
For nucleic acid purification from lysed whole blood via a
bind-wash-elute protocol, the so-called ••Boom chemistry••,129 a
centrifugal microfluidic cyclic olefin copolymer cartridge with
on-board liquid reagent prestorage was presented by Ho�mann
et al. (Fig. 10a). As the solid phase for DNA purification, silica
membranes from commercially available QIAGEN spin columns
were integrated into the cartridge. During processing, the pre-lysed
sample and binding bu�er mixture first passed through the silica
membranes to capture the DNA. This was followed by a washing
bu�er. Finally, an elution bu�er was supplied to elute the purified
DNA from the membrane. An integrated Coriolis switch 92,169 was
used to separate the waste (lysed sample and washing bu�ers) and
elution bu�er containing the purified DNA. 24 A similar system was
presented by Müller et al., which was designed to be operated in
a standard laboratory centrifuge.96 In this work, the Coriolis
switch was replaced by a switch for unidirectional rotation
because the centrifuge only supports one direction of rotation.
Neither approach integrated lysis of the blood.

A microscope slide-shaped microchip for RNA purification
from low volumes (5 mL) of virus lysates via a bind-wash-elute

chemistry was reported by Park et al. A sol…gel matrix in a
microfluidically patterned PDMS layer was used as a solid
phase for the separation of RNA from the lysate (Fig. 10b). A
lysed sample premixed with ethanol for binding, washing
buffer, and elution buffer were added to microfluidic reservoirs
prior to rotation and sequentially released using the differences
in the flow resistances of the connecting channels. 131 In a later
work, the sol…gel solid phase was replaced by a column of
tetraethoxy orthosilicate (TEOS)-activated glass beads contained
in a zig-zag-shaped microfluidic channel. Here, capillary valves
between the washing buffer reservoirs and the zig-zag channel
and a capillary siphon between the elution buffer reservoir and
the zig-zag channel were exploited for the sequential release of
the reagents to the glass bead bed.130 In both approaches, lysis
of the virus samples was conducted off chip. Although all the
reagents could be added to the chips at the beginning, the waste
(washing buffer and lysate) had to be removed manually from
the capture chamber during processing.

The purification of DNA from lysate samples with silica-coated
magnetic beads was demonstrated using integrated-gas-phase

Fig. 10 Centrifugal microfluidic process chains for nucleic acid purification and extraction. (a) DNA purification from lysed whole blood via integrated
silica matrix ‘‘d’’ with onboard liquid reagent prestorage ‘‘a.’’ An integrated Coriolis switch ‘‘e’’ is used to direct purified DNA and waste to different
microfluidic chambers ‘‘f’’ and ‘‘g’’,24 (reproduced with permission from The Royal Society of Chemistry.) (b) RNA purification from virus lysates via sol–gel
matrix.131 (Reproduced with permission from The Royal Society of Chemistry), and (c) DNA extraction in LabTube via integrated silica matrix.36

(Reproduced with permission from The Royal Society of Chemistry.)

Chem Soc Rev Review Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
Ju

ne
 2

01
5.

 D
ow

nl
oa

de
d 

on
 7

/1
7/

20
25

 8
:5

5:
55

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c4cs00371c


transition magnetophoresis (GTM) on a microthermoformed foil
cartridge. Bead transport was a result of the defined positioning of
the foil cartridge in relation to an external stationary permanent
magnet and did not require any human interaction. Initially, beads
bound the DNA from the lysate in a first chamber. After binding,
the beads were automatically transported through an air-gap into a
second chamber containing washing bu�er and finally into a third
chamber with elution bu�er. 138 The modular concatenation of
multiple chambers with di�erent volumes was then applied for
bead-based DNA extraction fromwhole blood, including lysis. 170 In
a later work, this process chain for nucleic acid extraction was
extensively characterized for extractions from logarithmic dilutions
of various target pathogens and sample matrices including
Gram-positive Bacillus subtilis, Gram-negative Escherichia coli,
Rift Valley fever RNA viruses from blood plasma and human
genomic DNA from whole blood. 171

