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5 Simultaneous microfluidic size- and
charge-based fractionation of
polymer microparticles using
recirculating flows

H
ere we introduce for the first time the simultaneous
separation of polymer microparticles in terms of size and charge
(zeta potential) using Flow-Induced Electrokinetic Trapping (FIET).
A ternary mixture of negatively charged 2.69- and 5.34-µm-diameter

carboxylated polystyrene (PS-COOH) and 3.1-µm-diameter fluorescent polystyrene
(F-PS) particles was fractionated in straight, narrow microchannels that expanded at
both ends. Particles were trapped in a bidirectional, recirculating flow profile,
generated by opposition of pressure-driven (PF) and electro-osmotic (EOF) flows. To
execute the fractionation process, the EOF velocity was tuned with respect to the PF
using a stepwise-increasing voltage ramp of 10 V every 30 seconds. The distribution
of particles along the channel length (quantitative indicator of retention) was
determined at each applied voltage by acquiring images of 450-µm-wide windows
located at each end of the narrow trapping channel. This resulted in Gaussian
distribution curves as a function of applied voltage for each particle type. As the
three particle types could be distinguished visually in the images, these distribution
curves could be recorded simultaneously for all three particle types in the ternary
mixture at different applied pressures. The hydrodynamic and electrokinetic
conditions (controlled by the applied pressure and voltage, respectively) needed to
optimally separate the particles either by size or charge were extracted from the
distribution curves. Subsequently, stepwise voltage and pressure ramps were
combined in a single experiment to apply the optimal experimental conditions
predicted for size- and charge-based separations. Consecutive particle fractions with
purities of 100, 97 and 96% for 2.69-, 5.34-µm PS-COOH and 3.1-µm- fluorescent
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5.1 Introduction

F-PS beads, respectively, were monitored as they exited the left end of the trapping
channel, transported by EOF. This methodology has potential applicability for cell
sorting in microfluidic platforms, allowing for fractionation based on both cell size
and surface charge.

5.1 Introduction

Handling micro- and nanometer-sized objects in small volumes remains a significant
challenge in many research domains, such as cell analysis [1–3], cancer diagnosis [4–7]
and genetic [8] and tissue [9, 10] engineering. Microfluidics has contributed a set of
effective strategies oriented towards sorting and separation of particles and cells in
steadily-shrinking volumes of sample to better address research questions in these and
many other areas. Sajeesh et al. first classified these strategies into categories they
termed “passive” or “active”, depending on whether or not the separation itself
requires the assistance of an external field [11]. Some of the so-called passive
strategies utilize the interaction of particles with flow streamlines at channel walls to
selectively separate and filter particles flowing through the main channel by size.
Examples include Pinched Flow Fractionation (PFF) [12–15] and Deterministic
Lateral Displacement (DLL) [16–19], approaches that exploit the inherent properties
of laminar flow regimes in microchannels to sort particles by size and/or density.
Besides this, the intrinsic physicochemical properties of some particles make them
interact with magnetic, electric or acoustic fields. Over recent years, these
interactions have been thoroughly harnessed in microfluidic devices, leading to
different sorting and separation strategies based on dielectrophoresis [20, 21],
magnetophoresis [22, 23] or standing surface acoustic waves (SSAW) [24, 25], to name
a few. Although the ease of implementation of passive techniques makes them very
suitable for many practical applications, active techniques have often proven to be
better in terms of separation throughput and performance. Interestingly, there are
approaches that pool the advantages of purely flow-based and field-dependent
strategies [26]. These can offer greater flexibility when it comes to separation
optimizatin, as both flow and field parameters may be tuned for specific samples. An
early microfluidic approach that combined hydrodynamic and electrokinetic effects to
separate particles was reported by Lettieri et al. [27]. The authors described the
preconcentration of particles by trapping in closed, recirculating flows generated in
channels with non-uniform cross section by opposition of pressure-driven (PF) and
electro-osmotic (EOF) flows. The trapping phenomenon was termed flow-induced
electrokinetic trapping (FIET). This strategy was brought one step forward a few
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years later by Jellema et al., who accomplished the separation of polymer particles in
terms of surface charge [28] and size [29] using the same microfluidic principle.

