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Table ] Comparison between photolithography and soft lithography

Photolithograply Soft lithography
Definition of patterns Rigid photomask Elastomeric stamp or mold
{(patterned Cr supported (a PDMS block patterned

Mhaterials that can be
patterned directly

Surfaces and structures
that can be patterned

Current limits to
resolution

Minimum feature size

on a quartz plate)
Photoresists

(polvmers with photo-

sensitive additives)
SAMSs on Au and 510,

Planar surfaces

2-D structures

~250 nm (projection)
~100 nm (laboratory)
~100 nm (7)

with relief features)

Photoresists®:®

SAMs on Au, Ag, Cu, GaAs,

Al Pd. and 510,
Unsensitized polvmers®*

(epoxy, PU, PMMA  ABS,

CA PS PE, PVC)
Precursor polymers®?

(to carbons and ceramics)
Polymer beads?
Conducting polymers
Colloidal materials®™?
Sol-gel materials™©
Organic and inorganic salts®
Biological macromolecules?

d

Both planar and nonplanar

Both 2-D and 3-D structures

~30 nm®*®, ~60 nm®, ~1 pm*e
(laboratory)

10(7) - 100 nm

Made by (a) uCP (b) BEM, (¢} pwTM, (d) MIMIC, (e} SAMIM. PUpolyurethane; PMMA:
poly(methy]l methacrylate). ABS: pely(acrylomirile-butadiene-styrene); CA: cellulose acetate; PS:

polystyrene; PE: polyethylene; and PVC: poly(vinyl chloride)




Soft Lithography
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iIcro-contact Printing

(a)
I FDMS
0 B s B i g rtee— "Nk’
Aufmi
Si

l Print SAMs

(c)

Figure 2 Schematic procedures for wCP of hexadecanethiol (HDT) on the surface of gold: (@)
printing on a planar surface with a planar stamp (21), (&) printing on 2 planar surface over large
areas with a rolling stamp (128), and (¢) printing on a nonplanar surface with a planar stamp (174).




Micro-contact Printing

master [EOREMTRTRY

sy prepolymer

1

- stamp

1 |

Fig.2 The stamp replication process: A master with a negative of the desired pattemn is cast with a
pre-polymer. After curing the polymer, the elastomeric stamp is peeled off the master and ready
for microcontact printing.

stamp replication

printing

Fig.1 The microcentact printing (uCP) process: An elastomeric stamp is replicated from a master.
After inking of the stamp with a suitable ink, it is fixated on a prinfing machine with help of which

it is brought into conformal contact with a substrate. There the ink forms a self-assembled
monolayer (3AM) which can be used as a resist in a subsequent wet etching step.




Micro-contact Printing




Self-Assemble Monolayer (SAM)
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Figure 7. Schematic illustration of some of the intrinsic
and extrinsic defects found in SAMs formed on poly-
crystalline substrates. The dark line at the metal—sulfur
interface is a visual guide for the reader and indicates the
changing topography of the substrate itself.

/%?

@ (a) Insertion of a functional adserbate at a defect site in a preformed SAM. (b) Transformation of a SAM with exposed functional

groups (circles) by either chemical reaction or adsorption of another material.
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Figure 12. (a) Schematic illustration depicting the ap-
plication of a PDMS stamp containing thiols to a polycrys-
talline metal film. The primary mechanisms of mass
transport from the stamp to the surface are shown. The
grayscale gradient approximates the concentration of thiols
adsorbed in the stamp itself. (b) Magnified schematic view
that illustrates the wariety of structural arrangements
found in SAMs prepared by uCP when the stamp is wetted

with a 1-10 mM solution and applied to the substrate for
1-10 s.

@ Metal atom ® Metal oxide

Figure 17. Schematic illustration of the types of defects
in SAMs that can influence the rate of electron transfer in
two-terminal (or three-terminal) devices. {(a) Chemical
reaction with the organic component of SAMs during
evaporation of metal films. (b) Formation of metallic
filaments during evaporation or operation of the device. (¢)
Deposition of adlayers of metal on the surface of the
substrate supporting the SAM. (d) Formation of oxide
impurities on the surface. (e) Organic (or organometallic)
impurities in the SAM. (f) Thin regions in the SAM
resulting from conformational and structural defects. In e
and f the dimension normal to the surface that is denoted
by the black arrows indicates the approximate shortest
distance between the two metal surfaces; note that these
distances are less than the nominal thickness of the

ordered SAM.
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Figure 21. Schematic illustrations of (a) a mixed SAM
and (b) a patterned SAM. Both types are used for applica-
tions in biology and biochemistry.

