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We report a novel strategy for efficiently mixing solutions and
carrying out multistep catalytic reactions in microfluidic systems.
The approach involves immobilizing catalysts on microbeads,
placing the beads into well-defined microreactor zones, and then
passing reactants through one or more of the reactor zones to yield
products. The catalyst-modified beads mix reactants and increase
the effective surface area of the channel interior, both of which
improve reaction velocities compared to open channels. In addition
to providing a general route to chemical synthesis within micro-
fluidic systems, this design strategy may also be applicable to
modeling reaction pathways within cells and for bio/chemical
sensing applications.1-4

In open microchannels having dimensions on the order of 100
µm, mass transfer is dominated by laminar flow, and thus mixing
is driven principally by diffusion.5,6 However, the diffusional time
scale is often too long for technological applications such as
synthesis and bio/chemical sensing. This problem has most often
been addressed by using either slow flow rates or long channels,
neither of which is optimal. We have discovered that interstices
between microbeads packed within channels provide a simple means
for reducing the effective thickness of fluid laminae, thereby greatly
increasing the mixing rate for fluids. Moreover, the microbeads
themselves have a high surface area relative to that of the channel
walls; thus, they also act as a convenient support for heterogeneous
catalysts.7 Herein we demonstrate both of these functions.

The principles of laminar shear flow, extensional flow, and
distributive mixing are relevant for efficient mixing under conditions
of laminar flow.8 Laminar shear flow and extensional flow lead to
an increase in interfacial area of the fluid elements and a sufficient
reduction in the thickness of the fluid laminae that molecular
diffusion alone results in rapid mixing. Distributive mixing physi-
cally splits fluid streams into smaller segments and redistributes
them in such a way that the striation thickness is significantly
reduced. Several approaches for mixing confluent liquid streams
have recently been reported. For example, Stroock et al.9 presented
a general strategy for creating transverse flow in microchannels
that can be used to induce chaotic stirring at low Reynolds number
(Re, which is proportional to the ratio of the inertial and viscous
forces). Johnson et al.10 fabricated a series of slanted wells within
a polycarbonate sheet to induce rapid lateral transport of two
confluent streams. He et al.11 described mixing of liquids transported
by electroosmotic flow in a microfabricated device having multiple
intersecting channels of varying length and a bimodal width
distribution. This problem has also been studied using numerical
simulations.12

A schematic diagram of the first microfluidic system used in
this study is shown in Figure 1A. The device was fabricated from
poly(dimethylsiloxane) (PDMS) using standard photolithographic
and replica molding methods.13 It consists of two 100µm-wide

inlet channels, a main channel containing a weir, and ten 50µm-
wide spatially addressable detection lanes at the end of the main
channel. All channels were 23µm deep. Polystyrene microbeads
(Bangs Laboratories, Fishers, IN) were introduced into the main
channel by hand pumping in less than 30 s. As shown in Figure
1B, the 15.5µm-diameter beads were retained by the 7-12 µm-
deep weir.14 To demonstrate the mixing efficiency of the beads, a
50 µM fluorescein solution in Tris-HCl (pH 7.4) buffer and buffer
only were pumped through the two inlet channels at a flow rate of
0.5µL/min. Prior to bead packing, laminar flow of the two solutions
through the channel is not significantly disrupted by the weir
structure. Evidence for this comes from fluorescence micrographs
of the postweir portion of the channel (Figure 1C) and the 10-lane
detection zone of the device (Figure 1, D and E).15,16

Microbeads introduced into the channel of the device illustrated
in Figure 1A promote both laminar and turbulent mixing. Figure* To whom correspondence should be addressed. E-mail: crooks@tamu.edu.