Figure 5.1: (a) Schematic diagram of size/charge-based particle fractionation in a
converging-diverging microchannel by means of FIET. Blue dots depict particles
having different sizes but the same negative charge (zeta potential). This charge is
less negative than that of the red particles, made of another polymer and present in
just one size. The 450-µm-wide observation windows at both ends of the channel are
named as W1 and W2. In this study, the blue particles represent 2.69- and 5.34-µm
PS-COOH microspheres, whereas the red particles represent 3.1-µm F-PS beads. (b)
Diagram depicting particle motion through the channel as a function of the applied
voltage at a constant applied pressure. (b.1) At a certain voltage, particles start
to follow the recirculating flow streamlines and are pushed into the narrow channel.
The particle distribution (experimentally evaluated as np,W2 − np,W1) begins to
increase. (b.2) As the voltage is increased, a maximum concentration of trapped
particles is reached in W2. (b.3) As the voltage is increased further, particles move
along and eventually reach into W1, exiting the channel. (b.4) At higher voltages
still, particles leave the channel by means of the EOF. (c) A schematic depiction
of a particle distribution curve recorded as a function of applied voltage is given.
The numbers refer to the 4 stages of particle separation in Fig.1(b). The maximum
retention voltage, ∆Vr, is indicated in this diagram. It is the voltage at which the
particle distribution curve reaches its maximum value, np,max.
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A quantitative analytical characterization of this technique is worked out in Chapter
3 of this thesis, by considering the linear distribution of particles in the trapping
channel when EOF velocity is tuned uniformly using stepwise voltage ramps [30]. This
new analytical perspective revealed the unique separation power of FIET in terms
of particle size and charge, as both mechanisms co-exist in the same microchannel
(see Chapter 4). However, the quantitative separation by fractionation of mixtures of
microparticles having varying size and charge has not yet been demonstrated by us or
others. In this report, we further exploit FIET using a stepwise voltage and pressure
program to simultaneously separate particle mixtures with different size and surface
charge in a single microchannel unit. First, the fractionation of a ternary mixture of
polymer microparticles consisting of carboxylated polystyrene beads (PS-COOH) (2.69-
and 5.34-µm-diameter) and 3.1-µm-diameter fluorescent polystyrene (F-PS) beads is
characterized at different applied voltages and pressures in a FIET microchannel. In
analogy with multidimensional chromatographic separations, these separations may be
referred to as being orthogonal, since the two separation mechanisms (hydrodynamic
and electrokinetic) are independent of each other, even though they occur concurrently
during the fractionation process, as depicted in Figure 5.1. The optimal trapping
conditions observed for each particle type are subsequently used for the orthogonal
separation of the three microparticles in terms of size (first dimension) and charge
(second dimension). In this paper, we demonstrate for the first time the full separation
potentialof FIET for microparticle separations in nanoliter volumes.

5.2 Experimental

5.2.1 Microchip fabrication and setup

Fabrication of glass microdevices was done using photolithography, wet etching and
fusion bonding. The channel structure was designed using a standard layout software
(CleWin, WieWeb software, The Netherlands) and patterned in the top photoresist
layer of a chromium-photoresis glass wafer (Telic Company, Valencia, CA, USA)
using a collimated UV lamp (OAI, San Jose, CA, USA). After photoresist
development, the exposed chromium regions were removed to expose the glass regions
for channels etching with Chrom-etch 18 (Micro Resist Technology GmbH, Berlin,
Germany). The channel was wet-etched a depth of 20µm by immersing the wafer in a
HF(49%):HNO3(70%):MilliQ water solution in a ratio of 100:28:72. Thereafter, the
photoresist and chromium layers were removed with VLSI-grade acetone (VWR
International B.V., Amsterdam, Netherlands) and Chrom-etch 18, respectively. In
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parallel, a bare borofloat glass cover-plate wafer was coated with AZ4562 photoresist
(Microchem Corporation, Newton, MA, USA). Inlet and outlet access holes were
drilled and the remaining photoresist was removed with VLSI-grade acetone and
isopropanol (VWR International B.V., Amsterdam, Netherlands). The two glass
structures were then aligned (holes to the ends of channels) put together and bonded
in an oven at 644 ºC for 18 h, as described previously in Chapter 3.

