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PCR is the primary technique used for 
amplifying specific nucleic acid sequences 
(1). Traditional PCR requires the use of a 
delicate thermal controller to repeatedly 
heat and cool samples, typically for 35–50 
cycles. During their early development, 
the size, cost, and long ramping time of 
traditional PCR thermocyclers limited 
their use to major hospitals and labora-
tories. Recently, new platforms have been 
developed that simplify the equipment and 
shorten amplification times. One approach 
increases the ramp rates of temperature 
changes through the use of a Peltier element 
with high electric power (2–5), shortening 
the time for PCR amplification from 2–3 
h to 30–40 min. However, such increases 
in ramp rates require a more delicate 
and costly thermal controller than tradi-
tional thermocyclers with slower ramp 
rates. Another approach is to replace the 
thermal cycler altogether with a specially 
designed microfluidic chip. This platform 
circulates reagents inside microchannels 
through three zones at different fixed 
temperatures (6–10). The microelectro-
mechanical systems (MEMS) approach for 
fabricating biochips can shrink the size of 
such systems dramatically. However, such 

systems require external pumping sources, 
complex microchannel design, and two or 
three temperature controllers running at 
the same time.

Natural convection induced by density 
changes of f luids within temperature 
gradients can be also applied to DNA 
amplification (11). When the reagents 
in a sample circulate repeatedly through 
different temperature zones driven by 
natural convection, it is possible for the 
sample to undergo the three steps of a 
PCR cycle—nucleic acid denaturation, 
annealing, and extension—in a single 
circulation. Convective PCR can reduce 
the amplification time from multiple 
hours to 30–40 min (12,13). Using this 
platform, a dedicated thermal cycler—
the most expensive component of conven-
tional PCR—is not needed. However, 
current convective PCR systems use two or 
more independent temperature controllers 
and complicated designs requiring a 
specific shape of tubing or additional 
chambers to circulate fluids completely 
(14–18). Moreover, skillful manipu-
lation is necessary for certain operations 
such as loading and unloading reagents 
from thin tubing and sealing both ends 

of the tube without trapping air bubbles 
inside. Every step is crucial for successful 
operation. Furthermore, very few studies 
have examined the differences in primer 
and amplicon design between traditional 
and convective PCR, limiting the versatile 
application of convective PCR.

Here we describe a new capillary 
convective PCR platform (CCPCR) 
where the capillary tube is mounted on a 
heater with a fixed temperature at 95°C. 
No complex microf luidic chip design, 
special tubing, or vessels are necessary. 
The continuously heated capillary base 
drives the lowest part of the sample to 
rise by convection while at the same time 
denaturing the template. As this portion of 
the sample rises, its temperature falls due 
to cooling from the surrounding air. When 
the sample reaches the cool temperature 
zone near the top of the tube, it undergoes 
annealing and extension following which 
the DNA template sinks and is heated 
again. In this way, PCR cycles are achieved 
by natural convection.

In such a simple platform, we demon-
strate that correct primer and amplicon 
design are essential for successful DNA 
amplification. Because of the simplicity 
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of CCPCR, nucleic acid amplification 
can be accomplished without costly and 
delicate thermocyclers and without any 
additional complicated hardware. We 
believe that this platform will offer a new 
DNA amplification method with an ease of 
operation and low cost that is well suited for 
point-of-care applications in third-world 
countries.

