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Abstract

This thesis reports on the development of technologies and
methods for a microfiuidic device for continuous pressure-
driven flow-injection analysis.

Chip based, pressure-driven liquid chromatographic (LC) sys-
tems are often avoided due to the difficulties encountered
when it comes to flow control. The complexity involved
precludes, for the time being commercializable, on-chip in-
tegration of valves and micropumps for microfluidic devices.
However, LC is still the workhorse analytical method in most
laboratories for small molecule analysis. There is a growing
demand from the industry to have LC sensors being capable
of direct sampling on the production lines, hence obviating
the time-consuming detour to the lab.

As a possible solution to this demand, the concept of a chro-
matographic device is presented. It incorporates continu-
ously flowing analyte and mobile phase streams and is capa-
ble of aliquoting samples from meso scale flows. Plugs are
injected by momentarily change the flow distribution within
the microfluidic channels by exploiting the method of gated
flow injection in pressure-driven microchannels. The theo-
retical concept and experimental evidence is shown for two
possible implementations; thermal plug injection through lo-
cal homogenous bubble nucelation and pressure-drop plug
injection. For the microfabricated device, a sol-gel technique
is adapted to coat the open-tubular column walls with a C8



stationary phase. Multi-compound phenolic solutions and
vitamins are successfully separated to characterize the per-
formance and limits of the chromatographic columns.

The last chapter of this work introduces the concept of size-
exclusion enhanced, open-tubular chromatography (SOHS)
on chip, where a porous column wall is excluding larger mo-
lecules and thus increases the separation power of the hy-
drodynamic separation generated through the parabolic flow
profile of the pressure driven flow. The encouraging results
are very promising for future applications such as polymer
separations or DNA separation.

keywords: microfluidics, lab-on-a-chip, µ-TAS, pressure-
driven flow, hydrodynamic separation, liquid/solid chromatog-
raphy, size-exclusion chromatography, electrochemical detec-
tion, amperometric detection, plug injection, continuous sam-
pling, continuous analysis, porous silicon, fluorescence



Version abrégée

Cette thèse traite du développement de technologies et méth-
odes de nouvelles pour la fabrication d’un dispositif microflu-
idique pour l’analyse en continu dans des systèmes hydrody-
namiques miniaturisés.

Les systèmes hydrodynamiques de chromatographie liquide
(LC) sur puce sont souvent évités en raison des difficultés rel-
atives au contrôle des flux. En effet, l’intégration des valves
et micropompes dans des puces microfluidique est d’une telle
complexité que la production des systèmes intégrés commer-
cialisable n’a pas pour le moment été réalisée. Néanmoins, la
chromatographie liquide reste une des méthode préférée pour
l’analyse en laboratoires chimiques. La demande de capteurs
LC de la part de l’industrie, capable de l’échantillonnage en
continu de lignes de production et évitant tout détour par un
laboratoire d’analyse, ne cesse d’augmenter.

Un dispositif hydrodynamique pour l’analyse chromatogra-
phique sur puce est présenté dans cette thèse comme une so-
lution possible à cette demande. Il utilise des flux d’analyte
et de phase mobile en mouvement continue et il est capable de
prélever des échantillons sur des flux à l’échelle mésoscopique.

L’injection d’un échantillon dans la colonne de séparation se
fait par un changement momentané de la distribution de pres-
sion dans les canaux microfluidiques, en exploitant la méth-
ode de l’injection dite aiguillée (gated injection). Deux méth-
odes pour l’implémentation de cette technique sur puce sont



présentées d’une façon théorique et validées expérimentale-
ment: l’injection thermique par génération homogène d’une
bulle dans le canal et l’injection par baisse de pression. Dans
le dispositif microfluidique, une technique de sol-gel est util-
isée afin de couvrir les parois de la colonne chromatogra-
phique d’une phase stationnaire C8. La performance ainsi
que les limites de cette colonne chromatographique sont car-
actérisés par la séparation de composants phenoliques ainsi
que de vitamines.

La dernière partie de ce travaille introduit le concept de la
chromatographie hydrodynamique assistée par une méthode
de chromatographie d’exclusion en canal ouvert (SOHS) sur
puce. Une paroi poreuse exclut des molécules de plus grande
taille que celle des pores et augmente ainsi la puissance de
séparation hydrodynamique générée par le profil parabolique
du flux dans la microcolonne. Les résultats sont très promet-
teurs et laissent espérer une utilisation future du dispositif
dans la séparation des polymers ou de l’ADN.

mots-clés: microfluidique, lab-on-a-chip, µ-TAS, flux hy-
drodynamique, séparation hydrodynamique, chromatographie
liquide/solide, chromatographie d’exclusion, détection élec-
trochimique, ampérometrie, injection d’échantillon, échantil-
lonnage en continu, analyse en continu, silicium poreux, flu-
orescence
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Nomenclature

Variables and constants

α separation factor [-]

χ surface to volume ration [-]
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η viscosity [kgm−1 s−1]
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λi aspect ratio of molecule i with respect to column height [-]

σ average standard deviation of peak width [m]

ρ density [kgm−3]
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τ temporal standard deviation of peak width [s]

ϕ channel aspect ration wc/hc [-]

a0.1 left-side peak half-width at 10% of height [s]
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Ac column surface [m2]
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E energy [Pa]
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kb Boltzmann constant (= 1.3806503 · 1023) [m2 kg s−2 ◦K−1]

Ke efficiency factor [-]
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r coordinate in channel/column radial direction [m]
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r0 external turn radius [m]
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reff,i effective radius of molecule i [m]
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NOMENCLATURE
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V volume [m3]
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Chapter 1

Introduction

Microtechnology first and nanotechnology subsequently provided scien-
tist and engineers with tools to scale down sensors, actuators and even
entire laboratories to chip level. Miniaturization is used not only for
the sake of being small, but rather to take benefit of physical, chemical
and fabricational advantages such as high surface-to-volume ratio, small
reagents volumes or rapid batch fabrication.
A particular interest exists in miniaturizing analytical separation de-
vices. Analytical chemistry, the science of providing information about
composition and quantities of a substance, is done in laboratories, us-
ing mainly hand operated equipment. With the upcoming of electron-
ics and computers, the qualitative and quantitative chemical analysis
became more and more automatized. New technology with enhanced
performance offered new possibilities. The total analysis system (TAS)
introduced in the 1980s (Widmer, 1983) was addressing the high demand
in laboratory automation. The TAS approach consists in integrating the
analytical process into flowing systems, advantaging machine handling
over hand labor; different analytical steps are put together by fluidic
interconnection to perform the desired analysis.
Although the first analytical miniaturized device integrated on a chip
was fabricated more than 30 years ago (Terry, 1975), it took another
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1. Introduction

15 years and a lot of progress in microfabrication technology until the
introduction of the concept of micro-total-analysis systems (µ-TAS) by
Manz et al. (1990a) and thus the starting shot to an exciting new variety
of devices. Macroworld tubing is henceforth integrated into planar sub-
strates and sampling volumes are reduced to µl, nl or even pl. Keywords
such as ’Microfluidics’ and ’Lab-on-a-Chip’ were born. Since then, chip
based separation devices for gas and liquid separation techniques have
continuously grown in number and importance. One of the main ac-
complishments of miniaturized analytical chemistry was the sequencing
of DNA (Huang et al., 1992). However, while already widely present in
research laboratories, µ-TAS are still an emerging species in industrial
applications, the step from prototypes to market-ready devices being
steep and difficult to handle.

1.1 Liquid handling

1.1.1 Pressure-driven flow

The most immediate way of moving a liquid in a conduit is applying
a pressure difference between in- and outlets, thus inducing a pressure-
driven flow (PDF). In microchannels, the no-slip condition at the walls
results in a parabolic flow profile following the law of J. Poiseuille (1797-
1869) and thus limits the flow rates. When considering separation tech-
nology, this can be an unwanted consequence causing dispersion of sam-
ple plugs in case of liquid/solid chromatography. But this effect can
also be made use of, as for example in the field-flow fractionating tech-
nique presented by Giddings in 1966, or hydrodynamic chromatography
introduced by Dimarzio and Guttman (1971) and later shown in micro-
capillary tubes (Tijssen et al., 1983, 1986).
Applying PDF to microchannels is a rather challenging excercice. Com-
mon setups are using syringe pumps or hydrostatic pressure to drive liq-
uids. However, reducing dimensions often results in a raise in required
pressure-drop, which finds its limits usually in the interconnection in-

2



1.2 Chip based chromatography

between the microchannel and the macro-world. Precise control of flow
rates and switching and valving is cumbersome and hence the integration
onto the miniaturized devices is complex (Shoji and Esashi, 1994).

1.1.2 Electroosmotic Flow

When a conductive liquid is in contact with a charged surface, charge
separation induces electrical double-layers. One charge is immobilized
at the surface, while the other, opposite charge moves freely within its
layer. This layer can migrate under the application of an electrical field
parallel to the surface and thus drags the liquid close by shear forces.
In very small channels this drag can be of sufficient power to induce a
net flow, called electroosmotic flow (EOF). The inherent advantages of
EOF over PDF in miniaturized systems is ease of integration, and the
flat plug flow (Manz et al., 1994). Flow direction is easily changed by
switching the sign of the applied electrical field. Plug flow and ease of
scalability and integration are the reasons why most of the microfluidic
applications are making use of EOF, such as capillary electrophoresis
(CE), where molecules and ions of different charges and sizes are sep-
arated by electrophoretic and EOF-driven hydrodynamic forces (Manz
et al., 1992).

1.2 Chip based chromatography

The concept of performing separations on chip is driven by different mo-
tivations: Improvement of the system in terms of separation power and
speed, reduction of carrier and reagent solution consumption and prob-
ably also the prospect of a cheap mass production of on-chip columns
(Szumski and Buszewski, 2002). One of the most important advantages
is the increased mass sensitivity, as chromatographic dilution (= initial
solute concentration/concentration at peak maximum) is increasing with
the squared column diameter.
There are two main concepts of liquid chromatography: Historically,

3



1. Introduction

pressure microcolumns in glass capillary tubes with 1mm internal diam-
eter were shown already in 1967, as resumed by Szumski and Buszewski
(2002). The first analytical miniaturized device integrated on a chip, a
gas chromatograph, was fabricated more than 30 years ago. In 1975,
and later in 1979, it was Terry et al. who showed his microfabricated
gas chromatograph with the separation column integrated on a silicon
chip. However, as pointed out in the review on µ-TAS by Reyes et al.
(2002), it never found the scientific echo it deserves, mainly due to its
new technology to that date unknown amongst the separation scientists.
The first system using separation columns on a chip for liquid chro-
matography was presented by Manz et al. (1990b) in their pioneering
work using PDF and by Harrison et al. and Manz et al. (1992), using
CE. As detailed in the previous paragraph, the application of high volt-
age on chip level is less complex than the application of pressure and
its related problems of sealing and interconnections. Hence the major
part of research focused on chip-based CE separation techniques, show-
ing very high efficiencies, such as the work presented by Culbertson et al.
(2000).
However, pressure-driven systems present important advantages over EC
systems; the free choice of solvents and buffers and related to this a sig-
nificantly larger versatility. Ocvirk et al. showed in 1995 an on-chip
HPLC (High-performance liquid chromatography) system with a packed
column and laser fluorescence detection. Five years later, McEnery et al.
presented a pressure-driven chip etched in silicon with both, an external
UV-detector and an electrochemical detector consisting of two platinum
electrodes integrated on the chip and an external Ag/AgCl reference
electrode. Vahey et al. (2000) fabricated LC-chips by bonding PDMS
(poly-dimethyl siloxane) containing microchannels to glass plates, to-
gether with an interesting plug injection method, called flow program-
ming method by the authors. This method was taking advantage of the
laminar flow behavior on small-scale fluidic systems.
In addition to the fabrication part of microfluidic devices, which con-
stantly improved with the expericence taken from the MEMS (micro-

4



1.2 Chip based chromatography

electro-mechanical systems) community (Verpoorte and De Rooij, 2003),
fundamental research focuses on the mathematical modeling of the phys-
ical effects within the microfluidic channels and for miniaturized separa-
tion columns in particular. This is important as conventional columns
are in general of cylindrical format, while on-chip columns, due to their
inherently layer-based clean-room fabrication method, are mostly rect-
angular. Poppe (2002) adressed the problem of mass transfer in rect-
angular, open-tubular channels. He specifically showed that the ap-
proximation of an infinite channel width used by Giddings et al. (1983)
in rectangular channels is having little influence on retained solutions
while the approximation is almost an order of magnitude off for unre-
tained species. The authors are proposing modified coefficients for the
equation for the reduced plate height in rectangular channels by Golay
(1981).
Li (2001) showed the influence of the electro-viscous effects on the flu-
idic resistance in pressure-driven flows in microchannels, especially for
low-concentration ionic solutions. Dutta and Beskok (2001) showed ana-
lytical solutions to the electrical double layer influence on pressure-driven
flows. Qiao and Aluru (2002) proposed an interesting model to compute
flow rates and pressure in microfluidic devices, by using an analogy to
electrical circuits.
Different approaches have been made to overcome the large dead volumes
generated by chip-external sample injection. Verheggen et al. showed
already back in 1988 the T-injection, where the direct injection of sam-
ple into the column rendered any moving parts for valving unnecessary.
Kirby et al. and Hasselbrink et al. (2002) incorporated electrokinetic
pressure actuated valves directly into the chip. A photosesitive monomer
solution is pumped into the channels and solidified by UV-light in order
to created movable pistons in the microchannel. Bai et al. (2002a,b) in-
troduced the concept of pressure pinched injection, in order to minimize
the analyte plug volume. Prior to injection the analyte flow is pinched
from both side by the mobile phase in order to minimize the injected
plug volume. Solignac and Gijs (2003) presented an injection method
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1. Introduction

based on the application of pressure pulses for EC-systems, where plugs
generated by electrokinetic injection can lead to biased concentrations
in the plugs.
Most of the pressure-driven systems use external pumps and valving,
which provide the pressure through a more or less complicated intercon-
nection to the chip. A common method is the use of a certain number
of syringe-pumps, where each pump is providing a different liquid (an-
alyte, mobile phase) to the chip. This type of setup presents several
disadvantages such as complex interconnection, as well as and tedious
purging and cleaning processes. In order to simplify the pressure in-
terconnection, research has been carried out on alternative liquid han-
dling, such as evaporation driven systems proposed by Goedecke et al.
(2002), where the driving force of the liquid is generated by evapora-
tion at the channel end combined with capillary forces. Other liquid
actuation methods have been proposed, mainly in the field of electro-
and magneto-hydrodynamic pumping (MHD), where the Lorentz-force
is used to drive dielectric fluids. Bart et al. (1990) discussed electro-
hydrodynamic pumping and issues concerning its use in µ-scaled sys-
tems; Richter et al. (1991) showed a silicon electro-hydrodynamic injec-
tion pump; Jang and Lee (2000) showed a small-scale MHD micropump.
However they experienced electrolysis in the pumped liquid; Lin et al.
(2001) showed an interesting electrophoresis microchip capable of per-
forming flow-through sampling using MHD pumping coupled to an elec-
trokinetic gated injection: And Zhong et al. (2002) used MHD pumping
on a device made of low-temperature co-fired ceramic tapes.

1.3 Motivation

Microfabricated planar separation devices have been extensively stud-
ied for the past 17 years and touted for their size, speed and low cost
compared to conventional instrumentation. The literature contains hun-
dreds of articles describing electrophoretic and electrokinetically driven
devices, such as capillary electrophoresis, (CE), reversed-phase capillary
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electrochromatography (CEC) and micellular electrokinetic chromatog-
raphy (MEKC) (Jinno and Sawada, 2000; Kricka, 1998; Moore et al.,
1995; Verpoorte, 2002).
These devices utilize the principle of electroosmotic flow for fluid propul-
sion, which is more amenable to miniaturization on a planar chip for-
mat. In addition, electrophoretic techniques find abundant application
in biomolecular analysis, a tremendous market driver at the present time.
On the other hand, chip-based pressure-driven liquid chromatographic
(LC) systems have been slow to find extensive interest, and have been
pioneered by a handful of workers.
This is mainly due to lack of ease of flow control as is the case with elec-
trokinetically driven devices where mechanical pumps and valves are ob-
viated, and to the difficulty in integration of injectors and valves onto the
chip. Despite these handicaps, there is much motivation to develop mi-
crofabricated LC systems, as LC is still the workhorse analytical method
in most laboratories for small molecule analysis. Pressure-driven capil-
lary LC systems in the form of microbore and nanobore HPLC columns
have proven their superiority to conventional HPLC columns in terms
of resolution, speed and solvent and sample conservation, as well as
their ability to be coupled to mass spectrometers for proteomics anal-
ysis and as a high throughput analytical tool for combinatorial drug
and metabolome screening. There is a growing need for miniaturizing
LC by combining a capillary column with injectors and detectors small
enough to take advantage of the ultra-small column volume presented
by the nanobore capillary. This is best done by microfabrication, us-
ing clever design of a microfluidic network to combine a robust injec-
tion system with a capillary column, and a detector based on integrated
electrodes,fluorescence microscopy, diffraction grating or a total internal
reflectance surface in a fully integrated planar package.
Although most of the motivation for miniaturization of pressure-driven
LC comes from the need to fulfill niches in the biotechnology arena,
an application that has been overwhelmingly overlooked is that of on-
line analysis in chemical and pharmaceutical production. Conventional
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HPLC has not been widely employed as an on-line analytical tool because
of slowness, size, sampling complexities and running expense. Microfab-
ricated LC offers many solutions that address these issues and lower the
barrier to implementation of the technique.

1.4 Research objective and limitations

The objective of this thesis was to develop new concepts for the applica-
tion of pressure-driven chromatography as a fast sensor for continuous
analysis.
Specifically this included the development of novel concepts for continu-
ous flow injection techniques, in order to obtain representative sampling
and reproducible injections over a long period of time, and the develop-
ment of a novel, open-tubular approach to combined hydrodynamic and
size-exclusion separations (SOHS) through pressure-driven chromatog-
raphy.
This necessitated on one hand the fabrication of a device including a
reliable sample plug injection and a detector, capable of performing rep-
resentative sampling and reproducible analysis over a long period of time.
On the other hand the recycling of the well-known technology of porous
silicon allowed to fabricate a separation column for SOHS chromatogra-
phy.

1.5 Thesis structure

In Chapter 2 the fundamental basics of microfluidics governing equa-
tion and pressure-driven chromatography are presented. Scaling laws
for miniaturization are introduced and the theoretical framework for the
subsequent chapters is laid out.
Chapter 3 presents the device from fabrication to its application. The
novel microfluidic design is introduced, as well as the sample injection
principles.
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1.5 Thesis structure

In Chapter 4, chromatographic test separations are shown and the sep-
aration column’s performance is characterized and discussed. Vitamin
separations are shown as possible application of the system.
Chapter 5 introduces the concept of a porous column wall that enhances
hydrodynamic separation in pressure-driven columns. Experimental ver-
ifications of the theoretical predictions are shown and discussed.
The thesis concludes in Chapter 6 with a discussion of the methods and
results presented in the previous chapters.
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Chapter 2

Microfluidics for pressure-driven
chromatography

Summary This chapter presents the fundamental basics of microflu-
idic laws and pressure-driven chromatography. Subsequent calculations
for the chip design will be based on this theoretical framework.

2.1 Microfluidics

If not otherwise state, the following section is based on Kovacs (2000)
and Tabeling (2003).

