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We have devised a microfluidic mixer design that produces all the mixture combinations of a given number of dilutions
of the input compounds. As proof of the concept, we present a device that generates four titrations of two dye solutions,
blue and yellow, and combinatorially mixes the blue titrations with the yellow titrations to deliver the sixteen mixture
combinations in separate outlet microchannels. Our device features four different flow levels made by stacking nine
laser-cut Mylar laminates. The fluidic network has a symmetric design that guarantees that the flow rates are the same at
all the outlets, with deviations attributable to imperfections in the fabrication, assembly, or perfusion processes. Design
rules for scaling up the number of compounds and/or dilutions are presented. The mixing scheme has broad applicability
in high-throughput combinatorial testing applications such as drug screening, cell-based biochemical assays,

lab-on-a-chip devices, and biosensors.

Introduction

Living systems are sustained by complex, highly coupled bio-
chemical reactions;12 hence, their response to manipulation with
multiple chemical or biochemical compounds often can not be
extrapolated from tests with single compounds. Therefore, tests of
potentially coupled and non-linear responses (e.g., in drug testing
or biological assays) typicaly include multiple combinations of
multipledilutions. Asour understanding of living systems expands,
so does the number of combinations to be tested, and conventional
large-scal e testing approaches based on robotic fluid handling and
multi-well plates become increasingly expensive, impractical, or
infeasible.

Microfluidic tools have addressed some of the challenges
associated with present analytical approaches, by performing
analyses more rapidly and with less reagent consumption. Minia-
turized equipment for capillary electrophoresis>-> and chromatog-
raphy®-8 have been used to analyze DNA,® proteins,10-13 and
pharmaceutical compounds.1415 Microfluidic devices have also
found applications in cell sorting, 2617 delivery of chemical
compounds to cells, 2819 and protein crystallization.20.21 Although
microfabricated systems can perform biochemical tests rapidly,
they often face a bottleneck when testing different concentration
levels of several compounds: most devices still require that the
mixtures of dilutions be produced outside the device using
macroscopic tools (i.e. a robotic dispenser or a human-operated
pipette) prior tointroduction into the microfluidic device. Giventhe
timeinvolved in manually mixing and dispensing solutions and the
cost of robotic equipment and biochemical reagents, there is a
strong need for combinatorial mixers capable of creating al the
desired combinations of mixtures from small amounts of the input
solutions.

T Electronic supplementary information (ESI) available: Details on the
numerical model of serpentine channel, uniformity analysis, ratiometric
analysis, and derivation of geometric mean as stream boundary; laser
cutting parameters; colorimetric analysis; volumetric flow rates from the
finite difference model, color density measurements after junctions in the
joining array, and the CorelDraw® file of window patterns for the laser
cutter. See http://www.rsc.org/suppdata/l c/b3/b314962e/
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Experimental
Fabrication

Our combinatorial mixing device was created by laminating 100
um thick sheets of high-transparency polyethylene terephthalate
(Mylar® D, Dupont)22 to make a three-dimensional microfluidic
network. Channel and window patterns were cut using a CO, laser
engraver (Model M20, Universal Laser Systems, Scottsdale, AZ).
Every other layer of Mylar carries, on both sides, a dry adhesive
coating ~25umthick (501FL, 3M) and backing sheetsthat arealso
cut by thelaser (Mylar + adhesivefrom Fralock, Canoga Park, CA).
The laser cutter is computer controlled through vector drawing
software and a Windows®-based printer driver (see Table S-1in
Electronic supplementary information (ESI) T for our cutting
parameters). The cut Mylar laminates are aligned, bonded and
pressed to create a multilayer structure that contains a microfluidic
network.

Operation

The Mylar device was connected to external tubing via a molded
silicone rubber connector. The connector block included four holes;
each hole was 3.2 mm diameter at one end (to accept external
tubing) and 1.6 mm at the other end (to fit over inlet holesin thetop
Mylar layer). The device wasimmersed and filled with filtered (0.2
um pore size), degassed water before dyes were introduced. One
percent solutions of FD&C Blue #1 and Yellow #6 (Spectrum
Chemicals, via Cole Parmer, Vernon Hills, IL) in water, and water
as diluent, were driven by computer-controlled twist-drive syringe
pumps (microFlow System, Micronics Inc., Redmond, WA).

Imaging

Microscopic images were captured using a Nikon CoolPix 990
digital camera mounted on a Nikon SMZ-1500 stereomicroscope.

