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Fluid: physical definition
A fluid is a material that flows under an applied stress
Liquid: constant volume

Gas: volume of container

http://water.aiche.org

http://sciencekids.co.nz

Two physical properties of fluids:
• Viscosity: measure of fluid resistance to stress μ [mass/length-time]
• Density: ρ [mass/length3]
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Macroscale flows

Characteristics:
• Large length scales L
• Fast flow speeds V
• Turbulent flow

http://www.youtube.com/watch?v=IRrCKp_dMXY

Many macroscale flows are characterized by large Reynolds number:
Reynolds number Re =

2 2
inertial ρV
force
ρV L
L
=
=
≫ 1: turbulent
L
µ
viscous µV
force
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Where do flows appear in a chemical plant?

http://www.photo-dictionary.com/photofiles/list/687/1097petrochemical_plant.jpg
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Flow examples in plants (unit operations)
• Combination: mixing operation to create a homogeneous
system
- Requires control over mixing streams
• Separation: separation of mixture components
- Emulsification: creation of a liquid-in-liquid suspension
- Distillation: separation of one liquid from another liquid
- Evaporation: removal of a gas from a mixture
• Reaction: reaction among chemical species in a mixture
- Synthesis: e.g. creation of particles or chemicals
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Microfluidics: miniaturization of flows
The introduction of microfluidics or lab-on-a-chip devices allows unit
operations to be carried out in a small format:

Liu et al., J. Pharma. Anal. 1, 175-183 (2011)

plant: meters to kilometers
piping: cm to m

device: mm to cm
channels: µm to mm

“Miniaturization puts chemical plants where you want them”: R. F. Service,
Science 202, 400 (1998)
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Length scales for microfluidic flows
Fundamentals and Applications of Microfluidics
MICROFLUIDIC DEVICES

Micropumps/ valves/ flow sensors
Microfilters/ microreactors
Microneedles Microanalysis systems

Nanotechnology/ Nanodevices?
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Conventional fluidic devices
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Nguyen and Wereley, Fundamentals and Applications of Microfluidics, 2nd ed. (2006)
gure 1.1 Size characteristics
of microfluidic devices.
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Materials for microfluidics: elastomers

http://farm6.staticflickr.com/5022/5627347258_cd0e1b1920_z.jpg

Advantages:
• Easy to prototype and replicate (via soft lithography)
• Cheap materials (polydimethylsiloxane, commercially available)
Disadvantages:
• Flexible and deformable (poor for high-pressure applications)
• Poor resistance to organic solvents
8
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Materials for microfluidics: rigid plastics

Mair et al., Lab Chip 6, 1346-1354 (2006)

)

f

Advantages:
• Easy to prototype and replicate (via injection molding)
materials (polyolefins, commercially available)
and• Cheap
a 4-port
microfluidic chip with commercial
• Operate at high pressure

male fit

Disadvantages:
• Poor resistance to organic solvents
Fabrication is moreand
difficult
than
lithographic-based
techniques
• temperature,
9
pressure
were varied
and the
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Materials for microfluidics: glass

http://www.i-micronews.com/upload/Interviews/Micronit%20Lab-on-a-Chip%20Products-3.jpg

Advantages:
• Excellent resistance to solvents
• Rigid and non-deformable
• Compatible with high-pressure and biological applications
Disadvantages:
• Until recently, expensive to manufacture (new startups)
in money and time
• High costs for design prototypes
10
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Materials for microfluidics: Teflon

Ren et al., Proc. Natl. Acad. Sci. USA 108, 8162-8166 (2011)

Advantages:
• Excellent resistance to organic solvents
• Rigid and non-deformable
• Minimal adsorption and fouling by biological molecules
Disadvantages:
• Not transparent, precluding direct imaging using microscopy
11
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Microscale flow physics is different!

Folch lab (University of Washington) via YouTube
12
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Critical flow properties in devices
Reynolds number Re =

inertial force
ρV L
ρV 2 L2
=
=
µV L
µ
viscous force

≪ 1: laminar flow

Physical meaning: fluid elements follow straight streamlines, and
fluid interfaces remain nearly parallel over long distances in
microfluidic devices

time to diffuse

VL
=
Péclet number Pe =
D0
time to convect

≫ 1: fast convection

Physical meaning: diffusion is very slow compared to convection in
microfluidic devices, and thus mixing requires special device
designs
13
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Combination: diffusion in microfluidics
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Nguyen and Wereley, Fundamentals and Applications of Microfluidics, 2nd ed. (2006)

re 9.8 Diffusion coefficient range.

The mixing rate in microfluidic devices is determined by the flux of diffusion:
j=

c
dc
D0
D
dx
x

flux of diffusion

(9.6

species concentration [kg/m3]

2
/sec
and
c
is
the
species
concentration
reThe
D isdiffusion
the diffusion
coefficient
in
m
coefficient D0 is inversely proportional to viscosity:
3
m . The diffusion coefficient is a fluid property, which was derived by Einste
kB T
28]: e.g. for a spherical particle of radius a: D0 =

6⇡µa

Finally, the mixing time is proportional RT
to the square of the channel length.

D
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Combination: passive micromixer
Key idea: Increase the length of the flow channel

http://www.youtube.com/
watch?v=ZCMr1tHnGRs
15
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Combination: passive planar micromixer

. 7 Video frames showing the path of a microsphere flowing through the perforations from the receding liquid front to the advancing liquid front as t
id plug proceeds through the mixing chamber a)–d).

Key idea: Modify geometry to obtain mixing via changing flow pattern

Melin et al., Lab Chip 4, 214-219 (2004)

. 8 Photograph of the complete micromixer (main picture), a close-up photograph
(top right) and a 12 3 24 pixel video frame (left bottom) of a mix
16
id sample at the outlet (showing a nearly homogeneous greyscale intensity).
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The T-Sensor

†,‡

Combination: parallel lamination mixer

Bruce A. Finlayson,§ and Paul Yager|

mical Engineering, University of Washington,

Key idea: Split streams to increase surface area and hence mixing
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Schwesinger et al., J. Micromech. Microeng. 6, 99-102 (102)

Figure 2. Mixing principles with an enlargement of the active surfaces: (a) horizontal adding–vertic
reuniting of two different liquids; (b) vertical adding–horizontal dividing–vertical reuniting of two diffe
Figure 1.et(a)al.,
Photograph
of a silicon
microfabricated
device.
For
Kamholz
Anal. Chem.
71,
5340-5347
(1999)

operation as a T-sensor, two inputs and one output are used. Both
8052.
outputs are active when the device is used as an H-filter.33 (b)
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Combination: 3-D serpentine mixers
Key idea: Add elements to “fold” fluid via three-dimensional structure