Figure 22, Schematic diagram illustrating the effects that
large terminal groups have on the packing density and
organization of SAMs. (a) Small terminal groups such as
—CHsg, —CN, ete., do not distort the secondary organization
of the organic layer and have no effect on the sulfur
arrangement. (b} Slightly larger groups (like the branched
amide shown here) begin to distort the organization of the
organic layer, but the strongly favorable energetics of
metal—sulfur binding drive a highly dense arrangement
of adsorbates. (¢) Large terminal groups (peptides, proteins,
antibodies) sterically are unable to adopt a secondary
organization similar to that for alkanethiols with small
terminal groups. The resulting structures probably are
more disordered and less dense than those formed with the
types of molecules in a and b.
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Figure 23. Schematic illustration of the order—disorder
transition evidenced by SAMs of alkanethiolates termi-
nated with triethylene glyecol. The EGs group loses confor-
mational ordering upon solvation in water.




Negative Differential Resistance

Fig. 1. Schemnatics of de-
vice fabrication. (A)
Cross saction of a silicon
wafer with a nanopore
etched through a sus-
pended silicon  nitride
mermbrane. (B) Au-SAM-
Au junction in the pore
area. (C) Blowup of (B)
with 1c sandwiched in
the junction. (D) Scan-
ning electron  micro-
graph (SEM) of pyramid
Si structure after uniso-
tropic Si etching [that is,
the bottom view of (A)].
(E) SEM of an etched
nanopore through the
silicon  nitride  mem-
brane. (F) The active
melecular compound Tc
and its precursors the
free thiol 1b and the
thiol-protected systern 1a.
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in a Molecular Electronic Device
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(b)

FIG. 1. (a) Optical micrograph of the nanoelectrode array. Inset: AFM im-
age of four Au nanoelectrodes with a Pd nanowire lying across. (b} Sche-
mafic diagram of the Pd'molecular wires/Au junctions on a 51/510, sub-
strate.
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FIG. 3. Typical /- curves of molecular devices. (a), (b), and (c) corre-

spond to molecules a, b, and ¢ shown in Fig. 2, respectively.

Appl. Phys. Lett., Vol. 82, No. 4, 27 January 2003

5




Control of crystal nucleation
by patterned self-assembled
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a HS(CH,);s:CO5H on Au
Nucleating plane (015)
d=35pum; p=100 um

[Ca**]=10 mM; N=100

b HS(CH5),;,OH on Au
MNucleating plane (0104)
d=50um; p=100 um
[Ca®] =10 mM; N= 100

¢ HS5(CH,);;50;H on Pd

Nucleating plane (001)

d=15pum; p= 30 um
[Ca*] =10 mM; N=1,000

d HS(CH,),sCO-H on Ag

Nucleating plane (012)
d="15um; p=100 pm
[Ca™] =10 mM; N=100

100 pm

Nucleating plane (012)
d=3um; p=10 um
[Ca™] = 100 mM; N = 10,000

HS({CH,);sCO5H (tnangles) +
HS(CH-)15CH5 (stars) on Ag
[Ca™] = 100 mM




Geometric Control of Cell Life and Death
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Fig. 1. Effect of cell spreading on apoptosis. (Al Combined phase con-
trast-fluorescence micrographs of capillary endothelial cells cultured in
suspension in the absence or presence of different-sized microbeads or
attached to a planar culture dish coated with FN for 24 hours (28). In the highly spread cell on the 25-pm
bead, only the flattened 4°,6"-diamidinc-2-phenylindole (DAPl-stained nucleus is clearly visible. (B)
Apoptosis in cells attached to different-sized beads, in suspension, or attached to a dish. The apoptotic
index was quantitated by measuring the percentage of celle exhibiting positive TUNEL staining (black
bars) (Boshringer Mannheim), which detects DMNA fragmentation; similar results were obtained by
analyzing changas in nuclear condensation and fragmentation in cells stained with DAPI at 24 hours
(gray bars). Apoptotic indices were determined only within single cells bound to single beads. Error bars
indicate SEM. (C) Differential interference-contrast micrographs of cels plated on substrates micropat-
terned with 10- or 20-pwm-diameter circles coated with FN (left), by a microcontact printing method (239)
or on a similarly coated unpatterned substrate (right). (D) Apoptotic index of cells attached to differant-
sized adhasive islands coated with a constant density of FN for 24 hours; similar results were obtained
with human and bovine capillary endcthelial cells (228). Bars same as in (B).
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Fig. 3. Cel-ECM contact area versus cell spreading as a regulator of cell fate. (A) Diagram of substrates
used to vary cell shape independently of the cell-ECM contact area. Substrates were patternaed with
small, closely spaced circular islands (center) so that cell spreading could be promoted as in cels on
larger, single round islands, but the ECM contact area would be low as in cells on the small islands. (B)
Phase-contrast micrographs of cells spread on single 20- or 50-pm-diameter circles or multiple S-pm
circles patterned as shown in (4). (C) Immuncfluorescence micrographs of cells on a micropatternad
substrate stained for FN (top) and vinculin (bottom). White outling indicates cell borders; note circular
rings of vinculin staining, which coincide precisely with edges of the FN-coated adhesive islands. (D)
Flots of projected cell area (black bars) and total ECM contact area (gray bars) per cell (top), growth index
(middle), and apoptotic index (bottom) when cells were cultured on single 20-um circles or on multiple
circles 5 or 3 pm in diameter separated by 40, 10, and 6 pm, respectively.
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Fig. 4. Role of different intagrin ligands in cell
shape-regulated apoptosis. Apoptotic  indices
(percentage positive TUNEL staining) for cells cul-
tured for 24 hours on unpattemed substrates
(black bars) or on 20-pm circles (gray bars) coat-
ad with FN, type | collagen (Caol 1), vitronectin ( VN,
anti-p3,, anti-a, 25, or antibodies to both integrin
By and integrin o, 5 (29).

