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Polymerase Chain Reaction (PCR) 

•  The polymerase chain reaction (PCR) is a biochemical technology in 
molecular biology to amplify a single or a few copies of a piece of DNA 
across several orders of magnitude, generating thousands to millions of 
copies of a particular DNA sequence. 

•  Developed in 1983 by Kary Mullis, PCR is now a common and often 
indispensable technique used in medical and biological research labs for a 
variety of applications. 

•  In 1993, Mullis was awarded the Nobel Prize in Chemistry along with 
Michael Smith for his work on PCR. 
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Polymerase Chain Reaction (PCR) 

•  The method relies on thermal cycling, consisting of cycles of repeated 
heating and cooling of the reaction for DNA melting and enzymatic 
replication of the DNA. 

•  Primers (short DNA fragments) containing sequences complementary to the 
target region along with a DNA polymerase (after which the method is 
named) are key components to enable selective and repeated amplification. 
As PCR progresses, the DNA generated is itself used as a template for 
replication, setting in motion a chain reaction in which the DNA template is 
exponentially amplified. PCR can be extensively modified to perform a wide 
array of genetic manipulations. 

 

Polymerase Chain Reaction (PCR) 

Denaturation step: This step is the first regular cycling event and consists of 
heating the reaction to 94–98 °C for 20–30 seconds. It causes DNA melting of the 
DNA template by disrupting the hydrogen bonds between complementary bases, 
yielding single-stranded DNA molecules. 

Annealing step: The reaction temperature is lowered to 50–65 °C for 20–40 
seconds allowing annealing of the primers to the single-stranded DNA template. 

Extension/elongation step: The temperature at this step depends on the DNA 
polymerase used; Taq polymerase has its optimum activity temperature at 75–80 
°C, and commonly a temperature of 72 °C is used with this enzyme.  
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Polymerase Chain Reaction (PCR) 

•  Thermal Cycler. 
 

Continuous Flow PCR 

A continuous-flow PCR system can be realized by a time-space conversion 
in the PCR system—that is, by keeping temperatures constant over time at 
different locations in the system and moving the sample through the individual 
temperature zones. 
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Polymerase Chain Reaction (PCR) 

Chip layout. (A) Schematic of a chip for flow-
through PCR. Three well-defined zones are kept at 
95°, 77°, and 60°C by means of thermostated 
copper blocks. The sample is hydrostatically 
pumped through a single channel etched into the 
glass chip. The channel passing through the three 
temperature zones defines the thermal cycling 
process. (B) Layout of the device used in this study. 
The device has three inlets on the left side of the 
device and one outlet to the right. Only two inlets 
are used: one carrying the sample, the other 
bringing a constant buffer flow. The whole chip 
incorporates 20 identical cycles, except that the 
first one includes a threefold increase in DNA 
melting time.  

Polymerase Chain Reaction (PCR) 

This paper presents how temperature-programmed natural convection leads to 
significant mixing in the microfluidic regime. Most important, this study enables 
micromixing and a subsequent biochemical reaction in a single microfluidic 
chamber, within a simple pumpless platform. As a model application, we 
sequentially show micromixing and polymerase chain reaction (PCR) in a single 
chamber, while maintaining a fast thermal response.  
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Polymerase Chain Reaction (PCR) 

Single-chamber micromixing and PCR. (A) 
Sequential process of pipetting, micromixing, and 
PCR. After injecting solutions, their streams fill the 
chamber by capillarity. Upper- and lower-level 
heaters embedded in a membrane are used for 
micromixing and PCR, respectively. Natural 
convection induces micromixing. (B) Microfluidic 
cartridge. The microfluidic cartridge is a 
disposable component, which has simple 2-D 
shape microchannels and a chamber where the 
height is 180 µm. Sample transport is driven by 
capillarity in the microfluidic cartridge. The PDMS 
cartridge slab is coated with parylene to prevent 
evaporation of solutions. A stainless-steel film of 8 
µm thickness is used as the sealing membrane at 
the bottom of the chamber. (C) Microfabricated 
heating-instrument. The microfabricated heating-
instrument is a component for repeated use that 
incorporates temperature sensors and heaters 
within the membrane. The single and dual heaters 
are for micromixing, and the reaction heater is for 
PCR. (D) Assembly of heating instrument and 
microfluidic cartridge components. Scale bars, 3 
mm. 