LIU et al.: PASSIVE MIXING IN THREE-DIMENSIONAL SERPENTINE MICROCHANNEL

LIU et al.: PASSIVE MIXING IN THREE-DIMENSIONAL SERPENTINE MICROCHANNEL

193

Mixing in these channels can also be evaluated by considering
the uniformity of the intensity in the imaged fluid volume. The
uniformity can be quantified by calculating the deviation of the
pixel intensity values in a given image from the maximum
intensity value

(1)

. If a conserved quanA fully mixed channel will have
tity were being mixed, the appropriate measure would be the
(a)
standard deviation, i.e., the deviation about the mean intensity
. However, since the amount of red phenolphthalein increases
as the fluid moves downstream, the standard deviation does not
give an accurate representation of mixing uniformity. Also, if
the red phenolphthalein is in a thin sheet viewed edge-on, the
intensity is zero in almost every pixel in the image, and both
and the standard deviation are approximately zero. However,
the streams are obviously not well mixed. For these reasons, we
use the deviation defined in (1). As with the intensity, the actual
deviation values depend on the CCD camera and light source
used, so the deviation is normalized by
. It is also important
to note that both
intensity
and deviation
are
dependent
Liuthe
al.,
J. Microelectromech.
Syst.
9, 190-197
Fig. 1. (top) Schematic
ofetthe
three-dimensional
serpentine
channel.
“Viewing(2000)
on
the channel
depth that
is imaged.
all of our
18
windows”
in the channel
are labeled
1–10.However,
(middle) Schematic
of chansquare-wave
Fig. 4. Photographs of reacted phenolphthalein in the serpentine channel with
deep at aofviewing
nels
are (bottom)
300- mSchematic
channel.
straight window,
channel. so this dependence
(
mL/min) at window: (a) one,
(b)(b) two, and (c) four; and
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ARTICLES
Combination: 3-D microvascular networks

Key idea: Split streams in 3-d geometries to enhance mixing

a

b

c

Therriault et al., Nat. Mater. 2, 265-271 (2003)
19
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25, 12mixing experiments. a–c, Schematic representations and fluorescent microscope images of the 1D,2D,and 3D microfluidic device mixing experiments,where
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incomplete

in Fig. 3, A to C: (a = ((I

the pixels in the image. The value of or is

where

-(f))2)1/2,

cm/s and 1 = 0.01 cm. For this system, Pe
= 104. The mixing length in a simple microchannel would be AYm - Pe X 1 = 100
cm. On the basis of Fig. 3D, the mixing

Combination: herringbone micromixers
A

z

REPORTS
ah
the intensity distribution in confocal images of the cross section of the flow like those
in Fig. 3, A to C: (a = ((I -(f))2)1/2,
where

Key idea: Add elements to “fold” fluid
via chaotic advection
(

Slanted ridges:

3-D herringbone:

I is the grayscale value (between 0 and 1)
of a pixel, and ) means an average over all
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Combination: herringbone mixer movie

Folch lab (University of Washington) via YouTube
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checan actuate multiple valves simultaneously.

Combination: microfluidic valving

ncemag.org on November 22, 2008
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Combination: colloid valves
Key idea: Incorporate micron-sized colloidal particles into devices
REPORTS
passive valve
actuated valve

Terray et al., Science 296, 1841-1844 (2002)
Fig. 4. (A) A passive colloidal valve,
where arrows indicate
the direction of fluid flow. In images 1 to 3,
23
a flow of "2 nl/hour pushes the valve arm against the channel wall, allowing particulates in the flow
Tuesday, September 25, 12

Combination: in-situ piston
Key idea: Photopolymerize parts in place in microfluidic devices

e 2. Photopolymerized piston with cross-sectional area
e. The width of the channel contracts from 150 to 50 µm, and
annel is 25 µm deep. The piston was UV-polymerized in the
ed region and then displaced slightly to the leftFigure
to show
3. the
On-chip passive check valve. (a) Schematic of valve
d sealing surface. Plastic deformation of the architecture.
piston is notThe concentric cylinder (with bypass) geometry is
et al.,
Anal.
Chem.
74substrate
4913-4918(shown
(2002) clear) by wet-etching mirror images
created
in the
ved until the pressure applied at Hasselbrink
left exceeds
300
bar.
Tuesday, September 25, 12
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of half-cylinders
in two substrates, then aligning, and bonding. The
free piston (gray) is polymerized in situ. Both glass wafer surfaces

Separation: emulsification (“droplets”)
P H Y Sdrops
ICAL
OLUME 86, NUMBER 18
Key idea: Exploit the Rayleigh-Plateau Vinstability
to create emulsion

R

Wikipedia

Stress: elongates jet of liquid
Surface tension: minimizes surface area
Result: jet breaks up into drops
25
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Emulsification: flow-focusing
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Key idea: “Pinch off” droplets using a flow-focusing geometry

Anna et al., Anal. Chem. 74 4913-4918 (2002)
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FIG. 3. Phase diagram for drop formation in flow focusing. Each image represents the drop sizes and drop patterns that form at the specified v
‘‘design’’ dimensions were slightly different than the
measured
valuesWe note that for these flows the Reynolds numbers R!Q/( % h), where % is the kinematic viscosity of the fluid a
!rows"
and Q i /Q o !columns".
height of the channel, of the oil (o) and water (i) are in the ranges 0.07$Ro $12 and 0.001$Ri $18, which are typically smaller than the val
rted here since silicone oil swells the PDMS.
original flow-focusing studies !see Refs. 11 and 12".
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Droplets + valving = adjustable sizes

Abate lab (University of California San Francisco) via YouTube
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Emulsification: enhanced mixing in drops
angmuiRecirculation
r, Vol. 19, No. 22, 2003
9129drops
9132 Laenhances
ngmuir, Vol. 19, mixing
No. 22, 2003
Key Lidea:
within
rates

