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1. General Elements of Amplification 

One of the most basic sources of information in biology is nucleic acid. 
While the nature of DNA (desoxyribonucleic acid) is comparable to a li-
brary where all details are stored, RNA (ribonucleic acid) is more involved 
in information transfer. In the century of information technology, it is only 
natural to analyze both kinds of nucleic acids for identifying predisposi-
tions (reading DNA) as well as the actual status of a biological system 
(reading RNA). However, the usually very low number of nucleic acid 
molecules, e.g., only two DNA strands of a single gene within a mammal-
ian cell, lies beyond detection limits as long as detection techniques do not 
reach single molecule sensitivity. Moreover, the effort needed for electri-
cal, optical, or chemical signal amplification is so high that such a tech-
nique cannot be applied to numerous applications, especially in the field of 
point of care testing. Hence, the solution is not improving detection limits, 
but performing target amplification. 

For the nucleic acid amplification to occur, some type of copying ma-
chine is required, because the sequence of a gene is a priori not known and 
currently there exists no sufficiently cheap method to read the information 
that would enable a subsequent synthesization in a more or less chemical 
approach. At this point, biology helps by providing different kinds of bio-
logical copying mechanisms. As a consequence, most amplification strate-
gies imitate microbiological processes, e.g., TMA (transcription mediated 
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amplification) has its equivalent in reverse transcription, HDA (helicase 
dependent amplification) in DNA unwinding, SDA (strand displacement 
amplification) in excision DNA repair, Q-beta-replicase amplification in 
bacteriophage replication, etc. [1]. 

in vitro version of the natural replication of retroviral RNA, formerly known 
as 3SR (self-sustaining sequence replication) [2, 3]. The reaction takes place 
at 42°C and is initialized by binding a primer, a short oligonucleotide strand 
that serves as a starting point, to the RNA-template. The enzyme reverse 
transcriptase translates the RNA into a complementary DNA (cDNA) and 

binds to the previously generated single-stranded cDNA and is extended by 
the polymerase activity of the reverse transcriptase. In this step, a new pro-
moter is also generated at which the T7 polymerase binds and synthesizes 
about 40–100 new RNA strands per double-stranded DNA. From this point 
on, the above steps continue in a cyclic manner leading to an amplification 
of up to 12 orders of magnitude within 90 min. Since the product of one 
cycle provides the starting templates for the following cycle, the amplifica-
tion is in principle exponentially. However, because of depletion effects 
and generation of side products, this is only true in the beginning. Later, a 
linear behavior is found that finally saturates [4]. 

In contrast to isothermal protocols like NASBA, there exists another 
group of thermal cycling methods with its most prominent representative 
named PCR (polymerase chain reaction). During PCR, specific DNA se-
quences are amplified. In the first step, the DNA double helix is denatured 
at about 95°C, meaning that the DNA is separated into two single strands. 
In the second step, the temperature is lowered to 40–65°C and two prim-
ers, about 17–28 bp long, specifically bind to the single-stranded DNA. 
During the last step of the cycle, these primers are extended by the enzyme 
Taq polymerase, cf. Fig. 1. The Taq polymerase is a thermostable poly-
merase first isolated from Thermus aquaticus, a bacterium that lives in hot 
springs, and is able to generate a double strand from initially one single 
strand. Hence, the number of DNA strands increases exponentially with 
the number of cycles. As for NASBA, the exponential behavior finally 
saturates leading to an amplification of up to 12 orders of magnitude. 

the RNA of the hybrid is digested by RNAse H. Afterwards, a second primer 

In this sense, NASBA (nucleic acid sequence based amplification) is the 
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At 95°C DNA strands seperate into single strands

At 46°C primers bind to template DNA strands

At 72°C Taq polymerase synthesizes new
copies of the target sequence to be amplified

Fig. 1. Principle of the polymerase chain reaction 

A possible classification is described by Zhao who identified three dif-

meaning that the target gene of interest is amplified. The second one is 
probe based, relying on the amplification of a probe analog to a gene se-
quence. The third type is based on signal amplification where the specificity 
is not achieved during amplification but prior to it, e.g., by antibody-antigen 

set of amplification methods, which was not mentioned by Zhao, are unspe-
cific amplifications like the whole genome amplification. Zhao decided not 
to include this class because unspecific amplification is mainly used as a 

Some of these different amplification methods are described in more de-
tail later in this chapter. Nevertheless, it should be noted that the most 
widely used chemical procedures are too expensive for most amplification 
methods to be considered economically responsible, except for the fact that 
they may offer very sensitive analytical assays. 

ferent types of amplification processes [1]. The first one is target based, 

assay steps. 

interaction as a specific binding event known from immuno-PCR. A fourth 

preparative and not as a diagnostic step unless it is followed by specific 
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For the detection of amplified nucleic acids, principally most of the mi-
crotechnological detection methods can be applied, e.g., optical (fluores-
cence), electrochemical, gravimetrical (mechanical), or magnetic. These 
detection methods can be divided into two classes. The first class is based 
on labels, e.g., fluorescence or magnetic detection. The second class works 
label-free, e.g., electrochemistry and gravimetry. However, even though 
detection without labels is possible, labels are primarily used as they pro-
vide an increased specificity. One of the best examples is real-time ampli-
fication using fluorescent dyes, which indicate the total amount of DNA. 
The counterpart to this class of detection methods is the endpoint detec-
tion. The main representatives here are electrophoresis, including slab gel 
and capillary electrophoresis, and microarrays. During electrophoresis, the 
end-point product is separated by size followed by a detection using one of 
the above-mentioned sensor methods. In the case of microarrays, immobi-
lized oligonucleotides are prepared while the amplified single-stranded 
DNA is brought into contact for hybridization and final detection. How-
ever, in the case of unspecific amplifications, a specific response reaction, 
e.g., hybridization on an array, is carried out subsequently. 

2. Micro–Macro Comparison 

By definition, the only element characterizing micro- or nanosystems is their 
typical length scale. Therefore, direct effects due to downscaling are dis-
cussed at first, which, compared to macroscopic systems, lead to generic dif-
ferences. Further but indirect effects also occur in microfluidic designs and 

quantum effects. Since only a macroscopically established process is down-
scaled, these effects are irrelevant here. Below, typical length scales are 
identified and followed by a discussion relating to volumetric, two-
dimensional, and one-dimensional effects. 

2.1. Typical Length Scales 

For the direct comparison, a 96-well microtiter plate is chosen as a 

Since the walls have a finite thickness and there is usually additional 
spacing between neighboring walls, a typical length of 4 mm is defined. 
This leads to a typical volume of 64 µL. To keep the discussion mathemati-

which corresponds to a volume of 64 nL. If not mentioned otherwise, this 

macroscopic reference system. Here the well-to-well distance is 9 mm. 

have to be considered, e.g., enhancement of unspecific binding. The third 

cally simple, for the microsystem a typical length scale of 400 µm is set, 

type of differences represents new effects unknown in macroscale, e.g., 
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comparison between the 4 mm and the 400 µm is taken as the standard 
example for the dissections below. The reader should notice that 400 µm is 
not the lower limit for miniaturized biosystems at all and might find micro-
fluidic systems with typical length scales that are one or two orders of 
magnitude smaller, i.e., 40 µm or 4 µm resulting in 64 pL or 64 fL. How-
ever, the limit is given by the biology itself, e.g., cell sizes are in the order 
of 2–10 µm, and because of the small size of enzymes and DNA, approxi-
mately a few nanometers, nucleic acid amplification processes also allow 
nanometer-sized systems. 

2.2. Volumetric Effects 

Volumetric effects show cubic dependence on system dimensions. Suppos-
ing that the concentrations of the used reagents could be kept constant, 
which is usually not possible, the amount of reagents for a single assay has 
to be reduced by a factor of 1,000 with respect to the above example. 
However, using an optical real-time assay, the fluorescence signal intensity 
is also reduced by three orders of magnitude. But microsystems are usually 
integrated solutions in contrast to our macroscopic example. This leads to 
none generic differences that are introduced by special microsystem designs. 
Components reducing the loss of fluorescent light can be easily integrated 
and provide a signal enhancement of about one order of magnitude. On the 
other hand, only by an improved focusing of the excitation light source, the 
amount of excitation light emitted from fluorescence labels can be addi-
tionally increased by a factor of 100. This means that, although the signal 
intensity is probably reduced in microsystems, integrated components 
and modified setups can help to reduce the negative light intensity effect.  

