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Abstract
Collection, selection, amplification and detection of minimal amounts of biological samples became part of 

everyday life in medical and biological laboratories. The goal of the lab-on-a-chip technology is to automate standard 
laboratory processes and to analyze smallest samples reproducibly and reliably in a miniaturized format. Until now, 
however, microfluidic devices are not yet standardized equipment found in biologists' toolboxes. Just one of the 
obstacles is the difficulty of producing them. We review various approaches for lab-on-chip systems reported in the 
literature but focus on our own system, based on surface acoustic wave (SAW) actuation. Finally, we present a freely 
programmable planar chip system actuated by this operating principle and show that it has several advantages over 
‘conventional’ microfluidic channel systems. Apart from avoiding the notorious problems of clogging, large pressure 
drops, and large surface area, our approach minimizes the risk of contamination and loss of analyte. Entering point-
of-care diagnosis, the necessity of single cell analysis is dramatically increasing. To optimize a tumor therapy, for 
example, knowledge of the genetic composition of the heterogenic tumor tissue is essential. Hence, there exists the 
need for a reliable analysis system, which can be easily adapted to altering problems without reduction in reliability 
and reproducibility.

Introduction 
Approximately two decades ago, a handful of researchers began 

discussing an intriguing idea: Could the equipment needed for 
everyday chemistry and biology procedures possibly be shrunk to fit on 
a chip the size of a fingernail? Miniature devices for, say, analyzing DNA 
and proteins should be faster and cheaper than conventional versions. 
Nowadays, the ‘lab-on-a-chip’represents a quite mature and advanced 
technology that integrates a microfluidic system on a microscale device. 
Such a ‘laboratory’ is created by means of channels, mixers, reservoirs, 
diffusion chambers, integrated electrodes, pumps, valves and more. 
The ability to precisely control various parameters such as the choice 
of substrate, flow rate, buffer composition and surface chemistry in 
these micro scale devices, makes them ideal for a broad spectrum of 
cell-biology-based applications. These range from high throughput 
screening of single cells [1] and 3-D scaffolds for tissue engineering 
[2] to complex biochemical assays like polymerase chain reaction PCR
(for a comprehensive review, see [3]), point of care diagnosis [4] and
drug detection [5]. While the industrial approach to complexity has
been to develop elaborate mechanical high throughput workstations,
the technology comes at a price, requiring considerable expense, space
and labor in the form of operator training and maintenance. For small
laboratories or research institutions, this technology is basically out
of reach. Also, many of the existing solutions are deployable for very
specific purposes or assays, only. Devices consisting of addressable,
maybe programmable micro scale fluidic networks can dramatically
simplify the screening process, providing a compartmentalized
platform for nanoliter aliquots.

General considerations

During the past years, microfluidics, micrometer-scale total 
analysis systems, (µTAS) or so-called ‘lab-on-a-chip (LOC)’ devices 
have revised interest in the scaling laws and dimensionless groups for 
downscaling purposes [6]. The term ‘microfluidic’ refers to the ability 
to manipulate fluids in one or more channels with dimensions of 5–500 

μm [7]. The development of microfluidics already started twenty years 
ago in inkjet printer manufacturing. The ink jet mechanism involves 
very small tubes carrying the ink. Etching technologies adapted from 
semiconductor technology are employed to create channels, tubes 
and chambers in silicon or glass substrates, which can be layered on 
top of one another to result in more complex 2-D and 3-D structures. 
Chip designs can also be stamped, molded or cut into plastic sheets. 
While the earliest reported microscale devices consisted of channels 
etched in solid substrates such as silicon [8], glass [9] and plastic [10], 
micro-electro-mechanical systems (MEMS), fabrication technologies 
have been increasingly applied to fabricate highly sophisticated 
devices from a variety of materials, including soft elastomers such as 
polydimethylsioxane (PDMS) [11] with hundreds of micro channels 
and integrated sensors to measure physiological parameters.

