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4 Optimizing size- and charge-based
particle fractionations in
microchannels using Flow-Induced
Electrokinetic Trapping

W
e present in this manuscript an optimized approach
for the fractionation of polymer microparticles in non-uniform
microchannels employing Flow-Induced Electrokinetic Trapping
(FIET), a microfluidic strategy that uses recirculating flow

patterns as a mechanism to trap particles in non-uniform microchannels. The bases
of this technique lie in the opposition of electro-osmotic (EOF) and pressure-driven
(PF) flows, enabling the generation of recirculating flow profiles in narrow channels
that expand at both ends. We have previously shown that particles can be trapped in
the closed recirculating streamlines in the narrow channel and separated in terms of
size and surface charge. However, these initial demonstrations of particle separation
were empirical in nature. In this work, we provide an analytical characterization of
these separations based on the distribution of the beads themselves along the
trapping microchannel in consideration. The distribution of trapped particles (taken
as the balance between incoming and outgoing particles in the channel) as a function
of the applied voltage (variable EOF velocity) was determined while keeping the
applied pressure constant (meaning constant PF velocity). The separation of binary
mixtures of particles with different sizes (2.69- and 5.34-µm carboxylated beads) and
surface charge (3.54-µm green fluorescent polystyrene and 3.02-µm PMMA -
poly(methyl 2-methylpropenoate) - beads) has been investigated registering the
individual distribution curves of each particle at increasing values of applied pressure.
The separation efficiency (expressed in terms of purity of the fractions after being
separated in the channel) of particles with different size and similar surface charge
was found to decrease as the applied pressure increased. On the contrary,
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similar-sized beads with different surface charge experienced better separations at
higher applied pressures. In absolute terms, 94 and 99% separation efficiencies were
accomplished for size- and charge-based separations at 1 and 2.25 mbar applied
pressure, respectively.

4.1 Introduction

Separation of polymer and biological micro- and nanoparticles has become essential in
a broad number of applications, such as medical research and diagnostics, industrial
processing and biochemical analysis. In this regard, microfluidics have stood as a great
way of handling and manipulating particles in small volumes of sample, leading to an
annually growing number of contributions describing particle and cell sorting. Some
of these strategies use physical features and barriers along the microfluidic network,
which basically act as in-situ filters, suitable for certain bead sizes only [1]. Other
approaches, however, harness the susceptibility of the particles themselves to either
acoustic [2, 3], optical [4], electrical [5] or magnetic fields [6, 7].

In the past few years, there has been a strong interest in continuous microfluidic
separations purely based on particle-flow interactions. The combination of novel
microfabrication strategies and superb control over the laminar flow regime in
microchannels has resulted in different strategies for the separation of beads and cells
according to differences in size and/or density. Some of these approaches, like
hydrodynamic filtration, lie in the diversification of the main flow stream through
side perpendicular channels, enabling particles to be separated by size by simply
tuning the flow rate passing through each channel brunch [8]. Other strategies, such
as deterministic lateral displacement (DLD), make use of regularly arranged pillars to
efficiently separate particles in different flow streams [9, 10]. The combination of
inertial lift and Dean drag forces has been also reported, sorting beads in different
stream lines across spiral-shape channels [11–13]. Besides these size-based separation
mechanisms, the implementation of electrically-driven flows in combination with PF
in microfluidic devices has been proven to provide for an efficient size- and
charge-based particle separation strategy known as free-flow electrophoresis [14].
Uniform flow profiles, as well as the ease of flow control by simply adjusting the
applied electric field has significantly contributed to the utilization of electrokinetic
techniques for particle separation purposes. Lettieri et al. reported a new mechanism
of particle trapping and enrichment, based on the opposition of PF and EOF in a
continuous-flow particle based affinity assay [15], as well as for DNA
preconcentration [16]. This strategy exploited the use of EOF under counter pressure
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using Flow-Induced Electrokinetic Trapping

