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A new microfluidic approach for charge-based particle separation using combined

hydrodynamic and electrokinetic effects is presented. A recirculating flow pattern is

employed, generated through application of bi-directional flow in a narrow glass mi-

crochannel incorporating diverging or converging segments at both ends. The bi-di-

rectional flow in turn is a result of opposing pressure-driven flow and electro-osmotic

flow in the device. Trapping and preconcentration of charged particles is observed in

the recirculating flow, under conditions where the average net velocity of the parti-

cles themselves approaches zero. This phenomenon is termed flow-induced electro-
kinetic trapping (FIET). Importantly, the electrophoretic mobility (zeta potential) of

the particles determines the flow conditions required for trapping. In this paper, we

exploit FIET for the first time to perform particle separations. Using a non-uniform

channel, one type of particle can be trapped according to its zeta-potential, while par-

ticles with higher or lower zeta-potentials are flushed away with the pressure-driven

or electro-osmotic components, respectively, of the flow. This was demonstrated using

simple mixtures of two polystyrene bead types having approximately the same size

(3 μm) but different zeta potentials (differences were on the order of 25 to 40 mV).

To gain more insight into the separation mechanism, particle separations in straight,

3-cm-long microchannels with uniform cross-section were also studied under condi-

tions of bi-directional flow without trapping. A thorough theoretical analysis confir-

med that trapping occurs when electrokinetic and pressure-driven particle velocities

are equal and opposite throughout the diverging segment. This makes it possible to

predict the pressure and electric field conditions required to separate particles having

defined zeta potentials.

Abstract
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3.1 Introduction

Particle manipulation and separation have become subjects of growing interest in the

microfluidics field, particularly in applications such as single cell analysis or pretre-

atment of very tiny samples. Handling samples containing particles remains a major

challenge, as the particles in question are often not much smaller than the channels

themselves and clogging may become an issue. Particles often also have a propensity

to aggregate, complicating matters in this regard. Applications employing particles in

microchannels have tended to focus on two different uses for particles. In many cases,

microspheres are used as analyte and reagent vehicles, their surfaces coated specially

to capture an analyte of interest or extract species from solution. Particles are intro-

duced into microchannels to use the particle surface as a solid phase for capillary

electrochromatography1-3 or for biochemical and immunoassays.4-6 Paramagnetic

beads have been manipulated in microchannels using external magnetic fields to per-

form mRNA isolation7, dynamic DNA hybridyzation8 or multistep biochemical pro-

cesses9 on the surface. A growing application more recently is the separation of

particles, based on different physicochemical properties, including size, surface elec-

trostatic properties, polarizability, and magnetic and acoustic properties. Hydrody-

namic chromatography10-14 and (di-)electrophoresis15-19 are techniques often used to

separate particles. Continuous, size-dependent particle separation has been reported,

using the asymmetric bifurcation of laminar flow around a periodic array of obsta-

cles,20 or hydrodynamic filtration21 or pinched flow fractionation.22, 23 Lining up par-

ticles and transferring them into another solution has been demonstrated with acoustic

waves24 and magnetic forces.25

Lettieri et al.26 introduced a new mechanism for particle trapping and preconcentra-

tion, demonstrated with microspheres, which was used for a model immunoassay.

Lettieri used a microfluidic channel in which a pressure-driven (PF) and electro-os-

motic flow (EOF) were opposed, resulting in bidirectional fluid movement. This is re-

miniscent of work by Culbertson and Jorgenson, in which a pressure-induced

counterflow was used in capillary electrophoresis to actively retard, halt, or reverse

an analyte’s electrokinetic migration through a capillary.27 In channels with diverging

and converging segments, however, the bidirectional flow turns into recirculating

flows as depicted in Fig. 1A. (We define “diverging” and “converging” in terms of the

direction of pressure-driven flow. Hence, a diverging element or segment is one in
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which the cross-section expands in the pressure-flow direction.) Using this hydrody-

namic effect combined with the electrokinetic properties of the particles themselves

results in particle trapping, known as flow-induced electrokinetic trapping (FIET).

Unlike many other microfluidic systems, this approach has no need of physical bar-

riers to retain the particles in a specified area. However, it has been experimentally

proven that the electrokinetic properties of the particles play an important role in de-

termining appropriate trapping conditions for a particular particle type.26 Thus, the re-

circulating flows were employed by Lettieri to trap and preconcentrate DNA.28

Similar work with much shallower (0.5-µm-deep) tapered channels showed that trap-

ping and size-separation of DNA strands could be demonstrated with opposing elec-

tric and hydro drag forces.29, 30

Our objective here was to study the separation of particles having similar size but

B

A

PF EOF

Figure 1. (A) Schematic overview of recirculating flow profile in converging and diverging seg-
ment. (B) Schematic diagram of mechanisms to induce flows in microchannels and their char-
acteristic flow profiles, viewed from above. From top to bottom: pressure-driven flow (PF)
induced by a fluid column at the channel inlet; electro-osmotic flow (EOF) generated by an
electrical field along the channel; and bidirectional flow, the result of opposing PF and EOF.

300 µm60 µm

Inlet

Outlet



Charge-Based Particle Separation in Microfluidic Devices using Combined Hydrodynamic and Electrokinetic Effects

77

different electrokinetic properties, expressed as zeta-potentials (ζp), in bidirectional

flow systems. Both straight channels of uniform cross-section and channels incorpo-

rating diverging and converging elements were used. When using recirculating flows

in a non-uniform channel, particles can be separated with the additional advantage of

trapping. One particle type can be trapped, while particles with lower ζp and higher

ζp are removed from the trapping region by EOF and PF, respectively. A simple theo-

retical model is proposed to better understand the separation mechanism at work and

predict under what conditions particles could be separated with this system.

3.2 Materials and methods

Device fabrication

Microfluidic devices were fabricated in-house, using standard photolithography, wet

etching and fusion bonding. The design of the device was drawn in a mask-layout edi-

tor, CLEwin (WieWeb, Enschede, The Netherlands) and written onto a chromium

mask by Delta Mask B.V. (Enschede, The Netherlands). The design was then trans-

ferred into the 5300-Ǻ-thick AZ1500 positive-photoresist layer of a photoresist- and

chromium-coated, 4-inch borofloat glass wafer (Telic Co, Valencia CA, USA) using

a collimated UV light source (OAI, San Jose, CA, USA). The photoresist was deve-

loped by immersion of the wafer into a 4:1 solution of H2O:AZ351B (Microchem,

Newton, MA, USA) for 1 minute, followed by rinsing with 18-MΩ distilled water for

1 minute. After development, the 1200-Å-thick chromium layer was etched in the

areas where it had been exposed during development, using Microposit Chrome Etch

18 (Shipley, Coventry, UK) for 50 seconds. The borofloat glass was then isotropi-

cally etched for 10 minutes using an HF (50%):HNO3 (99.5%):H2O solution, in a

100:28:72 ratio, at a rate of 1.8 µm min-1, followed by a 5-min rinse in ultra-pure

water (Reinstwasseranlage, Wilhelm Werner GmbH, Leverkusen, Germany). A se-

cond borofloat glass wafer was coated on both sides with AZ1518 photoresist (Mi-

crochem Corp., Newton, MA,USA); the wafer was spincoated at 500 rpm for 30

seconds to form a thick layer using a bench-top CEETM-spin-coater (Brewer Science,