Laminar flow and Reynolds number When reducing channels in
size, the surface-to-volume ratio increases in a way to pass from the
inertia to the viscosity dominated regime. For a flow rate u, as a function
of fluid density ρ and fluid viscosity η, the Reynolds number Re is defined
as the ratio:

Re =
ρ · u · dc

η
(2.1)

Where dc is the characteristic length of the system. In case of a circular
tube, dc is its diameter, while for rectangular channels dc is the hydraulic
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2. Microfluidics for pressure-driven chromatography

diameter, in case of one dimension being much smaller than the other,
dc can be set to the smallest dimension.
Flow is turbulent for Reynolds numbers above 3000 and laminar for Re
lower than 2000. While the behavior of an infinitesimally small volume in
turbulent flows is chaotic and to a large extent unpredictable, in laminar
flow it can be described analytically. In case of channels with charac-
teristic dimensions between 1 and 50µm and flow rates in the order of
several hundreds of µm/s the flow regime is well in the laminar region.

Diffusion The time tD for a particle to diffuse across a distance x
depends on its diffusion constant Dc:

tD =
x2

Dc
(2.2)

where the diffusion constant Dc is a function of the particle size rp, the
temperature T and of the viscosity η of the surrounding medium, given
by the Stokes-Einstein equation:

Dc =
kbT

6πηrp
(2.3)

with kb being the Boltzmann constant.

Péclet Number The dimensionless Péclet number Pe relates the rate
of advection of a flow to its rate of diffusion, and it is defined as:

Pe =
advection
diffusion

=
uδC/dc
DcδC/d2

c

=
u · dc
Dc

(2.4)

with δC a typical concentration variation over the distance dc.
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2.1 Microfluidics

Flow profile Incompressible fluids are governed by the Navier-Stokes
(N-S) equation:

ρ[
∂~u

∂t
+ (~u · ∇)~u] = −∇p+ η∇2~u , (2.5)

∇p being the pressure gradient. At low Reynolds numbers Re, the equa-
tion can be simplified according to Brody et al. (1996), as the inertial
terms on the left hand side of the N-S equation can be ignored, which
yields to the Stokes equation:

η∇2~u = ∇p . (2.6)

One can see that the above equation is independent of time, which leads
to the property that flow lines are the same whether a channel is actuated
from one end or the other (pumping or suction).
For a circular conduit of radius rc with no-slip conditions at the walls
(u(rc) = 0), equation 2.6 expresses the parabolic flow profile of flow
velocity u at a radial position r in the conduit as follows:

u(r) =
G

4η
(R2 − r2) (2.7)

with G the fixed pressure gradient −∂p/∂z between in- and outlet of the
channel. If one considers not a circular cross-section but rather a flow

u

y

Umax

+h/2

-h/2

Figure 2.1: Poiseuille flow between two parallel plates
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2. Microfluidics for pressure-driven chromatography

between two parallel plates, the resulting parabolic flow profile follows
the law of J. Poiseuille (1797-1869), as illustrated in figure 2.1:

u(r) =
G

2η

((
h

2

)2

− y2

)
(2.8)

For rectangular conduits, one has to consider a channel of width wc and
height hc and thus: (

δ2

δx2
+

δ2

δy2

)
u = −G

η
(2.9)

with boundary conditions u(−wc/2, y) = u(wc/2, y) = u(x,−hc/2) =
u(x, hc/2) = 0.
Using Fourier series and subsitutional approach for the resulting differ-
ential equation, one obtains the following expression:

u(x, y) =
(
Gh2

8η

)
32
π2

∞∑
j=0

{
(−1)j

(2j + 1)3

×
(

1− cosh [(2j + 1)πx/hc]
cosh [(2j + 1)πx/2hc]

)
× cos [(2j + 1)πy/hc]

} (2.10)

The y-averaged velocity then becomes

u =
1
hc

∫ hc/2

−hc/2

u(x, y)dy

=
(
Gh2

12η

)
96
π4

∞∑
j=0

{
1

(2l + 1)4

×
(

1− cosh[(2l + 1)πx/hc]
cosh[(2l + 1)πx/2hc]

)}
(2.11)
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Parabolic flow is a serious constraint in solute transport across a chan-
nel, as the velocity gradient disperses or dilutes a solute inserted in plug
form, as shown by Taylor (1953).
Particularly in the case of chromatographic separations in a microchan-
nel one desires a plug transport, in which the average velocity of the
solute across the crossection is constant. The flow has a plug profile at
a velocity umax/2 (with umax being the maximum flow velocity in the
center of the channel), if the diffusion time tD = d2

c/Dc across the chan-
nel is smaller than tadv. = dc/umax. This can be resumed in the two
following conditions:

Dc � dc · umax (plug transport) (2.12)

Dc � dc · umax (parabolic transport) (2.13)

Flow resistance The flow resistance of a channel depends on its cross-
section and on its length. For channels with circular cross-sections of
radius rc and length Lc, the flow resistance is given by:

Rfl =
8ηLc
πrc4

(2.14)

For rectangular channels, the diameter 2rc of equation 2.14 can be re-
placed by the hydraulic diameter of a rectangular channel 4hcwc

2(hc+wc)
,

which yields:

Rfl =
8ηLc(wc + hc)2

(wchc)3
(2.15)

For rectangular channels of width wc much larger than the channel height
hc (wc � hc), the flow resistance can be approximated by:

Rfl =
12ηLc
wch3

c

(2.16)

It can be shown that equation 2.16 can be used for aspect ratios wc/hc
larger than 4.44.
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2. Microfluidics for pressure-driven chromatography

2.2 Chromatography

2.2.1 Introduction

When compounds migrate at different velocities through a column, sep-
aration occurs. Following the explications by Bidlingmeyer (1987) and
Ganetsos (1993), the Russian botanist M. S. Tswett is generally credited
with the discovery of what is today commonly called chromatographic
separation. During his research on plant pigments at the beginning of
the 20th century he used a column of powdered calcium carbonate to
separate green leaf pigments into a series of colored bands by allowing
a solvent to percolate through the column bed. He also coined the term
chromatography (color writing) from Greek for color (chroma) and write
(graphein) to describe the process (Figure 2.2).
Chromatography in which separation is based on differences between
the solubility of the sample components (analyte) in the mobile phase
and stationary phase is called partition chromatography. In liquid/solid
chromatography (LSC), the mobile phase is a liquid, while the station-
ary phase consists of a solid. This latter can either be the column walls
or packing materials in their bare state, or coated with a retentive layer.

A
B

sample
A+B

A
B

B

mobile phase

stationary
phase

A
B

time

signal
detector

Figure 2.2: Separation of a analyte with two components A and B
in a chromatographic column.
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2.2 Chromatography

Chromatography in general comprises all separation techniques in which
analytes partition in-between different phases that move relative to each
other, or where the analytes have different migration velocities. It is
predominantly an analytical separation technique, used to detect and
quantify mixtures of components. However, for the sake of complete-
ness, its use for isolation and purification of compounds also has to be
mentioned. Figure 2.3 gives an overview of the wide field of partition
chromatography. The marked sequence is illustrating the domain in
which this thesis is taking place.
Present-day liquid chromatography was introduced by Nobel Price win-
ners Martin and Synge (1941), who showed that in theory, the station-
ary phase requires very small particles for high efficiency and this lead
to the modern columns packed with µm-size particles, resulting in a
high driving pressure reaching up to several hundreds of bars. This

chromatography

supercritical
fluid

solid
(SFC)

solid
(GSC)

liquid
(GLC)

solid micelles
(MEKC)

liquid
(LLC)

gas liquid

adsorption
(LSC)

affinity
(AC)

ion exchange
(IEC)

reversed phase
(RPC

size-exclusion
(SEC)

sorption
(CEC)

m
ob

ile
ph

as
e

st
at

io
na

ry
ph
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e

Figure 2.3: Family tree of column chromatographic methods. GSC
= gas-solid chromatography; GLC = gas-liquid chromatography; SFC
= supercritical fluid chromatography; LLC = liquid- liquid chromatog-
raphy; MEKC =micellar electrokinetic chromatography; AC = affinity
chromatography; SEC = size-exclusion chromatography; IEC = ion-
exchange chromatography; LSC = liquid/solid chromatography; RPC
reversed phase chromatography; and CEC = capillary electrochro-
matography. The figure was inspired by Poole (2003).
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2. Microfluidics for pressure-driven chromatography

is characterized by the term high-performance (or high-pressure) liquid
chromatography (HPLC).
In normal-phase chromatography, the stationary phase is polar and the
mobile phase is nonpolar, while for reversed-phase chromatography the
stationary phase is nonpolar, and the mobile phase is polar. A typical
stationary phase consists of a long-chain hydrocarbon (typically C8 or
C18) attached to a support, while a typical mobile phase comprises mix-
tures of water or buffer with polar solvents such as methanol (MeOH),
acetonitrile (ACN), or tetrahydrofuran (THF). Today, reversed-phase
chromatography is by far the most popular HPLC technique as illus-
trated by Neue and Fallah (1997). According to Ho et al. (2003), it owes
its popularity to the following reasons:

• Versatile separation method with stationary phase chemistry meet-
ing the need of a wide range of samples.

• The stationary phase material can be manufactured to high quality
and is reasonably stable under normal operating conditions.

• The elution order of the compounds being separated can be pre-
dicted easily and is based upon their hydrophobicity.

• Mobile phases are mixtures of aqueous, polar solvents. Water,
which is usually the predominant component, is inexpensive, safe
and abundant.

2.2.2 Principles

2.2.2.1 Separation process

Chromatography is a separation process in which the analyte is dis-
tributed between two phases, stationary phase and mobile phase. It is
essential to understand, that the separation of different compounds will
depend on how much time they will spend in the stationary phase. All
compounds spend the same amount of time in the mobile phase, which
is equal to the time required by an unretained solute, that is a solute
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2.2 Chromatography

that does not interact with the stationary phase, to travel through the
separation column. This time is called the column dead or hold–up time,
t0. The time the compound spends in the stationary phase is called the
adjusted retention time tR′ . The time a compound needs to elute, that
is to pass through the separation column is called the retention time tR,
where tR = t0 + tR′ . It is obvious that compounds preferring to reside
in the mobile phase will elute faster than those preferring the stationary
phase. This can be expressed through either the distribution coefficient
K for a compound i:

Ki =
cstat
cmob

(2.17)

Where cstat/mob is the concentration in the stationary/mobile phase, or
the retention factor k, of compound i:

ki =
nstat
nmob

=
Vstat · cstat
Vmob · cmob

= Ki
Vstat
Vmob

(2.18)

Where nstat/mob is the number of molecules and Vstat/mob the respective
volumes of the compound i in the stationary/mobile phase. In this thesis
the retention factor k will be used for all subsequent calculations.
It is evident that only compounds with retention factors will be separated
by the chromatographic column.

2.2.2.2 Stationary phase

The stationary phase plays a key role for the separation. The focus will
be on stationary phases for reversed phase liquid/solid chromatography,
as they are the most widely used in LSC. The surfaces of reversed-phase
columns are hydrophobic. Most of the reversed stationary phases are
based on long chain hydrocarbons (Figure 2.4). This hydrophobic sur-
face interacts with the hydrophobic part of the compounds in the analyte.
Retention increases with increasing hydrocarbon chain length. Prior to
the deposition of the long chain hydrocarbons, the column wall and/or
the packing material surface is composed of hydrophilic silanols and silox-
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2. Microfluidics for pressure-driven chromatography

ane bridges, which serve as reactive centers for surface modification, e.g.
to prepare a so-called bonded stationary phase.

2.2.2.3 Mobile phase

The mobile phase generally consist of mixtures of water or aqueous buffer
solutions with various water-miscible solvents, (e.g. Methanol, Acetoni-
trile, Ethanol, Isopropanol, Tetrahydrofuran). If one looks at the viscos-
ity of a solvent, acetonitrile is the preferred organic modifier in reversed
phase chromatography. Acetonitrile-based mobile phases can give an
up to 2-fold lower pressure drop than methanol-based mobile phases at
equal flow rate (Figure 2.5).
Varying the solvent strength of the mobile phase controls analyte reten-
tion. A strong solvent decreases retention, while a weak solvent increases
it. According to Neue and Fallah (1997), retention change is roughly
10% for every 1% change in the concentration of organic solvent. The
importance of choosing the right composition of mobile phase in term of
organic solvent concentration is shown in figure 2.6. Generally it cannot
be recommended to use mobile phases with less than 10% organic solvent
content in water. Under such conditions, brush-type stationary phases
with e.g. C8 or C18 alkyl chains are in an ill-defined conformation and

47%

32%

14%

5%2%
C18

C8

Phenyl

C4

C1/C2

Figure 2.4: Stationary phases used in reversed phase chromatography
as shown by Dolan and Snyder (1989).
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Figure 2.5: Viscosity of mixtures of water and organic solvents at
25◦C. Data from Dolan and Snyder (1989).

equilibration takes a long time. This phenomenon is called hydrophobic
collapse as described by Meyer (2004). From a physical point of view
this means that the mobile phase is driven out of the pores as result of
an unfavorable wetting angle.

Elution problem Chromatographic systems can be set up either for
isocratic or gradient elution. Isocratic elution means constant separation
conditions throughout the entire analysis, with no gradient, especially
solvent gradient. Te exact opposite is gradient elution, where the mobile
phase composition is steadily changed during analysis. This is of partic-
ular interest for complex mixtures with a large number of compounds.
Under isocratic conditions, these mixtures will likely present poorly re-
solved initial peaks, while the final peaks will be broad and flat and
even undetectable due to background noise. This is called the general
elution problem. It can be dealt with using solvent, temperature or flow
gradients as well as column switching, where different columns are used
subsequently. These methods all attempt to separate the initial peaks
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2. Microfluidics for pressure-driven chromatography

Figure 2.6: Effect of solvent content in mobile phase in reversed-
phase chromatography (Poole, 2003).

and to accelerate the elution of the final peaks. For the scope of this
thesis, only isocratic elution will be used.

2.2.2.4 Peak detection

Besides the separation column, the detector is to be considered as the
most important part of a chromatographic system. The detector trans-
lates the changes in the composition of the column effluent during the
chromatographic run into an electrical signal. This signal can then be
recorded and processed to give the required information about the sam-
ple composition. The choice of the detector to be used depends on several
sample-related factors: the chemical properties of the analytes, the de-
sired range of sample concentrations to be determined, the complexity
of the analyte, but also on the chromatographic system used for sepa-
ration. The requirements for separation and the detection for a specific
analytical problem is complementary: the higher the quality in terms of
selectivity and sensitivity, the less demands are put on the separation
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system, and vice versa. According to Meyer (2004), the ideal detector
should:

• either be equally sensitive to all eluted peaks or record only those
of interest.

• not be affected by changes in temperature or mobile phase compo-
sition (as happens in gradient solution).

• be able to monitor small amounts of compound (trace analysis).

• not contribute to band broadening; hence the detector volume
should be small.

• react quickly to pick up correctly narrow peaks, which pass rapidly
through the cell.

• be easy to manipulate, robust and cheap.

Still, only a few types of detectors have found general application (Katz
et al. (1998))

• UV- detectors

• refractive index detectors

• fluorescence detectors

• electrochemical (amperometric) detectors

• light scattering detectors

• others: conductivity, photoconductivity, infrared and radioactivity
detectors
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2.2.3 Separation Column

Liquid/solid chromatography (LSC) utilizes a liquid mobile phase to
separate the components of a mixture. These components (or analyte)
are first dissolved in a solvent, and then forced under high pressure to
flow through a chromatographic column. In the column, the mixture
is resolved into its components. The separation resolution is dependent
upon the extent of interaction between the solute components and the
solid stationary phase. The interaction of the solute with mobile and
stationary phases can be manipulated through different choices of both
solvents and stationary phases.
Standard LSC systems are consisting of an external pump, delivering
the pressure necessary to drive the liquids, a separation column with
typical diameters of several milimeters and a length of several tens of
centimeters. To obtain sufficient separation power, the column is filled
with µm-sized particles in order to increase the internal surface of the
column (packed column). Such systems are providing separation results
after dozens of minutes up to several hours.
Instead of packed columns, one can imagine to use columns of very small
size, in order to approach the size of the channels in-between the parti-
cles of a packed column. Such systems are called open-tubular columns
(OTC); the stationary phase is coated to the column walls, providing
the same effect as the packing. While the advantage of OTC systems
is their smaller pressure drop along the column, they generally show an
lower efficiency.
In order to have the present device working as a sensor in an analyt-
ical process environment, the decision was made to work at relatively
low pressures (maximum 2bars), thus pressure-driven flows could be ob-
tained without resorting to the use of a high-pressure pump. This initial
condition automatically lead to an OTC approach for the separation
column.
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2.2.3.1 Open-tubular separation column

Rectangular channels are a result of fabrication restrictions when going
to miniaturization. Although integrated columns in silicon with cylin-
drical cross-sections have been presented (Tjerkstra et al., 1997), rectan-
gular cross-sections are generally preferred due to their relative ease of
fabrication. If one considers figure 2.7, one can understand that from a
intuitive point of view, a rectangular channel is a further simplification
of multiple, parallel cylindrical channels. While this approximation is
certainly correct from a fluidic point of view, it has to be relativized
when looking at chromatographic columns.
Giddings et al. (1983) presented the fundamental theoretical basis for
rectangular open channel reversed phase liquid chromatography, based
on the work showed by Golay on open-tubular chromatography (1958)
and on retention-less rectangular channels (1981). They called the rect-
angular columns open parallel plates column (OPPC) in contrast to the
cylindrical OTC. The abbreviation OTC will be used in the present work

(a) (b) (c) (d)

Figure 2.7: Schematic view (not to scale) of (a) standard packed
HPLC column of serveral mm of diameter, (b) a open-tubular micro-
column of a diameter of typically 5−10µm and thus in the same order
of magnitude as the space in-between packing particles, (c) parallel
open-tubular columns in order to reduce the back-pressure of the en-
tire column, and (d) the corresponding, rectangular microfabricated
column with similar behavior.
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OTC OPPC

dc hc

wc >> hc

Figure 2.8: Open-tubular column (OTC) and open parallel plate
column (OPPC) in comparison. The column height hc can be reduced
for rapid mass tranfer while the channel width wc can be chosen to
allow sufficient column volume and reduced pressure drop.

without differentiation (figure 2.8). The advantage of such rectangular
columns of finite width (infinite widths serve for mathematical modeling
only and are not of further practical use) is the possibility of enlarging
only one dimension (wc) while keeping the other (hc). This results in
a drop in the driving pressure needed without impairing, in a first ap-
proximation, the efficiency as the characteristic dc length is still small
(in this case dc = hc).

2.2.4 The chromatogram and its analysis

The eluted compounds are transported by the mobile phase to the detec-
tor and recorded as (ideally) bell-shaped, Gaussian curves. The signals
are know as peaks and the set of peaks of one complete analysis of an ana-
lyte is called chromatogram. The peaks give qualitative and quantitative
information about the analyte sample in question.

Retention factor k The chromatogram provides information on sep-
aration efficiency (figure 2.9): w is the peak width at the baseline, t0 is
the column dead time, which is equal to the retention time of an unre-
tained solute. Hence the linear flow velocity u can be calculated from
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the column length Lc and the column dead or hold–up time t0 by:

u =
Lc
t0

(2.19)

The retention factor k is measured as the retention time of an analyte
minus the retention time of an unretained peak divided by the retention
time of the unretained peak. As explained by Neue and Fallah (1997)
and Meyer (2004), this is a convenient way to normalize retention for
comparison of different columns or the same column at different flow
rates:

k =
t′R
t0

=
tR − t0
t0

(2.20)

Where tR is the retention time and t′R the net (or adjusted) retention
time. According to Meyer, preferred values of k are between 1 and
10. Too low k-values mean insufficient separation (bad stationary phase
and/or flow rate to high) and k-values above 10 stand for analysis times
which are too long.

