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Summary

In this contribution we discuss two microfluidic platforms that enable the miniaturization, integration and auto-
mation of biochemical assays. The first platform, known as “capillary test stripes’ or also as “lateral flow as-
says’, can be regarded as the gold-standard of today’s point-of-care diagnostics. The second platform, “ centrifu-
gal microfluidics’, is under development in our lab. It allows enhancing the accuracy of assays and enables easy
paralldisation. Both platforms allow to perform a set of microfluidic functions — defined as microfluidic unit op-
erations — which can be easily combined within a well defined and consistent fabrication technology. This way
application specific biochemical assays can be implemented in aflexible and cost-efficient way.

1 The Need for Microfluidic Following these pioneer workings, thousands of re-
Platforms searchers spent alot of time to develop new microflu-
idic components for fluid transport, fluid metering,
The impact of microfluidic technologies in the aca-  fluid mixing, valving, or concentration and separation
demic world has dramatically increased during the  of molecules within miniaturized quantities of fluids
last years. Thisis quite amazing since microfluidicsis ~ Within the last two decades. Today many different
no product a consumer wants to buy itself. Microflu-  types of micropumps have been published [9-12],
idics should be merely considered as atoolbox, which ~ many different types of mixers [13;14], many differ-
is needed to develop innovative new products in the  ent types of microvalves [15] are known and nearly
life sciences. As a consequence, the most important ~ NO standards are defined in terms of interconnections
customer for microfluidic know-how and technologies  €tc. It seems to be the right time to raise the question
is the research community itself, developing new  if we really need more of those components? Due to
products and solutions in such different application  our opinion for exploring the huge potential of differ-
areas as the biotechnology, diagnostics, medical or  ent applications in the lab-on-a-chip field, a compo-
pharmaceutical industry. nent based microfluidic approach is much too sow
and the R&D effort much too expensive. In addition
The history of microfluidics dates back to the early ~ the best performance you can get out of such a* com-
1950s when efforts to dispense small amounts of lig-  ponent oriented solution” will be far behind what you
uids in the nano- and subnanoliter range were made ~ Can get in an “integrated system approach” or with
for providing the basics of today’s ink-jet technology ~ other words a “microfiuidic platform approach”.
[1]. In terms of fluid propulsion within microchannels ~ Therefore we think that the described practice of as-
of submillimeters cross section, the year 1979 set a  Sembling discrete components like valves and pumps,
milestone when a miniaturized gas chromatograph &t least in the field of lab-on-a-chip applications, be-
(GC) was redlized on a silicon wafer [2]. The first  longsto the past and we do not expect that it will con-
high-pressure liquid chromatography (HPLC) column  tinueinthe future.
device, fabricated using Si-Pyrex technology, was
published by Manz et al. [3]. By the end of the 1980s  In our view the research community really needs vali-
the first microvalves [4] and micropumps [5;6] based  dated and easy to operate microfluidic platforms.
on silicon micromachining were also presented. Very similar to the ASIC industry in microelectronics
Within the following years several silicon based ~ Which provides validated elements and processes to
analysis systems have been presented [7;8]. All these ~ make electronic circuitries, a dedicated microfluidic
examples represent microfluidic systems since they  platform comprises a reduced set of validated micro-

enable the precise control of the decreasing fluid vol-  fluidic elements. These elements have to be able to
umes on the one hand and the miniaturization of the ~ perform the basic fluidic unit operations required
size of afluid handling system on the other hand. within a given application area. Such basic fluidic

unit operations are, for example, fluid transport, fluid
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metering, fluid mixing, valving, and separation or
concentration of molecules or particles (see [16]). The
collection of fluidic unit operations needed for diag-
nostic applications may have only little overlap with
the collection needed for pharmaceutical applications
[17] or for applications in micro-reaction technology
[18]. In some cases detection methods will aso be-
long to the basic set of microfluidic operations, and in
other cases not. Nevertheless in all cases the user of a
platform has to be able to readily combine the ele-
ments within a given platform in order to implement
an assay for diagnostic applications or to screen for
new compounds in pharmaceutical applications.

microfluidic
unit operations

fabrication technology

fluid transport validated manufacturing

fluid valving technology for the whole
fluid mixing set of fluidic unit opera-
separation tions (prototyping and

concentration / mass fabrication)

amplification /

accumulation seamless integration of
detection / readout | different elements
reagent storage _
incubation preferablein a
monolithic way
or by acheap and
simple packaging
technique
Table 1

Common features of microfluidic platforms.