(3-x)+ complexes and
Figure 3. AqueousTice
solutions
of Fe(SCN)
et al., Langmuir
19x 9127-9133
(2003)
KNO3 can be used to visualize flow patterns and mixing in
plugs. Left: Diagram of the microfluidic network. Right:
28 Figure 7. Effects of initial conditions on mixing by recirculating
Microphotographs of the plug-forming region of the microfluidicRecirculating flow (shown by black arrows) efficiently mixed solut
network.
The 25,
insets
show enlarged microphotographs of plugs halves of the plug. Notations of front, back, left, and right are th
Tuesday,
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drop diameter and shell thickness can be
controlled. For example, we can form drops
with extremely thin shells; the ratio of shell
thickness to outer drop radius can be as low
as 3% (Fig. 1B). Alternatively, we can increase the shell thickness up to about 40% of
the drop radius (Fig. 1, C to E). We can also
em
vary the number and size of the internal
di
droplets in the double emulsions (Fig. 1, F
les
and G). A stream of double emulsions, each
co
containing a single internal droplet, is shown
ad
in Fig. 1H.
ne
To gain insight into the breakup of a coaxial
eit
flow, we first considered the formation of
wa
single emulsions. We defined two mechanisms
of drop formation for our device geometry:
dripping and jetting (34, 35). Dripping prodr
duces drops close to the entrance of the
flo
collection tube, within a single orifice diamedr
ter, analogous to a dripping faucet. Droplets
in
produced by dripping are typically highly
co
monodisperse. In contrast, jetting produces a
pr
long jet that extends three or more orifice
dr
diameters downstream into the collection tube,
Q
where it breaks into drops. The jetting regime is
W
typically quite irregular, resulting in poly(F
disperse droplets whose radii are much greater
ta
than that of the jet. Jet formation is caused by
wh
the viscous stress of the outer fluid, whose
dr
viscosity, hOF, is typically 10 times greater
than that of the inner fluids in our experiments.
Thus, viscous effects dominate over inertial
N1
g. 1. Microcapillary geometry
generating
double
coaxial jets. (A) Schematic
effects, resulting in a low Reynolds number.
Utada etforal.,
Science
308emulsions
537-541from
(2005)
the coaxial microcapillary fluidic device. The geometry requires the outer fluid to be immiscible
The formation of double emulsions is similar to
th the middle fluid and the middle fluid to be in turn immiscible with the inner fluid. The
that of single emulsions; however, there are
us
ometry of the collection tube (round tube on the left) can be a simple cylindrical tube with a
two fluids flowing coaxially, each of which can
b,
nstriction, as shown here, or it can be tapered into a fine point (not shown). The typical inner
form drops through either mechanism.
mension of the square tube is 1 mm; this matches the outer diameter of the untapered regions
fu
The size distribution of the double emulthe collection tube and the injection tube. Typical inner diameters of the tapered end of the
ection tube range from 10 to 50 mm. Typical diameters of the orifice in the collection tube vary
sions is determined by the breakup mechanism,
m 50 to 500 mm. (B to E) Double emulsions containing only one internal droplet. The thickness
whereas the number of innermost droplets
N1
the coating fluid on each drop can vary from extremely thin (less than 3 mm)29as in (B) Chu
to
al., Angew.
Chem.
Ed.
46 8970-8974
depends
onmicrofluidic
the relative
ratesInt.
of drop
formation
Figure 1.et
Capillary
device
and
the formation
of precisely(2007)
nificantly thicker. (F and G) Double emulsions containing many internal drops with different
of monodisperse
the inner and double
middleemulsions.
fluids (fig.a)S1).
When diagram of
controlled
Schematic
e Tuesday,
and number
distributions.
(H) Double emulsion drops, each containing a single internal
September
25, 12

calized surface functionalization to control
ttability in order to function. Alternatively,
w focusing of coaxial jets (24) can produce
iform coated droplets, but these must be remulsified into the continuous phase, which is
ifficult step that precludes widespread use of
s technique. The availability of highly
onodisperse double emulsions would not
ly greatly improve their applicability but
ould also allow for detailed studies of their
bility under more controlled conditions
5–31).

the coaxial flow. The flow passes through
the exit orifice and subsequently ruptures to
form drops; however, the coaxial flow can
maintain its integrity and generate double
emulsion droplets within the collection tube.
We were also able to produce single emulsions by removing the tapered inner injection
tube. In this geometry, our device is reminiscent of the selective withdrawal technique
(33). Typical diameters of the exit orifice in
our devices range from 20 to 200 mm; however,
smaller or larger orifices can also be used,

Emulsification: dropsCommunications
in drops (in drops...)

Key idea: Encapsulate drops in other drops to create multiple emulsions

increasing inner fluid flow rate

Drops in drops: tune flow rates

Abate lab (University of California San Francisco) via YouTube
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Separation:
cell
sorting
via
optical
forces
T RT SE R S
ELTE
TE
Key idea: Use radiation pressure to sort cells in a microfluidic device
Sample input

a

Sample input

a

PMT
Filter (525/40)

488-nm laser

Buffer

Buffer

488-nmSheath
laser
IR laser

Buffer

Buffer
Analysis region

Optical switch

reservoir

AOM
Microfluidic
cartridge

IR laser

AOM
Output
wells

Analysis region

Microfluidic
Sample
input cartridge
Photodiode
Filter
(488/10)

Optical switch

b

Photodiode
Filter
(488/10)

Waste

b

Collection

re 1 Layout of the microfluidic sorting junction and the optical switch.
r being aligned to the center of the channel by flow focusing, cells are
yzed and then switched based on their detected fluorescence. Target
are directed by the laser to the collection output while all other cells
to the waste output.
Waste
Collection

c

Wang et al., Nat. Biotechnol. 23 83-87 (2005)
Figure 1 Layout of the microfluidic sorting junction and the optical switch.
31
After being aligned to the center of the channel by flow focusing, cells are
Tuesday,
September
25, 12
wanalyzed
beads per
minute.
Passive sorting
is on
alsotheir
possible
and has
been FigureTarget
2 Cell sorting with an optically switched microfluidic fluorescenceand
then
switched
based
detected
fluorescence.

c

Separation: particle sorting via gravity
Key idea: Use gravity to sort particles of different mass

Huhbased
et al.,onAnal.
Chem. amplification
79 1369-1376
(2009)
Figure 1. Mass-dependent particle separation
hydrodynamic
of sedimentation-driven
particle separation in µ-SOHSA.
32
(A) Particles are introduced into the middle inlet and hydrodynamically focused by sheath flows in the sample focusing channel. Upon entering
the separation channel where the flow direction is aligned perpendicular to gravity, sedimentation of particles occurs, and the resulting difference
Tuesday, September 25, 12

Separation: deterministic lateral displacement
Key idea: Particles of different diameter follow different streamlines

Huang et al., Science 304 987-990 (2004)
33
Tuesday, September 25, 12

Downloaded by University of Houston on 24 September 2012
Published on 18 February 2011 on http://pubs.rsc.org | doi:10.1039/C0LC00560F

Separation of parasites from blood

Tuesday, September 25, 12

amounts depending on their size, as described above. Fig. 2b
shows a comparison of the measured displacement with the
theory. Comparing microsphere sizes with their mean lateral
displacements shows that the device parameters used result in
a somewhat larger critical diameter than predicted by the theory.
This applies to all of the microsphere sizes but is most notable for
those of 10 mm diameter. For 10 mm microspheres the mean
lateral displacement differs by almost 20% from the expected
value. We believe this is due in part to the large diameter of the
microspheres compared to the gap between posts (12 mm) and the
large disturbance in the flow field this must cause, and in part due
to a small imbalance in the exit flow in our present design. The
volume flow through the channel that collects particles with
maximum displacement (in this case 10 mm) was smaller than
intended and particle trajectories tended to curve in toward the
centre of the device where the volume flow was marginally larger
leading to a decrease in total displacement for these particles.
In all work previously reported on DLD, devices have been
fabricated much deeper than even the largest dimension of the
particles, the aim being to attain high volume throughput.
Particles are assumed to be either spherical or approximately
spherical in these devices. We have previously shown that nonspherical particles can be oriented in DLD devices such that they
present different dimensions to the device11 thereby changing the
effective size of the particle so that it approaches that of the
selected dimension, for example the diameter of a disk shaped
particle or the length of a long thin particle. The smallest
dimensions of RBCs and parasites are very similar, the result,
being that in a conventional deep DLD device their effective sizes
are also very similar. This makes separation impossible or at best
gives it very poor resolution. The method we present here, of
tailoring device depth to the specific particle system, overcomes
this problem and makes it possible to control the sensitivity of
DLD to specific morphologies.