Recently, the LabTube was introduced as a versatile centrifugal
microfluidic platform for bind-wa sh-elute-based DNA extraction
from blood and other samples. 36 Microfluidic and micromechanical
elements are integrated in a centrifuge tube with the outer dimen-
sions of a 50 mL centrifuge tube, as depicted in Fig. 10c. An
integrated centrifugally actuated ball-pen mechanism enables
reagent release and liquid routing . Unit operations for mixing and
separation-based extraction are also integrated. Using LabTube,
extractions of genomic DNA from whole blood were demonstrated
with yields and purities equal to manual reference runs. Sample
addition, the transfer of LabTube into the centrifuge, and the
withdrawal of a standard reaction tube containing the eluate
remained as the only manual steps.

A highly comprehensive approach for pathogen specific DNA
extraction on a centrifugal microfluidic polycarbonate cartridge
was presented by Choet al.89 In this work, target pathogens
were separated from a sample by immunomagnetic separation
using antibody-coated magnetic beads subsequent to disk-
integrated blood plasma separation. Pathogens were thermally
lysed by heating the beads with a laser. Multiple integrated
ferrowax microvalves (LIFM) could be opened or closed by laser
irradiation, thereby defining the fluidic routing.

3.1.2 Nucleic acid amplification and detection. The most
common method for nucleic acid analysis is amplification and
subsequent detection. Amplification can be divided into the
standard method, the polymerase chain-reaction (PCR) that
requires di�erent temperatures, typically between 55 1C and
95 1C, and isothermal methods (such as loop mediated iso-
thermal amplification (LAMP), recombinase polymerase ampli-
fication (RPA), rolling circle amplification (RCA), and helicase
dependent amplification (HDA)). Monitoring the PCR in real-
time allows for the highly sensitive quantification of DNA down
to the single molecule level. Isothermal methods are signifi-
cantly faster and achieve a similar sensitivity, but often have
deficiencies in their quantification capability.

Detection can be achieved using fluorescently labeled probes, by
intercalating fluorescent dyes, after PCR, e.g., by the detection of
the PCR product via gel- or capillary electrophoresis, or by hybri-
dization to immobilized DNA capture probes (DNA microarrays).
Although the application of centrifugal microfluidics for

automating process chains like nucleic acid amplification has
advantages (i.e., a reduced risk of cross contamination because of
the closed systems, homogeneous temperature distribution, and
recondensation of vapor), the interfaces required for thermocycling
and optical readout remain technic ally challenging. In this context,
the review of the amplification and detection methods is structured
as follows. First, centrifugal microfluidic systems that only integrate
the amplification process chain are reviewed. Then, systems with
additionally integrated unit operations for detection are reviewed.
These systems are compared by the degree of multiplexing (i.e., the
ability to simultaneously detect d i�erent target nucleic acids),
sensitivity, and time to result (Table 6). At the end of the section,
we review centrifugal microfluidic systems that were exploited for
processing microarrays.

A centrifugal microfluidic cartridge for PCR-based amplifi-
cation has been presented where contact heating and cooling
using three thermoelectric modules was employed for thermo-
cycling (1 module) and in parallel for freezing sub-volumes of
the PCR bu�er in the channel network (2 modules) to ice valves.
These ice valves were integrated to block the connection
channel between the PCR chamber and venting hole and thus
prevent cross contamination through the vent because station-
ary thermocycling was conducted, without rotating the disk. 90

Jung et al. developed a PDMS/glass cartridge for the reverse
transcriptase PCR detection of viral RNA. The microfluidic
cartridge was serially rotated over three temperature blocks at
di�erent temperatures for denaturation, annealing, and exten-
sion.172 In both approaches, the detection of the generated PCR
product had to be conducted o�-disk using gel electrophor-
esis90 or microcapillary electrophoresis. 172

