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3 Characterizing particle enrichment
using combined hydrodynamic and
electrokinetic phenomena

H
andling polymer and biological particles in microchannels
has become of paramount importance in microfluidics, essentially due
to the countless benefits derived from working with these systems on
the micro- and nanoscale. In recent years, a considerable number of

microfluidic strategies based on different trapping and sorting principles have been
developed. In fact, techniques based only on particle-flow interactions have gained
particular importance, essentially due to the ease of implementation and precise
control over the particles themselves. We focus on the use of bidirectional flows
generated by the opposition of pressure-driven and electro-osmotic flows as a valuable
microfluidic tool for particle trapping in non-uniform channels. We report for the first
time a quantitative characterization of this approach, termed Flow-Induced
Electrokinetic Trapping (FIET), taking advantage of the distribution of trapped
beads along the length of the channel. The flow conditions for optimal trapping
performance have been studied in detail and defined for 2.69- and 3.90-µm-diameter
carboxylate polystyrene particles. Furthermore, the trapping efficiency has been
investigated for different concentrations, coming forward with a 20-fold particle
enrichment for a tested range of concentrations from 12.5 to 175 µg mL−1.

3.1 Introduction

During the last fifty years, there has been an increasing interest in polymer micro- and
nanoparticles. Their unique properties, such as very high surface-to-volume ratios and
easy surface manipulation make them especially enticing in biomedical sciences as drug
delivery systems [1,2], as well as excellent solid supports in surface-binding assays [3–5].
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Furthermore, novel and promising applications of polymer beads are steadily growing
in a strikingly wide range of fields, coming forward with a greater need to develop new
and high-throughput handling and manipulation strategies [6].

In this regard, the advent of the lab-on-a-chip concept gave rise to a number of
miniaturized approaches for separation and manipulation of small polymer and
biological particles [7]. Originally, particle handling in microfluidic devices was done
on the basis of particle-flow and particle-channel interactions. These approaches,
passive in nature, employed either the hydrodynamic force of the flowing fluid [8,9] or
built-in retention barriers [10, 11] for the confinement and manipulation of particles
and cells. Over the last years, many efforts have been made on the development and
improvement of active strategies for particle handling and separation involving
external applied fields, such as dielectrophoresis [12], optical tweezers [13], acoustic
waves [14] and magnetic fields [15]. Given this background, the use of rotating flows
generated inside the microfluidic network to trap and manipulate particles has
emerged as an alternative to the aforementioned techniques. Hur et al. investigated
trapping and separation of breast cancer cells (HeLa and MCF7) from blood cells in
flow vortices generated in microchambers across the microfluidic device [16]. Since
then, this approach has been extended to the preconcentration and separation of
other cancer cells based on differences in size [17,18].

In this context, Lettieri et al. [19] introduced a new hydrodynamic approach for
particle trapping with an on-chip fluorescent bead-based assay. Essentially, a
pressure-driven flow (PF) and electro-osmotic flow (EOF) were opposed to one
another in a converging-diverging microchannel, leading to the generation of a
bidirectional flow. The flow profile turned into a recirculating flow pattern in the
transition regions where the channel width suddenly expanded. Particles were
affected not only by the hydrodynamic effect of the bidirectional flow itself, but also
by an electrophoretic effect given by their own electrokinetic properties. The
combination of both effects resulted in a brand-new particle trapping technique,
named flow-induced electrokinetic trapping (FIET) [19]. More recently, this approach
has also been successfully used for the separation of polymer micro-sized particles
having different surface charge [20] and size [21]. Although this approach has been
demonstrated to be promising for particle trapping and separation, it has never been
characterized up to now in terms of enrichment performance. For a robust particle
handling system, it is important not only to be able to predict its enrichment
potential, but also to anticipate the optimal flow conditions at which it best performs.

Here, we characterize the trapping process occurring in FIET, using standard
converging-diverging devices (Figure 3.1). Particle behavior is explored under FIET
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conditions using stepwise increasing EOF velocities at constant applied pressure,
which leads to well-defined Gaussian particle distributions over the applied voltage
(Figure 3.3 (a)). These Gaussian distributions delimit the voltage range in which
particles remain confined in the straight narrow channel, as well as the optimal flow
conditions that allow for maximum trapping performance in the channel. Moreover,
we seize the essential information provided by the particle distribution curves to
study how particle size influences the trapping process using two diameters (2.69 and
3.90 µm) of carboxylate polystyrene (PS-COOH) monodisperse particles.
Additionally, we characterize the preconcentration performance of 2.69-µm PS-COOH
particles in the same chip using different bead concentrations.

Figure 3.1: Illustration of the opposition of pressure-driven and electro-osmotic flows
in large aspect ratio channels.