hexadecansthiol [HSCH;),CH;] was prirted onto
gold-coated substrates with a fledible stamp cortaining
a relief of the desired pattem. The substrate was Im-
mersed immedistely in 2 mi trijethylene ghical-temmi-
rated alkanethiol [HSCH), (OCHICHL0H in etha-
ral], which coated the remaining bare regions of golkl.
When these aubstrates wers immersad in a solution of

FM, vitronecting or type | collagen (50 wog/ml in phos-




Directing cell migratign with htto://www.pnas.org/cgilreprint/102/4/¢
asymmetric micropatterns

Xingyu liang*, Derek A. Bruzewicz®, Amy P. Wong*, Matthieu Piel’, and George M. Whitasides**

PMAS | January 25, 2005 | wol. 102 | no.d4 | 975

*Department of Chemistry and Chemical Blology, Harvard University, 12 Cxford Street, Cambridge, MA 02138; and *Department of Malecular and Call
Blology, Harvard University, 16 Divintty Avenue, Cambridge, MA 02138

Contributed by George M. Whitesldes, December 2, 2004

A Lamellipodial extension and

Rear release and retraction A
adhesion

<>

Met cell translocation

100 pm

Flg. 3. Timelapse Images {In minutes) show the motility of an Initlally
polarzed 373 flbroblast after Its corstraint Is released. (&) 'We applied the
voltage pulse at time ¢ = Q. The dotted line serves as a reference for the
lecation of the cell. (8) Another type of cell, CO5-7, shows similar behavior.
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lamellipodia at the corners
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Fig. 2. Asymmetric patterns polarize iImmobllized cells. (£ 3The Golgl and the
centrosome are located doserto the half of & cellwith the blunt end. We sed
phallodin, antigalgin, DAPL, antitubuling, and antipercentrinto dentify actin
(red), the Galgl igreen), the nucleus (blue), microtubules (red), and the can-
trosome (gresn), respectheely. The green arrows Indlcate the location of

centrosomes In 3T3 cells and Golglin human umbilical artery endaothellal cells

does it move?
1) Confine a cell to a teardrop

Fig. 1.  Aproblermon cell motil iy, (&) A cartoon HTustratlon of the migration

of & typlcal mammallan cedl on a flat surface. This teardrop shape 15 found In
rnany types of calls. (B) Cells confined to squares preferentlal ly extend their
lamellipodia from the corners. nu, nucleus. (5 If & cell 1s confined to a shaps
of teardrop, will the cell preferentially extend Itslamellipodia frorm the sharp
end or from the blunt end? If released from confinement, Inwhich direction
wdll 1 Hkely move?

(HUAEC). (R Wedided the call Into a half with the sharpend and a halfwith
the blunt end by a vertical ine drawn at the centrold of the nucleus; =80%
= 300 of the centrosomes and Galglwere lecalized Inthe reglon of the wide
end. () Thelamelllpodia of Im mobilized 3T3 cells tendedto extend more from
the blunt end aswell {arrowhead). The dotted Ine Indicates the edges of the
adheshee pattern.
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Fig. 11. A series of patterns that confine cells to approximately the same

projected geometry (visualized by the actin cytoskeleton) but distribute the
focal adhesions (FAs; visualized by immunostaining for vinculin) differen
The bottom row shows that new focal adhesions formed 1 h after release
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(A} REM =50 nm

PDMS
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FDMS
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(B) LT™ prepolymer

PDMS

‘ Remove excess
prapolymer

[ Teous |

* Place on the support

l Cura, romove mokd

residual film

Soft-Lithography

(C) MIMIC
PDMS mold

support
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¢ at ona and

Fill channels by
capillary action

‘ Cure, remove mold
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(D) SAMIM PDMS mold