Further applications have been demonstrated using centri-
fugal forces to force a bacterial sample through 24 zig-zag
shaped channels integrated into a centrifugal microfluidic
PDMS cartridge. Single bacterial cells from the sample were
distributed into multiple 1.5 nL microchambers connected
to each zig-zag channel. For the thermal lysis of the cells and
PCR-based amplification, the cartridge was placed on a custom-
made thermocycling system for contact heating. After PCR, the
fluorescence intensity was measured by placing the cartridge
into an image analyzer.173

Digital PCR on centrifugal microfluidic cartridges was pre-
sented by Sundberget al. By spinning the disk, a PCR mixture
that included plasmid DNA was forced through a spiral channel
and aliquoted into one thousand 33 nL amplification wells
(Fig. 11a). Afterward, the PCR mixture aliquots in the wells were
separated by forcing mineral oil through the spiral channel. An
air-mediated temperature setting for thermocycling allowed
PCR cycle times of 33 seconds.101 The proposed digital PCR
platform has been commercialized and distributed by Espira
Inc.174

Centrifugal microfluidic cartridges have been exploited for
the real-time PCR-based genotyping of methicillin-resistant
Staphylococcus aureus (MRSA).38 Cartridges were fabricated
from thin polymer foils using microthermoforming 175 to allow
fast, air-mediated, heat transfer (Fig. 11b). An integrated unit
operation for two-step aliquoting made it possible to divide and
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fluidically separate an initial volume of PCR mastermix into eight
aliquots of 10 mL each. The aliquots were then transferred into a
separate amplification chamber harboring a set of dryly prestored
primers and probes. Thereby, ••geometric•• multiplexing was
achieved. Up to four separate DNAsamples could be analyzed per
cartridge.38 To increase the sensitivity, an advanced version of the
aforementioned cartridge was presented by the same group, which
included pre-amplification prio r to aliquoting and a downstream
nested PCR. A translation of the integrated functionality into a
schematic description highlighting the implemented process chains
and unit operations is depicted in Fig. 12. As an advantage, the
integration of the pre- and main amplification into the same
cartridge circumvented the risk of cross contamination by sample
handling after pre-amplification. 37

A similar cartridge has been used for isothermal real-time
amplification by recombinase polymerase amplification (RPA).

In this work, a lyophilized polymerase pellet and liquid rehydration
bu�er were prestored on the cartr idge. Thus, only a template DNA
addition was required. The rehydration of the lyophilized poly-
merase pellet was achieved by integrated shake mode mixing
before the RPA mastermix was transferred into an aliquoting
structure via a capillary siphon valve. Up to six samples could be
analyzed per cartridge.26 For multiplex point mutation detection,
an allele-specific PCR has been integrated into centrifugal micro-
fluidic foil disk-segments to allow the independent processing of
up to four samples per run. The automation comprises
the aliquoting of a PCR mastermix into multiple fluidically
separated amplification chambers with dryly prestored primers
and probes, followed by an allele-specific PCR.39 In another
approach, Strohmeier et al. presented a cartridge for the detec-
tion of six common food borne pathogens. This cartridge
included amplification chambers for integrated positive and
negative controls and demonstrated the capability for quanti-
tative real-time PCR by the parallel amplification of integrated
DNA standards.41 As an advantage, all the cartridges and disk
segments could be processed in a modified, commercially
available centrifugal real-time PCR thermocycler for fluidic
processing, amplification, and fluorescence detection, and
did not require additional equipment. Recently, Czilwik et al.
presented a passive microfluidic vapor di�usion barrier to
reduce pressure increase during thermocycling. The applica-
tion of this unit operation was demonstrated for PCR amplifi-
cation and subsequent transport of the amplification product
for further analysis. 176