Assuming that the ratio between active fluidic volume and thermally 
controlled surrounding material is kept fixed, the volumetric downscaling 
would result in a reduction of power consumption by the same factor of 
1,000. This kind of difference is again not generic, however. As a result of 
manufacturability and structural stability requirements, the wall thick-
nesses do not decrease that much during miniaturization. Consequently, 
the above argumentation cannot be followed. It is obvious that the power 
consumption will decrease by miniaturization, even if it is in a linear or 
quadratic rather than in a cubic way. Furthermore, some microsystems 
have taken the approach of stationary temperature fields, where the fluid 
itself is transported to individual temperature zones. Because of such a dif-
ferent technological approach, the scaling cannot be applied for estimating 
power consumption or material changes during the course of miniaturiza-
tion. 
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We have assumed above that the concentrations of reagents stay con-
stant, but in many applications the total number of molecules becomes 
relevant, e.g., in single cell analysis, only two DNA copies for each gene 
are present. In return, the concentration of such reagents increases by a 
factor of 1,000 during miniaturization. With regard to the above mentioned 
example of a single cell, the calculated concentration of the target-DNA, or 
any other two molecules, is 0.1 nM when choosing a well of 4 µm in size. 
Since detection limits are often said to be in femto- or ato-Molar range, it 
could be assumed that detection does not seem to be a critical factor in 
miniaturized systems. But in this case, not the reagent concentration itself 
but the total number of molecules defines the detection limits. So, the con-
sideration of the total number of molecules helps to avoid false routes of 
developments, which may occur when only reagent concentrations are 
taken into account. 

2.3. Surface Effects 

Surface effects scale quadratically with the characteristic system size and 
the most obvious example of this is that the number of spots on an array 
decreases by a factor of 100 if the spot pitch is kept the same and only the 
total surface area of the array is reduced. Another example is the signal in-
tensity of a “surface sensor,” e.g., an electrochemical sensor, which de-
creases by two orders of magnitude once its size is reduced by only one 

cal microsensor due to downscaling is much less if the corresponding cur-
rent is not only dependent on the total surface area of the sensor, but also 
on the thickness of the diffusion layer. In those cases, the above scaling ar-
gument becomes invalid because the signal intensity is no longer depend-
ent on the entire area. The two initial examples have been chosen because 
in most cases the amplification is followed by detection. Again, picking up 
the point of reagent consumption, the miniaturization allows a saving of a 
factor of 100 relating to the surface chemistry compared to a factor of 
1,000 relating to the volume chemistry. As a consequence, the problem of 
unspecific binding also becomes more important. Since this is one of the 
biggest challenges for miniaturized amplification assays, it is scrutinized 
here in more detail.  

400 nm on average. A further assumption shall be that equilibrium is com-
pletely on the binding site, thus all molecules remain bound once they have 
reached one. In the macroscopic example, 6 × 108 molecules can bind to the 
surface that leads to a concentration of 16 pM. In the microsystem example, 
there exists only 6 × 106 binding sites, but the corresponding concentration 

Let us assume a molecule of 40 nm in size that finds a binding site every 

order of magnitude. However, the signal intensity loss of an electrochemi-
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would be 160 pM. One may argue that a change by one order of magnitude 
is not all that dramatic. But this one order of magnitude is due to scaling 
only. In terms of the macroscopic example, the reagents are usually trans-
ported by pipetting robots and, therefore, all long distances are covered by 
mechanical and not by fluidic movement. Also, the amplification is carried 
out without any fluid movement. Hence, the surface that is exposed to the 
reagents for unspecific binding remains virtually constant, within a factor 
of 2 or 3 relating to the total surface area of a single well. In contrast, in 
nearly all microamplification systems, the reagents are mixed and brought 
to the temperature control zones via fluidic movement [5–8]. Thus, the sur-
face presented to the reagents is increased by two orders of magnitude only 
by transport processes. In this case, the amount of absorbed molecules is 
the same as in macroscopic devices, which leads to a concentration of 
16 nM compared to 16 pM as in the case of the macroscopic example. For 
even smaller systems (4 µm), the concentration can further increase reach-
ing a concentration of 16 mM. 

2.4. Linear, Timescale and Other Effects 

In contrast to amplification, transport and separation processes show a linear 
dependence on the characteristic system size. Furthermore, during miniaturi-
zation, dissipation processes usually increase quadratically divided by a 
typical length that, on its part, decreases linearly. Thereby, dissipation proc-
esses, e.g., diffusion of mass, diffusion of momentum, better known as liq-
uid friction, and heat conduction, become more important with decreasing 
length and finally dominate. Good examples are the drastically reduced 
power consumption for heating and the existence of laminar flow instead of 
turbulent flow. In contrast, inertia effects are volume- dependent and be-
come less important during miniaturization. 

Looking at the increase of dissipative processes, an example of timescale 
reduction due to miniaturization is the fast heat exchange. For the scaling 
case specified above, a speedup of a factor of 100 is reached if the heat 
transfer is conduction limited. In the case of power limitation, a reduced 
heating time by a factor of 1,000 is achieved. However, the first case is more 
realistic. Using these properties, Kopp et al. presented an ultrafast amplifica-
tion and even reached the point where the reaction rate of the polymerase 
became the limiting factor [5]. A second example for this accelerated dissi-
pation is the increased diffusion of molecules from the centre of the fluid 

is accelerated by a factor of 100 relating to the initial scaling example. A 
typical diffusion constant for a midsize molecule in water is 1 × 10–10 m 2 s 1, 
which leads to a typical diffusion time of about 11 h in the macroscopic 

toward the walls and vice-versa. In the case of thermal transport, the process 

–
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system. This means that in the case of an absorbing wall, unspecific bind-
ing can be neglected because amplification is generally finished within 1h. 
Compared to the microsystem, the diffusion time is already reduced to ap-
proximately 7 min. Thus, even in fast micro-PCR systems, molecules will 
certainly meet the walls. In addition, this process is accelerated by the 
convective exchange close to the wall. In smaller systems, like cavities of 
40 µm, which are interesting for single cell analysis, the timescale for the 
diffusion is further reduced to 4 s. Accordingly, supported by higher surface-
to-volume ratios and decreased diffusion times, unspecific binding remains a 
big challenge in microscopic approaches. 

At the end of this micro–macro comparison it is noteworthy that the 
amplification reactions themselves, and in particular their rates, remain un-
changed via miniaturization as long as the concentration and the quality of 
temperature control stay constant. As a consequence, all isothermal ampli-
fication processes that do not rely on surface reactions cannot be accelerated. 
For example, a NASBA microchip is as fast as its macroscopic counterpart. 
This means that, very likely, only PCR can reach a strong acceleration via 
miniaturization toward ultrafast amplification.  

1. Microsystems have the potential for faster operations if the macro-
scopic amplification is transport limited. 

2. Unspecific binding is the biggest additional challenge introduced 
by miniaturization. 

3. The signal intensity in real time approaches is reduced. 
4. The amount of reagents needed is also reduced. 

3. Microfluidic Realization Methods 

The most commonly used and automated PCR systems have been realized 
in macrosystems and there are several attempts to fulfill the demands of 
PCR protocols. Generally, those so-called PCR thermal cyclers consist of a 
specific number of well adapters, a heating block designed for rapid and 

either be tubes or well plates, which are commonly comprised of 96 or 
384 wells. In recent years, 1,536-well plates have also been increasingly 
used. These were already introduced by Sasaki and co-workers in 1997, 

cool the heating block Peltier cells, which can reach heating rates up to 
and each well maintained a reaction volume below 1 µL [9]. To heat and 

accurate temperature change, and electronic controllers. The wells can 

The comparison between microscopic and macroscopic approaches can 
be summarized in four points: 
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6°K s 1 and lower cooling rates of approximately 1.5–4.0°K s 1, are gen-
erally used. Using tempered air circulating around capillaries, in which the 
samples are placed, those heating and cooling rates can also be increased 
up to 20°K s 1 (LightCycler®, Roche Diagnostics). The main advantage of 
macro-PCR thermal cyclers is the parallelization – meaning the number of 
amplifications performed at the same time. But they are time-consuming 
and less applicable for point of care diagnostics or integrated systems. 

Because of the price of enzymes, the costs associated with each reaction 
are still quite high. Accordingly, one main intention to realize microfluidic 
PCR systems is the reduction of sample amounts. Furthermore, because of 
their smaller mass compared to macroscopic systems, miniaturized sys-
tems show less thermal inertia. As discussed before, this property allows 
increased heating and cooling rates, which lead to drastically reduced total 
amplification times. 

3.1. Substrates 

In the first half of the 1990s, miniaturized biomedical and microfluidic 
systems, besides intelligent sensors for automotive applications, developed 
as one of the most concrete and vivid application fields of microsystem 
technologies. At this time, most microsystem solutions consisted of silicon 
and the manufacturing was adopted from established processes of the mi-
croelectronics industry. This is the reason that the first classification of 
miniaturized PCR systems was made according to the chosen material, 
silicon or glass [5, 10]. Later, polymers like polymethylmethacrylate 
(PMMA), polydimethylsiloxane (PDMS), and polycarbonate (PC) as alter-
native substrates continued to increase in popularity. Today, there is still 
an ongoing search for further materials, mainly polymers, which can be 
used for PCR microsystems. An overview of typically used materials is 
given in Table 1.  