Two plastic 4.3-cm-high and 1000-µL-volume pipette tips (Sarstedt AG & Co,
Nümbrecht, Germany) were used as reservoirs to introduce particles in the device .
Small holes were drilled 8 mm above the base of each tip so that 0.5-mm-OD and
5-mm-long platinum wires (Sigma Aldrich, Zwijndrecht, Netherlands) could be
inserted and fixed with glue (Kombi Snel, Bison International, Goes, The
Netherlands). These wires served as electrodes to apply electrical potentials along the
channel. Both reservoir units were glued around the inlet and outlet holes with epoxy
resin (Kombi Snel, Bison International, Goes, Netherlands).

5.2.2 Particle suspensions

Uniform, monodisperse 2.69- and 5.34-µm-diameter carboxyl-functionalized
polystyrene (PS-COOH) particles were obtained from MicroParticles GmbH (Berlin,
Germany). 3.1-µm-diameter polystyrene (F-PS) particles with green-fluorescent
surface functionalization were obtained from Duke Scientific Corporation (Palo Alto,
CA, USA). The specifications for the three particle types are given in Table 5.1.

The ternary particle mixture was prepared diluting the the three particle types in 10
mM borate buffer (pH 9) to a typical concentration of 60 µg mL-1. The zeta potential
of the three particle types was measured by electrophoretic light scattering (ELS) in
house at the same experimental conditions (10 mM borate buffer, pH 9).

Table 5.1: 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

Green fluorescent
polystyrene

4.14×109 3.54 −68±2 Microparticle
GmbH
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5.2.3 Flow generation and particle trapping effect

Prior to particle injection, the microfluidic channel was preconditioned with 0.1 M
sodium hydroxide and 10 mM borate buffer (pH 9) for 10 min before particle injection.
The bidirectional flow used for particle separation in the channel was generated by
opposition of pressure-driven (PF) and electro-osmotic (EOF) flows. PF was generated
by inducing a hydrostatic pressure between the inlet and outlet reservoir. This was
done by having a higher level of liquid in the inlet compared to the outlet. Typically,
the liquid in the inlet reservoir was 2 cm highe than in the outlet to yield a pressure of
2 mbar. Other values of pressure were alsoset but varying this height difference. After
pressure equilibration in the channel, a difference of potential was applied by connecting
the platinum electrodes at the inlet (anode) and outlet (cathode) to a grounded, high-
voltage power supply source (Labsmith, Livermore, USA). The applied voltage was
increased progressively in steps of 10 V every 30 s within a typical voltage range of
0−200 V. This staircase voltage ramp led to the gradual appearance of a bidirectional
flow profile along the channel that converted to a recirculating flow in the areas in
which the narrow channel expanded into wider segments. This recirculating flow effect
at the expanding channel sections allowed freely flowing particles to be trapped and
transported back into the straight segment (Figure 5.1). As the EOF was increased,
particles were pushed further back into the trapping channel as the recirculating flow
became increasingly confined to the channel entrance. The trapping channels are often
referred to as converging-diverging channels in the text below. Whether a channel is
converging or diverging is defined in terms of the direction of PF.

