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INTRODUCTION



Why go small ? : Shortened Diffusion Times

distance 1 mm 1 µm 0.1 µm

time 1000 s 1 ms 0.01 ms

Molecular 

diffusion

tD2d mdiff =



stationary phase (C8)

Plate height H=Δσ2/Δx

Permeability: Kv=u.η.L/ΔP

Retention coefficient k’=(tr-t0)/t0

4 σe

Δx
4 σ0

Peak capacity PC~1/4.ln(k’+1)√N

Chromatography terminology



van Deemter Equation



FLOW PROPAGATION
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Electroosmotic flow (EOF)

electrically-driven flow: 

Plug flow
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ζ: electric potential on surface

ΔV applied field strength (Max = 30 KV)

u usually independent of d

+ -



Electro-osmotic flow

Figure 4: Depiction of the interior of a fused-silica gel capillary in the presence of a buffer solution.

u0 = μ0E= = μ0 ΔV/L: velocity 

μ0 = electroosmotic mobility 

Double layer

Double layer 

thickness=10- 
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EOF principle

ε0, εr= dielectric constants vacuum, solvent

η: viscosity

∆V: potential difference

L: length

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


COMOSS

50 µm



Pillar arrays for CEC: shape



Pillar arrays for CEC: mobility

Sukas, S., De Malsche, W., Desmet,G., Gardeniers, J.G.E. (2012), Anal. Chem., 84, 9996-10004



Relevance high peak capacity

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

Marginal progress

during recent years*

*Prof. Ruedi Aebersold, 

HPLC conference, Geneve, 2015



CEC using pillars: Nmax, k’=0?
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Flow propagation
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TitleShear-driven flow

Shear-Driven:
wall=“ flow driver ”

2

u
u

wall moving
=

Pout= Pin Pout

Pressure-Driven:

Pin

Flow Driving Force at Channel Inlet

L

ΔP.d
~u

2

pPout < Pin

wall+packing = flow resistance



Shear-driven flow

u and d can be selected independently

2

u
u

 wallmov ing
=

radial 

molecular diffusion
d

mean velocity:

No double-layer overlap velocity reduction 

(cfr. electrically-driven flows)

Desmet, G., Baron, G. (1999). Journal of Chromatography 855, 57 – 70.

Stationary Phase



radial 

molecular diffusion
d

F

Application of shear-driven flows: 
chromatography



Channel preparation

• Non-etched parts are used 
as channel spacers in 
assembled channel 

• Pressure load is used to 
control thickness

• Derivatization of the 
stationary channel wall 
with C8 (dimethyloctyl 
chlorosilane) or  C18  

700 µm

396 nm

Channel spacers

Silicon platelet (also SiRN, SiO2, Cr)

WYKO®-surface scan (IR interferometry)



(1)

(2)

(4)

(5)

(3)

u = 1 mm/s

2 mm

2 cm /s  (110nm x 700 µm x 15 mm) equal to 4000 bar if P driven

Aris theory: exact velocity profile of secondary importance

Stationary phase = C8 

Mobile phase= 50% methanol 

Depth 110 nm (separation of 4 coumarin dyes in < 0.1 s)

Injection procedure



Principle:

Use particle confinement to induce size-dependent separation 

in stepwise tapered channel

Size separation of nano-particles



1 μm and 0.5 μm particles in 

a stepped structure

H=3 μm H=0.8 μm

Physical separations



Detection groove

Major hurdle: detection

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



Flow propagation
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Pressure-driven flow

L..12

d.P
u

2

max




=

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

Law of Poiseuille 
(w>>h):

PPump Parabolic flow



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

HPLC
(High Performance Liquid

Chromatography)

• More homogeneous packing: h↓ (2x)

• Channel dimensions can be chosen independent of the size and shape

of the support structures (lower flow resistance): Φ↓ (2x)

Traditional approach HPLC: packed bed

tsep~h2.Φ

disorder  order  

Plate height 

H=Δσ2/Δx ↓

Peak capacity 

Pc~1/4.ln(k’+1)√N



Flow resistance

Reduced flow resistance Φ=dp
2/Kv

Packed bed (ε=0.4): Φ=405

Permeability: Kv=u.η.L/ΔP

Gzil et al., Anal. Chem., 2004, 1073, 43

Φ=274 Φ=121 Φ=56

Packed bed (ε=0.4): flow resistance Φ=405



Fabrication

Pyrex

MP inS inS outMP out

Porous Si

Si

Coating procedure: 5 % octyldimethylchlorosilane in toluene 

(5 %, 5 µl/min, 4 d)

S:sample

MP: mobile phase



10 µm pillars, void fraction of  40 %

60/40 MeOH/H20, u=0.23 mm/s, pH 3, C440, C450, C460, C480

On-chip injection and detection
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Porous shell pillars with C8-coating, C480 in water/methanol mixtures (dp=10 µm, dshell=1µm)

De Malsche et al., Anal. Chem., 2008, 80, 5391

Typical data available in the

literature for packed columns

(N. Wu,, et al., J. Chromatogr. A, 2006, 1131, 142)

tsep~h2.Φ with Φ=dp
2/Kv

Porous shell pillars

v=ud/D

h=H/d



Imprinting (cyclo-olefin copolymer)

• Silicon master

Illa, X., De Malsche, W., Bomer, J., Gardeniers, H., Eijkel, J., Morante, J.R., 

Romano-Rodriguez and Desmet, G. (2009), An Array of Ordered Pillars with Retentive Properties for Pressure-driven Liquid 

Chromatography Fabricated Directly from an Unmodified Cyclo-olefin Copolymer, Lab Chip, 9, 1511-1516 -

imprint
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A: Capillaries as feed

B: Liquid distributor

C: Multiple lanes

A

C

B

100µm

Long channels



Commercial Nanoflow HPLC pump (Dionex)

Injection volume: 15 nl -1 µl

UV absorption (λ=210-338 nm)

detection cell 2 nl

Nanoflow instrument



Incoming plug

Pillar array Distributor

Vangelooven et al., Anal. Chem., 2009, 81, 943.