For the actuation of liquids on a solid surface, different approaches 
have been published so far [12]. Some pumping units are not an integral 
part of the chip and must be linked with appropriate tubes or pipes. 
They use, e.g., piezoelectric actuation or mechanically moving parts 
to drive the reagents through the channels. Others take advantage of 
the small dimensions of the microfluidic channel itself [13]. As the 
chemical potentials of the channel walls and the liquid inside may differ 
considerably, a space charge region forms at the interface. A voltage 
applied along the channel induces a flow within this space charge 
region, dragging along the liquid closer to the center of the channel. 
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This electro kinetic effect works efficiently only for narrow channels 
and relatively high voltages. Fluidic motion can also be induced by 
spatially modulating the wetting properties of a substrate. For aqueous 
solutions, this can be achieved by, e.g., patterning the substrate with 
hydrophobic and hydrophilic regions. The techniques used to realize 
such a modulation of the wetting properties include micro-contact 
printing [14], vapor deposition, and photolithography [15]. Aqueous 
solutions prefer to cover the hydrophilic regions and avoid residing 
thereon. A guided flow can be achieved [16] by changing the wetting 
properties over time. For example, illumination can induce a motion 
of liquids as the free energy of the illuminated surface changes locally 
[17]. Other smart pumping mechanisms include peristaltic pumps 
based on thin membranes [18], or polymer films [19] with a controlled 
deformation creating a guided flow along microchannels [20]. More 
than 10.000 papers have been published over the last 10 years on the 
topic of microfluidics but no gold standard for actuation is presented 
so far. A critical review on LOC requirements, characteristics and 
applications is, e.g., given by the Zengerle group [21].

Surface acoustic wave

A surface acoustic wave (SAW) is an acoustic oscillation propagating 
at the surface of a solid. The SAW propagating parameters like, e.g., 
the amplitude typically decays in an exponential fashion with depth. 
SAW were first described in 1887 by Lord Rayleigh, who in his classic 
paper [22] on earthquakes reported on the modes of propagation and 
predicted the properties of such waves. Named for their discoverer, a 
special polarization mode of SAW, the ‘Rayleigh wave’ has a longitudinal 
and a vertical shear component which can couple to a medium in 
contact with the device’s surface. SAW are especially easy to excite on 
piezoelectric substrates, where metal transducers on the surface convert 
an RF electrical signal into the desired mechanical oscillation. Coupling 
to any medium contacting the surface strongly affects the velocity or the 
amplitude of the wave [23]. As SAWs are confined to a thin layer at the 
substrate surface, their propagation crucially depends on the boundary 
conditions at this surface. Both mechanical as well as electrical load of 
the substrate surface significantly influences their propagation. Making 
use of this fact SAW devices can also be employed as sensor elements or 
to measure the dynamic conductivity of thin film devices [24].

Surface acoustic wave based biosensors

SAW sample processing

Apart from the described sensing abilities, SAW can also be used 
as asource of energy and consequent heating in synthetic chemistry or 
protein workflows. Perlmutter and coworkers, for example, presented a 
droplet based micro reactor for synthetic chemistry [32]. By applying 
SAW with frequencies ranging from 1 Mhz to more than 2 GHz they 
could perform chemical reactions like Diels-Alder, Kabachnik-Foelds 
or Baylis-Hillman reaction. These reactions were carried out very fast 
and with high yields and clean products. Also, SAW based assembly 
and accumulation of proteins on supported lipid bilayers was shown 
[33] before. Here, homogenous mixtures of proteins of different size 
are separated into individual fractions and accumulated reversibly into 
spatially and temporally controlled pattern by SAW. SAWs can also be 
used for protein in-gel processing. This was demonstrated by Perlmutter 
and coworkers by using SAW to prepare, rehydrate, in situ digest 
and extract peptides from gel slices [34]. The results showed similar 
coverage and intensity in base peak chromatograms like traditional 
processing. The excellent peptide recoveries, rapid turnover of sample 
and high confidence protein identifications makes them a powerful 
new approach to the manipulation and processing of chemicals and 
peptides.