5.2.4 Detection of particles

The entire microchip unit was attached onto the stage of an inverted microscope (DM-
IL Leica, Wetzlar, Germany) connected to a monochrome digital camera (DFC360 FX,
Leica, Germany). Two identical 450-µm-wide observation windows, W1 and W2, were
defined at either end of the separation channel. Pictures were taken of the particles
flowing through both observation windows right after each step of the applied staircase
voltage program. The particle distribution in the channel, np, is defined as the number
of particles in W2 (np,W2) minus the number of particles in W1 (np,W1), i.e.:

∆np = |np,W2 − np,W1| (5.1)

Figure 5.1 (b, c) shows how particle distributions change as the applied potentials
increased at constant applied pressure.
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5.3 Theory

5.3.1 Particle velocity in separation segment under bidirectional
flow conditions

Separation experiments were undertaken using a mixture of PS-COOH (2.69- and 5.34-
µm diameter) and F-PS (3.1-µm diameter) particles. The beads were injected into the
channel with the pressure-driven flow, and then subsequently trapped and fractionated
in the narrow segment by applying an increasing EOF velocity, as described in the
Experimental section. Once inside the channel, particles acquire a nominal velocity
which results from the sum of the individual components in the pressure-driven (ux(z))
and electro-osmotic (uEOF ) flows, as well as the intrinsic electrophoretic effect (uep):

uEOF = ε0εζw
η

E ux(z) = 2∆P
h2ηL

(
1− z2

h2

)
uep = ε0εζp

η
E (5.2)

The combination of these terms leads to the following expression of particle velocity:

〈up(z)〉 = h2∆P
12ηL

(
1 + Dp

h
−
D2
p

2h2

)
± ε0ε

η
(ζw + ζp)E (5.3)

where η = 10−3 kg m-1 s-1 is the viscosity of water, ε0 = 8.85 × 10−12 F m-1 and
ε = 78.4 are the relative permittivity of vacuum and buffer (dimensionless), respectively
and ζw = −110 mV is the zeta potential of the channel walls [31]. L and h are the
channel length and height, respectively, Dp and ζp are the diameter and zeta potential
of the particles, respectively and E the effective electric field applied along the entire
microfluidic channel. Note that the zeta potential of the beads can be either positive
or negative, defining ultimately the motion direction. In this study, the three particle
types had a negative zeta potential (were negatively charged).

The hydrodynamic velocity of the three particles in the separation channel segment was
calculated at different PF rates (Figure 5.2 (a)). It is clear in this plot that the average
barely varies with pressure from one particle to another as long as they are similar in
size. However, at any applied pressure, particle velocity commences to change when
an electric potential is applied opposite to the PF in the channel. In fact, the electro-
osmotic and electrophoretic particle velocity components balance the hydrodynamic
velocity in the pressure-driven flow. As an example, the calculated average velocity for
the three particle types is plotted as a function of the applied voltage in Figure 5.2 (b)
for an applied pressure of 1.5 mbar. We observe that particles with the same surface
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charge but different size (PS-COOH and F-PS) show significantly different velocities at
any given ∆V , due to the difference in zeta potentials and thus motion of the particles
themselves.

Figure 5.2: (a) Variation of the average velocity in the separation segment for the
PF, and 2.69- and 5.34-µm PS-COOH beads and 3.1-µm F-PS beads in the PF as a
function of applied pressure. (b) Average velocity dependence on the applied electric
potential at 1.5 mbar applied pressure, equivalent to a PF rate of 1.3× 10−4 m s-1.
Positive velocity values indicate that beads move with the PF (exhibit a net flux in
the direction of the PF), whereas negative values mean that beads exhibit a net flux
in the direction of the EOF.