Rolla, MO, USA) to protect the surface. The position of the in- and outlets were mar-

ked on the photoresist using a marker, with the mask positioned underneath the coated

wafer. Holes of approximately 1 mm diameter were made using a powder-blaster

(Wulsag, Zofingen, Switzerland) and 22-to-59 μm Al2O3 particles (Straaltechniek

International B.V., Dordrecht, The Netherlands). Photoresist layers from both wafers
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were removed with VLSI-grade acetone (VWR International B.V., Amsterdam, The

Netherlands) and rinsed afterwards with VLSI-grade isopropanol (VWR Internatio-

nal B.V., Amsterdam, The Netherlands) and 18-MΩ distilled water. The chromium

layer was removed with Chrom Etch 18 and the wafer was rinsed with 18-MΩ dis-

tilled water for 2 minutes. The wafers were given a 10-minute treatment in a 4:1 mix-

ture of 98% sulfuric acid and 30% hydrogenperoxide (piranha solution) at 110o

Celsius to oxidize the surface, then rinsed with 18-MΩ distilled water in a cascade

bath for 10 minutes and dried with nitrogen. The two wafers were then aligned with

one another by positioning in- and outlet holes in the coverplate with the ends of the

channels in the other wafer. Once aligned, a droplet of isopropanol was touched to the

edge of the wafers so that it could wick between them and thus hold them together

for transfer to the oven. Fusion bonding was performed in a furnace (Nabertherm,

New Castle, DE, USA) with a one-kilogram steel weight on top. The wafers were

heated to 5000 Celsius in one hour, kept at this temperature for half an hour, and then

further heated to 648o Celsius over another hour and kept at this temperature for 18

hours. Afterwards, the furnace was turned off and the device was left in the oven to

cool down to room temperature, a process which took approximately 12 hours. Plas-

tic 1000-µL pipette tips (Sarstedt, Nümbrecht, Germany) 7 mm in diameter, about

50 mm long, and with the narrow ends cut off, were fixed with glue (Kombi snel,

Bison International, Goes, The Netherlands) over the in- and outlet holes. Electrodes

made from 0.5-mm-diameter platinum wire (Sigma-Aldrich Chemie B.V., Zwijn-

drecht, The Netherlands) were inserted through the tip walls approximately 2 mm

above the chip and fixed with glue.

Experimental

Particle separation based on ζp differences was demonstrated in bidirectional flow

systems generated both in straight microchannels of uniform diameter and in chan-

nels with diverging and converging elements. In the former case, straight, 3.3-cm-

long, 135-µm-wide and 20-µm-deep microchannels were employed. These and all

other devices used in this study were made in-house according to the procedure des-

cribed above. Channels with diverging and converging elements were typically 3 cm

long, 20 µm deep and had opening angles of 90o, resulting in segments which varied

in width from 60 to 300 µm, as depicted in Fig. 2. The narrow middle channel, V in

Fig. 2A, is 60 µm wide and is called the trapping channel. The recirculating flow was

generated using a column of fluid (0-10 mbar, equivalent to 0-10 cm of fluid column



Charge-Based Particle Separation in Microfluidic Devices using Combined Hydrodynamic and Electrokinetic Effects

79

height or 0-1000 Pa) in the reservoir at the inlet and an applied potential (0-3 kV) to

induce PF and EOF, respectively. The cathode (negative pole) of the high-voltage

power supply (Labsmith, Livermore, CA, USA), was connected to the electrode in the

inlet, making the electrode at the outlet the anode; EOF thus ran from the outlet to the

inlet. The chip was placed on the X-Y translational stage of an inverted microscope

(DM-IL Leica, Wetzlar, Germany) with a digital camera (Leica DFC300 FX, Wetzlar,

Germany) for visual inspection. The microscope was equipped with objectives with

long free-working distances and correction mounts in order to be able to image flows

in substrates up to 2 mm thick. During experiments, magnifications of 20 and 40

times were used.

Prior to experiments, the channel walls were conditioned with 100 mM sodium hy-

droxide solution for 10 minutes to obtain a homogeneous EOF, and rinsed for 10 mi-

nutes with the same borate buffer (10 mM, pH 8.9 or 9.2) used in the FIET

experiments. Boric acid p.a. and di-sodiumtetraborate-decahydrate p.a. to prepare bo-

rate buffer were obtained from Merck (Darmstadt, Germany). Polystyrene micros-

Figure 2. Representation of the channel geometry used. I, III and V represent straight chan-
nel segments and II and IV converging and diverging segments, respectively (units in µm). (B)
Cross sectional view of the D-shaped channel. 2b0 and h are the dimensions of the middle part
and the depth of the channel, respectively. (C) Schematic overview of the diverging geometry
and the mathematical description, which can also be used for a converging geometry.
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pheres (beads), obtained either from Duke Scientific Corp. (Palo Alto, CA), Fluka

(Buchs, Switzerland) or Polysciences Inc. (Warrington, PA), were diluted and mixed

from stock solution using borate buffer to typical concentrations of 107 beads mL-1.

Bead characteristics are given in Table 1. The ζp measurements were done with a

Lazer Zee meter (PenKem, Bedford Hills, NY), based on microelectrophoresis31, di-

rectly before each experiment. The ζp measurements were performed directly before

the FIET experiments. For each ζp measurement, 50 mL of buffer containing 107 par-

ticles mL-1 was prepared. 

Samples generally contained two 3-µm polystyrene bead types with different ζp ,due

to incorporation of dyes into the polymer. In some cases, bead surfaces had been de-

liberately modified with –CO2- or other groups. Beads which had not been actively

modified were nonetheless charged, due to residual charge groups at the surface after

synthesis. Bead types and their corresponding ζp can be found in Table 1. Throughout

the rest of the paper, bead types will be referred to as “high-ζp” and “low-ζp” beads

according to the absolute values of the ζp. 

Microscopic inspection was used to determine separation selectivity, as different bead

types had different colours. Trapping was tuned to the electrokinetic mobility of the

beads by adjusting the EOF (varying the applied potential) with respect to the PF.

Bead solutions were loaded at the in- or outlet at the beginning of each experiment,

SizeA 
(μm) 

Modification Manufacturer Initial bead 
concentration / 
particles mL-1 

[borate 
buffer] 
(mM) / pH 

Zeta 
potential / 
mV 

3.06 +/- 
0.08 

Dark Blue dyed Fluka 2.21 x 109 10 / 9.2 -28 +/- 2 

3.1 +/- 
0.09 

Green 
Fluorescent dyed 

Duke 
Scientific 
Corp. 

6.11 x 108 10 / 9.2 -68 +/- 2 

3.0 +/- 
0.11 

White 
Carboxylated 
 

Polysciences 
Inc. 

1.78 x 109 10 /9.2 -90 +/- 4 

3.06 +/- 
0.08 

Dark Blue dyed Fluka 2.21 x 109 10 / 8.9 -23 +/- 2 

3.1 +/- 
0.09 

Green 
Fluorescent dyed 

Duke 
Scientific 
Corp. 

6.11 x 108 10 / 8.9 -58 +/- 5 

Table 1 Characteristics of particles used under experimental conditions

A Sizes specified by manufacturer. 
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after the channel had been filled with buffer. Special care had to be taken to ensure

that the column heights which define the PF were accurately set. When beads were

loaded at the inlet they entered the channel automatically, whereas they had to be

brought into the channel using a high applied potential (large EOF) when loaded at

the outlet to counter the PF. Because beads were loaded at only one reservoir, the

other “receiving” reservoir was always devoid of beads at the beginning of an expe-

riment. Visual inspection of the receiving reservoir at the end of an experiment could

therefore be used to determine separation selectivity.

