid, D: mass diffusivity)

Taking into account typical numbers for a and D, this underlines that the
channel width should be considerably smaller than 1 mm (1000 pm) in order to
achieve short residence times. Actually, heat exchangers of such small dimens-
ions are not completely new, because liquid cooled microchannel heat sinks for
electronic applications allowing heat fluxes of 790 watts/cm* were already
known in 1981 [46]. About 9 years later a 1 cm® cross flow heat exchanger with a
high aspect ratio and channel widths between 80 and 100 pm was fabricated by
KFK [10, 47]. The overall heat transport for this system was reported to be
20 kW. This concept of multiple, parallel channels of short length to obtain small
pressure drops has also been realized by other workers, e.g. by PNNL and IMM.
IMM has reported a counter-current flow heat exchanger with heat transfer
coefficients of up to 2.4 kW/m? K [45] (see Fig. 3).
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Process: Embossing

Material: W

— 300 pm

Process: Electroforming Process: Embossing

|'E1CELR Nickel on copper Mater[al:

\— 300 pm] Heat exchangers + housing '— 500 um |

Fig. 3. Miniaturized plate-type heat exchanger fabricated by LIGA technique and housing.
Structural height: 300 pm, Materials: Nickel on copper, aluminum oxide and aluminum. The
aluminum oxide and aluminum heat exchangers were realized by embossing with embossing
tools. In the first case an embossing tool in nickel on copper was used which was realized by
electroforming. In the second case the embossing tool in stainless steel was fabricated by die
sinking with LIGA electrodes

This number is comparable to that of macroscopic heat exchangers with
fins. PNNL designed similar structures and different ones with pins resul-
ting in a heat transport of up to 100 W/cm? and heat transfer coefficients of
10-35 kW/m? K at low pressure drops of about 0,13-0,20 bar [8, 48]. The
channel widths and depths were varied in a relatively huge range from 50 to
1000 pm and the lengths were in the order of several centimeters. Not only
single-phase flow experiments were performed, but also evaporative and
condensing flow cases have been realized. The high performance of evaporative
micro heat exchangers has also been demonstrated by other authors [49].

3.3
Micromixers

Different types of static mixers have been reported which nearly all use the
principle of multi lamination to achieve fast mixing via diffusion [5, 8, 9, 27, 28,
44, 45]. The flow regime in microreactors is laminar in almost all cases due to
small channel dimensions so that diffusion is the only mechanism which con-
tributes to mixing, while convective segmentation mechanisms as found in the
turbulent regime are absent. An intermediate region with Reynolds numbers
between 2 and 100 exists where inertia forces assist segmentation [9]. Apart
from that, the subdivision of laminar sheets by means of geometric constraints



Microreactors for Chemical Synthesis and Biotechnology — Current Developments 241

(=changes in the dimensions of the microchannels) is the only solution to
achieve mixing in microreactors. This is to be compared with stirring and
creation of turbulent flow which are the most prominent ways to achieve good
mixing in macroreactors. Different concepts have been reported for microreac-
tors, including the direct subdivision of the channel size by splitting [2] the main
stream into a large number of substreams or other indirect means, e.g. multiple
splitting, drilling or bending which are based on a separation-reunification
mechanism [5, 8,9,27, 28,44, 45] (see Fig. 4).

Drilling and bending mechanisms regenerate the original channel geometry
before reunification so that a multiple repetition of the separation step can be
performed. Thereby, the widths of the lamellae are halved in each consecutive
step. In the case of direct subdivision the width of the lamella depends on that of
the channel, although repeating steps may be included, too.

