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Abstract 

The application of microfluidic devices for DNA amplification has recently been extensively studied. Here, 

we review the important development of microfluidic polymerase chain reaction (PCR) devices and discuss 

the underlying physical principles for the optimal design and operation of the device. In particular, we focus 

on continuous-flow microfluidic PCR on-chip, which can be readily implemented as an integrated function of 

a micro-total-analysis system. To overcome sample carryover contamination and surface adsorption 

associated with microfluidic PCR, microdroplet technology has recently been utilized to perform PCR in 

droplets, which can eliminate the synthesis of short chimeric products, shorten thermal cycling time, and 

offers great potential for single DNA molecule and single-cell amplification. The work on chip-based PCR in 

droplets is highlighted. 
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1. Introduction 

The microfluidic technology associated with Micro-Total-Analysis Systems (µTAS), or Lab-on-a-Chip, has 

been developing rapidly and is set to revolutionise the chemical, pharmaceutical, healthcare and food 

industries. The global market for microfluidic technology is growing at a great pace and is estimated to be 

worth US$6.2 billion by 2011 [1]. Microfluidic devices can offer many advantages including quick analysis 

results, high-throughput and low consumption of reagents. In addition, the energy required for device 

fabrication and operation can be significantly reduced, which is particularly appealing when the world is 

experiencing an energy shortage. The microfluidic device appeared as early as 1975, when the first gas 

chromatograph was fabricated on a single silicon wafer [2]. The polymerase chain reaction (PCR) process is a 

technique first developed in 1984 by Kary Mullis for amplifying DNA [3]. It has since been widely used in 

biomedical research laboratories, and revolutionised many life science applications and related areas, 

including clinical diagnoses, and medical, biological and forensic analyses [4-7]. However, development of 

microfluidic PCR devices started much later in the early 1990s until the concepts of µTAS and Lab-on-a-Chip 

were proposed to take advantage of microfluidic devices for biological and chemical analyses [8].  

 

Conventional PCR devices need to heat up and cool down, not only the PCR mixture but also the whole 

chambers, so the thermal mass is large, which leads to lengthy PCR reactions: typically 1-2 hours. However, 

recent research showed that a very short time for both denaturation and annealing is required, to allow the 
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sample to achieve equilibrium temperature [9]. Therefore, the time commonly used in conventional PCR (20-

30 seconds for denaturation or annealing) can be significantly reduced.  In addition, the conventional PCR 

will have a high consumption of expensive reagents, with a preference for amplifying short fragments and 

producing short chimeric molecules. Sample preparation and post-PCR analysis have to be done off-line, 

which makes it difficult to be integrated into a lab-on-a-chip system. These problems are amenable to recently 

developed microfluidic technologies. For example, microfluidic PCR can achieve rapid heat transfer, due to a 

large surface-to-volume ratio and fast mixing can be achieved by diffusion, due to its small dimension. At the 

same time, sample handling, detection, mixing, and separation can also be integrated into a single chip. 

Moreover, the thermal cycling time will be significantly reduced, because of the swift thermal responsiveness 

of the sample to the surrounding environment and the PCR mixture will be exposed to more uniform 

temperatures during the PCR process, thereby enhancing the yield. A further attractive feature of miniaturized 

PCR is its portability, making it useful for in-the-field detection and analysis. However, interactions between 

the surface and the sample/reagent will lead to PCR inhibition and carryover contamination, which are two 

major problems associated with microfluidic PCR, due to its large surface/volume ratio. These problems can 

be prevented by introducing microdroplet technology, so that PCR occurs in droplets, which can eliminate 

sample/reagent surface adsorption and carryover contamination. With microdroplet technology, PCR in 

droplets can also prevent recombination between homologous gene fragments during PCR, so the synthesis of 

short chimeric products can be eliminated. PCR in droplets provides a convenient way for single-molecule 

and single-cell amplification. 

 

Any review of this diverse multidisciplinary field needs to be selective, providing only a snapshot of the 

technologies being developed. In this short article, we cannot hope to cover all the available work related to 

microfluidic DNA amplification, but we will attempt to pick out some of the most important and exciting 

recent developments in continuous-flow microPCR and microfluidic PCR in droplets. Since the performance 

of continuous-flow microPCR strongly depends on optimisation of the device design and operating flow rates, 

we will briefly discuss the essential flow physics for the proper use of many powerful commercial 

computational packages, aiming to help researchers who are not familiar with fluid dynamics and heat 

transfer. Device optimisation and easy operation are particularly important in the future to enable users to 

adopt the microfluidic technology. Extensive coverage of this field, including materials, fabrication 

techniques, system integration and applications, can be found in many recent review articles e.g., [5, 7, 10-

14]. 

 

2. Continuous-Flow MicroPCR Chips 

Currently, the chip-based microPCR devices can be classified into two distinct types: well-based PCR chips 

e.g.,[8, 15-18] and continuous-flow PCR chips e.g., [19-24]. In well-based PCR, the PCR mixture is injected 

into the well and then the whole chip, including the sample, is heated and cooled through specific thermal-

cycling temperatures. Therefore, the well-based PCR devices have large total thermal mass, which creates 
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unwanted thermal inertial effects, leading to a long thermal cycling time. In contrast, continuous-flow 

microPCR moves the sample through fixed temperature zones to achieve the required thermal-cycling. This 

approach has a smaller thermal inertia, because only the PCR mixture needs to be heated and cooled, rather 

than the entire chip. This allows rapid thermal-cycling and also consumes less energy, making the system 

more amenable to portable applications and integration into µTAS.  