Polymerase Chain Reaction (PCR) 

Natural convection-driven flows in the chamber. (A to D) Flow trajectories of fluorescent microparticles taken for 35 s. 
Measured maximum temperatures, Tmax, in A to D are 52, 51, 46, and 50 °C, respectively. The yellow arrows indicate 
the gravity direction, and the white arrows depict the flow direction of the individual fluorescent particles of 8 µm diameter. 
The single heater is turned on in A and B, and the dual heater is turned on in C. The single and dual heaters are 
alternatively turned on and off in D. To see the vertical image of B to D, we used a 45° inclined mirror.  (E) Temperature 
gradient in the chamber. TC and TL are the fluid temperatures measured at the temperature sensors of the center and 
the left of the chamber-region, respectively. (F and G) Flow speed of the fluorescent microparticles in B and C. The single 
heater is turned on in F, and the dual heater is turned on in G. Vavg is the flow speed averaged over the individual 
microparticles in a single loop, whereas Vmax is the maximum flow speed for the same loop. The height of the chamber is 
180 µm. Scale bar, 1 mm. 
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Micromixing performance in different heating modes. (A) Time evolution of micromixing in the single heating (SH), dual 
heating (DH), and alternating heating (AH) modes. The values of Tmax are 57, 48, and 56 °C in the SH, DH, and AH 
modes, respectively. (B to D) Time variation of the standard deviation, σ, from the measurement of fluorescent intensity. 
Shown are data for the SH mode in B, the DH mode in C, and the AH mode in D. The unmixed and perfectly mixed cases 
are set by σ = 0.5 and σ = 0, respectively. The insets show the fluid temperatures measured using the sensors in Figure 
2E (TL or TC). Their line colors correspond to those in the σ vs time plots. For comparison, data for micromixing purely 
due to diffusion are shown with the points. Scale bar, 1 mm. 

Polymerase Chain Reaction (PCR) 

Natural convection-driven micromixing and PCR in a single 
microfluidic chamber. (A) Pumpless sample transport by capillarity. 
Solution A is a DNA template and solution B is a reaction mixture of 
primer, enzyme, and dNTPs. (B) Time sequence of heating used for 
the AH mode micromixing and the PCR process. The inset shows a 
single heat cycle of the PCR process with a time interval of 1 s 
between the adjacent data points. PCR-based amplification of a 
DNA fragment from the influenza viral strain A/LA/1/87 is performed 
for 10, 20, and 30 cycles. (C) Influence of PCR cycles. Lanes 1, 2, 
and 3 correspond to the amplified PCR products after the 
microfluidic mixing and the subsequent 10, 20, and 30 PCR cycles, 
respectively. (D) Control experiment showing improvement of PCR 
by microfluidic mixing. The comparison between PCR products 
after 20 cycles without (lane 1) and with (lane 2) a microfluidic 
mixing process in the AH mode clearly shows the mixing effect. 
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An integrated microfluidic device capable of performing a variety of genetic 
assays has been developed as a step towards building systems for widespread 
dissemination. The device integrates fluidic and thermal components such as 
heaters, temperature sensors, and addressable valves to control two nanoliter 
reactors in series followed by an electrophoretic separation. This combination of 
components is suitable for a variety of genetic analyses. 

Polymerase Chain Reaction (PCR) 

Schematic representation of an integrated 
microfluidic device. There are three liquid 
entry channels (“L”, sample, PCR reagents 
and RD reagents), several metering 
channels, drop mixing intersections, a 
sealed PCR chamber, an open RD 
chamber, and an electrophoresis channel. 
Each valve (“V”) is individually and 
electronically addressable. (b) Photograph 
of an assembled device (1.5 cm by 1.6 
cm). The discrete liquid drops controlled in 
this device are 100 to 240 nl, with fluidic 
channel dimensions of 200–600 µm wide 
and 50 µm deep. The electrodes and 
diodes shown in the figure were not used 
in this work. 
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Thermal control of the integrated device. 
(a) Temperature profile from the on-chip 
temperature sensors for 35 cycles 
controlled by on-chip heaters. The insert 
shows a blowup of three cycles. (b) 
Thermal image taken by an infrared 
camera of a device showing the 
temperature profile during a PCR 
thermocycling. The PCR reaction chamber 
area is heated to 90 °C, while the opposite 
corner of device remains below 40 °C. The 
channel layout is overlaid on top of the 
device to show the position of each 
component. The dotted line indicates 
where the underlying PCB has been 
replaced with a thermally conductive 
grease. 