* Remaove mold

%—-— support
rasidual film

Figure 5 Schematic illustration of procedures for (@) replica molding (REM). (5) microtransfer
molding (p TM), (¢) nueromolding in capillaries (MIMIC), and (4) solvent-assisted micromolding

(SAMIM).
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(a) Master |

Replication Result

(b) PU Replica

(e) Master IlI {f) PU Replica

30 nm

Figure ¢ (a,b) Atomic force microscopy (AFM) images of Cr structures on a master, and a
PUI replica prepared from a PDMS mold cast from this master (153). (c,d) AFM images of Au
structures on another master, and a PU replica produced from a PDMS mold cast from this master.
(g AFM images of Au structures on a third master, and a PU replica fabricated from a PDMS
mold {cast from this master) while this mold was mechanically deformed by bending in a manner
that generated narrower lines.




3D Patterning




Interference

1. Two beams
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. Three beams
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v " 3. Four beams
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Fig. 1. The orientation of the two (left column), three (middle column) and four (right column) incident beamns: (1) and the resulting

interference patterns (h).
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Interference
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Figure 2.1: Two-beam interference forms a standing wave.
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Figure 2.2: The horizontal and vertical components
combine separately to create the desired horizontal
standing wave and the undesired vertical standing wave




Interference Lithography
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Figure 3.2) Basic Lloyd's mirror configuration




Holographic

Figure 1 Calculzted constant-intensity surfaces in four-beam lasar interfarence pattems
designed to produce phatonic crystats for the visible spectrum from photoresist. The

rimitive '_JESB [pontentsof aWigner-Seitz unit c2l] is shawninst in each C‘E'_'“" fe.c. Figure 2 Bazm geameatry for an f.o.c. interference pattam. The wavevectors of the four
paitem with loiice constant 922 n, used i ”Pd”oe t.re.stmctures sho'.@ in Ag.Ja—d laser beams are drawn a3 cones onginating from lattice points in a b.e.c reciprocal lattice.
and 4. The clcse—packed_layers af tha f.c.c. lattice are indicated on ona side of the cube. The differances between the central heam wavevectar ky, which originates from the

B, t.c.c. pattem with lattioe constant 387 nm. Scale bars, 300 nm. comman paint of the three cubas shawn, and the three wavevectars K,_; anginating from

body-oantra |zttice points, are the primitive sat of reciprocal lattice vectors 2#/d{111).




Holographic

.e 3
b
[

Figure 3 SEM images of photanic crystals generated by holographic lithography.

a, Palymeric phatonic crystal generated by exposure of 2 10-pm film of phatoregistto the
intarfarance pattern shown in Fg. 1A, Tha top sudace i & (111) plang; the film haz baan
fractured along the (117) cleavage planes. Scale bar, 10 pm. b, Closa-up of 2 (111)
surface. Scale bar, 1 wm. ¢, Close-up of a (117) surfaca. Scake bar, 1 um. d, Inverse
replica in titania made by uging the polymeric structure as a template. The surface is
slightly titted from the {117) plane. Scale bar, 1 um. e, (102) surface ofa b.c.c. palymenic
photonic crystal. Scale bar, 1 pm.




Micro- and Nanofluidic

Lab-on-a-Chip




Potential Benefit of Miniaturization

Improve performance ( reduced diffusion
ength, shorter separation distance, less
nand broadening, high field strength,
parallel system)

Integration (all in one)
Added functionality (2D separation)

Versatility ( compact, portable, easy to use,
low energy an chemical consumption) -




Parameter

How much miniaturization make
S1CT [T —
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Density {(milllonss/cm2) :l
107 7
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d {(pm)

Fig. 1 Scaling of various parameters with dimensional
cross section, It is assumed that an analysis is
performed within a cube with a side of length d. The
volume of fluid, number of analyte molecules, time to
diffusively mix, and spatial density are shown as a
function of dimension d. A concentration of one

nanomolar and a diffusion coefficient of 10”° cm® s are
assumed. See text for discussion.




Micromachining a Miniaturized Capillary
Electrophoresis-Based Chemical Analysis
System on a Chip

D. Jed Harrison,* Karl Fluri, Kurt Seiler, Zhonghui Fan,
Carlo S. Effenhauser, Andreas Manz

SCIENCE »

Conditions:
50 pM Amino acids

pH 8.0 Tris/boric acid
2500 V (1562 Wem)
a dld =0.75cm

24
Waste (for injection)
Buffer

Waste
separation)

ST b seme

Time (s)

Fig. 3. Electropherogram of 10 pM FITC-la-
beled Arg, Phe, and Glu (peaks 1, 2, and 3,
respectively) in pH 8.0 buffer in a device 1 cm
by 2 cm, with an injection to detection distance
of 0.75 cm.