Recently, Focus Diagnostics and 3M introduced the inte-
grated cycler, a real time PCR cycler, to the market. Up to 96
pre-extracted nucleic acid samples can be pipetted to a uni-
versal single-use disk. Each of the 96 radially inward inlet wells
is directly connected to one of 96 amplification wells located at
the outer rim of the cartridge. Contact heating is employed for
thermocycling. Up to four fluorescence channels are available
in the instrument for real-time detection. In 2012, Focus
Diagnostics• Flu Test for use in combination with the 3M
integrated cycler was approved by the FDA.177 A list of the
relevant patents for the disposable disk and device can be
found on the website.178

In addition to the integration of process chains like those for
nucleic acid amplification and detection, in the past, multiple
centrifugal microfluidic cartridges have been presented for
automating microarray processing.

Penget al. presented a glass disk that was first attached to a
PDMS disk with 96 radial channels. Using centrifugal forces,
DNA probes were then pumped through the channels for
••printing•• radially DNA probe lines on the glass disk. The first
PDMS disk was then peeled o� and replaced by a second PDMS
disk with 96 spiral channels that orthogonally intersected the
96 probe lines. Finally, DNA samples were forced through the
spiral channels and hybridized to the probe lines. Successful
hybridization was detected using a fluorescence scanner.132

This centrifugal microfluidic cartridge for DNA hybridization
with slightly increased channel dimensions was later used by
the same group for the detection of PCR products from the

Fig. 11 Centrifugal microfluidic cartridges for nucleic acid amplification:
(a) cartridge for digital PCR using unit operation for one-step aliquoting to
1000 1 nL amplification wells.101 (Reprinted with permission from the
American Chemical Society.) and (b) Cartridge for pre amplification and
subsequent multiplex real-time PCR-based main amplification, including
integrated two-stage aliquoting into fourteen 10 mL amplification wells.37

(Reproduced with permission from The Royal Society of Chemistry.)

Fig. 12 Schematic interpretation of integrated functionality of Focke
et al.37 Dashed boxes represent process chains, and solid boxes depict
unit operations and the demonstrated implementation (Sup.: sample or
reagent supply; Val.: valving; Mix: mixing; Aliq.: aliquoting; Det.: detection).
Circles illustrate application specific laboratory functionalities that are
controlled by external means.
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microvalves for individual substrate and stop solution supply,
as well as for detection.194 A schematic representation of the
integrated application highlighting the implemented process
chains and unit operations is depicted in Fig. 13.

Recently, new readout concepts were the subject of intensified
research. A cartridge featuring flow-enhanced electrochemical
detection under rotation was shown by Kim et al. This measuring
method featured an adjustable sensitivity (LOD values of 21.3, 4.9,
and 84.5 pg mL�1 for stagnant, flow, and reference, respectively)
due to its demonstrated dependency on the flow rate. Flow control
was realized by integrated active ferrowax microvalves. The target
biomarkers for cardiovascular disease (CVD) were indirectly
detected by measuring an electroactive substrate catalyzed by an
enzyme conjugated with the detection Ab. Liquid reagents were
pre-stored on the cartridge prior to sealing. 34

3.2.2 Centrifugal microfluidic systems for other immuno-
assay formats. The Gyrolab Bioa�y t cartridge reported the
massive parallel integration of fluorescence-based immuno-
assays (FIA). Up to 104 immunoassays can be run in parallel
on one cartridge. The principle was presented by Honda et al.71

and commercialized by Gyros AB.197 The parallelization degree
was realized by omitting the integration of reagent reservoirs on
the cartridge, while non-contact reagent addition was realized
by utilizing the Gyrolab Workstation t. Pre-packed bead-
microcolumns acting as a solid phase are microfluidically
connected to individual and mutual inlets, the latter serving
eight FIA structures with common fluids to reduce processing
time. Coating-enhanced capillary filling and hydrophobic valves

allow for sample volumes down to 200 nL. The injection-
molded cartridge was further characterized with respect to
the recovery, precision, and integration of blood plasma separa-
tion. The detection of recombinant human interleukin-1 b
(hIL-1b), hIL-2, and myoglobin for the purpose of determining
the performance characteristics was presented by Inganäs
et al.15 Up to five cartridges can be processed on the Gyrolab
Workstation t in parallel.

