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INTRODUCTION




Why go small ? : Shortened Diffusion Times

dyirr = \/2 Dt
Molecular ” distance| 1mm | 1pum | 0.1 pum
diffusion time ‘ 1000s | 1ms | 0.01ms
1 nm 1 pm 1 mm 1m

Ha|r
(~100 pm)

Cells (~10 pm)

flolecules
(~1 nm) ==

Transistor
(~1 pm)

Virus (~10 nm)

Chip (~1 cm)



Chromatography terminology

stationary phase (C8)
CH,
CH4(CH,)gCH,—Si—Cl
CHs

Plate height H=Ag?/Ax
Permeability: K,=u.n.L/AP Peak capacity PC~1/4.In(k'+1)\N
Retention coefficient k'=(t-t,)/t,



van Deemter Equation
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C-term is related to the mass-transfer
resistance between the staticnary-
phase and the mobile phase

HETP
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B-term is linked to the axial dispersion B
due to the molecular diffusion
TN A
A-term represents the heterogeneity of the system | |
0 5 10

To compare between different column configurations, Fiowrate

the reduced plate height h is defined d, _particle diameter

H ud D,, _diffusion coefficient

h=A+B/v+(Cvy h = FA u _mobile phase velocity




FLOW PROPAGATION




Flow propagation

 Electro-osmotic flow
e Shear-driven
e Pressure




Flow propagation

 Electro-osmotic flow




Electroosmotic flow (EOF)

electrically-driven flow: === u usually independent of d

+Av_
|

! __soaeg AV
€0 T] : L

(: electric potential on surface
AV applied field strength (Max = 30 KV)
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Double layer
thickness=10-
100 nm

€, €,= dielectric constants vacuum, solvent

n: viscosity
AV: potential difference
L: length


http://en.wikipedia.org/wiki/Image:Capillarywall.gif

Anal. Chem. 1998, 70, 3790—3797

Fabrication of Nanocolumns for Liquid

Chromatography

Bing He,' Niall Tait,* and Fred Regnier*:$

Department of Chemistry, Purdue University, Lafayette, Indiana 47907, Alberta Microelectronics Corporation, Edmonton,
Canada T6G 2T9, and PerSeptive Biosystems, Framingham, Massachusetts 01701
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Pillar arrays for CEC: shape

J. Sep. Sci. 2002, 25,1011-1018 SEPARATION 1011
Benjamin E. Slentz, Geometric effects of collocated monolithic support

| . nner, - -
Fred Regnier structures on separation performance in

microfabricated systems
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_ . 4 ‘ Figure 5. Plot of plate height (H) vs. voltage for the columns
e i e gy e in Figure 3 modified with 4-styrenesulfonic acid. Model com-
pound is rhodamine 110.
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Pillar arrays for CEC: mobil

p— | . e
Pillar length 58.6 um 454 um 57.8 um 39.3 um
Pillar width 7.5 um 7.5 um 8.1 um 7.5 um
Wetted perimeter 236.7 um 185.0 um 233.3 um 39.3 um
Minimum spacing 2.37 um 1.95 um 2.17 ym 2.27 um
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Relevance high peak capacity

Only 14,000 human proteins
identified (100,000 predicted)

13,230

Marginal progress
during recent years*
*Prof. Ruedi Aebersold,
HPLC conference, Geneve, 2015 o

2013 2014 2015

14,274
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Flow propagation

« Shear-driven




Shear-driven flow

Shear-Driven:
wall=" flow driver ”

U = umoving wall
Pout 2

wall+packing = flow resistance

Pressure-Driven:

Flow Drivini Force at Channel Inlet




Shear-driven flow

radial
I molecular diffusion

Stationary Phase

umovingwall

mean velocity: | U= 5

u and d can be selected independently

No double-layer overlap velocity reduction
(cfr. electrically-driven flows)

Desmet, G., Baron, G. (1999). Journal of Chromatography 858, 57 — 70.