 

Continuous-flow microPCR chips have many different designs: e.g. oscillatory devices e.g., [25-27], closed-

loop devices e.g., [28-30], and fixed-loop devices e.g., [19, 20, 23, 24, 31, 32]. In oscillatory PCR systems, the 

sample is shunted back and forth between the chambers that are held at different temperatures.  In closed-loop 

PCR chips, a thermo-siphonic effect is utilized to move the sample around a fixed circuit. In both designs the 

number of thermal-cycles can be flexible, whereas the number of cycles in a fixed-loop system must be 

determined at the fabrication stage.  

 

Continuous-flow PCR was first performed in a capillary-based device. In 1994, Nakano et al. [19] developed 

the first capillary-based continuous-flow PCR device, which used a Teflon capillary with an internal diameter 

of 500 µm. In one thermal cycle, the PCR mixture went through a 20-mm-long denaturation zone with a 

temperature of 94 ̊C, a 30-mm-long annealing zone with a temperature of 50 C̊ and a 100-mm-long extension 

zone at 72 C̊. In comparison with the commercial thermocycler, a 50% amplification yield was achieved with 

only 10% of the processing time i.e. 12-18 minutes. Another novel capillary-based PCR device was reported 

by Friedman and Meldrum [33], which used a thin film of indium-tin oxide (ITO) covering the exterior of the 

capillary functioning as both heater and temperature sensor. Because the thin film is optically transparent for 

fluorescence monitoring, it has potential for real-time PCR. Chiou et al. [21] proposed a similar design, with a 

1-mm-internal-diameter capillary filled with oil. The PCR mixture was injected as a 1 µL droplet, to cycle 

through three temperature zones for 30 times in 23 minutes, with 78% amplification efficiency for a 500-base 

pair product. With further optimisation, this PCR device could complete 30 thermal cycles in 2.5 minutes. To 

eliminate carryover contamination between sequential runs, a washing step between sequential injection of 

samples was adopted in capillary-based reusable PCR devices [34, 35]. Although these capillary-based PCR 

devices have demonstrated the potential of a continuous-flow device for a high-speed and high-yield PCR 

with a flexible cycling number, they are not chip-based, which makes them difficult to develop further into an 

integrated microfluidic system. 

 

The first chip-based continuous-flow microPCR was developed in 1998 by Kopp et al. [20], where a 40-µm 

deep and 90-µm wide channel was etched in a Corning 0211 glass chip, with a total length of 2.2m for 20 

cycles (see figure 1). The device capability was demonstrated by amplifying a 176-base pair DNA fragment at 

the flow rates from 5.8 to 72.9 nL/s, corresponding to a PCR time of 18.7 to 1.5 minutes for 20 cycles. This 

pioneering work has since inspired the development of a broad range of chip-based microfludic PCR devices, 

e.g.  [25, 32, 36-42].  
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Schneegaß et al. [37] built a 25-cycle silicon-glass PCR chip, which had integrated heaters and temperature 

sensors, fabricated on-chip using integrated circuit manufacturing technology. West et al. [29] reported a 

rotationary PCR chip, so that the cycle number was flexible. The motion of the fluid sample in an annular 

microchannel was driven by an AC magnetic field, which exploited the conductive nature of the electrolyte. 

This magnetic-field pumping method has also been adopted by Sun et al. [44]. Another rotary PCR chip 

design with the integrated heaters, which can perform both spatial and temporal cycling, was developed by 

Liu [45]. Sun et al. [38] have developed a 30-cycle continuous-flow PCR device with the integrated ITO 

heaters, thus making the device optically transparent. Obeid and Christopoulos [42] combined a continuous-

flow reverse transcription PCR (RT-PCR) with a laser-induced fluorescence (LIF) detection system.  Obeid et 

al. [41] presented a device capable of the reverse transcription of RNA, prior to its amplification in a 40-cycle 

serpentine channel. The device was fabricated with the outlets at the cycle numbers of 20, 25, 30, 35, and the 

full 40. In addition, the researchers were able to demonstrate amplification with plug flow, thus reducing the 

amplification volume to 2 μL per amplified sample. A 30-cycle continuous-flow microPCR device was 

reported [40], where the miniature pumps and valves were used, the heating was provided by the embedded 

ITO heaters, and the temperature was controlled via the integrated platinum sensor.  

 

Similar to the Rayleigh-Benard cell for PCR [46], Braun et al. [47] used laser to generate a temperature 

gradient, in order to induce density variation to drive the sample through different temperature zones for PCR 

processing. An averaged velocity of 2.5 mm/s for a temperature gradient induced flow was achieved in a 

rotary PCR chip [22]. Crews et al. [32] proposed a continuous-flow thermal gradient PCR, with each cycle 

consisting of temperature spikes to denature and anneal by passing through the narrow channel, then a 

moderate thermal ramp through the extension temperature in the wide channel, where the authors achieved a 

high yield and specificity amplification for a 40-cycle PCR in less than 9 minutes (see figure 2). 

 

Hashimoto et al. [48] developed a device in which the different temperature zones were separated into the four 

quadrants of a rectangular substrate. By fabricating a 20-loop spiral microchannel through each temperature 

zone repeatedly, the moving fluid was able to obtain the required temperatures and thermocycling times. 

Similarly, a quadrant heating/spiral channel continuous-flow microPCR device was developed by Wang et al.  

[49], to perform Sanger thermal cycle sequencing reactions.  

 

The isothermal regions are significantly affected by thermal “cross-talk” [50], and the multiple isolated 

temperature zones greatly complicate the design of the continuous-flow PCR [32]. However, with improved 

insulating methods in the fabricated devices, better thermal separation between the several temperature zones 

is possible [37, 48, 51]. There are other approaches to reducing time for heating up and cooling down the 

sample. For example, Li et al. [50] built a device, whose 20-cycle serpentine microchannel was narrower in 

the regions between the three temperature zones, thus reducing the inter-temperature transition time [50]. 
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A broad range of applications of microfluidic PCR have been reported. For example, Hashimoto et al. [52] 

coupled an allele-specific ligation detection reaction to continuous-flow PCR in a polycarbonate chip and 

successfully detected low-abundant DNA point mutations. Nakayama et al. [53] demonstrated real-time 

amplification detection using TaqMan technology. A micro oscillating-flow PCR chip was developed by 

Wang et al. [49], where the PCR mixture was injected into the channel and flowed through the three 

temperature zones in the main microchannel in an oscillating manner. A 1 µL PCR mixture with a standard 

Human Papilloma Virus-DNA (HPV-DNA) sample inside was successfully amplified, with a processing time 

of about 15 min. 

