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Abstract

The present paper reports on the separation of a mixture of fluorescein isothiocyanate-labeled angiotensin I and II peptides in a shear-driven
nanochannel with a C18-coating and using an eluent consisting of 5% acetonitrile in 0.02 M aqueous phosphate buffer at pH 6.5. The flat-rectangular
nanochannel in fused silica consisted of an etched structure in combination with a flat moving wall. The very fast separation kinetics that can be
a ts as small as
0
©

K

1

i
M
a
r
i
d
w
t
p
[
t
(
h
o
p
a

LC

eter
ibility
dics”
the
atog-
given
qual
n-
C)

ev-

nd
have
lso
sub-
S),

rough

0
d

chieved in a nanochannel allowed to separate the angiotensin peptides in less then 0.2 s in a distance of only 1.8 mm. Plate heigh
.4�m were calculated after substraction of the injection effect.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Started out in the early 1990s[1–3], the field of miniatur-
zed microfluidic devices has grown rapidly over the last years.

iniaturization of analytical chemical methods offer many
dvantages, including the reduced requirements for solvents and
eagents, short reaction times, the possibility to build portable
nstruments, low cost, low power consumption, versatility in
esign, and possibility for parallel operation and integration
ith other miniaturized devices[4]. Miniaturization has lead

o lab-on-a-chip devices where one or several separations are
erformed in microfluidic channels on a silicon or glass chip

5,6]. An example of these chip-based separations system is
he combined nano high performance liquid chromatography
HPLC)/mass spectrometry (MS) polymer microfluidic chip that
as recently been described and commercialized by researchers
f the Agilent Laboratories[7]. The best liquid chromatogra-
hy (LC) separation could be achieved when running the chip
t flow rates between 200 and 300 nL/min. The column had a

75�m× 50�m cross-section and a length of 45 mm and the
experiments took 40 min.

Although most systems have dimensions in the microm
scale, more and more researchers start to look into the poss
to use sub-micron channels, entering the area of “nanoflui
[8,9]. One of the motivations for this work is that reducing
system dimensions offers large advantages in liquid chrom
raphy. Considering that the time needed to diffuse across a
distance d is according to Einstein’s diffusion law roughly e
to t = d2/Dmol, it follows immediately that performing an ope
tubular LC (OT-LC) or capillary electrochromatography (CE
separation in a channel that is only 0.1�m deep instead of 10�m
would allow a 10 000-fold reduction of the separation time. S
eral methods for the fabrication of nanochannels with[10] or
without nanoimprint lithography[11] have been investigated a
pressure-driven as well as electrokinetic nanochannel flows
already been reported[12–16]. The nanochannel research a
already focused on the selection of the most appropriate
strate materials, considering poly(dimethylsiloxane) (PDM
silicon as well as glass substrates[17,18]. Eijkel et al. studied
drying-out effects caused by osmosis and pervaporation th
∗ Corresponding author. Tel.: +32 2 629 37 81; fax: +32 2 629 32 48.
E-mail address: svkrunke@vub.ac.be (S. Vankrunkelsven).

polyimide nanochannels[19]. Using optimized surface machin-
ing techniques also made it possible to produce channels with
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lateral dimensions below 100 nm and to realize a pneumatically
actuated, capillary-pressure-driven micropump capable of deliv-
ering picoliter amounts of liquid in a controlled way[20,21].
Nanochannels also have the advantages that their dimensions
are smaller than the size of biological macromolecules, with
potentially useful consequences for separations; they also have
a very high ratio of surface to volume, and thus allow the study
of wall effects in biological separations[22,23].