Plate number N and plate height H At this point it is important to
introduce the concept of plates and the theoretical plate number N. This
number is defined as the square of the relative standard deviation σ of the
peak width at the end of the separation column. From a more practical
point of view, N is the number of zones in the separation column where
an equilibrium between stationary and mobile phase is reached. Martin
and Synge (1941) introduced this idea in their pioneering work, where
they modeled the chromatographic column like a distillation column. If
one assumes Gaussian shape peaks, the plate height H can therefore be
calculated using the overall length of the column, Lc:

N = σ2

H =
σ2

Lc

(2.21)
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2. Microfluidics for pressure-driven chromatography
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Figure 2.9: The chromatogram and its characteristic features.

From a more geometrical point of view, one can calculate the theoretical
plate number N as follows (Figure 2.9):

N = 16
(
tR
w

)2

N = 5.54
(

tR
w1/2

)2
(2.22)

where w is the peak-width at the base-line and w1/2 is the peak width
at half-height. It is important to notice that the peak widths w and
w1/2 are calculated in the time domain and thus are rather times than
distances, while the standard deviation σ presents a physical distance.
It is therefore common to introduce the temporal standard deviation τ ,
with following relation:

τ

tR
=

σ

Lc
(2.23)
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2.2 Chromatography

A) B)

a0.1 b0.1

Figure 2.10: A) Shape of a theoretical Gaussian peak. B) Real shape
peaks are rarely symmetric. The parameters a0.1 and b0.1 are used to
describe the peak tailing.

Equations 2.21, 2.22 and 2.23 are only correct if the peak has a Gaussian
shape: This is rarely the case with real-life chromatograms.

Tailing Small deviations from the ideal, gaussian peak form are in-
significant (Meyer, 2004). However, large tailing (Figure 2.10 B) are to
be taken into consideration. It has different reasons such as or poor qual-
ity of the stationary phase (packing or coating), extra column volumes,
column overload (too much analyte injected) or incompatibility of the
sample with the stationary or mobile phase. In the case of asymmetric
peaks, correct values for N can be calculated by the momentum method,
shown by Foley and Dorsey (1983) and Dyson (1998) and illustrated in
figure 2.10, which results in the following equation:

N = 41.7
(tR/w0.1)2

Tp + 1.25
(2.24)

where w0.1 is the peak width at 10% of the peak height and Tp is tailing
b0.1/a0.1 at 10% of the peak height, a0.1 and b0.1 being the peak half-
widths (see figure 2.10).
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2. Microfluidics for pressure-driven chromatography
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Figure 2.11: Van Deemter curve (H/u curve): 1 = eddy diffusion
and flow distribution component due to different flow paths (= 0 in
open tubular columns) 2 = longitudinal diffusion component; 3= mass
transfer component; 4 = the resulting van Deemter H/u curve.

Band broadening The theoretical plate height H can be expressed
as function of mobile phase flow velocity u through the equation by van
Deemter et al. (1956), as illustrated in figure 2.11:

H = A′ +
B′

u
+ C ′ · u (2.25)

The A′-term is due to two phenomena: Eddy diffusion, caused by the
different paths lengths of the sample molecules traveling trough a packed
separation column, and flow distribution differences, as the mobile phase
velocity is higher in the channel center than at the walls. Channel means
the paths in-between the packing material or the entire column in case
of OTC. The A′-term can be reduced by using packing material with a
very small size distribution In the case of OTC, the A′-term is equal to
0 :

HOTC =
B′

u
+ C ′ · u (2.26)

The B′

u -term is due to Taylor dispersion of the analyte within the mobile
phase. This problem can be reduced by choosing the mobile phase’s mean
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2.2 Chromatography

flow rate u as a function of the diffusion constant Dm of the sample in
the mobile phase and the channels characteristic diameter or width dc
(compare to equation 2.12):

u ' 2Dm

dc
(2.27)

The C ′ ·u-term finally is due to mass transfer between mobile, ’stagnant
mobile’ and stationary phases. Sample molecules close to the stationary
phase are not moving with the mobile phase anymore. The molecule
either diffuses back to the mobile phase or interacts with the stationary
phase; both mass transfer phenomena need time and hence contribute
to the band broadening. The plate height in OTC is expressed by the
extended Golay equation:

H =
2Dm

um
+
d2
cum
Dm

f1(k) +
d2
fum

Ds
f2(k) (2.28)

with H = plate height, um the mean flow rate of the mobile phase,
dc = characteristic length, Dm = diffusion coefficient of solute in mobile
phase, Ds = diffusion coefficient of solute in stationary phase, k = re-
tention factor, df = layer thickness of stationary phase. For cylindrical
columns, the functions f1(k) and f2(k) have the form:

f1(k)cylindrical =
(1 + 6k + 11k2)

96(1 + k)2

f2(k)cylindrical =
2k

3(1 + k)2

(2.29)

For OTC with a very thin column wall coating compared to the char-
acteristic length dc (df � 1µm for dc between 5 and 10µm), the term
with f2(k) in equation 2.28 can be neglected:

H =
2Dm

um
+
d2
cum
Dm

(1 + 6k + 11k2)
96(1 + k)2

(2.30)

31



2. Microfluidics for pressure-driven chromatography

that can be written as:

H =
2Dm

um
+
d2
cum
Dm

(A′′ +B′′k + C ′′k2)
N ′′(1 + k)2

(2.31)

This equation is obviously equivalent to the van Deemter equation (2.25)
without the term for plate height contributions due to different path
lengths. Poppe proposed in 2002 modified coefficients A′′, B′′, C ′′ and
N ′′ to account for the side-wall induced dispersion in high aspect ratio
rectangular channels. For pressure-driven columns with stationary phase
at all walls, Poppe calculated the factors as shown in table 2.1:

ϕ A′′ B′′ C ′′

1 1.804 10.198 17.144
2 3.434 18.921 31.043
4 5.360 28.911 45.952
8 6.632 36.165 57.188
16 7.301 40.404 64.107

Table 2.1: Coefficient for f1 of extended golay equation (2.30) with
N = 105 and ϕ the channel aspect ratio wc/hc (Poppe, 2002).

The plate height H in function of the column shape is shown in figure
2.12, which illustrates that for a given set of parameters, the cylindrical
column is always performing better than rectangular columns (Lower
plate height H at higher flow velocity u).

Resolution R Figure 2.13 illustrates the term resolution R of two com-
ponents. R measures the distance between the maxima of two (Gaus-
sian shaped) peaks in function of the average standard deviation σ =
(σ1 + σ2)/2. For isocratic elution, the resolution of two peaks is depen-
dent on the separation factor α, the number of theoretical plates N and
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Figure 2.12: Golay-plots with modified coefficients by Poppe as
shown in table 2.1: figure for various channel aspect ratios ϕ (width-
to-height) and cylindrical channel for fixed k = 1. The characteristic
length is dc = 7µm and the solutes diffusion constant in the mobile
phase Dm = 6 ·10−10 m2 s−1. The dots indicate the optimum flow rate
for a the minimum plate height.
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Figure 2.13: Resolution of two chromatographic peaks R = ∆y/σ.
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2. Microfluidics for pressure-driven chromatography

the retention factor k:

k =
k1 + k2

2
(2.32)

α =
k2

k1
(2.33)

R =
1
4

(α− 1)
√
N

(
k1

1 + k

)
=

1
4

α

α− 1

√
N

(
k2

1 + k

)
(2.34)

together with 2.22, equation 2.34 can be expressed as follows:

R = 2
tR2 − tR1

w1 + w2
= 1.18

tR2 − tR1

w1/21
+ w1/22

(2.35)

Base line resolution is obtained when R = 1.5. Analysis of equation
2.20 to 2.35 leads to table 2.2 that illustrates parameters influencing
the enhancement of the chromatographic separation. This table shall be
recalled when considering miniaturization in chapter 3.

To enhance separation influencing parameters
N ⇑ tr ⇑ w ⇓
H ⇓ Lc ⇑ N ⇑
R ⇑ α ⇑ N ⇑

Table 2.2: Factors to enhance chromatographic separation

2.3 Miniaturization aspects

2.3.1 Scaling laws

If one attempts to miniaturize macro-world devices, the so-called scaling
laws are of utmost importance. Physical values are in relation with
others and do scale differently with respect to their relation with the
scale l. Table 2.3 gives an overview of scaling laws for typical values.
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2.3 Miniaturization aspects

From a formal point of view, one has to differentiate between two types
of l, as detailed by Tabeling (2003):

• isotropic objects: the object’s dimensions are of the same order of
magnitude in the three spacial directions. In this case, l simply
represents the order of magnitude of the object’s size.

• anisotropic objects: a microchannel’s length can be much larger
than its width or height. In this case l shall be the scale factor
controlling all dimensions of the object, and maintaining the aspect
ratios constant.

For some physical values, the scaling laws are obvious, as for example
for an object’s mass M :

m ∼ V ∼ l3 (2.36)

with V the volume of the object with size l. However the majority
of scaling occurs where the relation between the value and the scale l
introduces other values. Then there are two possibilites:

• intervening values are constants.

• intervening values are themselves dependent on l

parameter scaling law
van der Waals force between molecules l−7

time l0

capillary force l1

distance l1

flow rate l1

diffusion time l2

volume l3

gravitational force l3

Table 2.3: Scaling laws for different parameters
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2. Microfluidics for pressure-driven chromatography

When one considers miniaturization and looks at two values, the one
with the lower exponent for l becomes more important the smaller the
size; as an example shall serve the comparison between capillary force
(∼ l1) and gravitational force (∼ l3) , where the latter becomes negligi-
ble at µm-scale. When it comes to separation devices, there are two ap-
proaches that are used for miniaturization, the dimensionless-parameter
approach and the similarity approach (Janasek et al., 2006). Dimension-
less parameters are for example the Peclet number Pe or the Reynolds
number Re. For the similarity approach, there is a difference to be made
between time-constant systems and diffusion-related systems. In a time-
constant system, miniaturization keeps the timescale constant (analysis
time, elution time), while the flow rate u would decrease by a factor l,
the volumic flow rate Q by a factor l3 and Re by a factor l2. However,
the pressure-drop ∆p necessary to keep the timescale constant would be
unchanged during miniaturization.
Diffusion-related systems are considered when molecular diffusion or flow
behavior is influencing the separation efficiency of the system. In this
case the timescale is considered as a surface scaling with l2 (Manz and
Eijkel, 2001). This means that all dimension-less parameters such as Pe
and Re, but also the plate number N remain constant during miniatur-
ization.
Real systems are often a combination of both approaches, as miniatur-
ized diffusion-related systems encounter practical problems as the re-
quired pressure-drop ∆p scales with l−2 and thus rapidly reaches very
high values.

2.3.2 Surface-to-volume ratio in separation columns

Considering a cylindrical column of radius rc and length Lc. The surface-
to-volume ratio χ can be expressed as:

χ =
Ac
Vc

=
2πrcLc
πr2cLc

=
2
rc

(2.37)
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2.3 Miniaturization aspects

with Ac being the column surface and Vc the column volume. For a
rectangular column of width wc, height hc and length Lc, χ is:

χ =
Ac
Vc

=
2Lc(wc + hc)
wchcLc

=
2(wc + hc)
wchc

(2.38)

which gives for a quadratic channel width side length bc = wc = hc :

χ =
4
bc

(2.39)

Now let’s consider a column packed with spherical silica particles. These
particles have a typical value of 100m2 g−1 for the specific surface area,
30 nm for the pore diameter and 0.5 g cm−3 for the packing density
(Meyer, 2004). In this case, χ is around 5 · 107 m−1. In order to reach
such numbers with an unpacked column, this leads to following values:

rc =
2
χ

= 40nm (cicular cross section) (2.40)

bc =
4
χ

= 80nm (rectangular cross section) (2.41)

When looking at chromatography, the following parameters are of inter-
est:

diffusion time: tD ∼ l2

flow resistance: Rfl ∼ l−3

It is evident that these two values, one rather performance oriented (td)
and the other of rather practical interest (Rfl), are behaving strongly
contrarily. It will therefore be a question of pondering when it comes to
the design of the separation column.
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2. Microfluidics for pressure-driven chromatography

2.4 Summary

In this chapter, the governing equations in microfluidics and chromatog-
raphy have been introduced. The principles of chromatographic sep-
arations were shown, with an emphasis on open-tubular columns for
liquid/solid chromatography. Furthermore the different scaling laws and
miniaturization approaches have been detailed and explained.
This chapter will serve as theoretical framework for the following chap-
ters.
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Chapter 3

Miniaturized continuous sampling
device

Summary The design criteria are detailed and the parameters for the
chromatographic chip are calculated. Its fabrication is explained, as well
as its operation modes and the surrounding setup.

3.1 Design

Microsystems often do not have less complexity than large systems. In
most of the cases, and the present case is one of theses, there is nothing
such as the single (solvable) differential equation describing the entire
system. The engineering approach of such problems consists in defining
initial conditions that describe the problem and narrow down the regions
of interest of the governing parameters. Once a set of parameters is found
that fulfill all requirements, there is to be proof that the chosen set is
optimum or close to optimum. This section shall show the approach
that led to the final device. Table 3.1 shows the requirements and the
solutions chosen for the chip design.
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3. Miniaturized continuous sampling device

parameter requirements ⇒ solution
flow resistance As low as possible in order to work at a conve-

nient pressure drop of maximum 2bar.
⇒ Open-tubular separation column.

liquid handling capability of rapidly changing mobile phase and
analyte, as well as possibility of column cleaning.
⇒ Large flow-through channels implemented on
the chip

sample injection robust and reliable technique for continuous re-
peatable injections.
⇒ gated injection.

detection detection integrated on the chip.
⇒ electrochemical (amperometric) detection by
integrated Ti/Pt electrodes.

materials if possible use transparent materials (glass), to
be able to visually control the microfluidic be-
havior.
⇒ channels are etched in float glass or Pyrex R©.

Table 3.1: Initial requirements and proposed solutions

Plate number Chromatographic systems are usually characterized by
their theoretical plate number N . There is room for discussion in order
to find an agreement what plate number N shall be aimed for. Gen-
erally, when time is of no concern and higher analytical performance is
preferred to rapid analysis time, values of several hundreds of thousands
of plates are sought-after. However, numerous discussions with people
from industry led to a value in the order of 10000 being sufficient for
a sensor-like chromatographic system. In order to find the appropriate
column length Lc, let’s recall the van Deemter equation for open-tubular
columns:

HOTC =
B′

u
+ C ′ · u (3.1)
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3.1 Design

The optimum speed uopt for a minimum plate height is therefore:

uopt =

√
B′

C ′
=

√
2D2

m

d2
cf1

(3.2)

with f1 = A′′+B′′k+C′′k2

N ′′(1+k)2 . Putting 3.2 into 3.1, this yields:

HOTC = 2Dm

√
d2
cf1

2D2
m

+
d2
cf1
Dm

√
2D2

m

d2
cf1

=
√

2d2
cf1 +

√
2d2
cf1 = 2

√
2d2
cf1

(3.3)
Replacing the characteristic length dc by the column height hc, the plate
number N can therefore be expressed as a function of the column length
Lc and plate height hc:

N =
Lc
H

=
Lc

2
√

2h2
cf1

=
Lc

2
√

2h2
c

(
A′′+B′′k+C′′k2

N ′′(1+k)2

) (3.4)

Putting in the modified coefficients according to Poppe (2002), and cal-
culating for different retention factors from 1 (lowest acceptable) up to
10 (largest usable) yields Figure 3.1. For two arbitrarily chosen column
heights: hc = 5µm and hc = 3µm, it illustrates the column length Lc
necessary to achieve a plate number N = 10000 with different column
aspect ratios ϕ, for different retention factors k.

Flow resistance Pressure-driven flow in microfluidic devices can typ-
ically be obtained by two means:

• Pumps, such as syringe pumps or, for low pressure applications,
peristaltic pumps. This results in a flowrate control volume/time.

• Pressurized reservoirs: Rather than flowrate control, this method
allows for a pressure drop ∆p control.

There are a few reasons why, from an application point of view, pressur-
ized reservoirs are to be preferred over pumps:
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3. Miniaturized continuous sampling device
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Figure 3.1: Column length Lc as a function of the column aspect
ratios ϕ, for two different column heights hc, with N = 10000 and
three retention factors k.

• Reduction of dead-volumes inherent to the use of pumps.

• Possibility of rapid change in flowrates with great precision.

• No flowrate variations due to elasticity of tubing or other pump
related parts.

Assuming wc � hc, the pressure drop ∆p necessary to drive the system
at the optimum flow rate uopt can be calculated as follows:

∆p = Q ·Rfl = (uopt · wchc)
8ηLc(wc + hc)

2

(wchc)3
=

8ηLcuopt(wc + hc)
2

(wchc)2
(3.5)

with Q being the volumic flow rate. Plugging in uopt from equation 3.2
and Lc from equation 3.4, this leads to:

∆p =
32NηDm(wc + hc)2

(wchc)2
(3.6)
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Figure 3.2: Pressure drop ∆p at optimum flow rate uopt and N =
10000 for different column aspect ratios ϕ.

Figure 3.2 shows the pressure drop needed as a function of the column
aspect ratio ϕ for optimum conditions for N = 10000.

Starting point Following the relations established in the two previous
paragraphs, a channel aspect ratio of ϕ = 10 was chosen, as higher as-
pect ratios do not show significant improvements for both, pressure-drop
and minimum column length (Figures 3.1 and 3.2). This will allow to
work at pressure drops below 1 bar, but with having the opportunity to
run the chip at convenient flow rates u with pressure drops up to 1.5 bars
for priming and washing cycles.
Table 3.2 summarizes the chosen parameters and the resulting chromato-
graphic values, while figure 3.3 shows the plate height for the values in
table 3.2.

Chip layout The layout was designed using CleWin R©(WieWeb soft-
ware). A footprint of 20mm×20mm was chosen. The separation col-
umn length Lc is 110mm from sample injection cross to detector. Figure
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3. Miniaturized continuous sampling device

parameter value
plate number N 10000

channel height hc 5µm
channel width wc 50µm
column length Lc 10 cm

⇒ dead time t0 295 s (k = 1)
370 s (k = 3)
415 s (k = 10)

Table 3.2: Parameters chosen for the chip for N = 10000 and the
resulting dead times t0 for different k-values at optimum flow rate uopt.
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Figure 3.3: Plate height H as a function of the mobile phase velocity
u for the parameters summarized in table 3.2. The dots indicate the
optimum flow rate uopt for minimum plate height H.

3.4 shows the chip design used for clean-room fabrication. The working
principle will be explained in sections 3.4 through 3.8.