13 AUGUST 1993

Sample
1 2
10 pM Amino acids . Waste
pH 9.0 Detector
11.25 kv Wasto
{1.06 kV/cm)
dy=22cm
3 4
6
5/ 7
|
'
L 1 1 1 1 A1 - 1 L 1 J
4] 4 8 12 16 20
Time (s)

Fig. 2. Electropherogram of six FITC-labeled
amino acids in pH 9.0 buffer with 2330 V
applied between the injection and detection
points and a potential applied to the side chan-
nels to reduce leakage of the sample. The
peaks were identified by the separate injection
of each component and are as follows: 1, Arg;
2, FITC hydrolysis preduct; 3, Gin; 4, Phe; 5,
Asn; 6, Ser; and 7, Gly. The inset shows the
approximate layout of the device, with a buffer
to separation channel-waste distance of 10.6
cm.




Flow In small dimension

e Types of flow
— Turbulent flow
— Laminar flow
— Creeping flow
« Generation of flow
— Electroosmotic flow (plug flow)
— Pressure driven flow (Poiseuille flow)
— Shear-driven flow (Couette flow)




Newtonian Fluid

(a) E
hI

L

FIG. 2. (Color in online edition) Model (a) rectangular and (b)
circular microchannels, through which fluid flows with charac-
teristic velocity scale [Uf;. Channel length will be denoted /,
width (or radius) w, and height (shortest dimension) Ai. The
coordinate 7 points downstream, y spans the width, and x
spans the height.

continuum version of F=ma on a per unit volume basis:

p(%+u-?u):"F-Ei-'+i‘:—?p+;~ﬁ2u+il (1)

p%:?-:r+f:—?p+ aViu+f,

ap
o + V-(pu) =0, incompressibility condition V-u=0 %




Basic

 Reynolds number

vs - mean fluid velocity,
_ L - characteristic length,
e — pusL v, Inertial forces 1 - (absolute) dynamic fluid viscosity,

! v Viscous forces y - kinematic fluid viscosity: v = ¢ / p,
o - fluid density.

» Hydraulic diameter

44

D, = A is the cross sectional area

U U is the wetted perimeter of the cross-section

&




Laminar flow

Sometimes known as streamline flow, occurs when a fluid flows in
parallel layers, with no disruption between the layers. In fluid
dynamics, laminar flow is a flow regime characterized by high
momentum diffusion, low momentum convection, and pressure and
velocity independence from time. It is the opposite of turbulent flow.
In norrl]scientific terms laminar flow is "smooth," while turbulent flow is
"rough.”

The (dimensionless) Reynolds number is an important parameter in
the equations that describe whether flow conditions lead to laminar
or turbulent flow. In laminar flow, the Reynolds number is less than
2100. Creeping motion or Stokes flow, an extreme case of laminar
flow where viscous (friction) effects are much greater than inertial
forces, occurs when the Reynolds number is much less than 1.




Turbulent flow

In fluid dynamics, turbulence or turbulent flow is a flow
regime characterized by chaotic, stochastic property
changes. This includes low momentum diffusion, high
momentum convection, and rapid variation of pressure
and velocity in space and time. a Reynolds number above
about 2300 will be turbulent.




How large must u be before
turbulent flow (Re > 2000)

d =100 um 10 um
p... = 0.0012 g/cm3 u= 333 m/s 3333 m/s

N,y = 0.0002 g/s cm

Mach 1 Mach 10
Pwater = 0.998 g/cm3 u= 20m/s 200 m/s
Nwater — 0.01 g/s cm
Py = 0.8 g/cm3 u= 2500 m/s 25000 m/s

Noi = 1.0 g/s cm
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Pressure Driven Flow

Velocity Magnitude

50 100 150







Pressure Driven Flow

AP R?
8 L

V=

AP=100kPa (1atm)
n=10-3kgm-1s-1
L =100 um

R=1pum v=30mm s-!

R=100 nm V = 300 ums-1

L=10 mm, R=10 um v=3 mm s! AP=100kPa
L=10mm, R=100 nm v=3mms! AP=1 GPa

&




Microfluidic design

(a) T (b)

4

100 pm
™N)