The two main methods for driving the flow of fluids in
microchannels, pressure-driven and electrokinetic, however,
each have their drawbacks. Pressure-driven flow performs
poorly in assays requiring high-resolution separation because
the velocity profile of a cross-section is parabolic, and samples
in the form of plugs undergo axial dispersion and peak broad-
ening. The main problem however is that extremely high inlet
pressures are needed to drive the fluid flow through the narrow
nanochannels. Electrokinetic flow also has important drawbacks
for bioassays, including buffer incompatibility (only buffers of
appropriate pH and ionic strength are compatible), the need for
an off-chip power supply, electrolytic bubble formation, and
evaporation of solvent due to heating[4]. The main problem
with respect to nanochannel flow is that the electrical-double-
layers that are formed at the channel walls start to overlap at
the center of the channel. This leads to the formation of a more
parabolic instead of a perfectly flat flow profile, and more impor-
tantly, also to a dramatic reduction of the achievable flow rate
[
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with very small depths at high fluid flow velocities[27]. Apply-
ing a retentive coating on the stationary wall then in principle
allows to perform all forms of liquid chromatography without
any restriction on the applicable fluid velocity or channel depth.
In previous work, the practical feasibility of this shear-driven
chromatography (SDC) principle has been demonstrated by sep-
arating a mixture of four coumarin dyes in sub-second times
[31]. Whereas coumarin dyes are neutral compounds and have
a high autofluorescence, the present study is devoted to demon-
strate that the SDC principle can also be applied to separate
ionisable species. The motivation for this work is that whereas
HPLC and OT-LC are two-phase systems, the SDC channels
have a third phase, i.e., the surface of the moving wall. This sur-
face is as large as the stationary wall surface and hence makes up
an important part of the channel. To have a minimal interference
with the actual separation, this third phase (i.e., the moving wall)
should be as inert as possible. Since uncoated glass substrates
currently are the single cost-effective alternative to be used as the
moving wall, the presence of the silanol groups on this surface
can certainly be expected to compromise the inertness require-
ment in the case of ionisable components. It is therefore a priori
not obvious that ionisable components can be separated with a
high resolution.

As a model system, we selected the separation of two
biologically important molecules: angiotensin I (ANG I) and
angiotensin II (ANG II). The renin-angiotensin system is well
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24,25].
In the past few years, our group has been developing a s

riven flow method that uses channels composed of two
endent longitudinal walls kept together by applying a s
ormal load to the assembled system[26–30]. The fluid flow in

his system is caused by the dragging effect originating from
ovement of one channel wall while the other stays statio

Fig. 1(a)). As described in[26], this leads to a linear veloci
rofile with a mean velocity equaling:

= uwall

2
(1)

he flow velocity is thus independent of the fluid viscosity
he channel depth and length, which allows the use of cha

ig. 1. Schematic cross-sectional (a) and longitudinal view (b) (not to sca
he SDC operating principle, showing the dragging effect of the moving ch
all (1) and the resulting linear velocity profile. The etched fused silica pla

he stationary channel wall, (size 10 mm× 20 mm) (2) put on top of this wafe
arried the C18 layer (3) and contained an array of parallel spacers (4).
ubrication layer (5) between the spacers and the moving wall is indicat
ell.
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nown to be the most important pressor system in the body.
irculatory system, angiotensins (ANGs), are potent vaso
trictor peptides that play an important role in normal physio
rocesses and in various disease states[32]. Angiotensinoge

s cleaved by the protease renin to produce ANG I, a bio
ally inactive decapeptide. The angiotensin converting enz
emoves the carboxyl terminal His-Leu from ANG I to prod
he octapeptide ANG II, which explains the lower hydrop
icity of ANG II. ANG II is a potent pressor agent and
etermination of angiotensins in mixtures is of interest in c
ection with the vital pressor mechanism.

. Experimental

.1. Chemicals

All chemicals were purchased at Sigma–Aldrich (Born
elgium). ANG I and II were dissolved at a concentration
.3 mM in phosphate buffered saline (pH 7.4). Because o
equired fluorescence detection, the samples were first la
ith fluorescein isothiocyanate (FITC) using the following p

ocol. First, a molar excess of FITC (dissolved in dimethyl
oxide at a concentration of 0.05 M) was added to a mixtur
00�l of the peptide solution and 20�l of a 1 M sodium bicar
onate buffer (pH 9). The reaction was allowed to take p

or 2 h at room temperature under constant stirring, prote
rom light. To remove the free dye, an extensive dialysis
erformed using a dialysis membrane with a molecular we
ut-off (MWCO) of 500 (Float-a-Lyzer, Spectrum, Breda, T
etherlands) and a 0.02 M phosphate buffer (pH 6.5) as the
sis buffer. Buffer volumes of 700 ml were replaced after 3
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12 h and the dialysis continued overnight. In order to concentrate
the diluted sample, the dialysis membrane was dried with Spec-
tra/Por Gel Absorbent (Spectrum) until a final concentration of
2.9 and 2.1 mM for ANG I and II, respectively. The conjugate
was subsequently divided into aliquots and stored at−20◦C.