Transition of 10 µm to 1 mm
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E-06

Deep UV litho required: cooperation with

Interuniversity Micro-Electronics Center  

(Imec, Leuven, Belgium)



dp ↓ Dimensionless van Deemter curves

Aspect ratio (depth/spacing) ↑→  h 

→ decrease depth (impact on detector sensitivity requirements)

Sidewall effects h  

4 µm

5 µm

2-3 µm

dp

4 µm

5 µm, IPD 1,2 µm

3 µm

2.5 µm

2 µm

1.5 µm IPD 0.3 µm



Non-verticality: dispersion source

A



I-shape

Aspect ratio

Improving performance

at increasing aspect ratio!

8

Callewaert, M., De Malsche, W., Thienpont, H., 
Ottevaere, H., Desmet, G. (2014), Journal of 
Chromatography A, 1368, 70-81



Sidewall effect

ω

Spacing 1.5 µm

ωmag= 0.75 µm

ωeff= 1.2 µm

C480 in MeOH

(1mM)



Sidewall effect
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HEXAGONAL

 axial dispersion

Aspect ratio AR = radial length /axial length of pillar

Sidewall effects REPs



Critical parameter = minimal sidewall distance

Sidewall effects REPs



AR 3 Hexagons

6 µm long

18 µm wide

AR 9 Hexagons

6 µm long

54 µm wide

Sidewall distances: 2.0 / 2.6 µm

Op De Beeck, J., Callewaert, M., Ottevaere, H., Gardeniers, H., 
Desmet, G., De Malsche, W. (2014), J. Chromatogr. A, 1367, 118-122

Inter-pillar distance: 3 µm

Sidewall effects REPs



Injected plugs are monitored over a column length of 1 cm

In a pillar array filled with AR 3 

hexagons

2.0 µm sidewall distance 2.6 µm sidewall distance

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

Visualization of band shapes



Visualization of band shapes

Injected plugs are monitored over a column length of 1 cm

In a pillar array filled with AR 9 

hexagons

2.0 µm sidewall distance 2.6 µm sidewall distance

The camera is displaced at a constant speed of 625 µm/s

Visualization of band shapes



Sidewall offset
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‘Unlimited’ cross sections

2 mm wide channel

2.3 µm spacing

depth 18 µm

AR=15

Equivalent cyl. diameter:

214 µm

0.1 mm/s

Reversed phase (C8)

separation of C440, C480 

(50/50 v/v MeOH/water)
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J. Op De Beeck, M. Callewaert, H. Ottevaere, H. Gardeniers, G. Desmet and W. De Malsche (2013), On the Advantages of 

Radially Elongated Structures in Microchip-Based Liquid Chromatography, Anal. Chem. 

Granted patent



Vortex Liquid Chromatography
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Lateral mixing to reduce dispersion

ulat/uax =3

ulat

uax 

ulat/uax =0 



Permanent charge approach
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Induced charge (of support) approach 
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Induced charge approach



Si vertical wall - µfabrication

Fig 2. Manufacturing process of the chip 1. P++ SOI wafer as a substrate. 2. Standard lithography 3. Dry 

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

Westerbeek, E., Bomer, J.G., Olthuis, W., Eijkel, J.E., De Malsche, W. (2020), 

Reduction of Taylor-Aris dispersion by lateral mixing for chromatography 

applications, Lab-on-a-chip, 20, 3938 – 3947



Flow visualization

100µm

Pressure 

driven 

flow



Dispersion reduction with lateral flows

AC-EOF No AC-EOF



Permanent charge (of support) approach 
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ηκ

Vertical wall:

Suppressed flow

Sloped wall:

sustained flows

Sloped wall:

sustained flows



Polymer approach - flow profile

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

Tiflidis, C., Westerbeek, E., Jorissen, K., Olthuis, W., Eijkel, ,J., De Malsche, W. (2021),

Inducing AC-electroosmotic flow using electric field manipulation with insulators, Lab-on-a-chip, 2021,21, 3105-3111



PARTICLE SEPARATION 
AND HANDLING



H-Filter



Flow Field flow fractionation (AF4)



Pinched flow fractionation

Seki et al, Lab Chip, 2005, 5, 778–784



Ratchets: principle



Ratchets



Ratchets: principle



Continuous nanoparticle separations



Ratchets: concentration

0,5 ml/min

Tested up to 10 ml/min

6 x increase in 

concentration

19 µm cells



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

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



Inertial microfluidics: spiral

• Fractions will be enriched

• Solutions with particles 
with multiple sizes can be 
separated



Serpentine

• Equilibrium positions also determined by secondary 
rotational flow in turns

• Dean number

• Focusing depends on channel and particle Reynolds 
number

• Rep<1 does not focus

9 μm               3.1 μm

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

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

Anal. Chem., 80(6), 

2008, 2204-2211

𝐷𝑒 = 𝑅𝑒
𝐷𝐻
2𝑟

Τ1 2

> 1



Conclusions

• 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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