Materials and methods
Setup configuration of 
capillary convective PCR
CCPCR employs a standard dry heat bath 
with temperature feedback control as the 
heat source (Supplementary Figure S1). 
The sample container is a commercial glass 
capillary tube with a closed bottom (Light-
Cycler Capillaries 100 μL, Roche). Each is 
51 mm long and the inner and outer diameter 
of the capillary tube is 2.3 mm and 3.2 mm, 
respectively. Two handmade heating blocks 

with different drill hole depths (4 mm and 
30 mm) are placed in a dry bath maintained 
at 95°C (Digital dry bath incubator, Cat. 
no. BL-3002, Violet BioScience Inc., Taipei, 
Taiwan). The first step is to place the glass 
capillary tubes containing the samples 
in the heating block with 30 mm–deep 
holes. The whole tube is heated entirely by 
conduction within 10 min to activate the 
Taq DNA polymerase. After that, the tubes 
are transferred to the block with 4 mm–deep 
holes and supported with a plastic capillary 
holder stand. The tubes are heated only at 
the bottom to create natural convection for 
DNA amplification in 30 min.

Plasmids and primer sequences
pHBV-48 (19), HCV plasmid (20), and 
HIV-1 vector pNL4–3 (21), were used as 
template DNAs for amplification using 
traditional and capillary convective PCR. 
All primer sets (Supplementary Table S1) 
were designed by software (LightCycler 

Probe Design Software 2.0, Roche) and 
synthesized by Mission Biotech, Taiwan.

PCR amplification and electrophoresis
Each CCPCR reaction contained 3 μL 
DNA template, 7.5 μL LightCycler FastStart 
DNA Master Hybridization Mixture (Taq 
DNA polymerase, PCR reaction buffer, 10 
mM MgCl2, and dNTP mixture; Roche, 
Germany), 9 μL 25 mM MgCl2, 1.5 μL 
10 μM each primer, and 52.5 μL double-
distilled water. The samples in the capillary 
tubes for CCPCR were covered with 10 
μL mineral oil (Cat. no. M5904, Sigma-
Aldrich, United States). The cycling condi-
tions for the traditional thermal cycler 
(TGradient, Biometra, Germany) were: 
95°C for 10 min (1 cycle); 40 cycles of 95°C 
for 20 s, 65°C for 20 s and 72°C for 30 s; 
then 72°C for 7 min. Two microliters of 
PCR or CCPCR products were run on a 2% 
agarose electrophoresis gel (Cat. no. MJ-105, 
Shorter Mini Gel System, Blossom Biotech-
nologies Inc., Taipei, Taiwan) containing 
1 μg/mL ethidium bromide submerged in 
1× Tris-acetate–EDTA (TAE) buffer at 
100 V for 40 min.

Particle image velocimetry and 
temperature measurement
The flow pattern in a 75-μL volume capillary 
tube [h/d = 7.7 (h/d denotes ratio between 
the height of sample in the capillary tube 
and the inner diameter of capillary tube)] 
was visualized by particle image velocimetry 
(PIV) (TSI, St. Paul, MN). The working 
fluid was deionized (DI) water and the 
flows were seeded with 50-μm diameter 
polystyrene polyamide particles (ρp; 
1005 kg/m3). After preheating for 10 min, 
the particles fluoresced at ~585 nm when 
excited with an Nd:Yag laser (λ = 532 nm); 
images were captured on a charge-coupled 
device (CCD) camera with a frame rate of 
15 frames per second (fps) and overlapped. 
The particle-image fields were analyzed 
using an interrogation program written 
in MATLAB (MathWorks, Natick, MA, 
USA). The signal-to-noise ratio of spots on 
the cross images was improved with an arith-
metic and geometric correlation function 
averaging process. The temperature of the 
interface (Tl) between the solution and oil 
was measured using a temperature recorder 
(PC-Based Data Acquisition Unit MX100; 
Yokogawa, Tokyo, Japan). The depth of 
thermocouple wire in tubes can be fixed 
at the interface using a custom-built steel 
holder with a special design for minimizing 
interference while the fluid is circulating.