3.2 Theory

Bidirectional flows can be used for trapping, and eventually separating particles from
each other in converging-diverging microchannels [19–22]. Such geometries are
essentially based on a straight narrow channel segment which suddenly expands into
wider sections at both ends with a certain angle. Pressure-driven and electro-osmotic
flows are opposed to one another, generating a bidirectional flow profile along the
x-direction of the channel, which turns into a rotational flow pattern at the points
where the channel broadens. The typical bidirectional flow profile is depicted in
Figure 3.1.

In channels of large aspect ratio in which the actual width is always significantly larger
than the depth, both flows can be described using a 2D approach. The distribution of
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the pressure-driven flow velocity in rectangular channels, ux(z), can be described by
an infinite parallel-plate model in which both walls are separated from one another by
the actual height of the channel, h [23]:

ux(z) = 2∆P
h2ηL

(
1− z2

h2

)
= umax

(
1− z2

h2

)
(3.1)

Where ∆P is the applied pressure along the channel, η is the dynamic viscosity of the
fluid, L is the length of the channel and z is the coordinate direction perpendicular to
the plates, as indicated in Figure 3.1. The average velocity can be therefore given by:

〈up(z)〉 = 1
h

∫ h/2

−h/2

ux(z)dz = 2
3umax (3.2)

Additionally, the electro-osmotic flow is generated by applying an electric field opposite
to the PF direction. Considering that the thickness of the electric double layer of the
channel walls, on the order of few nm or less, is significantly smaller than the actual
width of the channel (λD � h), the velocity distribution of the electro-osmotic flow,
uEOF , is given by the Helmholtz-Smoluchowski relation [23]:

uEOF = ε0εζw
η

E = µEOF · E (3.3)

Where ε0 = 8.85×10−12 F m−1 and ε = 78.4 are the electric permittivity of vacuum and
buffer, respectively, η is the dynamic viscosity of the fluid passing through the channel,
ζw is the zeta potential of the walls and E is the applied electric field. When opposed
with the pressure-driven flow, the resulting bidirectional flow presents a typical velocity
distribution in which the pressure-driven and electro-osmotic components dominate at
the center and walls of the channel, respectively. The average total velocity can be
expressed as:

〈vx(z)〉 = 〈ux(z)〉 − |uEOF | (3.4)

Beads moving throughout the channel behave as finite objects with a certain diameter,
Dp, and surface charge, expressed in terms of zeta potential, ζp. As a consequence,
particles will not only experience the hydrodynamic interaction with both pressure-
driven and electro-osmotic flows, but also an electrophoretic motion, which depends
upon the applied electric field and the surface charge of the beads themselves [23]. Such
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motion is characterized by the electrophoretic velocity of the particles, which is also
given by the Helmholtz-Smoluchowski relation and thus shows a similar expression to
the electro-osmotic velocity (Eq. 3.3) [24]:

uep = ε0εζp
η

E = µep · E (3.5)

Where µep is the electrophoretic mobility of the beads. The average particle velocity
can be estimated by integrating the total velocity (given by the PF, EOF and
electrophoretic contributions, respectively) over the effective channel height available
to a particle and dividing by the same distance. The integration of equations 3.1, 3.3
and 3.5 results in:

〈up(z)〉 =
1

h−Dp

∫ h−Dp
2

Dp−h
2

ux(z)−uEOF±uepdz =
2
3
umax

(
1 +

Dp

h
−
D2

p

h2

)
−
ε0ε

η
(ζw ± ζp)E (3.6)

When the hydrodynamic and electrokinetic velocity components become similar, the
total particle velocity within the recirculating flow will approach zero, favoring particle
trapping within the recirculating flow stream lines, as illustrated in Figure 3.1.

3.3 Materials and methods

3.3.1 Design and fabrication

Microfluidic devices were fabricated in glass using photolithography, wet etching and
fusion bonding, as reported in previous work [20]. The chip, depicted in Figure 3.2,
was designed using layout software (CleWin, WieWeb software, The Netherlands) and
printed on a thin-film emulsion mask (JD-Photo tools, Oldham, UK).

3.3.1.1 Wet etching of the channels

The chip structure was patterned onto a 5300 Å-thick AZ1500 photoresist layer of a
4” × 4” × 4 mm photoresist- and chromium-coated borofloat glass wafer (Telic
Company, Valencia, CA, USA) using a UV collimated-light lamp (OAI, San Jose,
CA, USA) at 365 nm. The wafer was then immersed in a 3:1 solution of
H2O:AZ351B (Clariant, GmbH, Germany) to develop the photoresist layer, rinsed
with Milli Q water and finally heated at 115 °C for 1 min on a ceramic plate.
Thereafter, the 5300 Å thick layer was developed in Chrom etch 18 solution (Micro

69



Chapter 3. Characterizing particle enrichment using combined hydrodynamic and
electrokinetic phenomena

Resist Technology GmbH, Berlin, Germany) for 50 s. Channels were etched in the
areas that had been exposed during the development step by immersion in a
HF(49%):HNO3(70%):MilliQ water solution in a ratio of 100:28:72. These conditions
corresponded to an isotropic etching speed of 1.8 µm min−1. Afterwards, the wafer
was immediately transferred into a continuous-flow, ultra-pure water bath until the
resistivity raised up to 5 MΩ. Then, both photoresist and chromium layers were
removed by rinsing with VLSI-grade acetone (VWR International B.V., Amsterdam,
The Netherlands) and Chrom etch 18 solution.