Bead velocities were measured in the straight channel for given hydrostatic pressu-

res or electric field strengths using a simple particle-imaging velocimetry (PIV) soft-

ware, PIVview 2C (PIVTec GmbH, Gottingen, Germany). Movies were acquired at

30 fps for 30 or 60 seconds using the Leica camera, resulting in at least 800 images

which were evaluated with the PIV software.

3.3 Theory

The overall direction and velocity of particle transport (particle flux) in this system

are determined by the PF, EOF and electrophoretic mobility of the particles themsel-

ves. The fluid column at the inlet determines the PF, while the electric field determi-

nes the magnitude of the EOF and particle electrophoretic migration. Because both

pressure and electric field are dependent on channel width and height, pressure and

electric field gradients are created in the diverging and converging elements incor-

porated into our devices. Particle velocity gradients are established in these elements

as a result. It was observed in previous work that trapping occurs under conditions

where the calculated average net flux of the particles themselves approaches zero.26

Importantly, the electrophoretic mobility of the particles under investigation deter-

mines the EOF and PF conditions required for trapping. At a constant applied pres-

sure, then, the net particle flux can be tuned to zero within the diverging and

converging elements by adjusting the applied potential, and particles can be trapped.

The size of the resulting trapping zone where particles recirculate can be varied, as

trapping occurs over a range of applied potentials. When the zone is compressed, par-

ticles entering the diverging or converging elements travel shorter distances before

being redirected back towards the trapping channel.32 The balance between PF and

applied electrical field thus determines if particles can be trapped or will be trans-
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ported with PF or EOF. In this section, the theoretical considerations underlying the

influence of non-uniform channel geometry on pressure and electric field gradients

are presented. Lettieri already simulated velocity vector fields for diverging geome-

tries with different opening angles, revealing the presence of a recirculating flow pat-

tern. Furthermore, it was demonstrated that the recirculating flow could be used to

trap particles at diverging elements of different geometries.32 In this study, particle

transport throughout the channel is discussed and a simple analytical model propo-

sed to predict electric field and pressure conditions under which particles of a parti-

cular electrokinetic mobility may be trapped. 

Pressure-driven flow in D-shaped, low-aspect-ratio microchannels

Pressure-driven flow results when a pressure difference is applied between the in-

and outlet of a microchannel. According to Mortensen and Bruus,33 there is no ana-

lytical solution known for the Poiseuille equation for pressure-driven flows in non-

circular channels. However, they describe how to deal with different cross-sectional

profiles in microfluidic devices. The rotated D-shaped cross-section of the glass chan-

nels used in this work is typical of isotropically etched channels. Flow velocities in

these channels can be approximated using a Fourier series as described for low-as-

pect-ratio rectangular channels, since the width is larger than the depth.34-36 The re-

sulting fluid flow has a plug-like flow profile when viewed from above (Fig. 1B, top

right), which can be described by the following relationship between pressure drop

over the channel and linear velocity:

where u is the linear velocity of the fluid in the channel, η the viscosity of the fluid,

Δp the pressure difference, L the channel length, and h and w the height and width of

the channel, respectively. As Equation (1) shows, u is a strong function of channel di-

mensions and will vary as channel width changes along the channel when diverging

and converging elements are incorporated. Since the volumetric flowrate is kept con-

stant for experiments in this closed system, conservation of mass considerations can

be used to relate u in one channel segment to the next. To describe the converging and

diverging geometries mathematically, the equation b(x) = mx + b0 is introduced, as

depicted in Fig. 2 together with the channel geometry and the cross-sectional D-shape.

This equation gives the width of the channel, b(x), as a function of the position, x, in
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the diverging or converging element, where b0 is the width at the starting point of the

element, x=0. The slope, m, is dictated by the opening angle of the channel segment.

In this case, the opening angle is 90 degrees; for the mathematical description, ho-

wever, only half of the channel is considered, resulting in a 45-degree angle between

the side of the element and the microchannel. The slope, m, thus has a value of one.

For a straight channel segment, m is zero. This mathematical description can be com-

bined with Equation (1) and conservation of mass considerations to describe the pres-

sure drop, dp/dx, over the different channel elements, as given in Equation (2).

In this equation, the hydraulic resistance of the channel is given by the entire term to

the right of u0. This resistance is dependent on the geometry of the channel as well

as the viscosity of the liquid. The pressure distribution in a channel with 90-degree

opening and a total of 4 mbar applied can then be calculated and depicted as shown

A
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a)

x (mm)
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Figure 3. (A) Representation of the pressure drop and electrical field as a function of the po-
sition in a channel with diverging and converging segments. Calculations were made for 4
mbar applied pressure and 250 applied V. Close-up of the changes in pressure drop and elec-
trical field in a diverging segment depicted in (B) and (C), respectively. Dotted lines indicate
the beginning/end of each channel segment. These are labelled with Roman numerals ac-
cording to the system used in Fig. 2A.
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in Fig 3A. The pressure curve presented here is not for the entire channel geometry

shown in Fig. 2A, focusing instead on a portion of the device composed of segments

III (wide channel), IV (converging element), V (trapping channel), II (diverging ele-

ment), and III (wide channel). In the channel regions where the width is constant (I,

III and V in Fig. 2A), the pressure drop, dp/dx, and hence linear velocity, u(x,y,z), are

also constant. The largest pressure drop occurs in channel segment V, as this is the nar-

rowest of all the segments in the system. Since pressure drop and linear velocity are

directly related, the maximum linear velocity, u0, in Equation (2), will also be obser-

ved in V. In converging channel geometries (IV in Fig. 2A), the pressure drop inc-

reases in going from the wide channel to the narrow channel, resulting in a

proportional gradient in fluid velocities. The opposite occurs in diverging elements

(II in Fig. 2A), with the fluid experiencing a decreasing pressure gradient in the wi-

dening channel and hence decreasing velocities. In practice, the sum of the hydrau-

lic resistances for all the segments over the complete channel has to be calculated

first. The pressure drop, dp/dx, is directly proportional to hydraulic resistance. Hence,

the dp/dx for each segment can be found by multiplying the total applied dp/dx by the

ratio of the hydraulic resistance at each point x in the segment divided by the total hy-

draulic resistance. The resulting local pressure distributions can then be plotted in a

graph like that in Fig. 3A. In Fig. 3B it is shown that dp/dx is not constant in a di-

verging element. The same is true for the converging element.

Electro-osmotic flow in D-shaped, low-aspect-ratio microchannels

Electro-osmotic flow (EOF) is the motion of the bulk solution induced by an exter-

nally applied axial electric field37-39 and originating at the charged surfaces of sub-

strates, in our case glass. Due to the borate buffer used (ca. pH 9), many of the silanol

groups at the surface are deprotonated, and the glass is negatively charged. This leads

to the formation of a nm-thick electrical double layer (EDL) at the capillary wall-so-

lution interface. The EDL consists of a stationary inner layer of counterions and fluid

fixed to the capillary wall and an outer, more diffuse layer containing an excess of

counterions. Since the glass bears a fixed negative charge, the counterions in ques-

tion are cations, which dictate that the direction of the EOF must be from the anode

to the cathode. This bulk flow is characterized by a flat flow profile (Fig. 1B). If we

assume that the viscosity, η, and dielectric constant, ε, of the buffer are the same in

the bulk solution and the EDL, the Smoluchowski equation can be used to calculate

the electro-osmotic linear velocity, veo, as a function of the applied electric field, E: 
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In Equation (3), μEOF is the electro-osmotic mobility, ε0 is vacuum permittivity, and

ζw is the zeta potential at the plane of shear in the EDL near the wall. The value of

μEOF depends on solution and substrate material parameters only. E (V cm-1), on the

other hand, does vary as a function of channel geometry, in a manner which is ana-

logous to pressure.38, 40 Using Ohm’s law (V=iR), E in each channel segment j is sim-

ply expressed as:

where i is the current (constant throughout the device), and Lj and Rj are the length

and resistance of segment j, respectively. Rj is dependent on solution resistivity, ρ, and

the length, Lj, and cross-sectional area, Aj, of segment j, i.e.