Actuation by surface acoustic waves

In most conventional microfluidic systems, liquids are confined 
and actuated in closed tubes, trenches or capillaries. Usually, the 
application of such systems is restricted to continuous flow processes. 
To realize the concept of microfluidics in such closed system, some 
major problems need to be overcome. For example, the pressure 
required for actuating the liquid scales with the channel dimension 
[35]. Furthermore, shrinking of liquid handling systems down to the 
micron and submicron size range unavoidably leads into the regime 
of small Reynolds numbers. The fluid dynamics in this regime are 
very different from the macroscale. For example, we are used to seeing 
liquids mix by turbulent flow, as illustrated by the way cream swirls into 
coffee. But such turbulence does not occur in closed channel or tubing 
systems just a few micrometers wide. They are governed by the rules 
of laminar flow or low Reynold’s numbers [36]. The Reynolds number 
(Re) is a dimensionless quantity describing the ratio between viscosity 
and inertia related effects and is defined as

		       Re vlp
η=

Here, v is the fluid velocity, l is the characteristic channel 

A biosensor, in principle, comprises a biochemical recognition 
system and a transducer, transforming the biochemical or biological 
response into a measureable signal [25]. The velocity of a SAW is 
sensitive to changes in the mass load of the active area, the viscosity 
of the material covering the active sensing area and the temperature of 
the surface [23,26]. Atypical SAW based sensor consists of a delay-line, 
assembled by two inter digital transducers (IDT) acting as an electrode 
pair on the piezoelectric substrate. The IDTs translate an electrical 
signal into a polarized transversal wave travelling parallel to the sensing 
surface. The amplitude and phase of the transmitted SAW with respect 
to the incoming one is detected by a second IDT. The differences in 
amplitude and phase are connected to changes in the mass load on the 
sensing area, viscosity, temperature or even conductivity on the surface 
of the sensing substrate [27]. With increasing frequency between 25 and 
500 MHz, the penetration depth decreases, making the changes in the 
surface boundary conditions more important. Considering this effect, it 
turns out that the sensitivity of SAW sensors increases with frequency, 
yielding a sensor highly sensitive for surface interactions as most 
binding events occur in close proximity to the biosensor surface. Based 

on this, and as an example, a dual-delay-line a protein sensor to detect 
immunoglobulin G concentration in the range of 0.7 to 667 nM was 
demonstrated [28]. Another approach highlighting the potential as a 
new diagnostic tool, a SAWimmuno-sensor to detect antigen-antibody 
binding with a sensitivity of 6 pg/mm2 was shown by Welsch and 
colleagues [29]. As biosensing applications very often rely on a detector 
in fluid environments, the out-of-plane elongation of a Rayleigh wave is 
not very convenient as it would lead to an undesired SAW attenuation 
just by viscous losses. Hence, as hear SAW, representing is a horizontally 
polarized shear wave is better suited. It has a high sensitivity for mass 
loading and (di) electrical changes of the surface environment by still 
maintaining the ability to operate in liquids with minimal propagation 
loss [26]. The technology could also be applied to whole cell analysis 
mainly focused on bacteria, bacteriophages and yeast as it was, e.g., 
used to detect E. coli bacteria to a threshold of 106 bacteria/1 ml in 500 
ml test solution [30]. A comprehensive review of various types of SAW 
based sensors and applications can be found in [31].
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dimension, ρ is the fluid density and η is the fluid viscosity. At high 
Reynolds numbers (that is, Re>2000), fluid flow can be turbulent. At 
low Reynolds numbers (that is, Re<2000), fluid flow is mostly laminar.

In micro devices with channel diameter smaller than 1 µm, the flow 
is usually governed by very low Reynolds number conditions (Re<1), 
where turbulence and inertia effects are basically non-existent. Although 
the theoretical description and modelling is simpler in this case (the 
nonlinear Navier Stokes equation under these conditions is replaced 
by the much simpler Stokes equation) mixing, for example, is typically 
only driven and dominated by diffusion. Hence, under these conditions 
diffusion can no longer be neglected for the design of these devices. 
Moreover, forces due to surface tension at liquid/air interfaces become 
dominant and gravity or inertia related effects are totally negligible. As 
the magnitude of the physical effects in the microfluidic world are very 
much different from those at macroscopic scale, fluid-integrated micro 
devices must be designed from first principles, rather than simply by 
miniaturizing macroscopic devices. As a result of this, the power of the 
employed pumping units has to be typically increased while reducing 
the size, which complicates the integration into a complete system. 
Furthermore, when a biological solution is pumped through a narrow 
tube, the risk of reagent loss by adhesion to the wall is large due to the 
unfavorable surface to volume ratio. Other problems arise by small 
channels becoming easily clogged and by surface modification and 
functionalization being difficult to control.