View Online

Fig. 3 A colour-enhanced scanning electron micrograph of an RBC
(red) and a T. cyclops (green), both of which are representative of the
most common size and shape. The dimensions of the two are also given.

separation in conventional DLD devices very difficult as
described above.
It is possible that properties, such as surface charge and
flagellum waveform, for example, differ between T. cyclops and
T. brucei. However, the Deterministic Lateral Displacement
technique that we employ depends primarily on cell shape and
size. We thus believe that T. cyclops represent a legitimate
surrogate for pathogenic T. brucei in demonstrating the separability of trypanosomes from RBCs in blood using DLD.

4.

Materials and methods

To make a master for replica moulding SU-8 (MicroChem,
Newton, MA, USA) was spin coated onto 300 silicon wafers at
varying thicknesses and patterned using UV light in a contact
mask aligner (Karl Suss MJB3 and MJB4, Munich, Germany). A
chrome mask was fabricated by Delta Mask (Delta Mask,
Enschede, The Netherlands) with a design drawn in L-Edit 11.02
(Tanner Research, Monrovia, CA USA). Before casting, the
master was given an anti-adhesion layer of 1H,1H,2H,2H-perfluorooctyltrichlorosilane (ABCR GmbH & Co. KG, Karlsruhe,
3. Trypanosoma cyclops as a model system
Germany) to facilitate demoulding.13 PDMS monomer and
hardener (Sylgard 184, Dow Corning, Midland, MI, USA) were
The African trypanosomes comprise a taxonomic group that
mixed to a ratio of 10 : 1, degassed, poured onto the master and
includes those subspecies discussed above that are infectious to
baked for 1 hour at 80 " C. Connection tubes were cast directly
man, but also numerous other hemoflagellates infectious to other
vertebrate species. Given the risks and regulatory constraints
into the PDMS to avoid the need for any additional adhesive.
associated with Holm
working et
with
T. Lab
brucei Chip
subspecies,
we1326-1332
have
Our first
generation of devices were sealed with glass slides as is
al.,
304,
(2011)
confined our initial proof-of-concept studies to trypomastigotes
commonly done. In these devices we observed a high proportion
(the flagellated parasite form found in the mammalian
of echinocytes (deformed RBCs). We discovered later that this is
34 host) of
the parasite T. cyclops, Fig. 3. This is a parasite of the macaque
due to the proximity to the glass surface consistent with the
monkey, Macaca, found in Southeast Asia which also propaobservations by Lim et al.14 In order to avoid this problem we

Separation: motile sperm sorter
Key idea: Live cells swim across laminar streamlines

Figure 2. Video images and schematic figure
of et
sperm
sorting.
(a) Phase
contrast images
Cho
al., Anal.
Chem.
75 1671-1675
(2003)of sperm sample entering channel at the inlet
junction, motile sperm swimming out of their initial streamline and spreading throughout the width of the channel, and motile sperm being sorted
at the outlet junction. (b) Cartoon illustration of the video images shown in (a). The dashed line represents the interface between the parallel
laminar streams. At the outlet junction, the motile sperm are evenly distributed
throughout the width of the channel. The majority of the nonmotile
35
sperm, however, are positioned in the initial streamline, which corresponds to the upper stream in this image. The relative flow rates of the inlet
Tuesday, September
25,streams
12
streams
and outlet
(upper stream/lower stream) are ∼1:3 (see Supporting Information for a movie of the process).

Separation:
distillation
where DP is the pressure drop across a membrane capillary
Key cidea:
Establish
in segmented
flow and
), the
vapor vapor-liquid
outlet (DPequilibrium
liquid outlet
(DPseparate
(DP
1), and the
2). The
vapor using capillary forces

Hartman et al., Lab Chip 9, 1843-1849 (2009)
36
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two (or more) fluid phases form serial trains of fluid
t on
flow velocities and surface proper- passed through the two inlets of the microreactor or
packets, each phase being separated by the other.
nally,
material
withor asegments
high are
surface
Once athese
fluid packets
formed, aninto a T-junction of PTFE tubes using a dual syringe
internal
is generated
whichcontact
causes rapidpump.
espect
tofluid
onevortex
phase
(i.e., larger
within
a given segment
by continuously
re- The hydrolysis of p-nitrophenyl acetate (1) was caradmixing
to
more
rounded
fluid
segments.
For
Key the
idea:
Drops
increase
rates by increasing surface-to-volume
freshing
diffusion
interface
as shown in reaction
Figure 1.
heThe
casearea
of ofanthis
organic/aqueous
system in
interface is approximately
propor-ried out under different reaction conditions in differratio,
reducing
diffusion
distances,
and enhance
heattoand
mass
transfer
detional
of
perfluoro
polymeric
the ent reactors.
It is possible
deduce
a number
of
to the cross-sectional
areamaterial,
of the microchannel.
must becontact
smaller than
the and
length oftrends from the results shown in Figure 3. A comparie The
willcross-section
have a larger
angle
the segments, otherwise emulsions are formed.[4] Furr surface
energy compared to the organthermore, the constructional material of the microing to the formation of “rounder” aqueand expanded organic ones.

Reaction: drops as microreactors

Batoul Ahmed et al.
Figure 1. Schematic representation of segmented flow in a
microchannel: Rapid mixing within a given fluid segment is
caused by the internal vortex fluid flow; mass transfer between contiguous fluid segments is enhanced by the continuously refreshing interface.

GmbH & Co. KGaA, Weinheim

cheme 1. Hydrolysis of p-nitrophenyl acetate (1).