Band broadening induced by folded channels As the column
length Lc is longer than a typical sidelength of a chip, the microflu-
idic channels will be folded into a serpentine-like arrangement in order
to be integrated onto the chip (Figure 3.5). Such arrangements can yield
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20mm

injection cross

bypass channel
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Figure 3.4: Schematic of the chip with sample injection cross, sepa-
ration column, bypass channel and detection electrodes.

additional band broadening due to the different path length in the turns.
Culbertson et al. (1998) and Griffiths and Nilson (2002) analyzed this
dispersion for capillary electrophoresis and pressure-driven systems, and
latter showed that for turn radii above certain minimum values, this ad-
ditional band broadening reduces to a negligible amount with respect
to total broadening. Considering the diffusion variance (σ2/wc)2 for a
straight segment of length Ls:

σ2 = 2DctD = 2
Ls
u
⇒
(
σ

wc

)2

=
2
Pe

Ls
wc

=
2L∗

Pe
(3.7)

Ls

ri

wc

ro

Θ
u

Figure 3.5: Schematic of a serpentine channel with straight segments
and turns of angle Θ and constant radius.
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3. Miniaturized continuous sampling device

where L∗ is the straight segment length Ls normalized by the channel
width wc. The analogous expression for the variance in the turn is then:(

σ

wc

)2

=
2r∗Θ
Pe

(3.8)

with r∗ the normalized turn radius (ri+r0)
2wc

and Θ the turn angle (See
figure 3.5). The total increased variance due to diffusion in straight
segment and turn can then be written as:(

σ

wc

)2

diffusion

=
2
Pe

(L∗ + r∗Θ) (3.9)

The expression for the dispersion-induced variance in a turn such as
proposed by Griffiths and Nilson is:(

σ

wc

)2

dispersion

=
Θ2Pe

15r∗Θ + 3Pe
(3.10)

According to Griffiths and Nilson this expression is accurate to within
∼10% for all Peclet numbers, turns up to 180◦ and normalized turn radii
r∗ ≥ 1.
Defining the dispersion induced variance being acceptable when being at
least an order of magnitude smaller than the diffusion induced variance,
this leads to the condition:

Θ2Pe

15r∗Θ + 3Pe
≤ 1

10

[
2
Pe

(L∗ + r∗Θ)
]

(3.11)

which can be rearranged in order to express the minimum, normalized
turn radius r∗ to fulfill the condition:

r∗ ≤ Pe+ 5L∗

10Θ

[√
1 +

20Pe(5Θ2Pe− 3L∗)
3(Pe+ 5L∗)2

− 1

]
(3.12)
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In the case of low Peclet number Pe and large L∗, the term (5Θ2Pe−3L∗)
becomes negative and thus the square root as well. Practically a negative
turn radius is of no interest, as the minimum normalized radius r∗ is 0.5
(when the inner radius ri vanishes completely). Hence for large enough
L∗ the turn-induced dispersion is not significantly contributing to the
overall band broadening. Modified channel geometries to prevent turn-
induced dispersion such as shown earlier by Griffiths and Nilson in 2001
are thus not necessary for L∗ and r∗ large enough. In the present device,
the mean radius ri+r0

2 is 200µm and the straight segment Ls 10.9mm,
which made the variance increase due to the turn-induce dispersion being
below 1% of the total variance.

3.2 Fabrication

The microfabrication of the device used in all experiments presented in
this thesis was carried out at the EPFL Center of MicroNanoTech-
nology, CMI. It is based on a four-step process using four masks, as
illustrated in figure 3.6. The device is made up from two parts, bottom
and top. Both are microfabricated on 4 inch float glass wafers of 525µm
thickness. Substrates were chosen to be float glass rather than Pyrex R©

for etching reasons.
On the bottom wafer, a 40 nm polysilicon layer is deposited that will
later serve as ion barrier for the anodic bonding. With AZ5214 negative
photoresist etch mask, the separation column and bypass channel (whose
function will be explained in section 3.5) are etched into the bottom sub-
strate using plasma etching for the polysilicon layer and a hydrofluoric
acid bath (HF(49%):H2O, 1:5) for etching the glass (figure 3.6a). The
available HF solutions in the cleanroom did not allow a sufficient verti-
cality of the column walls in the case of Pyrex R©, which led to the use of
float glass. Concerns regarding the anodic bonding could be discarded
as will be shown further down.
The Ti/Pt electrode layer for the amperometric peak detection is re-
cessed. A second AZ5214 layer is structured, and the underlying layers
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Ti/Pt

AZ 5214
PolySi

Float-glass

a) Microfluidic channels:

b) Electrode Layer:

c) Powder-blasting:

d) Assembly by anodic
bonding and dicing:

Flow-through channel
with in- and outlets

Sepration column with
detection electrodes

RapidMask™

AZ 5214
PolySi

Figure 3.6: Schematic view of the four-mask microfabrication pro-
cess of the glass substrates. Channels and electrodes are defined by
HF-etching (a) and lift-off processing (b). Flow-through channels and
access holes are powder-blasted through a laminated, photostructured
mask (c). Finally the wafers are anodically bonded and diced (d).
Detection electrodes access pads are liberated by partial dicing. Di-
mensions of the device are given in table 3.3.

recess-etched by plasma (polysilicon) and a 7% BHF bath (glass) and
then covered by a 20 nm Ti layer followed by a 200 nm Pt layer by DC-
sputtering. The Ti layer serves as adhesion layer below the Pt. The
electrodes shape is then defined by a lift-off process (figure 3.6b).
The top substrate contains vertical through holes for liquid acces, as

well as part of the flow-through channels, whose function will be further
explained in section 3.5. Inspired by the work of Slikkerveer et al. (2000)
and Schlautmann et al. (2001), it was decided to etch them through
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3.3 Stationary phase coating of microcolumn

channel width [µm] 50
channel height [µm] 7
flow-through channel height [mm] 0.2
column length (injection cross to detector) [mm] 111
column length (injection cross to outlet) [mm] 116
bypass channel length [mm] 54
wafer material float glass
electrode material Ti/Pt

Table 3.3: Device characteristics

powder-blasting To this end, a laminated dry resist specially designed
for decorative sandblasting purposes (RapidMaskTM, Photoabrasive Sys-
tems, Duluth, MN, USA) was applied to both sides and exposed to un-
collimated UV light through a transparency mask printed with a high-
dpi inkjet printer. Powder blasting was then performed manually on
both sides using 60µm corundum grit. The flow-through channels were
powder-blasted to a depth of roughly 200µm. (figure 3.6c).
To close the channels, top and bottom glass wafers were anodically
bonded, making use of the initially deposited polysilicon layer on the
bottom substrate as an ion-barrier, according to procedures proposed by
Berthold et al. (2000) and Lee et al. (2001). The procedures, although
shown for Pyrex R© substrates, worked without major adjustments for
float glass. Substrate alignment was done manually. The bonding was
achieved by applying 700V at a temperature of 360 ◦C during 30min in
a muffle furnace under an ambient atmosphere.
Finally, the wafers were diced into single chips. Electrode access pads
were liberated by half-through dicing such as illustrated in figure 3.6d.

3.3 Stationary phase coating of microcolumn

In order to achieve separations, the column must contain a stationary
phase. As has been described in chapter 2, OTC have the advantage
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of presenting a low pressure drop, paired with the inconvenience of the
inherently low stationary phase capacity.
Numerous methods have been proposed to increase the column wall sur-
face and thus the stationary phase capacity of OTC. Already back in
1979, Ishii et al. showed surface enhancement of open-tubular column
surfaces by a treatment with a sodium hydroxide solution. While Tock
et al. (1989) prepared OTC with porous silica layers, Pesek and Matyska
(1996) increased the column surface through etching with saturated so-
lution of ammonium hydrogen difluoride.
But column surface itself is not sufficient; it is the coating of that surface
by attaching functional chemical groups that will yield chromatographic
separations. The most commonly used coatings are silanols, such as oc-
tadecylsilanes, C18, (Tsuda et al., 1968) and octylsilanes, C8, as briefly
mentioned in section 2.2, citing Dolan and Snyder (1989).
All the methods of surface increase described before are therefore asking
for a second step during which this retentive layer, the stationary phase,
is fixed to the column surface.
A very elegant way of combining surface increase with stationary phase
coating for open-tubular (OT) liquid chromatography as well as OT elec-
trochromatography was shown by Guo and Colon (1995), Constantin and
Freitag (2000) and Constantin et al. (2001). Their approach consists in
using sol-gels. In theory, this technique allows for the coating of the
column wall with a porous silica hybrid gel containing already the re-
tentive functional groups. For the present device, two different methods
for column surface coatings were used:

• Liquid-phase coating of C8 or C18

• Sol-gel technique yielding an increased surface with C8 coating

3.3.1 Liquid phase C8 or C18 coating

The procedure for the liquid phase coating C8 or C18 was performed
according to Kováts (2004). Chemicals were gratefully provided by
Zeochem.
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3.3 Stationary phase coating of microcolumn

The column preparation was done by treating with 1M NaOH solu-
tion for 1 h, then flushing with de-ionized water for 10min and sub-
sequently drying with argon for 15min. This shall maximize the cov-
erage of OH groups on the column surface. For the coating, the N-
dimethylaminodimethyl-octadecylsilane/octylsilane solution was applied
to the column and left to react for 10min. The column was then dried
with pressurized argon for 15min, and then flushed with pure acetoni-
trile. The post-treatment consisted in drying at 35 ◦C and 20mbar pres-
sure for 2 h and then closing the in/outlets of the chip with silicon septa.

3.3.2 Sol-gel technique

The sol-gel process is a versatile technique for making ceramic and glass
materials. Sol-gel processes involve the transition of a system from a
liquid "sol" (mostly colloidal) into a solid "gel" phase. It is possible to
fabricate ceramic or glass materials in a wide variety of forms: ultra-
fine or spherical shaped powders, thin film coatings (Shang et al., 2005),
ceramic fibers, micro porous inorganic membranes, monolithic ceramics
and glasses, or extremely porous aerogel materials, as detailed by Brinker
and Scherer (1990).
For the scope of this thesis, sol-gel is defined rather broadly as the prepa-
ration of ceramic materials by preparation of a sol1, gelation of the sol
and removal of the solvent. This section shall give a basic understanding
of the sol-gel process, without going into the details of sol-gel science,
including physics (fractal geometry and percolation theory), chemistry
(mechanisms of hydrolysis and condensation) and ceramics (sintering
and structural relaxation).

3.3.2.1 Theoretical aspects

Hydrolysis and condensation In the sol-gel process, as described
by Constantin and Freitag (2000), precursors (starting compounds) for

1a sol is a colloidal suspension of solid particles in a liquid.
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A). B).

Figure 3.7: The most common used precursors: A) Tetramethoxysi-
lane TMOS, B) Tetraethoxysilane TEOS.

preparation of a colloid consist of a metal or metalloid element sur-
rounded by various ligands (appendages not including another metal
or metalloid atom (figure 3.7). In the sol–gel approach metalorganic
monomers (often alkoxysilanes) are polymerized. At the functional group
level, three reactions can be used to describe the process (figure 3.8).
The first reaction corresponds to the hydrolysis of a liquid precursor
(monomer), commonly an alkoxysilane. Alkoxy groups are replaced by
hydroxyl groups and form silanol groups (SiOH) under release of alcohol.
The silanol groups are highly reactive and condense readily with other
alkoxysilanes (reaction 2) or with each other (reaction 3). As a result, a
siloxane bond (Si–O–Si) is created and one molecule of alcohol respec-
tively of water is released. Subsequent hydrolysis and condensation reac-
tions form first a colloidal solution (sol) and finally a three-dimensional
network (gel). This gel is nor longer fluid; however it shows elasticity
when under mechanical stress.

Gelation The hydrolysis and condensation reactions discussed in the
previous paragraph lead to growth of clusters that eventually link to-
gether into a gel. The simplest picture of gelation are clusters grown by
condensation of polymers or aggregation of particles; links form between
the clusters to produce a single giant cluster that is called gel. Progres-
sively connecting clusters increase the stiffness of the gel. The sudden
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3.3 Stationary phase coating of microcolumn

Figure 3.8: Reactions involved in forming a three-dimensional poly-
mer network by the sol–gel technique (Constantin and Freitag, 2000).

change in the rheological behavior is generally used to identify the gel
point in a basic way.

Aging Aging a gel before drying strengthens the network and thereby
reduces the risk of fracture. This change during aging after gelation is
categorized into polymerization, coarsening and phase transformation.
Polymerization is the increase in connectivity of the network produced
by condensation reactions, coarsening is the process of dissolution and
reprecipitation, which is driven by differences in solubility between sur-
faces with different radii of curvature. This may result in a loss of surface
area, and stiffening through growth of interparticle necks. Phase trans-
formation includes phenomena such as separation of the solid phase from
the liquid phase on a local scale, segregation of liquid into two or more
phases or crystallization.

Drying Synersis is the shrinkage of the gel network resulting in expul-
sion of liquid from pores. The process of drying of porous material can
be divided into two main stages. First the body shrinks by an amount
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equal to the volume of the evaporating liquid, with the liquid-vapor in-
terface remaining at the exterior surface of the body. The second stage
starts when the body becomes too stiff to shrink and the liquid recedes
into the interior, leaving air-filled pores near the surface.

3.3.2.2 Application of sol-gel technique

Different procedures corresponding to different sources (Constantin and
Freitag, 2000; Constantin et al., 2001; Guo and Colon, 1995) were tried.
The basic components are shown in table 3.4. C8-TEOS and TEOS were
from Reactolab, all other chemicals from Fluka. De-ionized water is
processed in-house.
The column was pre-treated with 1M NaOH solution for 1 h, washed for
10min with de-ionized water, and dried wtith argon for 15min. Then C8-
TEOS (0.282ml), TEOS (0.5mL) and ethanol (0.177ml) are mixed and
briefly vortexed. Water (0.052ml) and HCl (1M, 0.053ml) are added,
the solution again vortexed for 1min at 2500 rpm and allowed to react
for additional 10min. This sol-gel solution is pushed into the column
and allowed to stay for 10min. Then the column is flushed with argon

name molecular formula and
chemical structure

octyltriethoxysilane (C8-TEOS) C14H32O3Si

tetraethoxysilane (TEOS) C8H20O4Si

Table 3.4: Sol-gel coating precursors for C8 stationary phase
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Figure 3.9: SEM picture taken with a tilt of a sol-gel coated column
wall. The average sol-gel layer thickness was estimated to be around
0.3µm.

for 5min at 5 bar. The chips are dried at 35 ◦C at 20mbar during 2 h
and subsequently flushed with acetonitrile (5min) and NaOH (10min).
The final drying step was again 2 h at 35 ◦C and 20mbar.
The results of the coating in terms of separation power of the column
are discussed in chapter 4. Figure 3.9 shows a SEM (scanning electrode
microscopy) picture of a coated column wall.

3.4 Connectivity and actuation

A crucial aspect of microfluidic setups is the interconnection between
the chip, electronics and fluidics, which are frequently cumbersome and
the starting point of a large number of problems related to the lab-on-
a-chip technology. Conventional tubing and interconnection techniques,
as well as valves and pumps, often present dead volumes that are orders
of magnitude larger than the total volume of the microfluidic channels
on the chip itself. Two main strategies tend to minimize those dead vol-
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(waste)

Figure 3.10: Image and schematic view showing the PEEK chip
holder with the printed circuit board for signal acquisition and the
ETFE flangeless fittings providing liquids from the bottom through
o-ring sealed interconnections. Visual access to the chip is guaranteed
through the plexiglass covering fixation part.

umes. A first approach consists of integrating on the microfluidic chip
those parts responsible for dead volumes, as for example check valves.
The inconvenience of a maximized integration is an important increase
in fabrication complexity, as illustrates the complicated on-chip mono-
lithic polymer check valves shown by Unger et al. (2000) or Hasselbrink
et al. (2002).
Because controlled fluid pressures rather than flow rate, were essential for
proper operation of the experimental set-up, it was more efficient to use
pressurized reservoirs for both sample and mobile phase delivery, provid-
ing precise pressure control as opposed to pumps (figure 3.10). Sample
and mobile phase were contained in separate 100ml glass bottles using
fluid distribution caps with threaded flat-bottom ports (Bohlender).
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The liquid pressure was controlled by varying the pressure in the head-
space over the liquids using pressurized air, with control of the gas pres-
sure assured by a manual high-precision pressure regulator and precision
gauge over a range of 0 − 1.5bar (Marsh Bellofram). For most ex-
periments, the system was operated between 300mbar and 1500mbar,
with 500mbar to 1000mbar being typical. The precision was of 1mbar
controlled by a digital pressure indicator. In the present setup this is
equivalent to a flow velocity precision of 1µm s−1.
Fluid delivery lines and connectors, Teflon R© tubing and ETFE flangeless
fittings, respectively, were obtained from Upchurch Scientific. Fluid
flow was controlled by normally closed solenoid isolation valves (Bio-
Chem Valve /Omnifit). The valves were actuated using solid state
relays controlled by logic signals emanating from the data acquisition
board (PCI-DAS6014 D/A-A/D-DIO board, Measurement Comput-
ing). For data acquisition and system control, a LabVIEW R© virtual
instrument (VI) manager was written using the appropriate drivers for
the data acquisition board as supplied by the manufacturer.

3.5 Sampling method

An adequate injection technique that is fully integrated and reliable, not
requiring a syringe pump to load the chip, is of highest importance to
a device that is meant to accomplish multiple, subsequent samplings.
Furthermore a robust sampling method from a macroscopic flow is re-
quired. In reference to the first point, on-chip injection methods in pres-
sure driven systems that have been reported in the literature have used
a double-T junction type microfluidic design that emulates the usual
HPLC injector loop, that also has been subject to optimization efforts
(Chervet and Ursem, 1996; Vissers et al., 1996). In this design, an in-
jection plug of fixed volume is contained in the main channel segment
between the two side branches. This requires the use of syringe pumps or
a standard HPLC injection valve, as for example shown by Manz et al.
(1990b), McEnery et al. (2000a) or O’Neill et al. (2001).
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Verheggen et al. (1988) introduced the T-injection which allows for fixed-
volume pressure-driven plug injections. This has been extended and
studied for electrokinetic plug injections (Ocvirk et al., 2000), with dou-
ble and triple T-injection (Fu et al., 2002; Sinton et al., 2003b). However,
it is difficult to assure repeatability using this technique, as the confining
segment is easily overflowed, and the extremely low flow rates for sam-
ple loading are difficult to obtain. An improvement in terms of injection
plug control is the so-called pressure-pinched injection, where the con-
tinuous analyte flow is compressed at the injection cross from either side
by side streams of mobile phase, in order to minimize the volume while
at the same time obtaining reproducible injection plugs, as shown by
Bai et al. (2002b) and Sinton et al. (2003a). This design relies on very
delicate balancing of flow rates to work properly. A variation on this
theme was the pressure pinched injection devised by Vahey et al. (2000),
where the flow scheme allows a variable plug length to be injected into
the separation channel, and electrokinetic focusing shown by Fu et al.
(2003) and Ren et al. (2003). Again, a delicate flow rate balance must be
maintained. Another interesting method is the so-called pressure-pulse
injection developed for electrophoretic microchips by Solignac and Gijs
(2003) or the impulse-based nanoinjector with a solenoid-based microp-
ump presented by Gorbounov et al. (2003). Lee et al. (2003) presented
a microinjector based on a fused glass microneedle and a PDMS-based
microvalve.
A peculiarity of all these systems is, that, before and after plug injection,
the flow of the analyte is stopped. This may lead to different, hardly
controllable phenomena such as diffusion related concentration changes
or even precipitation of the analyte under certain conditions.
The injection method introduced here is very simple but nonetheless ro-
bust, based on continuously flowing analyte and mobile phase streams.
A gated injection approach is proposed, whereby the confluence of two
laminar flows at an injection cross can be made to exclude the analyte
from entering the separation column by the mobile phase stream, which
exclusively flows in this channel, until an intentional perturbation in the
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flow rate of the latter allows the former to enter. This technique has
been employed in plug formation on electroosmotically driven microflu-
idic chips, where voltage switching is used to gate the injection, and is a
well known injection method for chip-based electrophoretic separations,
as shown by Jacobson et al. (1994, 1999) and Ermakov et al. (2000), and
as well as by Rocklin et al. (2000), Slentz et al. (2002) or Fu and Lin
(2003), who called it double-L injection.
In the present thesis, perturbation of driving pressures is used to create
repeatable injections with injection volumes dependent on the duration
of the pressure change and the flow velocity.
A further point to be addressed is representative sampling. Rapid re-
newal as well as purging of sample inlet lines to the chip is of paramount
importance for obtaining representative samples in on-line analysis of
microreactors and macro-scale reactors, and to eliminate cross-talk be-
tween samples. In order to accomplish this, it is necessary to design the
system so that meso-scale flow rates (tens of microliters to milliliters per
minute) of fresh sample liquid can pass by the inlet leading to the on-chip
injector, where fresh aliquots can be drawn from the stream. To this end,
a flow-through strategy for sample and mobile phase introduction was
conceived, permitting continuous or intermittent flow of fresh sample
stream on to the chip, with injection of an aliquot of the sample stream
executed in a periodic or random fashion. Large flow-through channels
(200µm×1mm×5mm) permit sample and mobile phase streams to flow
either separately or simultaneously on the chip. This sampling approach
has found precedent in microfabricated electrophoretic devices, in the
work by Lin et al. (2001), Chen et al. (2002), Wang et al. (2005) and
Büttgenbach and Wilke (2005), but has not been attempted for chip-
based LC.
The design principle of the injection system calls for sample and mo-
bile phase inlet channels to intersect orthogonally, with the sample inlet
channel continuing as the separation channel after the intersection. Fig-
ure 3.11 shows a schematic of the device. Large-bore flow-through inlets
(A, M) are connected to reservoirs with applied pressure P1, containing
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V3 V4
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mobile phase

cleaning

P0 (waste)