 

Increasing throughput has attracted strong research interest, e.g. Frey and Bonneick [54] invented a single 

actuator to deflect all pumping membranes, so the sample can be driven to move through three temperature 

zones, thus parallel multiple channels, which simultaneously perform PCR reactions, can greatly increase 

throughput.  Moreover, 72 parallel 450-pL RT-PCRs have also been performed in a microfluidic chip [55]. 

The features of the above continuous-flow PCR chips are summarised in Table 1. 

  

3. PCR Inhibition and Carryover Contamination 

For continuous-flow microPCR, PCR inhibition becomes a major challenge, because PCR components are 

more likely to be adsorbed to the surface due to large surface/volume ratio. The adsorption of sample and 

reagents will also cause carryover contamination. Gonzalez et al. [56] investigated the adsorption of PCR 

components in the capillary tubes with different polymeric surfaces. The authors found that increasing the 

tube length or reducing the sample volume had the most significant effect on PCR inhibition. The reason is 

that the surface area is sufficiently large to adsorb all the PCR components, which is often true for continuous-

flow microPCR, due to the large surface/volume ratio and small amount of sample and reagents. Kolari et al. 

[57] studied PCR inhibition on commonly used microfluidic materials, where the effects of a minor inhibition 

were observed for native silicon and an SF6 etched surface without oxidation, while strong inhibition for 

fluorocarbon-coated silicon was found. However, Wang et al. [58] found that the native silicon surface could 

adsorb the TaqMan real-time PCR label. PCR inhibition on many different materials has also been reported, 

e.g. strong PCR inhibition was observed on silicon and silicon nitride (SiN) surfaces [59-67]. More work is 

required to systematically classify the biocompatibility of microfluidic materials. 

 

To prevent PCR inhibition and carryover contamination, various measures have been taken to minimise 

surface adsorption of DNA and PCR reagents. Schneegaß et al. [37] proposed a material treatment of the 

channel surface with a silanizing agent, such as hexamethyldisilazane (HMDS), before the injection of the 

PCR mixture, so the hydrophobic material surface of the silicon/glass was modified to enhance surface 

biocompatibility. Similarly, Kim et al. [68] reported a surface modification method that prevented the 

hydrophobic PDMS surface from adsorbing enzymes  by adding polyvinylpyrrolidone (PVP) to the PCR 
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mixture.  Polymer coating was proposed using 2-methacryloyloxyethyl phosphorylcholine (MPC) with a 

silane coupler, to prevent the adsorption of DNA on the intact surface of the PDMS microchannels [40]. 

Prakash et al. [69] applied an SU8-Teflon coating to modify the contact angle of a sessile Taq droplet to 

reduce adsorption.  Passivation strategies were developed by Schneegaß and Kohler [36] to partially eliminate 

sample DNA and reagent surface adsorption and carryover. However, a washing step between samples was 

needed. A dynamic passivation method was investigated by Xia et al. [70], using polyethylene glycol (PEG) 

or PVP, to enhance PCR yields. Moreover, Chen et al. [71] reported a bidirectional flow thermocycling 

system which took advantage of the low surface area/volume ratio of a stationary reactor to minimise surface 

adsorption of DNA and reagents. One of the most effective means of eliminating surface adsorption and 

carryover contamination has to be performing PCR in droplets. 

 

4. PCR in Droplets 

A lengthy PCR process caused by high thermal inertia has been dramatically shortened by continuous-flow 

microPCR devices. However, in addition to sample/reagents surface adsorption due to a large surface/volume 

ratio, a new problem occurs, which is caused by the parabolic velocity profile of the channel flowfield. 

Because the velocity profile is parabolic for a pressure pumping method, the PCR sample will experience 

significantly different times for PCR processing, depending on the sample’s cross-sectional location in the 

channel. Close to the surface, the PCR components can spend significantly more time being processed than 

those located in the centre of the stream, which causes problem for flow rate optimisation. Moreover, single-

phase microPCR will also have the two problems suffered by conventional PCR: the preference for 

amplifying short fragments and the production of short chimeric molecules [72]. These problems are 

amenable to microdroplet technology.  

 

Recently, the microdroplet technology has been applied in continuous-flow microPCR, where the PCR 

effectively occurs within droplets, so that not only PCR inhibition but also carryover sample contamination 

will be eliminated. In comparison with conventional continuous-flow microPCR devices, which use a single 

aqueous phase, the droplet technology can further reduce thermal mass and thus shorten the thermal-cycling 

process. As each sample and reagents are confined in a micro-droplet, any local temperature variations will be 

small and each droplet can achieve a more uniform temperature. In addition, the PCR mixture confined in a 

droplet will have the same residence time. The device can be used with predetermined amounts of target 

nucleic acids, with potential applications to amplify a single DNA molecule or single cells, with the nucleic 

acids from one cell being amplified inside one droplet. Such an approach could greatly assist in transforming 

our understanding of how disease-associated transcripts relate to disease progression. As the samples are 

contained in droplets, they could be detected and subsequently sorted on the chip itself, which is particularly 

important for an integrated lab-on-a-chip system. For a conventional PCR chip, amplification of each DNA 

template would require a separate run, while the droplets can act as individual reactors containing many DNA 

templates and being amplified individually within the droplets, moving through the same PCR cycles. 
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Microdroplet technology is currently under rapid development: research progress and application of this 

technology can be found in the recent review articles [73-76]. A schematic diagram of microfluidic PCR in 

droplets can be seen in figure 3, with a summary of the associated advantages. 