3.3.1.2 Cover plate preparation

A 4” × 4” × 4 mm bare borofloat glass wafer was spin-coated on both sides with
AZ4562 photoresist (Microchem Corporation, Newton, MA, USA) using a bench-top
CEETM-spin coater (Brewer Science, Rolla, MO, USA). Both wafers were aligned so
that the positions of inlets and outlets of the channels could be marked on the
photoresist layer. The marked spots were powder-blasted (Wulsag, Zofingen,
Switzerland) with 22-to-59 µm F280 Al2O3 particles (Straaltechniek International
B.V., Dordrecht, The Netherlands) at 3 bar. Once holes were drilled, the cover plate
was rinsed with tap water to remove any remaining powder residues. Subsequently,
the cover plate was rinsed with VLSI-grade acetone and isopropanol (VWR
International B.V., Amsterdam, The Netherlands) to remove the photoresist layer.

3.3.1.3 Pre-bonding treatment

Prior to bonding, both dried wafers were cleaned for 10 minutes with piranha
solution. This solution was prepared with a 3:1 mixture of 98% H2SO4 (Merck
Chemicals, Amsterdam, The Netherlands) and 30% H2O2 (VWR, Amsterdam, The
Netherlands), heated up to 110 °C. Both wafers were immersed in a continuous-flow,
ultra-pure water bath until the resistivity raised up to 5 MΩ.

3.3.1.4 Fusion bonding

Both wafers were aligned and manually pressed together, so that the drilled holes on
the cover plate matched with the microchannel inlets and outlets. The whole structure
was placed between two ceramic plates and placed into an oven (Nabertherm, New
Castle, DE, USA) beneath a 2 Kg steel weight. Temperature was then ramped up to
500 °C in 1 hour, kept constant for 30 min and afterwards incremented again up to 644
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°C over 1 hour. This temperature was maintained for 18 hours, after which the device
was cooled down to room temperature for approximately 12 hours.

3.3.1.5 Attachment of the reservoirs

Plastic pipette tips (4.3-cm-high, 1000-µL-volume Sarstedt AG & Co, Numbrecht,
Germany) were drilled 8 mm above the tip with a 0.5 mm diameter syringe.
Subsequently, 0.5-mm-diameter and 5-mm-long platinum wires (Sigma Aldrich,
Zwijndrecht, The Netherlands) were slipped through the holes and permanently fixed
with epoxy glue (Kombi Snel, Bison International, Goes, The Netherlands) into the
wall of the pipette tip. This whole unit was finally glued onto the inlet and the outlet
of the channel using the same epoxy resin.

3.3.2 Polymer microparticles and flow generation

Monodisperse, polystyrene particles with a diameter of 2.69 and 3.90 µm and modified
with carboxylic functional groups were obtained from Microparticles GmbH (Berlin,
Germany), as a suspension with a concentration of 10% (w/w). The zeta potential of
the beads, measured in 10 mM borate buffer (pH 9) (Fluka, Buchs, Switzerland) with
electrophoretic light scattering (ELS), was −45±4 and −41±1 mV for 2.69- and 3.90-
µm-diameter beads, respectively. For all trapping experiments, both types of particles
were diluted in 10 mM borate buffer (pH 9) to typical concentrations of 0 - 200 µg
mL-1 (0 − 1.9 × 107 and 0 − 6.2 × 106 Particle cm-3 for 2.69- and 3.90-µm-diameter
beads, respectively).

The pressure-driven flow was generated using a hydrostatic pressure approach. The
channel outlet was filled up to a level at which the electrode was fully covered by the
running buffer (8 mm above the reservoir base), whereas the inlet was filled higher with
respect to this level. The pressure difference was then tuned by changing the actual
difference in height between the inlet and outlet levels, typically within a range of 1-3
mbar (1-3 cm of liquid).

The electro-osmotic flow was generated with a grounded, high-voltage power supply
source obtained from Labsmith (Livermore, USA), directly connected to electrodes
placed at the inlet (cathode, negative pole) and outlet (anode, positive pole) of the
channel. Voltage was tuned within a typical range of 0 - 500 V (equivalent to an
electric field range of 0 – 151.5 V cm-1) with respect to the velocity of the PF used
in each experiment. The zeta potential of the channel wall for these experimental
conditions was assumed to be −100 mV [25].
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3.3.3 Running conditions for trapping experiments

Prior to experiments, the chip was conditioned first with 0.1 M NaOH solution and
10 mM borate buffer solution (pH 9) for 10 min each, in order to activate the silanol
groups of the channel walls. Particles suspensions were loaded into the inlet-reservoir
column at a certain height with respect to the outlet, so that the beads were injected
into the channel with the pressure-driven flow for 10 min. This injection time was
enough to observe an evenly distributed concentration of particles along the entire
channel from inlet to outlet.