At pH 6.50, the side chain contributions to the net charge of
the ANG I and II peptides result in neutral molecules. However,
labeling with FITC leads to an extra carboxyl group with a pKa
of 3 which results in a negatively charged molecule at pH 6.5.

2.2. Apparatus and experimental setup

The central part of the setup is the shear-driven flow chan-
nel, assembled by pressing two flat substrates (seeFig. 1) against
each other: a small, rectangular fused silica platelet, with dimen-
sions of 20 mm× 10 mm and carrying an array of parallel run-
ning channel spacers on its surface (seeFigs. 1(b) and 2) and
a larger, fully flat fused-silica wafer with a diameter of 5 cm, a
thickness of 3 mm and with a flatness ofλ/10 (Photox Optical
Systems, Sheffield, UK). During the operation, the large fused-
silica wafer is placed in a home-built metal holder that fits in the
movable microscope table. The smaller stationary wall platelet
is put on top of the fused-silica wafer and is kept stationary by fit-
ting it into a home-built metallic holder. The channel spacers are
used to maintain a fixed distance between both substrates. After
assembly, the channels are positioned above the objective lens
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to automatically translate the microscope table, both during the
injection procedure and during the subsequent flow experiments.
The setup also contains a pneumatically operated metallic cover
lid exerting a downward force on the upper (stationary) chan-
nel wall. This force is needed to keep the so-called lubrication
layer, i.e., a thin layer of mobile-phase liquid that is always
inevitably present between the channel spacers and the fused-
silica plate (Fig. 1(b)), as thin as possible. Performing a series
of flow control experiments with mobile-phase liquid contain-
ing 5 mM coumarin C440 dye, it was found[29] that a 1–2 bar
pressure force was sufficient to keep the thickness of this lubri-
cation layer below 10–20 nm, provided the channel substrate
materials are sufficiently flat. A tight control of the lubrication
layer thickness is needed to avoid too large run-to-run differ-
ences between the nominal channel depth determined via the
WYKO scan and the effective channel depth that is experienced
during the operation.

2.3. Channel manufacturing

The spacers shown in detail inFig. 2were obtained by etching
the surface of round, fused silica wafers with a diameter of 4 in.,
a thickness of 2 mm and a flatness ofλ/10 (Photox Optical Sys-
tems) via wet etching with HF. Inspection with a WYKO surface
profilometer (Veeco Instruments, Cambridge, UK) revealed that
the spacers had a nominal mean height of 300 nm. The etching
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ith 5× magnification (LMU-5×-266, OFR, Caldwell, UK
f an inverted fluorescence microscope (Axiovert 200, Z
aventem, Belgium), using a system of in-house machined

ng frames, as already described in[31,33]. In this way, the
ow inside the SDC channels can be followed through the
ransparent fused-silica wafer. The microscope is mounte
breadboard (M-IG 23-2, Newport, Utrecht, The Netherlan

ogether with a linear displacement stage (M-TS100DC.5, N
ort) equipped with a stepping motor (UE611CC, Newp
nd a speed controller offering a total positioning accurac
.5�m (MM 4006, Newport). This displacement stage is u

ig. 2. WYKO®-surface scan measurement (IR interferometry) of a fused
tched nanochannel of 300 nm used for SDC. The non-etched strips asid
hannel serve as spacers in the final channel assembly.
,
-

n
,
-

e

ask was designed to yield three parallel running channels
aving a width of 700�m and separated by 350�m wide chan
el spacers. Prior to their use, an aluminium layer was spu
n the backside of the fused silica platelets to reduce the
round signal using a home built apparatus (Mesa + Inst
nschede, The Netherlands). Subsequently, identical recta
f 10 mm× 20 mm were diced (Disco DAD 321 Dicing Sa
esa + Institute) from the wafers, to yield the finally used

ionary wall platelets.

.4. Pretreatment and coating of the stationary wall
latelets

The pretreatment of the stationary wall platelets was ca
ut according to a protocol described by Vidič et al.[34]. This
onsisted of first washing them with ethanol and deionized w
o remove impurities, followed by boiling them for 3 h in deio
zed water. After this, the channels were rinsed with ethano
ried overnight at 110◦C.