Application of shear-driven flows:
chromatography




Channel preparation

. Non-etched parts are used
as channel spacers in
Silicon platelet (also SiRN, SiO,, Cr) assembled Channel
. Pressure load is used to
control thickness

Channel spacers «  Derivatization of the
stationary channel wall
\ with C8 (dimethyloctyl
chlorosilane) or Cyq

\»

700 l.lm WYKO®-surface scan (IR interferometry)



Injection procedure

Aris theory: exact velocity profile of secondary importance

u=1mm/s

| —

* | E—

(3)/— |||||||||||||||||||| 2 mm
Y
©  I—

Stationary phase = C8 2 cm/s (110nm x 700 pm x 15 mm) equal to 4000 bar if P driven




Size separation of nano-particles

Principle:

et

Use particle confinement to induce size-dependent separation
In stepwise tapered channel




Physical separations

1 um and 0.5 ym particles in
a stepped structure

H=3 pm H=0.8 pm



Major hurdle: detection

Detection groove

Fundamental problems: statistics (less than 1 molecule/sample), detection




Flow propagation

e Pressure




Pressure-driven flow

_ AP, .07

Law of Poiseuille U=

(w>>h): 12l

u=1 mm/sin L=0.1 m and d=100 nm: 1200 bar
needed !



Traditional approach HPLC: packed bed

Peak capacity
P.~1/4.In(k+1)VN

HPLC |
(High Performance Liquid Plate helght
Chromatography) H=Ao2/AXx !

Packed columns Micro-machined columns
(Jorgenson et al., 2004)

Wﬁ
« More homogeneous packing: h| (2x) ’

» Channel dimensions can be chosen independent of the size and shape
of the support structures (lower flow resistance): ®| (2x) teep~h2.®




Flow resistance

(a) e=04

O=274 d=121 d=56

Packed bed (¢=0.4): flow resistance ®=405 Permeability: K,=u.n.L/AP

Reduced flow resistance ®=d */K,
Packed bed (¢=0.4): ®=405



Fabrication

CHa
CH3(CH,)6CH, ~Si-Cl
CHj

Coating procedure: 5 % octyldimethylchlorosilane in toluene

(5 %, 5 pl/min, 4 d)




On-chip injection and detection

10 um pillars, void fraction of 40 %

60/40 MeOH/H,0, u=0.23 mm/s, pH 3, C440, C450, C460, C480
.




Porous shell pillars

5.0

4.5

4.0
h=H/d 3
3.0
2.5
2.0
1.5
1.0
0.5
0.0

h ()

Typical data available in the
literature for packed columns
(N. Wu,, et al., J. Chromatogr. A, 2006, 1131, 142)

v=ud/D v () tsep~h2'q) with (D:de/Kv

Porous shell pillars with C8-coating, C480 in water/methanol mixtures (d,=10 pm, dgpe=1pm)



Imprinting (cyclo-olefin copolymer)

Lab on a Chip

Miniaturisation for chemistry, physics, biology, & bioengineering

- £ > e A A www.rsc.org/loc Violume 9 | Number 11| 7 June 2009 | Pages 1481- 1644
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Operating at high N: long channel length

required

1.00E-03

1.00E-04 5 um pillars (60 bar)

3 um

400 bar (packed column)
5 um pillars (400 bar)

5pum

t,/N2(s) 1.00E-05

1.00E-06

1.00E-09 T T T T

1.00E+02 1.00E+03 1.00E+04 1.00E+05 1.00E+06I 1 00E+07 1.00E+08
1.7 €6 (8.5 m)

NO) NP n).(K /(g H)




Long channels

Capillaries as feed
Liquid distributor
Multiple lanes

AFPR.-18

FieE ZEE R




Nanoflow instrument

Commercial Nanoflow HPLC pump (Dionex)

Injection volume: 15 nl -1 pl

UV absorption (A=210-338 nm)
detection cell 2 nl




Transition of 10 pmto 1 mm

Pilagamaycs )| Distipurar )Y

T T




Reducing dimensions

Deep UV litho required: cooperation with
‘ Interuniversity Micro-Electronics Center
5 (Imec, Leuven, Belgium)

w 5 um pillars (60 bar)

3 um 400 bar

0 5 pm

, 5 um pillars (400 bar)

15 ijm
I

t /N 2 ®WAccV SpotMagn Det WD Exp FH———m 500 nm
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d, | Dimensionless van Deemter curves

— ==

Aspect ratio (depth/spacing) *— h 2

— decrease depth (impact on detector sensitivity requirements)
I Sidewall effects h 7 I



Non-verticality: dispersion source




A S m
) [C=

Aris

210 -k

‘ Rectangular cross-section

Optimai T-profile
|

--------------------------------------------------------------------

Aspect ratio

Callewaert, M., De Malsche, W., Thienpont, H.,
Ottevaere, H., Desmet, G. (2014), Journal of