Results and discussion

In small channels, the flow of liquids at low to moderate velocities
islaminar (i.e. freefrom convective eddies) because the momentum
of the liquid is negligible compared to viscous drag forces. This
ratio of momentum to viscous forces is expressed by the Reynolds
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number, Re = ud/v, where u is the average flow velocity, d is a
length dimension, and v is the kinematic viscosity. Typically flow
islaminar when Re < 2000 and d isatransverse channel dimension
(here, the channel depth).23.24 We operated the device reported here
with Reintherange 0.01 = Re =< 2. Reported strategies to enhance
mixing include (a) dividing and recombining the flow streams,25-28
(b) passing flow through a 3D “serpentine” channel,29-31 (c) using
oblique ridges32 or arrays of micronozzles33 to force transverse
flow, and/or (d) electrokinetic means.34:35> Our device contains 51
serpentine mixers.

Previously, severa groups have reported designs that generate
microfluidic dilutions. Dertinger et al .36 demonstrated a symmetric
two-dimensional (2D) microfluidic network that continuously
generates certain combinations of dilutions of two compounds; the
output concentrations can be straightforwardly predicted by
symmetry considerations, but not all the combinations are possible.
For example, in one configuration a device with two inlets can
create a series of mixtures with increasing dilutions of A and
decreasing dilutions of B, but a separate configuration would be
needed to produce a series with increasing dilutions of both A and
B. Independent mixing and dilution clearly require three-dimen-
siona (3D) networks37.38 that allow channels to pass over one
another. Ismagilov et al.3%40 have demonstrated orthogonal
channel arraysthat create a potential mixing point at every channel
intersection; methods to control mixing have included channels
with variable aspect ratio3® and microporous membranes.40.41
Another 3D device converted four inlets into four undiluted binary
mixtures.#2 However, none of these devicesallowed for combinato-
rial mixing of all thedilutions of theinput compounds. Microfluidic
systemsthat dilute and/or mix solutionsin batches using valves and
stopped flow4344 can sequentialy produce any desired dilution
mixture(s), but they do not provide a continuous outlet stream (e.g.,
for a constant cell culture environment).

Here we report the design and successful operation of a
microfluidic combinatorial mixer that (1) acceptstwo test solutions
and two diluting streams, (2) internally generates four dilutions of
each solution, and (3) combinatorially mixes the dilutions,
producing 16 output streams, each carrying a different mixture
combination. Importantly, the combinatorial device is symmet-
rically designed such that (a) all the output flow rates are equal (to
the precision permitted by the microfabrication technique), and (b)
the number of compounds and/or dilutions per compound can be
scaled up without significant reanalysis.

Nomenclature and conceptual design

Fig. 1 presents a modular schematic diagram of the combinatorial
mixer. Each “4x distributor” splits one input stream into four
outputs, and each “4x diluter” generates four dilutions from two
inputs. Distributors use binary and symmetric branchesto distribute
flow equally (in the absence of fabrication inaccuracies and
differences in downstream flow resistance).

Our prototype creates 16 combinatorial mixtures of two dyes
from four inlets— one for each dye (here, yellow and blue) and two
for water. On the left side of the network shown in Fig. 1, yellow
dye and water first enter adiluter, producing four dilutions that are
labeled Y (pure water), Y1, Yo, and Y3 (undiluted yellow). Next,
arow of 4x distributors splits each yellow dilution channel into
four separate channels. The result is 16 channels with the following
concentration sequence:

Y3, Y3, Y3, Y3, Yo, Yo, Yo, Yo, Y, Yy, Y1, Y1, Yo, Yo, Yo,
Yo

On the right side of the device, blue dye and water first enter a
4x distributor with bridges that produces four pairs of channelsin
the sequence Bs, By, Bs, Bo, B3, Bo, B3, Bo. Each pair enters a
separate diluter to generate four dilutions of blue; these solutions
are labeled By (pure water), B;, By, and B3 (undiluted blue). The
result is 16 streams in the following blue concentration sequence:

Bs, By, By, Bo, B3, B2, By, Bo, Bs, By, By, Bo, B3, B2, By, Bo.

The Yo, Y3, Bo, and B3 solutions remain unchanged from the
inlets, and the intermediate concentration values of Y4, Y5, B, and
B, are dictated by the physical design and performance of the
device. It isimportant to note that adistributor that feeds into arow
of diluters (here, the blue distributor) must split and bridge
microchannels over each other in order to achieve the output
sequence, whereas distributors that come after a diluter do not need
to bridge microchannels.