 

With conventional PCR devices, droplets have been used to generate DNA libraries, including genomic 

libraries and cDNA libraries. Droplet-based PCR has recently been applied to sequencing, assessing genetic 

variations and high-throughput screening of transcription factor targets [77-83]. Conventional PCR tends to 

amplify short fragments in preference to larger ones. In addition, the recombination between homologous 

regions of DNA leads to artifactual fragments. With encapsulation of genes in a water droplet immersed in an 

immiscible oil carrier phase, template fragments are confined in the small aqueous droplets and amplified by 

PCR in isolation, which alleviates the above problems and enables the use of small amounts of template DNA 

and high numbers of PCR cycles [72, 84].  Because each droplet only contains a single, or at most a few, 

template DNA molecules, this prevents recombination between homologous or partially homologous gene 

fragments during PCR, thus eliminating the synthesis of short, chimeric products and other artifacts. In 

addition, the competition between fragments of different lengths is also reduced, thus diminishing the bias for 

amplifying smaller fragments [72]. Since water-in-oil droplets are stable at temperatures higher than 90 ̊C, it is 

a very efficient and simple way to perform parallel amplification of single DNA or RNA molecules. These 

features of PCR in droplets will be a great stimulus to develop droplet-based continuous-flow microPCR 

devices. Conventional PCR devices using droplets provides a high throughput method for DNA sequencing, 

interested readers can refer to the recent review papers [72, 74] for more information.   

 

To date, a single-phase containing PCR components is used to fill the channel in most continuous-flow 

microPCR devices, which can lead to carryover contamination between successive samples, adsorption at the 

surface, and diffusional dilution of samples e.g., [20]. These problems can partially be overcome by making 

use of immiscible liquids to isolate the sample slugs from each other [85]. For example, Curcio and Roeraade 

[86] developed a high-throughput microfluidic PCR device, using a 15-m-long Teflon tube coiled to cycle 

through three temperature zones, where samples/reagents were introduced as separate aqueous segments in a 

continuous flow of an immiscible organic liquid. An intermediate water plug was injected between two 

consecutive samples to reduce carryover between samples. 

 

Another interesting approach to preventing sample contamination is to use plugs of air to separate aqueous 

sample plugs [31, 41, 42]. However, the surface still has contact with samples and reagents, so needs to be 

treated to eliminate adsorption of sample/reagents and subsequent transfer between samples. However, it is 

difficult to totally eliminate carryover contamination with surface treatment [31]. As interaction between the 

PCR mixture and the surface is a key factor that inhibits the PCR process, microdroplet technology can help to 

eliminate this undesired contact between sample and surface.  
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Nisisako et al. [87] have demonstrated that droplets of an aqueous phase can be dispersed into an immiscible 

oil phase. Each droplet potentially represents a transportable individual reaction volume that does not 

exchange material with its surroundings. The droplets will only be in contact with the surface when required, 

and then only at specific locations. Droplet-based systems can therefore avoid the problems of adsorption, 

cross-contamination, and diffusional dilution associated with single-phase microfluidic systems. 

Musyanovych et al. [88] reported the generation of water-in-oil nanodroplets with a diameter of 100-300 nm 

for performing single DNA molecule PCR. A single RNA molecule was also successfully detected by Nakano 

et al. [89], using continuous-flow PCR in droplets for single molecular amplification, which demonstrates the 

great potential of droplet technology in amplifying a single-molecule template.  

 

Dorfman et al. [90] developed a continuous-flow PCR device using droplets to encapsulate the PCR 

components. The droplets were at the order of 1 µL, and a 4.5-m-long PEA capillary (i. d. 800 µm) was coiled 

around a cylinder, to achieve 35 thermal cycles. The authors successfully amplified a 572-base pair DNA 

fragment of Litmus 28i. The system was further improved to integrate sample preparation and optical 

detection [91]. A simple droplet-based PCR device using magnetic transportation was reported by Ohashi et 

al. [18],  where aqueous droplets containing hydrophilic magnetic beads and the applied magnetic field was 

used to manipulate the transportation of droplets through different temperature zones in a flat-bottomed tray-

type reaction chamber. Gonzalez et al. [56] introduced droplets in their rotary PCR devices, using a Teflon 

capillary tube, and demonstrated robust detection of the low-copy transcript CLIC5 from 18 cells per 

microliter in cultured lymphoblasts, which indicates the potential for development of an integrated system for 

continuous gene expression directly from cell suspensions. 

 

However, these droplet-based PCR were not performed on-chip, so it is difficult for system integration. Mohr 

et al. [24, 43] successfully coupled microdroplet technology with a continuous-flow microPCR chip (see 

figure 4a).  Their schematic diagram of PCR chip design can be seen in figure 4b. The chip was fabricated 

from a polycarbonate sheet, using a precision milling machine and the channels were sealed with a 100 µm 

thick acetate foil. The total thermocycles were 32 and the length of one complete thermal cycle was 63 mm. 

The channels were 500 µm wide and 400 µm deep. The aqueous droplets were generated at the channel 

entrance with the dimensions of 200 µm wide and 200 µm deep, filled with an oil phase (see figure 4c). The 

reported droplet size was between 100 and 155 µm in diameter, so that the volume of a droplet was at the 

order of 5 nL. An optical system was established to monitor the fluorescence level after each thermal cycle, 

which enables quantitative real-time PCR measurements. The successful amplification of a 60-base pair 

fragment from the RNase P gene was achieved.  