5.3.2 Particle fractionation

When the applied potentials are high enough, particles start to shift to the EOF
direction and experience the recirculating flow around the converging and diverging
channel areas as a result. Particles are thus caught inside the flow streamlines and
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gradually pushed through the narrower section as voltage is increased, as depicted in
Figure 5.1 (a). At constant applied pressure, the dependence of the distribution of
the trapped beads (∆np) on applied voltage s expressed as:

∆np = 1
σ
√

2π
exp

(
− (∆V −∆Vr)

2σ

)2
(5.4)

As shown in Figure 5.1 (c), this distribution assumes the form of a Gaussian curve,
characterized by a peak width (ω = 4σ) and a maximum retention voltage at the
mean of the curve, ∆Vr, at which the maximum number of particles can be trapped
at the right end of the channel. Applied voltages higher than ∆Vr result in particles
being transported further through the channel in the EOF direction, eventually
exiting at the left end, as illustrated in Figure 5.1 (b) and (c). The experimentally
determined distribution curves (∆np vs ∆V ) will be different for each particle type
studied, exhibiting different and ∆Vr. Interestingly, the fact that we use image
analysis to determine ∆np means that we can record the particle distribution curves
for several particle types simultaneously during an experiment, with the caveat that
the particles should be visually distinguishable from each other. We anticipate that
by using the experimentally determined distribution curves, we can predict the best
PF and ∆V conditions for the simultaneous fractionation of particles based on size
and charge.

5.4 Results

5.4.1 Particle distribution curves at different applied pressures

To characterize the fractionation of particles of different size and charge in a ternary
mixture, individual distribution curves were first recorded for 2.69- and 5.34-µm
PS-COOH and 3.1-µm F-PS beads. A 60 µg mL-1 dispersion of a mixture of the
three particle types was prepared and introduced into the inlet reservoir. Once the
concentration of particles along the channel was equilibrated, the voltage was
increased in steps of 10 V for 30 s each. Close-ups of both channel ends were taken
after every voltage step in order to estimate the concentration gradient of particles
along the fractionation segment, as indicated in the experimental section. The same
voltage program was run for multiple injections carried out at 1, 1.25 and 1.5 mbar,
so that the corresponding distribution curves could be put together individually for
each particle type, as illustrated in Figure 5.3. Note that it was possible to record the
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distribution curves for all three particles, as they are visually distinguishable. In
accordance with Eq. 5.3, distribution curves for particles with more negative values
of zeta potential (green fluorescent polystyrene) turned up at higher applied voltages.
Furthermore, particles with the same surface charge (carboxylate polystyrene)
appeared fractionated in order of size from smallest (2.69 µm) to largest (5.34 µm).
The separation mechanism for size involves particles assuming a net flux towards or
away from the inlet, depending on their ability to sample EOF streamlines along the
sides of the channel. ( Chapter 4) The larger the particle, the less probability it has
of being transported in the direction of EOF at a given applied potential. Thus, small
particles are fractionated first by EOF at lower voltages, followed by larger particles
at higher voltages, corresponding to larger EOF.

Figure 5.3: Average fractionation curves for a 60 µg mL-1 mixture of 2.69- and 5.34-
µm carboxylate and 3.1-µm green fluorescent polystyrene particles at 1, 1.25 and
1.5 mbar applied pressures. All curves were fitted to the Gaussian model depicted
in Eq. 5.3.
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We observe that the optimal retention (trapping) voltage, ∆Vr, increases linearly
with the applied pressure for all three particle types, as depicted in Figure 5.4. As
expected, the ∆Vr values for the two PS-COOH particle types increase at the same
rate for increasing ∆P , since they possess the same zeta potential (−46 mV). The
∆Vr for the F-PS particles increases more rapidly as a function of ∆P . This is due to
the more negative zeta potential of −68 mV for these particles, which results in the
electrophoretic component of their velocity being greater than that of the PS-COOH
particles. From Figure 5.3 and 5.4, it can be concluded that PS-COOH particles
could be optimally separated by size at low applied pressures (1 mbar). The ∆np for
the 2.69-µm beads had declined to a value of 0 by the time the ∆np value for the
5.34-µm beads reached a maximum at a ∆Vr of 110 V. This indicates that all the
2.69-µm beads had already exited the channel at the point of maximum retention of
the 5.34-µm beads at 1 mbar applied pressure. At higher applied pressures, complete
fractionation of the two PS-COOH beads was no longer possible. On the contrary,
the separation of the PS-COOH from the F-PS particles was found to improve
significantly at higher applied pressures. However, complete fractionation of 5.34-µm
PS-COOH from F-PS beads was not demonstrated in the tested range of pressures.