Chromatography A, 1368, 70-81




Sidewall effect

Spacing 1.5 pm

Waq— 0.75 um

mag~
Wer= 1.2 pm

C480 in MeOH
(1mM)




Sidewall effect

C480 in MeOH
u=5.7 mm/s
1 70 A
A [=2.8 mm/s
30 4 N //
10
0 T T T T T T T
0 20 40 60 80 100 120 140
EI 7gs o

D,.q=2.10°m?/s, 1 mm wide channel, u,/u.=1.5, =5 pm

Fitted on model based on 5 um sidewall zone with different
velocity as compared to central region (ratio is 1.5)



Sidewall effects REPs
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© Aspect ratio AR = radial length /axial length of pittar |||

1 axial dispersion



Sidewall effects REPs

Critical parameter = minimal sidewall distance




Sidewall effects REPs

Inter-pillar distance: 3 um

AR 3 Hexagons AR 9 Hexagons
6 um long 6 um long
18 um wide 54 um wide

Sidewall distances: 2.0/2.6 um

——




Visualization of band shapes

In a pillar array filled with AR 3
hexagons

Injected plugs are monitored over a column length of 1 cm

2.0 um sidewall distance 2.6 um sidewall distance

The camera is displaced at a constant speed of 1000 pm/s



Visualization of band shapes

In a pillar array filled with AR 9

hexagons
Injected plugs are monitored over a column length of 1 cm

2.0 um sidewall distance 2.6 um sidewall distance

The camera is displaced at a constant speeg o! !!! um’s



Sidewall offset

6 -

H (pm)

Relative fraction of flow path SW=26pm _ =~
' in contact with side wall { o
. when aspect ratio T 9--

0/,
\ -
-

\ -

\ _ o~ - AR=3
Vs 0.0 & %




‘Unlimited’ cross sections

2 mm wide channel

2.3 um spacing

depth 18 um

AR=15

Equivalent cyl. diameter:
214 pm

0.1 mm/s

Reversed phase (C8)
separation of C440, C480
(50/50 v/iv MeOH/water)



Towards sub-pm H

1,4E-05

1,2E-05

10 pm

1,0E-05

’é‘ 8,0E-06
N
L 6,0E-06

~4 um

4,0E-06 -
3.0 pm

2,0E-06 -
0.5 um

0,0E+00

Coumarin
C480 (1mM)
MeOH

Packed bed (5 pm)
Fully porous

Packed bed =
Fused core 2.7pum) _ . = - =" "

\ . w= °

-
.
- @

0,0E+00

Granted patent

1,0E-03 2,0E-03 3,0E-03 4,0E-03 5,0E-03 6,0E-03 7,0E-03 8,0E-03

u(m/s)




Vortex Liquid Chromatography
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Lateral mixing to reduce dispersion




Permanent charge approach

Electrode (B doped Si)

Vertical wall:
insulator
(polymer or SiO

+ + +

Part 1 cycle Part 2 cycle



Induced charge (of support) approach

Electrode (B doped Si)

Vertical ——_
wall:
conduct
or (Si)

Part 1 cycle

Insulator (Si0,) "art2cycle



Induced charge approach

CONCENTRALON

As featured in:

Lab on a Chip

See Wim De Malsche et al.,
Lab Chip, 2020, 20, 3938.

- 4

Reduction of Taylor-Aris dispersion by lateral mixing for
chromatographic applications

Dispersion of analyte sample bands that are being
transported and separated in analytical devices can be
largely reduced by enhancing lateral mass transport much
beyond the rate of diffusion. This is achieved by inducing
lateral flows with AC electroosmotic flows in a newly
introduced vortex chromatography methodology.




Si vertical wall - yfabrication

==
L5

9.

—————

C] Si (P+4) E] Electrode
. SiO. D Glass

Fig 2. Manufacturing process of the chip 1. P++ SOl wafer as a substrate. 2. Standard lithography 3. Dry 140 (um/s)
etching of the channel. 4. Stripping of photoresist 5. Thermal oxidation of silicon. 6. Spray-coating of
photoresist and lithography. 7. Dry etching electrode pads. 8. Sputtering of Ti/Pt layer and lift-off. 9. Anodic |
bonding of Borosilicate glass to the patterned Si substrate 30
20
10
0

- y (Hm)




Flow visualization

Pressure
e dﬂyen




Dispersion reduction with lateral flows

12 cwn-‘-\vao
j 10
< o8
2 06
g Coumarn 440
§ 04
£ o2 /‘
0.0
t T T T T )
10 30 50
Time (s)

Fig. 6 Chromatographic separation of coumarin 440 & 480
fluorescence intensity over time without AC-electroosmotic flow (red)
and with electroosmotic flow (green). The mixture injected contained
coumarin 440 and coumarin 480. The point of analysis was 2 mm
downstream from the point of injection.