Multiplexed FIA for centrifugal microfluidics applying
colored beads as the solid phase was shown earlier by Riegger
et al. Here, the beads were color-encoded with dyes or quantum
dots with theoretical degrees of multiplexing of fifteen and five,
respectively. Prior to fluorescence readout of the detection Ab,
dye and quantum dot beads were identified with 4 90% and
4 80% reliabilities, respectively. The detection was realized
within 15 seconds using a color CCD-camera and software
algorithm. 151 Noroozi et al. demonstrated a cartridge with
decreased assay time due to enhanced Ag…Ab interaction
employing micro-mixing by flow reciprocation. Multiplexing
was achieved by spotting an array of antigens on the surface
of the detection chamber. 106 In both setups, reagents had to be
loaded step-by-step onto the cartridge. Later, the combination
of color-coded multiplexing with beads, captured in V-shaped
cups, was presented by Burgeret al., where reagents had to be
introduced to the cartridge step-by-step.122

A cartridge replacing the conventional washing steps by the
centrifugation of beads through a density medium was presented
by Scha� and Sommer. Sedimentation allowed the multiplexing of
two inflammation biomarkers (interl eukin 6 (IL-6)/C-reactive pro-
tein (CRP)) inside a single channel by separating beads of di�erent
sizes and densities. A theoretical multiplexing degree of 4 15 was
reported. A whole-blood sample (IL-6) could be processed without
the need of plasma separation. Wax valves employing phase change
para�n were integrated into the cartridge for fluidic routing. 88 The
presented work was extended by Koh et al., who showed the
detection of three high priority potential bioterrorism agents
(Fig. 14b).198

An early demonstration of label-free IA on a centrifugal
cartridge was presented by Cho et al.199 Resonant frequency
changes in electromechanical cantilever sensors were used for
the IA readout. The cantilever required drying via centrifuga-
tion prior to readout. Reagents were pre-loaded prior to testing.
Later, a cartridge applying a surface plasmon resonance (SPR)
sensor for label-free detection was reported by Otsukaet al. The
SPR allowed for the real-time measurement of biomolecular
interactions. 154 In this work, the serial fluid transport of all the
required reagents was realized, similar to Lai et al.,59 by the
integration of cascades of capillary valves.

A cartridge applying an injection-molded COC surface-
confined supercritical angle fluorescence (SAF)-chip in a hybrid
assembly for readout was demonstrated by Nwankire et al. The
readout concept allowed simple and cost-e�cient hardware
components. Hybrid assembly via the stacking of di�erent layers
enabled ••3D fluidic flow.•• Serial capillary siphon valving allowed
the sequential release of pre-loaded reagents. All the reagents
had to be adjusted for siphon-priming using Tween s 20.150

Fig. 13 Schematic representation of integrated process chains (dashed
boxes: blood-plasma separation, immunocapture, washing, and analysis)
and corresponding sequence of unit operations (solid boxes: Sup.: supply
of reagents or sample; Sep.: separation; Val.: valving; Det.: detection).194
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quantification of partial thromboplastin time or with a first and
second reagent for quantification of the activated partial
thromboplastin time. 208 Both parameters were quantified via
colorimetric measurements in a microfluidic disk analyser. 209

Typically, clinical chemistry testing involves absorbance-
based measurements such as those applied to determine the
concentrations of glucose149 and alcohol100,203 in whole blood.

Recently, an electrochemical lab-on-a-CD system for whole
blood analysis was introduced.161 This system incorporates
nanoporous electrodes coated with an enzyme layer that trig-
gers the production of H 2O2 in the presence of a specific
analyte. By applying a potential, the concentration of H 2O2

can then be detected electrochemically. The system perfor-
mance was comparable to colorimetric methods for the tested
analytes (glucose, lactate, and uric acid) and could easily be
extended to other enzymatic reactions producing H2O2.