More important than providing a totally complete set
of fluidic unit operations within a platform is the fact
that all elements have to be amenable to a well estab-
lished fabrication technology. Furthermore al ele-
ments of a platform have to be connectible, idedly in
a monolithically integrated way or at least by a well
defined, ready-to-use interconnection and packaging
process. If a platform alows a seamless and simple
integration of different fluidic elements in a mono-
lithic way, e.g. without sophisticated additional pack-
aging techniques, this provides a significant advan-
tage compared to other platforms. Thus speaking
about microfluidic platformsinvolves also at least one
validated fabrication technology to realize complete
systems out of the elements. This results in a defini-
tion of amicrofluidic platform as follows.

A microfluidic platform provides a set of fluidic
unit operations, which are designed for easy com-
bination within a well defined (and low cost) fabri-
cation technology. The platform allows to imple-
ment different application specific systems (assays)
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in an easy and flexible way, based on the same fab-
rication technology.

In this paper we start with reviewing the working
principle of “capillary test stripes’. They define the
state of the art in today’s point-of-care diagnostics
and can be regarded as the gold standard all 1ab-on-a-
chip systems have to compete with. After that we will
discuss the “centrifugal microfluidics’ platform that is
under development in our |ab.

2 Capillary Driven Test Strips

Test strips or “lateral flow assays’ as they are aso
called, are well known in the diagnostic field since the
1960s representing the “ state-of-the-art” with billions
of units that are produced at lowest costs. Although
this can be regarded as the most successful microflu-
idic platform for lab-on-a-chip applications in terms
of the number of commercialized products (e.g. diabe-
tes testing, pregnancy testing, etc.), hardly any publi-
cation from a microfluidic point of view exists. And
this athough the complexity of test strips varies from
asingle fleece for e.g. pH measurement to very com-
plex and partialy aso microstructured configurations
of multiple fleeces that enable the implementation of
more complex tests like immunoassays.

2.1  Unit Operations

The basic principle of the platform is the passive lig-
uid transport via capillary forces within the capillar-
ies of a fleece or a microstructured layer. The liquid
samples are loaded into a start reservoir from where
they penetrate the underlying fleeces. Another
method, especialy applied in patient self-testing ap-
plications is the direct capillary filling of the strip
from the sampling point. For blood diagnostic assays
for example, the test strip is directly contacted with
the blood spilled out of the finger tip that has been
locally pricked with a lancet before. Within these test
strips, the whole blood sample is first filtered in a
separation fleece holding back the blood cells [19] as
depicted in the exemplary immunoassay test strip in
Figure 1. The separation fleece is placed directly un-
derneath the start reservoir into which the blood sam-
pleisapplied.

start reservoir blood sample  transport zone  read-out window  plastic housing
/

actuation fleece

W )
detection zone for
three different markers

separation fleece  reaction fleece

Figurel Simplified cross section of atypical capil-
lary driven immunoassay test strip.
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Typically, reagent storage is done in terms of dried
reagents that have been pre-deposited into the fleeces
during fabrication. Dissolving of these reagents is
done by incubating the liquid in a reaction fleece.
Therefore, different zones within the test strip, exhib-
iting different wetting properties are required. The dry
reagent is placed in a microchamber featuring e.g. a
pillar structure and a low contact angle for fast prim-
ing. The propagation of the liquid meniscus is slowed
down as soon as it reaches the subsequent “time gate”
with an increased contact angle and consequently a
reduced capillary force. The time for the dissolution
of the dry reagent is set by the length of the time gate
and ends as soon as the liquid reaches the next zone
featuring a decreased contact angle, speeding up the
flow again.

Metering of liquids is an important unit operation for
quantitative assays. Within a test strip, metering is
done by the defined volumes of the fleeces and micro-
structures. The liquid flow stops automaticaly, as
soon as the actuation fleece (Figure 1) is fully wetted
with liquid. This way the amount of liquid that has
passed the detection zone is well defined. In order to
have an optimum sensitivity however, a maximum
volume of labelled sample should pass the detection
zone. Therefore, the capillarity of the input zone
(separation and labelling fleece) should be lower than
the capillarity of the actuation fleece ensuring a com-
plete drainage of the sample into the actuation fleece
before the liquid propulsion terminates. The only
thing that has to be ensured isthat the start reservoir is
initialy filled with enough sample liquid, i.e. the vol-
ume of the complete test strip, to ensure the proper
function.