A1/2   analyte flow-through inlet/outlet
M1/2   mobile phase flow-through inlet/outlet
D   detection electrodes
O   outlet port
1   injection cross
2    bypass channel
3   separation column
V1...4   valves
P1   applied pressure
P0   atmosph. pressure

A1 O

D

M1

A2

M2

1

2

3

20mm

20mm

Figure 3.11: Photo of a finished chip showing large flow-through
channels flanking the bypass and separation channels, with electrical
contact pads deployed on the right side of the chip. Schematic of the
chip showing salient features of microfluidic network. The inset shows
flow separation of the analyte streams (from left) and mobile phase
streams (from bottom) in the injection cross, making possible gated
injection.
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analyte and mobile phase respectively, while outlet (O) of the microflu-
idic manifold is connected to atmospheric pressure. Segment 3 is the
separation column while segment 2 is the analyte bypass channel. These
channels intersect with the flow-through inlets A and M, and access fluids
flowing through them. The liquids are driven by the resulting pressure
drop from the point of intersection with A and M to the outlet O. A
higher flow resistance in the separation column compared to that of the
bypass channel causes the analyte flow to divert into the bypass channel,
while the mobile phase is forced to flow into the separation channel due
to the inability of streamlines to cross in laminar flow. Mobile phase
can also flow into the bypass channel, and the ratio of analyte to mobile
phase flowing in this branch is controlled by the fluid pressures. A con-
tinuous flow of part of the mobile phase into the bypass channel screens
the separation column from the analyte, thus preventing analyte from
flowing unintentionally into the separation column, either by diffusion
into the mobile phase at the injection cross or by small pressure varia-
tions at the inlets (Figure 3.11, inset).
Pressure variations in either stream will result in a change in the flow
rate ratio. To engender plug injection into the separation channel, a
reduction of the mobile phase flow rate by intentional momentary re-
lease of the pressure, or by constriction of the flow, will allow analyte
stream to begin flowing into the separation channel. Conversely, a higher
overpressure in the analyte stream can cause the mobile phase to recede
and overtake its flow down the separation channel. The duration of the
pressure perturbations will define the injected plug length and thus its
volume.
Two different methods were used to accomplish this and are further ex-
plained in the two following sections:

• Opening of an isolation valve (V4) connected to the flow-through
tubing downstream of the chip, releasing hydrostatic pressure in
the mobile phase line.
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• Local heating in the analyte or mobile phase stream in order to
generate a bubble that momentarily changes the pressure distribu-
tion.

Simultaneous opening of both isolation valves V2 and V4 is used for
the optional washing cycles. If one wishes to change analytes or mobile
phases, the pressurized reservoirs are simply disconnected and exchanged
via the manual switching valves (V1 and V3). When the new reservoirs
are connected, a washing cycle can be carried out. This takes from a few
seconds (only analyte change) up to a few minutes (analyte and mobile
phase), depending on the chosen flow rate.
This method for continuous pressure-driven analysis on a chip, using a
bypass channel and gated injection by momentary flow pattern varia-
tions, has been patented, in collaboration with Scott E. Gilbert, founder
and president of Crystal Vision Microsystems LLC. (Schlund and
Gilbert, 2004).
The following sections will show two implementations of this sampling
method.

3.6 Thermal plug injection

In order to generate a momentary pressure distribution change in the
microfluidic system, a mechanism for local heating and bubble genera-
tion, thus thermal plug injection, is integrated onto some of the devices
developed, and has been characterized in the frame of the present work.
To this end, a thin-film platinum resistance (heater) is deposited by lift-
off during the same processing step as the detection electrodes. Heating
at sufficient rate shall then generate a bubble that modifies the flow
behavior. Figure 3.12 shows the basic principle of this plug injection
technique. To obtain such behavior, one has to look further into bubble
growth mechanisms.
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Bubble growth maximum volume

bubble collapseinjection
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Figure 3.12: Schematic view of the injection cross during thermal
injection. (a) normal flow pattern, (b) beginning of the current pulse:
nucleation of a bubble, (c) the bubble has expanded to its maximum
size, (d) the bubble starts to collapse, (e) during bubble collapsing the
analyte starts to inject into the separation column, (f) the bubble has
completely collapsed and the normal flow pattern is resumed.

3.6.1 Bubble growth mecanisms and heater element

Homogeneous and heterogeneous nucleation Bubble growth can
occur either by heterogeneous nucleation or by homogeneous nucleation,
as illustrated in Viisanen et al. (1993). One one hand, heterogeneous
nucleation occurs when a bubble is formed from a pre-existing nucleus
on the surface. It is difficult to know the characteristics of such nuclei,
and thus this process is complicated to predict. On the other hand,
evaporation in the interior of the liquid is called homogeneous nucleation.
This appears when the liquid is heated at very fast rate (Deng et al.,
2003) give a value of 6× 106 ◦Ks−1). To reach homogeneous nucleation,
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the liquid goes through supercritical fluid state and nucleates around
270 ◦C (Deng et al.).

Required power The bubble volume depends on numerous parame-
ters, in particular on the channel geometry. With channel dimensions
of 50µm (width) ×5µm (height), initial tests showed a typical maxi-
mum bubble volume of around 3 × 105 µm3. Assuming the conditions
proposed by Deng et al. and applying them to the present channel ge-
ometry, the bubble generation time as well as the required power can
be calculated. Taking the law of perfect gases and knowing that the
bubble’s maximum expansion is at Tmaxvol = 75 ◦C and the pressure of
the bubble, pbubble = 1bar, one can determine the liquid’s mass of the
bubble volume:

mbubble = Mliquid
pbubbleVbubble
RgcTmaxvol

(3.13)

With Mliquid = molar mass, Vbubble = bubble volume and Rgc = gaz
constant. As first approximation, the liquid considered is pure water,
knowing that the mobile phase used for the chromatographic separations
will contain an important amount of water. Hence the required energy
for bubble generation is given by:

E25→270◦C = (cp,water ·∆T + Lh,water) ·mbubble

∆T = 245◦C (temperature difference)

cp,water = 4.1 · 103J kg−1 K−1 (specific heat capacity)

Lh,water = 2.26 · 106J kg−1 (latent vapor heat)

(3.14)

Together with the minimum rate necessary to reach homogeneous nucle-
ation, one obtains following numbers:

t25→270◦C =
∆T

6 · 106
= 41µs (3.15)
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and thus the required power:

Pbubble =
E25→270◦C

t25→270◦C
= 0.015W (3.16)

Efficiency factor The applied power only marginally transfers into
the bubble, while the major part is dissipated in heating the surrounding
liquid and the chip. This is taken into account by the efficiency factor
Ke < 1. Experimental and theoretical studies by Hong et al. (2004) with
a similar setup as presented here showed that only a very small fraction
of about 6% of the energy transmitted to the liquid is actually used for
the evaporation. This value will be considered for further calculations.
The second limitation to the actual energy transmission is the absorption
by the sourrounding substrate, as the heater element is deposited on the
bottom part of the microfluidic channel. Taking into account the thermal
conductivity of the liquid (water) and the substrate (glass), one can
assume that around 2

3 of the dissipated energy flows into the substrate
and only 1

3 is directly absorbed by the liquid.

Pbubble = Ke ·
1
3
· Pliquid = 0.015W

⇒ Pliquid = 0.75W
(3.17)

In order to have some reserve, a power of 1W was considered for the
heater design. Assuming a total DC bias of 30V and maximum current
of 100mA, together with the applied power of 1W, the heater’s electrical
resistance has to reach a value of 100Ω to dissipate the desired amount
of heat. For fabrication reason, the heater element’s parameters were
chosen as shown in table 3.5.

Maximum temperature It is important to note that, once the liquid
is evaporated, almost all the heat still dissipated by the heater element
will flow into the substrate, as the thermal conductivity of water vapor is
approximately 1000 times lower than for liquid water. Hence one should
consider a maximum current pulse length in order to not overheat the
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parameter value
material Ti/Pt (20 nm/200 nm), same as the detection elec-

trodes.
feature size width 5µm (photolithography limits) and length

therefore 500µm, as the Pt sheet resistance is ap-
proximately 1 Ω/�.

implementation the total length of the heater was folded into a
serpentine-like element.

Table 3.5: heater element characteristics

substrate. This can be calculated by solving the heat equation according
to Widder (1975):

dT

dt
=

κ

ρcp

dT

dx2
(3.18)

With κ the thermal conductivity, ρ the density and cp the specific heat
capacity. In a semi-infinite solid initially at a temperature T = T0 with
a constant power applied on the surface at x = 0 and from time t = 0
on, equation 3.18 has following boundary conditions:

T (x, 0) = T0

dT (x, t)
dt

=
1
κ
· Ptot
A

with:
Ptot
A

power per unit surface

(3.19)

which yields the following solution:

T (x, t) =
2Ptot ·

√
αt
π

κA
· exp

(
− x2

4αt

)
− Ptot · x

κ ·A

(
1− erf x

2
√
αt

)
+ T0

(3.20)
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Where erf(x) is the Gauss error function given by:

erf(x) =
2√
π

∫ x

0

e−t
2
dt (3.21)

Hence the maximum temperature Tmax is given by:

Tmax = T (x, t)|x=0 =
2Ptot ·

√
αt
π

κ ·A
+ T0 (3.22)

Putting in the numbers yields the maximum pulse length allowed before
the substrate overheats:

Aheater = 7.71 · 10−4

√
t

Tg − 25
⇒ tpulse,maximum = 20µs (3.23)

With Tg the glass transition temperature of the substrate.

3.6.2 Electrical driving circuit

In order to obtain sufficient power on the heater element, a push-pull
circuit was used to amplify the current of a function generator signal.
An AC signal is applied in order to prevent eventual electrolysis and
fouling of the heater element which could occur in the case of a DC bias.
This circuit is a class-B amplifier: only one transistor conducts at a time
while the other is blocked. When the input voltage is high, the NPN
transistor conducts while the PNP is blocked and vice-versa (Figure
3.13). The advantage of the circuit is that when there is no input signal,
no transistor conducts and there is no power dissipation. The two diodes
are used to eliminate crossover distortion. The resistances are used as
current source and to improve the output linearity.

3.6.3 Bubble volume

As described above, the volume of the bubble is related to the energy
dissipated in the heater. However, if nucleation occurs before the end
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Rheater

Figure 3.13: A push-pull circuit is used as power amplifier. The
circuit is a class-B amplifier, each transistor conducts half of the time
while the other is blocked. It consists of one NPN and one PNP tran-
sistor and two diodes for base-emitter bias compensation. The two
resistances limit the signal distortion.

of the current pulse, the volume reaches a maximum expansion, as the
heat transfer is nearly stopped at the bubble nucleation due to the very
low thermal conductivity of the vapor.
In order to predict this volume, it is necessary to know the dissipated
power in the liquid given the applied voltage Û , the total electric resis-
tance Rtot and the heater resistance Rh:

Pliquid =
Aheater
Atot

κliquid
κliquid + κsubstrate

(
Rh

Rtot

Û√
2

)2

Rheater
(3.24)

with Aheater

Atotal
being the fraction of the surface covered by the bubble and

the effective heater surface. Finally one can calculate the bubble’s mass
and volume, knowing the energy and using the perfect gas law:
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mbubble =
Ebubble

(Tnucl − Tamb) · cp,liquid + Lh,water
(3.25)

Vbubble =
mbubble

Mliquid
·Rgc · TmaxV ·

1
Patm

(3.26)

with cp the specific heat capacity, Lh,liquid the latent vaporization heat,
R the gas constant, Mliquid the liquid molar weight and Patm the atmo-
spheric pressure. Putting the numerical values Û = 10V, κ = 0.063, Atot =
3200µm2, Aheater = 1200µm2 yields:

Vbubble = 6.55 · 105 µm3 (3.27)

3.6.4 Experimental results

For the characterization of the thermal plug injection, a prototype chip
was fabricated using a Pyrex R©. substrate with Ti/Pt electrodes (20 nm/
200 nm thickness) and channels patterned in a overlaying, 10µm thick
SU-8 layer. The channels were then sealed by clamping a PDMS (poly-
dimethyl siloxane) layer onto the top of the chip. Plug length and thus
plug volume was characterized as a function of the fluidic and electric
parameters. The repeatability of the injected plug’s length and therefore
size on one chip was excellent, but differed significantly from one chip
to another, due to fabrication tolerances. For all characterizations, plug
length was measured rather than plug volume, knowing that they are
linearly dependent.

3.6.4.1 Bubble behavior

During the experiments, the bubble behavior matched theoretical pre-
dictions. The growth and collapse occurred in times in the range of a
microsecond. However, instead of a fast and complete collapse, it was
observed that a thin bubble remained for a much longer time (hundreds
of milliseconds) and blocked the flow (Figure 3.14). The duration of this
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3. Miniaturized continuous sampling device

(a) (b) (c)

(d) (e) (f)

Figure 3.14: Bubble growth and collapse: (a) no current through the
heater, (b) several µs after the pulse beginning, the bubble is at its
maximum volume, (c) at t = 200ms, (d) at t = 600ms, (e) at t = 1 s,
(f) at t = 5 s. Channel dimensions are 50µm width and 10µm height.

phenomenon depends on the liquid pressure, thus related to the flow rate,
and the dissipated power, which therefore allows a controllable plug in-
jection.
The bubble length at maximum expansion was found to be around
150µm and thus the bubble volume around 7.5 · 105 µm3, which is in
good agreement with the theoretical values found above.

3.6.4.2 Dryout

Normally a thin layer of liquid always separates the bubble from the wall.
However, when the heat flux between a heated surface and a liquid is
larger than a critical value (critical heat flux), the liquid cannot recover
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3.6 Thermal plug injection

the surface. If dryout takes place, a fraction of the vapor contained in
the bubble will be directly in contact with the channel wall.
When the bubble then collapses, it does not have sufficient energy to
break the surface of the meniscus and the complete collapse can only be
assured by cooling down and subsequent condensation of the vapor. It
was observed that the dryout occurs on all wall surfaces near the heater,
so that the remaining bubble obstructed the channel momentarily and
thus generated the plug injection. This phenomenon is indeed the key
to this injection method. The meniscus formed is strongly attached to
the surface, a phenomenon strongly related to the surface’s roughness.
Figure 3.15 illustrates the dryout phenomenon, the difference of collapse
between a situation where dryout does not occur and when there is
dryout. One can see that when dryout occurs, a thin plug of vapor
remains. This remains in the channel for several hundreds of milliseconds
(cf. figure 3.14c) and generates the plug injection.

(a)

(b)

no dryout

dryout

Figure 3.15: Dryout phenomenon. Due to the shockwave and the
extreme heat flux, the thin liquid layer between the bubble and the
channel walls evaporates and the vapor is directly in contact with the
walls. (a) and (b) show the difference of collapse between a bubble
without dryout (a) and a bubble with dryout (b). When there is
dryout, a meniscus is formed and a thin vapor bubble remains for a
several hundreds of miliseconds before complete collapse.
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3. Miniaturized continuous sampling device

3.6.4.3 Plug injection

The injection process was studied by optical and fluorescence microscopy.
The injection technique worked finely and was conform to the theoreti-
cal predictions. Plugs were injected controllably and the generated bub-
ble always collapsed. The smallest plugs created were approximately
105 µm3 or 100 pl (cf. paragraph 3.6.4.5), which is less than 0.2 % of the
total separation column volume. A fluorescence microscopy of one plug
injection sequence is shown in figure 3.16.

(a) (b)

(c) (d)

Figure 3.16: Fluorescence microscopy of a plug injection at the
injection cross. The analyte is a saturated fluorescein solution, the
mobile phase de-ionized water and not visible. (a) normal flow pattern,
(b) the bubble has formed and is already collapsing, the analyte flows
into the separation column, (c) the bubble has completely collapsed,
the normal flow pattern is resumed and (d) the plug flows through the
separation column. The column depth is 10µm and width is 50µm.
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3.6 Thermal plug injection

3.6.4.4 Heater damage

In other systems using thermal bubble generation, such as thermal inkjet
printers, the heater element is covered by a protection layer (generally
tantalum) conceived to protect the metal from cavitation damage. Cavi-
tation occurs when bubbles rapidly collapse. It may cause severe damage
to the surrounding components as a result of shockwaves. This process
typically happens in large scale pumps or propellers when the liquid pres-
sure falls below the liquid’s vapor pressure. In the case of the heater, a
similar phenomenon due to the rapid collapse of the bubble is observed.
High temperature and heating rate during short lapse of time also cause
the platinum to be damaged. The damage is highly dependent on the
pulse’s electrical power and duration. The experiments showed never-
theless that the heater can support several hundred pulses before the
lead is interrupted.

3.6.4.5 Influence of power density and pulse duration

Serpentine-shaped heaters with 4 and 8 turns (cf. figure 3.14 for a 4-turn
heater) were tested under different conditions. Their respective electrical
resistances were measured as being:

4-turn heater + access pads: R4−turn = 71 Ω

8-turn heater + access pads: R8−turn = 108 Ω

Without considering the access pads, the 8-turn heater resistance should
be exactly twice the one of the 4-turn heater. Therefore, one can esti-
mate an access pad resistance of 34Ω, and thus resistances of 37 Ω and
74 Ω for the 4-turn and the 8-turn heaters respectively. Consequently,
the power density is 4 times more important in the small heater than in
the larger at same applied voltage.
This difference in power density has an influence on the heating rate.
Therefore, homogeneous nucleation is more likely to occur on the small
heater, which was experimentally observed. These observations addi-
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Figure 3.17: Plug length as a function of pulse duration, and various
frequencies.

tionally confirm the advantageous character of homogeneous vs. hetero-
geneous nucleation. The bubble growth was less regular and controllable
on the large heater and bubble did not collapse completely, yielding un-
reliable injections.

3.6.4.6 Influence of frequency

The driving voltage of the heater element is an AC signal in order to
avoid hydrolysis and fouling. Numerous experiments were run to study
the influence of signal frequency on the bubble length and thus volume.
Frequency ranged from pure DC up to 100 kHz, while the pulse duration
was maintained at a constant value. On figure 3.17 one observes that
the frequency has a complex influence on bubble length:
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3.6 Thermal plug injection

• Frequency does not significantly change the length of the bubble,
the effect is minor and the general trend remains the same for all
the curves.

• High frequencies increase the bubble size, whereas a low frequency
creates shorter bubbles. This is attributed to the fact, that at
higher frequency the heater element cannot cool down between the
pulses as much as at lower frequencies.