In most silicon-based PCR systems, the temperature control system of a 
chamber consists of integrated thin film heaters and temperature sensors, 
which are controlled by a personal computer or an electronic control unit 
[11]. The integrated setup implies that after every use these chambers have 
to be cleaned to avoid crosscontamination. 
 

 
 
 

– –

–
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Table 1. Material used for miniaturized PCR systems 

Material References 
Silicon 11–17 

Silicon + glass 
Polyimide 55 
PTFE (polytetrafluoroethylene, Teflon) 56–60 
PC (polycarbonate) 61–68 
PMMA (polymethylmethacrylate) 
PDMS (polydimethylsiloxane) 72–82 
COC (cyclic-olefin-copolymer) 
PET (polyethylene-terephthalate) 85 
PP (polypropylene) 

Fiber optic face plates 90 

 

Because of high fabrication costs of silicon, a general trend toward low-
cost polymeric disposables for micrototal analysis systems (µTASs) is ob-
served, and therefore toward setups where the temperature control system 
and the PCR chamber itself are not monolithically integrated. The advan-
tages over silicon or glass are lower material costs, flexibility, transparence 
to visible and UV light, easy molding, and improved biocompatibility due 
to possible surface modifications. Rapid prototyping can be performed by 
micromilling (down to 50 µm) and laser ablation (down to 5 µm), which 
permit frequent design changes. After a design freeze, microinjection 
molding and hot embossing (for thermoplastics) or casting (for elastomers 
like PDMS) are good choices for inexpensive mass fabrication. On the 
other hand, the use of polymers also implies some disadvantages, such as 
low thermal and electrical conductivity. 

3.2. Types of Setup 

The first realizations of chip-based PCR systems were presented by 
Northrup et al. in 1993 and Wilding et al. in 1994 [10, 39]. In the sense of 
current integrated systems, these microfabricated and silicon-based reac-
tion wells were not fully developed microfluidic systems, but already com-
bined the advantages of miniaturized devices. 

The different setup types can be divided into three main groups: the am-
plification in wells where a sample is injected into a chamber and remains at 
this position after the amplification process is completed; the amplification 
by continuous flow-through devices where one or multiple samples are 

Glass 5, 18–32 
8, 10, 13, 32–54 

7, 69–71 

7, 83, 84 

86, 87 
SU-8 88, 89 
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transported through different temperature zones and collected at the chan-
nel outlet; and special realization methods that utilize, for example, buoy-
ancy forces or electrowetting for sample transport. 

3.2.1. Amplification in Wells 

The basic microstructure of PCR wells consists of a heating element, a well 
in which the sample is injected, and a cover plate, cf. Fig. 2. To fabricate 
wells with integrated heaters and sensors, silicon and the long experience in 
using this material offer great possibilities and has been first utilized by 
Northrup et. al. [10]. Their device consisted of a reaction chamber, which 
was embedded in a silicon chip and a silicon nitride membrane serving as 
the chamber bottom, onto which a thin polysilicon heater was deposited. Fi-
nally, the complete chamber was covered by a glass slide and the sample 
was injected through polyethylene tubing. Up to the present, this basic struc-
ture and principle have been replicated and modified by numerous groups 
[11, 13, 35, 38]. 

Sample well

Cover plate

Inlet / Outlet

Heating element Temperature sensor

Fig. 2. DNA amplification in wells. First, the sample is injected though the inlet 
port and positioned inside the well. After the ports are sealed, the chip is heated 
and cooled according to the PCR protocol. The temperature is monitored by an in-
tegrated temperature sensor 

These systems differ in the used material and layout. The total volume of 
realized chambers lies between 40 pL [90] and 50 µL [10] but most designs 
use wells between 1 and 10 µL [13, 34, 39, 55, 72], volumes that can still be 
handled with conventional laboratory equipment. In addition, the heat trans-
fer and the temperature distribution of the devices during PCR process have 
been analyzed by FEM (finite element method) simulations in order to reach 
higher yields by optimizing the reaction conditions or to reduce the total 
time needed for amplifications [38, 43, 47, 69, 72, 88]. A fast amplification 
performed in a well has been presented by Yoon et al. [38]. By using addi-
tional cooling fins and a fan, they reached heating and cooling rates of about 
36° K s 1 and 22° K s 1 and achieved 30 cycles within 3 min. Poser et al. – –
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even reached heating and cooling rates of 80° K s 1 and 40° K s 1, respec-
tively [13]. By such an acceleration of temperature changes, different 
groups reached a successful DNA amplification within 10 min or less [11, 
69, 73]. It should be pointed out that nearly all presented microdevices re-
quire less than 60 min and that the typical temperature precision stated is 
below ± 0.2°C [13, 38, 44, 46, 49, 77]. 

Apart from bulky copper heating blocks, most microchambers are 
equipped with thin-film heaters and temperature sensors made of platinum 
[34], indium-tin-oxide [25], polysilicon [10, 12, 87], or tungsten [74]. The 
structures are in direct contact to the chamber and heat can be easily trans-
ferred due to thermal conductions. As a result of the low power consump-
tion, a few systems can be operated using commercially available batteries 
[49, 73]. Additionally, systems based on noncontacting heat transfer, e.g., 
infrared [26, 55, 91] and induction heating [49], have been realized. In 
case of an infrared-mediated temperature control, Giordano et al. used a 
50 W tungsten lamp, which was focused on the microchamber through a 
convex lens. A small T-type thermocouple was placed inside the chamber 
to measure the temperature directly. The total reagent volume was 1.7 µL 
and 15 cycles were completed within 240 s [55]. Fermér and co-workers 
performed PCR in tubes using microwaves demonstrating a further possi-
ble noncontacting heating source for miniaturized PCR systems [92]. 

Decreasing the reaction volume required for amplifications and increas-
ing the number of simultaneously performed amplifications are the main 
efforts to maximize time and cost efficiencies. Zou et al. designed a 16-
well system [85]. The reaction chip was made of low-cost polymer and 
mounted on a thermally nonconductive substrate for thermal insulation be-
tween the wells. The substrate itself accommodated independent silicon 
heating blocks that allowed thermal multiplexing, i.e., different tempera-
ture settings for each well at the same time, showing a thermal cross talk as 
low as 0.2%. Nagai et al. presented parallel amplifications of high density 
[14–16]. A single test fragment was amplified in 10,000 reaction wells, 
which were 86 pL in volume and etched in a single silicon wafer. One of 
the most impressive combinations of sample reduction and massive paral-
lelization has been achieved by Leamon et al. [90]. Their well plate permit-
ted a simultaneous amplification of 300,000 discrete PCR reactions in wells 
of 40 pL in volume. To provide the PCR product for subsequent processing, 
it was immobilized to a DNA capture bead. In the case of a uniform tem-
perature protocol for all wells, the achieved temperature uniformity of mi-
croarrays can be measured by liquid crystals thermometry, also applicable 
for characterizing any other heated microfluidic devices [93]. 

which requires temperatures up to 95°C, the chamber sealing is essential to 

– –

Because PCR is a temperature-controlled and enzyme-catalyzed process, 
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avoid evaporation of reagents. For well-based systems, the chambers are 
often sealed by tape [34, 36, 72], rubber [38], or oil droplets [11, 26, 31, 
49, 69, 94]. An advanced yet feasible system was presented by Oh and 
coworkers [43]. It included four PCR chambers and a world-to-chip micro-
fluidic interface with built-in valves. The sample was injected by a pipette 
supported by pipette tip guides. Once the samples were loaded on to the 
microchambers, plastic fittings with rubber sheets were slid to the “sealing 
mode” position, closing the inlets without dead volume. Phase change 
valves, another technique for PCR chamber sealing, have been presented 
by Chen et al. [95]. For this purpose, the used liquid plug can be thermally 
actuated and either be frozen or melted. 

Another approach to perform PCR in microscale is the use of virtual re-
action chambers as reported by Neuzil et al. [18]. Here, a 1 µL sample was 
placed on a glass plate and encapsulated with mineral oil to prevent evapo-
ration of water, cf. Fig. 3. The heating and cooling rates were about 
40 K s 1 and 20 K s 1,  respectively. The surface of  such a system has to 
be hydrophobic as well as oleophobic. Thereby, a small amount of liquid, 
aqueous or oily, will form a droplet that acts like a closed compartment. 
For additional transport of those droplets, Guttenberg et al. used surface 
acoustic waves generated by piezoelectric materials [96]. They first placed 
the PCR solution and the oil droplet separately on the chip and brought 
them into contact by moving them toward the same heater element. After 
amplification, the oil-covered sample droplet was joined with another ad-
ditional oil droplet encapsulating a sample of concentrated hybridization 
buffer. As soon as the two aqueous solutions made contact inside the oil, a 
heater was set on temperature and the hybridization process started. 