A smart alternative to pumping and electro kinetic principles to 
transport droplets along the surface is surface acoustic wave actuation 
with amplitudes of typical only a few nanometers [24]. The driving 
force behind this interaction and the resulting acoustically driven flow 
is an effect called ‘acoustic streaming [20]. It is a consequence of the 
pressure dependence of the mass density, leading to a non-vanishing 
time average of the acoustically induced pressure. Although acoustic 
streaming has been a well-known effect for a long time in macroscopic, 
classical systems, little attention has been paid to it, so far, in terms of 
miniaturization [37].

		  arcsin liqiuid
R

SAW

υ
υ

Θ =

Anacoustic wave entering the droplet is diffracted under this 
Rayleigh angle ΘR into the fluid, where it generates a longitudinal 

given by the ratio of the sound velocities in the substrate and in the fluid, 
respectively, and can be understood as a consequence of phase matching 
between the SAW and the radiated sound beam in the liquid. Sound 
travelling through a liquid is viscously attenuated along its transmission 
through the medium. If the intensity is high, this attenuation creates 
an acoustic pressure gradient along the propagation of the wave. The 
gradient induces a force in the same direction, which in turn causes a 
flow in the fluid. Such ’mode conversion‘ leads to an exponential decay 
of the SAW along its path on the chip. Experimentally, in this case one 
typically notices a viscous attenuation of about 1dBm per wavelength 
[38].

After the first successful implementation of the SAW streaming at 
surfaces [24] some other groups also picked up on this research. For 
example, very effective actuation of small amounts of liquids in the 
range from 2 nl to 20 µl and propelling a water droplet at 40 mm/sec 
was shown [39]. Moreover, two or more droplets can be merged the 
mixture of these substances is quickly released compared to diffusion 
processes. This is due to the internal mixture in the droplet caused 
by SAW streaming [24]. Furthermore, these acoustic waves in a solid 
lead to pronounced streaming effects in the fluid inducing mixing and 
stirring even at low Reynold’s numbers [40].

The mode of operation of such SAW driven microfluidic applications 
determines their actual use. SAW can either be excited continuously 
or pulsed, at low power levels or at high ones. Two opposing SAWs 
may interfere into a standing wave, where no net flow of the fluid is 
observed but still a very active internal flow (mixing) is generated. 
Perlmutter [32], for example, employed the SAW induced temperature 
increase to trigger drop based chemical reactions. Droplet actuation 
in our system is usually performed in a pulsed mode of operation; 

SAW

IDT

a)

ΘR

b) 3)

substrate

Figure 1: a) A schematic illustration of the interaction between a surface 
acoustic wave (SAW) and a fluidat the surface of the LiNbO3 substrate. The 
SAW is propagating from left to right, impinging the liquid at x=0. A longitudinal 
sound wave is radiated into the fluid under a refraction angle ΘR. b) The 
SAW driven microfluidic lab-on-a-chip. Four droplets (≈100 nl each) and a 
5µl cover droplet of mineral oil are moved in a “remotely controlled” manner 
and independently by the nanopumps; 1) through 4) represent a series of 
snapshots of the lab-on-a-chip system to visualize the movement and the 
“nanochemical” reactions occurring when the droplets are merged and mixed 
in the reaction centers A and B by the action of the surface wave.

The basic mechanism for acoustic streaming is depicted in figure 1a. 
Here, a SAW carrying substrate is shown, partially covered by a liquid 
droplet to the right. The propagating SAW couples to a sound wave in 
the liquid. As the sound velocity in fluids vliquid is smaller than the SAW 
velocity in the solid substrate, sound is radiated into the liquid under an 
angle obeying Snellius´ law of diffraction, the so-called Rayleigh angle 
ΘR:

pressure wave. For an infinite half-space, the diffraction angle is only 
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where due to the short pulses and the high thermal conductivity of the 
substrate temperature related effects may be basically neglected. Hence, 
the (computer controlled) mode of operation offers yet many other 
tuning knobs without the need for additional hardware for basically any 
desired application. This is especially true, if the LOC apart from the 
SAW related infrastructure also hosts ‘conventional’ functional units 
like heaters, thermometers and alike. 

SAW Driven Freely Programmable Lab-on-a-chip System

Instead of closed tubing, a chemically modified surface providing 
droplet based virtual fluid confinements was developed (Figure 2b). 