conditions in narrow microchannels that expand at their ends. The resulting
bidirectional flow in the narrow channel is converted into recirculating patterns
around the expansion sections, as depicted in Figure 4.1. The trapping phenomenon
occurs when the average particle velocity (given by the sum of the actual velocities of
the two components of the bidirectional flow and the electrophoretic mobility of the
beads themselves) approaches zero. The proof of principle of the separation of
particles with different surface charge [17] and size [18] was reported later on,
revealing the co-existence of two different underlying separation mechanisms
(electrokinetic and hydrodynamic) derived from the same microfluidic approach,
termed Flow-Induced Electrokinetic Trapping (FIET) [15].

Although the FIET approach has proven to be a unique way to efficiently combine
hydrodynamic and electrokinetic effects in the same microfluidic platform, it had not
been characterized quantitatively in terms of trapping performance until very
recently (Chapter 3). We have lately reported a new approach to describe FIET
according to bead distributions in the trapping channel under different electric
fields [19]. Bead distributions are described in terms of the incoming and outgoing
particles through both ends of the straight, narrow trapping channel at different
applied voltages. These distributions have been found to be Gaussian as a function of
the applied voltage when the applied pressure is kept constant. These curves provide
important information about in-channel particle enrichment, and allow for accurate
prediction of the behavior of particles in the separation channel. In this manuscript
we focus on the utilization of this approach to characterize the fractionation of
polymer microparticles according to differences in size or surface charge, providing
detailed optimization conditions for different binary samples. Furthermore, the
dependence of separation performance on the hydrodynamic conditions (applied
pressure) is also explored from an analytical standpoint, highlighting the difference
between size- and charge-based separation mechanisms.

4.2 Experimental

4.2.1 Microchip fabrication

Devices were fabricated in glass, using photolithography, wet etching and thermal
bonding, as reported in previous work (Chapter 3). Channels were patterned in a 5300
Å-thick AZ1500 photoresist layer, which served as the top layer of a 4” × 4” × 4 mm
photoresist- and chromium-coated borofloat glass wafer (Telic Company, Valencia, CA,
USA) using a UV collimated lamp (OAI, San Jose, CA, USA). After developing with
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a 3:1 mixture of MilliQ water to AZ351B developer (Clariant, GmbH, Germany) and
removing the metal layer with Chrom etch 18 (Micro Resist Technology GmbH, Berlin,
Germany), the chip was etched in a HF(49%):HNO3(70%):water solution at a ratio of
100:28:72 to a final depth of 20µm. Thereafter, the remaining photoresist and metal
layers were removed by rinsing with VLSI-grade acetone (VWR International B.V.,
Amsterdam, The Netherlands) and Chrom etch 18, respectively.

In parallel, inlet and outlet holes were formed by powderblasting holes as described in
our previous works (REF. manuscript 1) in a borofloat glass wafer coated on both
sides with AZ4562 photoresist (Microchem Corporation, Newton, MA, USA). After
removing the photoresist with VLSI-grade acetone and isopropanol (VWR
International B.V., Amsterdam, The Netherlands), both wafers were pretreated with
piranha solution, prepared as a 3:1 mixture of 98% H2SO4 (Merck Chemicals,
Amsterdam, The Netherlands) and 30% H2O2 (VWR, Amsterdam, The
Netherlands). Finally, both structures were aligned, placed together between two
ceramic plates and introduced into a muffle furnace (Nabertherm, New Castle, DE,
USA. A 2-kg steel weight was placed on top of the assembly to hold the two glass
wafers together. First, the temperature was increased up to 500 °C in 1 h, then kept
constant at 500 °C for 30 min, and then incremented again up to 644 °C for 1 h. This
temperature was maintained for 18 h, after which the device was cooled down to
room temperature for approximately 12 h.