 

Beer et al. [92, 93] have developed picoliter droplets for PCR amplification, with real-time measurement of 

fluorescence detection (see figure 5). The monodisperse picoliter aqueous droplets were generated at a T-

junction and isolated from the surface and each other by an immiscible oil-phase carrier fluid. The droplets 
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were stopped on-chip by an off-chip valving system, to perform thermal cycles. With their system, only 18 

cycles were required for single-copy real-time detection, using Taqman-based FRET probes. The system was 

used for reverse transcription PCR (RT-PCR), to amplify cDNA from a complimentary RNA template. It 

showed the great potential of droplet technology for the detection of single-copy target nucleic acids from a 

complex environment. However, this is a well-based continuous-flow PCR chip so that the whole chip, 

including fluids, needs to be heated up and cooled down for each thermal cycle, which leads to lengthy PCR 

process. Another well-based PCR chip, using a magnet to manipulate droplets containing magnetic beads, 

was recently reported [94], which was convenient for separation and fusion of droplets. 

 

A high-throughput chip-based continuous-flow PCR was reported by Kiss et al. [95] where millions of 

uniform picoliter droplets were generated on-chip in order to detect single-copy target nucleic acids from a 

complex environment. In addition, on-chip detection function to monitor fluorescence level within each 

droplet was integrated to provide real-time measurement. A 245-base pair adenovirus product was 

successfully amplified and quantified in 35 minutes at initial template concentrations as low as 1 template 

molecule/167 droplets. The chip layout and the droplet generation can be seen in figure 6. 

 

Recently, Schaerli et al. [96] developed a novel radial design of continuous-flow PCR chip (see figure 7). The 

droplets were generated on chip and 34 thermal cycles were performed in only 17 minutes to amplify a DNA 

fragment with 85-base pairs. In addition, the temperatures of droplets were measured via fluorescence 

(rhodamine B) lifetime imaging inside the droplets, which utilised the known relation between the 

temperature and fluorescence lifetime. The high amplification efficiency indicates its potential for single-

DNA molecule amplification in each droplet. 

 

Although droplet-based continuous-flow microPCR chips are still at an early stage of their development, the 

recent work [24, 43, 92-96] have demonstrated the feasibility and great potential, particularly for high 

throughput single-molecule and single-cell PCR. The current challenges are how to produce reliable 

monodispersed droplets and how to control droplet trajectories, and their interactions with the surface and 

each other. Considerable work on the novel design of droplet-based continuous-flow microPCR devices is 

required before their full potential can be realised. A summary of the current work on chip-based PCR in 

droplets is shown in table 2.  

 

5. Optimal Design and Operation 

Research on the reaction kinetics of PCR has shown that the sample only needs to achieve equilibrium 

temperature for denaturation or annealing, which indicates that the PCR process can be significantly reduced 

and the time needed for extension will dominate each thermal cycle [9]. Therefore, continuous-flow PCR 

devices generally require considerable optimization for the device design and operation, in order to ensure the 

sample/reagents attain the appropriate temperatures with minimum residence times for denaturation, 
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annealing, and extension. At the moment, the microfluidic PCR optimal design and operation still largely rely 

on the trial-and-error approach, which can be replaced by computer-aided design, exploiting powerful 

commercially available software such as FLUENT, ANSYS, CFD-ACE+. There are many advantages that 

numerical experiments can offer, e.g. 3-dimensional temperature distribution, which is usually difficult to 

obtain by experimental measurement. In addition, the effects of different chip materials and layout, 

heating/cooling arrangements, fluid properties and flow rates can be easily examined.   

 

Zhang et al. [97] used ANSYS, a finite element package, to optimise their continuous-flow PCR chip design. 

Their focus was on the effect of different materials on the heat transfer and temperature distribution, which is 

essential for PCR performance. Since glass and silicon have very different thermal conductivities (the thermal 

conductivity coefficient for silicon is 130 W/m K, while it is 0.65 W/m K for glass), the temperature 

distribution in the flow channel is significantly affected by the chosen materials. However, the authors 

neglected the effect of moving fluid in the channel due to its small dimension. For a PCR thermal cycle, it is 

most important for the PCR sample to achieve optimal temperatures for denaturisation, annealing and 

extension. The temperature distribution in the flow channel, which depends on flow rates and fluid properties, 

should be examined in details.   

 

Using ANSYS, Hashimoto et al. [48] also studied the effect of flow rate on the temperature distribution in the 

microchannel and found that the denaturation temperature could not be achieved at large flow rates. In their 

work, temperature distribution in every thermal cycle was assumed the same, so that only one thermal cycle 

was simulated. In addition, the temperature gradients were taken to be zero at the inlet and outlet of the chosen 

representative thermal cycle.  These assumptions may be appropriate when the flow rate is sufficiently small, 

so that thermal development length is considerably shorter than the length of the extension zone.  Wang et al. 

[27] theoretically analyzed and numerically simulated the performance of a micro oscillating-flow PCR chip. 

In computational simulations, precautions are required to appropriately set up physical properties. For 

example, the viscosity and thermal conductivity depend strongly on temperature (e.g. the viscosity of pure 

water is 4.3410
-4

 and 2.97 kg/ms at 65 ̊C and 95 ̊C respectively, which is a significant variation). Therefore, 

in the simulation, we need to ensure that material properties are chosen to reflect the underlying physics. 

