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Rayleigh-Benard convection is caused by buoy- 
ancy-driven instability in a confined fluid layer 
heated from below (1). The dimensionless Ray- 
leigh number Ra = ga(T - T)h3/VK express- 
es the interplay between buoyant forces driving 
the instability and diffusive restoring forces act- 
ing in opposition. Here, a is the coefficient of 
thermal expansion of the fluid, g is the acceler- 
ation due to gravity, T, and 

T2 are the temperatures of 
the top and bottom surfaces 
of the cavity, respectively, h 
is the height of the cavity, v 
is the kinematic viscosity, and 
K is the thermal diffusivity. 

The inherent structure of 
Rayleigh-Benard convec- 
tion-steady circulatory flow 
between surfaces maintained 
at two fixed temperatures- 
is ideally suited for per- 
forming thermally activated 
chemical reactions that re- 
quire temperature cycling. 
We have developed a device 
that uses Rayleigh-Benard 
convection to perform poly- 
merase chain reaction (PCR) 
amplification of DNA inside 
a 35-p1l cylindrical cavity. 
Instead of the external tem- 
perature control of conven- 
tional thermocyclers, tem- 
perature cycling is achieved 
as the flow field continually 
shuttles fluid packets verti- 
cally through the tempera- 
ture zones associated with 
denaturation (-95?C) and 
annealing/extension (60? to 
70?C). The steady circulato- 
ry flow field must engage the 
entire reaction volume yet be 
slow enough to allow the re- 
action within each tempera- 
ture zone to reach completion. The param- 
eters available to control the fluid motion 
are the Rayleigh number and the aspect 
ratio hid, where d is the diameter of the 
cavity. In the case of PCR, the required 
reaction efficiency constrains the reaction 
solution and the temperature difference; 
thus, Ra can only be changed by varying 
the height of the cavity, leaving geometry 
as the primary flow control parameter. 

We constructed a series of Rayleigh-Be- 
nard convection cells by drilling holes in 
Plexiglas cubes (Fig. 1A) and imaged the 
resulting flow patterns by recording the mo- 
tion of an aqueous suspension of fluorescent 
latex microspheres (Fig. 1B). At values of Ra 
on the order of 105, the convective motion is 
characterized by steady flow within a single 
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Fig. 1. (A) RB-PCR cell schematic. (B) Influence of geometry on 
Rayleigh-Benard convection (5). (i) hid = 3.3, Ra = 4.6 x 105; 
steady circulatory convective flow between the top and bottom of 
the cavity. (ii) hid = 3.3, Ra = 3.7 X 106; unsteady "figure-8" 
convective flow pattern. (iii) hid = 6.3, Ra = 3.7 x 106; steady 
convective flow is reestablished at the same value of Ra as in (ii). 
(C) DNA amplification in RB-PCR cell. (i) Amplification with 0.1 
U/idl Ampli-Taq Polymerase. Lane 1, 100-bp ladder; lane 2, RB-PCR 
product; lane 3, PCR product generated in a thermocycler using 
two-temperature cycling (denature: 95?C; anneal: 61?C, 40 cy- 
cles). (ii) Negative control with no template. Lane 1, RB-PCR 
product; lane 2, thermocycler product. (iii) Negative control with 
no enzyme. Lane 1, RB-PCR product; lane 2, thermocycler product. 
(iv) Amplification with 0.15 U/[LL AmpliTaq Polymerase. Lane 1, 
50-bp ladder; lane 2, RB-PCR product; lane 3, thermocycler prod- 
uct. The additional high-migrating band appears in all template- 
containing reactions and controls (6). 

well-defined axisymmetric cellular pattern. 
Increasing Ra to the vicinity of 106 while 
holding hid constant causes the flow velocity 
to increase, ultimately inducing a transition to 
an unsteady flow regime. Holding Ra con- 
stant in the vicinity of 106 while increasing 
hid reverses the unsteady flow transition and 
restores uniform convective motion. These 
observations are in qualitative agreement 
with the results of Miiller and co-workers 

(2) and suggest a considerable amount of 
tunability to accommodate a variety of re- 
action conditions and reagent volumes. 

On the basis of flow visualization stud- 
ies in a number of geometries, we selected 
cavities 1.5 cm in height with hid 10 for 
PCR experiments. Convective flow was 
generated with top and bottom surfaces of 
the cavity maintained at 61?C and 97?C, 
respectively (3). About 9 ng/jtl of human 
DNA template was used, and the target was 
a 295-base pair (bp) fragment of the sin- 
gle-copy 3-Actin gene. As shown in Fig. 
1C, the Rayleigh-Benard PCR (RB-PCR) 
cell produces an amplification product of 
the correct size and compares well with the 
PCR product generated in a thermocycler 
under similar temperature conditions. In 
addition to enzyme concentration, the reac- 
tion is sensitive to incubation time and the 
temperature at the top surface of the cell. 

The RB-PCR system is exceedingly 
simple and may be easily assembled in any 
laboratory. The potential versatility of this 
system may be further enhanced through im- 
proved characterization of convective flow 
fields in high aspect ratio cavities and studies to 
optimize PCR in flowing systems. 
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