Subsequently, 4.3-cm-high and 7-mm-diameter, pipette tips (1mL, Greiner Bio One,
Netherlands), having attached 0.5-mm-diameter platinum wires (Sigma Aldrich,
Zwijndrecht, The Netherlands) were glued around the inlet and outlet accesses of the
channel using epoxy resin (Kombi Snel, Bison International, Goes, The Netherlands).

The fully-assembled microchip unit was fixed onto the stage of an inverted microscope
(DM-IL Leica, Wetzlar, Germany) connected to a monochrome digital camera (DFC360
FX, Leica, Germany) for particle observation. An external light source for fluorescence
excitation was also employed for the observation of fluorescent particles (EL6000, Leica,
Germany).

4.2.2 Flow generation

Hydrostatic pressure was applied in the direction of the outlet in order to generate a
stable pressure-driven flow. The total applied pressure was easily tuned by adjusting
the liquid height of the inlet deposit with respect to the outlet. Typical pressures
between 1 and 2.5 mbar (1 – 2.25 cm of total liquid column height, equivalent to 100
– 250 Pa) were used in all the separation experiments.
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The electro-osmotic flow was generated in the opposite direction, with the inlet and
outlet electrodes connected to the negative and positive poles, respectively, of a high-
voltage power supply (Labsmith, Livermore, USA). A voltage range of 0 – 220 V
(equivalent to electric fields of 0 – 74 V cm-1 in the narrow trapping channel) led to
well-defined recirculating flow patterns around both ends of the separation channel.

4.2.3 Polymer particles

Binary suspensions of beads having different size or charge were prepared with typical
concentrations of 50 µg mL-1 in 10 mM borate buffer solution, pH 9. The manufacturer
information for the beads used for size- and charge-based separations is listed in Table
4.1.

Table 4.1: Commercial suspensions of polymer microparticles employed for the
separation experiments.

Particle type
Concentration,
beads mL-1

Size, µm
Zeta potential in 10
mM borate buffer

(pH 9.2), mV
Provider

Carboxylate
polystyrene

9.42×109 2.69 −48±2
Microparticle

GmbH
Carboxylate
polystyrene

1.44×109 5.34 −49±4
Microparticle

GmbH
poly(methyl
methacrylate)

(PMMA)
6.68×109 3.02 −18±1

Microparticle
GmbH

Green fluorescent
polystyrene

4.14×109 3.54 −68±2
Microparticle

GmbH

4.2.4 Experimental conditions

Channels were conditioned with 0.1 M NaOH solution and 10 mM borate buffer
solution (pH 9), both for 10 min. Bead mixtures were prepared in the same buffer
and introduced into the channel with the pressure-driven flow until an even
concentration of particles was observed all along the channel length. Subsequently,
the electro-osmotic flow was tuned by progressively increasing the applied voltage
every 30 s in steps of 10 V (Chapter 3). Pictures of particles confined within
450-µm-wide observation areas placed at both ends of the straight, narrow channel
were acquired 5s before the end of every voltage step, so that bead populations could
be determined using ImageJ 1.

1https://imagej.nih.gov/ij/.
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4.3 Theory

4.3.1 Trapping process in FIET

FIET (Flow-Induced Electrokinetic Trapping) is a microfluidic approach for particle
trapping under bidirectional flow conditions. Pressure driven (PF) and electro-osmotic
(EOF) flows are opposed in straight channels that expand at the ends, generating a
bidirectional flow profile along the channel length. It is at the ends of this channel
where the bidirectional profile turns into one which is recirculating, enabling particle
trapping inside closed flow streamlines. The PF and EOF velocities, as well as the
electrophoretic velocity of the particles in the channel are given by:

uEOF = ε0εζw
η

E ux(z) = 2∆P
h2ηL

(
1− z2

h2

)
uep = ε0εζp

η
E (4.1)

