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Continuous flow microreactors with an annular microchannel for cyclical chemical reactions were fabricated by
either bulk micromachining in silicon or by rapid prototyping using EPON SU-8. Fluid propulsion in these
unusual microchannels was achieved using AC magnetohydrodynamic (MHD) actuation. This integrated
micropumping mechanism obviates the use of moving parts by acting locally on the electrolyte, exploiting its
inherent conductive nature. Both silicon and SU-8 microreactors were capable of MHD actuation, attaining fluid
velocities of the order of 300 um s~ when using a 500 mM KCI electrolyte. The polymerase chain reaction
(PCR), athermocycling process, was chosen as an illustrative example of a cyclical chemistry. Accordingly,
temperature zones were provided to enable a thermal cycle during each revolution. With this approach, fluid
velocity determines cycle duration. Here, we report device fabrication and performance, a model to accurately
describe fluid circulation by MHD actuation, and compatibility issues relating to this approach to chemistry.

1. Introduction

The ability to perform chemistries in microfabricated chambers
presents many benefitsthat include reduced reagent volumesfor
safety and economy, and improved performance from increased
thermal and mass transfer. Combining these benefits with
modifications to achieve microchannels, and the provision of
pumps for fluidic actuation enables new functionality and the
possibility for an aternative approach to chemistry. Here,
reactants flow through a spatialy defined environment that
permits the precise control and selectivity of chemical inter-
actions for the synthesis of desired products.

Conducting chemistry with microfluidics has numerous
atractive attributes. When actuating fluid in channels with
micron dimensionslaminar flow behaviour typically dominates.
Fast, diffusion limited processes can benefit from appropriate
channel arrangements for the generation of co-current laminar
streams to provide high surface area to volume ratios for
micromixing.-2 This principle has been exploited for phase
transfer reactions, including direct fluorination and nitration of
organic compounds34 and separations.> Flow through a micro-
fabricated environment also confers the possibility to regulate
reactant residence times at large active surface areas for
selective catalysis.®8 In this instance, flow rate is dictated by
the kinetics of the reaction.® The superior heat dissipation
characteristics of microchannels can aso be used for the
restrained management of exothermic reactions and thus
achieve further selectivity.10.11 Fluidic actuation can also be
harnessed to achieve precise stoichiometric control of inter-
acting species, 1213 or to alow concentration gradients to be
constructed for stereosel ection.14 Extension of this approach by

T Electronic supplementary information (ESI) available: figures depicting a
silicon MHD microreactor, finite element solution for velocity profilein the
silicon microreactor annulus, and the effect of MHD actuation conditionson
the PCR product previously generated by conventional amplification
methods and on the PCR reagents prior to thermocycling by conventional
methods. See http://www.rsc.org/suppdatall c/b2/b206756k/
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the incorporation of additional and integrated microchannels
has been used to enable multi-step dipeptide synthesis.15
Another motivation includes the use of actuation methods such
as capillary electrophoresisto exploit the differing mobilities of
enzymes and substrates to affect the duration of biochemical
interactions, while al'so removing products to allow successive
conversions.16 It is evident that this approach to chemistry
requires not only miniature geometries and fluidic actuation but
also a careful consideration of channel design, material choice
and actuation technique. We have used the term architecture
controlled chemistry to encompass these features.

This paper describes the adoption of this approach for the
amplification of DNA by the polymerase chain reaction (PCR).
PCR is an enzymatically driven reaction that comprises a
number of thermal cycles, each cycletypically comprising three
temperatures. The target DNA molecule is first denatured into
separate strands at an elevated temperature (>90 °C), then
synthetic oligonucleotides (primers) undergo sequence specific
annealing with the target strands at an appropriate temperature
(~60 °C). These primersthen direct the enzymatic polymeriza-
tion, or extension, of complementary DNA copies of the two
strands at the optimum enzyme activity temperature, typically
74 °C.17 Each cycle of PCR can therefore be regarded as a
detection event followed by signal duplication, leading to the
overal exponential synthesis of the desired product throughout
the course of the reaction.’® This powerful amplification
reaction is particularly advantageous for microsystems where
detection capabilities are challenged by the minute volumes
involved. The cycle of events during DNA amplification by
PCR is depicted in Fig. 1.