Melting curve analysis
Each sample contained 18 μL PCR or 
CCPCR products and 2 μL SYBR Green I  

Figure 1. The principle of CCPCR. (A) Schematic diagram of the CCPCR reaction sample in the capil-
lary tube illustrating that the three steps of PCR occur at different locations along the length of the 
tube during natural convection (room temperature at 24°C; heating at 95°C). (B) Comparison of the 
temperature profiles of the samples between CCPCR (top) and the traditional PCR (bottom). Tradi-
tional PCR maintains a constant temperature for each step and only one step occurs at a time in the 
entire tube, while the temperature profile of CCPCR varies smoothly along the length of the capillary 
tube and the different steps of PCR proceed simultaneously. (C) (I) A commercial glass capillary with 
3-mm bottom thickness (BT) is heated at its bottom in an aluminum block with 3.2 mm–diameter 
wells that are 4 mm deep. (II) A plastic capillary holder prevents leaning of the tubes [holder height 
(HH), 26 mm; mineral oil (*), 10 μL]. (III) Flow pattern analyses of CCPCR using particle image 
velocimetry (PIV). (IV) FLUENT simulation showing stable circulation in the capillary tube when the 
sample height is 18 mm (volume, 75 μL).
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(1:1000 dilutions from stocks; Invitrogen, 
Carlsbad, CA). The melting curve was 
analyzed by using a LightCycler 2.0 real-time 
PCR machine (Roche). The thermal condi-
tions of the melting curve were: 95°C for 1 
min, 60°C for 1 min, a temperature ramp 
of 0.1°C/s to 95°C in continuous fluores-
cence acquisition mode, and then 30°C for 
1 min.

Results and discussion
In our platform, the temperature gradient in 
the sample is created when the tube is heated 
from below and cooled by the surrounding 
air, causing natural convection to cycle 
the sample solution through the thermal 
gradient required for DNA amplification 
(Figure 1A). There are two challenges for 
the successful application of this simple 
platform: (i) to guarantee the creation and 
stability of the necessary flow and temper-
ature fields for denaturation, annealing 
and extension when only one temperature 
control is available, and (ii) to design appro-
priate primers and amplicons suitable for use 
with the temperature gradients generated by 
the platform.

In traditional PCR, temperature settings 
and their duration are determined by 
amplicon length, GC content of the DNA 
template, and secondary structure (22). In 
contrast, convective PCR requires temper-
ature gradients in a system generating 
flowing fields, so reagents continuously 
experience different temperatures during 
their circulation. Figure 1B (top) shows 
the typical changes in sample temperature 
during one circulation inside a capillary 
tube heated from below. The Th (the hottest 
temperature) zone is located at the bottom 
of the tube and the Tl (the lowest temper-
ature) zone is located at the upper interface 
between the covering oil and reagents. To 
ensure that the three steps of a PCR cycle 
occur inside the capillary tube, the Td 
(denaturation temperature of the amplicon) 
should be lower than Th and Tm (melting 
temperature of the primer) should be higher 
than Tl. Obviously, the time for an effective 
reaction in the denaturing/annealing/
extension steps depends on the temperature 
differences: Th–Td and Tm–Tl.

To extend the duration of amplification, 
one could either tune Th and Tl by adjusting 
the thermal system or by designing specific 
primers with sufficiently high melting 
temperatures. The temperature at the 
interface between the oil and sample was 
measured using different sample volumes 
(Supplementary Figure S2). The results 
showed that the greater the volume of sample, 
the lower the Tl. Theoretically, one could 
add more sample volume to decrease the Tl 

and give a longer effective time. However, 
this could also stimulate a second mode of 
motion in natural convection if the fluid 
path were too long: that is, the flow patterns 
could split into two or more vertical circu-
lation pathways. For even longer columns, 
the flow could become turbulent. These 
conditions should be avoided to ensure 
stability of the flow pattern. Moreover, 
increasing sample volume adds cost to the 
reaction by increasing the amount of PCR 
reagents required. Therefore, a fixed volume 
of 75 μL was chosen to maintain a stable, 
single-circulation thermal environment. 
The flow pattern in the 2.3 mm–diameter 
capillary tube was visualized using particle 
image velocimetry (PIV) (Figure 1C-III) and 
confirmed by three-dimensional FLUENT 
simulations (Figure 1C-IV; Supplementary 
Figure S3). The design described above solved 

the first challenge of flow generation and the 
temperature fields required for successful 
amplification.