It was pointed out by different authors that these mechanisms allow a mixing
in a time interval considerably shorter than 1 s [4,8,9]. This mixing time t is pro-
portional to d%/D, d being the width of the channel and D the mass diffusivity
[9]. Thus, the reduction of the channel width strongly influences the quality of

Concepts to achieve multilamination

Direct subdivision of a main stream by splitting
o ——

Indirect subdivision of a main stream by multiple

splitting, drilling or bending
—m—

—
o [5) (0]

. v
2] o\ O (3)

Separation-reunification mechanism

Fig. 4. Concepts to achieve multilamination: Direct subdivision by splitting of a main stream
and indirect methods by splitting, drilling or bending based on separation-reunification
mechanisms
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mixing. Channel widths reported for microstructures made by silicon micro-
machining and LIGA technology were in the range of 20 to 50 pm which allow
complete mixing in a time-scale of approximately 100-300 ms. Although this
time-scale seems to be rather short, one has to consider that for velocities of
about 0.1 m/s (which is high, but still typical for reactions in microreactors) an
according channel length results of 10,000-30,000 pm for complete mixing!
This also defines the minimal length of the passage through a heat exchanger in
case of exothermic reactions with heat release after mixing.

These crude estimations determine the distance between mixer and heat
exchanger (if not directly embedded) which should be smaller than about
1000-3000 pm corresponding to 10% of the overall mixing length. This simple
calculation exhibits two important issues of future development work: The
channel dimensions have to be minimized to achieve a better mixing condition.
Mixer and heat exchanger have to be part of an integrated system for effective
mixing in the subsequent heat exchange step. A negative effect of the reduction
of the channel widths is certainly a decrease of the overall flow. This may be
overcome by a parallel arrangement of mixing units in arrays and high aspect
ratios to increase the depth of the channels. These requirements are easily met
applying LIGA technology as well as micro spark erosion techniques. Another
aspect of the so-called vertical lamination of LIGA technology is the lower
pressure drop compared to that of mixers based on horizontal lamination such
as silicon microstructures made by wet etching technologies [9]. The length of
typical silicon mixers ranges between 3000 and 10,000 pm [9, 27], while the

Process: Electroforming

Material: SIS

—— 300 pm
Process: Electroforming Process: Micro spark erosion
' E1CIEIE Nickel on copper Material: REi=LITTHEG 10

Micromixer aray + housing

Fig. 5. Single mixer and micromixer array in nickel on copper fabricated by LIGA technique
and housing. Channel width: 40 pm, Materials: Nickel on copper, silver and titanium diboride.
The silver and nickel-on-copper micromixers were realized by electroforming, the titanium
diboride micromixer was fabricated by die sinking with LIGA electrodes
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length of LIGA type mixers can be less than 300 pm [45] resulting in a higher
throughput (up to 3 1/h compared to 10-600 pl/h). Thus, the field of applications
for LIGA mixers is at present completely different from that of silicon mixers.
The latter were designed for pTAS applications, while the former meet the
requirements of synthetic processes.

Silicon-type mixers using the separation-reunification principle have been
reported by PNNL [8], Danfoss [9] and DMST [27]. Polymeric analogues made
by LIGA technology have been reported by IMM [25] (see Fig. 5).

The quality of these mixers was characterized by ultrafast acid-base reac-
tions which prove a certain degree of mixing by a change of colour indicating a
change of pH [8, 9]. These experiments led to important information for the
feasibility of the systems, but hardly resulted in any quantitative data. Since the
concentration of acids and bases vary in each publication and are sometimes not
reported in detail, the degree of mixing associated with the colour change is
different for each system which limits the comparability of the results. Further-
more, first experiments to disperse gas and liquids as well as immiscible liquids
have been reported [27].

A mixer based on the principle of direct subdivision was fabricated by IMM
[5,45]. This LIGA-type mixer is available as single units as well as mixer arrays