Figure 3.2: Top-view scheme of the channel design with close-up photographs of the
converging and diverging sections (contracting and expanding in the direction of the
flow, respectively). Particles are injected in the PF direction (from the left) and
caught inside the central straight channel. The observation areas in the channel
(highlighted in red) were defined 450 µm from the left (W1) and right (W2) ends.

3.3.4 Particle observation

An inverted microscope (DM-IL Leica, Wetzlar, Germany) connected to a monochrome
digital camera (DFC360 FX, Leica, Germany) was used for the observation of particles.
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The populations of particles were studied inside the observation areas defined at either
end of the straight narrow segment (Figure 3.2). These populations were compared in
order to estimate the bead distribution along the length of the channel using ImageJ1,
as described in Section 4.1. Pictures were acquired at exposure times of 25 ms.

Figure 3.3: Illustration of the stepwise voltage program used for the characterization
of in-channel particle distribution. After injection (shaded area), voltage is increased
in uniform steps of ∆V , which are applied for a certain period of time, τ . Particle
populations inside the right (W2) and left (W1) observation areas are measured right
before the end of each voltage step.

3.4 Results and discussion

3.4.1 Particle distribution

To study the behavior of particles under bidirectional flow conditions, two identical
450-µm-wide observation areas were defined at the ends of the trapping channel, W1

(left end) and W2 (right end), separated from one another by a channel distance of
2100 µm, as depicted in Figure 3.1. A 50 µg mL−1 (4.72× 106 beads cm-3) suspension

1https://imagej.nih.gov/ij/.
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of 2.69-µm-diameter carboxylate polystyrene particles was injected into the channel
with the PF at 2 mbar applied pressure. Once the entire channel was filled with beads,
the EOF was applied in the opposite direction to the PF, leading to the generation of a
bidirectional flow profile. The velocity of the EOF was tuned using a staircase voltage
program, characterized by a certain step height, ∆V , applied for a certain time, τ , as
shown in Figure 3.3.

All the experiments reported in this paper were carried out using voltage steps of 10
V with τ = 30 s. The populations of particles inside both observation areas were
evaluated 5 s before every voltage step, so that the distribution of particles along the
straight, narrow channel segment, ∆np, could be simply estimated as:

∆np = |np,W2 − np,W1| (3.7)

With np,W2 and np,W1 as the populations of beads inside the right and left observation
areas, respectively. At low applied electric fields along the straight, narrow segment,
calculated taking into account the resistance due to the non-uniform shape of the
channel [20] (0 – 80 V, or 0 – 40.5 V cm-1), the PF velocity distinctly dominated over
the EOF, as is shown in Figure 3.3 (b, left). Consequently, particles were transported
mainly by the PF streamlines, entering and exiting the narrow channel segment without
experiencing any retention, as depicted in the first row of Figure 3.4 (a). At higher
electric fields (80 – 240 V, or 40.5 – 122.6 V cm-1), the EOF profile starts to widen
from the walls towards the center of the channel, as illustrated in Figure 3.4 (c, center).
Under these conditions, particles moving in the vicinity of the right end begin to sample
the increasingly strong EOF branches of the bidirectional flow. As a result, particles
were increasingly pushed into the narrow channel with each consecutive voltage step
following the EOF direction, as shown in rows 2 and 3 of Figure 3.4 (a). This caused
a gradual increase in the population of trapped particles within the right observation
area, W2. At a certain voltage (160 V, equivalent to an electric field of 81.5 V cm-1), the
bidirectional flow was such that it allowed a maximum, constant number of particles
to be confined in the narrow channel (∆np,max). In fact, this applied voltage at which
Δnp reaches a maximum is termed maximum retention voltage (∆Vr), and corresponds
to the optimal trapping conditions for a given applied pressure. Finally, at higher
voltages (∆V > 160), particles begin to progressively reach the left observation area,
W1 (450-µm-wide, at the left end of the trapping channel).
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Figure 3.4: (a) Microscope close-up pictures of the 450-µm-wide observation areas
defined at both ends of the channel at 2 mbar pressure for five different applied
voltages. White arrows indicate the motion direction of the beads in the channel.
White circles indicate locations of particles moving along the channel (b) Modeling
of the flow profile in the straight narrow channel section at 2 mbar applied pressure
at three different voltages. (c) Difference in particle density (distribution of particles
along the channel length), ∆np = |np,W2 − np,W1|, for 2.69-µm-diameter carboxylate
polystyrene particles as a function of applied voltage at 2 mbar applied pressure (n =
3). All the experiments were carried out in the same channel unit, and the Gaussian-
shaped trapping range was found to lie between 80 and 240 V (40.5-122.6 V cm-1,
white area), reaching its maximum at the maximum retention voltage, ∆Vr = 160
V (81.5 V cm-1).