Most of the centrifugal microfluidics systems for clinical
chemistry reported so far have focused on blood samples.
However, a notable exception is a recently presented cartridge
featuring an assay for the determination of N-acetyl-b-D-
glucosaminidase activity from urine. 210 From 15 mL of artificial
urine, 330 nL was metered using two-stage metering with
capillary valves and mixed with 5 mL of a substrate solution.
After 20 min of enzyme reaction, the incubated mixture was
transferred via a second capillary valve to the read-out cavity,
where it was mixed with a stop solution, and readout was
performed using fluorescence detection.

The Abaxis Piccolo Xpress o�ers a range of cartridges with
di�erent lyophilized reagents for a wide variety of whole-blood
and blood-plasma tests, including a lipid panel and an electro-
lyte panel for veterinary and medical diagnostics. All the
cartridges are based on the same microfluidic operations,
making it a perfect example of a platform-based approach.8

Blood plasma is separated from 100 mL of the patient•s blood.
At the same time, a pre-stored diluent is released from a central
container. A defined volume of diluent and blood plasma are
then combined via capillary siphons and mixed using shake-mode
mixing. The mixture is subsequently aliquoted into 21 test cavities
via one-stage aliquoting. Up to 12 test reactions can be monitored
on one cartridge using nine di� erent wavelengths. For online
quality control, multiple cuvettes are used to ensure that the
sample is introduced and the diluent is released properly. 80,211

The Samsung LABGEO A20A system is based on a previously
reported combined immunoassay (see Section 3.2) and bio-
chemical analysis of whole blood.137,212The system reported by
B. S. Leeet al. uses up to 350mL of a patient•s blood for both the
immunoassay and biochemical analysis. Plasma separation,
valving, incubation, washing, mixing, and aliquoting are con-
trolled on the disk using ferrowax valves. In contrast to earlier
published methods, the system generates two di�erent dilu-
tions of blood plasma. According to the authors, this allows for
the integration of a wider range of assays. Read-out is done by
the absorbance at 10 di�erent wavelengths.137 The total
reported analysis time for all the liquid operations was 22 min.

The Roche Cobas b 101 currently o�ers disks for HbA1c and
a complete lipid profile. The required blood volumes are 2 mL
for the HbA1c test and 19 mL for the lipid profile. The analysis
time for each disk is about 6 minutes. A unique feature of the
disks is a sideways lid within the disk plane. This lid covers the
inlet, which can be used to aspirate a patient•s blood directly
from a finger stick onto the disk, thereby eliminating the need
for pipettes or capillaries.

3.3.3 Trends and perspectives in clinical chemistry. With
multiple commercial systems already on the market, centrifu-
gal microfluidics for clinical chemistry analysis is a compara-
tively mature technology. A major advantage of centrifugal
microfluidics for clinical chemistry is the straight forward
automation of blood plasma separations. To date, plasma
separation from whole blood is a well-studied process chain
and is ready to be integrated in fluidic networks with higher
complexity. The recent developments confirm the trends
observed in the development of unit operations, namely the
obviation of surface pre-treatment. The functional extension of
plasma separation to the separation of white blood cells
(WBCs) and circulating tumor cells (CTCs) has already been
realized, and might be of increasing importance in the future.
Regarding other applications in clinical chemistry, recent
trends show potential for future developments in alternate
sample materials (urine,210 stool) and in the integration of
novel read-out methods like electrochemical read-out.161

3.4 Cell handling, separation, and analysis

In the last few years, a growing interest in cell handling
on centrifugal microfluidic platforms could be observed. 213

Starting from cell suspensions with concentrations generally
in the range of 10…103 cells per microliter, researchers have
developed methods to isolate, count, and separate different cell
types. To date, these methods can be categorized into three