Process scheme

Fig. 6. Test reaction and characterization of mixing in the micromixer array
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with 10 mixing units. The parallelization allows a flux of up to 3 I/h. The LIGA-
type mixer was recently characterized by a modified reaction which was
originally applied for the analysis of mixing in batch macroreactors [26]. Two
concurrent reactions take place: An ultrafast acid-base reaction between an acid
and sodium acetate and a fast redox reaction between iodide and iodate ions
yielding iodine whose concentration can be determined by UV-vis spectro-
scopy. In the case of perfect mixing the ultrafast reaction dominates the fast one
so that no iodine can be observed. Instead, incomplete mixing leads to local
concentration changes of the solutions to be mixed, so that the fast reaction
takes place parallel to the ultrafast one. The concentration of the iodine can
hence be used as a quantitative indicator of the degree of mixing. Experiments
with the micromixer array prove good mixing quality over a huge range of flux
(250-3000 ml/h). The mixing is better than in reference systems, namely stirred
and non-stirred batch macrosystems and T-pieces with a turbulent and laminar
flow regime as analogues for continuous flow macrosystems. The authors expect
for single mixing units even better results, since the reaction is not only sensitive
to local concentration changes, but also to changes which result from distribu-
tion problems of the main stream to the single units which are only present in
an array. (See Fig. 6)

3.4
Microseparators

Microseparation units make use of the enhancement of mass transport between
different phases. PNNL workers reported a microchannel gas-liquid contactor

Fig. 7. Demonstration unit of a membrane module with a dense, thin polymeric membrane
and polymeric microstructured support
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and performed proof-of-principle measurements for the absorption of
ammonia in water at high absorption rates [8]. This allows the integration of
absorber and heat exchange units in integrated systems. The same group devel-
oped a miniaturized solvent extractor in which a large contact area between feed
and solvent is created and rapid mass diffusion is achieved due to the reduction
of channel width. Extractors have also been reported by CRL and IMM. In the
first case the contact area between the two fluids is limited by a partial overlap
of the channels, while in the latter case this area is defined by a separating wall
with microstructured openings. First demonstration units for membrane
modules with dense, thin polymeric membranes on microstructured polymeric
supports have been fabricated by IMM. The individual parts have been inter-
connected by laser welding techniques. These parts and the assembled micro-
system are shown in Fig. 7.

3.5
Micro Reaction Units

Examples of reactor components containing a catalyst are rare at present. Again,
the PNNL group designed a microchannel combustor/evaporator [8]. In a
prototype version the combustion of methane has been demonstrated. The
thermal energy due to the reaction has been removed in the evaporator unit
and heat flow rates of 25 W/cm? have been obtained. Glucose oxidase enzyme
reactors with immobilized enzymes at the microchannel surfaces are another
example of reactors containing heterogeneous catalysts [50], although the appli-
cation field, namely biotechnology, is completely different from that of gas
phase reactions.

3.6
Integrated Microreaction Systems

The development of integrated microreaction systems is only at its very be-
ginning. The general goal so far was the integration of as many components
as possible in a limited number of sheets which are assembled. First systems
made of silicon have been reported by DuPont and were used for chemical
processing of several reactions [7]. IMM fabricated an integrated system utiliz-
ing photoetchable glass whereby static mixers and heat exchangers have
been realized [28]. Recently, an integrated system made from a special alloy has
been fabricated in a close co-operation between BASF, AGIE and IMM [19] (see
Fig. 8).

This system includes several mixing and heat exchange units. A concept for
an integrated, microtechnology-based fuel processor was proposed by PNNL
[8]. As examples for unit operations which may be included in future integrated
systems the same publication mentions reactors for steam reforming and/or
partial oxidation, water—gas shift reactors and preferential oxidation reactors
for carbon monoxide conversions, heat exchangers, membranes or other sepa-
ration components.
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Fig. 8. Integrated microreaction system containing mixing units and heat exchangers:
a Integrated system in photoetchable glass made by photolithography and wet etching.
b Detail of an integrated system in a special alloy made by micro spark erosion (EDM-
grinding)

4
Major Applications of Microreaction Systems

The activities are at present related to two major topics, namely chemical pro-
duction and mass screening [3, 8, 25]. While miniaturization in the first field
focuses on new process regimes due to enhanced heat and mass transfer, the
second field of application results in an increase of reaction and detection units
per reactor volume. Thus, miniaturization - the reduction of characteristic
dimensions - directly influences the process performance in the first case,
while in the last case this is only indirect by an increase in flexibility and
multiplicity.