Fig. 3. Virtual reaction chamber. The PCR sample is covered with mineral oil and 
positioned above chip heater and temperature sensor. The glass plate [18] can also 
be replaced by other materials or setups [44] 

– –
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3.2.2. Amplification by Continuous Flow-Through Devices 

The second main group of miniaturized PCR systems relies on a continu-
ous flow of reagents through three thermostatic zones representing the 
three steps of a PCR: denaturation, annealing, and extension. A simple sys-
tem consisting of a 5 m long, thin capillary tube and a pump was already 
presented by Nakano et al. in 1994 establishing a basis for chip-based de-
vices [59]. A 50 µL sample was introduced into the capillary and pumped 
through three different tempered oil baths in a loop. The duration of the 
three temperature steps was determined by the length of the capillary in 
each bath, the cross-section, and the flow rate, respectively. Additionally, a 
constant continuous flow was essential for the reproducibility of the resi-
dence time in each cycle. A similar system using a Teflon tube and immis-
cible organic liquid to separate the sample plugs was also performed by 
Curcio et al. [58]. Instead of using temperature baths, Park et al. presented 
a cylindrical assembly consisting of three equally divided thermostating 
copper blocks and a fused silica capillary, which wound around the block 
33 times [24]. 

The first continuous flow-through PCR integrated on a chip was intro-
duced by Kopp and his co-workers [5]. It consisted of a glass plate com-
prising etched microchannels in the form of 20 meanders representing the 
number of cycles. The chip was mounted on three copper heating blocks 
which were kept at constant temperature, cf. Fig. 4. Compared to amplifi-
cations in microwells, the heat inertia is reduced to the thermal mass of the 
sample itself, thus allowing high heating and cooling rates which reduce 
the time of amplification. The calculated time for achieving temperature 

Inlet

94°C

46°C

72°C

Outlet

Fig. 4. Basic principle of DNA amplification within a continuous flow device on 
chip. The samples, denoted by dots, are introduced at the inlet and separated by, 
e.g., mineral oil for serial flow mode. Three individual heaters are maintained at 
constant temperatures providing adequate thermocycling conditions. The number 
of cycles is given by the number of windings and the final cycle is followed by an 
additional extension step 

equilibrium inside a channel of a cross section of 40 × 90 µm is less than  
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100 ms [5]. The total amplification time of different devices varies from 
30 min [33, 41] down to a few minutes [5, 19, 63] depending on the num-
ber of cycles and flow rates. 

In contrast to continuous flow, the serial flow mode offers the possibil-
ity to enhance the number of samples drastically. To create a serial flow, 
the samples can be separated by either gas or liquid. Gas–liquid systems 
pose more challenges concerning the realization of reproducible flow con-
ditions [6]. Segmenting the samples by liquid, the interactions between the 
liquids themselves and between liquid and wall have to be considered. 
Once a sample passes a wettable surface, a thin film of it will be left at the 
wall. The remainder could crosscontaminate the next sample segment after 
reaching this area. Using a channel wall material with low wettability, the 
problem of crosscontamination can be reduced or almost eliminated. 

The best way to prevent surface contacts of the sample is the use of a 
two-phase system consisting of immiscible liquids. Since the PCR mixture 
is mainly based on water, nonvolatile mineral oil, as mentioned above, or 
other types of organic liquids [97] have been used as a carrier liquid for 
sample droplets. When using a hydrophobized channel wall surface, the 
oil will form a thin layer. Thus the direct sample–wall contact is omitted and 
crosscontamination between individual sample droplets can be virtually ex-
cluded. A detailed examination concerning the problem of cross-contami-
nation of droplet microreactors and plug-shape reactors has been presented 
by Barrett et al. [98]. Creating a two-phase and air bubble-free flow, a typi-
cal setup consists of two syringe pumps, one of which constantly provides 
the carrier liquid and one for the actual sample injection [33]. The final am-
plification products can either be analyzed by, for example, laser detection 
[58] or slab gel electrophoresis [5, 20, 33]. 

Further improvements of continuous flow-through PCR have been pre-
sented by Li and co-workers [23]. They developed a microchip including a 
local velocity control and a heating configuration for a more efficient DNA 
amplification. By varying the widths of the channel, the flow velocities of 
the samples can be regulated. Because of the modified channel shape, the 
transport time of a sample between two temperature zones as well as the 
time needed for temperature transition can be reduced. A detailed tempera-
ture analysis has been performed by Zhang et al. [32]. They compared a 
glass–glass bonding chip with a silicon–glass bonding chip using FEM 
simulations. Obeid et al. designed a modified chip adapted for both DNA 
amplification and reverse transcriptase-PCR analyzing RNA templates [19]. 
Besides silicon and glass, Schneegaß et al. also introduced a flow-through 
system made of the transparent elastomer PDMS with the benefit of a dis-
posable unit [33]. To stabilize the flow and to prevent air bubble generation 
during the initial injection of the sample volume into the microchannel, 
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Nakayama et al. placed a fluorinated oil plug in front of the sample vol-
ume [81]. It helped to increase the internal pressure of the latter solution 
and led to stabilized flow conditions. Circumventing the restriction on 
the number of cycles, Liu et al. developed a rotary device, also made 
from PDMS [74]. A 12 nL sample was introduced into a loop and can be 
circulated by an integrated pump at a rate of 2–3 revolutions/min. Reac-
tion temperatures were provided by three integrated heaters. A numeric 
simulation with regard to fluid transport mechanism was presented by 
Gui and Ren [99]. Instead of using a pressure-driven flow, they presented 
an alternative approach based on electrokinetic flow. 

3.2.3. Special Realization Methods 

The majority of microfluidic PCR systems is based either on wells or on 
continuous flow. But new approaches for DNA amplifications have also 
proven functional efficiency. Instead of pumping continuously only in one 

in an oscillating manner while the microchannel is mounted on three sepa-
rately controlled temperature zones, cf. Fig. 5. The setting of different PCR 
protocols regarding plug transport, number of cycles, temperature ramps, 
residence times in each temperature zone, and, of course, the temperature 
of each zone itself can be easily performed by electronic control units and 
is not fixed by the design structure itself. Similar to continuous flow sys-
tems, the setup provides a rapid heat transfer from the channel walls to 
the plug due to the three independent thermostatic zones. Computer fluid 
dynamics (CFD) simulations of the heating and cooling process indicate a 
temperature equalization of the plug only within 80 ms [7]. This is not 
only caused by the short thermal diffusion path but also by the recirculat-
ing flow conditions within the plug, which speeds up the heat transfer by 
convection. 

The oscillating plug flow system presented by Münchow and co-workers 
consisted of a structured polymeric chip that was placed on three heating 
blocks [7]. To avoid crosscontamination, it is used as a disposable. The 
sample plug was driven by a ferrofluidic actuator pneumatically connected 
to the PCR chip. It provided a precise, pulsation-free, and reliable micro-
pump that is essential for an accurate positioning of the plug during cy-
cling. A complete amplification including 40 cycles can be performed 
within 5 min. Instead, Auroux et al. used a glass capillary mounted on 
copper heating blocks [21]. The sample was sandwiched between two 
mineral oil plugs and transported back and forth using a syringe pump. 

direction, a sample in the shape of a plug can be transported back and forth 
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Port I Port II

94°C72°C46°C

Sample

Fig. 5. Transport scheme of an oscillating PCR system. The sample is introduced 

stant temperatures regarding the PCR protocol 

Wang and co-workers [8]. They also have theoretically analyzed and simu-
lated the thermal performance of the chip. Chiou and co-workers presented 
a further actuation principle [60]. By applying different pressure values to 
the capillary outlets a 1 µl sample was transported between different heat-
ing zones. The capillary in which the sample was placed was completely 
filled with oil. Once the sample was loaded, the capillary was pressurized 
to 5 psi to prevent sample degassing. By applying a pressure increase of 
2.5 psi to one capillary outlet, the sample plug was set in motion. The sam-
ple position was identified by additional photodiodes in combination with 
a laser beam that was coupled into the channel. Instead of three separated 
heating zones at constant temperatures, Cheng et al. introduced a sample 
plug that was shuttled along a temperature gradient [84]. The circular mi-
crofluidic chip comprising the channel structure was made of PMMA and 
clamped to a glass heater chip. The heater chip itself consisted of an outer 
and inner heater ring, which generated a radial temperature gradient of 
2° K mm -1. The denaturation, extension, and annealing segments of the 
microchannel were specifically placed in relation to the temperature gradi-
ent to provide a homogenous temperature distribution, cf. Fig. 6a.  

peristaltic micropump has been introduced by Bu et al. [37]. Besides

into the channel and pumped back and forth. Three heaters are maintained at con-

the temperature uniformity and the location of the heaters has been 

On the basis of this concept, a microfluidic chip with an integrated 

provided. An oscillating-flow PCR chip based on silicon was presented by 

a theoretical model of the pump, a thermal analysis by FEM regarding 
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Fig. 6. (a) PCR chip with temperature gradient provided by one heating element. 
The sample is shuttled back and forth by a connected pump performing amplifica-
tion. (b) Electrokinetically driven sample plug. After injection, the sample is trans-
ported by switching the voltage over to specific reservoirs positioned around the 
loop 

Instead of pressure-driven flow for continuous flow-through or oscillat-
ing PCR systems, Chen et al. introduced a polycarbonate microchip using 
electronically driven pumping [68]. The chip consisted of one circular 
microchannel, 0.5 µL in volume, which was completely filled with a PCR 
reaction mix. The DNA templates were injected through a double T-injector 
by applying voltage to connected reservoirs. By switching the voltage to ad-
ditional reservoirs, the plug that comprises the DNA target was transported 

Completing 27 cycles required approximately 18 minutes at an electric field 
strength of 300 V cm 1. A PCR system renouncing moving parts or external 
pumps has been presented by West and co-workers [89]. Here, AC magne-
tohydrodynamic actuation is used to circulate the PCR mixture through dif-
ferent temperature zones. Such a setup can be advantageous for pumping 
strong electrolytes or ionic liquids. 