The 16 blue channels meet the 16 yellow channels in a linear
array of fluid junctions, labeled “joining array” in Fig. 1. The first
channel in the yellow sequence meets the first channel in the blue
sequence, the second yellow channel meets the second blue
channel, and so on, to produce all 16 combinations of one yellow
dilution (Y3, Y2, Y1 0rY) withonebluedilution (Bs, B2, By or B):
Y3+Bs3, Y3+Bg, Y3+ By, Y3+ Bo, Yo+ B3, Yo+ By, Yo+ By, Yo
+Bo, Y1+ B3 Y1+ B3 Y1 +By, Y1 +Bg, Yo+ Bz, Yo+ By, Yot
B1, and Y + Bo. We note that equal mixing of two streams, each
with one dye, necessarily dilutes the concentration of each dye by
50%, so the initial dye concentrations must be selected accord-

ingly.
3D microfluidic network

Our proof-of-concept combinatorial mixer incorporates the dilu-
tion, distribution, and joining functions in a 3D microfluidic
network occupying four flow levels. The flow levels are separated
by additional Mylar layers that contain windows to connect the
flow channels, for atotal of ninelayers. Perspective drawings of the
3D structure of selected parts of the microfluidic network are
shown in Fig. 2, beside corresponding images of the operating
device (Fig. 2A—C and E).

There are no valves or pumps in the microfluidic device, so
mixing ratios are governed only by the static flow network and the
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Fig.1 Conceptual diagram of the 4 x 4 combinatoria mixer. The yellow
dye (Y 3) and diluent (Y ) passfirst through adiluter and then through arow
of distributors, creating 16 yellow streams containing 4 titrations. The blue
dye (B3) and diluent (Bo) pass through adistributor first, then through arow
of diluters that repeat the same titration sequence four times. The joining
array overlays the yellow dye series atop the blue dye series and combines
each pair of yellow and blue streams into one channel.
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(controllable) flow rate into each inlet. Each half of the device is
laid out in a design that provides equal flow resistance, and hence
flow rate, along the 16 flow paths from aninlet to the joining array.
Flow pathsintheyellow half of the device do not need to match the
pathsin the blue half and the flow balance does not require the two
halves to be equidistant from the joining array. In fact, a drop of
water travels ~118 mm aong each flow path in the yellow side,
and ~103 mm through each blue path. Flows can be balanced in
spiteof differencesin path length by controlling theinlet flowswith
avolumetric source (e.g., syringe pumps) or by adjusting a pressure
source (e.g., gravity) appropriately.

Mixer fabrication

Our microfluidic network was assembled by stacking and gluing
laser-cut sheets of high-grade Mylar, a transparent polyethylene
film. Laser cutting and assembly took about 3 h for our nine-layer
prototype. The precision of our fabrication technique is determined
primarily by the resolution of the laser cuts and the precision of

A V.

alignment when assembling the stack. As configured, our CO, laser
system has anominal positioning accuracy of 25 um and laser spot
size of about 150 um. A single full penetration cut in 100 um thick
Mylar leaves a gap that is approximately 250 um wide. Long
channels cut in the same sheet must be spaced at |east 500 um apart
to ensure adhesion of the intervening strip of Mylar, but 3D
layering allows the microchannels to be packed more densely. For
example, serpentine mixersin the outlet array occupy the width of
two channels and would intersect if the mixers were coplanar.
Alternating the vertical position of the mixers allows the mixers to
be placed with the same spatial frequency as the straight channels.
We note that assembling a device in which the entire blue network
is directly over the yellow network would have required only one
additional cutting and alignment step and would have nearly halved
the area occupied by the current device. However, very compact
designs with many overlapping flows can be confusing to visualize
and analyze, thereby complicating device optimization.

The flow through any channel network is determined primarily
by the channel features that have the highest flow resistance. To
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Fig.2 Detailsof the combinatorial mixer, from locations shown in the central image. Flow isfrom top to bottom, asindicated by arrows. In the perspective
drawings (A, B, C, D, E), different shades of gray correspond to the different flow levels (I-1V) where the channels reside. The subscriptson Y (yellow) and
B (blue) indicate the proportional dilution, where'Y 3 and B3 are full dye concentration and Y o and By are pure water. (A) The Y 5 solution isa 1:1 mixture
of the Y3 and Y o solutions, which are mixed in large serpentine mixers that double back to increase the fluid contact time. (B) The Y solution is mixed in
asmaller serpentine mixer (the Y, solution, not shown, is similar). (C) After mixing, each stream is divided among four channels in two splits; only the Y ;
solution is shown here. The first split is vertical in order to place the flowsin the top and bottom flow levels. (D) The blue sequence starts by dividing each
inlet stream four waysin abinary arbor featuring 300 um deep channels. (E) Dilution is performed by four identical diluters. Each serpentine mixer occupies
only two levels (I-11 or 111-1V), alowing them to overlap in order to save space. (F) Yellow dye arrives at the joining array in levels | and IV, meeting the
blue dye in levels Il and I11. The joined streams pass through another row of serpentine mixers before leaving the device as homogeneous combinatorial
mixtures. Flow through each device inlet is approximately 0.1 uL s—1. Scale bars are 1 mm.
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avoid flow imbalance, each window between flow levels must
remain larger than the cross-section of the adjoining channels, after
layer misalignment and the presence of beading at the laser cut
edges are taken into account. In our experience, the factor that
contributes most to variability in the flow resistance is the size of
thebead (~ 25 um) that forms along thelaser cut edge of the Mylar.
The lateral alignment of windows between flow levels also
contributes, but is |essimportant because the flow area through the
windows is much greater than the flow area through the adjoining
channels. The tolerance imposed by the Mylar lamination tech-
nique depends on the lateral distance that cut lines are offset to
prevent the beads in adjacent layers from coinciding; in our case,
we sought alignment to within 200 um. We note that the similarity
between paralel channels is more important than the exact
dimensions of a particular channel design (because the mixing
ratios are determined by a flow balance), and that small, random
fluctuationsin the channel width are not important because their net
effect is minimal when averaged over the length of the channels.
Although minor variations in the channel height (~100 um) can
affect the flow balance, we have found the thickness of the Mylar
to be quite consistent.