• However, DC signal also seems to increase the length of the gen-
erated bubble. This is most probably due to additional bubble
volume formed by electrolysis.

3.6.4.7 Influence of flow rate
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Figure 3.18: Minimum pulse duration to start injection as a function
of pressure (and thus flow rate)

If the hydraulic resistance remains constant, pressure is proportional
to flow rate. Thus the length of the plug increases linearly with pressure
for a constant voltage and pulse duration. However, high pressure (=
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3. Miniaturized continuous sampling device

high flow rate) tends to compress the bubble and therefore accelerates
its collapse. During experiments, it was observed that a higher pressure
increased the minimal pulse duration to inject a plug.
The results shown in figure 3.18 indicate that flow rate has a linear
influence on plug length. Moreover, one can observe that compression
on the bubble surface has indeed little influence on its breakup. This
indicates that the collapse of the bubble is rather influenced by surface
roughness or temperature/pressure gradient than by pressure.

3.6.5 Conclusions

Plug injection by bubble nucleation is working fine. Experiments showed
the importance of working at sufficiently high heat rates of above 6 ×
106 ◦Ks−1 to reach homogeneous nucleation.
The bubbles always completely collapsed at homogenous nucleation,
whereas in the case of heterogeneous nucleation, numerous problems
yielded unrepeatable injections. Furthermore, the bubble collapse and
the dryout phenomenon were in agreement with the theoretical predic-
tions. Characterization showed that the plug volume can be reliably
varied by controlling the pressure and by modifying the pulse duration
and/or the power. Finally, plugs as small as 105 µm3 (100 pl) were in-
jected in the separation column. However, the drawback of this method
is the heater element damage and the overall heating of the device which,
depending on the application, may not be desirable. Heater damage
could be solved by adding a supplementary protection layer such as tan-
talum. However, it would require additional fabrication steps which
raises complexity and cost. Moreover this method is very dependent
on fabrication tolerances of the column height and the electrode heater
element, and showed important differences of the repeatability between
different devices.
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3.7 Pressure-drop plug injection

3.7 Pressure-drop plug injection

Gated plug injection by heat generated bubbles may work correctly, it
nevertheless presents inherent disadvantages such as long-term instabil-
ity and heating of the device. The pressure-drop method presented in
this chapter takes advantage of the entire system with its four valves, of
which two are electrically actuated.

P1

V1 V2

V3 V4

analyte

mobile phase

cleaning

P0 (waste)

M1 M2

V4

V4

V4

(a)

(b)

(c)

Figure 3.19: Schematic view of the injection cross during pressure-
drop plug injection, the inset shows the three phases during the plug
injection(a) normal flow pattern, (b) isolation valve V4 is open and
analyte is flowing into both, separation column and mobile phase inlet
channel, (c) V4 is closed again and normal flow pattern is reestablished.
Simultaneous opening of isolation valves V2 and V4 is used for purging
of the flow-trough channels.
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Figure 3.19 shows the scheme of the pressure-drop injection setup. By
opening the isolation valve V4 after the flow-through channel of the mo-
bile phase (V3 →V4), the fluidic pressure in the mobile phase inlet is
dropping, and therefore changing the flow pattern in a way to allow the
analyte flowing in both the separation column as well as backwards into
the mobile phase inlet, creating the later injected plug. Reestablishing
the initial flow pattern by closing again the isolation valve V4 pushes the
analyte plug into the separation column. This mechanism has the ad-
vantage of not altering the temperature on the chip and of being highly
repeatable.

3.7.1 Plug injection

The entire system turned out to be very robust and simple to handle.
Flow injection tests were carried out a priori with two liquids containing
different food dyes in order to visualize the functionality of the design.
For quantization of injection repeatability, two methods have been used,
optical measurements using fluorescent dye for the analyte and ampero-
metric detection using phenol as analyte.

3.7.1.1 Optical measurements

Plug injection reproducibility as a function of injection time and applied
pressure (or mean flow velocity) was measured using a CCD camera and
fluorescent analyte (saturated fluorescein solution at pH = 9.0). Visual
observation is shown in the sequence of fluorescence micrographs pre-
sented in figure 3.20.
Integration of the fluorescence intensity allowed to determine the quan-
tity of the injected analyte. In order to have sufficient analyte intensity,
fluorescence and subsequent amperometric measurements were carried
out using chips with microchannels of 10µm depth and 50µm width.
These measurements showed a relatively good repeatability and a linear
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3.7 Pressure-drop plug injection

(c)(b)(a)

Figure 3.20: Fluorescence micrograph sequence of pressure-driven
gated injection: (a) fluorescing sample stream diverted into bypass
channel; (b) pressure release on mobile phase stream causes retreat of
the latter, allowing sample stream to flow into the separation channel
(towards the right); (c) detachment of the sample plug when the mobile
phase stream flow is re-established after the pressure perturbation.
The column depth is 10µm and width is 50µm

behavior of the plug volume vs. the injection time. Nevertheless, as one
camera pixel corresponds to 4.1µm2, this is a major source of error.

3.7.1.2 Amperometric measurements

For verification of the fluorescence measurements, amperometric detec-
tion of single component analytes were analyzed (Amperometric detec-
tion is further explained in section 3.8). Peak areas of 5 consecutive
samples with 4 different injection times each were analyzed and con-
firmed the fluorescence data. For visualization reasons, figure 3.21 only
shows the peaks of three consecutive plug injections of 5mM phenol and
illustrates the repeatability of the plug injection. The valve was opened
for 1000ms at each injection. Figure 3.22 shows the linear trend of the
plug volume vs. the applied pressure drop (flow rate) confirms the ob-
servations made during fluorescence measurements. Repeated injections
of analyte and its detection showed volume variations of less than 5%,
which finally resulted in peak area reproducibility error of less than 1%
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Figure 3.21: Comparison of 3 samples by amperometric detection.
Stationary phase: Sol-Gel C8. Mobile phase: H2O and acetonitrile
(ACN) (70:30, v/v). Analyte: 5mM phenol. The injection time was
always 1000ms and the pressure drop across the setup was 1000mbar.
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Figure 3.22: Plug volume as a function of the applied pressure drop
(flow rate). The data is from 5 samples with 4 different injection times
each. The reproducibility error is lower than 5% (error bars). Channel
depth is 10µm, width is 50µm
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3.7 Pressure-drop plug injection

standard deviation. This is comparable to electrokinetic gated injection,
where errors of 0.5% standard deviation has been shown (Jacobson et al.,
1999)

3.7.2 Fluid dynamics of pressure-drop plug injection

To measure the influence of injection time on plug volume, phenol was
injected at a concentration of 5mM into a mobile phase stream consisting
of H2O/acetonitrile (ACN) (90:10,v/v). Peaks were recorded for various
injection volumes of 200, 500, 1000 and 1500ms corresponding to 70, 175,
350 and 525 pl. An overlay of the single peak chromatograms recorded
for each injection volume is shown in figure 3.23. Reasonably Gaussian
peak shapes are evident, with increasing tailing for larger plug volumes.
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Figure 3.23: Example of different injection times. Stationary phase:
Sol-Gel C8. Mobile phase: H2O and ACN (90:10, v/v). The pressure
drop was 1000mbar. Analyte: 5mM phenol. 4 injections with different
injection times are compared.
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This point is addressed in chapter 4. For injection times up to 1000ms
(350 pl), the peak heights increased linearly. Above 350 pl, peak heights
appear to quickly reach a steady value in this system. This can be
attributed to two phenomena:

• Purely physical zone dispersion behavior, as observed in non-chro-
matographic flow injection systems. In such systems, the peak
maximum follows a linear dependence on sample volume up to a
point, then approaches a constant value asymptotically following
an exponential law, as shown by Ruzicka and Hansen (1981).

• Flow pattern disturbance, as the pressure distribution on the entire
fluidic network is changed during the plug injection, resulting in a
reduction of flow rate.

These two phenomena add up and finally lead to the approach of a
constant value of the plug volume.

3.7.3 Conclusions

Both injection methods, thermal as well as pressure-drop, proved to be
reliable and usable over a long period of time. However, heater elec-
trode damage and overall device heating in the case of thermal plug
injection turn out to be reasons to prefer pressure-drop injections. In
the case of pressure-drop injection, there is no improvement on the chip
level with respect to fabrication complexity , but the surrounding setup
is simplified, as this method uses the already present isolation valves.
Pressure-drop plug injection was thus used for all further experiments
with chromatographic separations.

3.8 Detection

For on-chip separation devices, one can distinguish between two funda-
mental approaches of detection; on-chip and off-chip detection; The first
method has the advantage of being integrated on the device and it thus
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Figure 3.24: Amperometric detection: On the left, a schematic view
of electron transfer at the surface of a thin-layer electrode. The analyte
passes over the electrode in the thin-layer zone containing reduced
analyte R. Oxidation to O at the electrode surface releases electrons
to the electrode surfaces. This current is subsequently recorded to
produce the chromatogram. On the right, the measurement principle
of an amperometric detector.

channel width: 50μmWRC

500μm

2000μm

Figure 3.25: Amperometric detector as implemented on chip. Elec-
trode widths are 100µm for working (W) and reference (R) electrodes
and 200µm for the counter (C) electrode.
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does not add to the entire setup volume. Off-chip detection methods
are often derived from macro-world detectors and hence are much larger
instruments. Table 3.6 illustrates the different detection methods and
their implementation for on-chip separation devices.
Electrochemical detection has inherent advantages for being integrated
onto a chip, as shown by Parriott (1993). As it is a surface sensitive
technique rather than being volume sensitive as is optical detection, it
is strictly dependent on the analyte concentration rather than on the
number of molecules present in the detector volume (Toth et al., 2004).
Thus, the detection volume can be made arbitrarily small. Especially
when considering absorbance detection the short pathlengths limit the
sensitivity. However, this can be circumvented by using multireflection
cells to increase the optical pathlength, or by using the thermal lens
approach, where the refractive index change due to heating during the
light absorption is measured, as detailed by Schwarz and Hauser (2001).
For the present device, amperometric detection was chosen for its ease of
integrability on to the chip. It is typically used in HPLC for the analysis
of organic compound separation (Girault, 2001). In contrast to elec-
trophoretic separation devices, for pressure-driven separation columns
there is no need of electrical decoupling of the driving voltage and the
measurement cell, such as shown by Osbourn and Lunte (2003) or Lai
et al. (2004).
DC amperometric electrochemical detection was accomplished using a
BioAnalytical Systems 4B-LC HPLC electrochemical detector, with the
output signal conditioned using the unit’s internal analogue low pass
filter set at a 0.3Hz cutoff to remove mostly 50Hz noise. The output
signal measured the electrochemical current as a function of time, and
peak heights in the chromatographic data are given in units of nanoam-
peres (nA). Platinum working, pseudo-reference and counter electrodes
were deposited directly in the separation channel near the exit, with the
working electrode upstream of the others. Working and reference elec-
trodes were 100µm wide, while the counter electrode’s width was chosen
to be 200µm in order to allow sufficient current injection. The electrodes
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Method Detector Implemenation
Spectroscopic fluorescence on/off-chip

absorbance on/off-chip
chemiluminescence on/off-chip
mass spectroscopy on/off-chip

Electrochemical amperometry on-chip
conductometry on-chip
potentiometry on-chip

Table 3.6: detection methods for on-chip chromatography

were spaced as shown in figure 3.25. The detection volume can be taken
as the space immediately surrounding the working electrode, and con-
sists of a volume of approximately 35 pl, or 0.1% of the total column
volume of 35 nl. Additionally this volume is also sufficiently small in
comparison to the un-dispersed minimum plug size of 100 pl, achieved
by pressure-drop injection.

Electrode fouling When working with DC voltages on detection elec-
trodes, their surface is subject to fouling. In order to overcome this
problem, pulsed amperometric detection (PAD) is the method of choice
(Girault, 2001). With PAD the detection potential is interspersed with
a cleaning and a regeneration potential with cycle periods of around
1 second. As the BioAnalytical Systems unit had no pulsed detection
capability, the applied potential was inverted after each separation for
5 subsequent periods of 5 seconds. This sequence, arbitrarily chosen,
proved to efficiently prevent the detection electrodes from fouling.

3.9 Summary

The design and fabrication of the liquid/solid chromatography chip was
described. A novel method of plug sampling was described allowing for
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continuous sampling from flowing analyte streams. The introduction
of the bypass channel avoids any stagnant fluid in the microchannels,
and thus prevents the chromatographic separation from any difficulties
through clogging or precipitating analyte due to slowly or not moving liq-
uids. Two different plug injection methods (thermal and pressure-drop)
were described and characterized. The overall system, including aliquot
sampling, electrochemical (amperometric) detection and pressure con-
trol was presented. The entire system comprising chip and chip holder
allows for a rapid cycle time for multiple analyses, exchange of analyte
and mobile phase in less than a minute, and complete cleaning cycles
within a few seconds only. Chip exchange is performed in less than a
minute by the opening and closing two screws on the chip holder.
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Chapter 4

Liquid/solid chromatography mea-
surements

Summary Chromatographic test separations are shown and the sep-
aration column’s performance is characterized and discussed. Vitamin
separations are shown as a possible application of the system.

4.1 Materials and Methods

Chemicals The mobile phase chosen for the experiments was a mix-
ture of de-ionized water and HPLC-grade acetonitrile (Reactolab).
Table 4.1 gives an overview of the chemical compounds used for the
chromatographic test separations. All compounds belong to the family
of phenols. In reversed phase chromatography, that is with a hydropho-
bic stationary phase, a molecule’s retention increases with its number of
C-H groups. For the compunds shown in table 4.1, the elution order is
therefore first uracil (unretained), phenol, dimethylphenol, trimethylphe-
nol and finally pentylphenol. All chemicals were from Acros Organics.
For analyte preparation, the phenols were diluted in the mobile phase
used for the separation. Prior to injection into the device, the analyte
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was vortexed for one minute and then filtered through a 0.2µm pore-size
Teflon R© filter in order to remove agglomerates and impurities.

name molecular chemical
formula structure

uracil C4H4N2O2

phenol C6H6O

2,6 dimethylphenol (DMP) C8H10O

2,3,5 trimethylphenol (TMP) C9H12O

4 pentylphenol (PP) C11H16O

Table 4.1: Phenolic compounds used for the chromatographic sep-
aratios. The unretained Uracil was used to determine the column’s
dead time t0 .
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Separation column Liquid phase coating of the column, as opposed
to sol-gel coatings, did not show sufficient separation power. Hence all
experiments shown in this chapter are performed in sol-gel coated col-
umn. SEM observation of the C8 sol-gel coated column showed that
the actual column height is rather 7µm than the original 5µm. This is
to be attributed to the NaOH pretreatment of the column. For consis-
tency in the experiments comparing uncoated with coated columns, the
uncoated columns did also undergo the NaOH treatment to equate the
column geometry.

Mobile phase As discussed in paragraph 2.2.2.3, the mobile phase is a
mixture of H2O and a solvent. In order to minimize the flow resistance,
acetonitrile (ACN) was chosen to be the solvent for all measurements
shown in this chapter. The mobile phase was prepared using HPLC-
grade ACN (Fluka) and de-ionized H2O (CMI, EPFL). Prior to use,
the mobile phase was degassed for 1 h and filtered through a 0.2µm
pore-size Teflon R© filter.

Amperometric detection In order to work at the maximum sig-
nal strength, cyclic voltametry was carried out to find maximum oxida-
tion/reduction currents of phenol and DMP solutions were carried out
using a Potentionstat /Galvanostat 263A from Princeton Applied Re-
search and a saturated calomel reference electrode. These led to the use
of a voltage of 1V for the amperometric detection.

Data analysis and representation As briefly mentioned in section
3.4, the data acquisition was performed with data acquisition board
and with a LabVIEW R© virtual instrument (VI). The obtained data in
textfile form was then analyzed by algorithms programmed in Matlab R©.
All separations shown in this chapter are performed by isocratic elution.
The chromatograms have undergone corrections as follows: the base-line
offset of the current signal is put to zero and any drift of the base-line
is corrected with a linear function calculated based on the slope of the

89
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base-line between the plug injection and the first peak. However, for all
chromatograms shown in this chapter, drift always stabilized after a few
minutes of running time, and was always below 0.01mV/min.
Signal disturbance due to the plug injection and voltage inversion for
measurement electrode cleaning has been removed from the final chro-
matograms. The elution time’s zero is put at the end of the plug injection
procedure.

4.2 Uncoated vs. coated column

In order to characterize the stationary phase, un-coated columns were
compared to sol-gel (TEOS/TEOS-C8) coated column under identical
chromatographic conditions. A phenolic test solution with 2.5mM phe-
nol/DMP with a mobile phase of H2O and ACN (90:10, v/v) was used.
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Figure 4.1: Comparison between an uncoated column and a sol-gel
C8 coated column. The injection volume was around 440 pl and the
flow rate, u, 1.3mm/s. The analyte was composed of 2.5mM phenol
and 2.5 mM DMP. The mobile phase used was H2O and ACN (90:10,
v/v).
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Figure 4.2: Comparison between the unretained uracil and 2.5mM
phenol/PP in a mobile phase with H2O/ACN (90:10, v/v). The plug
volume was around 300 pl. Flow rate, u, was 1.3mm/s.

Figure 4.1 shows the two chromatograms. As both separations were un-
dertaken in the same conditions, this shows that the phenol compound
is unretained in both cases, as its retention time tr is almost identical.
It is to be mentioned that the sensitivity of the electrodes in the coated
column is diminished by a factor of 10, likely due to the partial sol-gel
covering of their surface. Although the separation was undertaken at
non-ideal conditions with the flow rate u being above the ideal value (cf.
figure 4.5) , it still illustrates the separation efficiency increase due to
the sol-gel coating.
In order to estimate the values of the separation factors k, uracil was
added to the analyte as a marker for unretained analyte. Figure 4.2
shows a chromatogram of a separation of uracil, phenol and PP (2.5mM)
in a mobile phase of H2O and ACN (90:10, v/v). Obviously the peaks
of uracil and phenol are not sufficiently resolved, which confirms the
extremely low retention of phenol in the separation column. For the
shown chromatogram in figure 4.2, the retention factors k can be calcu-
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lated as being 0.02 for phenol and 0.11 for PP. For all measurements,
the retention factors of phenol varied from 0.02 up to 0.07 and for PP
from 0.11 up to 0.12. This is typically one to two orders of magnitude
lower than the values obtained with conventional reversed phase HPLC
systems (Cledera-Castro et al., 2005, 2007)

4.3 Multi-component mixtures

This section shall investigate the chromatographic power of the system
in terms of resolution, detection limits and optimum parameter set for
operation. For this purpose, multi-component phenolic analytes are sep-
arated and their chromatograms analyzed. As an example of application,
vitamin separations are shown.

4.3.1 Mobile phase strength influence on retention
time

A crucial aspect of chromatographic systems is the mobile phase. In
reversed-phase chromatography, a strong solvent decreases retention,
while a weak solvent increases it. That means, the larger the volume
fraction of H2O in the mobile phase, the larger the retention for a re-
tained sample, as the column walls are coated with hydrophobic mole-
cules, and H2O is a weak solvent of the analytes.
Figure 4.3 shows two chromatograms with an H2O/ACN mobile phase
with volume fractions of 30% and 10% of ACN. Identical samples were
injected with both mobile phases under the same conditions, one by one,
so the peaks are not masking each other. The samples are phenol, DMP
and TMP and the flow rate, u, was 1.3mm/s. The figure clearly illus-
trates that sufficient separation of the compounds is only achieved at
very low strong solvent content (10%). This can be attributed to a in-
sufficient retention through the stationary phase, which thus necessitates
a mobile phase of very low solvent strength, as explained in section 2.2.4.
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Figure 4.3: Influence of the mobile phase strength on retention
time. Stationary phase was sol-Gel C8 and mobile phase composi-
tion H2O/ACN (70:30, v/v) (left) and H2O/ACN (90:10, v/v) (right).
Injection plug volume was around 300 pl and flow rate, u, was 1.3mm/s

Furthermore, one can also observe the increasing of the tailing with the
number of C-H groups of the compounds.