The results from a test strip assay are mostly readout
by optical markers. Since the concentration of those
molecules within the sample liquid is potentially
small, they have to be accumulated within the detec-
tion zone. The sample volume passes the detection
zone with an adequate flow rate, ensuring the non-
diffusion limited binding of the marked sample mole-
cules to the immobilized capture molecules in the de-
tection zone. A remarkable signal is gained after a
multiple of the detection zone volume has passed the
immobilized molecules. Besides fluorescent markers,
which require a test strip reader with some optical
components, the reading of assay results with the na-
ked eye is also possible. Thisis of interest for all gp-
plications, where a cheap and fast readout is required.
A manual readable signal is produced by binding
small gold or latex particles to the detection molecule,
which accumulate at the detection zone and color it.
However, only clear and binary signal generating as-
says such as pregnancy tests are capable for the man-
ual readout. Some assays are also readout using elec-
trochemical mechanisms. The glucose concentration
of a blood sample is determined by measuring the
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electrical charge generated during the enzymatical
oxidation of glucose to gluconic acid for example.
The test strip reader applies and external electric po-
tential and measures the current which is a function of
the generated numbers of electrons.

2.2 Application Examples

A huge amount of assays have been developed on the
capillary test strip platform during the past forty years
and are mainly published in clinical diagnostics and
immunological journas. Here, the reader shall only be
sensitized to not loose sight of this gold-standard mi-
crofluidic platform in terms of costs and already im-
plemented |ab-on-a-chip applications.

Severa applications based on the test strip platform,
especialy for developing countries have been shown
recently [20]. Especialy pure disposable test carrier,
that do not need any electricity for carrying out the
test and can be readout visualy are predestinated for
this field of application. Rapid immunochroma-
tographic strip (ICS) tests for sexually transmitted in-
fections like gonorrhea and syphilis have been suc-
cessfully implemented on the test strip platform. Also
test strips for the detection of Legionella bacteria
from environmental cooling tower samples substitut-
ing the need of running an agarose gel after the stan-
dard PCR have been shown [21]. The multiplex-
nested PCR is performed within a standard thermal
cycler and the results are subsequently readout in a
lateral flow assay via colloidal gold labeling and vis-
ual inspection. This makes the complex and error-
prone readout via running an agarose gel obsolete.

2.3  Strength and Challenges of the
Platform

The possibility to perform an automated on-site mea-
surement, using a cheap and small disposable test
strip, combined with the simple actuation principle
that does not need any energy supply, gives the plat-
form a huge potential for point-of-care and patient
self-testing applications. No external energy is re-
quired which opens up a wide field of applications
especialy for simple binary tests but also more com-
plex immunoassay protocols have been implemented
recently. Thus, the test strip platform is setting a
benchmark in terms of costs and integrated, auto-
mated assay implementation.

Drawbacks of the platform certainly arise from its
simplicity. Assay protocols within capillary driven
systems follow a fixed process scheme, imprinted in
the microfluidic channel design. Passive liquid pro-
pulsion by capillary forces only can not be influenced
actively, once the process is started. As a consequence
the exact timing of assay steps depends on variations
on viscosity and surface tension of the sample. Other
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crucial unit operations are metering and incubation
whose accuracy is limited, and mixing which cannot
be accelerated on the test strip platform. Therefore the
precision of the assay result for example is in the or-
der of 10 % which is not always sufficient for the fu-
ture challenges in the implementation of more com-

plex diagnostic assays.

A further critical point is the long term stability of the
wetting properties inside the fleeces or microstruc-
tures. Usudly, the materials are plasma treated or
coated by an additional layer to ensure the desired
contact angle and thus wetting behaviors. These coat-
ings or surface activations have to be stable at differ-
ent temperatures and over a long period of time as
they define the test strip life time.