Calculation of the Ej for a given total applied potential, Vtot, thus requires knowledge

of the Rj. The current, i, is determined experimentally. Total channel resistance, Rtot,

can be deduced from Vtot and the measured i through the following relationship:

where Rtot is simply the sum of the individual resistances RI, RII, .etc. of channel seg-

ments I, II, etc., as shown in Equation (7): 

Each of the Rj in turn is directly dependent on a geometric parameter lI/AI, lII/AII, etc.,

where lI, lII, etc. are the lengths of channel segments I, II, etc., and AI, AII, etc. are the

cross-sectional areas of channel segments I, II, etc. The geometric parameter, l/A, is

simply calculated for microchannel segments having uniform widths, taking into ac-

count the D-shaped cross-sectional profile, which is a rectangle with fixed width and

a quarter circle attached on each side (Fig. 2B). For converging and diverging ele-

ments, the cross-sectional profile becomes a rectangle of variable width attached to

quarter circles having the same radius as in uniform channels. The mathematical de-
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scription for diverging and converging geometries, b(x) = mx+ b0, is thus required to

properly describe A in these elements, as shown in Equation (8): 

Since R is directly proportional to l/A, it now becomes possible to calculate the Rj for

each segment. The sum of all lj/Aj is calculated by first integrating Equation (8) over

the length of the converging or diverging segment to determine A for these segments,

and then summinglj/Aj for all the segments in the channel. The Rj for a straight chan-

nel segment j is then simply the product of Rtot and the ratio lj/Aj divided by the sum

of all lj/Aj. Once Rj is known, Ej can be calculated using Equation (4). For converging

and diverging segments, in which E varies as a function of location, x, in the seg-

ment, Rj can be found at each x by calculation of the local geometric factor using

Equation (8) and then proceeding as described for the straight-channel case. The E
distribution for the device can then be plotted as shown in Fig. 3A (red line). This

curve was calculated for a Vtot of 250 volts and a current of 2.3 µA, measured in a 10

mM, pH 9.2 borate buffer solution. Again, the curve for E presented in Fig. 3A is not

for the entire channel geometry shown in Fig. 2A, focusing instead on a portion of the

device composed of segments III (wide channel), IV (converging element), V (trap-

ping channel), II (diverging element), and III (wide channel). It is clear from Fig. 3A

that the E is increasing within the converging geometry as resistance increases in the

narrowing channel segment, resulting in increasing veo. Again, the opposite is true for

the diverging element. As Fig. 3C shows, E decreases dramatically over a very short

distance (110 μm) in this element and shows a non-linear dependence on changing

channel width, as predicted by Equations (4), (5) and (8). 

Because of the micrometer-scale dimensions of the channels, the Reynolds number

is small and flows are laminar in the flowrate regime (nL min-1 – μL min-1) being em-

ployed. Opposing PF and EOF in a narrow channel under these conditions results in

a bidirectional flow which is well-defined and very predictable41 (bottom of Fig. 1B).

A unique recirculating flow pattern results when converging and diverging channel

geometries are incorporated at the ends of the narrow channel,26 as shown in Fig. 1A.

Electrophoretic migration of charged particles in applied electric fields

Movement of charged particles in an electrolyte solution under the influence of an ex-
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ternally applied electric field is known as electrophoresis. For small ionic species,

electrophoretic velocity is easily described as the product of an ion’s electrophoretic

mobility and electric field, where the mobility is proportional to the charge-to-mass

ratio of the ion in question. In capillary electrophoresis, small ions are separated on

the basis of differences in their mobilities. The situation for migration of a charged

particle in an electric field is less straightforward, as there are several physical me-

chanisms which can influence this movement. Each particle is surrounded by an EDL,

the diffuse part of which forms an ionic atmosphere which has a thickness, κ-1, known

as the Debye length. The parameter, κ -1, is a strong function of ionic strength, I, with

κ α I½.42 Due to the presence of an EDL, a particle can be characterized in terms of

its zeta potential, ζp, located at the shear surface close to the solid particle surface. The

magnitude of ζp increases as particle charge increases, while decreasing with increa-

sing I. Particle motion is driven not only by the force due to the electric field acting

on the particle’s electrical charge, but also by the Stokes viscous drag which coun-

terbalances this force. An additional hydrodynamic force, termed the electrophoretic

retardation force, results when counterions in the diffuse part of the EDL undergo

electrophoretic migration in a direction opposite to particle electrophoresis. A fourth

effect, known as the relaxation effect, can also be attributed to the ionic atmosphere

around the particle, arising when this atmosphere lags behind the moving particle

and imposes an extra drag on its motion.42, 43 The influence of the EDL, then, can lead

to situations where the electrophoretic mobility of a particle, μep, is not a straightfor-

ward function of ζp. In fact, capillary electrophoresis separations of sub-μm poly-

styrene particles in low-I buffers, in which mobility correlated with size rather than

charge (ζp) due to a strong relaxation effect, have been reported.42-44 Hence, it is im-

portant to understand the factors affecting the electrophoretic migration of the poly-

styrene microspheres being separated in this study. 

The Henry equation describes the dependence of μep on ζp and other parameters, as

shown in Equation (9):42, 43

where κ is the reciprocal of EDL thickness and R is the particle radius. The term

f(κR) is known as the Henry function, and is a measure for the relaxation effect.43

For values of κR ranging between 1 and 100, the relaxation effect can be quite pro-

nounced. However, for small particles (κR < 0.1), the relaxation effect is small and

)()3/2( Rfpep κηεζμ = (9)
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there exists a linear relationship between μep and ζp. The same holds true for large par-

ticles (κR > 100), whose EDL are very thin relative to particle radius. In the large-par-

ticle case, Equation (9) can be replaced by the simpler Helmholtz-Smolukowski

equation:43, 45

Analogous to EOF, the electrophoretic velocity of the particle in this case is the pro-

duct of E and μep. The mobility is determined by the viscosity and dielectric constant

of the fluid in which the particle is suspended and the zeta-potential, ζp, of the parti-

cle itself.45 Importantly, the polystyrene particles used in this work are μm-sized and

thus satisfy the conditions for Equation (10), as will be verified later. Note that ζp for

two of the particle types used were determined in two borate buffers with slightly

different pHs, yielding different values for this parameter (Table 1). This indicates a

change in the nm-thick electrical double layer of the particles in going from one buf-

fer to another, caused by differences in the surface charge and/or double-layer thic-

kness resulting from the buffer change. Particles were negatively charged and thus

moved electrophoretically from cathode to anode, in a direction opposite to EOF. As

described previously, the electric field varied as a function of changing geometry,

and thus the electrophoretic velocity differed in the various channel sections. 

3.4 Results and discussion

Particle transport and separation in straight microchannels of uniform cross-

section

To better understand particle trapping and separation in non-uniform channels under

conditions of bi-directional flow, particle behaviour was first studied in a straight mi-

crochannel of uniform cross-section. The velocities of 3-μm polystyrene beads in ei-

ther pressure-driven flows or applied electric fields were determined using a simple

PIV technique. Particle separation based on ζp differences was also demonstrated

under conditions of bidirectional flow. The required applied potentials to achieve this

could be predicted using velocity data obtained in unidirectional systems, as explai-

ned below.