- =
2 100 ym

Fig. 5a. b Two microfluidic designs. The access holes are labeled
I—. Twpical values for the dimensions of the channels are: cross
sections 100 nme 100 nm and length 100 pm for the small channels
and 1w 100 pme=200 pm- (depth=width=length) for the larger
ones. The submicron channels are not drawn to scale. Assume
standard conditions with an applied pressure difference of 100 kPa
and water at 20°C so that the viscosityn=10-"kgm-! s-1. The cycle
time is defined as the time it takes to introduce a new liquid and
pump it through the nanochannegl. For a simple two-reservoir de-
vice (a), all liquid in the large-channzl area must be pumped
through the nanochannz] until the next liquid samplz can be intro-
duced giving a cyele time of the order of an hour. In the double
T-junction design (1), the liquid is first moved quickly in the mi-
crochannel into position close to the nanoscale channels by apply-
ing a prassure difference from [ to right in the upper channel be-
; T@ . 16T - tween reservoirs 1 and 3. Then the reguired amount is passed
Anal Bioanal Chem (2004) 378 : 16781692 through the nanochannels by applying a pressure difference be-
tween the apper reservoirs { and 3 on one side and lower reser-
vairs 2 and 4 on the other. This gives us a cyvcle time of less than a
sacond, which is more than three orders of magnitode faster




Electrokinetic Flow
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Electrophoresis
¢ ¢

6\1 —b The ion will feel an electrical force:

©

F =qE

electric

and a frictional force

Ftriction = VI

where f=6nna. In a constant electric field, the forces will balance out, thus we
can define a steady-state velocity as

v=gE (1)
f

We can also define an ion’s electrophoretic mobility, 1, as

For a spherical molecule of charge ze and radius a

= ze
Brna




Electroosmotic flow
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Electroosmotic flow

Elecirnnamolic Flow s




Dielectrophoresis
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On- chlp ampu\atlon of free droplets

NATURE|VOL 426/ 4 DECEMBER 2003 |

Flugrinated oil Suspended microdroplet

Electrodes

Timad switching ground a.c. amund ground s a.c. ground




Dimensionless Numbers

TABLE 1. Dimensionless numbers used in this review.

Re Reynolds plUsL, inertial/viscous Eq. (3)
n
Pe Péclet Uyl convection/diffusion Eq. (7)
D
Ca capillary LEn viscous/interfacial Eq. (19)
Y
Wi Weissenberg T polymer relaxation time/shear rate time Eq. (24)
De Deborah Ty polymer relaxation time/flow time Eq. (25)
Tilow
El elasticity Tp1 elastic effects/inertial effects Eq. (26)
ph~
Gr Grashof pll Ly Re for buovant flow Eq. (30)
n
Ra Rayleigh ULy Pe for buoyant flow Eq. (29)
D
Kn Knudsen B slip length/macroscopic length Eqgs. (36) and (38)
Lg
Hev. Mod. Phys., Vol. 77, No. 3, July 2005




Reynolds Number

i}\“J '
pi= vl
Pi=0

i

FIG. 3. (Color in online edition) Inertial forces exerted by
accelerating fluid elements. (a) A small fluid element rounding
a corner loses plU, of momentum during the time m—w/Uy
required to turn the corner, giving a centrifugal force density
of order f;~ pUé,.-" w. (b) A fluid element flowing through a con-
traction with velocity gradient du/dz~ Ugy/l gains momentum
density at a rate ,ﬂ-~pU§.-"f. In both cases, the inertial force
exerted on the fluid is equal and opposite to the force required
to accelerate each fluid element, and is the same for flows in

either direction.

velocities of 1 wm/s—1 cm/s

channel radii of 1-100 gwm

turn time 7~ w/ Uy,

corner loses momentum density PUo

force density f;

T g r2 ¢
~pUylmy=pUsiw.

velocity increases as u~ Uy(1+z/1)

du du pUﬁ

P - = '[-"r_ﬁ""—.
fi pn’r P []rfz ]

gradients in viscous stress

fo~ :r;{.-’[].f.-'_ﬁ:ﬁ-.vhere L 1s a typical length scale

ﬂ _ pUsLy —

Re
fo 7

—  O(107%) and O(10)

5




Water Properties

TABLE II. Physical properties of water at 20 °C and 1 atm
pressure (Lide, 1999),

1.0 g/ecm’

Density p

Shear viscosity n 1.0x 102 g/cm s
Kinematic viscosity v 1.0x 10~ cm?/s
Surface tension (in air) ¥ 73 g/s?

Thermal variation of ¥ dyldT -015¢g/s*°C
Thermal diffusivity K 1.4 10~ cm?/s
Compressibility a, ~4.6x 107" /ba
Coefficient of thermal expansion ar 21x107%/°C

TABLE III. Typical diffusivities for various tracers in water at
room temperature.