Combinatorial mixer operation

Fig. 2 shows our proof-of-concept combinatorial mixer as it
generates 16 combinations of four dilutions of two dyes. The flow
rate is nominally 6.0 uL min—1 at each inlet, corresponding to an
average flow velocity near 300 um s—1 through the outlet channels.
We note that the color density depends on the dye concentration as
well asthe channel depth, which can be 100 um, 300 um, or 500 um
(depending on whether the fluid spans 1, 3, or 5 Mylar layers,
respectively).

The left side of the device (Fig. 2A-C) produces four
concentrations (Y3, Y2, Y1, and Y ) from inlet streams that supply
yellow dye (Y3) and water (Y ). Dilution is achieved with a two-
stage diluter adapted from Dertinger et al.3¢ The first stage diverts
and mixes half of each inlet stream, producing three channels that
contain Y3, combined Y3 + Yo (which weterm Y 5), and Y. The
second stage comprises four channels and operates on the same
principle as the first stage: from left to right, the second-stage
channelsreceive Y 3 only, one part Y 3 and two parts Y 1 s, two parts
Y 15 and one part Yo (shown in Fig. 2B), and Y only. The four
resulting streams are Y3, Yo, Y1, and Y, where the exact
concentrations of Y, and Y ; depend on the precision of fabrication
and/or the pumping rates. As long as the network is balanced and
the mixtures are homogenized (which does not hold true at
arbitrarily high flow rates), thenY; = 1/3 X Y3, Y15 = 1/2 X Y3,
and Y, = 2/3 X Y3. A detailed analysis of these measurementsis
presented |ater.

Each channel includes a 3D serpentine mixer to speed mixing
after the branches meet. The serpentine channelsin the first stage of
the yellow diluter (Fig. 2A) double back to increase the channel
length without increasing the overal length of the device.
Serpentine channels in the second stage of the diluter are not as
wide and do not double back (Fig. 2B). In both cases, the confluent
streams are distinct just downstream of each combining junction,
and have a uniform appearance by the end of the mixing channel.
Quantitative analyses of the mixers effectiveness and of the
operating device are presented later and confirm the effectiveness
of the complete design.

Because the diluter design relies on symmetry to balance flows,
the Y3 and Y, channels include serpentine mixers even though
these streams are aready homogeneous. In addition, parallel
channels that carry different flow rates (e.g., the Y3 to Y15 branch
versus the Y3 to Y3 branch) have been sized to provide
approximately equal flow velocity (and hence pressure drop) in
each channel.

After the diluter, the four channels carrying concentrations Y 3,
Yo, Y1 and Yo are split into sixteen channels by a row of 4x

distributors (Fig. 2C). To save spacein each 4 distributor, thefirst
2x subunit branches out of the primary plane of flow, into the
upper and lower levels. The second rows of 2 distributors are on
two different fluidic levels, alowing the resulting channels to be
effectively placed closer than the laser cutting technique would
alow if al the channels were coplanar. (Although the branchesin
the second 2 distributor are bridged to save space, the bridges do
not affect the output sequence and, thus, this distributor is in
essence a 2x distributor without bridges.) In sum, after the diluter
and the distributors, the four yellow dilutions are organized in 16
microchannels as follows (from left to right in Fig. 2G):

Y3, Y3, Y3, Y3, Yo, Yo, Yo, Yo, Y, Y1, Y, Y1, Yo, Yo, Yo,
Yo

We next analyze the production of blue dilutionsin theright side
of the device. First, the Bs and By inlet streams are split four ways
using 300 um deep symmetric binary arborsin different flow levels
(Fig. 2D). Thearborsare bridged to produce four pairs of Bz and Bo
containing channels. Each pair feeds a two-stage diluter (Fig. 2E)
that is schematically equivalent to the yellow diluter, i.e. the first
stage produces B3, B; 5, and B, and the second stage produces B,
B, B1, and Bo. The serpentine mixers in the blue diluters include
two complete coils, similar to the second stage mixersin the yellow
diluter. After the distributor and the diluters, the four blue dilutions
are organized in 16 microchannels as follows (from left to right in
Fig. 2G):

Bs, B, By, Bo, B3, By, B1, Bo, B, Ba, By, Bo, B, B, By, Bo.