Pressure-driven flows were generated as described above, and bead velocities mea-

sured at 1 and 2 mbar applied pressure. As indicated by Equation (1), flow velocities

EEv p
epep η

εζε
μ 0== (10)
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vary as a function of position within the channel, leading to a variation in bead velo-

cities as well, depending on which flow stream they happen to find themselves in. It

was therefore decided to report the maximum measured particle velocity, vPF,MAX, for

each applied pressure. The velocities of 0.5 μm polystyrene particles were determi-

ned in the PIV measurements, as they produce clear images which can be easily ana-

lyzed.46 Values of 133.1 ± 3.5 μm s-1 and 255.4 ± 9.0 μm s-1 were found, respectively,

for 1 and 2 mbar applied. These values agree well with values of flow velocity cal-

culated using Equation (1), namely 133 µm s-1 and 267 µm s-1 for 1 and 2 mbar, res-

pectively, indicating that these smaller particles follow the flow. Larger particles such

as those investigated in this study (Table 1) will also have velocities equivalent to the

flow, since they are still significantly smaller than the smallest dimension (20 μm) of

the channels.47 This is supported by the observation by Xuan and Li that polystyrene

particles having diameters of 5.7, 10.2 and 20 µm, thus larger than the 3-µm particles

used in this work, exhibit the same velocity as the surrounding solution in converging-

diverging microchannels under conditions where fluid and particle inertias are ne-

gligible.48

Equation (11) gives a general expression for the apparent electrokinetic velocity, vapp,

of a charged particle observed in an applied electric field:

All the polystyrene beads used in this work bore a negative charge (-ζp), so that their

electrophoretic migration was in a direction opposite to EOF. The resulting vapp in this

study are thus the difference between electrophoretic and electro-osmotic velocities.

The values of vapp determined using PIV for the different bead types over a range of

applied E confirmed that particles with larger ζp yielded smaller vapp, indicating that

μep is proportional to ζp as predicted by Equation (10).

The apparent combined velocities, vapp,comb, of beads in the presence of PF and elec-

tric field can be calculated using Equation (12),

where vapp is simply Eq. (11). When substituting experimentally determined values

for vPF,MAX and vapp into Eq. (12), vapp,comb can be calculated and plotted as a func-

tion of applied electric field, as shown in Fig. 4. As expected, vapp,comb decreases

 ( ) EEv appepEOFapp μμμ =±= (11)

( )Evvvv epEOFMAXPFappMAXPFcombapp μμ −−=−= ,,, (12)
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with increasing electric field. For positive values of vapp,comb, the PF component dic-

tates the direction of net particle flux. Experimentally, however, it was observed that

beads were transported bidirectionally as the electrokinetic transport component, vapp,

increased. This is because not all the beads find themselves in the vPF,MAX flow

stream, but are distributed over a range of streamlines running in opposite directions.

Thus, beads in the slower flow streams are not carried by the PF component anymore

when the electric field is increased. At sufficiently high applied electric fields, vapp
becomes larger than vPF,MAX, and vapp,comb acquires negative values. When the app-

lied electric field is further increased, the bead transport direction is determined so-

lely by the EOF, and all beads reverse direction as a result. The x-intercept of the

vapp,comb-E curve is the applied E at which vapp,comb is equal to zero, i.e. the E at

which all the factors affecting bead velocity sum to zero. This value can be determi-

ned by extrapolating the curves in Fig. 4 through the x-axis (see also Table 2). Again,

it should be noted that although the PF and electrokinetic transport parameters are

equal at vapp,comb = 0, particles were observed to either stand still or move in a di-

rection opposite to PF at this point. In order to be rendered stationary, beads have to

sample the vPF,MAX streamline. In practice, few beads were actually in this streamline

at any one time, as beads were distributed over the entire channel. Hence, few beads

appeared to remain at the same position under these conditions.
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Figure 4. Curves of apparent bead velocities, vapp,comb, under conditions of combined ap-
plied pressure and electric field, as a function of applied electric field (V cm-1). The curves
were constructed from PIV data for bead velocities, obtained independently for electrokinetic
and pressure-driven bead transport (see text for details). Curves for three bead types, namely
blue, green fluorescent, and carboxylated polystyrene beads, are presented for 2 mbar ap-
plied pressure (starting vapp,comb = 255 μm s-1). A second curve for green fluorescent par-
ticles is also shown for 1 mbar pressure, for reasons stated in the text (vapp,comb = 133 μm
s-1). Positive values of bead velocity indicate movement in the direction of PF, negative val-
ues in the direction of EOF. Buffer used: 10 mM borate, pH 9.2.
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Fig. 4 presents the calculated vapp,comb as a function of applied E for three different

3-μm bead types, namely blue, green fluorescent and white carboxylated polystyrene

beads, which have increasing ζp in this order (Table 1). The starting points of the

curves at E = 0 V cm-1 are the vPF,MAX values determined above, namely 133 and 255

μm s-1 for 1 and 2 mbar applied pressure, respectively. Curves for all three bead types

have been plotted for 2 mbar. Clearly, the slopes of these vapp,comb-E curves, equal

to (μEOF – μep), decrease (become less negative) as particle ζp increase, as expected

from Eq. (12). In fact, a plot of (μEOF – μep) vs ζp for these three bead types yields a

linear plot, confirming that μep is directly proportional to ζp in our case (data not

shown). Hence, the conditions under which Equation (10) may be used are satisfied,

and our use of this equation to describe particle electrophoresis is justified. The va-

lues of E at which vapp,comb equals 0 for the 2-mbar case have been calculated from

the data in Fig. 4 and are presented in Table 2. Thus, the vapp,comb for low-ζp (blue)

beads equals zero at 50.4 V cm-1 for 2 mbar. At higher electric fields they would be

transported with the EOF, as observed during experiments where 2 mbar hydrostatic

pressure was applied and the E was increased. As ζp and/or vPF,MAX values increase,

vapp values for beads must be determined at even higher applied E in order to con-

struct vapp,comb-E curves which do not need to be extrapolated over long distances to

find E for vapp,comb = 0. However, PIV measurements of vapp for the high-ζp (green

fluorescent) beads proved problematic at E > 50 V cm-1, as beads formed “pearl

chains” which followed the streamlines at higher E. This alignment of particles under

the influences of electric fields is a well-known, well-understood phenomenon in

electrorheological fluids.49-51 However, the formation of such chains of course dec-

reases the accuracy of the vapp measurements considerably. Hence, a calculated

vapp,comb-E curve for these beads starting at a vPF,MAX value for 1 mbar is also pre-

sented in Fig. 4. This curve uses vapp data obtained at lower E and thus provides a bet-

ter estimate for the x-axis intercept. In experiments with green fluorescent beads

where 1 mbar was applied and the electrical field was increased to a value above 41.1

V cm-1, it was observed that these high-ζp beads were transported with the EOF, as

expected from the PIV data. Table 2 also presents data for the E at which vapp,comb =

0 for all 3 bead types at 1 mbar and 4 mbar pressure applied. For the 4 mbar data, a

calculated value rather than an experimentally determined value of vPF,MAX was used

to determine the x-intercept. Individually measured values of vapp were used in all

cases, however.
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In a second experiment, a mixture of 3-µm blue (low-ζp) and green fluorescent (high-