4.1
Microreactors for Chemical Production

Although there are only few examples of microreactors used for chemical pro-
duction future developments may be subdivided into three classes: First, micro-
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reactors which will be used to simulate large-scale processes, e.g. by providing
new process regimes. Other applications will aim at production by paralleliza-
tion of several units which may be used to realize new processes or the mobile
and flexible production in the frame of existing processes. The latter aim has not
been reached until now. However, first integrated systems have been built for
simulation purposes and investigations of these systems are under way. These
systems enable the investigation of completely new reaction regimes which are
either unrealizable on a macroscopic scale or principally realizable, but not
feasible (due to various technical restrictions in macroscopic reactors), e.g.
safety problems due to strongly exothermic reactions. In addition to process
performance, automation offers an additional advantage of microreactors.
Miniaturized continuous flow systems allow the study of reactions on a very
short time-scale. Thus, their range of accessible process variations will supple-
ment or even exceed that of conventional equipment.

A second field of application may be in the on-site and on-demand pro-
duction [3,8,25]. A number of chemicals, especially those which are explosive or
toxic, can not be efficiently produced at present on a medium or small scale,
although large-scale processes exist. A parallelization of several microreactor
units could synthesize flexible amounts of chemicals and may even allow a
transport of the reaction units if desired.

The exploration of new process regimes is tightly correlated to the task of
chemical production [3, 8, 25]. Microreactors will then not only serve to in-
vestigate processes of macroreactors under “ideal” or otherwise not feasible
conditions, but are expected to partially replace macroreactors for different
applications. An example for a reaction which can hardly be achieved even on a
laboratory scale is the direct fluorination of aromatics.

4.2
Microreactors for Mass Screening

Chemical activities in the field of mass screening are often related to combina-
torial chemistry [51, 52]. One major goal, especially in the field of solid phase
chemistry involving polymers like DNA or peptides, aims at the increase in the
number of compounds per reactor volume and time. Commercially available
microtiter plates are established as reactors in this case whereby robotic feed
systems fit perfectly to their dimensions. A drastic reduction of reaction volume
and increase in number of reaction vessels (“wells”) leads to the so-called nano-
titer plates (e.g. with 3456 wells). Microfabrication methods such as the LIGA
process are ideal means for the cost effective fabrication of nano-titer plates in
polymeric materials by embossing or injection molding techniques so that in-
expensive one-way tools are realized.

A further dramatic increase in the number of wells requires new types of
feeding systems. While many robotic feed systems are still oriented on macro-
scopic analogues, new approaches which are adapted to the microdimensions of
the overall system need to be developed. Further challenges are posed by the
redistribution of volumes smaller than drops and the prevention of significant
evaporation of the solvent. This will again lead to major changes of feed systems
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and calls for wells with high depth, hence for microfabrication techniques with
high aspect ratios. Furthermore, surface effects like adsorption may become
more and more important in this regime.

In addition, fully automated systems have to be constructed which combine
the synthesis of the molecules to be tested and the subsequent screening of these
molecules. Still a few non-automated steps are established in industrial research
due to the absence of suitable tools.

The reduction of sample size calls for an improvement of detection sensitivi-
ty. Optical detection methods have been most commonly applied in most cases.
However, fluorescence detection will still gain more importance due to the
higher sensitivity of this technique. An interesting approach is the combination
of reaction vessels and testing cells. One solution is the incorporation of micro-
lenses below the wells which allow a detection “on-site”. Highly sensitive
methods may be also obtained by the use of miniaturized electrochemical
detection systems.

5
Fabrication Techniques and Materials for Microreaction Systems

None of the existing microfabrication techniques available cover the complete
range of materials which might be of interest in the present case. The choice of
the microfabrication method therefore selects the material to be applied and
determines the range of temperature, pressure or solvents for the application.
Material selection is therefore important when new applications of micro-
reactors are envisaged.