Continuous flow PCR is based on areaction conduit passing
repetitively through the required temperature zones such that
the shape of the conduit and the flow rate determines the
temperature profile that the reactants experience.l® When
operating in capillaries with micron dimensions, heat dissipa-
tion times become minimal, and heating and cooling is then
largely restricted to flow rate.20 Micromachined channels have
been used to achieve total run times of the order of minutes,
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approaching the theoretical limit of PCR performance with zero
ramping time.21.22

2. Concept

Taking the micromachined continuous flow approach to DNA
amplification we identified an aternative channel design to the
conventional serpentine layout. The cyclical nature of the PCR
chemistry suggests that a circular, or annular, channel could be
used to conduct a therma cycle every revolution. This
arrangement is readily amenable to the implementation of a
single detection element for the quantitation of product yield
throughout the course of the reaction. On-line detection coupled
with cycle number flexibility, again afforded by the circular
geometry of the channel, can be used to avoid excessive thermal
cycles and further allows the quantitation of original template
copy number.23 For efficient amplification, comparable to
conventional thermocycling instruments, a cycle duration of
three minutes or lessisrequired. Given achannel diameter of 10
mm this demands fluid velocities of the order of 200 um s—1.
Moreover, the actuation of fluidsin an annular channel poses a
considerable challenge. Fluid circulation using a magnetohy-
drodynamic (MHD) micropump has previously been demon-
strated and provides ameans of addressing this.24 Thisactuation
mechanism operates without the use of a pressure drop to
generate aflow that is effectively continuous, making it suitable
for continuous flow reactions in a circular channel. MHD
actuation is realised when an electric current is applied acrossa
channel in a fashion that is perpendicular to a magnetic field
originating from beneath the channel. This orthogonal arrange-
ment generates a Lorentz force that is perpendicular to both
electric and magnetic fields, and acts to induce fluid circula-
tion.

3. Experimental
3.1 Fabrication

Annular MHD microreactors were realised by either bulk
micromachining in silicon or by rapid prototyping using EPON
SU-8, a thick film negative photoresist. Both annular micro-
reactors have an adjoining microchannel for sample introduc-
tion and removal by centrifugation. SU-8 MHD microreactor
prototypes with an annulus of interna radius 4.5 mm were
fabricated using a 525 um thick silicon substrate with 1 um of
SiO, grown in a wet furnace (Thermco 9000 Furnace). SU-8
was spin coated and developed using UV photolithography to
realise 180 um deep channels, with a width of 1000 um. The
channel electrodes were defined using a standard sputtering
method in conjunction with an experimental patterning tech-
nigueinvolving stainlesssteel stencils. Thecircular geometry of
the device demands two sets of complementary crescent
stencils, and therefore two sputtering steps. In addition,

94°C
denaturation
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extension annealin

Fig.1 Cycleof eventsduring DNA amplification by PCR. Where N, isthe
origina template copy number, o¢ is the number of cycles, e is the
efficiency of fragment duplication, and N is the final copy number.

stainless steel channel inserts were required to ensure electrode
separation at the base of the channel. Metalisation was
achieved using a30 min 1.5 kW RF etch to promote adhesion of
electrodes (1000 nm Cu, 100 nm Pt) deposited on the vertical
wall structures by sputtering (Nordiko Magnetron, MDX
2500-W) through the stencil and about the insert. These
microreactors were enclosed using a 150 um thick laminate.
The SU-8 fabrication scheme and device are depicted in Figs. 2
and 3, respectively. The aternative device was fabricated using
bulk micromachining, which involved anisotropic KOH etching
an annulus into a 525 um thick silicon substrate to a depth of
150 wm, with an average width of 1160 um, and with an average
internal radius of 4.42 mm. Following the growth of a lum thick
SiO, using a wet furnace (Thermco 9000 Furnace), the wafers
were coated with metal (350 A Cr, 2000 A Au) using a
Temascal Evaporator (BJD1800). Standard photolithographic
methods were used with Eagle electrophoretic negative photo-
resist (ED2100) to pattern metal electrodes on the channel
walls.25 Finally, a UV-curable epoxy (Loctite 302) was used to

SU-8 photoresist
on silicon substrate

develop &
strip SU-8

apply insert
& stencil

RF etch &
Cu/Pt sputter

i

M 525 umsi
[]1umsio,
[ 180 um SU-8

Fig. 2

|:| insert & stencil

|:| 1 um Cu
[] 100 nm Pt

Illustration of SU-8 microreactor fabrication path.