1043

Figure 3. Hydrolysis of 1 using different flow types and reaction times: (a) Short segmented flow (approx. 2 mm) under
We investigated the hydrolysis of p-nitrophenyl aceat (2006)
50 8C. (b) Long segmented flow
et al.,sodium
Adv. microwave
Synth. Catal. irradiation
348 1043-1048
ate (1), dissolved in toluene, withAhmed
aqueous
(approx. 10 mm) under microwave irradiation at 50 8C. (c)
ydroxide as a biphasic reaction (Scheme 1). The re37
ction progress was monitored by the UV absorption
Segmented
flow in PTFE tubing heated in an oil bath at
f Tuesday,
phenolate
2 at
September
25,l12
50 8C. (d) Segmented flow at room temperature in a PMMA
max = 400 nm. The reaction was per-

Reaction:
make droplet-based enzyme
microfluidics thekinetics
method of choice to

Key idea:

microreactor t
simultaneously
measure single-turnover kinetics of the enzyme ribonuclea[44]
Design
droplet-based
microfluidic
system
to 18).
extract
kinetic volum
se Aa (RNase
A) with millisecond
resolution
(Figure
picoliter
(Section 2.2.2)
parameters of an enzymatic reaction
sion (GFP-enc
nucleotides, an
After incubati
GFP was co
microscopy (F
control of the
(Section 2.2.2)
droplet-based
Text
tion of protein

Song and Ismagilov, J. Am. Chem. Soc. 125 14613-14619 (2003)
Tuesday, September 25, 12

Figure 18. Kinetic analysis on a38millisecond timescale of the turnover
of RNase A in plugs.[44] a) Left: Experimental setup. Right: Fluores-

Figure 19. In vitr
cence microphot
droplets were co

Reaction: nucleation

of Chicago, 5735 South Ellis AVenue, Chicago, Illinois 60637

Microfluidics

2005; E-mail: r-ismagilov@uchicago.edu

Key idea: Design a droplet-based microfluidic system to study effect of
mixing on nucleation of protein crystals
protein

ization.1
into the
o control
oundary
ffecting
responixing is
als4 and
Figure 1. (a) A schematic of the microfluidic channel. (b) At low flow
n of provelocity precipitation occurred and microcrystals grew. (c) At high flow
er to this
velocity no precipitation occurred and large crystals grew.
g, espetion is a
, studies Figure 26. Study of the influence of mixing on the nucleation of
amount protein crystals by using droplets.[183] a) Experimental setup. b) At a

low flow rate, precipitation was observed (top image); precipitate and
suitable microcrystals grew within the plugs (bottom image). c) At a higher
ystem is flow rate,
Figure 2. A simplified schematic of the stretching and folding of interfaces
fewer and
(bottom image).
Chenlarger
et al., J.crystals
Am. Chem. were
Soc. 127observed
9672-9673 (2005)
as plugs are being mixed by chaotic advection in a winding channel.8 See
nts in a
Reprinted
with Information
permission
reference
Copyright 2005 Amer39
Supporting
forfrom
experimental
flow[183].
patterns.
mples of
ican25, 12Chemical Society.
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Reaction: nanoparticle synthesis
Key idea: Use of gas slugs to separate small liquid reaction volumes
Langmuir, Vol. 20, No. 20, 2004
Kihcraofnlueitdaicl.Synthesis of olloidal Silica
increases the monodispersity of microfluidically-produced
particles
M

Microfluidic Synthesis of Colloidal Silica

C

Microfluidic Synthesis of Colloidal Silica
Langmuir, Vol. 20, No. 20, 2004

Figure 8. Segmented flow reactor (SFR, design 3). Sequence of SEM m
and corresponding to various residence times: (a) τ ) 9 min, davg ) 4
(c) low magnification SEM of sample (b), the organization of particles
monodispersity of the microreactor product; (d) graph of standard devia
residence time (t min) in the SFR as compared to batch reactor data for
to 1 µm.

It
con
lin
lam
tri
ax
ure 7. Optical micrograph of segmented flow reactor (SFR, design 3) in operation: Uniform, noncoalescing gas-liquid flow
for
40
btained.
Khan et al., Langmuir 20 8604-8611 (2004)
fas
Figure 8. Segmented flow reactor (SFR, design 3). Sequence of SEM m
Figure 8. Segmented flow reactor (SFR, design 3). Sequence
of
SEM
micrographs
for
recipe
0.2
M
TEOS,
2.0
M
NH
,
5.9
3 )cor
and corresponding to various residence times: (a) τ ) 9 min, davg
4M
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and
corresponding
to
various
residence
times:
(a)
τ
)
9
min,
d
)
407
nm,
σ
)
7.1%;
(b)
τ
)
14
min,
d
)
540
nm,
σ
me
avg
avg
(c) low magnification
SEM of sample (b), the organization
of particles)
those in designs 1 and 2, and stable noncoalescing
slug
ids in design 2, nonuniform reactant distribution

Reaction: microfiber synthesis
Key idea: Photopolymerize a flow-focused stream “on the fly”

e hole for the sheath flow is cored out using
t the opposite entrance of the center hole, a
) micropipette is inserted and bonded in the
g an outlet for the polymerized fiber. The
be production is made in a similar way.
ate pulled pipette (length: 3 mm, tip
placed between the inlet and outlet pipette,
ample and sheath flow delivery is cored out

pparatus is completely shielded by alumint UV light exposure onto the channel
pipette. A 365 nm UV source (Novacure,
expose the moving fluid with an intensity
at the surface of the outlet pipette.

ussion

onfiguration

rizable sample fluid is a mixture of
ylate (85 wt.%, Sigma-Aldrich), acrylic
ma-Aldrich), ethyleneglycol dimethacrylate
drich), and 2,2’-dimethoxy-2-phenyl-acetoKhan et al., Lab Chip 4 576-580 (2004)
Sigma-Aldrich). A mixture of PVA and DI
the core
and
sheath flows to match the
Tuesday,
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for 4 h at 80 uC. The hole for the sheath flow is cored out using
a 12 gauge needle. At the opposite entrance of the center hole, a
normal (non-pulled) micropipette is inserted and bonded in the
same way providing an outlet for the polymerized fiber. The
device for microtube production is made in a similar way.
Another intermediate pulled pipette (length: 3 mm, tip
diameter: 40 mm) is placed between the inlet and outlet pipette,
and a hole for the sample and sheath flow delivery is cored out
using a needle.
The fabricated apparatus is completely shielded by aluminum foil to prevent UV light exposure onto the channel
excluding the outlet pipette. A 365 nm UV source (Novacure,
EXFO) was used to expose the moving fluid with an intensity
of 10.47 mW cm22 at the surface of the outlet pipette.

laminar flow in a circular outlet tube is given as a
distance to the stream center, r, where R is the tu
!
"
2
2Q
r
V
ð
r
Þ~
1{
Results and discussion
R2
pR2
A. Experimental configuration
The photopolymerizable sample fluid is a mixture of
4-hydroxybutyl acrylate (85 wt.%, Sigma-Aldrich), acrylic
acid (11wt.%, Sigma-Aldrich), ethyleneglycol dimethacrylate
(1 wt.%, Sigma-Aldrich), and 2,2’-dimethoxy-2-phenyl-acetonephenone (3 wt.%, Sigma-Aldrich). A mixture of PVA and DI
water was used for the core and sheath flows to match the
viscosity of the sample flow. Ethyl
vinyl acetate (EVA) tubes
sheath
are utilized to form the fluidic networks, and the core, sample
and sheath flows are regulated separately via infusion pumps.
To enhance visualization of the sample flow, a dye (Rhodamin
B) is mixed with the 4-BHA. The flow inside the outlet channel
is monitored using optical microscopy, and scanning electron
microscopy (S-4300, Hitachi) is employed to inspect the
produced fibers and tubes. To introduce the fluids into each
inlet, the syringe pumps are utilized.