Characteristic diffusivities

Particle Typical size  Diffusion constant
Solute ion 10~ nm 2% 10% pm*/s
Small protein 5 nm 40 um?/s

Virus 100 nm 2 pm?/s
Bacterium 1 pm 0.2 pm*/s

Mammalian/human cell 10 gm 0.02 ppm?/s







Peclet Number

the channel is homogenized? A simple estimate requires
the particles or molecules to diffuse across the entire
channel, giving a time 7p~w?/D, where w is the width
of the channel. During this time, the stripe will have
moved a distance Z~ Uyw?/D down the channel, so that
the number of channel widths required for complete

W
o
‘('\‘

1U§

B RN N N T B

Interdiffusion

TEE

Sl i
-—

105 . mixing would be of order
FIG. 5. (Color in online edition) (a) The microfluidic T sensor 7 Usw
(Kamholz ef al., 1999). Different fluids are brought together at = 20 Pe. (7)
a T junction to flow alongside each other down the channel. A W D

simple estimate suggests that the interdiffusion zone spreads

diffusively, with the square root of time (or downstream dis-

tance), although (b)-(d) show this naive argument to break

down near the “floor” and “ceiling”™ of the channel. Confocal

microscopy reveals the three-dimensional nature of the

spreading of the interface in the T sensor (Ismagilov er al,

2000). (b} Fluorescent tracers mark reactions occurring in the 100- LM channel at 100 #m_,."s
interdiffusion zone, here seen from above. (c), (d) The no-slip

nature of the top and bottom walls of the channel affect the

flow profile, so that tracer molecules near the boundaries dif-
fuse and spread with z?, rather than zV2. Reprinted with per- Pe - 250 channel widths [apprgximate]}r 2.5 cm and 4 min)

mission from Ismagilov er al., 2000. ©2000, ATP.




Capillary Number

FIG. 16. (Color in online edition) Chaotic advection in a
pumped droplet. A droplet driven down a channel experiences
a dipolar, circulating flow: when the channel changes direction.
the axis of the dipole changes as well. Alternating dipolar flows
drive rapid mixing by chaotic advection, with mixing lengths
that vary logarithmically with Pe. Reprinted with permission
from Song, Bringer. ef al., 2003. ©2003, AIP.

face (Taylor, 1934). Capillary stresses of magnitude y/R
balance viscous stresses nly/h, giving a characteristic
droplet size

h
R~—Yph=—. (15)
nU, Ca

Here we have introduced the capillary number

Ca:ﬁ, (16)
Y

a dimensionless parameter found whenever interfacial
stresses compete with viscous stresses.

5




Capillary Number

B

FIG. 14. Capillary instabilities in a microfluidic two-phase
flow. A stream of water flows between streams of oil and is
geometrically focused into a narrow cylindrical jet. The jet is
destabilized by the Rayleigh-plateau instability and forms
small, monodisperse droplets. Reprinted with permission from
A

-4 Oil
CUI0um T
80um H 60um

PHYSICAL REVIEW

FIG. 15. Monodisperse microdroplet generation in a simple
microfluidic device. The interface between flowing immiscible
fluids is driven by competing stresses: viscous shear stresses
tend to extend and drag the interface, whereas surface tension
tends to reduce the interfacial area. The competition between
the two leads to drop sizes (scaled by the channel height /) of
order R~ Ca~'. Adapted with permission from Thorsen ef al..

2001.
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a slow mixing high dispersion
) i =0 not defined ’ i

no
disparsion

Figure 1. Schematic comparison of a reaction A+ B conducted in a

standard pressure-driven microfluidic system device (a) and in the mi-
crofluidic device described here (b). a) Reaction time t+ d/U. b) Reac-
tion time t— d/U. Two aqueous reagents (red, A and blue, B} can form

laminar streams separated by a gray “divider” aqueous stream in a mi-

crochannel. When the three streams enter the channel with a flowing
immiscible fluid, they form droplets (plugs). The reagents come into

contact as the contents of the droplets are rapidly mixed. Internal recir-

culation within plugs flowing through channels of different geometries
is shown schematically by arrows.

Angew. Chem. Int. Ed. 2003, 42, 767 %

o 12 — — B
el
; f i t=2ms
/ i}:
— _l t=4ms
PFD
(3.6) ‘.;'5

100 pm

: e — ———
o g [:-f? ———a E

Figure 2. Spontaneous formation of uniform plugs out of multiple
aqueous streams. Left: Schematic diagram of the microchannel net-
work. Volumetric flow rates for all streams (in pLmin™") are given in
parenthesis. Middle: Microphotograph (10 ps exposure) of plug forma-
tion and transport. Right: Magnified microphotographs (10 ps expo-
sure) of the plug-forming region at different time points. All micro-
channels had 50 x50 pm? cross sections. Total flow rate in the main
channel: 7.5 pLmin~" (50 mms™' average flow velocity); Re~2.5 (wa-
ter), ~0.93 (PFD). PFD here stands for a 10:1 mixture of perfluorode-
caline and GFC;HsOH. Red stream: solution of [Fe(SCN)J®~* pre-
pared by mixing 0.067 m Fe(NQ,), with 0.2 m KSCN; colorless streams:
0.2M KNO,.