L —
100um

AC-EOF No AC-EOF

4 No Mixing
504 C Theoretical
_ 45 2 a & Mixing

20 40 60 80 100 120 140 160 180 200 220 240

Peclet Number (/)

Fig. 5 Dispersion of FITC-dextran a) fluorescent intensity of an injected plug of FITC-dextran (20 kDa) subject to pressure driven flow with an in-
duced lateral AC-EOF the AC-potential was applied right after the injection was performed. b) Fluorescent intensity of an injected plug of FITC-
dextran (20 kDa) subject to pressure driven flow without an induced lateral flow. c) Reduced plate height values at different axial Peclet numbers,
with and without lateral mixing. The theoretical plate height is displayed for a channel with aspect ratio 2. Experiments were performed with FITC-
dextran 20 kDa, the applied voltage was 10 V-pp at 10 kHz.




Permanent charge (of support) approach

AC-Potential
Vertical wall: Sloped wall: Sloped wall: EI
Suppressed flow  sustained flows sustained flows > /\ /\
Tim




Polymer approach - fl

ITO Electrode
Insulator Electrolyte Insulator
N — ITO Electrode
0 5 10 15 20 25 30 35 40
Yipm]

Figure 4: Cross sectional SEM images of the parallelogram shaped device. The
image displays the device device before bonding the top electrode.




Shaping vortex organization




Control

of vortices by channel cross section

m . . . . . N
K af s As featured in:
16 200
14+ 180
12 160
10 140
of i
oL
af 3
2F 40
o 20
2k . ) L L )
0 10 20 30 40 Hm
. Electrode | IR s
— — p—— —
a - b .~ P L J
,’ N 7 Ny \ -
Insulator  ( Electrolyte ‘, Insulator  Insulator | l"\ ,‘ Insulator
7 N /7 N 7/
> ~ =i ol
- -— Electrolyte — Inducing AC-electroosmotic flow using electric field
I Electrode I [ Electmde l manipulation with insulators
— - A 3D-shaped insulating spacer is incorporated in a
I Electrode l —Elec"o-de‘ microchannel with two parallel transparent electrode walls,
c : ’«‘ '“\ * d _.' "_ allowing to induce AC-electroosmotic flow. Interestingly,
l\ 7 l\'l " \\ l, \\ the presence of non-vertical walls is a critical requirement
Insulator ETéctrolyte Insulator Insulator 1 1y ] Insulator to induce vortex flows, and the shape of the channel
I"‘ l“\ \\ DA ,l determines the resulting vortex organization, including the
L, vy, ET ol < number of vortices.
—Nee' Npimp <« Electrolyte ___
[ Electrode | | Electrode |




PARTICLE SEPARATION
AND HANDLING



H-Filter




Flow Field flow fractionation (AF4)

Channel flow out (F,,, )

to detector

Crossflow-induced Crossflow (F,__)
transport “

l ' Diffusional transport

Laminar flow

CHANNEL TOP

arabolic

frow profile pal:t?ol.« Y 8§°

090
080 s

TN AT T e T

CHANNEL BOTTOM

DIFFUSION
CROSSFLOW



Pinched flow fractionation

(b) AsPFF {}
Branch 1

Branch 2
Inlet 1
Branch 3
Inlet 2

Branch 4

particle stream broadened detection
N0 segment line

Fig. 2 The principle of pinched flow fractionation for the separation
of microparticles or cells, based on laminar flow behaviour and
negligible diffusion of the particles. A buffer stream and a particle
carrying stream are forced through a narrow, pinched channel segment
before entering a widening channel. Due to the higher flow rate of the
buffer stream, the particles are pushed against the wall of the pinched
segment and are thus transported into specific laminar flow streams
based on their size. This difference is enhanced as the particles enter
the widening channel. Redrawn with permission from rel. 10,
copyright 2004, Amencan Chemical Soaety.