To apply a C18 stationary phase layer on the channels,
used silica platelets were submersed in a 30% (v/v)-sol
f chlorodimethyloctadecylsilane in toluene (Sigma–Aldr
ornem, Belgium) for 24 h at a temperature of 35◦C. The fused
ilica platelets were subsequently rinsed with toluene, ac
nd methanol followed by drying them overnight at 110◦C,
sing the same procedure as described by Vidič et al.[34].

.5. Contact angle measurement

The amount of bound silane was estimated qualitatively u
ontact angle measurements[34]. For this purpose, droplets
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10�l deionized water were applied on the surface of the fused
silica platelets and a picture was taken with a digital camera. The
contact angle was subsequently determined by drawing a liquid
surface tangent line at the contact point between the droplet
and the solid surface, using National Instruments IMAQ Vision
Builder 5.0 image analysis software to automatically read out
the angle. Five measurements were taken for three different sta-
tionary wall platelets.

2.6. Injection, stopped-flow procedures

Sample plugs with a width of about 50�m were injected
in the channels using a multistep injection procedure already
described in[35,36]. This procedure occurs in four successive
steps. In the first step, the mobile phase present in front of the
channel inlet is removed by aspirating it with a modified pipet
tip connected to a vacuum pump (Pfeiffer, Asslar, Germany)
via a thin plastic tube. In the second step, sample is loaded in
front of the channel inlet using a standard micropipet. During
the third step, the moving wall is displaced over a given pre-
scribed distance (100�m in the present case). This distance can
be controlled to within 0.5�m due to the displacement accuracy
of the translation stage. This distance determines the width of
the injected sample plug: neglecting diffusional contributions,
the injected plug widths can be expected to be equal to the half of
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Fig. 3. Stopped-flow image taken with the CCD camera of a separation of the
labeled angiotensin mixture at a moving wall velocity of (a) 2 mm/s and (b)
35 mm/s. Mobile phase: 5% (v/v) acetonitrile/0.02 M phosphate buffer pH 6.5.

2.8. Separation experiments

All separations were carried out at ambient temperature
and under isocratic conditions in channels with a depth of
300 nm and a C18-coating. Mobile phases containing 5–30%
(v/v) acetonitrile in 0.02 M phosphate buffer at pH 6.50 were
tested.

Using the still camera images, the retention factork′ of the
sample components can be directly derived from the difference
between the virtual positionL0 of the non-retained mobile phase
liquid (moving with exactly one half of the moving wall veloc-
ity), and the actual positionLeff of the moving peak, using[35]:

k′ = L0 − Leff

Leff
(2)

The definition ofL0 andLeff can also be assessed fromFig. 3.
Estimates of the plate height could be made from the variance

σx
2 of the peaks. Assuming a Gaussian peak shape, a correction

for the contribution of the initial widthw of the injection plug
was made according to:

H = σ2
x − σ2

xinj

Leff
where σ2

xinj = w2

16
(3)

3. Results and discussion

3

ngle
m -
o owed
he displacement distance of the moving wall. During the fo
nd final step, the displacement of the moving wall is br

nterrupted to aspirate the non-entered sample and to re
t by fresh mobile-phase liquid. When the injection seque
s fully completed, the actual flow experiment is started
ncrease the resolution of the charge-coupled device (C
amera image frames, the experiments were done in so-
topped-flow conditions. For this purpose, the translation s
as programmed to stop abruptly after having traveled a kn
istance (3 mm in the present study). The displacement dis
as selected such that it was sufficiently long to obtain a bas
eparation of the peaks for all considered mobile phase ve
ies. In order to avoid additional diffusion band broadening
nalysis were performed on the first video frame captured

he displacement was halted. In all stopped-flow experim
he frame illumination time was 0.04 s.

.7. Detection

The FITC-labeling of the ANG samples allowed exc
ion by the blue light obtained by combining a mercury la
HBO 103/W2, Zeiss) and the blue filter cube set (1100
hroma Technology, Rockingham, USA) of the microsc
he microscope images were recorded using an air-cooled
amera (ORCA-ER C4742-95, Hamamatsu Photonics, Lou
a-Neuve, Belgium) mounted on the video adapter of the m
cope. The camera was operated at a frame rate of 43
he 8× 8 binning mode. The video frames were digitally c
ured using a Firewire interface. Subsequent analysis o
ideo images was carried out using the Simple-PCI 5.1
are accompanying the camera.
n.1. Coating experiments

The following three cases were studied in the contact a
easurements: non-coated channels, C18 coated channels with
ut and with the pretreatment. These experiments clearly sh
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the higher hydrophobicity of the coated channels compared
to the untreated ones. The results were 20± 1◦, 36± 1◦ and
78± 2◦, respectively. The amount of bound silane was hence
significantly larger when the substrates were subjected to the
pretreatment. All channels used further in the study were there-
fore coated using the pretreatment method developed by Vidič
et al.[34].