 

Aided by a computational fluid dynamics (CFD) package (CFD-ACE+), Mohr et al. [24, 43] assessed the 

effects of the flow rates and thermal resistances of different materials on the temperature distribution in the 

flow channel and the corresponding times for denaturation, annealing/extension. They found that temperature 

distribution in the moving fluid was greatly affected by both flow rates and material thermal properties. For a 

large flow rate, the temperature distribution pattern in each cycle can be different, which indicates that it is not 

appropriate to run a simulation on one single representative thermal cycle. To minimise the heating and 

cooling times, the carrier fluids with a low thermal mass are preferred. 
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Chen et al. [98] again used ANSYS to evaluate the temperature distribution in the chip including the moving 

fluid in the microchannel at a steady state, and investigated the effect of the flow rate on the amplification 

performance. Several steps were suggested to ensure three discrete uniform temperature zones i.e. reducing 

the thickness of the chip substrate to decrease thermal capacity; using copper plates as heating elements to 

increase heat conductivity; making grooves between temperature zones to increase the resistance to lateral 

heat conduction between temperature zones. The simulation setup is similar to the work of Hashimoto et al. 

[48], but the authors have considered the material properties to be temperature-dependent. 

Because flow behaviour at a small scale may not be the same as the conventional scale and may be different 

from intuitive expectation, understanding flow physics at a small scale becomes essential, which is also 

critical for the optimisation of a microfluidic device design and operation. In the following section, we briefly 

cover basic flow physics for the microfluidic researchers, who are not familiar with fluid dynamics and heat 

transfer, to perform numerical experiments using commercially available computational packages. 

 

6. Flow Physics 

6.1 Transport properties 

Fluid is a matter that cannot remain at rest when it is subject to a shear force. The transport properties of fluid, 

such as viscosity, thermal conductivity and mass diffusivity, are most important to understand momentum, 

heat and mass transport. For the common fluids used in microfludic PCR, including water, oil, and gas, the 

shear stress is linearly dependent on the strain rate, i.e. 

𝜏 = 𝜇𝛻𝒖,            (1) 

where τ is the shear stress, µ is the coefficient of viscosity and u is the velocity. These fluids are called 

Newtonian fluid. The coefficient of viscosity of a Newtonian fluid is a function of temperature and pressure. 

The viscosity of liquids decreases rapidly with temperature, while it increases insignificantly with pressure. 

Therefore, in the simulation, we need to make sure the viscosity is temperature-dependent. In the literature, a 

constant value of viscosity coefficient is commonly used in the simulation of continuous-flow PCR.  

 

The heat flux is usually caused by a temperature gradient, which can be described by the Fourier’s law: 

𝒒 = 𝜅∇𝑇,            (2) 

where q is the heat flux, T is temperature and  is the coefficient of thermal conductivity. The thermal 

conductivity for both solid and fluid varies widely with temperature. Therefore, again, in setting up 

computational simulations, the temperature effect on this coefficient may be essential for accurate results. 

Silicon can have a thermal conductivity coefficient of two-order in magnitude as large as polymers and glass. 

It is preferable to use silicon near the heating sources to reduce the heat resistance, so that the energy transfer 

from/to the heaters can be quick, while glass/polymer is used on the other side, exposed to the ambient air to 

increase insulation so that the energy loss can be minimized.  
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In a microfluidic device, especially within a microdroplet, mixing is usually achieved via diffusion. Mass 

diffusion is a statistical transport phenomenon caused by a concentration gradient, which can be described by 

the Fick’s law: 

𝑽 = −𝐷∇ 𝑙𝑛𝐶 ,           (3) 

where V is the diffusion velocity, C is concentration and D is the coefficient of diffusivity. This coefficient 

varies with temperature as well. 

 

The thermal mass, which is a measure of the ability of a material to store thermal energy, can be described by 

 cp, where cp is the specific heat. A moving fluid with a high thermal mass will carry more thermal energy 

than a fluid with a low thermal mass, so that it will have a larger impact on the temperature distribution of the 

surrounding medium. In other words, the fluid with a large thermal mass will take a longer time to heat up or 

cool down. Since water usually has a larger thermal mass than oil, it is better to use an oil phase as the carrier 

fluid in the PCR process.  

 

6.2 Flow characteristics 

Fluid flow in microfluidic devices is usually at a low speed so that the viscous force is more important than 

the inertia force, which can be classified by a non-dimensional Reynolds number Re: 

𝑅𝑒 =
𝜌𝑢𝐿

𝜇
,            (4) 

where  is fluid density, and L is the characteristic length scale e.g. channel depth or width. When Re is 

smaller than 100, the flow is usually laminar. Very often, the Reynolds number for microflow is smaller than 

unity, so that the flow is in the creeping flow regime and the inertia effect may not be significant. For flow 

with heat transfer, the non-dimensional parameter Prandtl number is important, which is defined as the ratio of 

viscous and thermal diffusion rates, i.e.  

𝑃𝑟 =
𝜇𝑐𝑝

𝜅
.             (5) 

Small Pr indicates that heat diffuses quickly, in comparison with momentum diffusion. The typical number 

for Pr is 0.7-0.8 for air, while it is about 7 for water.  

 

The fluid flow with heat transfer is described by the Navier-Stokes-Fourier equations, which are conservation 

equations for mass, momentum and energy. For a typical microfluidic PCR device using the common 

pressure-pumping method to drive the PCR mixture through the various thermal cycles, the flow velocity 

profile is parabolic, with no motion at the surface. For better illustration, a 2-dimensional channel is used as an 

example. At the wall surface, fluid has zero velocity, while it has maximum velocity at the centre. The 

averaged velocity is 2/3 of the maximum velocity and a large proportion of the cross-sectional area, which is 

close to the surface, has significantly smaller velocity than the averaged velocity. The direct consequence is 

that the DNA sample and reagents, which are assumed distributed evenly in the cross-sectional area, spend a 

very different time in each thermal cycle, depending on their cross-sectional position. Therefore, optimised 
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flow rates to ensure appropriate times for denaturation, annealing and extension become impossible. If a 

droplet is used to contain all the DNA sample and reagents, then the sample and reagents will move with the 

droplet at the same velocity, which is easy for optimisation of thermal cycling times. 