It can be concluded that the complete separation of mixtures into individual fractions
containing particles with different size or charge can be performed by simply
changing the electrokinetic working conditions in the chip (electro-osmotic flow and
particle electrophoretic velocities). However, the velocity of the PF must also be
controllably changed during the course of an experiment in order to accomplish
simultaneous separations based on both size and charge.

Figure 5.4: Average optimal trapping voltages (∆Vr) over the applied pressure for
the three particle types obtained from the distribution curves plotted in Figure 5.3
(n = 3).
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5.4.2 Simultaneous size- and charge-based particle fractionation

Up to now, the fractionation of particles using FIET has been demonstrated suitable
for particle sorting by either size or charge (see Chapter 3 and Jellema et al. [25, 26]),
but not both simultaneously. However, as implied by the results shown in Figures 5.3
and 5.4, the two separation mechanisms could be exploited simultaneously if both
voltage and applied pressure could be changed controllably during one single
experiment. We just undertook an experiment in which this was done; the results are
shown in Figure 5.5. The way in which pressure-driven and electro-osmotic flows were
tuned over time and the corresponding distribution curves are depicted in Figure 5.5
(a) and (b), respectively.

Figure 5.5: (a) Voltage and pressure programs used for the simultaneous separation
of a 60 µg mL-1 mixture of 2.69- and 5.34-µm PS-COOH and 3.1-µm F-PS particles.
(b) Distribution curves that depict the size-based separation of 2.69- and 5.34-µm
carboxylate polystyrene particles at 1 mbar and the charge-based separation of and
5.34-µm PS-COOH and 3.1-µm F-PS particles at 1.5 mbar.
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Initially, the particle mixture is introduced at 1 mbar pressure until a homogeneous
concentration was reached along the entire channel (Section 1 of Figures 5.5 (a) and
5.5 (b, 0− 100 V). The voltage program was initiated, with stepwise increases of 10 V
every 30 s, as described previously. At 110 V, the first fraction of beads consisting of
2.69-µm PS-COOH exited the channel at the left, while the 5.34-µm PS-COOH beads
remained trapped. The distribution curves for these particles at 1 mbar shoen in Figure
5.3 predict this behavior. These flow conditions were mantained for 5 minutes in order
to ensure that all 2.69-µm carboxylate particles left the channel (Section 2 of Figures
5.5 (a) and 5.5 (b, 110 V)).

Immediately afterwards, the pressure was abruptly increased up to 1.5 mbar by adding
buffer into the inlet reservoir. This led to the remaining 5.34-µm PS-COOH and 3.1-µm
F-PS particles being transported back towards the right end of the trapping channel.
Particles were observed again into W2. The 2.69-µm PS-COOH particles that had
collected in the left channel inlet were not pushed back into the trapping channel by
the increased and associated PF. In this case, the uEOF and uep components dominated
over ux (z) due to the larger width of the channel section (300 µm), preventing 2.69-µm
carboxylate beads from reentering the trapping channel. When the voltage program
was restarted, it was possible to perform the charge-based separation of 5.34-µm PS-
COOH and F-PS particles (Section 3 of Figures 5 (a) and 5.5 (b, 110 − 300 V)). The
purity of the individual fractions was evaluated as:

χi = ni
ni + nj

× 100 (5.5)

where ni is the number of particles belonging to the particle fraction under
consideration that actually exited the channel and nj is the sum of the number of
other different particles that may have left the channel at the same time (impurities).
The obtained χi values for the 2.69-, 5.34-µm carboxylate and 3.1-µm green
fluorescent polystyrene bead fractions were 100, 97 and 96%, respectively. Close-ups
of the individual particle fractions exiting the channel at different applied pressures
and voltages are given in Figure 5.6.
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Figure 5.6: (a) 2.69-µm PS-COOH (b), 5.34-µm PS-COOH and (c) 3.1-µm F-PS
particle fractions leaving the separation channel at the left end. White circles indicate
the locations of the otherwise less visible PS-COOH particles in (a) and (b) for better
viewing. White arrows indicate the moving direction of particles at the given flow
conditions.