The 16 yellow channels and the 16 blue channelsturn diagonally
to meet in the joining array (Fig. 2F), which merges the
concentration sequences so each pair of yellow and blue dilutions
enters one microchannel. The blue and yellow fractions stay visible
until the joined streams pass into a final row of serpentine mixers,
after which the combinatorial mixtures are visible as multiple
shades of green, blue, yellow and clear.

Data analysis

We have calculated the composition of each solution at the device
outlets using two steps: (a) a uniformity analysis to confirm the
thoroughness of mixing in the serpentine mixers, and (b) a
ratiometric analysis to determine the relative contributions of the
Yz and Y (or Bs and By) inlet solutionsin the outlet channels. For
comparison, a colorimetric analysis of the dilution sequences is
presented in Fig. 3 (see ESIT for details). The colorimetric
measurements are subject to spatial and gray scale non-linearity in
theimaging system, aswell asrefraction in the glue layers, so these
results provide only qualitative support of the ratiometric analysis.
A photometric analysiswith fluorescent dyeswould provide amore
direct relationship between signal strength and dye concentration,
but was not undertaken here due to the autofluorescence of
Mylar.

Uniformity analysis

Our ratiometric prediction of dye dilution shown below assumes
that the dye solutions are uniform wherever branching occurs.
Therefore, we begin by analyzing the performance of the serpentine
mixers, which we have numbered by size using Roman numerals,
from | (smallest) to IV (largest). Their relative sizes are shown in
Fig. 4.

In order to understand the performance of the serpentine mixers
better, we have developed a finite-element model of flow through
a small (size ) serpentine channel (see ESIt for details). Fig. 5
shows a thermal color plot of the concentration distribution
predicted along the channel walls and at selected cross-sections
when the flow rateis 0.1 uL s—* and the diffusion coefficient of the
dye is 45 X 1010 m2 s-145 The figure illustrates how the
combined vertical and lateral turns expand the diffusion interface.
For example, the dark blue edge of the channel becomes light blue
immediately after the first vertical turn because a portion of the
opposing (red) stream has been folded underneath.

| Lab Chip, 2004, 4, 342-350
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Fig. 6A shows a size | mixer with the same flow rate asin Fig.
5 (0.1 uL s1, Re = 0.125). Plots accompanying the micrograph
illustrate the following quantitative analysis, in which the effective-
ness of each size of serpentine mixer was measured as afunction of
flow rate (see‘ Uniformity analysis' in ESI T for procedural details).
The mixers were evaluated experimentally by observing how
visible concentration gradients diminish astwo distinct solutions—
one with dye and one without — flow through the channel.46
Dedicated test devices were made to obtain unobstructed images of
mixer sizes | to I11, and the 4 X 4 combinatoria device itself was
used to test the size IV mixer. The mixing progress was derived
from gray scaleimages by plotting the pixel valuesaongimaginary
lines perpendicular to the serpentine channel. We have expressed
the progress of mixing at any given point along a serpentine channel
astheratio of the gray level range at that point (G) to the gray level
range a the inlet (Gj,). This “unmixed ratio” (R = G/Gj,)
approaches zero as the gray scale profile becomes more uniform.
Near the inlet, plots of the 100% and 0% dye regions are flat and
distinct (R = 1), after one turn amonotonic gradient reaches nearly
all the way across the channel (R = 0.60), and after all four turns
the concentration profile is flat to within 13% of the initial gray
scalerange (R = 0.13).

The flow rate has a significant effect on the homogeneity of the
mixture exiting from a serpentine mixer. As an example, Fig. 6
shows the size | mixer during operation at three flow rates. When
the flow rate was 0.01 uL s—1, diffusion was apparent before the
stream entersthefirst lateral turn (Fig. 6B). When the flow rate was
0.075 uL s—1 (Fig. 6C), the boundary was distinct into the first
change of level and gradients were visible through the second
change of level. Flow at 0.4 uL s—1 (Fig. 6D) produced a sharp
boundary even after the first turn, and gradients were still visiblein
the outlet channel. We note that the region of highest dye
concentration started in the | eft |eft-hand side of the channel, moved
to the right-hand side after two level changes, and ended up in the
center of the channel.