ζp) beads, with a Δζp of 40 mV, was introduced into the straight channel. Upon ap-

plication of 4 mbar of hydrostatic pressure, beads followed the flow with just small

changes in positions relative to each other (Fig. 5A-C), due to their relative positions

in the PF profile. When 250 volts (75.8 V cm-1) were applied, the beads were not only

influenced by the PF but also affected by EOF and electrophoresis as described in the

theory. However, all particles were still transported in the direction of the PF. At a po-

tential above 350 volts (105.5 V cm-1), all the low-ζp beads were transported with the

EOF, as it dominated over electrokinetic migration and PF, while high-ζp beads con-

tinued with the PF. This correlates well with the data in Table 2 and Fig. 4, which pre-

dicts that the E at which low-ζp beads exhibit zero vapp,comb is 105.5 V cm-1. At higher

voltages, these beads are then expected to reverse direction and follow the EOF, as

experimentally demonstrated. Moreover, microscopic inspection of the outlet reser-

voir (low-pressure end) revealed only high-ζp beads, indicating that separation had

been achieved in the bi-directional flow system. After a further increase to 800 volts

(242.4 V cm-1) all beads were transported in direction of EOF. This is also in accor-

dance with the data in Table 2 for the green fluorescent particles, which predicts that

B:t=0 ms

PF

PF

C:t=270 ms

D:t=520 ms

PF EOF

A:t=0 ms

PF 100 µm

40 µm

Figure 5. Frames taken from the video of a separation experiment of two bead types with Δζ
of 35 mV in a straight channel. Pressure applied: 4 mbar. Solution: 10 mM borate buffer, pH
8.9. (A) beads are transported with the PF in a 135-µm-wide microchannel. (B and C) Close-
up of low-ζp (blue, circled) and high-ζp (white) beads transported with PF. (D) Low-ζp and
high-ζp beads are transported with EOF and PF, respectively, when applying 350 volts.
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these will be transported by EOF at E > 166 V cm-1. 

Particle trapping using zero net particle flux in diverging and converging chan-

nel

Particle separation in a channel with diverging and converging geometry was then stu-

died. The technique of trapping particles in recirculating flows is combined with the

separation in a bi-directional flowing system based on ζp. In Fig. 6, blue beads with

a ζp of -23 +/-2 mV are trapped in a diverging segment, as has been demonstrated by

Lettieri.32 Particles emerge from the narrow channel following pressure-flow stre-

amlines and encounter an adverse pressure gradient. This results in a decrease of par-

ticle velocity and apparent particle deflection by solution flows and diffusion into

neighbouring EOF streamlines. The particles turn around and move back towards the

mouth of the narrow channel with the EOF, only to be bounced back again into the

pressure-driven flow component once in the narrow channel. With proper tuning of

PF= 4 mbar, U= 225 V PF= 4 mbar, U= 250 V PF= 4 mbar, U= 275 V PF= 4 mbar, U= 300 V

A B C D

PF EOF

Figure 6. Demonstration of the tunabilty of the recirculation zone. (A to D) The effect of in-
creasing the potential with respect to the PF is demonstrated here, when using only blue poly-
styrene beads with a ζp of -23 +/-2 mV. Buffer used: 10 mM borate, pH=8.9.

PF EOF PF EOF PF EOF

  Electric field for zero net particle flux / V cm-1 

Bead type ζp / mv 1 mbarA 2 mbarA 4 mbarB 

Blue -28 +/- 2 26.2± 0.7 50.4± 1.8 105.5 

Green 

fluorescent 

-68 +/- 2 41.1± 1.1 79.2± 2.8 165.7 

Carboxylated -90 +/- 4 124.8± 3.3 239.9± 8.5 502.8 

Table 2 Calculated values of electric field needed in 10 mM borate buffer (pH 9.2) for zero

net flux of beads with different ζp at different hydrostatic pressures.

A Calculated with experimentally determined vPF,MAX and vapp.

B Calculated using a theoretical vPF,MAX value of 534 µm s-1 for PF at 4 mbar, obtained

using Equation (1).
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the E and PF, few blue particles escape the recirculating zone once trapped. In this

case, the applied pressure is 4 mbar. The size of the region in the diverging element

in which blue particles are captured in Fig. 6 can be regulated by changing the app-

lied voltage. At 225 V applied, the particles recirculate in a large area, which reduces

in size as the voltage is increased. At 300 V applied, the particles have been forced

back into the mouth of the narrow channel, and it is apparent that they will be forced

in the direction of EOF if the voltage is increased much further. Lettieri reported that

particle electrokinetic mobility, which is related to ζp via Equation (10), plays an sig-

nificant role in determining under which conditions beads are trapped.26 This con-

clusion can also be drawn from the results obtained for particle velocities in

bi-directional flows in the straight channel (Fig. 4 and Table 2), where beads with

different ζp clearly require different E before vapp,comb equals zero at a given vPF,MAX.

Extrapolating from the straight-channel case to channels with diverging and conver-

ging segments, it can be expected that beads with different ζp will also require diffe-

rent trapping conditions. This forms the basis of separating beads with different ζp in

our FIET system.

To understand the particle velocity conditions under which trapping occurs in non-

uniform channels, four separate curves of particle velocity for 4 mbar applied pres-

sure or 100, 250 and 375 V applied potential were calculated and plotted in Fig. 7. In

a microchannel with converging and diverging segments, the magnitude of the vPF
changes in accordance with the pressure drop, dp/dx. Fig. 3 already showed that the

pressure drop, dp/dx, in the trapping channel is higher than in the wide channel. PIV

measurements showed that for 4 mbar of hydrostatic pressure, the velocity decreased

from 603 µm s-1 in the narrow channel to 106 µm s-1 in the wide channel. In Fig. 7,

bead velocity is plotted as a function of the position (in μm) in the diverging seg-

ment, where x0 and x120 are the positions where the narrow channel ends and wide

channel starts, respectively. The curve for the PF was calculated using Equation (2),

using u0 = 603 µm s-1, the velocity from the PIV measurement.

The electric field varies in a manner analogous to pressure drop in diverging and con-

verging segments. After recording the current at a given applied voltage, the total re-

sistance of a channel filled with 10 mM borate buffer, pH = 9.2 was calculated to be

1.05*108 Ω. The E in each position of the channel can be derived from the total resi-

stance using Equations (7) and (4) as described earlier; calculated electric fields in
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segments III and V are given in Table 3 for a range of applied voltages. The change

in the magnitude of E in each segment is clearly observed as voltage is increased.

Also quite evident is the larger difference between wide and narrow segments, ΔE,

as applied voltage goes up. The resulting apparent electrokinetic velocity, vapp, will

thus also change with the change in geometry, according to Equation (11). This was

observed in PIV experiments where, when 50 volts was applied (Enarrow = 28 V cm-

1, Ewide = 5 V cm-1), the velocity of green fluorescent particles decreased from 56 µm

s-1 in the narrow channel to 10 µm s-1 in the wide channel.