Fig. 15 Schematic representation of microfluidic process, including
implemented process chains (dashed boxes; TBIL: total bilirubin; (a)
albumin; (b) g-glutamyltransferase; ALP: alkaline phosphatase; DBIL: direct
bilirubin) and unit operations (solid boxes; Sup.: supply of reagents or
sample; Sep.: separation; Aliq.: aliquoting; Val.: valve; Det.: detection; Mix.:
mixing).206
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was later extended to two-step reactions using a single capillary
valve between two chambers. This cartridge was then used
for simultaneous nitrate and nitrite analyses of up to twelve

samples each.228 To further extend the dynamic range of the
system, Kong et al. included a serial dilution step in the cartridge.
After the first measurement in the first cavity, the sample is pumped
inward using an external pneumatic source. Part of the sample is
metered and mixed with a diluent in a second measurement cavity.
The system can be used for the simultaneous determination of
aqueous sulfide in up to three samples. The included three-
fold dilution allowed for an increase in the dynamic range from
0.4…2.0 mg L�1 to 0.4…6.0 mg L�1.229

To detect trace metals and organic contaminants in drinking
water, the pre-concentration of the contaminants is often
required.230 Lafleur et al. proposed a cartridge for on-site pre-
concentration using solid-phase extraction. This cartridge consisted
of an inlet, a silica gel column, and an overflow reservoir. The
capability of the cartridge was demonstrated for the quantification of
trace metals via inductively coupled pla sma mass spectrometry231

and for organic contaminations via fluorescent excitation using an
external LED.232 The system could be used for the easy handling of
sample material at the point of inte rest and the later analysis of the
cartridge in a laboratory environment. 232

3.5.2 Soil & food analyses. One of the strengths of the
platforms based on centrifugal microfluidics is their ability to
process comparatively complex sample materials. Examples of
such applications are food quality analysis and the analysis of
soil for contaminates.

A cartridge for the liquid…solid extraction of pyrene, an
organic pollutant from soil was presented by Duford et al.233

In this cartridge, three cavities are radially connected via capil-
lary valves. In the first cavity, soil samples are mixed by an
inserted magnet and external magnetic fields. The extraction is
then transferred to the second chamber, where solid particulates
are filtered out via sedimentation. Subsequently, the liquid is
transferred to the third chamber, where the target analyte can be
quantified via UV-absorbance. The same cartridge concept was
later used for the inhibition-based determination of pesticide
residues of carbofuran in both soil and vegetable samples.232

Fig. 18 Schematic of integrated functionality reported by Hwang et al.30 The
dashed boxes represent the process chains: (a) analysis of nitrite, (b) analysis of
silicate, (c) analysis of orthophosphate, and (d) analysis of ammonium. The solid
boxes depict the unit operation and demonstrated implementation (Sup.: sample
or reagent supply; Val.: valving; Mix: mixing; Aliq.: aliquoting; Det.: detec-
tion; Sep.: separation; Rel.: reagent release).

Fig. 17 Embodiments of centrifugal microfluidic cartridges for water analysis. (a) Cartridge for turbidity and pH measurement reported to Czugala et al.
This cartridge includes a filter region for the removal of solid contaminants larger than 86 mm (1), along with a sensing area (2) and sedimentation region
for solid contaminants smaller than 86 mm.117 (Reproduced with permission from The Royal Society of Chemistry.) (b) Cartridge for measurement of
nutrients in water.30 Five different reactions can be performed in parallel using a single sample. (Reproduced with permission of the American Chemical
Society.)
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automation of a particular laboratory process step, or multiple
process chains can be combined to realize more complex (bio-
medical) applications. Vice versa, we demonstrated how some of
the recently published applications using centrifugal microflui-
dics for automation are already based on the provided set of unit
operations.