This was found to be the minimum distance to the left end of the channel at which the
beads no longer sensed the trapping effect of the bidirectional flow, exiting the narrow
channel at the left end, as illustrated in the fifth row of Figure 3.4 (a). At higher
voltages, the EOF velocity distinctly dominates over the PF, and the bidirectional flow
profile is no longer observed, as it is depicted in Figure 3.4 (b, right). Consequently,
particles were dragged in the EOF direction, no longer experiencing any retention in
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the channel. This resulted again in similar bead populations inside both observation
areas, as a stream of particles and consequently, in values of ∆np that remained close
to zero. Experimentally, the distribution of particles along the channel (∆np) exhibited
a Gaussian distribution as a function of the applied voltage as depicted in Figure 3.4
(c), which can be expressed as:

∆np = |np,W2 − np,W1| =
1

σ
√

2π
exp

(
− (∆V −∆Vr)

2σ

)2
(3.8)

The standard deviation of this function, σ, defines the range of voltage (80 – 240 V)
over which particles remain trapped (peak width, ω = 4σ). Further information about
the reproducibility of the distribution is given in the supporting information of this
manuscript.

3.4.2 Characterization of particle distributions at different ΔP

Particle distribution was also investigated at different pressure conditions. 50 µg mL-1

suspensions of 2.69- and 3.90-µm-diameter carboxylate polystyrene particles (4.72×106

and 6.84× 106 particle cm-3) were injected at applied pressures of 1, 1.5, 2 and 3 mbar
(corresponding to PF velocities of 8.7 × 10−5, 1.3 × 10−4, 1.8 × 10−4 and 2.7 × 10−4

m s-1, respectively). The EOF was set using the same stepwise program as described
in Section 4.1. The distribution curves (∆np as a function of the applied voltage)
for both particle sizes are plotted in Figure 3.5 (a, b) at the four tested pressures.
From the point of view of trapping capacity (maximum number of particles that can
get confined in the channel), it can be observed that the peak height increases with
the applied pressure until a plateau is reached for both bead sizes (∆np,max values
of 41 and 62 particles, respectively). This value indicates that the maximum number
of particles that can be confined inside the channel remains constant after a certain
applied pressure for a given particle size. Regarding the voltage range within which
particles experience trapping, it can be seen that all distribution curves widen as a
function of the pressure. In the case of 2.69-µm-diameter particles, the Gaussian shape
of the distribution curve remains well defined up to 2 mbar, from which the maximum
retention voltage (∆Vr) can be extracted in both cases (83 and 158.8 V, respectively).
However, the distribution curve begins to lose shape at higher applied pressures (3
mbar), leading to a less predictable particle behavior in the trapping channel. A very
similar scenario was found for 3.90-µm-diameter particles. In fact, the shape of the
distribution curve remains well defined up to 1.5 mbar (∆Vr = 89.7 V) but starts
to become non-Gaussian at even lower applied pressures than in the previous case (2
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mbar). This can be explained by the parabolic steepness of the velocity profile in
the bidirectional flow, depicted in Figure 3.4 (c). At lower pressures, small tuning
of the applied electric field results in significant changes in average particle velocity.
As a result, the beads move smoothly along the channel distance, exhibiting well-
defined Gaussian distribution curves. On the other hand, the high steepness observed
in velocity profiles obtained at high applied pressures leads to significantly smaller
changes in average velocity with the applied voltage. This means that particles sample
the PF streamlines of the bidirectional flow within a wider range of applied voltage,
experiencing stronger retention at the right end of the narrow channel. After a certain
pressure threshold, particle distributions exhibit non-uniform curve shapes over the
applied voltage, as depicted in Figures 3.5 (a, b).

Figure 3.5: Particle distribution curves for 2.69- (a) and 3.90-µm-diameter (b)
carboxylate polystyrene particles at three different applied pressures (n = 3)
obtained in the same channel unit. Well-defined Gaussian distributions are observed
at 1, 1.5 and 2 mbar for 2.69-µm particles and at 1 and 1.5 mbar for 3.90-µm particles.
(c) Illustration of the bidirectional flow profile in the narrow straight channel segment
for three different pressures at a constant applied electric field.