After Pollack et al. had demonstrated that droplets containing PCR re-
agents can be actuated by electrowetting without having a negative effect 
on a subsequent DNA amplification [100], Griffith et al. presented a 
computational approach to design a digital microfluidic system in the 
form of a PCR analysis array [101, 102]. The algorithm is supposed to 
coordinate the motions of hundreds of droplets simultaneously and chemical 
reactions accordingly. Furthermore, Zhang et al. presented a performance 
comparison with SystemC, a software program suitable for high level mod-
eling of digital systems, between continuous flow systems (pressurized flow) 
and droplet-based systems based on electronically driven liquid handling, 
e.g., electrowetting [103]. The comparison, which takes into account the sys-
tem throughput, system correction capacity, and system design complexity, 

around the loop through three independent temperature zones, cf. Fig. 6b. 

–
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results in higher performance and less setup complexity of the droplet-
based microfluidic system. 

Buoyancy forces allow fluid transport without any moving parts and can 
be induced by only one heating source placed inside a chamber. In this 
case, a constant temperature gradient creates laminar thermal convection 
circulating reagents along stationary paths, cf. Fig. 7a. The simplest way of 
convective polymerase chain reaction has been presented by Henning and 
Braun [94]. They preheated a chamber to annealing temperature and 
dipped an immersion heater into 20 µL of the reaction volume. The tempera-
ture of the heater stayed constant and generated a continuing recirculation of 
the reagents between the hot and the cold region, thereby amplifying DNA 
strands. Previously, Braun and co-workers introduced a similar PCR system 
[104]. Instead of using a simple heated wire, the thermal convection was in-
duced by an infrared beam that was focused on the center of the chamber. 
The DNA was replicated 100,000-fold within 25 min. 

94°C

72°C

46°C

HeaterA B

PCR mix
g

Fig. 7. (a) Convective flow within PCR chamber. Only one heating element is 
necessary to perform DNA amplification. (b) PCR chamber using buoyancy 
forces and gravity (g) to circulate reagents in a closed loop continuously 

Krishnan et al. developed a similar system based on Rayleigh-Bérnard 
convection [70]. It consisted of two heating plates that were constantly 
heated up to 61°C (top plate) and 97°C (bottom plate). In between a 35-µL 
Rayleigh-Bérnard cell was placed. As soon as the fluid layer is heated 
from below, the density of the fluid near the bottom plate decreases com-
pared to the fluid density in the upper part of the chamber. As a result, the 
top region of the fluid becomes unstable and convective motion occurs. 
This leads to circulating flow forming convection cells. Thus, amplifica-
tion conditions were provided and also different chamber designs have 
been examined by simulation and flow visualization [105]. A different de-
velopment was introduced by Wheeler et al. [86]. Their transportable con-
vection-based thermocycler utilized natural convective forces to circulate 
PCR reagents in a closed loop. It consisted of two heating zones set at 
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94°C and 57°C, respectively. This device was later modified by Chen and 
coworkers [56]. They added a third heater responsible for the primer ex-
tension process, cf. Fig. 7b. Additionally, they presented some modeling in 
order to predict the fluid velocity and the temperature distribution around 
the loop using a one- and three-dimensional model. A comparable droplet-
based set-up was presented by Walsh et al. [106] and Daly et al. [57]. 
It consisted of nanoliter sample droplets, which were filled into a loop, 
embedded in an immiscible carrier liquid. The heated carrier liquid was 
transported by active pumping and buoyancy forces dragged the sample 
droplets along the loop. 

Further approaches toward miniaturized PCR systems are microreactors 
in the shape of water-in-oil emulsion [107] which have been used for, e.g., 
amplification of single DNA molecules by Nakano et al. [108]. Also, ampli-
fications inside single cells have been reported for which the microfluidic 
technology could provide numerous application areas [109–112]. So far, 
most miniaturized systems have utilized polymerase chain reaction for tar-
get amplification. But an isothermal amplification, called NASBA, has 
also been presented in the form of a microfluidic system for real-time can-
cer marker detection [50, 83]. 

An overview of different realization methods is given in Table 2. Fur-
ther review articles with regard to continuous flow-through systems [6] or 
PCR microsystems in general [121–127] can be found in the literature. 

Table 2. Overview of different realization methods 

Microchamber PCR 

Open droplet PCR 

Continuous flow-through PCR 

Oscillating PCR 

Convective PCR 

Microarray PCR 

Electrokinetically driven PCR 68 

10–13, 17, 22, 25, 26, 28–31, 34–36, 38, 39, 
42–44, 49, 53–55, 62, 64–67, 69, 71–73, 
77–80, 82, 87, 88, 100, 113–117 

18, 96 

5, 6, 19, 20, 23, 24, 27, 33, 40, 41, 45–47,  
57, 58, 63, 74, 75, 118 

7, 8, 21, 37, 60, 84 

56, 70, 86, 94, 104, 106, 119 

14, 15, 16, 61, 76, 85, 90, 120 
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3.3. Surface Treatments 

Although microfluidic systems for biochemical analysis offer the great 
possibility of reducing the sample amount and reagent consumption, the 
control of surface chemistry and protein adsorption becomes much more 
important, as already mentioned above. By decreasing the dimension of 
the device, the surface-to-volume ratio increases inversely proportional to 
its size (square-cube law). A fluidic system possessing a characteristic 
length of 1 m results in a surface-to-volume ratio of 1 m 1. In the case of a 
length scale of 1 µm, the surface-to-volume ratio increases to 106 m 1. 
That means that the molecules in a microfluidic system are influenced by 
the wall surface nearly all the time. Target molecules or analytes may ad-
sorb on-the-wall surfaces completely and nonspecifically [128, 129]. 
These bindings are mainly noncovalent and based on H-bonding, electro-
static, and hydrophobic interaction [130]. Accordingly, different contact 
angles of the used substrate material and sample can influence the protein 
adsorption [131]. Because of the size and three-dimensional structure of a 
protein, the wall absorbance can lead to physical or chemical transforma-
tions. These transformations can cause protein modifications that again 
may result in inactivity or reduced activity of the protein. 

Protein adsorption and its prevention are particularly critical problems 
for DNA amplification in microsystems. Here, nonspecific adsorption can 
either lead to loss of reaction efficiency resulting in decreased yield or to 
no amplification at all. Different groups observed that especially Taq po-
lymerase immobilized on the channel surfaces and denatured [7,52]. In this 
context, Erill et al. presented an analysis of different glass–silicon chips 
with respect to reagents binding [52] and Felbel et al. presented the inhibit 
behavior of silicon powder [132]. The loss of separation efficiencies, espe-
cially when using polymeric material, is also known from capillary elec-
trophoresis devices [133].  

To prevent protein adsorption, a distinction is drawn between static and 
dynamic wall coatings. The first type often consists of covalently linked 
coatings or coatings that are attached to the channel wall by covalent 
chemical bonds. But pretreatments based on different deposition tech-
niques also have the character of static passivation. The static coatings are 
usually more time-consuming and complex. Often these types of coatings 
require several chemical reaction steps but provide a higher potential and 
better performance. The second type is dynamic coatings at which polymers 
or molecules, e.g., enzymes, adhere to the wall surface only by adsorption 
[134]. Dynamic coatings are attractive and easy to create. In most cases, a 
specific amount of coating material is dissolved in a fluid that is introduced 
into a chamber or flushed through a microchannel for some minutes. 

–

–
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Because of the weak binding energy of the adsorbed material, parts of the 
coating material can go again into solution during the PCR process. Dy-
namic coating can be also performed during DNA amplification itself by 
adding additional chemical substances to the PCR mixture. These additives 
can be used as a complementary protection against nonspecific adsorption 
of proteins without any former wall coating process. Additionally, definite 
types of additives can also stabilize the activity of Taq polymerase en-
zymes. 