3. Centrifugal Microfluidics
The approach of using centrifugal forces to process
samples and reagents dates back to the end of the
1960s [22;23]. At that time, centrifugal analyzers ha-
ve first been used to transfer and mix a series of sam-
ples and reagents in the volume range from 1 pL up to
110 yL into several cuvettes followed by spectromet-
ric monitoring of reactions and real -time data process-
ing. In the beginning of the 1990s, the company
Abaxis [24] developed the portable clinical chemistry
analyzer [25;26]. The system consists of a plastic dis-
posable rotor for processing the specimen, dried re-
agents pre-loaded to the cartridge and an analyzer in-
strument for actuation and readout.

A next generation of centrifugal devices emerged
from the technical capabilities offered by microfabri-
cation and microfluidic technologies [27-30]. Length
scales of the fluidic structures in the range of a few
hundred micrometers allow parallel processing of up
to hundred units assembled on a disk. This enables a
high throughput of many tests by highly parald and
automated liquid handling. In addition, the new op-
portunities arising from the miniaturization of the cen-
trifugal fluidics cut down assay volumes to less than
1pL. In particular fields such as drug screening
where precious samples are analyzed benefit from the
low assay volumes. A review on the theory and appli-
cations on the centrifugal microfluidic platform has
been published recently [31].

3.1  Unit Operations

Liquid transport is initiated by the radial outwards
directed centrifugal force f,, which can be scaled over
a wide range by the frequency of rotation w together
with the flow resistance of the fluidic channels. Small
flow rates in the order of nL/s as well as high
throughput continuous flows up to 1 mL /s [32] can
be generated. So scaling of flow rates over 6 orders of
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magnitude and independent from the chemical com-
position, ionic strength, conductivity or pH value of
the liquid can be accomplished opening a wide field
of possible applications.

Liquid valves can be redlized by three different micro-
fluidic structures on the centrifugal platform, as de-
picted in Figure2. A very simple valve arises at the
sudden expansion of amicrofluidic channel e.g. into a
bigger reservoir. The valving mechanism of this capil-
lary valve is based on the energy barrier for the pro-
ceeding of the meniscus which is pinned at the sharp
corner. This barrier can be overcome under rotation
due to the centrifugal pressure load of the overlying
liquid plug [28]. For a given liquid plug position and
length, i.e. for a given set of geometric parameters,
the valve can be influenced by the frequency of rota-
tion only and a critical burst frequency w, can be a-
tributed to every valve structure. Another possibility
to stop the liquid flow within a channel is the locally
hydrophobic coating of the channel walls (Figure2,
B). Also this valve is opened as soon as the rotational
frequency exceeds the critical burst frequency we. A
third method is based on a hydrophilic U-shaped sy-
phon channel, wherein the two liquid-gas interfaces
are leveraged at high frequencies of rotation
(Figure 2, C). Bdow a critical frequency w, however,
the right meniscus proceeds beyond the bend, thus
generating a net radia length allowing the centrifugal
force to drain the complete liquid from the syphon.
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Figure2 Principa centrifuga approach and sche-
matic sketch of the three valving techniques on the
centrifugal platform. (A) Geometric capillary valve,
(B) hydrophobic valve and (C) hydrophilic syphon
valve.

An alternative approach for the control of liquid flows
on the centrifugal platform is followed by the com-
pany Spin-X technologies, Switzerland [33]. A laser
beam individually opens fluidic interconnects be-
tween different channel layers on a plastic substrate
(Virtual Laser Valve, VLV). This enables an online
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control of the liquid handling process on the rotating
module for adjusting metered volumes and incubation
times within a wide range. Due to that, the Spin-X
platform works with a standardized fluidic cartridge
that is not custom made for each specific gpplication,
but can be programmed right before the measurement
or even online during a running process.

Combining one of the above mentioned valve princ-
ples at the outer end of a chamber and an overflow
channel at the inner end results in a metering structure
[34]. The metered liquid portion is directly set by the
volume capacity of the chamber. Due to the high pre-
cision of micro-fabrication technologies, small coeffi-
cients of variations (standard deviation / mean value),
e.g. aCV < 5% for a volume of 300 nL [35] and also
metered volumes of 5 nanoliters only have been a
chieved [36]. By arranging several metering structures
interconnected via an appropriate distribution chan-
nel, ssimple aliquotting structures can be realized [37].
These structures split a sample into several defined
volumes enabling the conduction of several assays
(with different volumes) from the same samplein par-
alel.