3.4.3 Quantitative particle trapping and preconcentration

The in-channel preconcentration of particles achieved with FIET was also investigated.
Different initial concentrations, ranging from 12.5 to 174.5 µg mL-1 (equivalent to a
concentration range of 1.18 × 106 to 1.65 × 107 Particles mL-1), of 2.69-µm-diameter
carboxylate polystyrene beads were injected into the channel at 1.5 mbar pressure
(1.31 × 10−4 m s-1), which was found to be sufficient to reach a maximum trapping
capacity of the channel, as shown in Figure 3.5 (a). Gaussian distributions within a
voltage range between 50 and 160 V (25.1 – 81.5 V cm-1) were obtained for all tested
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concentrations, reaching a maximum in all cases at 110 V (55.9 V cm-1). In terms of
peak height, the maximum number of particles that were confined inside the channel
was found to increase linearly with the injected concentration of beads, as it can be
concluded from the distribution curves shown in Figure 3.6. In the figure inset, values
of ∆np,max are plotted versus the injected concentration of particles in the channel.
This linear range was defined up to a maximum concentration threshold of beads of 100
µg mL-1. Higher particle concentrations led to the saturation of the channel, meaning
that further increase in trapped beads was no longer observed.

The concentration of trapped particles in the channel under optimal trapping conditions
and preconcentration (comparison with the initial concentration of particles injected
in the channel) are indicated in Table 3.1.

Table 3.1: Particle enrichment calculated for five different injected concentrations
using the same experimental conditions for flow generation (1.5 mbar, 110 V).

Initial
concentration of
particles, Ci

(µg mL-1)

Initial
concentration
of particles, Ci

(Particle mL-1)

Particle input
(Particle min-1)

Concentration
of trapped

particles in the
channel, Ct

(µg mL-1)

Concentration
enrichment
(Ct/Ci)

12.5 1.18 × 106 11 291 ± 2 23.3
25 2.36 × 106 22 501 ± 1 20.1
50 4.72 × 106 44 971 ± 2 19.4
75 7.08 × 106 66 1486 ± 2 19.8
100 9.44 × 106 88 1947 ± 2 19.5

Particle enrichment was found to be about a 20-fold increase with respect to the
initial concentration of the injected stock suspensions for all the studied
concentrations. This enrichment factor is comparable to other microfluidic
approaches that also employ trapping strategies as a preconcentration mechanism.
Hur et al. [16] introduced a technique that also used recirculating flow profiles for
particle confinement. The technique is based on the generation of vortices along a
straight channel that in turn contains multiple parallel expansion-contraction
trapping reservoirs. A preconcentration study was carried out with MCF7 and HeLa
cells in the different trapping chambers along the channel (20- and
12.4-µm-diameter), achieving enrichment rates of 5.53 and 7.06 for both cell types,
respectively. Harrison et al. [26] described another method based on the generation of
recirculating flows by induced charge electroosmosis. This approach basically uses an
alternating current (AC) to create micro-vortices in a microfluidic channel. The
authors were able to trap and concentrate 1-µm-diameter polystyrene particles, as
well as E. coli cells, around a circular inlet connected to a narrow-straight channel,

78



3.4 Results and discussion

Figure 3.6: Particle distribution curves for different initial injected concentrations
of 2.69-µm-diameter carboxylate polystyrene beads at 1.5 mbar applied pressure,
obtained in the same channel unit. Trapped beads saturated the channel volume at
a concentration of 100 µg mL-1. The linear behavior of the maximum number of
particles that were confined inside the channel (∆np,max) as a function of the initial
concentration is plotted in the top-left figure inset.

resembling the geometry of the chip used in this work. After trapping, an
approximate 15-fold enrichment was achieved in comparison with the initial
concentration of the sample. In the same line, Zhu et al. [27] came up with a
high-throughput reservoir-based dielectrophoresis strategy for particle manipulation
using multiple parallel microchannels in a two-layer stacked microfluidic device. A
7-fold enrichment of 5-µm-diameter PS particles with respect to the initial
concentration of beads was accomplished, anticipating even better preconcentration
numbers by increasing the number of operating microchannels. It is worth
highlighting that such a dramatic increase in particle concentration obtained with
FIET is achieved under continuous flow conditions, ensuring a robust and stable
trapping performance, as well as a permanent contact of the entire bead surface with
the perfusion fluid. This fact may become especially promising in regards to

79



Chapter 3. Characterizing particle enrichment using combined hydrodynamic and
electrokinetic phenomena

continuous-flow affinity assays in microfluidic platforms. Particles could be used as
solid supports for the immobilization of certain analytes and/or antibodies (or other
recognition elements) in such a way that all the reagents needed for the
immunoreaction could be individually perfused whilst the beads remain trapped.
Several factors should be then taken into account when considering this application.
Similarly to other electrophoretic techniques, ionic strength and pH play a crucial role
in the FIET trapping process. Therefore, the particles used as assay substrate would
display different electrophoretic mobility in different sample matrices, experiencing
trapping at different experimental conditions. Tailored optimization would be then
needed for the same particle substrate in different sample media. Another source of
variability when performing such particle-based assays is the analysis of samples that
already contain particulate matter, i.e. blood and other biofluids. The potential
simultaneous trapping of the particle assay substrate alongside other native sample
particles could give rise to a wide range of undesired events, such as cluster formation
and detection issues, among others. A pretreatment of the sample would be then
strongly advised in order to prevent these issues to the maximum extent possible.
These factors will be further exploited in the future, with a view to broadening the
development of continuous-flow, particle-based sensors in microfluidic devices.