3.2. Separation experiments with variable mobile phase
composition

In a first series of experiments, the amount of acetonitrile in
the mobile phase of the separation experiments was varied from
5 to 30% (v/v) while the moving wall velocity was kept constant
at 2 mm/s.

Fig. 3(a) shows a typical separation example obtained with
5% acetonitrile in the mobile phase. An overlay plot of the pixel
intensity values, generated with the software program Simple
PCI 5.1 is also shown in the image. This overlay plot clearly
shows that the three peaks are baseline separated in distance of
less than 2 mm. The peaks are not completely straight due to
small channel inlet defects caused by the sawing of the fused
silica wafer.

A first finding concerned the number of peaks: injections of
the ANG mixture lead to three peaks instead of the expected two.
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Fig. 4. Plot of the retention factork′ of the ANG and FITC mixture as a function
of the percentage acetonitrile in the mobile phase. The moving wall velocity was
2 mm/s.

This is also reflected in the low amount of organic modifier
in the mobile phase we need to use compared to other systems.
Acetonitrile concentrations of 20% (v/v) and gradients rang-
ing from 15 to 70% acetonitrile have been found in literature
[37–39]. The retention strength of the applied monolayer coating
is hence clearly lower than in packed bed columns. Compar-
ing the surface to volume ratios of the open-tubular rectangular
SDC channels and the packed bed columns explains this. The
employed SDC channels indeed have a surface to volume ratio
of 1/d, with d the channel depth, which results in a 100 times
lower value than for a typical packed bed. The monolayer coat-
ing applied on the SDC channels hence has a 100 times less
retention capacity. A possible solution to improve this would be
the creation of a thin layer (100–200 nm thick) of porous silicon
stationary phase[33].

3.3. Separation experiments with variable velocity

Subsequently a series of separation experiments was con-
ducted at different moving wall velocities, ranging from 1 to
35 mm/s. In all these experiments the mobile phase had a com-
position of 5% (v/v) acetonitrile in 0.02 M phosphate buffer (pH
6.5).

As shown inFig. 3(b), the mixture can still be separated in
the first 2 mm of the channel at the largest moving wall veloc-
i ntly
e ure
i with
t -
t ixture
o pH
6 in a
1 sepa-
r aller
m ionary
p ts in a
m

lthough extensive dialysis was performed after the labelin
he peptides, this could have been insufficient to remove a
ree label used the labeling reaction. Injections of a pure F
ample showed that this third peak could indeed be identifi
he signal of the free FITC label. Removing the fluorescent
ompletely seems to be impossible with the available dia
embranes: a membrane with a MWCO of 500 had to be

o remove the FITC molecules with a molecular weight of 3
embranes with a higher MWCO would have failed to re

he ANG peptides.
For each injection, the distances traveled by the three p

unbound FITC-label and the labeled ANG I and II) were
ulated as indicated inFig. 3. The virtual positionL0 of the
on-retained mobile phase liquid (moving with exactly one
f the moving wall velocity) is also indicated. The retention

orsk′ were subsequently calculated using Eq.(2). Fig. 4shows
plot of the retention factork′ of the ANG and FITC mixture a
function of the percentage acetonitrile in the mobile phas
cetonitrile concentration of 5 and 10% (v/v) resulted in sep

ion of the three components. The separation was not com
t a concentration of 15% acetonitrile. A further increase o
cetonitrile amount lead to a co-elution of the components
ingle band.