Sieving

Ogston sieving

- R<d

Entropic trapping
— R>d

Electrostatic sieving
— Debye length

pl < pH =>» positively charged
pl > pH = negatively charged




DNA Length s

bﬁ\?
Contour length

eontouy length

Persistence Iength ™ ™ e e o o

— The persistence length is a basic mechanical property
guantifying the stiffness of a macromolecule of a polymer. It is
defined as the length over which correlations in the direction of
the tangent are lost.

Radius of gyration

— The radius of gyration Rg describes the distribution of particles
(or infinitesimal elements) in a D-dimensional space by relating it
to an equivalent distribution in a D-dimensional sphere, usually a
circular (D=2) or spherical (D=3) distribution

Kuhn length

— The Kuhn length is a theoretical treatment of a real chain
divided into N Kuhn segments with Kuhn length b, so that each
Kuhn segments can be thought of as if they are freely joined with
each other. The contour length L = Nb %







Debye Strength

I=1% ¢z 1 M NaCl => 0.5*1*12+0.5*1*1"2=1M
i=1
\p — I.'I EDE,..&?T
P Van,err

1
c0=5—~ 8.8541878176 x 1072 F/m (or C%/(J m)),

l'l:
€ L)

80.1

5x TBE =>1=~130 mM =» Debye Length = 0.84 nm
0.05x TBE => 1= 1.3 mM = Debye Length = 8.4 nm

&




Application of nanofluidic channels

e Single cell studies
— E-coli: 10 fL
— Eukaryotic cell: 10 pL
e Control factor
— DNA-protein interaction

e Genetic contents
— SNP
— Genome

e Length distribution s
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Continuous Particle Separation
Through Deterministic
Laterﬂl Displacement SCIENCE VOL 304 14 MAY 2004
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Detector




Separation of Long DNA

Molecules in a Microfabricated

Entropic Trap Array
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Nanofilter array chip for fast gel-free biomolecule separation

(b) SDS-Protein APPLIED PHYSICS LETTERS 87, 263902 (2005)
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PRL 97, 018103 (2006)

Molecular Sieving in Periodic Free-Energy Landscapes Created by Patterned Nanofilter Arrays
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A patterned anisotropic nanofluidic
sieving structure for continuous-flow
separation of DNA and proteins

nature nanotechnology | VOL 2 | FEBRUARY 2007
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Chapter 26
SPR/SERS

EE  200nm (same for all the images)

Figure 1. Sizes, shapes, and compositions of metal nanoparticles can be systematically varied to produce materials with
distinct light-scattering properties.




Shape-controlled
Synthesis and
Surface Plasmonic
Properties of Metallic
Nanostructures

J¢ -" {,"

Sphere Tetrahedron Cube Octahedron Truncated Truncated Truncated Single-crystal
tetrahedron  cube  octahedron rod

@ % % ﬁ q\j

Quasi-sphere Icosahedron Decahedron Twinned Twinned Triangular Disc Tadpole
rod wire plate

Shell Double Core- Box Cage Tube Double Porous
shell shell tube tube

Figure 1. Schematic illustration of nanostructure shapes. The shapes in the top row are
single crystals, in the second row are particles with twin defects or stacking fauwlts, and in
the third row are gold sheils. All twinned and single-crystal shapes shown, with the
exception of the octahedron, can be synthesized in solufion. Control of shape allows control
of optical and catalytic properties, as well as suitability for electronic applications in the case
of wires, tubes, and possibly rods. Dark facets are (100) pianes, light gray are {111) planes,
and {111} twin planes are shown in red. Gold shapes represent gold particles, and gray
shapes represent silver particles, although spheres, twinned rods, icosahedrons, and cubes
can also be made from gold.
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For a bulk metal with infinite sizes in all

three dimensions, w,, can be expressed as

wp = (Ne?feam.)'"?, (1)

where N is the number density of elec-
trons, g, is the dielectric constant of a vac-
uum, and ¢ and m, are the charge and
effective mass of an electron, respectively.
(Quantized plasma oscillations are called
plasmons.




Drift: Drude model
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Figure 2. Schematic illustration of the
collective oscillations of free electrons
for (a) a metal—dielectric interface and
{b) a spherical goid colloid. Excited by
the electric field of incident light, the free
electrons can be collectively displaced
from the latfice of positive ions (consisting
of nuciel and core electrons). While the
plasmon shown in (a) can propagatle
across the surface as a charge density
wave, the plasmon depicted in (b) is
localized to each particle. (Courtesy of
R. Van Duyne and 7. Schalz,
Northwestern University:)