A well-known covalently linked static coating is the silanization of sur-
faces. Mostly silicon or glass-based miniaturized PCR systems have been 
coated by silanization. The process was first introduced by Hjertén and 
makes surfaces hydrophobic [135]. Silanization is performed at moderate 
temperature and pressure and is achieved by a self-assembly process from 
an organic solution of silane molecules. By wet chemical treatment, hy-
droxyl groups are formed on oxidized surfaces that act as covalent binding 
sites for alkylsilane. The inhibitory effect of silicon-based materials on 
DNA amplification was already mentioned by Northrup et al., who pre-

an adequate method to hold up reaction processes. This was also con-
firmed by Shoffner and co-workers [51], even though there have been 
doubts on sufficient reproducibility of efficiency [51,136]. Munro et al. 
presented an evaluation of different silica coatings, especially silanization, 
for PCR systems tested on reliability in electrophoretic microchips. The 
preferred coating consisted of a silanization with chlorodimethyloctylsi-
lane dissolved in toluene and combined with a polymer layer of 

to continuous flow-through amplification systems [5, 20, 23, 24] as well as 
oscillating systems [8]. Another method to create biocompatible environ-

DNA amplification in microchambers [14, 35, 36]. Static coating with 
polyethylene glycol (PEG) and its positive effect of preventing protein ad-
sorption have been proven by different groups. Holmberg and co-workers 
have grafted PEG chains to polystyrene [138]. Österberg et al. used the 
same substrate material but, additionally, they compared PEG with dextran 
and differentiated between end-on and side-on polymer configurations 
[139]. They observed a more effective reduction of protein adsorption us-
ing end-on PEG and side-on dextran coatings. Furthermore, packing den-
sity seems to be more important in preventing protein adsorption than layer 
thickness. Surface modifications of PDMS have been performed by Hu 
and co-workers [140]. In a one-step procedure, they covalently linked dif-
ferent polymers to the channel walls of PDMS microdevices. A so far un-
common surface passivation has been presented by Shin et al. [75]. They 

ments is the use of silicon dioxide-coated silicon chips also allowing an 

sented one of the first micro-PCR systems [10]. They found silanization as 

poly(vinylpyrrolidone) [137]. The silanization treatment was also applied 
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covered the PDMS wall surface of a PCR microchip with parylene. The 
polymer is known as an inert coating for medical devices and was used 
here to inhibit protein adsorption as well as sample evaporation. 

In contrast, mainly three different substances have been associated with 
dynamic coatings of miniaturized PCR systems. The most frequently used 
is the protein bovine serum albumin (BSA), which sticks to almost all sur-
faces and is typically used as a blocking agent to reduce nonspecific bind-
ing in enzyme-linked immunosorbent assay (ELISA) systems [141]. It acts 
as a stabilizer for other proteins and enzymes and as protein base controls 
and calibrators. The molecular weight of BSA is 66 kDa, its density 
1.36 g cm 3 [142], and the isoelectric point approximately pH 4.9 [143]. 
The concentration of BSA solutions used for pretreatment of microcham-
bers or channels varies from 2 mg mL 1 [47] to 10 mg mL 1 [64, 77]. Often 
these solutions also contain additional compounds like Tween [33, 64], 
polyethylene glycol (PEG) [94], or PCR buffer itself [33, 63]. However, 
either the solution is flushed through the device [63] or the microstructures 
are flooded for 2 [30] or up to 30 min before use [77]. An additional temper 
step for 30 min at 80°C during the BSA coating process has been performed 
by Zou et al. [47]. Not specifically examined for PCR systems but per-
formed at different flow rates, Chun and co-workers studied the protein 
adsorption on PEG-modified surfaces [130]. It was determined that spe-
cific proteins were adsorbed more at higher flow rates compared to lower 
flow rates. This could be important for oscillating or continuous flow-
through PCR systems. A reduced adsorption of Taq polymerase due to 
PEG pretreatment of polymeric microchannels was also presented by 
Münchow et al. and Hennig et al. [7, 94]. To create a more dense PEG mo-
lecular brush-like coating on PMMA surfaces, Bi and co-workers modified 
PEG with butyl methacrylate (BMA), which also led to less nonspecific 
protein adsorption [144]. A PEG vapor-phase coating of glass surfaces and 
its reducing effect on nonspecific bindings has been presented by Popat 
et al. [145]. Epoxy polymers coatings have been used for either capillary 
electrophoresis or microchamber PCR systems [31,146]. Ferrance et al. 
have coated their glass chambers by flushing them with 1M NaOH solu-
tion for 10 min and a subsequent flush with 0.4% (w/v) epoxy-polydimethy-
lacrylamide (EPDMA) solution [31]. In systems based on glass, EPDMA is 
only effective as a pretreatment when adsorbed to the wall surface before 
use. The coating does not work when only dissolved in the PCR mixture 
itself [136].  

Although dynamic coatings can be performed as an initial operation 
step, surface treatments can also be applied during the PCR process itself. 
Once again, BSA represents one of the most used PCR mixture additives 
preventing inhibition of PCR processes by dynamic coating. Compared to 

–

– –
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a pretreatment solution, the BSA concentration within the PCR mixture is 
reduced and varies between 0.2 ng mL 1 [61] and 2.5 mg mL 1 [46]. The 
average concentration lies between 0.1 and 0.5 mg mL 1 [19, 56, 59, 62]. 
The addition of BSA has also been combined with Triton X-100, PEG, and 
Tween [19, 59, 62, 90]. For Erill et al., the addition of BSA became essen-
tial for obtaining a PCR product [46]. Kaack and co-workers presented a 
three times higher yield of PCR product once BSA was added [61] and 
Nagai et al. also reported a strong increase of fluorescence intensity corre-
sponding to the amplified DNA amount after adding BSA [14]. Overall, 
the application of BSA as a surface coating has been presented for all 
kinds of miniaturized PCR systems consisting of silicon, glass, or poly-
mers. However, polyvinylpyrrolidone (PVP) is also known as a supporter 
of PCR reactions and has been used for dynamic coating of glass. An ap-
plied concentration of 2.5% (w/v) in the PCR mixture leads to 78% of the 
product amount relative to the amount observed in standard polypropylene 
inserts used for conventional thermocyclers [136]. For SiO2 microstructures, 
Krishnan et al. also make use of Teflon coating or magnesium added to the 
reaction mixture [53]. 

Not specifically examined for PCR but for continuous biochemical 
flow-through systems in serial mode (droplets within a carrier liquid), 
Roach and co-workers presented the use of surfactants influencing the pro-
tein adsorption at the liquid–liquid interface. The adsorption of proteins 
can be either prevented or induced [147]. 

Concluding, a further enhancement of preventing protein adsorption can 
be reached by the combination of surface pretreatment and PCR mixture 
additives [5, 11, 14, 20, 23, 24, 30, 33, 63, 64, 77]. A good overview with 
regard to polymer wall coatings is given by Horvath et al. [148]. 

3.4. Detection of Amplified DNA 

Still, the most famous target detection procedure is to remove the reaction 
mixture from the microchip after amplification and analyze it by gel 

cause of utilized sieving matrices, these techniques allow a separation by 
size and the ability to identify different DNA segments of a PCR product. 
Visualization is performed by intercalators, a type of dye molecule that 
binds to double-stranded DNA (dsDNA) and inserts itself into the DNA 
structure. After binding, the intercalators show a strong increase in fluores-
cence intensity. Because of the transparent nature of glass and different kinds 
of polymers, the use of intercalators also enables real-time detection during the 
amplification process itself [43, 96]. However, since the intercalators do not 

– –

–

[7, 20, 33] or capillary electrophoresis (endpoint detection) [12, 55, 61]. Be-



Nucleic Acid Amplification in Microsystems      547 

only bind to specific but also to nonspecific products, there will be no dif-
ferentiation between them. The most popular examples for intercalators are 
ethidium bromide and SYBR® Green. 

Besides the above-mentioned sequence-independent detection methods, 
there have been several approaches applying sequence-dependent detection 
methods. Mainly these methods utilize the ssDNA–ssDNA hybridization 
(ssDNA, single-stranded DNA). After DNA is heated to denaturation tem-
perature and has formed single strands, these single strands will reform to 
double helices at regions of sequence complementarity after cooling. This 
technique has been used for real-time PCR [149] as well as for subsequent 
detections on microarrays. Another example for sequence-dependent real-
time detection is the use of TaqMan® probes consisting of a fluorophore, 
an oligonucleotide, and a fluorescence quencher, which are added to the 
PCR mixture. They are designed to hybridize between the two primers, 
meaning that a third part of the target sequence is scrutinized. During PCR, 
when the Taq polymerase replicates a template on which a TaqMan® 
probe is bound, the 5′ nuclease activity of the polymerase cleaves the 
probe that leads to the separation of the quencher and fluorophore. The 
corresponding fluorescence signal, which is generated during the amplifi-
cation and increased in each cycle, indicates the total amount of the target 
sequence. Further real-time PCR chemistries are Molecular Beacons and 
Scorpions®, all allowing multiple DNA species to be measured in the 
same sample (multiplex PCR). Therefore, fluorescence dyes with different 
emission spectra are attached to different probes. 