The mobile phase consisting of 5% acetonitrile in 0.0
hosphate buffer, pH 6.50 (v/v) yielded optimal separations
as used in the remainder of the study. At 2 mm/s the rete

actor equaled 0.40 (standard deviation = 0.05) for the AN
.12 (standard deviation = 0.03) for FITC and 0.01 (stan
eviation = 0.03) for ANG II. These values show that the l
ydrophobic peptide, ANG II, is almost not retained by the

ionary phase.
e

a

ty of (i.e., 35 mm/s) that can be achieved with the curre
mployed translation stage. At this velocity, the ANG mixt

s separated in just 0.17 s. This is a dramatic gain compared
he separation time of about 20 min needed in[37] for a conven
ional reversed phase packed-bed HPLC separation of a m
f ANG I and II, and working also in isocratic conditions at
.5, with a mobile phase containing 20% (v/v) acetonitrile
0 mM phosphate buffer. The reason for the much faster
ation in the SDC system obviously is due to the much sm
ass transfer distances between the mobile and the stat
hase which leads to a faster separation of the componen
ixture[40].
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Fig. 5. Retention factors of ANG I (�), FITC (�) and ANG II (�) as a func-
tion of the mobile phase velocity. The shown values are the average of three
experimental measurements with their standard deviation.

Fig. 5 shows the observed retention factorsk′ as a func-
tion of the mobile phase velocity. The error bars indicate quite
large run-to-run differences. At present, we assume that these
originate from the difficulty to precisely control the thick-
ness of the lubrication layer probably caused by imperfec-
tions on the employed metallic holder systems. Another impor-
tant observation that needs to be made is that the retention
was significantly smaller for the two smallest velocities (1
and 2.5 mm/s) than for the other, higher velocities. A similar
observation was made in previous work[29] but up to now
no explanation for this phenomenon could be formulated for
this, especially because a reduced retention would be more
expected to occur at the higher end of the velocity range.
At higher velocities the adsorption process could be expected
to occur less efficiently which would lead to lower retention
factors.

Experimentally obtained plate heights were calculated from
the measurements of the peak variances (Fig. 3) using Eq.(3).
Instead of using the entire width of the channel, only a slice of
about 100�m of the peak is used for the calculations. The value
of the variance that was substracted out for the injection peak was
found to be 2.8× 10−10 m2. These values were compared with
theoretical values for the plate heights which could be calculated
using the following expression for a shear-driven flow through
an open tubular channel with a flat-rectangular cross-section
[26]:

H

u
5
I xper-
i
G
l e
c

Fig. 6. Experimental plate heights (points) as a function of the mobile phase
velocity obtained during a series of angiotensin separations in a C18 coated
channel with a depth of 300 nm. Mobile phase: 5% (v/v) acetonitrile/0.02 M
phosphate buffer at pH 6.5. The theoretical values (full lines) are obtained by
putting in Eq.(4) d = 300 nm,df = 0 andDm = 1.9× 10−10, 5.4× 10−10 and
2.3× 10−10 m2/s for ANG I (a), FITC (b) and ANG II (c), respectively.

Fig. 6(a)–(c) show the plate heights in function of the mobile
phase velocity of the components ANG I (a), FITC (b) and ANG
II (c). Every measurement is the average of three experiments,
the error bars were calculated with Eq.(5), obtained by applying
the error propagation rules to Eq.(3) and showing that the error
on the measurements (�H) was composed of the following three
= 2
Dm

u
+ 2

30

1 + 7k + 16k2

(1 + k)2
u

d2

Dm
+ 2

3

k

(1 + k)2
u

d2
f

Ds
(4)

sing molecular diffusion constant values of 1.9× 10−10,
.4× 10−10 and 2.3× 10−10 m2/s for ANG I, FITC and ANG

I, respectively. These diffusion constants were measured e
mentally using a shear-driven technique described in[41].
iven that only a monolayer coating was applied,df is neg-

igibly small and the last term of Eq.(4) can hence b
ancelled.
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terms:
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∣
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where the first term represents the error on the distanceL that is
measured and the other terms the error on the peak widths atx = L
andx = 0, respectively. In Eq.(5)�Wb,x=L is the width of the peak
at the basis at positionx = L (m),�Wb,x=0 the width of the peak at
the basis at positionx = 0 (m),L the traveled distance of the band
(m). �L is the error onL (m), while�Wb,x=L and�Wb,x=0 are
the errors on the peak width at the basis at positionx = L (m) and
at positionx = 0 (m), respectively. The value for�L, �Wb,x=L
and�Wb,x=0 was taken to be equal to 6�m, corresponding to
the width of a single pixel.

Fig. 6(a)–(c) show that the optimal mobile phase velocity for
the separation of the mixture in a 300 nm deep channel is about
3 mm/s. The plate height at this velocity is only 0.4�m, i.e.,
about 20 times smaller than in packed bed HPLC where typical
plate heights are 6–10�m [42].
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