 

Not as the classical Graetz problem, the thermal development length, which needs to be minimised to have a 

short transition length between high/low temperature zones, does not simply depend on the Prandtl number 

and Reynolds number, due to the coupled nature of the solid-fluid thermal interactions. Generally, a small 

Reynolds number and thermal mass will lead to a shorter thermal development length.  Since the 

microchannel has a large surface area/volume ratio, the heat transferred from/to the surface is very rapid. 

 

Properly choosing the computational domain and the boundary conditions for the fluid flow in the micro-

channel is most important but difficult to do when using computational software. In the simulation, 

researchers usually need to know the temperature and velocity fields of the flowfield in microchannels, which 

is a very small proportion of the whole chip. To resolve the flowfield in 3 dimensions, the computational cost 

would be very large, due to the amount of computational grids required for the computational domain which 

may include the flowfield in channels, the whole chip and the surrounding environment. Therefore, simulating 

one thermal cycle has been adopted by some researchers e.g., [48, 98]. The underlying assumption is that each 

thermal cycle is identical, which is not always true, especially at a large flow rate as discovered by Mohr et al. 

[24, 43]. For a deeper insight into this subject, specialty text books, such as Versteeg and Malalasekera [99] 

can be referred to. 

 

7. Future Perspective for Microfluidic PCR in Droplets 

Although utilisation of microdroplet technology for PCR is only emerging, the principle and potentials have 

been demonstrated by recent research work, e.g. [92-96]. To enable users to embrace this technology, future 

development in system integration, device design optimization, device manufacture, and system automation 

will be essential. System integration may take advantage of recent technological advances in microelectronics 

and microphotonics to have better capability for online detection and droplet manipulation. All the required 

processing steps for PCR such as droplet generation can be achieved on chip, so that PCR can become an 

integrated functional component for a µTAS device. In addition, device design optimization is important for 

performance enhancement and reduction of running cost. Although bespoke design may still be necessary, 

many components may be standardised to reduce the fabrication and maintenance costs. Until now, the 

microfluidic technology has not yet revolutionized the current practice in biological and chemical analyses. 

One of the reasons is that the device is not easy for users to operate. Future research work on device 

automation to reduce (or even eliminate) user interference is critical to evolve this technology out of research 

laboratories.   

 

8. Conclusions  
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Microfluidic technology has dramatically changed conventional PCR for DNA amplification. Due to its small 

thermal mass, microfluidic PCR can greatly reduce the time for PCR processing which is critical for instant 

medical diagnosis and in-field detection. The potential for massive parallel operation is convenient and can 

increase throughput dramatically. Because only a small amount of expensive reagents are required, 

experimental costs can be significantly reduced.  The PCR inhibition and carryover contamination often occur 

in continuous-flow microPCRs, which can be overcome by using droplet technology. PCR in droplets can 

enable single DNA molecule and single-cell amplification, and can eliminate the preference for amplifying 

short fragments and the production of short chimeric molecules associated with single-phase PCR. Although 

the development of droplet-based continuous-flow microPCR is still in the early stages, its great potential for 

becoming the next generation PCR for DNA amplification has recently been demonstrated. 
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Figure 1. Schematic diagram of continuous-flow PCR chip: (A) layout of three temperature zones for PCR 

thermal cycles which are maintained at 95°, 77°, and 60°C. A pressure pumping method is used to inject the 

sample through a single channel etched into the glass chip. (B) device layout: three inlets on the left side of
 
the 

device and one outlet on the right: with only two inlets are used to inject both the sample and buffer. 

(Permission from Science is awaited)  
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Figure 2 (a) The continuous-flow thermal gradient PCR chip. (b) The serpentine channel has a linear 

temperature gradient, where rapid temperature change is achieved in a narrow channel, while slow ramp rates 

are obtained in a wide channel. (c) The smooth and curved glass channel surface. (Permission from 

Biomedical Microdevices is awaited) 
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Figure 3. An illustration of microfluidic PCR in droplets: the PCR mixture is contained in discrete droplets, 

moving through different temperature zones in the microchannels for DNA denaturation, annealing/extension. 

The microfluidic PCR in droplets has many advantages compared with conventional PCR and single-phase 

microfluidic PCR, e.g. elimination of carryover contamination between successive samples, adsorption at the 

surface, and diffusional dilution of samples; prevention of the synthesis of short, chimeric products and other 

artifacts; rapid thermal response for fast PCR process; low consumption of reagents; easy integration as a 

function of a µTAS. In addition, individual droplets can contain different PCR samples, so that it is 

particularly suitable for single cell and single molecule amplification. 
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(a) 

 

 

(b) 

 

 

(c) 

Figure 4. (a) The continuous-flow microPCR chip with PCR sample and reagents contained in droplets. (b) 

Layout of the PCR chip. (c) The aqueous droplets are generated by the imposed shear force from the carrier 

oil phase. (Permission from Microfluidics and Nanofluidics is awaited) 
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Figure 5. Schematic diagram of the on-chip RT-PCR device: (a) the fused-silica device with an inset of 

monodisperse ~70-pL droplets trapped and ready for subsequent PCR; (b) a schematic of the instrument. 

(Permission from Analytical Chemistry is awaited)  
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Figure 6. The layout of PCR chip. (A) The temperature is set at 95 °C in the pink-shaded regions, and 67 °C 

in the other nonshaded regions. The regions highlighted in yellow is the detection zones with channel 

neckdowns, and the corresponding cycle numbers are noted on the left. The PCR mixture is injected in the 

nozzle which is highlighted in red, and the carry fluid oil is injected through the side nozzles acting as oil 

extractor (OE) which is in blue. (B) Droplet generation at the nozzle. (C) Uniform picoliter droplets in the 

downstream channel and flowing through one of the neckdowns. (Permission from Analytical Chemistry is 

awaited)  
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Figure 7. The schematic diagram of the radial PCR device. The carrier fluid oil is injected at the inlet A and 

aqueous phase is injected at two inlet channels (B1 and B2), so that droplets are generated at a T-junction (C). 