With η = 10−3 Kg m-1 s-1 as the viscosity of water, ε0 = 8.85×10−12 F m-1 and ε = 78.4
are the electric permittivity of vacuum and buffer, respectively and ζw = −110 mV is
the zeta potential of the channel walls [20]. L and h are the channel length and height,
respectively, ζp is the zeta potential of the particles and E is the electric field applied
along the microfluidic channel. The resulting bidirectional flow profile is illustrated
in Figure 4.1 (a). The opposition of PF and EOF flows, in addition to the intrinsic
electrophoretic mobility of the beads, can be can be taken into account the expression
for the average particle velocity, calculated as the integral of the total velocity over the
channel space which remains accessible for the particles themselves:

〈up(z)〉 = 1
h−Dp

∫ h−Dp
2

Dp−h

2

ux(z)− uEOF ± uepdz

〈up(z)〉 = h2∆P
12ηL

(
1 + Dp

h −
D2

p

2h2

)
± ε0ε

η (ζw + ζp)E

(4.2)

where Dp is the particle diameter. Under constant applied pressure, the velocity of
particles in the bidirectional flow becomes solely dependent on the EOF velocity and
the electrophoretic mobility of the beads. These two components appear in the second
term of Eq. 4.2 as a function of the applied electric field. Particles sample differently
the PF and EOF streamlines of the bidirectional flow as they move perpendicularly
to the main flow through the channel. This results in small particles being able to
approach the channel walls better than larger particles, and thus they are able to
sample the EOF better than larger beads. This particle-flow interaction due to the
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external electric field opposite to the applied pressure-driven flow is reminiscent of the
field-flow fractionation (FFF) particle separation concept pioneered by Giddings [21],
based on the application of an external field perpendicular to the flow direction. In
FFF-based separations of particles that are 0.5-10-µm-diameter (the so-called steric
mode), the field applied from one of the walls of the channel forces particles of different
sizes to accumulate by the opposite channel wall. Larger particles will sample the
hydrodynamic flow streamlines more strongly than smaller particles, as their geometric
centers approach more the central region of the parabolic PF profile. Thus, larger
particles acquire higher net velocities in the pressure-driven flow, exiting the channel
earlier than smaller beads. In a similar fashion, small particles flowing in the inlet-
outlet direction in FIET devices sample the PF streamlines less strongly than larger
particles do, acquiring higher average velocity in the opposite (EOF) direction.

The trapping process has been previously characterized by tuning the applied electric
field at constant applied pressure (Chapter 3). As noted in both terms of Eq. 4.2, the
acquired average velocity in the bidirectional flow would vary considerably for
particles not only having different size, but also different surface charge (zeta
potential, ζ). Particles with smaller size and/or positive (less negative) surface charge
would experience trapping at lower applied electric fields, as outlined in Figure 4.1
(b). These two mechanisms, entirely different in nature, can be harnessed separately
to achieve size- and charge-based separations, taking advantage of different retentions
of the particles in the channel as illustrated in Figure 4.1 (a).

4.3.2 Particle distribution and characterization of the trapping
process in the channel

The quantitative fractionation of particles having different size and surface charge has
been achieved at constant applied pressure conditions, tuning the flow velocity with
stepwise increasing voltage programs. The reader is referred to Chapter 3 for a better
understanding of the experimental conditions. A suspension of particles prepared in
buffer as described in the experimental section is introduced to the device using
pressure to fill the channel evenly. After reaching bidirectional flow conditions, the
distribution of particles along the straight, narrow segment was evaluated by
registering the difference between incoming and outgoing particles in the channel
moving in the EOF direction, expressed as:

∆np = |np,W2 − np,W1| (4.3)
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Figure 4.1: (a) Illustration of the separation process of particles having different size
and/or zeta potential. (b) Variation of the applied voltage needed to trap particles
with different size (horizontal) and zeta potential (vertical) under constant applied
pressure conditions.

np,W2and np,W1 are the populations of beads inside two identical 450-µm windows,
defined at the right and left ends of the trapping channel, respectively. At lower
voltages, particles enter the channel at the right end, following the EOF direction.
Particles move further and further along the channel as voltage is increased, eventually
exiting the channel at the left end. The difference of bead population between these
two areas (∆np) has been observed to exhibit a Gaussian dependence on the applied
voltage, which can be expressed as:

∆np (∆V ) = 1
σ
√

2π
exp

(
− (∆V −∆Vr)

2σ

)2
(4.4)

This distribution defines the voltage range in which particles remain trapped (given
by the baseline width of the peak, ω = 4σ), as well as the optimal applied trapping
voltage at which a maximum number of particles can be captured inside the trapping
channel (maximum retention voltage, ∆Vr) [19].
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4.4 Results and discussion

4.4.1 Fractionation of particles with different size

A binary mixture containing 2.69- and 5.34-µm carboxylated polystyrene particles
(ζ = −48± 2 mV) in individual concentrations of 50 µg mL-1 (4.71× 106 and 6× 105

particle mL-1) was used as an example of size-based separation in a FIET channel.
Particle distributions were evaluated at different applied pressures (1, 1.25, 1.5 and
1.75 mbar), recording the individual distribution curves as a function of the applied
voltage for each particle type (Figure 4.2), as discussed in section 4.2. The maximum
retention voltage (∆Vr) for each peak is given in Table 4.2.

Table 4.2: Maximum retention voltage at different pressures for different-sized
carboxylated polystyrene beads (n = 3, see Figure 4.2).

Particle type ∆Vr (V)
1.0 mbar 1.25 mbar 1.5 mbar 1.75 mbar

2.69-µm carboxylated PS 70±5 81±7 98±5 121±10
5.34-µm carboxylated PS 91±6 102±6 119±9 149±7

The distribution curves for the two different-sized carboxylated PS beads appear over
different ranges of applied voltages. Curves for smaller beads are recorded at lower
voltages than distribution curves for larger beads, regardless of the pressure applied.
In agreement with Eq. 4.2, the finite diameter of particles determines the channel
space that they can occupy and thus their acquired velocity in the pressure-driven
flow. Larger particles cannot approach channel walls to the same extent that smaller
particles do, so that they will sample the PF streamlines more than smaller particles
will [22]. The average velocity of particles having different diameters are calculated as
a function of particle diameter for different applied pressures in Figure 4.3. This plot
shows that at given pressure flow, there is an increasing dependence of the average
particle velocity on particle diameter. Besides, the average velocity in the pressure-
driven flow for a certain particle diameter increases with the applied pressure.
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Figure 4.2: Average distribution curves of 2.69- (blue lines) and 5.34-µm (red lines)
carboxylated polystyrene particles obtained for a mixture of these two particles in
the straight, narrow channel segment at applied pressures of 1, 1.25, 1.5 and 1.75
mbar (n = 3). All separations were performed in 10 mM borate buffer, pH 9.2.
The bottom-right inset shows the stepwise voltage program used to obtain the given
distribution curves, consisting of voltage step increments of 10 V every 30 s. The
distribution of particles was evaluated 5 s before the end of each voltage step.
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Figure 4.3: Calculated average particle velocity in the PF at 4 different pressures (1,
1.25, 1.5 and 1.75 mbar) as a function of particle diameter in the straight, narrow
channel (20-µm-depth).