Digital PCR (dPCR) 

•  Digital polymerase chain reaction (digital PCR, DigitalPCR, dPCR, or 
dePCR) is a refinement of conventional PCR methods that can be used to 
directly quantify and clonally amplify nucleic acids including DNA, cDNA or 
RNA. The key difference between dPCR and traditional PCR lies in the 
method of measuring nucleic acids amounts, with the former being a more 
precise method than PCR. PCR carries out one reaction per single sample. 
dPCR also carries out a single reaction within a sample, however the 
sample is separated into a large number of partitions and the reaction is 
carried out in each partition individually. This separation allows a more 
reliable collection and sensitive measurement of nucleic acid amounts. The 
method has been demonstrated as useful for studying variations in gene 
sequences — such as copy number variants and point mutations — and it is 
routinely used for clonal amplification of samples for “next-generation 
sequencing.” 

 




 

Digital PCR (dPCR) 

A sample is partitioned so that individual nucleic acid molecules within the 
sample are localized and concentrated within many separate regions. (The 
capture or isolation of individual nucleic acid molecules has been effected in 
micro well plates, capillaries, the dispersed phase of an emulsion, and arrays 
of miniaturized chambers, as well as on nucleic acid binding surfaces.) The 
partitioning of the sample allows one to estimate the number of different 
molecules by assuming that the molecule population follows the Poisson 
distribution. As a result, each part will contain "0" or "1" molecules, or a 
negative or positive reaction, respectively. After PCR amplification, nucleic 
acids may be quantified by counting the regions that contain PCR end-product, 
positive reactions. In conventional PCR, the number of PCR amplification 
cycles is proportional to the starting copy number. dPCR, however, is not 
dependent on the number of amplification cycles to determine the initial sample 
amount, eliminating the reliance on uncertain exponential data to quantify 
target nucleic acids and therefore provides absolute quantification. 

Digital PCR (dPCR) 
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Digital PCR (dPCR) 

Microfluidic devices allow control and manipulation of small volumes of liquid, in 
this case allowing for rapid separation and partitioning of single cells from a 
complex parent sample.  

Digital PCR (dPCR) 

Microfluidic digital PCR chip. Top: 
Schematic diagram showing many parallel 
chambers (blue) connected by channels to 
a single input. When pneumatic or 
hydraulic pressure is applied to the control 
channel network (red), the membranes 
between the red and blue channels are 
deflected upward, creating 
micromechanical valves. When the valves 
are closed, the continuous blue network is 
partitioned into independent PCR reactors. 
Bottom: Schematic showing how a single 
valve connection can be used to partition 
thousands of chambers. In the device 
used, each experimental sample could be 
partitioned into 1176 chambers, and each 
device contained 12 such sample panels. 
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Digital PCR (dPCR) 

Multiplex microfluidic digital PCR of single cells in environmental samples. Six 
panels from a representative experiment show microfluidic digital PCR on diluted 
hindgut contents harvested from a single Z. nevadensis individual. Left: Multiplex 
PCR using “all-bacterial” 16S rRNA gene (red fluorescence) and “clone H group” 
FTHFS gene (green fluorescence) primers and probes. Reaction chambers that 
contained both genes in 1/500,000 dilutions from this and other on-chip 
experiments were sampled and the PCR products were analyzed. Right: The 
same, except that 16S rRNA primers specifically targeted members of the 
“termite cluster” of the spirochetal genus Treponema. 

1-Million droplet array with wide-field 
fluorescence imaging for dPCR 

Mmost DNA based assays require processing of samples on the order of tens of 
microlitres and contain as few as one to as many as millions of fragments to be 
detected. Presented in this work is a droplet microfluidic platform and 
fluorescence imaging setup designed to better meet the needs of the high-
throughput and high-dynamic-range by integrating multiple high-throughput 
droplet processing schemes on the chip. The design is capable of generating 
over 1-million, monodisperse, 50 picolitre droplets in 2–7 minutes that then self-
assemble into high density 3-dimensional sphere packing configurations in a 
large viewing chamber for visualization and analysis. 
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1-Million droplet array with wide-field 
fluorescence imaging for dPCR 

Schematic illustration and images of the PCR microdevice: (A) fabrication 
process, (B) mask design of the droplet array with sample inlets, droplet 
generator, 256 splitter, viewing chamber and outlet. (C) The picture of droplet 
generation and 256 splitter filling the 27 mm × 40.5 mm viewing chamber. 

1-Million droplet array with wide-field 
fluorescence imaging for dPCR 

 Macro-fluorescence image of 1-million PCR amplified droplets in a 27 mm by 
40.5 mm by 78–80 µm droplet chamber (highlighted by dashed white line) 
imaged on a 21-megapixel dSLR camera. The inset is an enlarged section for 
enhanced visualization. 