The shape of a droplet on a surface is given by the properties of the 
substrate and is controlled by the surface free energy and not by channel 
walls. Depending on the chemical modification, droplets with high 
contact angle will form (hydrophobic) or the liquid will preferentially 
wet the surface (hydrophilic). They form their own ‘virtual’ test tubes, 
held together by surface tension effects. The agitating surface acoustic 
waves are generated by high frequency electrical signals on micro 
structured inter digital transducers embedded into the lab-on-a-chip. 
The upper boundary of a real, spatially confined fluid, defined by its 
surface tension bends the streaming lines, resulting in a continuous 
flow within the droplet [38]. At larger SAW amplitudes, the internal 
streaming develops into a movement of the droplet as a whole into the 
desired direction on the chip. The technology to create such fluidic 
tracks very much resembles the one used to define conducting paths 
on an electronic semiconductor device. A true lab-on-a-chip, however, 
requires more than just test tubes. More importantly, their cargo has to 
be moved around, mixed, stirred or processed in general by combing 
laminar and turbulent flow in 5 µl droplets by changing the surface 
properties via chemical lithography. This approach is also sometimes 
referred to as “flat fluidics” [21,41].

Probably one of the first complex SAW based labs on a chip was 
a system for multi-spot PCR [42]. Here, the chip not only contained 
the SAW actuation rapid mixing but also heaters and thermometers for 
a successful DNA amplification on a chip. Very intriguingly, the SAW 
mixing in this case could also be employed to dissolve the necessary 
chemicals, which were spotted on the chip before actual use in dried 
form. 

In more complex systems and in contrast to conventional closed 
microfluidic systems with external pumping units, SAW are employed 
to agitate and actuate these little virtual test tubes along predetermined 
trajectories [24]. The interaction between the SAW and the fluid on 
the chip leads to acoustic streaming within the fluid, which apart from 
actuation and mixing within a closed volume can also convey the small 
droplets as a whole. Liquid volumes in the range from 1 micro- down 
to 100 picoliterare in this case precisely moved on pre defined fluidic 
‘tracks’. The reagents are manipulated either as discrete droplets or by 
streaming patterns induced in somewhat larger volumes. Velocities 
close to 1 m/sec can be achieved in this way. As the SAW nano pumps 
are electrically addressable, a complete sequence of different steps of 
biochemical reactions or biological assays can be computer controlled. 
Moreover, the simplicity of the fabrication process of the freely 

a)

Goldkontakte
IDT

biologisch
funktionalisierte
Schicht

chemisch modifizierte
Oberflachenschicht

Metallisierungsschicht
Lithiumniobat Schicht

Lastwiderstand heizung

Peltierelement

B

A

Lastwiderstand Heizung

5 mm

IDT

Figure 2: a) Sketch of LOC functionality. The host substrate (LiNbO3) is covered by a laterally patterned layer of Pt, Ni and Au for transducers and sensor metallization. 
Subsequent silanisation of the surface accounts for a hydrophilic/hydrophobic surface chemistry, facilitating a planar fluid track system, which could be further 
functionalized by a problem-specific detection array. Reaction center A is controlled by a load resistor heating, reaction point B by a peltier element b) optical image 
of the chip installed in the heating unit; on reaction center A a 1 µl aqueous solution is covered by 5 µl mineral oil; scale bar 5 mm. Inset: electron microscope images 
of the hydrophilic reaction center A on the hydrophobic chip surface, scale bar 10 µm.

a)

b

1µl reaction mix 5µl cover oil stops
evaporation

LOC
substrate

hydrophobic
ring holds
reaction mix
in place

hydrophobic
area holds
cover oil in
place

hydrophilic,
reaction center
((40µm ) diameter )

Figure 3: a) Microdissection and particle transfer via SPATS, integrated into 
a conventional inverted optical microscope for single particle transfer to the 
Lab-on-a-Chip (LOC): micrometer step motor providing exact positioning, the 
carrier trunk with easy-to-fit click system, the sample adsorbing head and the 
collection grid centered to a sample slide; b) workflow of the single particle 
isolation using SPATS43: 
A) a single cell (∼20 µm) is isolated and precisely released into
B) a 200 nl droplet of buffer solution; 
c) sketch of the planar hydrophilic/hydrophobic structured glass slide with 1 µl 
PCR reaction mixture covered with 5 µl mineral oil.
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programmable “bio processor” in combination with the possibility to 
operate and control the entire process via computer automation, makes 
the developed system an ideal candidate for question- and patient-
specific truly miniaturized laboratories on a chip (Figure 1b).