For the second challenge, the optimal 
Tm values of primers under fixed thermal 
conditions should be tested: Th = 95°C at 
the bottom and Tl = 67°C at the oil–buffer 
interface. Seven primer sets with different 
Tm in a range of 57–80°C were designed to 
amplify hepatitis B virus (HBV) amplicons 
by CCPCR (Supplementary Table S2). The 
electrophoresis gel data (Figure 2A) show 
that although CCPCR did not amplify 
target DNA using primers with a Tm ≤ 70°C, 
primers with a Tm ≥ 72°C resulted in successful 
template amplification. Using primers with a 
Tm ≥ 76°C, the intensities of electrophoretic 
DNA bands appeared stronger.

Along with Tm–Tl, the temperature 
difference Th–Td for denaturation is the 
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Figure 2. Determination of the Tm and Td parameters for CCPCR. In each panel, the corresponding tra-
ditional PCR reactions are shown. (A) Seven sets of primers with different melting temperatures (58–
80°C) for HBV amplicons (duplicate tests for CCPCR) were tested. (B) Four HBV amplicons (122, 
169, 188, and 222 bp) were amplified by CCPCR under three different conditions: (I) Th = 95°C,  
(II) Th = 99°C, and (III) Td = 95°C with 5% DMSO in the samples. (C) CCPCR of seven HBV am-
plicons (208–810 bp) with Td designed within 86–88°C when the Th was 95°C. The initial DNA 
copy number of each sample was 1000. Primer sequences and Td of each amplicon are listed in 
Supplementary Table S1 and S3.
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other important factor in CCPCR. If the Td 
is too close to the Th in the tubes, CCPCR will 
fail because the double-strand DNA is unlikely 
to have denatured completely, which will not 
allow primers to efficiently anneal to template 
DNA. This would diminish the ability of the 
platform to detect long amplicons since greater 
lengths or higher GC content of amplicons 
are usually accompanied by higher tempera-
tures of denaturation. We tested four HBV 
amplicons (Supplementary Table S3) with a 
Td range of 86–91°C and found that CCPCR 
could amplify the two amplicons (122 and 
169 bp) with Td < 87°C (Th–Td > 8°C), but 
failed to amplify the other two amplicons 
(188 and 222 bp) with Td > 90 (Th–Td < 5°C; 
Figure 2BI). To increase Th–Td, one can tune 
the heating temperature from 95°C to 99°C. 
Weak bands now appear for both the 188- and 
222-bp amplicons with Td > 90°C in Figure 
2BII, indicating that a greater Th value can 
result in the successful amplification of DNA 
templates with higher Td values. It should be 
noted that the bands for both the 122- and 
169-bp amplicons in Figure 2BII are weaker 
than those in Figure 2BI. The reason could be 

that the primer annealing efficiency for both of 
these amplicons with a Td ≤ 86°C is reduced by 
an increase in the oil-buffer interface temper-
ature. One can also use chemical methods 
to reduce the Td of amplicons by adding 
dimethyl sulfoxide (DMSO), which enhances 
the denaturation of DNA secondary struc-
tures (23). However, a caveat is that DMSO 
also affects primer annealing on templates 
because the Tm of primers is lowered, which 
can adversely affect CCPCR amplification 
in certain cases (Figure 2BIII).