Fig. 7 compares the unmixed ratio Ryt = Gou/Gin at the outlet
of all mixer sizes at selected flow ratesranging from 0.01t0 0.8 uL
s—1 per channel. The performance of the three smaller mixers is
similar, which can be understood from a theoretical consideration
of the Peclet number (Pe) of the flow in the straight sections within
the serpentine mixers. Here we use the definition Pe = uW/D,
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Fig.4 Relativesizesof thefour serpentine mixers. The mixersare ordered
by size, from the largest (size IV) on the left, to the smallest (size |) on the
right. The outlines are taken from the computer drawing file, and each laser-
cut channel is approximately 200 um wider than shown.
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Fig. 5 Finite-element model of mass transfer in a size | mixer. The
“serpenting” geometry of the channel enhances mixing by twisting the
diffusion interface. Colorsindicate the local concentration of red ‘dye’ asa
fraction of the inlet conditions. The main figure shows the concentration at
the channel walls, and the inset images show cross-sectionsin they-z plane.
The width and height of the flat channel are 800 um (dimensionless value
of 1) and 100 um (dimensionless value of 1/8), respectively; the Reynolds
number equals 0.125 (flow rate = 0.1 uL s—1) and the Peclet number equals
2220 (D = 4.5x10-10m2s-1),
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Fig. 3 Results of colorimetric analysis of the concentration sequences. Pixel values were extracted from gray scale images of the four 4 distributors
downstream of the yellow diluter (A), and of the exits from the four small blue diluters (B). The gray levels were converted to concentration values (C) as
follows: (1) the average gray level of pixelsin arectangular region of each channel was recorded; values were subtracted such that the zero gray level was
the average from the four Y o (or Bo) channels; (2) the gray scal e data were converted into light transmittance val ues, using an exponential curvefit to account
for the finite absorption by the Y 5 dye; (3) finally, the transmittance values were converted to a concentration (fraction of Y 3) by taking the multiplicative
inverse of thelogarithm, consistent with Beer'sLaw. Theyellow dye results are plotted by treating the average gray level inthe Y o channels (numbers 13-16)
as zero and the average gray level in the Y 3 channels (numbers 1-4) as 100. The blue dye concentrations are plotted using the By channels (numbers 4, 8,
12, and 16) for zero and the B3 channels (numbers 1, 5, 9, and 13) for 100. This method is approximate because the conversion includes an estimation of
the gray level associated with infinite dye concentration, but given the approximations above the results strongly support the conclusions of the ratiometric

analysis (see main text).
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where u isthe average fluid velocity, Wis the channel width and D
is the diffusion coefficient of the dye in water. Thus, Pe is an
indicator of the extent of lateral diffusion per unit length of flow.47
The average fluid velocity u may be written as g/hW, where qisthe
volumetric flow rate and hWistheflow areain the channel (i.e. the
product of channel depth and width). The Peclet number may then
be expressed as g/hD, so graphing as a function of flow rate is
equivalent to graphing as a function of Pe. The values for Pe are
shown aong the top of Fig. 7, and range from 220 to 17000. The
three smaller mixers have a similar shape (i.e. length, number and
direction of turns) so we would expect the same extent of lateral
diffusion at any given flow rate (and, hence, Peclet number).
Thelargest (size V) mixer produced |ess homogeneous mixtures
at the tested flow rates than the small (sizes| to I11) mixersdid. We
attribute this result to the following two reasons. (a) The size IV
mixers have one less perpendicular out-of-plane turn than the
smaller mixers, in order to double back and increase channel length;
and (b) the channels in the size IV mixers — which were sized in
proportion to the flow that passes through them — were so wide
that the vertical turns were not sufficiently out of the flow plane to
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! _— _ 1q o~
1
2nd turn R=0.35 200 %
i |10 %
=
o\ > @ 0 E)
, 3rd turn R=0.34 200 @
' | 100 O
B 0
i <
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Fig.6 (A) Optical micrograph of mixingin asize| serpentine mixer with
0.1 uL s flow. Plots show the gray levels along lines that connect each
pair of white arrows. Mixing is quantified by comparing the total range of
gray values present in each plot (G) to the range present in the inlet plot
(Gin). Theratio of these ranges, R = G/G;,, is shown for each plot. (B-D)
Optical micrographs of flow through a size | serpentine mixer. Flow rates
indicate the sum of the two inlet streams. At 0.01 uL s-1, diffusion is
apparent before the beginning of the mixer; at 0.075 uL s—1, the solution
needs only two turns to mix; at 0.4 uL s—1, stripes remain visible in the
outlet channel.

be effective. Aswith any serpentine mixer, the performance of the
size IV mixers a high flow rates could be improved by adding
another out-of-plane turn, by reducing the channel width, and/or by
increasing the channel depth from 100 um to 300 um in some
locations (thereby slowing the flow and expanding the interface
between solutions). Asan alternative, mixing in thefirst stage of the
diluter could beimproved by substituting the size |11 mixersfor the
size IV mixers.