regime, can be quickly and gently conducted on such an acoustically 
driven lab-on-a-chip. Apart from its nearly unlimited applicability for 
many different biological assays, its programmability and extremely 
low manufacturing costs are another definite advantage of the “freely 
programmable lab-on-a-chip” [43] (Figure 2a). The technology 
allows for both batch and continuous processes to be carried out at 
high speed. In fact, they can be produced at such low cost that their 
use as disposables in many areas of diagnosis can be envisioned. The 

most important feature, however, is the programmability of the chip 
as different assay protocols can be realized with the same chip layout 
and hardware.

Molecular Biology
The analysis of genetic material is fundamental to various medical 

and scientific applications. These include diagnosis of genetic disorders 
from prenatal diagnosis, investigation of oncogenes, forensic analysis, 
disease diagnosis and screening, paternity testing, gene therapy 
formation and detection of pathological specimen. But the primary 
reason for the analysis of genetic material, particularly in medicine, is 
the diagnosis of genetic disorders. Reducing PCR to the microliter level 
(Figure 3a) is not only of interest for portable detection technologies and 
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Figure 4: a) Specific mutations in the APC gene of FAP. 
A) Sequencing shows the heterozygous 1 bp deletion (c.2612delG) (arrow) of case1. Lane 1: wild type sequence of exon 15; lane 2: forward case specific sequence 
B) shows the wild type sequence in lane 3 and the heterozygous sequence (forward) with the 5bp deletion (c.3183-3187delACAAA) (arrow) of case1 in lane 4 (S.
Karger AG, Basel, Switzerland); b) Polyacrylamid gel electrophoresis of amplified mummy DNA. PCR was performed on fragments of the human gene β-actin (297 
bp) and the sex specific amelogenin gene (female 106bp (sample 1)), male 106/112 bp (sample 2), lane description: M: 100 bp molecular length standard (Peqlab, 
Germany): 1) lane 1: Amelogenin PCR (SPATS DNA extraction method) of ∼60 pg female mummy DNA;lanes 2, 7, 4, 8: Amelogenin PCR (supporting membrane, 
lysis buffer, PCR master mix and H2O control as negative controls); lane 3: Amelogenin PCR (conventional DNA extraction method) ∼50 pg female mummy DNA; 
lane 5+6: Amelogenin PCR (100 pg male and female human reference DNA, positive control); lane 9: β-actin PCR of ∼60 pg mummy DNA (SPATS DNA extraction 
method); lane 10: β-actin PCR negative control (PCR master mix). 2) lanes 1, 4, 5, 6: Amelogenin PCR (supporting membrane, lysis buffer, PCR master mix and H2O 
control as negative controls); lane 2+3: Amelogenin PCR (100 pg male and female human reference DNA, positive control); lane 7, Amelogenin PCR (conventional 
DNA extraction method) ∼100pg male mummy DNA; lane 8: Amelogenin PCR (SPATS DNA extraction method) of ∼60 pg male; lane 9: β-actin PCR of ∼60 pg mummy 
DNA (SPATS DNA extraction method); lane 10: β-actin PCR negative control (PCR master mix) (John Wiley & Sons, Ltd).

In this way, well-defined analyses, controlled in the sub-microlitre 
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high-throughput and parallel analytical systems. Also, as a consequent 
next step towards an individualized therapy or point of care diagnosis 
(POC) it is essential to dissipate the complexity in heterogeneous tissue 
sections.

To load the fluidic chip with the substances of interest, minute 
amounts of sample material are extracted by laser-based micro 
dissection out of e.g. histological sections [44]. A few picogram of 
genetic material are thus isolated and transferred via a low-pressure 
transfer system [45] onto the chip (Figure 3b). This even allows for 
the processing of living biological samples on the single cell level 
and within these ‘biological reactors’ the genetic material is finally 
processed, e.g. amplified via PCR methods [42]. The highest sensitivity 
that can be achieved with a genetic analysis device is the successful 
amplification of a single DNA template and the subsequent detection 
of single nucleotide alterations. As feasibility study for our LOC by is 
for instance a single cell assay: We have chosen this application example 
as it addresses most relevant questions in molecular analysis, dealing 
with minimum target amount of DNA, to avoid background noise of 
unwanted DNA, contamination risks and detection limits. By using this 
droplet-in-droplet configuration, single DNA base pair deletion could 
be detected after single cell isolation and processing [46]. When only 
a minute amount of DNA is available, the simultaneous amplification 
of polymorphic marker sequences combined with the amplification of 
the mutated gene region is important in order to avoid misdiagnosis 
due to preferential amplification, allelic drop out or contamination. 
For the analyzed 1bp deletion, the results of the sequencing analysis 