When the mobility of the blue beads measured using PIV in the straight channel (the

slope in Fig. 4) is combined with calculated E values in the diverging segment using

Equation (11), the curves for the vapp of these particles can be drawn. The change in

vapp of the blue beads from the narrow to the wide channel is presented for applied

potentials of 100, 250 and 375 volts in Fig. 7. Note that absolute values of the velo-

city are displayed; in experiments, vapp is opposite in sign to vPF,MAX as already des-

cribed. In a straight channel, the vapp,comb for blue beads, Equation (12), equals zero

for one defined E, 105.5 V cm-1 at 4 mbar in Table 2. In Table 3, it can be seen that

there is a point within the diverging geometry where E will have this value of 105.5

V cm-1 at an applied potential of 250 V. Hence, it is not altogether unexpected that the

blue beads are trapped in the recirculating flow at 250 V (Fig. 6). Even more inte-

resting is the observation that the particle velocity curves for 4 mbar and 250 volts

applied potential almost completely overlap. Since the vPF,MAX and vapp are opposed,

this leads to a complete zone of zero net particle flux in the diverging segment under

v
 (

µ
m

 s
-1
)

x-position (µm)

Figure 7. Plot showing curves of calculated velocity as a function of position in the diverging
segment for blue beads (ζp = -28 mV in 10 mM borate buffer at pH=9.2) for 4 mbar pressure
(solid black line), or 100 (labeled), 250 (dashed line) and 375 (labeled) volts applied poten-
tial. 
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these conditions. It is also under these conditions that the blue particles are optimally

trapped, as observed in Fig. 6. 

In Fig. 8A, a bead mixture of blue (low-ζp) and green fluorescent (high-ζp) 3 µm

beads (Δζp = 40 mV) was introduced via the inlet of a channel. Application of 4 mbar

of hydrostatic pressure resulted in the beads entering the channel automatically. The

vapp-E curve for 100 volts in Fig. 7 shows that if vapp is smaller than vPF, beads will

be transported with the PF, as they are when no potential is applied. Application of

250 volts led to the generation of recirculating flows and trapping of low-ζp beads,

as expected. Under these conditions, high-ζp beads continued to be flushed with the

PF, Fig. 8B. This is also expected, as high-ζp beads have a lower apparent mobility

than low-ζp beads, and thus require a higher electric field to be transported at an equi-

valent velocity (Equation (11)). Examination of the outlet (receiving) reservoir re-

vealed only high-ζp beads, indicating a highly efficient separation, shown in Fig 8C.

When the potential was increased to a value above 325 volts, the low-ζp and high-ζp
beads were transported with the EOF and PF, respectively. Fig. 7 explains why the

low-ζp beads in this situation are transported with the EOF at potentials above 325

volts. At 375 volts the vapp is larger than the vPF, and the resulting vapp,comb for the

low-ζp beads will be in the direction of EOF, according to Equation (12). Thus, se-

paration of these beads can also be achieved in this converging-diverging channel

type without trapping, as in the straight channel, though the advantage of precon-

PF PF EOF

50 µm50 µm

Figure 8. Close-ups taken from the video of a separation experiment with Δζp of 40 mV, (A)
beads are transported with the PF; (B) trapping and preconcentration of low-ζp (blue) beads
while high-ζ (green fluorescent) beads are flushed with PF. (C) Image of outlet reservoir re-
vealing high-ζp beads, indicating separation. Buffer used: 10 mM borate, pH=9.2.

A B

PF= 4 mbar PF= 4 mbar, U= 250 V

PF EOF

50 µmC

PF= 4 mbar, U= 250 V
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centration lost. When the potential was again increased to 450 volt, high-ζp beads

were trapped and low-ζp beads continued to be transported with the EOF. A region

of zero net particle velocity for high-ζp beads could be created in the diverging seg-

ment in much the same way as was done for the blue beads. When the voltage ex-

ceeded 600 volts, high-ζp beads escaped the trapping channel at the converging

geometry and all high-ζp and low-ζp beads were transported with EOF. It was ob-

served that bead trapping and separation occurred immediately when electric field

was applied. However, to transport separated beads to predetermined regions of the

microchannel takes time. This depends on the applied E; during the experiments

shown in Fig. 8 and 9 it took less than 30 seconds to trap one bead type.

Introducing the bead mixture at the outlet instead of the inlet gave an alternative op-

portunity to study the same separation of high-ζp and low-ζp beads, since the inlet

could now serve as a receiving container (Fig. 9). Under conditions of trapping high-

ζp beads, the inlet reservoir was examined, revealing only low-ζp (blue) beads. This

indicates that separation was again achieved and demonstrates the versatility of the

system. In contrast to conventional capillary electrophoresis separations of particles,

in which nL-sized samples are analyzed, this FIET technique can be used for conti-

nuous separation. Trapping of one type of bead can be performed while beads with

lower ζp or higher ζp are flushed away with EOF or PF, respectively. An added ad-

vantage is that trapped beads can be preconcentrated in one spot and perfused with

PF EOF

50 µmC

PF= 4 mbar, U= 450 V

PF EOF

50 µmB

PF= 4 mbar, U= 450 V

Figure 9. Close-ups taken from the video of a separation experiment with Δζp of 40 mV, (A)
image of inlet reservoir revealing low-ζp (blue) beads, indicating  separation. (B) Low-ζp
(blue) beads are transported with the EOF and leave the trapping channel directly after in-
creasing to 450 V; (C) trapping and preconcentration of high-ζp (green fluorescent) beads
after separation was performed. Buffer used: 10 mM borate, pH=9.2.

PF EOF

50 µmA

PF= 4 mbar, U= 450 V
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other media for sample preparation or reactions, as described by Lettieri.26 Therefore,

the FIET technique fits well within the concept of the micro total analysis systems as

proposed by Manz,52 where sampling, sample pretreatment, reactions, and separati-

ons can be carried out automatically.

3.5 Conclusion

This is the first demonstration of a new microfluidic separation principle, FIET, for

the separation of particles having the same size and different negative ζp. In the exam-

ples considered here, 3-μm polystyrene particles with Δζp on the order of tens of mV

were separated. This work has focused on characterizing the conditions for separation,

to be able to better predict the E and PF required to trap and separate particles having

defined ζp. Interestingly, though some trapping was observed in converging segments,

trapping occurred primarily in diverging segments of the device. The reasons for this

are not yet clear, and further study of the recirculating flow and trapping mechanisms

are required in order to gain more insight.

In future work, this FIET system will be used to separate biological particles like bac-

teria and small cells. The pH of the buffers used in this work are perhaps somewhat

high if compared to the physiological growth conditions of bacteria. However, there

are multiple examples in the literature of the use of capillary electrophoresis for the

analysis of bacteria and other microbes in which concentrated buffers at high pH are

used.53-55 Furthermore, it was demonstrated by McClain et al. that it is possible to

lyze cells and separate their contents under physiological conditions using capillary

electrophoresis in microfluidic devices56 These researchers were also able to avoid ad-

sorption of cells and proteins to glass capillary walls through use of a PDMS coating.

In the literature,57 we find ζp values for cells which range from  -3.7 mV to -51 mV

(electrophoretic mobilities can be converted into ζp using the accepted values for the

physical constants58). When subpopulations of bacteria are studied,59 differences as

small as 8 mV can be found. The selectivity and efficiency of this FIET-based sepa-

ration system are thus of interest and under investigation currently. As Lettieri has

shown,26 there is a net flow through the system under conditions of particle trapping.

This aspect could also be used for the further development of bead-based assays26 or

pretreatment of biological particles.



Charge-Based Particle Separation in Microfluidic Devices using Combined Hydrodynamic and Electrokinetic Effects

99

3.6 References

R. D. Oleschuk, L. L. Shultz-Lockyear, Y. B. Ning and D. J. Harrison, Anal.

Chem., 2000, 72, 585-590.

R. X. Xie and R. D. Oleschuk, Electrophoresis, 2005, 26, 4225-4234.

L. Ceriotti, N. F. de Rooij and E. Verpoorte, Anal. Chem., 2002, 74, 639-647.

H. Andersson, W. van der Wijngaart, P. Enoksson and G. Stemme, Sens. Actu-

ators, B, 2000, 67, 203-208.