4.3.2 Flow rate influence

Figure 4.4 illustrates the influence of the flow rate u (linearly propor-
tional to the applied pressure drop ∆p) on the separation efficiency.
Four separations of a two component analyte (2.5 mM phenol/DMP)
are compared at different flow rates (2.0, 1.3, 1.0 and 0.7mm/s). Lower
flow-rates tend to baseline resolution of the two peaks, what is to be
expected, as theoretical optimum speed is to be found around 0.2 to
0.4mm/s, while at the same time the tailing of the peaks is increasing.
The Golay plot in figure 4.5 clearly illustrates that flow rates below
1.35mm/s do not significantly reduce the plate height H and thus do
not contribute to an improvement of the separation power. This is in-
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Figure 4.4: Flow rate influence on separation efficiency. The station-
ary phase is sol-gel C8 and the mobile phase H2O and ACN (90:10,
v/v). The analyte is 2.5 mM phenol/DMP. The injection volume was
around 300 pl.
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Figure 4.5: Golay plot of chromatograms of 5mM phenol/DMP ana-
lyte in 90:10 (v/v) H2O/ACN mobile phase for different plug injection
times.
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deed very promising, as this means that the system, in the case of the
phenolic separations, can be run at a much larger flow rate u as calcu-
lated for unretained compounds in section 3.1. This gives a large band of
operation in which the system’s performance is rather independent of u.
However it also shows that the plate heightsH are two magnitudes larger
than calculated. This can be attributed to various parameters, such as
poor stationary phase coating, and additional hydrodynamic dispersion
induced by the column cross-section not being entirely rectangular.

4.3.3 Continuous separations

One of the most important aspects of the present work from a practi-
cal perspective, is the capability of the device to perform consecutive
separations in a continuous manner. Figure 4.6 shows a series of 4 chro-
matograms performed consecutively on the same chip. Between the plug
injections, the electrodes were cleaned by inverting the applied potential
as described in section 3.8. For the sake of better readability of the chro-
matogram, the signal disturbances due to injection and voltage inversion
were removed.
Besides separation number 3, all separations show baseline resolution.
The presented device is capable of doing subsequent separation, with or
without washing cycles between. Under the conditions shown in figure
4.6, up to 24 separations/h were achieved, with an injecton every 2min.
If a washing cycle between two consecutive separations is preferred, e.g.
for changing analyte or mobile phase, the system can perform up to 10
injections/h with an injection every 6min.

4.3.4 Reproducibility

Consecutive analysis of the same analyte under the same conditions,
such as presented in the former paragraph, shall yield the same results.
While in typical reports about lab-on-a-chip devices such concerns are
not discussed in particular, the scope of this thesis expressly addresses
this issue.
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Figure 4.6: Chromatogram of four subsequent injections of 5mM
phenol/DMP analyte with 90:10 (v/v) H2O/ACN mobile phase. Flow
rate, u, was 1.3mm/s and the plug volume 240 pl.
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Figure 4.7: Analysis of the four consecutive chromatograms shown
in figure 4.6. The figure to the left shows the plate number N , the
figure to the right the resolution R. The variation of N (phenol) is less
than 5%.
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Figure 4.7 shows the chromatographic analysis of the separations shown
in figure 4.6. The variation of the phenol peak volume and thus of
the plate number N of the phenol compound is less than 5% (typical
values around N = 4500), while N of the dimethyl varies by about 35%
(typical values around N = 220). This variation is to a large extent
due to a difficult estimation of the actual peak width due to significant
tailing. With respect to a saturated uracil solution, the retention factors
k obtained are 0.07 for phenol and 0.18 for DMP, whereas the separation
factor α is ' 2.3.

4.3.5 Maximum separation power and detection lim-
its

All precedent chromatograms shown were obtained with a mobile phase
of 90:10 (v/v) H2O/ACN. If the solvent content is lower than 10%, the
stationary phase’s silanol groups fold to the surface and retention is
drastically reduced. This phenomenon is known as hydrophobic collapse
(Meyer, 2004).
A 2.5mM phenol/PP solution was separated to show the influence of
mobile phase strength. In contrast to DMP and TMP, the PP molecule
presents a C5 alkyl chain attached at the fourth carbon atom of the aro-
matic ring (see table 4.1), which strongly interacts with the stationary
phase. This allowed to separate the analyte at solvent (ACN) conce-
trations of 30% and 20% respectively. Figure 4.8 (left) illustrates the
rise in retention and tailing by decreasing the solvent content. At the
same time, as illustrates figure 4.8 (right), plug volume only marginally
influences the resolution of the peaks. Plug volume reduction results in
a decrease of the signal strength. This can be attributed to the analyte
plug that is diluting through diffusion within the mobile phase during
the elution time.
In fact, the longitudinal diffusion length is much larger than the plug
lengths. Assuming the diffusion constant of phenol in a mobile phase of
90:10 (v/v) H2O/ACN to be close to the one in pure H2O, 0.89·10−9 m2/s
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Figure 4.8: Flow rate, u, was 1.3mm/s. Analyte is 2.5mM phenol
and PP: Influence of the mobile phase strength on resolution on the left
(plug volume is 300 pl) and plug volume influence on signal strength
on the right (mobile phase is 70:30 (v/v) H2O/ACN).

(Lyde, 2007), and setting the diffusion time tD equal to the dead time
t0, the plug length increase is given by 2

√
DctD. For the chromatograms

shown in figure 4.8, right), the dead time t0 is 75 s and thus the plug
length increase is ' 5mm. Comparing that value to the initial plug
length of ' 1mm for an injection time of 1 s, this leads to the conclu-
sions that reducing the plug injection time does not improve the separa-
tion power of the system, but rather simply reduces the signal strength.
At the detector, smaller plug volumes of higher initial concentration
can therefore be compared to large plug volumes of lower initial con-
centration. For doing this, one has to consider the background noise
level of the amperometric signal. According to Katz et al. (1998), the
limit of detection (LOD) for a certain analyte is defined as the analyte
concentration that gives a signal (peak) that will be recognized with a
probability of 50%. In the present case of liquid/solid chromatography,
the LOD can be related to the peak height and the noise on the baseline
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(signal-to-noise-ratio SNR). The LOD of the detector can be expressed
as:

LOD = 2
Ns
Si

(4.1)

with Ns the noise of the signal and Si the sensitivity with respect to
compound i, defined as:

Si =
dImeas
dcmobile,i

(4.2)

where Imeas is the current measured at the detector, and cmobile,i is the
concentration of compound i in the mobile phase.
The base-line average noise level of the amperometric detector was es-
timated to be around 0.005 nA, which thus yields a LOD for phenol of
0.2mM in 90:10 (v/v) H2O/ACN mobile phase as illustrated in figure
4.9. Typical values for HPLC are in the pM range (Jin et al., 2002;
Sarrion et al., 2002).
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Figure 4.9: Limit of detection (LOD): Noise level of baseline on
the left and current response of phenol concentrations in 90:10 (v/v)
H2O/ACN) mobile phase on the right.

99



4. Liquid/solid chromatography measurements

4.4 Fields of application

The present device with its reversed-phase, non-polar stationary phase
is suitable for any chromatographic separation of relatively non-polar
compounds that can either be oxidized or reduced at the amperometric
detector, including amines and peptides (Reichmuth et al., 2005), or
even petrochemical compounds (Meyer, 2004).
As application example of the present device, multicompound phenol
separation for water analysis and vitamin separations are shown.

4.4.1 Multicompound phenolic separations

Medium concentrations of phenols in water can be successfully reduced
by biological cleavage. However, very large concentration, where the
cleavage is too slow, or very low concentration, where the cleavage is not
working, present serious problems for wastewater treatment. One possi-
ble solution of the wastewater purification process for samples containing
phenols is the adsorption of these phenols onto polymeric adsorbents or
ion exchangers, as explained by Azanova and Hradil (1999). A rapid
assessment of the phenol concentration in the wastewater would help to
optimize the process time of the adsorption process.
Figure 4.10 shows a chromatogram of a separation of three phenolic
compounds. Each compound was analyzed separately before they were
mixed together for the separation. Figure 4.10 indicates the best per-
formance possible of the present device in terms of resolution. If the
compound’s concentration is increased, the signal strength increases, but
so does tailing. If flow rate, u, was decreased, resolution of DMP and
TMP peaks slightly increases, however they do not reach baseline res-
olution. But with u decreasing, the signal strength is diminished due
to the higher longitudinal peak broadening and peak detection of DMP
and TMP become difficult.
The chromatogram again shows high tailing for compounds with stronger
retention, which illustrates the rather poor separation power of the col-
umn.
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Figure 4.10: Analysis of a phenol, DMP, TMP (5mM each). Each
component was first analyzed separately and then mixed together for
the separation (mix). While phenol and dimethlyphenol are separated
almost to the baseline, the trimethylphenol is only visible as a shoulder.
The mobile phase was 90:10 (v/v) H2O/ACN mobile phase and the
flow rate, u, was 1.3mm/s.

4.4.2 Vitamin separations

After discussion with chromatography experts about interesting appli-
cations for the present device, the idea of vitamin separation was inves-
tigated. Apparently there is an interest in food and health industry to
be able to separated rapidly different vitamin solutions. The decision
was made to use liposoluble acetates of vitamin A and E by Fluka, as
shown in table 4.2.
The vitamin acetates were dissolved in 100% ACN before H2O was added
to reach the same solvent concentration as in the moblile phase (90:10
(v/v) H2O/ACN). The vitamin acetates’ concentration was 1mM, as
higher concentrations were problematic in terms of clogging and inconsis-
tent results. Prior to injection into the device, the analyte was vortexted
for one minute and then filtered through a 0.2µm pore-size Teflon R© fil-
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name molecular formula and chemical structure
vitamin A acetate C22H32O2

vitamin E acetate C31H50O2

Table 4.2: Vitamin A and E acetates for separation application.
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Figure 4.11: Chromatogram of a vitamin solution containing 1mM
vitamin A acetate and 1mM vitamin E acetate in 90:10 (v/v)
H2O/ACN mobile phase. Flow rate is 0.5mm/s and plug volume is
100 pl. Amperometric detection with an applied voltage of 1V.
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ter in order to remove agglomerates and impurities. Figure 4.11 shows
the separation of the vitamin A and E acetate. Vitamin A elutes before
E, as its chemical structure let expect, having less free C-H groups that
will interact with the stationary phase. The separation factor α with
respect to the unretained uracil is only 1.3, compared to those of the
penol separations generally above 2. However, the device was run at a
flow rateu of around 0.5mm/s This was possible due to the apparent
lower diffusion coefficient of the vitamin acetates in the mobile phase
and thus the lower concentration decrease due to longitudinal diffusion
of the plug.
The sensitivity is reduced compared to the phenol separations, which
can be attributed to the relatively low analyte concentrations used for
the separation, as described earlier.

4.5 Concluding remarks and summary

The aim of this thesis is to implement pressure-driven chromatography
as a fast sensor for continuous analysis. This perspective has to be
kept in mind when analyzing the results presented in this chapter. Suc-
cessful separations of phenolic analytes and vitamin acetates have been
shown. The microfluidic concept with pressure-drop gated injection, by-
pass channel and aliquoting from meso-scale flows proved to be very
reliable for sequent plug injection. The systems robustness allowed for
up to 24 analyses per hour.
Consecutive analysis of identical analyte showed less that 5% variation
of the plate number N . Integrating large flow-through channels into the
chip while having the actuating valves outside of the device proved to
be an advantageous solution for both, fabrication complexity and rapid
cycle times of analyte and mobile phase. During the experimental phase
it was indeed greatly appreciable to be able to change liquids within
seconds and to clean the separation column within a few minutes only.
The detection limit LOD of the amperometric electrodes was measured
to be 0.2mM for the phenolic analytes. Theoretical plate numbers N of
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up to 4500 could be achieved. However, the measured separation factors
k were extremely low, in-between 0.07 for phenol and 0.7 for PP. For the
sake of comparison, the k-values presented in this chapter are smaller as
those reported by Manz et al. (1990b), k = 3.3, who used smaller and
longer columns with much higher pressure drops to achieve the desired
flow rates, but larger as those shown by McEnery et al. (2000a,b).
To our dismay, from a purely chromatographic point of view, our values
of k do not meet the theoretical limits 1 < k < 10, detailed in paragraph
2.2.4. Although a thorough preparation of the sol-gel stationary phase
yielded an order of magnitude improvement for k compared to the first
series of chips, the separation power remained unsatisfying. This can be
attributed to the fact, that, altough the sol-gel approach yields a higher
surface area as conventional liquid-phase coating with silanol groups,
there is no control of the density of the C8 molecules at the surface of
the sol-gel. And although the column preparation with NaOH before
the application of the sol-gel shall yield a high density of OH groups at
the column wall surface to promote the adhesion of the sol-gel, it has to
be assumed that the effective sol-gel covering is indeed very low.
However, despite these drawbacks the system proved to be very reliable
in terms of repeatability and its robustness, although at a very basic
performance. The use in the field of water analysis for phenols and
for vitamin separations illustrates the potential application fields of the
system.
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Chapter 5

Size-exclusion enhanced hydrody-
namic chromatography

Summary This chapter introduces the concept of a porous column
wall that enhances hydrodynamic separation in pressure-driven columns.
The fabrication method is detailed and experimental verifications of the
theoretical predictions are shown and discussed.

5.1 Introduction

Pressure-driven flows have the disadvantage of a parabolic flow profile
within the channel. While this phenomena in general contributes to the
reduction of the separation power in case of liquid/solid chromatography
such as presented in the previous chapter, it can be made use of, as a
separation mechanism based on the size of the compounds to separate.
Figure 5.1 shows the hydrodynamic chromatography (HDC) principle.
For geometrical reasons, large molecules cannot approach the column
walls as close as smaller molecules, and are therefore moving at a larger
average flow rate u. Hence the larger molecules elute before the smaller.
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5. Size-exclusion enhanced hydrodynamic chromatography

Figure 5.1: Principle of hydrodynamic chromatography (HDC):
Compound separation in a pressure driven flow with parabolic flow
profile, as result of different mean flow rates u for different particle
sizes.

Dimarzio and Guttman (1971) were first to theoretically express this phe-
nomena, but it was Small et al. in 1974 and 1976 who demonstrated prac-
tically the application of hydrodynamic separation to colloidal disper-
sions of particles in packed beds with solid, non-porous polymer beads.
Tijssen et al. (1983, 1986) showed the application of hydrodynamic sep-
aration of polystyrene beads in open-tubular capillaries, showing good
accordance with theoretical predictions. Hydrodynamic separation in a
rectangular, chip-based column was shown by Chmela et al. (2002) and
Blom et al. (2002) and it was again Blom et al. (2003) that performed
hydrodynamic separations of fluorescent nanoparticles and biomolecules
with UV absorption detection on chip.
Size-exclusion chromatography (SEC) is, as well as HDC, different from
all other chromatographic methods, by separating compounds simply
based on their size, rather than by chemical interactions with a station-
ary phase. In SEC, the separation column typically contains a porous
packing material of defined pore size. Compounds with molecule sizes
larger than the pore size are excluded and thus elute faster from the
column than compounds that are retained, as their molecules are small
enough to diffuse into the pores containing stagnant mobile phase. SEC’s
typical application fields are analysis for polymer synthesis and pro-
teomics, where differently folded species are eluting at different flow rates
due to their steric differences (Nguyen, 1998). SEC is as well used in ad-
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Figure 5.2: Principle of size-exclusion chromatography (SEC): com-
pounds with molecule size larger than the pore size are excluded and
thus eluting faster as compounds with molecules small enough to have
access to the pore volume.

dition to HPLC, especially for compounds with molar mass differences
of over 10% (Meyer, 2004).
A particular form of entropic separation, where obstacles in the form of
pillars or other structures are placed in the column, was first shown by
He et al. (1998). It was further developed by other groups such as Chou
et al. (1999) who showed sorting by diffusion in a pillar-packed setup,
Costa et al. (2005), who used porous glass channels, or Eeltink et al.
(2006), who showed the performance limits of such devices. An inter-
esting method of entropic separation was shown by Han and Craighead
(2000, 2002) for separating large DNA molecules by entropic barriers
made of deep and shallow column regions.
The inherent problem of this sieving approach is the easy clogging of the
column; the column allows the smaller molecules to pass, while retain-
ing the larger ones. This problem is overcome with SEC using porous
layers on the column walls rather than packed columns. Sano et al.
(2003) showed the application of a porous layer of anodic alumina with
electrophoresis as a driving force to separate DNA molecules in a chip.
Porous layers on one side of the column are well-known from the shear-
driven chromatography (SDC) theoretically introduced by Desmet and
Baron in 1999 and experimentally demonstrated by Desmet et al. (2001)
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and Clicq et al. (2002). It was Clicq et al. in 2004 that showed SDC
with a porous silicon layer.
While combination of HDS and SEC is not new, as e.g. Stegeman et al.
(1991) showed polymer separations with that technique, it has to our
knowledge always been performed in columns packed with porous parti-
cles. This chapter will show the combination in a open-tubular, pressure-
driven column: HDC separation is enhanced by SEC through a porous
silicon layer on one column wall, hereafter referred to as SOHS (Size-
exclusion enhanced, open-tubular hydrodynamic separation).

5.2 Column design and experimental setup

The chip for SOHS chromatography is based on a silicon substrate con-
taining the separation column with dimensions of 1µm×100µm×33mm,
T-intersection for sample injection, and a covering Pyrex R© wafer con-
taining powder-blasted holes. It is placed in a chip holder made from
PEEK, providing fluidic access through sealing with o-rings, analogous to

12mm

Porous Si

Pyrex®

si

cut view (not at scale):

column (1μm x 100μm x 33mm)

40mm

top view: chip holder:

microscope

chip

PEEK

Figure 5.3: Schematic of the SOHS chip with the separation column,
and the setup allowing high-pressure fluidic connections and optical
detection.
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the setup shown in chapter 3. The chip holder is connected through fused
silica tubing and ETFE flangeless fittings (Upchurch Scientific) to
a high-pressure piston pump (Hitachi L6200) providing the necessary
pressure up to 100 bars. Optical detection is performed using an inverted
microscope (Zeiss Axiovert S100 TV) wtih two Zeiss objectives: A-
Plan 10×, NA 0.25, and Achroplan, 40×, NA 0.8, water immersion.
For illumination, a 100W mercury vapor lamp and a band-pass filter
for fluorescein (400 nm to 550 nm) were installed. Data acquisition was
performed with a CCD camera (Andor LucaEM) with a typical frame
rate of 10 fps and recorded with Andor Solis. The chip holder is con-
structed such as to allow detection between 15mm and 33mm of the
column length. Figure 5.3 illustrates schematically the chip layout and
the chip holder with the microscope for the optical detection.
For the purpose of the experiments presented in this chapter, the sam-
ple injection is performed using an external, two-position valve (Che-
minert R©, Valco Instruments). The sample injection method is illus-
trated in figure 5.4. The sample liquid is filled into the tubing in-between
valve-entry #4 and the chip, and then injected using the high-pressure-
pump. The pump is programmed to maintain the system under a con-
stant pressure rather than to deliver a constant flow. This approach,
similar to the one introduced for the device shown in chapter 3, proved
to be very reliable. The end of the separation column is connected to
atmospheric pressure and covered with a drop of the mobile phase in
order not to let the column dry out from the end. The plug volume is
defined by the volume of the injection cross (10 pl), although the real
plug volume is larger due to the overflow of the analyte into the separa-
tion column during injection. For an injection time of 1 s, a mean flow
rate, u, of 1mm/s and taking into account the flow resistance ratio of the
separation column over the analyte waste line of 0.07, one can estimate
the effective plug volume to be around 20 pl.
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Figure 5.4: Schematic of the sample injection mechanism for the
SOHS chip. Entries #2,5,6, and 9 are blocked on the valve. Full lines
are free-flowing and pressurized, while dashed lines are symbolizing
blocked or open lines.