The total volume flow rate, Qtotal, is given by th
sample volume flow rate, Qsample, and the sheath v
rate, Q
. Since the sample stream is circular and
the tube, the sample stream volume flow rate mu
integral of eqn. (1) over the area of the sam
Fig. 3 (a) A photo of continuously produced microfiber. (b) T
diameter is
a function
of the relative sample
sheath sam
flow r
Performing the integration
and
solving
forandthe
Rs yields the following equation for the radius of sa
B. Fabricated fibers
and tubes
a function
of the sample stream and total volume
The continuously emerging microfibers are collected into the
small plastic bowl and the PVA on the fiber’s surface is washed
" !
"1=2 #1=2
using DI water. Fig.microfibers
3a shows a continuous length of fiber
Qsheath
produced using the apparatus. The diameter of the fiber is
determined by the regulation of the sampleR
and~R
sheath flow
1{
s
rates. Fig. 3b demonstrates the relationship between the
Qsample zQsheath
diameter and flow rates obtained from the experiment and

compared to the analytical model (eqns. (1) and (2)). By
changing the sample flows (1.2 and 2.4 ml min21) and the sheath
flows (50, 100, 200, and 400 ml min21), polymerized fibers with
different sizes are produced, and their diameters are measured
under the optical microscope. The small differences between
experimental and simulation are likely due to measurement
error, fluctuations in flow rates, and shrinkage during
polymerization. The microtube is also continuously fabricated
and cut using a razor blade to inspect the cross section. An
SEM image of the cross section is shown in Fig. 4a. The volume
flow rates for core, sample and sheath streams are 2, 4 and
300 ml min21, respectively, and the hole is clearly seen at the
center of tube. The outer and inner diameters of the tube shown
in Fig. 4b are 35 and 7 mm, respectively.

microtubules

Experiments

The apparatus used to manufacture the fibers a
constructed using established methods of pipette
PDMS molding. Fig. 2 demonstrates the process o
41 C. Characterization of the fiber
Fig. 4 SEM photos of microtubes
showing a wholeand
tube (a
the apparatus used to manufacture
microfibers
close up of the lumen (b).
To measure the microfiber’s elasticity, the fiber is cut to a
length of 1.0 cm.A
Oneglass
end of themicropipette
fiber is fixed onto the acryl
(Aluminosilicate glass/1714, C

Reaction: gradient etching

Figure 2. Fluorescence micrographs of solution gradient of FITC (fluorescein isothiocynate) at the outlet channel region shown
at flow speeds of 1 mm/s (a), 10 mm/s (b), and 100 mm/s (c). A gradient generator similar in design to one described in Figure 1b
was used. The plots below micrographs show the corresponding fluorescence intensity profile across the channel (900 µm wide)
about 500 µm downstream (dotted line) from the junction. The calculated concentration of FITC in each branch channel is shown
in round dots.

Key idea: Gradients in reactant composition generate differences in etching
rates through a surface

Jeon et al., Langmuir 16 8311-8316 (2000)
Figure 3. (a) Design of the microfluidic network used to generate
a gradient in topography in SiO2. Dilute HF (hydrofluoric acid,
42
5% in water) solution was introduced into the middle inlet and water into the two outer inlets. The microfluidic network generated
a gradient
of HF. Where the HF was in contact with the surface, it etched the SiO2. The differences in the thickness
Tuesday,
September in
25,concentration
12

Applications of microfluidics
• Chemical synthesis
- Especially for high-value components
• Controlled release
- Pharmaceuticals
- Cosmetics
• Biotechnology
- Genomics and sequencing
- Biodetection
- Directed evolution
• Models of biological processes
- Microvasculature and veination
- Chemotaxis and chemical response
43
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Application: crystallization
i
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by UNIVERSITY OF CHICAGO LIBRARIES on 05/17/10. For personal use only.
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Figure 2

Review article: Li and Ismagilov, Annu. Rev. Biophys. 39, 139-158 (2010)
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Examples of microfluidic devices applied to protein crystallization. (a) A valve-based system. Schematics showing (i ) loading of
Tuesday, September 25,
12
precipitants
and protein and (ii ) the process of free interface diffusion (FID) on-chip. Microphotographs iii and iv corresponding to

Protein crystallization in “Phase Chip”
Goal of research: determine conditions and kinetic pathways for
crystallization of biological proteins (e.g. xylanase)
Key idea: Change salt concentration “on chip” in an integrated microfluidic
device to trigger crystallization

ICLES

Shim et al.

Kim et al., J. Am. Chem. Soc. 129, 8825-8835 (2007)

e 1. (a) Plan view of the Phase Chip. (b) Drop formation at nozzle. Confined drops are flattened and elongated in the flow channels. A movie, S4.1,
he Supporting Information. (c) Photographs of surface tension guided storage of aqueous drops into rectangular wells. 45
Movies are shown in the
rting Information, S4.2, S4.3, and S4.4. These pictures are taken on a chip without a reservoir and have different dimensions than those of the device
yed
in the rest of
this figure. (d)
Vertical
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12 section of the Phase Chip corresponding to the insert in (a). The device is constructed from two PDMS layers

be extended to other radiolabeled molecular
imaging probes.
Some of the components required for conducting sequential chemical processes within
microfluidics are similar to those previously
demonstrated for biological analysis: isolation
of distinct regions on the chip with micromechanical valves for nanoliter chemical reactions (15), acceleration of diffusion-dominated
mixing within a confined volume with a rotary
pump (16), and creation of in situ affinity