A detection method in combination with capillary electrophoresis (CE), 
which is not based on fluorescence, has been presented by Abad-Villar 
et al. [150]. With an external contactless conductivity detector, they not 
only detected DNA but also peptides or proteins. 

General overviews with regard to DNA detection are given by various 
authors [113, 121, 151], especially Kubista et al., who presented a broad 
overview of real-time polymerase chain reactions [152]. 

3.5. Integrated Micro-PCR Systems 

The polymerase chain reaction is only one part in a row of steps toward a 
complete genetic analysis. In the first step, the nucleic acids have to be ex-
tracted from cells. In most cases, the released DNA strands have to be puri-
fied before subsequent amplification steps. After amplification, the PCR 
products have to be purified again before using them in CE or real-time de-
tection systems. Depending on the assay, there are also differences in the 
number of necessary analytical steps. For example, in the case of a slab gel 
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electrophoresis, the second purification step can often be omitted. In general, 
this kind of conventional genetic analysis lasts up to 12 h [153]. Using ap-
propriate microsystems, this time can be reduced down to between 20 and 
70 min. The great challenge of fully integrated microsystems is to combine 
various analytical steps which are prior and subsequential to the PCR proc-
ess. The advantages of integrated systems are the reduction of analysis 
times, sample and reagents volumes, as well as elimination of manual trans-
fer steps between individual analysis steps. Hence, integrated systems re-
quire microfluidic connections between different microfluidic units as well 
as chip-to-world connections for sample loading and removal. Additionally, 
the directed transport of the sample has to be carried out by devices such as 
micropumps and microvalves. Corresponding microsystems can be classi-
fied according to existing analytical steps, i.e., systems including a subse-
quent detection based on, e.g., separation or hybridization, systems including 
presteps like sample preparation, and finally fully integrated systems that in-
clude both. But even the embedding of microheaters and sensors, which was 
presented for most microchamber-based systems, represents the first step 
toward integrated PCR systems.  

In most cases, PCR devices have been first extended by a detection unit. 
Here, one possibility is real-time fluorescence measurement during PCR in 
microchambers [18, 27, 43, 69, 154] or microarrays [14, 16, 76] via addi-
tion of a DNA fluorescence dye. An online laser-induced fluorescence de-
tection system combined with a segmented continuous flow-through PCR 
system was presented by Curcio et al. [58]. The combination of PCR and a 
subsequent capillary electrophoresis is another alternative for an integrated 
detection and was already presented by Woolley et al. in 1996 [87]. Here, 
a PCR microchamber was attached to a CE chip made of glass. After 
15 min of amplification, the sample was electrokinetically injected directly 
into the CE chip and analyzed within 120 s. A further example for inte-
grated systems including PCR and CE has been performed by Lagally 
and co-workers [22]. Also, microfabricated heaters, temperature sensors, 
valves, and hydrophobic vents were included, which allowed fast heating 
and cooling rates and sensorless positioning of samples. The amplification 
and integrated detection of samples has been achieved within 15 min and 
was later prepared for pathogen detection and genotyping [29]. The PCR 
device for nanoliter samples presented by Burns et al. also included heaters 
and CE channels [54]. The sample loading itself was controlled by capil-
lary forces, integrated hydrophobic stop valves, and air vents. 

To reach a higher level of integration, optical components also find their 
way into integrated PCR systems. Schabmueller and co-workers [45] posi-
tioned a diode detector inside a PCR microchamber. An optical fibre 
guided the light of a HeNe laser into the chamber, and resulting fluores-
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cence emission has been detected by a built-in detector. The integrated 
system presented by Huang and co-workers consists of not only a PCR 
chamber with a connected CE channel, but also a chip-integrated optical 
fiber for on-line detection [80]. Further optical detection systems, not as-
sociated with PCR but with microfluidic bioanalysis systems, have been 
presented by several authors [155–158]. An alternative label-free PCR 
product quantification, also applicable for integrated PCR systems, has 
been introduced by Hou and co-workers [159]. The microelectronic sensor 

tration at various stages of PCR. The readout is similar to real-time fluo-
rescent measurements. 

Besides real-time fluorescence measurement inside a microchamber or 
subsequent capillary electrophoresis, hybridization is a further possibility 
to detect amplified DNA fragments and enable sequence-specific analysis. 
A polycarbonate PCR chip including such a hybridization channel was in-
troduced by Liu et al. [65]. After successful PCR, the amplicons were 
pumped through an attached hybridization channel by a syringe pump 
where oligonucleotides were previously deposited. After hybridization, the 
readout can be performed by laser scanning operating with desired wave-

sequence-specific electrochemical detection was presented by Lee et al. 
[44]. After reaction, single-stranded and amplified target DNA hybridized 
to probes immobilized on a working electrode, that was also located inside 
the PCR microchamber. The binding of additional indicators led to an 
electrochemical transduction and to a final detection. 

The highest level of integration is reached as soon as only the raw sam-
ple has been injected followed by final results after a specific time span. 
Hence, to minimize the number of analysis steps done off-chip, further 
tasks, especially sample preparation, have to be integrated. Yuen and co-
workers designed a microdevice containing a filter structure inside the 
PCR microchamber, which retained white blood cells from whole blood 
samples with volumes below 3 µL [71]. After filtration, the chamber was 
flooded with PCR reagents to complete the cell isolation process and am-
plification was carried out. A dielectrophoresis (DEP) sample pretreatment 
enabling cell capture and simultaneous removal of PCR inhibiting compo-
nents has also been integrated in PCR systems [88]. After purification, the 
cells were transported into the microreaction chamber and PCR was per-
formed. A system consisting of a cell lysis reactor, different reservoirs for 
reagents, an active mixer, and PCR chamber was presented by Lee et al. 
[79]. After thermal lysis of the introduced cells, the extracted DNA sam-
ples as well as the PCR reagents were driven electroosmotically into the 
mixing section. By applying a high external voltage to shielded electrodes, 

lengths. A hybridization system that was not based on fluorescence but on 

is based on field effect measurements and can monitor the product concen-
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the solution was electrokinetically mixed and driven into the PCR chamber 
where the final amplification was performed. One of the first PCR sys-
tems, which combined preceding as well as subsequent genetic analysis 
steps, was performed by Waters and co-workers in 1998 [115]. The chip 
design was based on the previous work of Woolley et al. but included a 
thermal step for cell lysis [87]. The PCR chamber was adapted to a CE 
chip. After amplification, the products were loaded electrokinetically into 
the separation path and an additional reservoir provided DNA markers for 
electrophoretic separation. A strong integrated system, which combined 
sample preparation from whole blood (including bead-based target cell 
capture, cell preconcentration, purification, and cell lysis), PCR and a final 
DNA microarray detection, was presented by Liu and co-workers [66]. 
Additional microfluidic mixers, valves, pumps, and heaters completed the 
self-contained analysis system. A different device but also containing mul-
tiple genetic analysis steps was presented by Anderson [67]. It allowed the 
extraction and enrichment of nucleic acids, amplification, and a final hy-
bridization. The device was similar in size of a credit card and can handle 
more than 60 sequential operations. A capillary-based system offering an 
analysis directly from cheek cells has been presented by He and co-
workers [113]. The device included all necessary DNA analysis steps fol-
lowed by the separation and detection of the PCR product. 

An overview of integrated systems is given in Table 3. Additional re-
views can also be found in the literature [162–164]. 

Table 3. Overview of integrated PCR systems 

PCR + fluorescence detection of PCR 
mixture (including real-time) 

PCR + hybridization 

PCR + other detection methods 159 

sample preparation + PCR 

sample preparation + PCR + detection 

PCR + capillary electrophoresis 29–31, 54, 78, 80, 82, 87, 115, 116 

18, 34, 43, 45, 58, 69, 96, 100, 104, 
154, 160

 

44, 65–67, 96 

71, 79, 161 

66, 67, 115, 116 
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4. Alternative Protocols to PCR 

Very often, amplification is equated with PCR. But PCR represents a class 
of amplification methods and does not, by far, include all amplification 
principles. In the following, the large field of PCR and further possibilities 
for amplifications are presented, without being exhaustive.  

cation of many targets of interest in one reaction by using more than one 
pair of primers. First presented by Chamberlain et al. in 1988 [165], the 
method has been applied to many areas of DNA testing. Sometimes the 
target sequence is not well known. In these cases, degenerated primers, 
meaning a set of primers whose base sequence varies within the unknown 
sequence section of the target, are used. This technique is called degener-
ate oligonucleotide-primed PCR (DOP PCR) and can also be applied to 
whole genome amplification if random primers are used [166–168]. Hu-
man Alu sequences are short interspersed elements that are found at about 
one million sites in our genomes. If the goal of amplification is a genetic 
fingerprint of bands from an uncharacterized human DNA, these Alu se-
quences are amplified using PCR primers specific to them. The corre-
sponding PCR is called Alu-PCR [169]. 