These calculations of particle average velocity in the PF explain the experimental values
of ∆Vr for both particle types in Figure 4.2. On the one hand, higher applied pressures
lead to higher particle velocities in the PF, which in turn requires higher EOF velocities
to reach trapping conditions. This behavior is observed in the increasing tendency of
the maximum retention voltage with the applied pressure for both particle types. On
the other hand and as shown in Table 4.1, the difference in ∆Vr for both particle types
remains about the same for all tested conditions (∆Vr,5.34 −∆Vr,2.69 ≈ 20 V). Despite
a relatively large difference in diameter (2.7 µm in this case), particles acquire a very
similar average velocity in the pressure-driven flow, which keeps the difference in ∆Vr
relatively constant at all the tested applied pressures. Peak height and width were also
found to increase with the applied pressure. In agreement with Eq. 4.2, higher applied
pressures result in higher velocities of the PF in the bidirectional flow, which produces
stronger retention at higher applied voltages in the narrow channel. As a result, there
is a greater number of particles that experience the trapping effect (peak height) within
wider voltage ranges (peak width). Eventually, the peak height reaches a maximum,
matching with the saturation of channel (maximum volume of particles that fit inside
the actual channel volume). Peak height is another important parameter to highlight
in the distribution curves. Higher applied pressures lead to higher particle velocities,
requiring higher applied voltages to reach trapping conditions, which is manifested in
higher peaks. As a matter of fact, larger particles occupy more space in the channel,
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resulting in fewer larger particles trapped at optimal conditions than smaller particles,
as observed in Figure 4.2.

4.4.2 Fractionation of particles with different charge

The fractionation of particles having different surface charge was characterized using
the same approach as described above. A mixture of 3.02-µm PMMA (−18 ± 1 mV)
and 3.54-µm green fluorescent polystyrene particles (−68 ± 2 mV) prepared in a
concentration of 50 µg mL-1 was introduced in the channel at applied pressures of
1.5, 1.75, 2 and 2.25 mbar (3.34× 106 and 2.07× 106 particle mL-1). The distribution
curves for both particles at the indicated applied pressures are shown in Figure 4.4.

Table 4.3: Maximum retention voltage at different pressures for PMMA and green
polystyrene beads (see Figure 4.4).

Particle type ∆Vr (V)
1.0 mbar 1.25 mbar 1.5 mbar 1.75 mbar

PMMA 70±5 75±3 89±4 95±6
Green polystyrene 86±6 99±5 126±6 136±5

The stepwise voltage program used to obtain the curves is depicted in the bottom-
right inset of the same figure. In this particular case, the curves appear in order from
low (less negative) to high (more negative) zeta potential. High-ζp (-68 mV) particles
experience higher electrophoretic effect towards the anode (channel outlet), and thus,
get trapped at lower PF velocities in the separation channel. Low-ζp (-16 mV) particles,
on the other hand, experience trapping at lower applied voltages, as can be observed
in the distribution curves in Figure 4.4. Accordingly, the maximum retention voltage
(given for both particle types in Table 4.3) exhibited a linear increasing tendency as a
function of the applied voltage as previously described for the size-based fractionation
case. Nevertheless, the difference of this parameter between the two particle types
was found to increase with the applied pressure, resulting in more separated peaks
as the applied pressure increased. Contrary to the size-based separation in which the
trapping phenomena was dominated purely by bead size, the charge-based separation
is driven by the electrophoretic velocity of the particles themselves (|∆ζp| ∼ 50 mV).
The electrophoretic velocity of the particles varies differently for particles with different
ζp as a function of the applied electric field, and so does the average velocity in the
bidirectional flow.
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Figure 4.4: Average distribution curves of 3.02-µm PMMA (blue lines) and 3.54-µm
green fluorescent polystyrene particles (red lines) along the separation channel at
applied pressures of 1.5, 1.75,2 and 2.25 mbar (n = 3). All separations were
performed in borate buffer, pH 9.2. The bottom-right inset shows the stepwise
voltage program used to obtain the given distribution curves, consisting of voltage
steps of 10 V for 30 s. The distribution of particles was evaluated 5 s before the end
of every voltage step.
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4.4.3 Evaluation of particle fractions exiting the separation channel

Particle fractions were evaluated upon being carried out of the straight, narrow
channel at the left end by the EOF. Two different kinds of particles would be
optimally separated when one of them had exited the channel (no longer experiencing
retention in the bidirectional flow, ∆np = 0) while the other remained completely
trapped (∆np = 100%, achieved at ∆Vr as previously discussed). The purity of a
fraction at the end of the channel is given by:

χi = ni
ni + nj

× 100 (4.5)

Where ni corresponds to the number of particles of the fraction that exits the channel
and nj is the number of particle impurities of the other fraction that comes out at
the same time. The purity of the first fraction exiting the channel was evaluated for
size- and charge-based fractionation experiments, corresponding to 2.69-µm PS-CO2H
(small size particles in size-based separation) and 3.02-µm PMMA (low zeta potential
particles in charge based separation). The composition of these fractions at different
hydrodynamic and electrokinetic conditions is given in Table 4.4.