Fig. 2. Schematic representations of the operational mechanisms of (A) a regular valve having a

reactor can be heatedround-profiled
above its normal
fluidic(atmochannel, and (B) a sieve valve having a square-profiled fluidic channel. When
spheric) boiling point
to provide
further into
ki- the control channels, the elastic membranes expand into the fluidic
pressure
is introduced
In mediated
a regular valve,
netic enhancement. channels.
Pressure is
not the fluidic channel is completely sealed because of the perfect fit
between
the
expanded
membranes and the round profile of the fluidic channel. In a sieve valve,
only by the heat supplied to the chip, but also
the
square-profiled
fluidic
by the porosity of the PDMS matrix. Thus,channel is only partially closed, which allows fluid to flow along the two
edges. Sieve valves can be used to confine solid objects within the fluidic channel but allow liquid
PDMS plays a role akin
to the
safety(C)
valve
of
to flow
through.
Schematic
illustration of the loading of anion exchange beads into a column
a pressure cooker that
regulates
the Bcooking
module
incorporating
one fluidic channel and five sieve and five regular valves (!, closed valve). A
suspended
solution
of anion exchange beads is introduced into the column modules where five
pressure[ within a critical
range.
Our device
sieve
valves
and
five
regular valves operate cooperatively to trap anion exchange beads inside the
permits computer-controlled mixing of spatialfluidic channel (total volume 10 nl). A miniaturized anion exchange column for fluoride
ly isolated reagents concentration
under individually
reguis achieved when the fluidic channel is fully loaded. (D) A snapshot of the beadlated solvent and temperature
conditions.
loading process
in action.

Application: on-chip multistep synthesis
Downloaded from www.sciencemag.org on September 23, 2012
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Goal of research: demonstrate optimized synthesis for sensitive compound

Key idea: Move all operations “on chip” in an integrated microfluidic device

Fig. 1. (A) Schematic
representation of a
chemical reaction circuit
used in the production
of 2-deoxy-2-fluoro-Dglucose (FDG). Five sequential processes are
shown: (i) concentration
of dilute fluoride ion
with the use of a miniaturized anion exchange
column located in a
rectangle-shaped fluoride
concentration loop, (ii)
solvent exchange from
water to dry MeCN, (iii)
fluorination of the Dmannose triflate precursor 1, (iv) solvent
exchange back to water,
and (v) acidic hydrolysis
of the fluorinated intermediate 2a (or 2b)
in a ring-shaped reaction loop. Nanogram
amounts of FDG (3a,
3b) are the final product.
(D) Hydrolysis
reaction.
The operation
of After
the evaporation of the MeCN, an HCl solution (blue) is introduced into the reaction loop to hyd
givecircuit
the final
FDGby(3a, 3b).
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• Microfluidic synthesis increased
yield (38%) and purity (97.6%)
• Dramatic increase in time (14
min vs 50 min)

Application: programmable release
Goal of research: controllably release multiple components in a
pharmaceutical or cosmetic formulation
Journal of the American Chemical Society

ARTICLE

Key idea: Sequentially dissociate bilayer membranes in a double emulsion

Kim et al., J. Am. Chem. Soc. 133 15165-15171 (2011)

Figure 3. (a) Series of images showing selective rupture of the outer membrane
of a double polymersome which passes through an oriﬁce whose
47
diameter is larger than the innermost polymersome yet smaller than the outermost polymersome. (b) Schematic illustration of a double polymersome
showing bilayers
Tuesday, September
25, 12 with no internal homopolymer on the top right and one of the bilayers containing homopolymer on the bottom right. (c) Series of

Commercialized technology: Capsum
Capsum (France) markets encapsulation technologies to luxury cosmetics
manufacturers such as Amore Pacific (Korea)

capsum.eu

amorepacific.com

48
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Application: directed evolution
Goal of research: identify mutants of horseradish peroxidase enzyme with
higher catalytic activity
Key idea: Use ultrahigh throughput screening to remove inactive mutants

Agresti et al., Proc. Natl. Acad. Sci. USA 107 4004-4009 (2010)

• 108 enzyme reactions screened in 10 h (1,000× faster)
• Sample volume: < 150 µL of reagent (1,000,000× cheaper)
49
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Introduction
typical analyte

Diagnostics:

concentrations

Carbamazepine
Theophylline
DNA finger-printing/ genetic
disorder predisposition
Cancer detection
10

2

10

3

10

10

7

Creatinine

Estrogens Digoxin
10

10

11

10

10

12

Cholesterol

Cortisol Uric Acid Glucose Sodium
10

13

10

16

17

10

10

18

19

10

20

10

Typical molecules or copies/ mL
HIV in blood
Biothreat agents in air (after concentration)

gure 1.2 Concentrations of typical diagnostic analytes in human blood or other samples. (After [7])

hey are interested
primarily
in
shrinking
down
the
pathway
the
chemicals
tak
Nguyen and Wereley, Fundamentals and Applications of Microfluidics, 2nd ed. (2006)
d defending the merit of microscopic fluid quantities in defining microfluidi
50
o put these length scales in context, Figure
1.1 shows the size characteristics
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geometric design of the device is based upon the general strategy
for inducing chaotic mixing at low Re numbers (20), adapted for
isolation of rare cells from whole blood by varying the ratio of
height of the grooves to that of the channel, chevron dimensions,
and periodicity. The herringbone grooves are staggered periodically, with each mixing cycle defined by two sequential regions of
ten chevrons shifted asymmetrically (Fig. 1B). The final dimensions of the device were selected based on the optimization
studies: overall height of channel (h) 50 μm, with the ratio of
the height of the grooves to that of the channel (α) set to 0.8;
angle between the herringbones and the axis of the channel
(θ) 45°, and principal wave vector, q ¼ 2π∕100 μm (20, 21). A
branching inlet header was designed to feed into eight individual
channels to promote mechanical integrity and uniform flow distribution across the device (Fig. 1 A).
In comparison to a traditional flat-walled microfluidic device
(Fig. 1D), the herringbone-induced microvortices disrupt the
laminar flow streamlines that cells travel, causing them to “shift”

streams of fluid folding over one another (Fig. 1 E, F) (see
Movie S1, Movie S2, Movie S3, and Movie S4 for complete
visualization of the flow fields; Fig. S2A–D). As predicted
(20), flow rate does not impact the degree of mixing for the range
of Re that is relevant in this system (Fig. S1 A, B). Thus, any interpatient variances in the rheological properties of the blood will
not impact the extent of mixing in the herringbone CTC-Chip.

Application: cancer detection

Goal of research: capture rare circulating tumor cells (CTCs) in patients’
bloodstreams for cancer detection and monitoring
HB-Chip Optimization and Validation by Capture of Cancer Cell Lines.