Fig.3 MHD microreactor with an annular channel developed in SU-8 and
with Cu/Pt electrodes patterned on the vertical wall structures.
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enclose the microreactors with a 150 um thick glass superstrate.
The silicon device is shown in the supplementary material
T(ESI), Fig. S1.

3.2 Flow modelling

A model was constructed to consider the effect of channel
current and geometry during MHD actuation. By neglecting the
effects of fluid motion on the magnetic and electric fields, the
equations of incompressible MHD flow26 may be reduced to the
Navier—Stokes equation with a Lorentz force:

Dy ,
pE+Vp=j><B+77Av (1)

Herevisthevelocity of the fluid, B isthe magnetic field, j is
the current density and p, p and n are, respectively, the density,
pressure and absolute viscosity of the fluid. This equation is to
be solved for the fluid velocity, given the imposed current
density j and the magnetic field B. The SU-8 microchannel
geometry is cylindrically symmetric of width 1000 um and
depth, h=180 um. Egn. (1) admits a cylindrically symmetric
steady solution with radial velocity and axial velocity both zero,
and azimuthal velocity v and pressure depending only on r and
z (the radia and vertical coordinates). These assumptions
simplify (1) to a Poisson equation for the steady azimuthal
velocity, where B and | are the peak amplitudes of the AC
electric and magnetic fields:

\% Bl

r2  4mrhn

This may be solved using a Fourier—Bessel expansion, or by
straightforward numerical computation using a two-dimen-
sional finite element package. The boundary conditions at the
sides, bottom and top of the channel are determined by the
standard no-slip condition (v = 0) for viscous fluid at a wall.
Plotted in Fig. 4 is the nondimensional quantity

—v(r,z)x( B

| -1
4nhn]
evaluated at each (r,2) point in the channel cross-section. This
has a maximum near the inner wall, at half the depth, which
corresponds to a dimensional velocity of magnitude
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Fig. 4 Finite element solution for velocity profile in the SU-8 annulus.
Depth is measured along the vertical z axisin mm. The microchannel width
is 1 mm with channel radius in mm aong ther axis.
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The effective transport velocity is the average of the velocity
over the cross-section of the SU-8 channel, and has a
nondimensional value of 4.7 x 10—4 (i.e. 56% of the maximum
given by (2) above). Note that the numerical value in egn. (2)
depends strongly on the channel geometry. Thus, for example,
if the height of the SU-8 microchannel is approximately
doubled to 375 um, a new nondimensional multiplier of 3.4 X
103 (about 4 times larger than the 8.4 X 10—4 valuein (2)) is
caculated from the Poisson solver. For a given electrode
voltage, it is observed that the value of the current | changes
proportionally with channel height h and therefore the current
density is maintained. Consequently the Bl/4zhn factor in (2) is
unaltered, and the model predictsthat the actuation velocity also
scales with h2, for channel dimensions of the order considered
here.

Calculation of the velocities in the silicon microreactor
becomes more involved owing to the anisotropic etch that
resultsin vertical walled regions (1278 um wide), and 54° etch
regions where the channels are wider at the top than the bottom
(1045 um and 830 wm, respectively), and still further regions
where a combination of these cross-section geometries exist.
Separate computation of the two cross-section extremes reveals
only a2% difference. This negligible difference arises from the
dominating influence of the smallest dimension (height) and the
high aspect ratio (~ 7). The nondimensional velocity profilein
the 54° etch region can be found in the supplementary material
T(ESI), Fig. S2. In this study an average nondimensional value
of 5.9 x 10—4 was used to approximate the maximum velocity
in the silicon microreactor, yielding an effective transport
velocity with a nondimensional value of 3.3 x 10—4.

v=84x10"* )

3.3 Apparatus and operation

MHD actuation using a 1 kHz AC signal was implemented to
avoid issues of net reactant migration leading to electrode and
reactant degradation, and the accompanying electrolytic bubble
generation, when operating in DC.24 An elementary series
circuit was used to synchronise sinusoidal electric and magnetic
fields to generate a circulating Lorentz force. In this arrange-
ment, the Lorentz force depends on the amplitude and
oscillation state of the AC electric and magnetic fields. Thus
during one period of oscillation a variation in the magnitude of
the Lorentz force is seen, resulting in a pulsatile flow where the
peak force generated is double that of the time-averaged force.
However, operation at high frequencies (1 kHz) with a viscous
fluid generates a flow that can be effectively regarded as
continuous, reflecting the time-averaged force.2?