3.5 Conclusions

Here we present a novel approach to efficiently handle particle trapping under
bidirectional flow conditions using Flow-Induced Electrokinetic Trapping. This
particle-trapping mechanism relies on bidirectional, recirculating flow profiles
generated by opposition of pressure-driven and electro-osmotic flows in straight
channels having non-uniform widths. Particles undergoing trapping tend to occupy
different sections of the channel, depending solely on the bidirectional flow velocity.

The distribution of particles takes place along the straight narrow channel
(experimentally estimated as the difference in particle populations in two
450-µm-wide defined at either end of the channel, ∆np = |np,W2 − np,W1|). An
in-depth characterization of particle distributions has been done by tuning the
bidirectional flow velocity with increasing staircase voltage programs. Interestingly,
these distributions were found to exhibit a clear Gaussian behavior as a function of
the applied voltage. This defined the voltage range over which particles remained
trapped (peak width), as well as the EOF conditions (electric field) needed at a given
applied pressure to accomplish maximum trapping of particles (∆np,max). Moreover,
a further optimization of PF velocity was performed under the same EOF conditions
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for two PS-COOH bead sizes (2.69- and 3.90 µm-diameter), coming forward with a
pressure threshold beyond which particle distribution was found to lose the Gaussian
shape. The fact that retention (ratio of particles trapped inside the straight, narrow
channel with respect to the injected concentration) can be studied using a Gaussian
model could be of especial importance in particle separation, extracting quantitative
fractionation performance from the distribution curves of different particles in a given
sample. Lastly, the influence of particle concentration on trapping efficiency was
explored. The maximum amount of particles that were trapped showed a linear
relationship over the initial concentration of injected beads. Furthermore, a
noteworthy approximate 20-fold particle enrichment with respect to the injected
suspensions was achieved under optimum trapping conditions. Further studies on the
implementation of particle-based bioaffinity assays on these channels are currently
being carried out in order to exploit not only the significant preconcentration factor
that these flow conditions offer, but also to move towards fully-automated,
continuous-flow sensors-on-a-chip.
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Supporting information

Parameter
Single channel CV

(%)

Channel-to-channel CV

(%)

Plate-to-plate CV

(%)

∆Vr (V) 0.3 17.5 1.9

Peak Area (V) 3.6 18.7 46.7

Reproducibility test of the Gaussian distribution experiments performed in different plates
and channels (one plate unit contains 12 microchannel units).

82



Bibliography

[1] A. C. Anselmo, S. Matragotri, “An overview of clinical and commercial impact of
drug delivery systems”. Journal of Controlled Release, vol. 190, pp. 15-28, 2014.

[2] I. U. Khan, C. A. Serra, N. Anton, T. F. Vandamme, “Production of nanoparticle
drug delivery systems with microfluidics tools”. Expert Opinion on Drug Delivery,
vol. 12, no.4, pp. 547-562, 2015.

[3] S. Peyman, A. Iles, N. Pamme, “Mobile magnetic particles as solid-supports for
rapid surface-based bioanalysis in continuous flow”. Lab Chip, vol. 9, pp. 3110-
3117, 2009.

[4] D. S. Peterson, “Solid supports for micro analytical systems”. Lab Chip vol. 5, pp.
132-139, 2005.

[5] E. Verpoorte, “Beads and chips: new recipes for analysis”. Lab Chip, vol. 3, 60N-
68N, 2003.

[6] K. Saralidze, L. H. Koole, M. L. W. Knetsch, “Polymeric microspheres for medical
applications”. Materials, vol. 3, no. 3537, pp. 3537-3564, 2010.

[7] M. A. Mcclain, C. T. Culbertson, S. C. Jacobson, J. M. Ramsey, “Flow cytometry
of Escherichia coli on microfluidic devices”. Analytical Chemistry, vol. 73, no. 21,
pp. 5334-5338.

[8] D. Di Carlo, D. Irimia, R. G. Tompkins, M. Toner, “Continuous inertial focusing,
ordering, and separation of particles in microchannels”. Proceedings of the National
Academy of Sciences of the United States of America, vol. 104, no. 48, pp. 18892-
18897, 2007.

[9] D. R. Gossett, W. M. Weaver, A. J. MacH, S. C. Hur, H. T. K. Tse, W. Lee,
H. Amini, D. Di Carlo, “Label-free cell separation and sorting in microfluidic
systems”. Analytical and Bioanalytical Chemistry, vol. 397, no. 8, pp. 3249-3267,
2010.