As the flow rate increases, the compounds have less time to
diffuse and the serpentine mixers become less effective. Never-
theless, the mixtures may still be considered combinatorial because
all of the combinations of Y, and B, are produced, even though Y ,,
and B,, do not represent evenly spaced dilutions. For applications
where non-linear responses are to be expected, uneven spacing may
even be preferable to linear spacing. Fig. 4E suggests that
predicting the output concentrations at flow rates greater than ~0.1
uL s—1 per mixing channel would require computationa fluid
dynamics methods.

Ratiometric analysis

If the flow rates at al the device inlets are equal and the solution
exiting each serpentine mixer is well mixed, then the dye
concentrations downstream of each diluter can be determined
indirectly from the contribution of each stream at every confluent
junction.36 Obvioudly, the composition is known in every Y3, Yo,
Bz and Bo channel because each one contains only pure dye or
water. For the remaining channels, the flow ratio can be determined
from images of the operating diluters. First, a profile of the dye
concentration across each channel is generated from a gray scae
image taken downstream of each combining junction. Theinterface
between the flow streams is then defined as the location where the
dye concentration is the arithmetic mean of the concentrations in
the two incoming streams. According to Beer's Law, the light
transmittance through a flat channel of height h is a negative
exponential function of the dye concentration C and its extinction
coefficient .48

|out/| in = g-hce (1)

From this relationship it can be shown that the arithmetic mean
of two concentrations corresponds to the geometric mean of their
transmittances; hence, the interface location is located where the
profile plot equals the geometric mean of the high and low gray
values observed in the channel (see ‘ Ratiometric analysis' in ESIT
for derivation).

Peclet number
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Fig. 7 Plot of the unmixed ratio at the outlet Ry« asafunction of flow rate
and Peclet number (logarithmic scales), comparing all four serpentine mixer
sizes. Here, Ryt = Gout/Gin (Outlet gray scalerange G, divided by theinlet
gray scalerange Gi). A value of R,y = 1indicatesthat the solution is not
thoroughly mixed (the condition at the inlet), while Ryx = 0 when the dye
concentration is uniform. The Peclet number is proportional to flow rate
with aproportionality constant of 1/hD, where hD isthe product of channel
height and mass diffusion coefficient. The total path length between the
measurement locations is 11.8, 15.4, 17.2 and 30.5 mm for mixer sizes |
through 1V, respectively.
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The interface location can be converted into a flow fraction by
accounting for the low flow velocity near the channel walls. Due to
this low velocity, the volume flow rate is not exactly proportional
to the flow area occupied by the fluid. The interface position does
equal the flow fraction at 0%, 50% and 100% of the channel width,
but at all other locations the true flow fraction is farther from 50%
than the interface location is. The correction factor can be found by
using a finite difference model of laminar flow in a rectangular
duct. The model solves a simplified Navier—Stokes equation,4°

2 2

NN @

oy oz dx
whereuisthefluid velocity in the x direction, u isthe viscosity and
dp/dx is the pressure drop per unit length. The velocities are then
integrated in the z direction and plotted as a function of y (Fig. S-1
in ESIT). A linear function can be fit to the central portion of the
curve, which contains all of our flow fraction data (R2 = 1.00; the
fit region excludes 10% of the plot at each end). This function is
applied to each measured boundary position to determine the actual
flow fraction. A separate linear function is derived for each of the
four channel widths used in the diluters.

The results of the ratiometric analysis are summarized in Fig. 8.
Fig. 8A shows a plot of yellow and blue dye concentrations in the
streams exiting the diluters, relative to those in the Y3 and B;
streams, respectively. As stated above, the ideal concentrations
(freefrom fabrication or operation errors) of Y ; and Y , are 33% and
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Fig. 8 Results of the ratiometric analysis. (A) Dye concentrations in the
Y3, Y2, Y15 andY streams (light gray bars, height depicting concentration
relative to the Y 3 stream) and in the B3, B,, B, 5, and B, streams (dark gray
bars, height depicting concentration relative to the B3 stream). Note that our
device includes one yellow diluter and four blue diluters, together resulting
in 5 and 20 data points, respectively. (B) Yellow flow fraction for each of
the 16 outlet channelsin the joining array (e.g., Fig. 2F). A flow fraction of
0 correspondsto the yellow stream being absent from the outlet channel, and
aflow fraction of 1 corresponds to the yellow stream occupying the entire
outlet channel. Thus, the portion below each point is the fraction occupied
by the yellow stream, and the remainder is occupied by blue stream. Note
that channel 16 contained two clear streams so the interface position was not
measurable. Error bars account for the accumulated uncertainty of two
pixels' error on each distance measurement.
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67% of Y 3, respectively, and the ideal concentrations of B; and B,
are 33% and 67% of B, respectively. The measured and ideal
valuesdiffer by ~5%for Y, ~1%forY,, ~5% for the average of
the four B; channels, and ~3% for the average of the four B,
channels. Fig. 8B presents the measured fraction of yellow streams
occupying each of the 16 channelsin the joining array (top half of
Fig. 2F). The average deviation from the ideal 50% ratio is 3.2% of
thetotal channel width, demonstrating the ability of the network to
distribute flows evenly among the outlet channels.