Table 4.4: First particle fractions exiting the channel in size- and charge-based
fractionation experiments (small size and low zeta potential, respectively, n = 3).

Size-based fractionation χ(%)
1.0 mbar 1.25 mbar 1.5 mbar 1.75 mbar

2.69-µm PS-CO2H 94±2 58±3 31±3 26±2

Charge-based fractionation χ(%)
1.5 mbar 1.75 mbar 2.0 mbar 2.25 mbar

3.02-µm PMMA 33±3 69±5 96±3 > 99

It is observed that fractionation performance decreases with the applied pressure for
similar-sized particles, and follows the opposite tendency for particles having different
zeta potential. Microscope close-ups of size- and charge-based fractionations performed
at optimal hydrodynamic conditions (1 and 2.25 mbar applied pressure, respectively)
are illustrated in Figure 4.5.
As shown in this study, the registration of particle distribution curves allows to
adequately choose the applied voltage and pressure conditions for the quantitative
fractionation of particle mixtures having different size and surface charge. Jellema et
al. employed FIET for the fractionation of 2.33- and 2.82-µm polystyrene microbeads
based on particle size [18]. The separation, which was conducted at 4 mbar applied
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Figure 4.5: Close-ups of the right (upper row) and left (lower row) ends of the
separation channel for (a) size-based fractionation of 2.69- and 5.34-µm PS-CO2H
(manually colored in red and blue, respectively, for better visualization) at ∆P = 1
mbar and ∆V = 90 V and (b) Charge-based fractionation of 3.02-µm PMMA
(colored in red) and 3.54-µm fluorescent (colored in green) at ∆P = 2.25 mbar
and ∆V = 140 V in bright field (left) and fluorescent (right). White arrows indicate
the motion of the particles along the channel.

pressure and 115 V for 500 s, ended up with a clear first fraction of the small particles
coming out of the separation channel. The second fraction of particles that remained
trapped exited the channel at a higher applied voltage (175 V), and were found to
contain nearly equal contributions from both particle sizes. As concluded above for
size-based separations, the corresponding distribution curves registered as a function
of the applied voltage would have revealed the optimal separation conditions at lower
applied pressures. This way, the contribution of small particles to the second fraction
could have been significantly reduced, increasing the purity of both collected particle
fractions and thus, enhancing the separation performance. The authors also applied
the same principle to the separation of particles by charge [17]. A binary mixture of
particles with the same size (3-µm-diameter) and a difference in zeta potential of 40
mV was separated at 4 mbar applied pressure. Particles with high zeta potential were
trapped at 450 V, while low zeta potential particles exited the separation channel
driven by the EOF. In this case, the purity of both collected fractions (high and low
zeta potential) improved considerably in comparison with the size-based separation
presented in the previous example, since as discussed above, high applied pressures
leads to better separation resolutions. Nevertheless, one can appreciate the presence
of impurities of low zeta potential particles in the second fraction, probably derived
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from working at non-optimal separation voltages. The charge-based separation
presented in this study corresponds to a binary mixture of particles with a difference
in zeta potential of 50 mV. The recorded distribution curves allow for a quantitative
separation of the two particle types involved, meaning that the 99% of the low zeta
potential particles were effectively fractionated from the high zeta potential beads.