genotyping of the mutation (Figure 4a). All major results of the single 
cell analysis are for example summarized in [46].

Forensic Sciences
However, despite the addressed limiting problems of PCR towards 

a parallelized high throughput analysis, the majority of subsequent 
problems are caused by a series of steps in sample preparation and the 
isolation of purified nucleic acid templates. As an ambitious challenge, 
we here performed sex determination on ancient bone material: The 
study of ancient DNA (aDNA) plays a significant role in archaeological 
and paleontological research as well as in pathology and forensics. 
Various aDNA extraction methods are currently in use, which rely 
on different principles like spin column, alcohol precipitation or silica 
binding. All of these methods aim to maximize DNA yields, while 
minimizing the co-extraction of PCR inhibitors. While working with 
a DNA, originating and extracted from excavated bones and teeth, 
external inhibiting factors problems like low DNA quantity, high DNA 
degradation, DNA contamination and the presence of PCR inhibitors 
can reduce the PCR quality and hence the results [47]. There are 
numerous precautions that have to be taken in order to minimize the 
hazard of amplifying contaminating modern DNA in ancient specimens 
[48]. Our LOC addresses the specified problems and can circumvent 
these according to a) minimization of contamination during handling 
of specimens, b) sample extraction exclusive from internal bone 
parts with a minimization of degrading effects and co-extraction of 
inhibiting substances and c) a reduction in the amount of starting 
material down to single osteon islets allowing maximum preservation 
of ancient material [49]. DNA amplification experiments were 
performed using low-volume PCR following the droplet-in-droplet 
configuration in 1 µl total reaction volume covered with 5 µl of mineral 
oil (Figure 4b). Amplification was performed on 106/112 bp fragments 
of the amelogenin gene for gender determination, as well as on a larger 
fragment of the human β-actin gene comprising 297 bp. Amplified gene 

fragments were rated as reproducible and authentic only after a) five 
PCR reactions showed consistent fragment determination, b) this result 
could be reproduced in another extract from the same sample and c) 
all controls were negative. The reliability of this method was as high 
as 90-95%.Sequencing analysis was performed with amelogenin and 
β-actin PCR products, amplified from a male mummy sample. With 
respect to extract a DNA quality, the grade of DNA degradation, and 
interfering destructive factors, our approach significantly outperformed 
conventional tube based methods. Analysis of the sequencing data for 
both the 106/112 bp X- and Y-chromosomal amelogenin fragments 
and the 297 bp β-actin fragment definitively identified them as human 
amelogenin and β-actin sequences once aligned to gene sequences 
from the human genomic database of NCBI [49].

Conclusion
Our SAW driven, freely programmable lab-on-a-chip system allows 

for the isolation and transfer of smallest amounts of genetic material 
on a micro scale precision. On the planar and chemically patterned 
substrate, droplets are contactless actuated via surface acoustic 
waves and are confined in virtual reaction chambers for biochemical 
processing. Compared to PCR analysis in larger reaction volumes, this 
leads to an increased amplification sensitivity and efficiency of PCR, 
which is necessary for minute amounts of DNA. This technique allows 
for a variety of molecular analyses where isolation of few or single 
cells is important for genetic characterization, e.g. heterogeneous cell 
populations or mosaics. Even the isolation and analysis of specific 
regions from tissue sections (e. g. tumor sections) is facilitated with 
our system. Due to the selective isolation and single particle transfer 
processes, cross-contamination with tissue cells of neighboring regions 
can be circumvented.

Apart from time saving and cost reduction, our system combines 
highest sensitivity and reliability towards a fully automated lab-on-a-
chip in the increasing field of point-of-care diagnosis and individualized 
therapies.
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