The experimental apparatus comprised an AC power source
(HP 6813A) connected in series to the MHD chip and an
electromagnet. The electromagnet was fabricated using 350
turns of copper wire about a ferrite tube. Multiple cover dips
were used as spacers to provide 150 pm intervals for magnetic
field measurements using a magnetic probe (GM05 Gauss-
meter, Hirst). This data was used to calculate the average
magnetic field experienced by the fluid in the microchannels of
the SU-8 and the silicon MHD devices for a given electro-
magnetic current. Typical MHD actuation conditions used a 5
Vrus Signal applied to the circuit to provide a cross channel
current of 90 mA and a magnetic field of 11 mT when using a
500 mM electrolyte at room temperature. The electrolyte
comprised either KCI or PCR solutions (60 or 100 mM, i.e. 50
mM KCI with 10 or 50 mM Tris-HCI, respectively). Fluid
velocities were determined by video microscopy of 6 um
diameter latex particles that serve as tracers for the observation
of fluid movement. Temperature zones were realised using



contacting thermoelectric peltiers (ThermaTEC Series, MEL-
COR) driven by power sources (PSD3510A, WK) and surface
temperatures were monitored using 0.005” gauge K-type
thermocouples (Omega). The primer annealing and enzyme
activity temperature was set to 72 °C, and the denaturation
temperature was set to 92 °C. Using a viscometer (RV20,
Haake) the absolute viscosity of a model PCR solution was
found to approximate that of water in the measurement range of
25 °C-85 °C. The model solution contained 50 mM KCI, 10
mM Tris-HCI (pH 9.0), 0.1% Triton® X-100, 2 uM EDTA, 20
uM DTT, 1% (v/v) glycerol, 0.2 mM deoxynucleotides, 2 mM
MgCl, and 40 ug mL—1 BSA (polymerase substitute). When
operating at an average channel temperature of 82 °C (validated
by the associated cross channel current gain) the average
absolute viscosity nwasestimatedtobe 3.5 X 10-4kgm—-1s-1
(or 0.35 cP). During thermocycling, average flow velocities
were extrapolated from egn. (2) using cross channel and
electromagnet current measurements. The experimental set-up
for thermocycling is depicted in Fig. 5.

3.4 PCR Engineering

To promote PCR-compatibility (biocompatibility) the devices
were derivatised with a solution of 5 mg mL—1 BSA (Sigma)
and 5 mg mL—1 crude oligonucleotides from herring sperm
(Sigma-Aldrich) for 15 min at 4 °C. Biocompatibility experi-
ments involved thermocycling device-contained PCR mixtures
using acommercial PCR thermal block (Mastercycler gradient,
Eppendorf), and exposure to actuation conditions for various
periods both before and after PCR by conventional means.
The operational voltages required for high velocity MHD
actuation can be associated with a pH change, and the PCR
mixture was therefore tailored to provide improved buffering
capacity. By increasing the buffer concentration (five-fold) the
ionic content and cross channel current are also increased to
enable actuation at voltages that are less deleterious to PCR
performance. The amplification fragment was designed to
contain the multi-drug resistance diagnostic region of the rpoB
gene of Mycobacterium tuberculosis. PCR reactions were
performed with reagents purchased from Promega Corporation:
50 mM KCI, 50 mM Tris-HCI (pH 9.0), 0.1% Triton® X-100,
2 uM EDTA, 20 uM DTT, 1% (w/v) glycerol, 0.2 mM
deoxynucleotides, 2 mM MgCl,, 1 uM primers (5-
CCGGCCGGTGGTCGCCGCGATCAAGGAGT-3, 5-
CACGCTCACGTGACAGACCGCCGGGC-CCC-3), Taq
DNA polymerase (0.1 U ulL-1), ~106 template copies.
Reaction volumes of ~6 uL were loaded into the microchannel
by centrifugation and contained using ~ 100 nL of mineral oil to
prevent evaporation. A two-step PCR chemistry was chosen and
comprised denaturation at 92 °C, with primer annealing and
enzyme activity at 72 °C, repeated for a total of 20 cycles.
Reference and device-contained biocompatibility PCR reac-
tions were performed in the commercial thermocycler. PCR
products were separated on a 1.8% agarose (Sigma-Aldrich) gel
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Fig. 5 Schematic drawing of the experimental set-up for continuous flow
thermocycling by annular MHD actuation.

and visualised by UV transillumination using ethidium bromide
(Sigma-Aldrich).