This approach makes FIET comparable to other methods reported up to date in
terms of particle separation performance. Kawamata et al. conducted a EOF-driven
pinched-flow fractionation (PFF) approach for size-based particle separation [23]. 2.1-
and 1.0-µm-diameter fluorescent polystyrene beads were sorted perpendicularly in the
fractionation chamber and collected independently afterwards in two different outlets
in ratios of 96.8 and 93.4%, respectively. Jeon et al. published a PF-induced free-flow
electrophoresis strategy in T-shaped channels [14]. Binary samples of 4.8-, 9.9-, and
10-µm-diameter particles having different electrophoretic mobility were separated
with efficiencies >97%. On the other hand, the separation of particles having
different charge has been traditionally achieved in microfluidics by dielectrophoresis.
Patel et al. came forward with a reservoir-based dielectrophoresis approach that
achieved the separation of similar-sized fluorescent and non-fluorescent particles with
a 40-mV-difference in zeta potential [24]. However, some experimental conditions
typical from dielectrophoretic methodologies led to disturbances of the local electric
field, which ultimately had a strong impact in the separation of the beads. These
issues could be easily avoided by using DC electrokinetic techniques, such as FIET, in
which a stable electric field is achieved along the separation channel. One of the
strong points of our work relies in the already-deconvoluted Gaussian distribution
peaks obtained from the distribution of particles along the channel. This means that
unlike certain analytical separation techniques such as chromatography or
electrophoresis, the curves for each component of the particle mixture are obtained
individually, and so, the shape of one is not altered by the other. This provides
valuable, quantitative information about the fractionation of particles with different
size and zeta potential. Furthermore, the easy tunability of the separation conditions
allows to considerably enhance the separation efficiency just by changing either the
applied pressure or the electric field.

4.5 Conclusions

We present here for the first time the use of flow-induced electrokinetic trapping
(FIET) operated with time-varying, stepwise voltage programs for the quantitative
separation of polymer microparticles having different size and zeta potential. The

101



Chapter 4. Optimizing size- and charge-based particle fractionations in microchannels
using Flow-Induced Electrokinetic Trapping

proof of principle of particle separations on this devices was already introduced by
Jellema et al., in which particles under bidirectional flow conditions were observed to
be sorted by charge [17] and size [18]. Nevertheless, this approach was not
characterized in terms of optimal trapping conditions, which strongly compromised
the efficiency of the separations. We have developed a simple and efficient strategy
that uses staircase voltage programs as a way of tuning the velocity of the
bidirectional flow at constant applied pressure. These programs consist of identical
steps of applied voltage that allow to increasingly change the velocity of the
bidirectional flow in a very controllable way. This approach provides characterization
of the behavior of the beads in the bidirectional flow, which allows to study and
characterize in depth the trapping and enrichment [19], as well as the separation of
trapped particles. Moreover, this strategy operates with a chromatographic-like
principle, based on the Gaussian distribution of the beads along the channel. In fact,
the two separation mechanisms are completely different in nature, as it has been
observed experimentally for particles having different size and surface charge.
Size-based separation experiments resulted in a decreasing tendency of the calculated
resolution as a function of pressure, contrarily to charge-based separation
experiments, which showed increasing resolution values. The fractionation based on
particle size, conducted with 2.69- and 5.34-µm carboxylate PS particles reached the
best separation conditions at 1 mbar pressure and 91.3 V, in which only
approximately 5% of 2.69-µm particles remained trapped at optimum trapping
conditions for 5.34-µm beads. On the other hand, charge-based separation
experiments, carried out with 3.02-µm PMMA and 3.54-µm fluorescent polystyrene
particles, showed optimum separation performance at 2.25 mbar and 135.4 V. Under
these conditions, less than 1% of PMMA particles still remained trapped at optimum
trapping conditions for fluorescent PS beads. These results show the applicability of
FIET as a microfluidic strategy for the efficient fractionation of particles having
different size and surface charge. Further work on the fractionation of ternary
mixtures of particles is ongoing, opening the way to orthogonal separations of
particles in this kind of devices.
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