Upscaling complexity

The throughput benefits of a microfluidic combinatorial mixer
grow with the number of unique mixtures that it creates. The
number of dilutions of each compound can be increased by using
higher-order diluters and distributors (e.g., by adding stagesto each
module). If the distributors are composed of 2 distributors and
each diluter uses the mixing network shown above, the flow
balance is maintained by symmetry and a new analysis is not
needed. Diluting into numbers other than powers of two would
require distributors that are not inherently balanced, which may
require further fluid dynamics analysis.

It is straightforward to generalize our current device and derive
design rules for devices with more inlet compounds. Our device
creates four dilutions of two compounds by using two fluidic
networks (one for yellow dye and one for blue dye). Each network
has two modules: one 2-stage diluter followed by two 2X
distributors. Neither of the distributors for the yellow dye has
bridges whereas both distributors for the blue dye have bridges. In
general, combinatorial mixing with N input compounds and M
dilutions per compound can be achieved by N networks (one for
each compound), each of which has N modules. One of the N
modules must be an (M — 2)-stage diluter (which outputs M
dilutions) and the other (N — 1) modules must be M x distributors,
so the final sequence contains MN channels. If M is different for
each compound, the rules of combination must be modified
slightly; for example, the power term MN becomes a series product
(M1-My-...-My). For any given network, the distributors placed
upstream of the diluter must contain bridges and the distributors
placed downstream of the diluter must not. It is convenient that M
be a power of two (M = 2r), so that an Mx distributor can be
formed by cascading p symmetric 2 distributors. This strategy
confers equal flow resistance on al the flow paths, so it was used
in every 4x distributor in our device.

Downscaling size

We chose several design optionsthat are convenient for prototyping
but could be changed if a smaller device footprint or smaller total
fluid volume were required. For example, our device has been
spread out to improve visualization. When visualization is not a
concern, the networks for every compound can be condensed in a
single stack. The size of the combinatorial device may aso be
reduced by using higher-resolution microfabrication techniques.
The main advantage of cutting microchannelswith alaser plotter is
speed: the design can be fed into the laser cutter digitally, resulting
in apatterned laminate in afew minutes. One option that retainsthe
speed of laser cutting (albeit at higher cost) isto cut with a shorter-
wavelength laser (e.g., excimer laser). A more time-consuming but
precise aternative to laser cutting is to use soft lithography, based
on molding poly-dimethylsiloxane (PDMS) from a photolitho-
graphic master.50.51 Soft lithography provides better lateral resolu-
tion and avoids the problem mentioned earlier of bead formation
around windows. Although the flexible elastomeric laminates are
not as easily aligned, complex 3D microfluidic devices have been
demonstrated.52-54 In addition, the use of two-level photo-
lithography enables asingle layer of PDMSto include aflow level
plus its corresponding window layer.38 Therefore, the number of
aignment steps for a PDMS device can be half of the number
needed for a geometrically similar Mylar device. In fact, the entire
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device could be constructed with only two flow levels (plus
corresponding windows), by using one level for bridges and one
level for al other features; this design would reduce the number of
alignment steps at the expense of increasing the total area.

Conclusions

Our microfluidic combinatorial mixer continuously produces 16
chemically unique outputs from two dye solutions and two diluent
inputs, for atime span that is limited only by its external pumping
source. Thefluidic network is balanced by symmetry, subject to the
precision of the cutting method, assembly process, and pumping
rates. Analysis of the laminar flow patterns shows that the
concentration levels are close to the desired linear progression
when flows are equal at al inlets. Serpentine mixerswith asfew as
two coils perform well at low flow rates with absorbent dyes (mol.
wt. = 500-800). Short mixers would be appropriate for constant-
flow applicationsthat requirelow fluid shear (e.g., acell-containing
bioreactor), while coils can be added easily to designs for
applications requiring high flow rates (e.g., high throughput testing
or higher molecular weight compounds).

Combinatorial mixers can be paired with cell patterning
techniques and biosensors to increase the complexity and through-
put of biochemical analyses. For example, amixer could be used to
pattern combinations of adhesion proteins and/or expose cells to
combinations of growth and signaling factors, nutrients, or drugsto
test their combined influence on cell adhesion and growth. Running
simultaneous experiments in a minimal area would reduce the
required resources while increasing the number of cellsand fluidic
environments under microscopic observation. More generaly, the
combinatorial mixer has the potential to multiply the number of
experimental samples that can be tested without increasing
demands on time, material and/or equipment resources.
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