4, Results and discussion
4.1 Engineering

The MHD microreactors were fabricated with an adjoining
channel for sampleintroduction and removal by centrifugation.
This simple spin in/out method operates by first allowing the
reagents to be dispensed into the trapezium-shaped inlet cavity
by capillary action, followed by brief centrifugation steps
(maximum of <500g, 2000 rpm) to funnel the reagentsinto the
annulus. Thismethod is not associated with the formation of air
pockets that would otherwise expand during thermocycling and
impede fluid actuation. In addition, the mineral oil seal
completely prevents evaporation to maintain reactant concen-
trations during thermocycling.

Thermal management problems are particularly pronounced
when conducting continuous flow PCR with three disparate
temperatures, and with a continuous and conductive medium.
Here, inadequate thermal isolation retards temperature ramping
efficacy leading to undesirable reaction kinetics. To aleviate
this problem, primer design in terms of length and G:C
composition was exploited to achieve annealing and elongation
at 72 °C. Moreover, this 2-step PCR strategy effectively halves
thermal ramping timesleading to significantly reduced reaction
times. These measures were introduced to provide asimple and
robust continuous flow thermocycling chemistry for demonstra-
tion purposes. It is, however, recognised that later thermocy-
cling systems require three temperature zones to provide the
flexibility to accommodate the diversity of existing PCR
chemistries.

4.2 Fabrication and biocompatibility issues

The encapsulation of microchannels is a recognised challenge.
The use of aUV-curable glue was found to be a quick, easy and
inexpensive method for the attachment of thin glass superstrates
(cover dlips) to a silicon substrate. With measured application
the glue was not found to occlude the cavity and coat the
electrodes. Instead, capillarity operates to evenly spread the
uncured glue throughout the substrate/glass interface, and once
the glue reaches the microchannel cavity these forces become
negligible to prevent further spreading. The surface roughness
of the SU-8 device does not favour this approach, but does make
it suitable to promote the adhesion of a laminate. However, to
prevent the collapse of the laminate suspended over the inlet
cavity (distances >2 mm) it was necessary to incorporate SU-8
pillars. The laminate was also found to be robust to PCR
temperatures and thermocycling.

Rapid prototyping using SU-8 provides an easy and inex-
pensive route to fabricate deep structures with vertical walls.28
A re-entrant wall profile (i.e. an overhang) occurs with deep
structures (e.g, 180 um) due to disparate temperature effects
associated with lengthy UV exposure times. Metallisation of
these structures is not trivial but was overcome with the
proposed metallisation technique, where the high mobility of
sputtered atoms can be used to attain coverage. Moreover, this
method obviatesthe use of aresist and the associated processing
steps. The Cu/Pt metalisation was, however, found to be
vulnerable to temperature changes during thermocycling. The
platinum is seen to detach from the copper layer beneath and
buckle causing an apparent ‘ shrinkage’ that exposes the copper.
Fig. 6 reveds the effect of this stress on the metallisation.
Following device-contained thermocycling a pH rise in the
reaction mixture is also observed. This could be due to the
creation of a Galvanic cell between the two metal layersin the
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presence of an electrolyte that resultsin the oxidation of copper
a the expense of platinum-catalysed hydrogen gas and
hydroxide ion evolution from water. Electrochemical etching of
the copper disrupts the metal-metal adhesion and makes this
junction susceptible to thermocycling-induced damage that
results from the metals differing thermal expansion co-
efficients. Clearly these Cu/Pt metallised SU-8 devices are not
sufficiently robust, but thereisalso anissue of biocompatibility.
The buffer (even when enhanced to 50 mM—five-fold) cannot
tolerate the electrochemical by-products and the reaction is
consequently inhibited (this effect is not associated with SU-8
microchannelswithout Cu/Pt metallisation, datanot shown). To
overcome the problems associated with Cu/Pt metallisation,
aternative and compatible metallisation partners, such as Cr/
Au, can be used. Indeed, the Cr/Au metallised silicon
microreactors were unaffected by thermocycling conditionsand
were found to be completely biocompatible once derivatised
with BSA and DNA. Gel documentation of PCR products from
apositive control, and following thermocycling in the SU-8 and
silicon MHD microreactorsis presented in Fig. 7. By conduct-
ing pre-PCR and post-PCR exposure tests it was further found