[10] A. B. Jemere, R. D. Oleschuk, D. J. Harrison, “Microchip-based capillary
electrochromatography using packed beds”. Electrophoresis, vol. 24, no. 17, pp.
3018-3025, 2003.

83



Bibliography

[11] H. Andersson, W. Wijngaart, P. Enoksson, G. Stemme, “Micromachined flow-
through filter-chamber for chemical reactions on beads”. Sensors Actuators B:
Chemical, vol. 67, no. 1-2, pp. 203-208, 2000.

[12] B. M. Taff, J. Voldman, “A scalable addressable positive-dielectrophoretic cell-
sorting array”. Analytical Chemistry, vol. 77, no. 24, pp. 7976-7983.

[13] A. Grigorenko, N. Roberts, M. Dickinson, Y. Zhang, “Nanometric optical tweezers
based on nanostructured substrates”. Nature Photonics, vol. 2,pp. 365-370, 2008.

[14] F. Petersson, L. Åberg, A.-M. Swärd-Nilsson, T. Laurell, “Free flow
acoustophoresis: microfluidic-based mode of particle and cell separation”.
Analytical Chemistry, vol. 79, no.14, pp. 5117-5123.

[15] N. Pamme, A. Manz, “On-chip free-flow magnetophoresis: continuous flow
separation of magnetic particles and agglomerates”. Analytical Chemistry, vol. 76,
no. 24, pp. 7250-7256.

[16] S. C. Hur, A. J. Mach, D. Di Carlo, “High-throughput size-based rare cell
enrichment using microscale vortices”. Biomicrofluidics, vol. 5, no. 022206, 2011.

[17] J. Che, V. Yu, M. Dhar, C. Renier, M. Matsumoto, K. Heirich, E. B. Garon, J.
Goldman, J. Rao, G. W. Sledge, M. D. Pegram, S. Sheth, S. S. Jeffrey, R. P.
Kulkarni, E. Sollier, D. Di Carlo, “Classification of large circulating tumor cells
isolated with ultra-high throughput microfluidic vortex technology”. Oncotarget,
vol. 7, no. 12748.

[18] C. Renier, E. Pao, J. Che, H. E. Liu, C. A. Lemaire, M. Matsumoto, M. Triboulet,
S. Srivinas, S. S. Jeffrey, M. Rettig, R. P. Kulkarni, E. Sollier-Christen, D.
Di Carlo, “Label-free isolation of prostate circulating tumor cells using Vortex
microfluidic technology”. Nature Precision Oncology, vol. 1, pp. 12748-12760, 2016.

[19] G.L. Lettieri, A. Dodge, G. Boer, N. F. de Rooij, E. Verpoorte, “A novel
microfluidic concept for bioanalysis using freely moving beads trapped in
recirculating flows”. Lab Chip vol. 3, pp. 34-39, 2003.

[20] L. C. Jellema, T. Mey, S. Koster, E. Verpoorte, “Charge-based particle separation
in microfluidic devices using combined hydrodynamic and electrokinetic effects”.
Lab Chip, vol. 9, pp. 1914–1925, 2009.

[21] L. C. Jellema, A. P. Markesteijn, J. Westerweel, E. Verpoorte, “Tunable
hydrodynamic chromatography of microparticles localized in short microchannels”.
Analytical Chemistry, vol. 82, no. 10, pp. 4027-4035, 2010.

84



Bibliography

[22] C. M. Li, Y. S. Lai, H. P. Liu, C. Y. Chen, A. M. Wo, “Trapping of bioparticles
via microvortices in a microfluidic device for bioassayaApplications”. Analytical
Chemistry, vol. 80, no. 23, pp. 8937-8945, 2008.

[23] H. Bruus, Theoretical microfluidics, Oxford University Press, 2008.

[24] J. Landers, Handbook of capillary and microchip electrophoresis and associated
microtechniques (3rd Edn.), CRC Press, 2007.

[25] G. Bin Lee, C. H. Lin, K. H. Lee, Y. F. Lin, “On the surface modification of
microchannels for microcapillary electrophoresis chips”. Electrophoresis, vol. 26,
n0. 24, pp. 4616-4624, 2005.

[26] H. Harrison, X. Lu, S. Patel, C. Thomas, A. Todd, M. Johnson, Y. Raval, T.-
R. Tzeng, Y. Song, J. Wang, D. Li, X. Xuan, “Electrokinetic preconcentration
of particles and cells in microfluidic reservoirs”. Analyst, vol. 140, pp. 2869-2875,
2015.

[27] L. Zhu, S. H. Patel, M. Johnson, A. Kale, Y. Raval, T. Xuan, “Three-Dimensional
Reservoir-Based Dielectrophoresis (rDEP) for Enhanced Particle Enrichment”.
Micromachines, vol. 7, no. 156, 2016.

85


	Chapter 3