It is important to maintain the same 
thermal field (Th = 95°C; Tl = 67°C) for 
consistent flow and temperature distribution 
in the capillary tube, and it would be even 
better if one could choose amplicons with 
the desired Td without altering the Tm of 
primers. Selecting a low Td is a strategy for 
amplifying a long amplicon where there is the 
limitation that the heater temperature needs 
to be maintained at 95°C. For this reason, 
we attempted to amplify seven amplicons of 
different lengths, from 208 to 816 bp, using 
CCPCR. The Td of each amplicon was verified 
experimentally using melting curve analysis 

(data not shown). CCPCR could amplify 
lengths of DNA ≤500 bp (Figure 2C). This 
revealed the importance of Td as well as Tm in 
CCPCR, whereas traditional PCR relies more 
on Tm alone. In summary, a rule-of-thumb 
for CCPCR for any DNA template is to use 
a high-Tm primer and a low-Td amplicon. To 
demonstrate this rule, several different virus 
amplicons of ≤500 bp (Td ≤ 87°C, Tm ≥ 76°C) 
were chosen for testing and all were success-
fully amplified by CCPCR (Figure 3A). The 
sensitivity of the test with HBV plasmid DNA 
was 30 copies per reaction (Figure 3B). The 
high- and low-copy HBV DNA sequences 
(3000 and 30 copies/tube, respectively) were 
amplified by CCPCR in only 30 min (Figure 
3C).

In recent years, a growing number of 
studies have focused on developing a fast and 
portable PCR platform for nucleic acid testing. 
However, thermocyclers based on thermal 
conductivity for their heating mechanism 
still require a delicate digital controller to 
rapidly heat and cool the sample. Natural 
convection, another mode of heat transfer, 
promotes spontaneous and repeated liquid 
circulation to provide working temperatures 
for denaturation, annealing and extension. 
Here, we have described CCPCR, a simple 
platform for DNA amplification in a capillary 
tube using natural convection. Our study 
indicates that such a simple amplification 
method does necessitate the redesign and 
optimization of both amplicons and primers 
(high-Tm primers and low-Td amplicons) for 
the best performance to make it equivalent to 
traditional PCR. Such optimization increases 
the relative temperature differences for Th–Td 
and Tm–Tl, thereby extending the space and 
time for effective denaturing/annealing/
extension reactions.

One major concern is the possible effect of 
ambient temperature on CCPCR since the 
platform uses ambient temperature as the 
cooling mechanism. In our test, CCPCR 
was effective both at 4°C in a refrigerator and 
at 33°C in an incubator, although it failed 
when the ambient temperature was >38°C 
(Supplementary Figure S4). Thus, CCPCR 
is compatible with general indoor operations 
except in extremely hot locations.

Because of the simplicity of CCPCR, it 
offers operators great convenience without any 
complicated hardware settings. Furthermore, 
the dry bath in this platform can be replaced 
easily by any heating source as long as it can 
provide the required denaturation temper-
ature at the bottom of capillary tubes—for 
example, a hot-water bath or the heating plate 
of a commercial portable scent-based mosquito 
repellent device. We found that such simple 
heating sources could amplify HBV DNA 
successfully in 30 min (Supplementary Figure 
S5). With its advantages of low cost and ease 
of operation, CCPCR would be well suited 
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Figure 3. Amplification of different targets and sensitivity of CCPCR. (A) Comprehensive test of the 
rule-of-thumb as applied to three different viral genomes: HCV, HBV, and HIV. The Tm was designed 
to be > 76°C and the Td was < 88°C. (B) Initial DNA copy numbers from 3 × 106 down to 3 were 
amplified by traditional PCR (right half of picture) and CCPCR (left half of picture). The total reac-
tion time was 1 h 40 min for traditional PCR and 30 min for CCPCR. Primer set: HBV 122 forward/
reverse (C) Time course of amplification by CCPCR using high and low DNA concentrations (initial 
DNA copy number: 3000, left; 30, right). Primer set: HBV 122 forward/reverse.
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for less developed countries to improve surveillance systems for disease 
outbreaks. We also hope that CCPCR can make nucleic acid testing 
more accessible beyond laboratories by facilitating point-of-care appli-
cations.
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