exposed copper W
fatigued platinum —\ ) Rt

Fig. 6 Plan view image of the fatigued Pt/Cu metallisation on the internal
microchannel wall reveals the effects of thermocycling.
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Fig. 7 Effect of microreactor materials derivatised with 5mg mL—1 BSA
and 5mg mL—1 DNA on the amplification of a 142 bp product. From left to
right, 100 bp increment ladder (M), negative control, i.e. PCR mixture
without thermocycling treatment (lane 1), positive control, i.e. PCR
conducted in 0.2 mL Eppendorf tube (lane 2), the effect of Cu/Pt metallised
SU-8 (lane 3), and the effect of Cr/Au metallised silicon (lane 4).

that the MHD actuation conditions are not detrimental to either
the PCR reagents or the PCR product. Experiments were
conducted for periods of up to 3 h without influence on thefinal
PCR product as determined by comparison with unexposed
positive controls. Gel documentation of these findings can be
found in the supplementary material T(ESI), Figs. S3 and $4.

4.3 MHD mode and actuation

The cylindrical symmetry of the SU-8 device produces circular
streamlines and therefore allows the model to be constructed
using an exact reduction of the Navier—Stokes equation to the
Poisson equation. The anisotropic etch used to fashion the
silicon microchannel causes deviation from this cylindrical
symmetry. However, the dimensions and symmetry present
come close to producing circular streamlines and the model was
therefore deemed appropriate to describefluid circulation in the
silicon MHD microreactor.

Both silicon and SU-8 microreactors were capable of
providing Lorentz force conditions for MHD actuation of
electrolytes comprising KCl or PCR reagents. Fig. 8 shows
video microscopy frames of a latex particle moving at 342 um
s—1 (92 srev—1) in the silicon MHD device. The velocities of
particles transported by MHD-driven fluid streams were found
to cluster around the average and beneath the peak velocity
predicted by the relevant model. As shown in Table 1 this
agreement was observed at numerous voltage inputs and for
various electrolytes. This data does not reveal the disparate
velocities seen throughout the channel’ s cross section, ranging
from zero velocity (no-dip boundary condition) to those
towards the peak velocity. This parabolic velocity profile is
typical of liquids moving in the laminar flow regime and could
have severe consequences for continuous flow chemistries. In
thisinstance, the reactants residencetimein agiven temperature
zone becomes highly variable, such that residence times may be
too lengthy, with the result of polymerase inactivation in the
denaturation zone, or too short, causing incomplete strand
denaturation and polymerisation. This will have the effect of

50 ym

0.000s 0.125s 0.208s 0.292s

Fig. 8 Video microscopy frames of a particle moving at 342 ums-1ina
MHD-actuated stream of 500 mM KClI in the silicon device. Operational
conditions comprised the application of a 7 Vrus signd to the circuit to
generateachannel current of 156 mA and an average channel magnetic field
of 13.5mT.

Tablel Theperformance of the SU-8 and the silicon MHD micropumps. Experiments were conducted using KCl (aq) at room temperature (~ 20 °C) where
the absolute viscosity 1 is1 X 10-3 kg m—1 s—1. Observed velocity averages were calculated using data from 5 latex particles moving under the same

actuation conditions.