State of the art materials for microreactors are silicon, glass and polymers.
Metals, stainless steel, special alloys or ceramic materials for microfluidic
applications have been recently introduced and will certainly gain much more
attention in the future, if further improvements of the corresponding fabrication
techniques occur. Although polymeric materials are ideal candidates for most
biological applications, their potential for chemical processes will be strongly
related to the finding of chemically inert and thermally stable polymers which
can be injection molded and assembled by suitable techniques. Ceramic
materials have, so far, not been largely used for microfluidic applications. The
development of suitable structuring and assembly techniques, especially those
which allow mass fabrication (e.g. injection molding), is still at its infancy. In
particular, high temperature gas phase reactions will demand ceramic materials
as the only choice for certain processes.

6
Conclusions

The process of wet-chemical etching of single-crystalline silicon was the first
process suitable for the mass fabrication of micromechanical components [53].
Simple geometric structures like grooves, channels or membranes have been
incorporated in microreactor components such as pumps, valves, static mixers
and (most often) analytical devices. Bonding processes, either thermally or
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anodically, allowed the build-up of microreactors with sheets of silicon connec-
ted to silicon or glass layers.

Silicon is undoubtedly the material which has been most often applied for
microfluidic applications, especially in the field of analysis systems. Detailed
information has also been obtained for a number of microreactor components
and some of them are already commercially available. Even more striking, first
experiments with integrated systems have been reported by DuPont [8].
However, silicon components did not find a broad use in industrial applications,
especially in the field of synthetic chemistry. For this purpose, future devel-
opments have to address a broader variety of components than those mentioned
above, including e.g. heat exchangers, extractors and others, and the feasibility
of the fabrication of integrated systems has to be demonstrated in more detail.

Highly anisotropic removal of material is given by dry etching processes
using directed ions from a low pressure plasma or an ion beam generated at high
vacuum. The applicability of dry etching is much less hindered by geometrical
and materials choice restrictions compared to wet chemical etching processes.
In addition, high resolution and high aspect ratios are characteristic features
of this process. The potential of dry etching for the fabrication of microreactors
has not been largely exploited so far, but may gain more importance in the
future.

LIGA and its related techniques are based on a sequence of process steps com-
bining (deep) lithography [3, 54, 55], electroforming [56] and molding [57]. Char-
acteristics of this process allow the possibility of fabricating microstructures with
high precision, high surface quality and high aspect ratios using a wide variety of
materials ranging from metals, metal alloys and ceramics to polymers.

Several polymeric or metallic microreactor components like pumps, static
mixers and heat exchangers have been realized by LIGA- or laser-LIGA-tech-
niques [58]. Feasibility experiments, either internally or in cooperation with
industry, have been already performed or are under way. The fabrication of
integrated systems has not been reported so far. Two major arguments for an
ongoing development of LIGA-type microreactors are inexpensive mass fabri-
cation of polymeric components by injection molding and improvements in the
preparation of ceramic green tapes for tape casting and ceramic powders for
injection molding which will allow to introduce this material for microreactor
applications [59].

Microstructuring of glass can be performed by standard lithographic
methods [23] or by a special variant of this process using wafers made of a
special photosensitive glass (FOTURAN) [60]. Major advantages of glass for
chemical and biochemical microreactors are its material properties such as
chemical and temperature resistance and biocompatibility. Improvements of the
microstructuring of glass have to deal with the modification of assembly
techniques, as leakage problems have been reported for a number of cases. Glass
soldering techniques seem to represent an interesting alternative to the thermal
bonding method.

In addition, standard methods of precision mechanical engineering like
micromilling [61] and micro spark erosion [62] can be applied for fabricating
components of microreactors. In order to achieve low-cost mass fabrication
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these methods can be favorably combined with suitable replication techniques
which also extend the number of applicable materials.

By a combination of micro spark erosion and micromilling a first integrated
microreaction system has been fabricated for BASF [19]. The special alloy used
allows a high thermal and chemical resistance which is important for the pro-
cess investigated. An extension to conductive ceramic materials seems to offer
interesting perspectives for future applications of micro spark erosion tech-
niques. Although precision engineering techniques will hardly allow the
inexpensive mass fabrication as offered by injection molding (LIGA technique),
they still attain a considerable attention for the fabrication of high-quality-low-
number microreaction units.
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