K. Sato, M. Tokeshi, T. Odake, H. Kimura, T. Ooi, M. Nakao and T. Kitamori,

Anal. Chem., 2000, 72, 1144-1147.

B. Willumsen, G. D. Christian and J. Ruzicka, Anal. Chem., 1997, 69, 3482-

3489.

G. Jiang and D. J. Harrison, The Analyst, 2000, 125, 2176-2179.

Z. H. Fan, S. Mangru, R. Granzow, P. Heaney, W. Ho, Q. P. Dong and R. Kumar,

Anal. Chem., 1999, 71, 4851-4859.

S. A. Peyman, A. Iles and N. Pamme, Chem Comm, 2008, 1220-1222.

E. Chmela, R. Tijssen, M. Blom, J. G. E. Gardeniers and A. van den Berg, Anal.

Chem., 2002, 74, 3470-3475.

M. T. Blom, E. Chmela, R. E. Oosterbroek, R. Tijssen and A. van den Berg,

Anal. Chem., 2003, 75, 6761-6768.

Y. C. Lin and C. P. Jen, Lab Chip, 2002, 2, 164-169.

X. L. Zhang, J. M. Cooper, P. B. Monaghan and S. J. Haswell, Lab Chip, 2006,

6, 561-566.

S. Choi and J. K. Park, Lab Chip, 2007, 7, 890-897.

B. H. Lapizco-Encinas, B. A. Simmons, E. B. Cummings and Y. Fintschenko,

Anal. Chem., 2004, 76, 1571-1579.

C. Iliescu, G. Tresset and G. L. Xu, App Phys Letters, 2007, 90.

S. Choi and J. K. Park, Lab Chip, 2005, 5, 1161-1167.

J. G. Kralj, M. T. W. Lis, M. A. Schmidt and K. F. Jensen, Anal. Chem., 2006,

78, 5019-5025.

D. S. Gray, J. L. Tan, J. Voldman and C. S. Chen, Biosensors & Bioelectronics,

2004, 19, 771-780.

L. R. Huang, E. C. Cox, R. H. Austin and J. C. Sturm, Science, 2004, 304, 987-

990.

M. Yamada and M. Seki, Lab Chip, 2005, 5, 1233-1239.

M. Yamada, M. Nakashima and M. Seki, Anal. Chem., 2004, 76, 5465-5471.

1.

2.

3.

4.

5.

6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.



Chapter 3

100

T. Kawamata, M. Yamada, M. Yasuda and M. Seki, Electrophoresis, 2008, 29,

1423-1430.

A. Nilsson, F. Petersson, H. Jonsson and T. Laurell, Lab Chip, 2004, 4, 131-

135.

S. Ostergaard, G. Blankenstein, H. Dirac and O. Leistiko, J Magn Magn Mater,

1999, 194, 156-162.

G. L. Lettieri, A. Dodge, G. Boer, N. F. De Rooij and E. M. J. Verpoorte, Lab

Chip, 2003, 3, 34-39.

C. T. Culbertson and J. W. Jorgenson, Anal. Chem., 1994, 66, 955-962.

G. L. Lettieri, L. Ceriotti, N. F. De Rooij and E. Verpoorte, in Micro Total Ana-

lysis Systems 2003, eds. M. A. Northrup, K. F. Jensen and D. J. Harrison, Trans-

ducers Research Foundation Inc., Squaw Valley, California, USA, 2003, pp.

737-740.

Y. Takamura, T. Hayama, M. Ueda, Y. Baba and Y. Horiike, in Micro Total Ana-

lysis Systems, eds. Y. Baba, S. Shoji and A. Van den Berg, Kluwer Academic Pu-

blishers, Nara, Japan, 2002, pp. 317-319.

Y. Takamura, Y. Horiike, Y. Baba and E. Tamiya, in Micro Total Analysis Sys-

tems, eds. M. A. Northrup, K. F. Jensen and D. J. Harrison, Transducers Re-

search Foundation Inc., Squaw Valley, California, USA, 2003, pp. 1183-1186.

J. Noordmans, J. Kempen and H. J. Busscher, J Col Int Sci, 1993, 156, 394-399.

G. L. Lettieri, E. M. J. Verpoorte and N. F. De Rooij, in Transducers '01, Mu-

nich, Germany, 2001, pp. 4B3-02.

H. Bruus, Theoretical Microfluidics, Oxford University Press, 2008.

F. M. White, Fluid Mechanics, 1999.

N. A. Mortensen, F. Okkels and H. Bruus, Physical Review E, 2005, 71.

N. A. Mortensen and H. Bruus, Physical Review E, 2006, 74.

D. Burgreen and F. R. Nakache, J Phys Chem, 1964, 68, 1084-1091.

A. Manz, C. S. Effenhauser, N. Burggraf, D. J. Harrison, K. Seiler and K. Fluri,

J MEMS, 1994, 4, 257-265.

G. M. Mala, C. Yang and D. Q. Li, Col Surf, 1998, 135, 109-116.

K. Seiler, Z. H. H. Fan, K. Fluri and D. J. Harrison, Anal. Chem., 1994, 66,

3485-3491.

C. L. Rice and R. Whitehead, J Phys Chem, 1965, 69, 4017-4024.

S. P. Radko and A. Chrambach, Electrophoresis, 2002, 23, 1957-1972.

G. Vanhoenacker, L. Goris and P. Sandra, Electrophoresis, 2001, 22, 2490-2494.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.



Charge-Based Particle Separation in Microfluidic Devices using Combined Hydrodynamic and Electrokinetic Effects

101

B. B. VanOman and G. L. McIntire, Journal Of Microcolumn Separations, 1989,

1, 289-293.

R. A. Mosher, D. A. Saville and W. Thormann, The Dynamics of Electrophore-

sis, VCH, Weinheim, Germany, 1992.

J. G. Santiago, S. T. Wereley, C. D. Meinhart, D. J. Beebe and R. J. Adrian, Exp

Fluid, 1998, 25, 316-319.

E. A. Dimarzio and A. Guttman, Macromolecules, 1970, 3, 131-146.

X. C. Xuan and D. Q. Li, J MEMS, 2006, 16, 62-69.

M. H. Davis, American Journal of Physics, 1969, 37, 26-&.

D. L. Klass and T. W. Martinek, Journal of Applied Physics, 1967, 38, 67-&.

C. Park and R. E. Robertson, Materials Science and Engineering a-Structural

Materials Properties Microstructure and Processing, 1998, 257, 295-311.

A. Manz, N. Graber and H. M. Widmer, Sens. Actuators, B, 1990, 244-248.

R. C. Ebersole and R. M. McCormick, Bio-Technology, 1993, 11, 1278-1282.

A. Pfetsch and T. Welsch, Fresenius Journal of Analytical Chemistry, 1997, 359,

198-201.

M. J. Desai and D. W. Armstrong, Microbiol. Mol. Biol. Rev., 2003, 67, 38-51.

M. A. McClain, C. T. Culbertson, S. C. Jacobson, N. L. Allbritton, C. E. Sims

and J. M. Ramsey, Anal. Chem., 2003, 75, 5646-5655.

G. G. Slivinsky, W. C. Hymer, J. Bauer and D. R. Morrison, Electrophoresis,

1997, 18, 1109-1119.

N. Mozes, P. G. Rouxhet, H. J. Busscher and P. S. Handley, Microbial Cell Sur-

face Analysis: Structural and Physico-Chemical Methods Wiley, John & Sons,

Incorporated, 1991.

A. E. J. van Merode, H. C. van der Mei, H. J. Busscher and B. P. Krom, Journal

of Bacteriology, 2006, 188, 2421-2426.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.



102