Different mixing schemes have been proposed on the
centrifugal platform. Considering mixing of continu-
ous liquid flows within a radial directed rotating
channel, the perpendicular directed Coriolis force au-
tomatically generates a transversa liquid flow
[32;38;39]. A continuous centrifugal micromixer, util-
izing the Coriolis stirring effect showed an increasing
mixing quality towards very high volume throughputs
of up to 1 mL /s per channel [32]. Besides the mix-
ing of continuous liquid flows, also the homogeniza-
tion of discrete and small liquid volumes located in
chambers is of importance especialy when analyzing
small sample volumes (batch mode mixing). One pos-
sihility to enhance the mixing is the active agitation of
the liquid within a mixing chamber by inertia related
shear forces, induced by a fast change of the sense of
rotation (shake-mode-mixing) [34]. This method leads
to reduced mixing times in the order of several sec-
onds compared to several minutes for pure diffusion
based mixing. A further downscaling of mixing times
below one second using magnetic microparticles, lo-
cated in the mixing chamber has also been demon-
strated [40].

For routing (switching) of liquids, a switch availing
the transversal Coriolis force to guide liquid flows be-
tween two outlets at the branching of an inverse Y-
shaped channel has been presented [41]. Depending
on the sense of rotation, the Coriolis force is ether
directed to the left or to the right, guiding the liquid
stream into one of two downstream reservoirs at the
branching. An improved version of Coriolis based
switching operates on individual droplets and enables
switching of small flow rates of 160 nL/s only at low
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frequencies down to a few Hz [42]. Another method
for liquid-routing based on different wetting proper-
ties of the continuative channels has been reported by
Gyros AB, Sweden [43]. The liquid stream isinitialy
guided towards a radial channel, exhibiting a hydro-
phobic patch at the beginning. Therefore, the liquid is
deflected into another, not hydrophobic channel next
to the radial one. For high frequencies of rotation, the
approaching liquid possesses enough energy to over-
come the hydrophobic patch and is therefore routed
into the radial channel [44].

The extraction of plasma from a blood sample (sepa-
ration) is the prevalent first step within a complete
andytical protocol starting from an untreated whole
blood sample. Since blood plasma is less dense than
the white and red blood cells it can be found in the
upper phase the so called supernatant after sedimenta-
tion in the artificial gravity field under rotation. The
gpatia extraction of the gained plasma from the cellu-
lar pellet can be done via a capillary extraction chan-
nel that branches from the sedimentation chamber at a
radial position where only plasma is expected [26].
Another method uses a pre-separation of the cellular
and plasma phase during the sample flow through an
azimuthal aligned channel of just 300 um radial width
[45]. The obtained plasma fraction is thereafter split
from the cellular components by a decanting process.
This centrifugal flow separation technique extracts
2 uL of plasmafrom a5puL raw blood sample within
20 sonly.

3.2  Application Examples

Madou et al. from the University of California, Irvine
showed a series of capillary valves to perform en-
zyme-linked immunosorbent assays (ELISAS) on the
centrifugal platform [46]. The different assay liquids
are contained in reservoirs connected via valves of
different burst frequency to the reaction chamber. The
capillary valves are opened subsequently by increas-
ing the frequency of rotation. It could be shown that
the centrifugally conducted assay has the same per-
formance in terms of detection range as the conven-
tional method on the 96-wellplate, while having ad-
vantages over the conventional method such as less
reagent consumption and shorter assay time.

Gyros AB, Sweden [43] uses a flow-through sand-
wich immunoassay at nanoliter scale to quantify pro-
teins within the Gyrolab™ Workstation. Therefore, a
column of pre-packed and streptavidin coated micro-
particles is integrated in each of in total 112 identical
assay units on the microfluidic disk. Each unit has an
individual sample inlet and a volume definition
chamber that leads to an overflow channel. Defined
volumes (200 nL) of samples and reagents can be ap-
plied to the pre-packed particle column. The laser in-
duced fluorescent (LIF) detector is incorporated into
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the Gyrolab™ Workstation. Using that technology,
multiple immunoassays have been carried out to de-
termine the imprecision of the assay result. The day-
to-day (total) imprecision (CV) of the immunoassays
on the microfluidic disk are below 20 % [47]. The as-
says were carried out within 50 min., while in com-
parison; the traditional ELISA in a 96-well plate typi-
cally takes afew hours, with sample volumes of a few
hundred microliters.