When aiming at the automation of laboratory workflows, the
suitability of using centrifugal microfluidics for the desired
application must first be evaluated. The decision about the
suitability depends (1) on rather general aspects like the overall
feasibility of miniaturization, integration, and parallelization,
but also (2) on assay-specific details like the available volumes
and required assay sensitivity, specificity, yield/e�ciency, and
reproducibility. The manufacturing technologies for cartridges,
which typically need to be disposable, the hybrid integration,
and the need for surface treatments will have large influences
on the price-per-part and need to be cross checked with the
requirements and reimbursement. Equally important are the
specifications of the processing device and required auxiliary
means. Finally, all the involved processing steps must cope
with the application-specific regulations and certifications. The
platform approach, with its well-defined unit operations ( e.g.,
known max/min volume, tolerances, and reproducibility) and
process chains (e.g., known yield, sensitivity, and specificity) of
prior knowledge and art, plays a key role in a cost- and time-
e�cient layout and design.

The above outlined features are valid for all microfluidic
platforms. Nonetheless, we conclude that the specific advan-
tages of centrifugal microfluidics are evident. The single pro-
pulsion mechanism of the rotating frame enables the
standardization of unit operations with minimum waste of
sample and reagent volumes. Volume forces can be adjusted
by rotation which enables the e�cient removal of any disturb-
ing bubbles and the separation of residual volumes from
channels, chambers and sensor matrixes. For sample prepara-
tion, the density based separation is inherently available, for
example for blood plasma separation. Sample supply is parti-
cularly simple: the sample is applied to an inlet cavity and
transported further by centrifugation. Hence, the known cross-
contamination from systems that need to be connected by a
pump is avoided.

Until today, high throughput analysis systems based on
centrifugal microfluidics have been realized for clinical chem-
istry and immunoassays. Gyros, for example, demonstrated the
generation of 112 immunoassay data points per cartridge in
less than one hour.197 Di�erent Gyrolab CDs comprise the
same or very similar centrifugal microfluidic operations such
as hydrophobic patch valves, overflow metering and the inte-
gration of same sized a�nity columns, supporting the idea
of using validated unit operations and process chains for
e�cient product development. For nucleic acid analysis, how-
ever, a remaining challenge is the limited number of individual
samples that are processed in a given timeframe and a high-
throughput nucleic acid analysis system for centrifugal micro-
fluidics has not yet been presented, but might be addressed in
future work.

Lately, the storage of pneumatic energy for liquid routing
has enabled the monolithic integration of increasingly complex
assays, which is a clear trend in centrifugal microfluidics. In
this context, the overall system integration, including all
aspects of the automation of laboratory workflows, still requires
research. For immunoassays and clinical chemistry applica-
tions for example, Roche (cobas 101b) and Abaxis (Picolo
Xpress) presented fully integrated concepts for the automated
pre-storage and release of reagents. For nucleic acid applica-
tions however, the cost-e�cient mass production of the dis-
posables, including the onboard long-term storage and
automated release of reagents, is still a major problem to be
solved. Special care must be taken in relation to the properties
of the di�erent polymers used. The vapor permeability of the
substrate material may cause liquid loss during storage, and
the undesired adsorption of target molecules may occur during
processing.

These are just a few examples where further research and
development is needed. As a consequence, we foresee major
research activity in the field of overall system integration,
manufacturing, packaging, and parallelization.

Another approach, aiming at a lower market entry barrier, is
the concept of using microfluidics as an ••App••,191 i.e., using
already existing laboratory instruments for processing, and
thus minimizing the need for high initial investments for
processing devices. Microfluidic Apps have successfully been
demonstrated for sample preparation in nucleic acid analysis 36,181

and for the automated generation of dilution series. 253 Both Apps
are operated on standard laboratory centrifuges. Other examples
have demonstrated multiplexed PCR on di�erent targets on a
centrifugal microfluidic cartridge that can be operated in a com-
mercially available PCR thermocycler.254
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