5.3 Fabrication

The fabrication is illustrated in figure 5.5. The device is based on a p-
doped silicon wafer covered with a 200 nm layer of silicon nitride (Si3N4),
which will act as an etching mask for both column etching and column
wall porosification. The silicon nitride is structured using a thick layer
AZ92xx photoresist. The separation column and the other microfluidic
channels are etched with dry-etch processing in an Alcatel AMS 200
DSE plasma etcher using carbon-fluoride chemistry (figure 5.5a).
Hereafter, the entire microfluidic channels, that is the separation column,
as well as the access channels to the T-intersection, are porosified on the
bottom. It was Uhlir (1956) who discovered that cleaning attempts of
silicon through electrochemical etching in HF was only possible with a
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a) Microfluidic channels:

b) Porosification by HF:

c) Powder blasting:

d) Assembly by anodic
bonding and dicing:

Separation column

Si

Si3N4

Si

Si3N4
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Figure 5.5: Fabrication steps for the SOHS device.

current density above a certain threshold value. Below that threshold,
the etching yielded black surfaces, that have taken until 1972 to be de-
scribed by Theunissen as being porous silicon.
The chemical reactions of the porosification of the silicon can be de-
scribed as follows:

SiH2 + 2F + 2H+ → SiF2 +H2

SiF2 + 4HF → 2H+ + SiF6
2− +H2

According to Lehmann et al. (2000), the current density has to be be-
low 600mA/cm2 for porosification of silicon in a 1:1 HF(50%wt)/ethanol
etching bath. Ethanolic solutions are generally preferred to aqueous solu-
tions for their better wetting properties, which is particularly important
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in the case of etching very deep pores. They also observed an increase of
the porosity with pore depth; pores become wider with round tips at the
bottom, while they are narrow with sharp tips close to the surface of the
substrate. This is attributed to the reduction of the electrolyte concen-
tration with pore depth, caused by a limited diffusion at the pore entry.
However, this effect can be circumvented by current densities lower than
300mA/cm2 and etching times not exceeding one minute.
The boron doping of the p-type < 100 > silicon substrate with a re-
sistivity ranging from 0.01 to 0.02Ω cm−1 from Siltronix, is porosified
using an applied electrical potential across the substrate placed in an 1:1
HF(50%wt)/ethanol etching bath. The setup and the parameters are
chosen following the indications of Lehmann et al. (2000) about meso-
pore formation in silicon and the procedures described and developed by
Lammel (2001). Etch test with various current densities and etch times
were carried out in order to adjust the parameters for the separation col-
umn. For the present device, the current density was set to 250mA/cm2

and the etching time was adjusted to 10 s, in order to obtain vertical
pores with diameters of around 20 nm, a porosity of 50%, and a pore
depth of around 1µm. After the pore-etching, the substrate was left
in the HF solution during 1 h in order to remove the Si3N4 etch mask.
Extensive flushing with de-ionized water was used to remove residues on
the surface in order to not compromise the final bonding step.
The top substrate’s vertical access holes were sandblasted and then the
two substrates anodically bonded and finally diced into chips, making
use of the processes already described in section 3.2. However, there
was no need of an additional ion-barrier as the silicon substrate is acting
as such. The diced chips were immediately stored in de-ionized water
containing a surfactant, as will be further detailed in section 5.5.1.
Figure 5.6 shows SEM pictures of the final chip. The images show a
very uniform, porous silicon layer on the column bottom and the excel-
lent verticality of the column side walls through the plasma etching. The
mean pore size has been estimated to be around 20 nm and the overall
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porosity at the surface was evaluated through SEM observation to be at
around 50%.

Figure 5.6: SOHS column after dry-etch (top left) and with porous
silicon layer on the bottom wall (top right). Close-up of the porous
layer with pore depth of around 1µm (bottom left) and pore size of
20 nm and porosity of 50% (bottom right).
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5.4 Theoretical aspects

5.4.1 Hydrodynamic separation

In a column with pressure-driven flow and thus a parabolic flow profile,
larger molecules cannot approach the walls as closely as smaller mole-
cules. This results in a difference in the mean flow rate u for different
molecule sizes. According to Tijssen et al. (1986) and Stegeman et al.
(1994), this can be expressed for circular columns as follows.
The local flow rate u for a stream line in the mobile phase at the radial
position r is:

u(r) = 2um

[
1− r

rc

]
(5.1)

with rc the column radius and um the mean flow rate for the point-size
molecules exchanging between the entire column diameter 0 < r < rc:

um =
2
r2c

∫ rc

0

r · u(r)dr (5.2)

For spherical molecules i of radius reff,i, the mean flow velocity um,i
becomes then:

um,i =
2

(rc − reff,i)2

∫ rc−reff,i

0

r · u(r)dr (5.3)

which leads, together with equation 5.1, to

um,i = um(1 + 2λi − λ2
i )

with λi =
reff,i
rc

the aspect ratio of molecule i
(5.4)

The relative retention time tR,rel,i of a molecule i is thus given by:

tRel,i =
tR,rel,i
t0

=
1

1 + λi − λ2
i

(5.5)
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with t0 the dead time or the elution time of the unretained mobile phase.
For rectangular columns with height hc much smaller than the column
width wc, such as presented here, equation 5.5 can be adapted by ex-
pressing λi by:

λi =
2reff,i
hc

(5.6)

In order to estimate the peak dispersion, one can safely use the expression
of the plate height H for infinite parallel plates introduced by Golay
(1958):

H =
2Dc

um
+

h2
c

105Dc
um (5.7)

With typical diffusion constants Dc of the order of 10−10 m2/s, a sepa-
ration column of 1µm depth and 33mm length has therefore more than
100 000 theoretical plates, for a column length of 15mm still over 50 000
plates.

5.4.2 Size-exclusion separation

Size-exclusion chromatography (SEC) is one of the most intuitive ap-
proaches to compound separation: A sample is injected in a separation
column containing pores of a defined size. Molecules that are larger than
the pore size simply elute in the interstitial volume V0 of the column,
while smaller molecules that can diffuse into the pores are seeing a total
elution volume Vt which is raised by the total pore volume Vpores (Katz
et al., 1998):

Vtot = V0 + Vpores (5.8)

The elution volume of a compound i, Vi, can then be expressed in terms
of the SEC exclusion coefficient KSEC :

Vi = V0 +KSEC,iVpores (5.9)

where KiVpores is the pore volume accessible by compound i with Ki

ranging from 0 for a totally excluded compound to unity for a to-
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Figure 5.7: Calibration curve for size-exclusion chromatography. Mo-
lecules larger than the exclusion limit are completely excluded while
molecules smaller than the permeation limit are completely permeated.
The volume accessible by the molecules, KSEC,i · Vpores, is called the
working volume of the column.

tally permeated compound. Molecules with sizes in between the ex-
clusion/permeation limits are partially excluded, as they can only access
a part of the pore volume, depending on their effective size (figure 5.7).
Especially in the case of DNA or polymer separation, where the molecu-
les can fold, the configuration of the folding influences the molecule size
and thus the exclusion factor KSEC .

5.5 Experimental results

5.5.1 Materials and methods

After the fabrication, the chips were put into degassed, de-ionized H2O
containing a surfactant, put into vacuum for 1 day and then let stay for
at least two additional days in order to prime the column and to absorb
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air bubbles present in the separation column. Prior to any separation
experiment, the chips were run with pure H2O at pressures ranging up
to 100 bars in order to flush any remaining bubble out of the column.
Separation experiments were carried out using a solution of fluorescein
(Fluka) and fluorescent polystyrene latex beads of different diameters
(carboxylate modified, from Sigma and Molecular Probes, hereafter
referred to as beads). Optical detection was performed as described in
section 5.2.

5.5.2 Results

Figure 5.8 shows the separation of fluorescein (2mM) and beads of 0.1µm
diameter (1% wt). The microscope was placed after 15mm of the column
length. The flow rate was set close to the optimum flow rate calculated
from equation 5.7 being of the order of 1.4mm/s. The fluorescence
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Figure 5.8: Comparison between pure hydrodynamic separation
(HDS) in a non-porous column and size-exclusion enhanced hydrody-
namic separation (SOHS) in a column with a porous bottom wall and
optical detection after 15mm column length. The graphs are separated
vertically for better readability.
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HDS SOHS
tRel (normalized) N tRel (normalized) N
th./exp. th./exp.

fluorescein 1.00/1.00 64 1.00/1.00 35
0.1µm beads 0.91/0.70 1500 - /0.37 1000

Table 5.1: Relative elution times tRel normalized with respect to
fluorescein elution (theoretical estimation and experimental data), and
plate number N of the data shown in figure 5.8.

intensity of the fluorescein is much larger than for the beads which is
easily understandable when looking at the effective fluorescent content
in the column. Within the column height hc, only a few beads are present
at once, while the entire volume can be filled out with fluorescein. It was
preferred to use a sufficiently high fluorescein concentration in order to
observe the peak dispersion.
For the purpose of estimating the influence of the porous bottom wall
on the overall separation power, a chip with an untreated column wall
(hereafter referred to as non-porous column) was compared to a chip
with a porous column wall. By application of equations 5.5 and 5.6,
one finds tRel,beads = 0.95 and tRel,fluorescein = 1.00. The additional
pore volume accessible to the fluorescein molecules can be estimated to
be around 50% of the interstitial volume, according to the fabrication
parameters. Table 5.1 shows the relative retention times tRel and the
plate number N for the data shown in figure 5.8.
By applying equation 2.35, one can calculate the resolution of the two
peaks for HDS and SOHS respectively:

RHDS = 1.01

RSOHS = 1.73

This illustrates the additional separation power through the porous sili-
con layer.
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Figure 5.9: Repeated separations of 0.1µm beads and fluorescein.
Sample injections are performed at 0 s, 50 s and 100 s. Peak volume
variations of less than 4% are observed.

The repeatability of the separation method is illustrated in figure 5.9.
The sample was injected at 0 s, 50 s and 100 s. Peak volume analysis
showed less than 4% variation in-between the subsequent injections.

5.5.3 Discussion

The separation power increase due to the addition of a porous silicon
layer is clearly demonstrated. However, the absolute value of the resolu-
tion for the SOHS might seem small compared to the distinct separation
of the two peaks. This is mainly due to the higher peak broadening
induced by the SEC which is directly influencing the resolution.
The discrepancy between theory and experimental results for HDS can
be explained by two phenomena: First, there are stagnant layers on the
side walls, that retain sample and mass transfer from one side to the
other is very slow (channel width wc = 100µm), thus adding disper-
sion to the peaks. Numerous studies have treated that phenomena, as
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for example Doshi et al. (1978) and Dutta and Leighton (2001). The
other contribution are interactions between the fluorescein and the col-
umn surface. At the neutral pH of the mobile phase, the surfaces of
both, Pyrex R© and silicon (due to partial oxidation), have a majority of
SiO− groups compared to the SiOH surface and have thus a negative
potential. This leads to a positively charged double layer on the pore
surface which attracts the negatively charged fluorescein to the surface
and thus increases its retention.

5.6 Concluding remarks and outlook

The SOHS setup proved to be very difficult in terms of column prepara-
tion and fluidic handling. The priming of the column is time consuming
and takes several days. As the presence of any bubbles in the separation
column greatly interfere with the flow rate and the peak measurement,
it had to be assured that no bubble was present in the column. Fur-
thermore the fluorescent beads are subject to formation of agglomerates
when not moving rapidly enough, which proved to be a major source of
problems during the experiments.
However, once the system was setup, and all bubbles flushed out of the
column, it proved to be very reliable in terms of repeatability of the
measurements. The chip holder and its o-rings were able to withstand
pressures up to 100 bars for several minutes.
The design of the chip and the chip holder did not permit to take mea-
surements at column lengths under 15mm. Due to dispersion the sepa-
ration of beads with diameters lower than 0.1µm could not be reliably
recorded as the fluorescence intensity of the beads was too low. It would
therefore be interesting to design a chip that will allow to observe the
separation from the t-injection cross on in order to visualize the sepa-
ration directly from the beginning. An interesting feature could be to
have two parallel columns next to each other, one with a porous layer on
the bottom wall and one without, in order to observe the difference in
separation behavior. In order to enlarge the application range, the pore
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size should be extendable up to several hundreds of nm. The wafers and
procedures that were used for the present device did not allow to reach
pore sizes larger than 20 nm.
From the application point of view the present device is very promising
for DNA as well as polymer separations. The advantage of the SOHS
approach is the insensibility to clogging when compared to devices with
an entropical separation approach based on confined column regions, as
it is the larger molecules that are not retained and elute first.
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Chapter 6

Conclusion and outlook

Summary This chapter summarizes this thesis. The methods and
results presented in the former chapters are recapitulated and brought
into relation with the objectives defined in section 1.4. It concludes with
an outlook on the impact of the results and gives recommendations for
future research.

6.1 Summary of results

The aim of this thesis was to develop new concepts for the application of
pressure- driven chromatography as a fast sensor for continuous analysis.
To do so, following achievements were made:

Chip design A novel concept of microfluidic chip design for contin-
uous sampling was introduced. By making use of the gated injection
principle combined with a column bypass channel, a setup with contin-
uously flowing analyte stream was obtained. The use of only one outlet
and one pressure source for all liquids streams proved to be a robust
approach, and the overall chip design led to the filing of a PCT (Schlund
and Gilbert, 2004)
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Chip fabrication and setup Cleanroom fabrication using planar
technologies was performed to manufacture the chip. The bottom glass
wafer with numerous chips containing a separation column of 11mm
length, and Ti/Pt electrodes for amperometric plug detection, was anod-
ically bonded to its top glass counterpart incorporating powder-blasted,
vertical fluidic access holes and large bore flow-through channels, before
being diced into single chips of 20mm×20mm footprint.

Stationary phase coating Sol-gel coating of the column walls with
TEOS/TEOS-C8 was successfully implemented in order to increase the
chromatographic retention of the integrated separation column and to
obtain a hydro-phobic stationary phase for reversed phase liquid/solid
chromatography. It proved to be very superior to conventional liquid
phase coatings of C8 or C18, mainly because of the surface increase gen-
erated by the sol-gel technique. The sol-gel coating step however turned
out to be the largest source of separation power variations in-between
different chips. It was of extreme importance to carefully pursue the
protocols found in literature and to precisely control every processing
parameter for the production of reproducible chips.

Sample plug injection of variable volume Two methods for re-
peatable sample plug injection have been introduced; thermal plug injec-
tion and pressure-drop plug injection. The former consists in generating
a bubble through homogeneous nucleation by local heating, while the
latter creates a pressure-drop through the short opening of a check valve
outside of the chip. Both methods aim to momentarily change the liq-
uid’s pressure distribution in the microfluidic network to allow sampling
by gated injection.
Both approaches have been successfully tested and implemented on chip
and presented excellent results for continuous flow injection analysis.
However the experiments with thermal plug injection demonstrated a
certain number of disadvantages compared to the pressure-drop plug
injection, such as damage of the heating element under long-term ap-

124



6.1 Summary of results

plications, as well as a the chip heating through heat dissipation in the
substrate. Hence pressure-drop plug injection was chosen for all experi-
ments of liquid/solid chromatography.

Liquid/solid chromatography Isocratic separations of phenolic multi-
compound analytes as well as vitamins have been shown in order to char-
acterize the performance and the application possibilities of our chip.
Excellent results were obtained in terms of repeatability of subsequent
analysis during long-term sampling, showing variations of less than 5%
of the plate number N , which reached values up to 4500. Up to 24 anal-
yses per hour could be performed in the case of the phenol separations.
This illustrates the devices ability of being used as a reliable apparatus
for continuous flow injection analysis.
The detection limit (LOD) of the amperometric electrodes was measured
to be 0.2mM for phenol. However, the obtained separation factors k were
extremely low, in-between 0.07 for phenol and 0.7 for PP. From a purely
chromatographic point of view this is clearly insufficient compared to
the calculated theoretical limits, but the robustness of the entire system
is very promising for future applications.

Size-exclusion enhanced, open-tubular hydrodynamic chroma-
tography The last chapter introduced the concept of an open-tubular
separation column for size-exclusion enhanced hydrodynamic chromato-
graphy (SOHS). The column was integrated in a silicon substrate, with
the lower column wall containing a porous silicon layer made by galvano-
static etching in an HF bath, and anodically bonded to a Pyrex R© cover
containing powder-blasted fluidic access holes.
Fluorescence detection through a CCD camera coupled to an inverted mi-
croscope illustrated the potential of this approach. Analytes containing
fluorescein and fluorescent beads of 0.1µm in diameter were separated
within tens of seconds, using the described device and compared to sep-
arations carried out in a device without the porous layer. The results
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showing the superiority of the SOHS method were very promising for
further applications in DNA or polymer separations.

6.2 Contribution to knowledge and discus-
sion

The purpose of a thesis is to make an original contribution to science.
Based on what is documented in literature, the author believes that
following points are the most important addition to scientific knowledge:

• Showing that minaturized liquid/solid chromatography can be suc-
cessfully used as sensor for continuous flow injection analyis.

• Developing a robust and reliable plug injection method with contin-
uously flowing analyte and mobile phase streams, allowing aliquot-
ing from meso-scale flows.

• Combining size-exclusion and hydrodynamic chromatography in an
open-tubular column (SOHS) on chip for rapid separations within
tens of seconds.

Finally this thesis contains ample information about fabrication tech-
nology that can be easily adapted for various devices in the field of
microsystems, and microfluidics in particular.

6.3 Outlook

LSC The use of the LSC chip as a sensor for continuous flow injec-
tion analysis is an ideal tool for various applications in different fields.
Proteomics and pharmaceutical manufacturing are fields of potential in-
terest for such a device. When rapid and continuous sample analysis
is being preferred to slower but more precise laboratory analysis, the
present LSC chip can be the tool of choice.
Improvements of the device shall mainly focus on the stationary phase
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coating and the fabrication technology. The sol-gel coating is an inter-
esting approach to a high-surface area open-tubular chromatograph. If
it could be combined with even higher surface area the performance of
the device could dramatically improve. Such surfaces could be attained
by making use of porous silicon or glass column walls already shown for
electrokinetic separations (Costa et al., 2005).
The introduction of plasma etching of glass substrates in nowadays clean-
rooms allow for more precise etching of columns in glass substrates
and eliminate concerns about not fully vertical column walls obtained
through conventional HF wet etching. Making use of this new technol-
ogy will further enhance the chromatographic separations in the open-
tubular column.

SOHC The SOHC approach shall be investigated for polymer and
DNA separation. The advantage of having a device that is less suscep-
tible to clogging than conventional entropic separation columns is very
promising and leaves a considerable potential for pressure-driven chro-
matography in these fields.
From a microfabrication point of view it is important to be able to gen-
erate porous column walls with pore sizes ranging from tens of nm up to
several hundreds of nm in order to be able to adjust the column poros-
ity to the sample composition. Finally it would certainly be interesting
to combine the injection technique proposed for the LSC chip with the
SOHC column, and connect the separation column outlet to subsequent
analysis and/or receptive devices.
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