Ratchets: principle

www.sciencema g.org SCIENCE VOL 304 14 MAY 2004
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Fig. 1. (A) Geometric parameters defining the obstacle matrix. A fluid flow is applied in the vertical
direction (orange arrow). (B) Three fluid streams (red, yellow, and blue) in a gap do not mix as they
flow through the matrix. Lane 1 at the first obstacle row becomes lane 3 at the second row, lane
3 becomes lane 2 at the third row, and so on. Small particles following streamlines will thus stay
in the same lane. (C) A particle with a radius that is larger than lane 1 follows a streamline passing
through the particle’s center (black dot), moving toward lane 1. The particle is physically displaced
as it enters the next gap. Black dotted lines mark the lanes.



Ratchets: principle




Continuous nanoparticle separations

Fig. 2. (A) Fluorescent
images of microspheres
migrating in the matrix,
showing trajectories of
the two transport
modes. The flow speed
is ~400 pm/s, areated
by a pressure of 30 kPa.
The gray dots, which
represent the obstadles,
are superimposed on the
fluorescent image. (B)
Fluorescence profiles of
microspheres separated
with flow speeds of ~40
pm/s (upper curves) and
~400 pnvs (lower
curves) scanned at ~11
mm from the injection
point. The beads with di-
ameters of 0.60, 0.80,
and 1.03 pm are green
fluorescent,  whereas
those with diameters of
0.70 and 090 pm are

)

Zigzag Displacement

Brightness (a.u.)

Migration Angle (°)

0 500 1000

Position (um)

.0 0.5 1.0 1.5

Bead Diameter (um)

red, and thus each scan is shown as two curves representing the two colors. a.u,, arbitrary units. (C) Measured
migration angles as a function of microsphere diameter at two different flow speeds.




Ratchets: concentration

AIP ADVANCES 2, 042107 (2012)

Deterministic separation of cancer cells from blood
at 10 mL/min

Kevin Loutherback,’?2 Joseph D’Silva,’? Liyu Liu,"* Amy Wu,'?
Robert H. Austin,'?® and James C. Sturm'?

6 X increase in
concentration

19 um cells

0,5 ml/min
FIG. 3. CTC enrichment in DLD array. Trajectories of GFP-expressing MDAMB231 breast cells in an array with 42 pm !

gaps, 1/20 array tilt, and 7 pm critical particle size at device inlet and outlet at flow rate of 500 pL/min. Cells are evenly Tested u p to 10 m |/m | n

dispersed at inlet but are concentrated against central wall at outlet and directed to narrow collection outlet.

Coulter counter. From an initial concentration of 3.75 x 10°cells/mL with average size 19.5 pum. the
collection output had a concentration of 2.1 x 107 cells/mL with average size 19.5 jzm while waste
output had a concentration of 3.7 x 10° cells/mL with average size 19.0 sm. Factoring in the volume
of each output (V. = 0.8 mL, V,, = 4.2 mL), we can calculate the capture efficiency as the ratio of
cells in the collection output to the total number of cells in both outputs Zeolected cells — = kfjr]ngw'
Using this definition, 91% of the targeted cells were collected by the device.




Inertial microfluidics

 High Reynolds numbers (1<Re<100) in
microfluidics

« Inertia creates a lift force which locates the
particles at certain equilibrium positions.

« 4 equilibrium positions in square
microchannels

Foan (S 1*1/ e e

w,a g T | [T T T
1‘%' ? o :::!3:?;:_*.

Fshear

—r

PNAS, 104(48), 2007, 18892-18897




Inertial microfluidics: spiral

 Fractions will be enriched

« Solutions with particles
with multiple sizes can be

separated

: \ h b :
Outer | | @ Inner;
1 ! ! 1

..........................




« Equilibrium positions also determined by secondary
rotational flow in turns

h Straight channel
 Dean number NNY =
H
De = Re (?) >1 Curved channe| \
\‘ | — !_ = __—:»‘ = ‘—5
¢ —4-9-— i
Ql’ = FL(shoa)
Inlet (Random) Outlet (Ordered) = Fuwn \__% Dean
w=> Fpen .7 vortice

PNAS, 104(48), 2007, 18892-18897
 Focusing depends on channel and particle Reynolds

number
- Re,<1 does not focus

Inlet Qutlet

Anal. Chem., 80(6)
2008, 2204-2211




« Different flow propulsion methodes,

selection by:
« Desired separation method
« Detection
« Solvent compatibility
 Pressure, voltage, ... limitation
« Imperfections can have huge impact on
performance

« Many opportunities in terms of
detection and separation

« Vortices key to overcome diffusion
limitations
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