119



Chapter 5. Simultaneous microfluidic size- and charge-based fractionation of polymer
microparticles using recirculating flows

The way in which particles can be systematically fractionated by simultaneously
harnessing different mechanisms with the bidirectional flow could be considered as a
two-dimensional microfluidic approach for particle separation in analogy with
multidimensional liquid chromatography. The two different-sized particles are
separated in what could be called the first dimension, hydrodynamic in nature, at a
low applied pressure. The second dimension, consists of the separation based on
charge that becomes possible at higher applied pressures, as depicted in Figure 5.5
(b).

The simultaneous separation of polymer particles by size and charge has been
successfully achieved in FIET microdevices. While may approaches have been
reported for particle and cell sorting, none of them have allowed for simultaneous
separations based on more than one single mechanism, to the best of our knowledge.
In terms of particle size, one of the currently most employed approaches uses
microfabricated pillars that act as filters along the microfluidic channel. Particles
with diameters smaller than the pillar-to-pillar distance are let through, while larger
particles remain retained at the sieve position [32, 33]. Although this approach uses a
relatively simple setup, it faces limitations derived from clogging and random change
of the hydrodynamic resistance in the channel, resulting in contamination of filtered
particle fractions [34]. As it has been shown in all previous experiments, this
difficulties are overcome with the continuous recirculation of beads in barrier-free
channels, which make particle aggregation less likely to happen, and so does the
obstruction of the microfluidic network. Additionally, the need for uniform pillars or
other standing structures necessarily involves complex microfabrocation procedures
that can be saved with simpler channel designs. Another interesting aspect relies on
the possibility of enhancing the separation throughput by simply tuning the
hydrodynamic working conditions (applied pressure). As introduced in Figure 5.3,
and further applied to the fractionation of a ternary mixture in Figure 5.4,
carboxylate polystyrene particles are optimally separated at the lowest-range applied
pressure (1 mbar), whereas different-charged particles (carboxylate and green
fluorescent polystyrene) show better separations at higher pressures. This
improvement of the separation efficiency accomplished by simply reducing the applied
pressure differs substantially with other approaches in which higher flow rates
generally means better separation efficiencies [35, 36]. This could possibly allow for
high-throughput separations bringing the cut-off size difference between particles
down to few nanometers [29].

On the other hand, the second dimension resulted in the separation of particles with less
than 20-mV difference in zeta potential. Unlike the first dimension, better resolutions
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were achieved at higher applied pressures, consequently shifting the distribution curves
towards higher applied voltages. Nevertheless and despite the relatively small difference
in surface charge of the studied beads in comparison to other examples reported in
literature so far [37], clear fractions of 2.69- PS-COOH and 3.1-µm F-PS particles
were obtained within the small pressure range under study. As it can be observed,
the complete separation of 5.34-µm PS-COOH and 3.1-µm F-PS beads was however
accomplished at 1.5 mbar. Evidently, the larger difference in size is also at play in the
separation of these two particles, leading to closer peaks that necessarily require higher
applied pressures to be fully resolved.

5.5 Conclusions

The simultaneous separation of polymer particles by size and charge has been
successfully accomplished utilizing bidirectional flow profiles in converging-diverging
microchannels. Firstly, particle distribution curves were obtained over the applied
voltage at different hydrodynamic conditions, concluding that the separation of
different-sized and -charged particles came to happen optimally at lower and higher
applied pressures, respectively, as it was found in previous studies. This first
characterization led to set up a two-dimensional fractionation experiment whereby
subsequent and highly efficient size- and charge-based fractionations took place at
different flow conditions. This method will be further investigated as a potential
approach for particle sorting in microfluidics, specially focusing on biomedical
diagnostics and related applications.
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