Electrolyte Peak channel Peak magnetic Modelled velocity ~ Observed velocity
Microreactor type  concentration/'mM  Circuit voltage/Vrys — current/mA field/mT average/lum s—1 average/um s—1
SU-8 100 6.00 55 7.4 85 86
Silicon 100 7.00 71 9.6 119 140
SuU-8 500 5.00 89 10.8 200 240
Silicon 500 7.00 156 135 369 364
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decreasing the overall reaction efficiency, with a requirement
for further cycling. Given the dimensions involved and the
increased diffusion rates at PCR temperatures, it is difficult to
ascertain the significance of this problem. However, this effect
is particularly pronounced for room temperature continuous
flow chemistries that require rapid fluid actuation and therefore
modifications to the microchannel surface or fluid composition
should be made to impart dynamic conditions.21.29

Application of an electrode voltage in excess of 4.9 Vrus
(circuit voltage of 7.0 Vrus) a 1 kHz was found to promote
electrolysisthat is associated with the formation of bubbles and
adropinthe channel current. At thislimiting voltage, calculated
circulation times at PCR temperatures are of the order of 90 s
rev—1, However, when operating at PCR temperatures elec-
trolysis occurs at considerably lower voltages (0.6 Vrus),
resulting in the occlusion of channels by bubbles and the
formation of electrolysis by-products that could interfere with
the PCR chemistry. At these temperatures reaction rates
increase such that the 1 kHz frequency is not sufficient to
reverse the accumulation of gaseous electrochemical by-
products before bubble formation. Increasing the frequency was
found to provide only mild relief at the expense of magnetic
field strength and a phase shift that further reduces the Lorentz
force, and therefore does not represent a solution. Similarly, an
increasein theliquid’ sionic character (limited by thereaction’s
50 mM Tris-HCI tolerance) confers only minimal channel
current gains at the same driving voltage. Circuit revisionswere
considered to amplify the magnetic field while maintaining the
electrode voltage below 0.6 Vrys. However, simple calculation
reveals that this approach can only achieve velocities of ~60
um s—1 (9 min rev—1). This modest circulation speed resultsin
lengthy temperature transitions such that template strands will
be recombined before primers anneal and the reaction will
therefore be inhibited.

To combat these issues, future designs consider the fabrica
tion of silicon or glass microreactors with deeper channels to
exploit the scaling principles of the MHD phenomenon. This
could be achieved using methods such as deep reactive ion
etching (DRIE) or advanced silicon etching (ASE). Other
possihilitiesinclude the use of ceramic tapes to realise channels
with a depth in excess of 500 um.3° The value of this approach
is realised when considering that the model predicts, for
example, an approximate four-fold increase in fluid velocity
with a doubling of the channel depth. The electrode separation
distance can aso be increased by the use of a vertical etch
method but also by more careful metallisation mask design. In
this study a generous Cr/Au metallisation mask was used that
resulted in aminimum electrode separation distance of 600 um,
leading to a lowering of the electrolysis threshold. With the
benefit of etch simulation software such as SIMODE, the
electrodes can be more accurately patterned on the silicon
channel walls to give an increase in the electrode separation
distance. However, increasing the channel dimensions repre-
sents a step away from the advantages gained with miniaturisa-
tion. Instead, a more powerful magnet is preferred. The device
could be clamped with a C magnet to concentrate the magnetic
flux and attain significant gains in magnetic field strength. For
example, a magnetic field strength of 200 mT would enable
flow velocities of 750 um s—1 (~40 s rev—1). This approach
demands the incorporation of thermistor elements within the
microchannel for localised thermal management.

5. Conclusions

This paper describes first generation microreactor prototypes
for continuous flow thermocycling chemistries. A central
design feature was the use of a microfabricated annulus to
accommodate the nature of the chemical process. The circula-

tion of fluids was made possible using MHD actuation and this
pumping mechanism was accurately modelled with respect to
the system’'s geometry and channel current density. The
described MHD microreactors were however confounded by
electrolysis at elevated temperatures, but an understanding of
the limits of this technology has provided design criteriafor the
next generation of microreactors. Alternatively, MHD actuation
would be favoured for applicationsinvolving strong electrolytes
or even ionic liquids, where pumping methods such as electro-
osmotic flow are compromised.3 Annular MHD reactors are
but one example of systems for conducting architecture
controlled chemistry. With appropriate choice of channel
arrangement, actuation method and materials other architecture
controlled chemistries are possible. Further elaboration to more
exotic systems with additional interconnecting reservoirs,
capillaries and valving techniques will accommodate more
sophisticated chemistries that involve precision timing of the
encounter of chemical species throughout the course of a
chemical pathway.
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