Figure 1. (A) Schematic illustration of the PDMS microdevice used for
studying two-stream mixing. (B) Optical image of microbeads packed in
the microreactor. (C) Fluorescence micrograph (FM) of the weir in the open
channel. (D) FM showing the 10-lane detection zone after flow through
the open channel. (E) Fluorescence intensity line scans at the location
indicated by the dashed line in (D). (F) FM of the microbead-bed inlet
stream. (G) FM showing the mixed fluid stream exiting the microbead bed.
(H) FM showing the 10-lane detection zone after flow through the
microbead-containing channel. (I) Fluorescence intensity line scans at the
location indicated by the dashed line in (H). Excitation wavelength: 494
nm; maximum emission wavelength: 520 nm. The flow rate was 0.5µL/
min in all cases.
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1F shows the buffer-only and buffer-plus-dye laminae in the main
channel prior to the microbead bed, while Figure 1G shows the
mixed solution just after the flow stream encounters the 1.1 mm-
long bed of microbeads. Figure 1H is a fluorescence micrograph
of the 10-lane detection zone after mixing, and Figure 1I is a line
scan across those lanes. The average normalized fluorescence and
standard deviation across the 10-lane detection zone is 0.91( 0.06.
In contrast, the open-channel control experiment (Figure 1E) leads
to the type of profile expected for slight mixing at the interface of
the two flow streams. While we have not examined all parameters
controlling mixing efficiency (flow rate, bead size, channel dimen-
sions, bead bed length), it is true that longer packed beds of beads
result in better mixing.

Effective mixing increases the velocity of diffusion-controlled
reactions. To demonstrate this point, we attached enzymes to the
microbeads prior to packing them into the microfluidic channel and
followed the resulting substrate reactions using a fluorescence
microscope equipped with a standard CCD digital camera. The
approach to this experiment is illustrated schematically in Figure
2A. Biotin-labeled glucose oxidase (GOX) and horseradish per-
oxidase (HRP) were conjugated onto microbeads coated with
streptavidin. These microbeads were subsequently packed into each
of the two discreet reaction zones shown in Figure 2A. Next,
aqueous solutions containing 20 mM glucose, 50 mM Tris-HCl
buffer (pH 7.4), and 10µM amplex red (Molecular Probes Inc.,
Eugene, OR) in 50 mM Tris-HCl buffer (pH 7.4) were introduced
into the main channel at a flow rate of 0.5µL/min from inlet
reservoirsa, b, andc, respectively.

In the first reaction zone, the glucose and buffer streams are
mixed by the microbeads, and simultaneously glucose is converted
to gluconic acid and H2O2. Nonfluorescent amplex red is then added
to the H2O2-containing product of the first reaction as a confluent
stream. In the second microreactor, fluorescent resorufin is formed
via the HRP-catalyzed reaction between H2O2 and amplex red.16,17

A fluorescence image of the main channel at the inlet to the

HRP-functionalized microbeads (region 1 of Figure 2A) is shown
in Figure 2B and the corresponding line scan is shown in Figure
2C. These data reveal only a very low level of background fluo-
rescence. When the confluent streams containing H2O2 and amplex
red encounter the HRP-labeled microbeads, the two streams effi-
ciently mix and the H2O2 and amplex red are able to react with the
HRP catalyst. A fluorescence micrograph of the product stream
exiting the HRP reaction zone (region 2 of Figure 2A) is shown in
Figure 2D; the corresponding line scans are shown in Figure 2E.
The line scan indicates that the solutions are effectively mixed
during their encounter with the catalyst-immobilized beads, and
that amplex red is converted into resorufin.

In summary, we have demonstrated a remarkably simple but
highly effective approach for mixing confluent streams in micro-
fluidic systems. Specifically, the mixing efficiency is 91( 6%
under the conditions used in this work; longer bead-filled beds and
slower flow rates are predicted by theory to improve this percentage
further. A major advantage of this strategy is that heterogeneous
catalysts can be linked to the microbeads, so that the beads carry
out the dual function of mixing and acting as catalyst supports.
Additionally, microbead immobilization chemistry is well under-
stood, microbeads have a high surface-area-to-volume ratio, and
they are very easy to handle in microfluidic systems.
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Figure 2. (A) Schematic illustration of the microdevice used to demonstrate
multiple, sequential reactions. (B) FM of the inlet stream just before it enters
the HRP microreactor (region 1 in (A)). (C) Fluorescence intensity line
scans at the locations indicated by the dashed line in (B). (D) FM of the
outlet stream just after exiting the HRP microreactor (region 2 in (A)). (E)
Fluorescence intensity line scans at the locations indicated by the dashed
line in (D). Excitation wavelength: 563 nm; maximum emission wave-
length: 587 nm. The flow rate was 0.5µL/min in all cases.
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