Another variation of amplification uses two pairs of primers, both of 
which belong to the same gene. The amplification starts, as usual, with 
only one primer pair amplifying a large amplicon. After 15–20 cycles, the 
second pair of primers (nested primers) is added. During the following  
20–25 cycles, these primers bind within the first amplified amplicon and 
produce a second PCR product that will be shorter than the first one. As a 
result, this nested PCR has a higher specificity and sensitivity.  

One last example of the variability is represented by the asymmetric 
PCR. This kind of PCR is used to preferentially amplify one strand of the 
original DNA. Compared to normal PCR, the concentration of primers for 
the chosen strand is significantly higher, or the second primer is not added 
at all. Accordingly, either the forward or backward reaction is highly en-
hanced, which is especially interesting for, for example, a subsequent mi-
croarray hybridization where the presence of only two complementary 
strands is ideal. It is noteworthy that the advantage of an exponential am-
plification disappears, at least in later cycles, after the limiting primer type 
has been consumed and the reaction passes into a linear amplification. 

However, another central ingredient, the polymerase, also offers quite 
some variability. There are more than four different polymerases to choose 
from: Taq-, Tth-, Pwo-, and Pfu-polymerase. Tth- and Taq-polymerase 

A variant of PCR, called multiplex PCR, enables the simultaneous amplifi-
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show a high 5′-3′-activity in addition to a reverse transcriptase activity. 
This allows a good forward and backward amplification as well as RNA 
generation. Besides their 5´-3´-activity, Pwo- and Pfu-polymerase also 
possess proof-reading activity (5´-3´-exonuclease-activity). Thus, the 
choice of the polymerase type leads to differences in the performance that 
can be decisive for an application.  

To prevent nonspecific amplification during the setup of PCR, hot-start 
polymerases have been developed. This special kind of polymerase is acti-
vated only after a certain temperature is exceeded. An alternative option is 
to use thermally activated primers developed by TriLink Bio Technologies 
Inc. 

If the initial template is not DNA but RNA, the amplification process 
starts with the translation of RNA into cDNA using reverse transcriptase, 
e.g., MMLV-RTase, AMV-RTase, or Tth-polymerase. This type of PCR is 
called reverse transcriptase PCR (RT-PCR). 

For whole genome amplification, in particular, there are a number of 
other methods, such as ligase-mediated PCR (LM-PCR) [170–173], linker-
adaptor PCR (LA-PCR) [174–177], primer extension preamplification PCR 
(PEP-PCR) [169, 178, 179] or Tagged-PCR [180], all of which use differ-
ent approaches according to primers. In the first two approaches, se-
quences are ligated to the DNA allowing specific primers to anneal. The 
other two approaches, PEP-PCR and Tagged-PCR, are characterized by 
special random primers. However, it must be noted that the above-
mentioned methods are not only limited to whole genome amplifications. 

An alternative amplification method to PCR, which also uses high tem-
perature for denaturation and a lower temperature for hybridization, is the 
ligase chain reaction (LCR). This reaction achieves a similar sensitivity 
compared to PCR [181]. After denaturation, two oligonucleotides, called 
probes, are hybridized to the single-stranded DNA and then ligated by a 
thermally stable ligase. After ligation, the cycle is completed and starts 
again with the denaturation step. A more elaborated method is multiplex 
ligation probe amplification (MLPA) [182]. Utilizing the same denatura-
tion, hybridization, and ligation steps, the difference lies in the applied 
probes ending with a sequence that is used for PCR amplification after-
ward. One of them also includes a stuffer sequence between the primer and 
hybridization sequence and is used for product determination. Therefore, 
the assay can easily be multiplexed using different hybridization sequences 
all equipped with stuffer sequences of varying length but with the same 
primer. The reason for this is that a subsequent PCR can be performed 
with only one primer pair and the different amplified and ligated probes 
can be separated using capillary electrophoresis. 
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So far, all presented amplification methods use thermal cycling by some 
means, but isothermal methods have also been developed. The first iso-
thermal transcription-based amplification system was described by 
Guatelli imitating the retroviral replication [183]. Two commercial vari-
ants of this basic methodology are the nucleic acid sequence-based ampli-
fication (NASBA) and the transcription-mediated amplification (TMA) 
[184]. NASBA requires Ribonuclease H as well as reverse transcriptase 
and T7-RNA-polymerase, whereas TMA only needs two different kinds of 
enzymes, namely reverse transcriptase and T7-RNA-polymerase. Further-
more, these two methods are very similar since they both rely on the same 
principal amplifying RNA. Compared to RT-PCR methods, the amount of 
product shows an exponential increase leading to much higher amplifica-
tions [185]. 
Another isothermal amplification method is the strand displacement ampli-
fication (SDA) [186]. This method works at 40°C and results in an amplifi-
cation of eight orders of magnitude within 2 h. The technique is based 
upon the ability of restriction endonuclease to nick a hemimodified recog-
nition site and of exonuclease-deficient DNA polymerase to displace a 
downstream DNA strand during replication. SDA is a cyclic process in 
which modified target sequences are repeatedly nicked. The strand is dis-
placed and the displaced strands are primed [186–188]. 

Besides the above-mentioned methods using PCR for whole genome 
amplification, the strand displacement, used by SDA, can also be applied 
for whole genome amplification. The technique is called multiple strand 
displacement (MSD) and uses phi29, a highly processive mesophillic DNA 
polymerase, to replicate up to 100,000 bp without dissociating from the 
genomic DNA [189, 190]. The first step is a random priming followed by 
the phi29 DNA polymerase movement along the DNA template displacing 
the complementary strand at 30°C. The displaced strand becomes a tem-
plate for replication allowing for the generation of high yields of high-
molecular-weight DNA. 

Supported by its processivity, the same phi29 polymerase can also be 
used for the rolling cycle amplification (RCA) amplifying circular DNA, 
e.g., plasmids [191, 192]. The use of a single primer leads to a linear am-
plification that can be transformed into an exponential method by adding a 
second primer. 

During helicase-dependent amplification (HDA), the DNA is denatu-
rated by the enzyme helicase operating at a constant temperature of 37°C. 
After a primer pair anneals to each end of the target DNA, it is extended 
by a polymerase leading again to double-stranded DNA representing the 
starting point for the next cycle [193]. 
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A further amplification method is the Q-beta-replicase amplification us-
ing the homonymous enzyme q-beta-replicase. This enzyme has the unique 
feature not to amplify a target DNA sequence but to replicate RNA having 
a specific secondary structure. This RNA hybrid consists of a sequence 
called MDV-1 and a target probe complementary to the DNA sequence of 
interest. After binding to the DNA, the RNA hybrid contorts activating the 
replicase that starts to copy the MDV-1 and its tag-along RNA sequence 
[194]. As the RNA products serve as new templates, this method allows a 
target amplification of nine orders of magnitude within 30 min. 

All these amplification methods presented demonstrate the wide range of 
possibilities to choose from. Methods that have not been mentioned here are 
methods normally based on the variation of process parameters like tempera-
ture, e.g., touchdown PCR [195], and methods subsequent to the ampli-
fication, like melting curve analysis or microarrays. 

Corresponding to the aforementioned scaling properties nonisothermal 
methods always have a certain potential to be accelerated by miniaturiza-
tion. On the other hand, for many applications, e.g., point of care, and re-
lating to power consumption of micro devices, isothermal amplifications 
might be more advantageous compared to thermal cycling. 

Since the first miniaturized PCR devices were presented in the early 
1990s, miniaturized PCR systems represent one of the most important ap-
plications of lab-on-chip technologies. Showing a huge range of variations, 
they have developed from feasibility studies toward microchip-based prod-
ucts [116, 149, 160, 196] and handheld systems [197–199]. Continuous 
flow devices in particular have been commercialized by different compa-
nies, e.g., IQuum Inc., Thermal Gradient Inc., and microfluidic ChipShop 
GmbH. Current efforts primarily aim bioanalytical point of care systems, 
which also comprises additional analytical steps, such as sample prepara-
tion and target detection. But, in addition to that, the automation of micro-
fluidic control including sample loading and liquid handling (e.g., fluid 
transport, mixing, and valving) has to be addressed to obtain reliable and 
easy-to-use systems in the future. Micro-PCR systems, which allow reduc-
tion of amplification time and less reagent consumption, can provide, to-
gether with other analytical processes, a new level of standardization of 
high throughput gene analysis. 

5 . Conclusion 
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