The channels are 75 μm deep, and 500 μm wide in the hot zone (D) to ensure initial denaturation of the 

template. The channels are 200 μm wide in the periphery (E) where primer annealing and template extension 

occur. After 34 thermal cycles, the droplets are collected at the exit F. The heat is provided via the underlying 

copper rod (Ø: 1.2 cm) highlighted in orange, and the Peltier module (inner Ø: 2.7 cm, outer Ø: 5.5 cm) are 

used to adjust thermal gradient (blue area). (Permission from Analytical Chemistry is awaited) 
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Device Layout Heaters Demonstration Other features 

[20] 
Fixed-loop 

with 20 cycles  
 

Amplification of 176-base pair 

DNA fragment as low as 90 

seconds for 20 cycles 

First on-chip continuous-flow 

PCR 

[37] 
Fixed-loop 

with 25 cycles 

Integrated 

heaters 

Amplification of 700-base pair 

fragment in less than 30 minutes 

for 25 cycles 

Proposed a liquid /liquid two 

phase PCR  

[29] 
Closed-loop 

design 
  

Magnetohydrodynamic force 

used to pump fluid 

[45] 
Closed-loop 

design 

Integrated 

heaters 

Amplification of 199-base pair 

DNA fragment in 40 minutes  

On-line detection of 

fluorescence level 

[38] 
Fixed-loop 

with 30 cycles 

Integrated 

ITO 

heaters 

450-base pair fragment 

amplified in 19 minutes for 30 

cycles 

On-line fluorescence 

monitoring system 

[25] 
Oscillatory 

chip 

Integrated 

heaters 
 

Numerical simulation for 

device optimal design and 

operation 

[41] 

[42] 

Fixed-loop 

with multiple 

cycles 20, 25, 

30, 35, and 40 

 

Amplification of 230-base pair 

fragments for 30 cycles in only 

6 minutes. 

DAN and RNA application; 

laser-induced fluorescence 

detection system 

[40] 
Fixed-loop 

with 30 cycles 

Integrated 

ITO 

heaters 

1460-base pair fragments 

successfully amplified in 60 

minutes for 30 cycles 

 

[48] 
Fixed-loop 

with 20 cycles 
 

500 and 997 base pair fragments 

amplified in 1.7 and 3.2 minutes 

for 20 cycles respectively. 

Numerical simulation for 

determining device optimal 

flow rates 

[53] 
Fixed-loop 

with 50 cycles 
 

113-base pair fragment 

amplified in 40 minutes for 50 

cycles 

A method proposed to prevent 

bubble generation; laser-

induced fluorescence detection 

system 

[49] 
Fixed-loop 

with 20 cycles 
 

Able to amplify up to 632-base 

pair fragments in 14.6 minutes 

for 20 cycles.  

Coupled with a solid-phase 

reversible immobilization chip 

[50] 
Fixed-loop 

with 20 cycles 
 

Successful amplification of 90-

base pair fragment 

Numerical simulation for 

device optimal design 

[44] 
Closed-loop 

design 
 

Amplification of 500-base pair 

fragment in 13.5 minutes for 30 

cycles. 

Magnetohydrodynamic force 

used to pump fluid 

[52] 
Fixed-loop 

with 30 cycles  
 

290-base pair fragment 

amplified in 18.7 minutes for 30 

cycles. 

Coupled with 13 cycles for  an 

allele-specific ligation 

detection reaction 

[54] 
Oscillatory 

PCR chip 
 

Demonstrated to determine the 

threshold cycle number for their 

device 

Proposed a parallel design to 

increase throughput; On-line 

optical detection system to 

monitor fluorescence level 

[32] 
Fixed-loop 

with 30 cycles;  

Integrated 

heating/ 

cooling 

elements 

For 40 cycles, less than 9 

minutes required to  amplify 

108/181-base pair fragments 

with high yield and specificity 

Narrowing/widening channels 

to manipulate temperature 

gradient 

Table 1. Summary of the continuous-flow PCR chips. 
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Device Droplet generation Detection Efficiency/achievements Other features 

Mohr et al. 

[24, 43] 

Droplets (100-155 

µm in diameter) 

generated at an 

integrated T-

junction 

On-line 

monitoring  

fluorescence 

level within 

each droplet 

60-base pair fragment 

from the RNase P gene 

amplified in about 8 

minutes for 32 cycles 

Numerical simulations 

carried out to optimise 

flow rates; 

Continuous-flow PCR 

chip 

Beer et al. 

[92, 93] 

Droplets (averaged 

diameter of  51, 29, 

31, 27 and 24 µm) 

generated at an 

integrated T-

junction 

On-line 

fluorescence 

detection 

within each 

droplet 

The device used for RT-

PCR 
Well-based PCR chip 

Kiss et al. 

[95] 

Monodisperse 

droplets with 50-

µm diameter 

generated by a 

focused flow at a 

cross-junction 

On-line 

fluorescence 

detection 

within each 

droplet 

A 245-base pair 

adenovirus product 

amplified and quantified 

in 35 minutes at initial 

template concentrations 

as low as 1 template 

molecule/167 droplets. 

The device can 

produce millions 

droplets per hour and 

is able to perform 

single-molecule PCR; 

Continuous-flow PCR 

chip 

Schaerli 

et al. [96] 

Droplets generated 

on-chip at a T-

junction 

 

34 thermal cycles for 

only 17 minutes to 

amplify a DNA 

fragment with 85-base 

pairs 

The temperatures of 

droplets were 

measured by 

fluorescence lifetime 

imaging inside the 

droplets; 

Continuous-flow PCR 

chip with radial layout 

Table 2. On-chip PCR in droplets 

 

 