To demonstrate the impact of herringbone-mediated mixing, the
HB-Chip was first compared with a traditional smooth wall
microfluidic channel of similar dimensions (Fig. 2A, and
Fig. S3 A, B). We used a single channel of either the HB-Chip
or the smooth chamber device, connected to a microfluidic waste
collection chamber (Fig. S4). This small footprint serial chamber
setup allowed for accurate counting of target PC3 prostate cancer
cells captured in the devices, as well as enumeration of noncaptured cells flowing into a microfluidic waste chamber, thus

Fig. 1. (A) The HB-Chip consists of a microfluidic array of channels with a single inlet and exit. Inset illustrates the uniform blood flow through the device. (B) A
micrograph of the grooved surface illustrates the asymmetry and periodicity of the herringbone grooves. Cartoon illustrating the cell-surface interactions in (C)
the HB-Chip, and (D) a traditional flat-walled microfluidic device. Flow visualization studies using two paired streams of the same viscosity (one stream is green,
the other clear) demonstrate (E) the chaotic microvortices generated by the herringbone grooves, and the lack of mixing in (F) traditional flat-walled devices.

ENGINEERING

APPLIED BIOLOGICAL
SCIENCES

Key idea: Increase surface encounter rate using chaotic advection

• Cancer cells detected at ~400 CTCs/mL
• Imaging-based platform identified new CTC clusters
PNAS ∣ October 26, 2010 ∣

Stott et al.
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Stott
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vol. 107 ∣

no. 43 ∣

18393

et al., Proc. Natl. Acad. Sci. USA 107 18392-18397 (2010)

Application: tissue engineering
Goal of research: model complex vascular phenomena, including
angiogenesis and thrombosis
Key idea: Use microfluidic channels as a model for microvasculature

Fig. 1. Microfluidic vessel networks (μVNs). (A) Schematic cross-sectional view of a section of μVN illustrating (i) morphology and barrier function of endothelium, (ii) endothelial sprouting, (iii) perivascular association, and (iv) blood perfusion. Arrow, Flow direction. (B) Schematic diagram of microfluidic collagen
scaffolds after fabrication (detailed fabrication processes and parts in Fig. S1). (C) Z-stack projection of horizontal confocal sections of endothelialized micro52
fluidic vessels (overall network, i) and views of corner (ii) and branching sections (iii). Red, CD31; blue, nuclei. (Scale bar: 100 μm.) (D) Transmission electron
micrographs showing focal contacts (i), overlapping junctions (ii), and complex adherens junctions (iii) between endothelial cells. Magnification: 29,000×.
(E) Permeability across the endothelium, perfused with 70 kDa FITC-Dextran (Upper), and corresponding fluorescence intensity (Lower) averaged over the

Zheng et al., Proc. Natl. Acad. Sci. USA 109 9342-9347 (2012)
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integrated elution nozzle, designed to dispense directly into standard microfuge tube formats (Fig. 1A).
For single-cell applications, the phenotypic selection and isolation of single cells is achieved using a cell-sorting module
(Fig. 1E). A cell suspension is advanced by peristaltic pumping
and imaged in real time at the channel cross-junction. When a
cell of interest is identified, it is pumped into a droplet for delivery to the storage chamber array.

than or equal to a critical value, they wet the inlet c
stream of the storage chamber. As the leading edge o
enters the chamber, it is pulled in by surface tension
and S3), where it wets the chamber’s sidewall, precise
ing it at the chamber entrance (Fig. 1C, step 3i). O
inside the chamber, the droplets are sequestered
shear flows (Fig. S1) and are immobilized indefinite
line pinning forces are sufficient to resist shear force
flow velocity of 50 mm∕s measured at the storage ele
It should be noted that surface tension forces between
and the carrier phase do not contribute to retention of
at the chamber entrance as advancement of the drop
into the chamber would not increase the droplet’s inte

Application: whole genome sequencing

Goal of research: analyze genome of single cells and microbial consortia
without sample contamination
Droplet docking and merging by flow-controlled wetting. Program-

mability of the microfluidic device is enabled by the ability to
Key idea: Create
multiplexed chip to sort, cultivate cells and identify, amplify,
precisely position and merge an arbitrary sequence of droplets
at each addressableand
storagesequence
location. We achieve
this by exploitwhole
genomes

53 Leung
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et al., Proc. Natl. Acad. Sci. USA

Fig. 1. Programmable mic
tion array. (A) Device schem
the structure of an elutio
signed to interface with sta
fuge tubes during chambe
Addressable array of 95 stor
organized in 19 rows and 5
trol layers are shown in red
row multiplexer and column
a unique fluidic path (green
ing from high to low-pr
(C) Storage element geomet
immobilization and coalesc
controlled wetting. (1) Dur
to an addressed storage ele
cating thin film of oil preven
channel walls. (2) Side chan
bypass for the oil (green arro
droplet velocity. (3i) Below th
velocity, wetting occurs and
positioned at the cylindrica
trance. (3ii) Above the criti
city, the droplet does not
entrance but travels into
and docks at the chamber c
crograph of a 2.7-nL stored w
(E) Cell-sorting module. (1)
suspension is pumped dow
channel. (2) The cell is enca
droplet for transport to the
109ray.
7665-7670
(2012)
(F) Reagent-metering m

Application: chemotaxis

Goal of research: study the motion of bacteria and/or mammalian cells in
c vertical cross sections of three different designs of the diffusion-based microfluidic gradient generator. The designs
response
ment of the source, sink and test channels within
the agaroseto
andchemical
PDMS layers. (A)signals
Design 1 with all three channels in

Design 2 with all three channels in the agarose layer. (C) Design 3 with source and sink channels in the agarose layer and
PDMS layer. In all designs, the test channel was separated from the feeder (i.e., source and sink) channels by a 200 µm
A,C) or agarose (B), resulting in an edge-to-edge distance between the feeder channels of L ) 1 mm. The intensity of the
strative of the chemoattractant field in the channels (shown quantitatively in Figure 4).

Key idea: Use gradient generators to control the (nonlinear) spatial
concentration of chemoattractant
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FIGURE 6. Response of E. coli to (A,B) an exponential and (C,D) a
Ahmed et al.,
NanoofLett.
10 3379-3385 (2010)
peaked concentration
profile
r-methylaspartate
(see Figure 1E-H
for the microdevices’ layout). The concentration of r-methylaspartate in
54 the source and sink channels was 1 and 0 mM, respectively.
(A,C) Long-time-exposure images of cell trajectories, constructed

Challenges

• Scale-up
- Transition from “lab scale” devices to plant-scale operations
- 2-d to 3-d layouts
• Interplay between parallelized chips
- Need to generate uniform flow across multiple devices
- Synchronization and chaotic effects
• Clogging and unsteady flow

55
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Summary of lecture
• Microfluidics enables mini “chemical plants”
- Exceptional control over reactions and mixing
- Naturally achieves continuous production
• Optimal usages of microfluidic devices:
- Specialty chemicals and high-value chemicals
- Hard-to-produce molecules (especially biomolecules)
• Industries impacted by microfluidics
- Biotechnology: genome sequencing, protein crystallization
- Chemical synthesis: radiolabeled molecules
- Manufacturing: designer specialty cosmetics
• Opportunities abound for chemical and biomolecular
engineers to design new microfluidic processes
56
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