A fully integrated colorimetric assay for the determi-
nation of the acohol concentration in human whole
blood has been shown on the centrifugal Bio-Disk
platform [35]. After loading the reagents into the re-
agents reservoir, a droplet of untreated human blood
derived from finger tip is loaded into the inlet port of
the microstructure. To enforce rapid mixing within the
reaction chamber, the sense of rotation is frequently
reversed for 10 seconds leading to a homogeneous
mixture (shake-mode mixing). Thereby an enzymatic
reaction is initiated changing the color of the mixture
depending on the alcohol concentration. After sedi-
mentation of the residual blood cells, the absorbance
is monitored in real-time via a laser beam that is re-
flected into the disk plane on integrated V-grooves
[48]. Using this automated assay and readout protocol
the concentration of alcohol in human whole blood
could be determined within 150 s only. The results
were comparable to common point-of-care tests and
required a minute blood volume of just 500 nL.

Also a protein crystallization assay has been demon-
strated on the centrifuga microfluidic platform as de-
picted in Figure 3 [36]. First, a defined volume of the
protein solution is dispensed into the protein inlet and
transported into the crystallization chamber. After-
wards, the preloaded precipitant is metered under ro-
tation and transferred into the crystallization chamber
as soon as the hydrophobic valve breaks. In the last
step, the preloaded ail is released at a till higher fre-
guency and placed on top of the liquid stack within
the crystallization chamber, to prevent evaporation.
The successful crystallization of proteinase K and ca-
talase could be demonstrated.

3.3  Strength and Challenges of the
Platform

The modular setup of the system with cheap, dispos-
able and easy exchangeable plastic cartridges is cer-
tainly one magjor advantage of the centrifugal micro-
fluidic platform. The cost efficient fabrication pre-
dominantly originates in the simple and passive
microfluidic elements that can be easily combined in
amonolithic way within the same fabrication process.
Those elements allow implementing all needed unit
operations to perform complex assay protocols in an
automated way. Due to the rotational symmetry of the
disks, optionally a high degree of paralelization can
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be achieved. All processes are controlled by the fre-
guency of rotation of one single macroscopic rotary
engine In addition the centrifugal microfluidic plat-
form can be easily applied to awide range of different
applications due to the fact that it alows scaling of
the pulse-free flow rates by 6 orders of magnitude.
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Figure 3 Microfluidic redization of afreeinterface
diffusion (FID) protein crystallization assay, based on
the centrifugal microfluidic platform (a) [36]. The
three liquids (protein, metered precipitant, oil) are
subsequently transported into the crystallization
chamber triggered by hydrophobic valves. Two ex-
amples of protein crystals are depicted in the middle
(b). The complete microfluidic disk (c) enables up to
100 crystallization experiments in parallel (picture
shows readout in the X-ray beamline).

As soon as any additional actuation or sensing func-
tion is required on the module while rotating, things
however become tricky from atechnical point of view
if acontact free interfacing is not applicable. The plat-
form aso lacks of flexibility compared to others that
alow online programming of fluidic networks within
one piece of hardware that fits al. Most of the logic
functions as well as their critical frequencies are per-
manently imprinted into the channel network.

4. Conclusions

The two examples of microfluidic platforms given in
the previous sections show that the platform idea has
already been taken up by many groups within the mi-
crofluidics community. They do not only work on in-
dividual components fabricated in diverse technolo-
gies, but above al focus on the combination of vali-
dated fluidic unit operations by simple proved
technologies. This approach alows to design and fab-
ricate application specific systems easily and will lead
to a paradigm shift from a component based research
to a system oriented approach. The platforms will d-
low the microfluidics community to leave today’s de-
vice oriented research in order to face the next chd-
lenge: the flexible and cost efficient design of hun-
dreds to thousands of different applications that might
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be accessible by using the full potentia of microflu-
idic platforms without starting always from scratch.

A good indicator for the growing interest in microflu-
idic platform technologies can be also seen in the re-
markable number of spin-off companies that arose
during the last years trying to commerciaize lab-on-a-
chip products based on microfluidic platform con-
cepts. Some of them have been mentioned within this
review paper, but there are much more in business d-
ready [49] or will pop up in the near future.
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