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We report on a low voltage, straight/smooth surface, and efﬁcient active micromixer. The mixing
principle is based on alternative ion depletion-enrichment using a pair of positively charged
polyelectrolytic gel electrodes (pPGEs), which face each other joined by a microchannel. This
system has an external AC signal source electrically connected to the pPGEs via the respective
1 M KCl solutions and Ag/AgCl electrodes. When an electric bias is applied between the two
pPGEs, anions are extracted through one of the pPGEs to create a local ion-deﬁcient region.
Simultaneously, an ion-rich area appears near the other pPGE due to an inward anionic ﬂux. As
the direction of the charge ﬂow is periodically reversed by the AC signal source, the ion
depletion–enrichment regions are alternately swapped with each other on the ‘push-pull’ basis.
The turmoil between the pPGEs quickly mixes the solutions in the microchannel without any
mechanical moving part or specially machined structures. In the proposed system, both AC
frequency and current density can be easily and ﬁnely controlled so that one can quickly ﬁnd the
optimal conditions for a given sample. The micromixer as made showed a mixing efﬁciency higher
than 90% for sample solutions of 1 mM Rhodamine 6G and PBS at pH 7.4 when the ﬂow rate was
under 6 mm s−1 . In addition to the solution–solution mixing, the micromixer can effectively mix
suspended microparticles with solution. As a representative example, rapid and efﬁcient lysis of
human red blood cells was demonstrated allowing minimal damage of the white blood cells.

Introduction
Microﬂuidic systems have unique physical features, such as high
surface tension and high surface to volume ratio.1 Laminar ﬂow
is another microﬂuidic attribute and is due to the low Reynolds
number of the ﬂuids in the microchannels (usually <100).2,3
When it comes to quick and efﬁcient mixing, such a laminar ﬂow
often gives rise to problems. Since rapid mixing is an essential
requirement for many chemical and biological processes, such as
studies on the kinetics of enzyme reactions,4 RNA folding,5 fast
liquid-phase reactions,6 protein folding,7 and cell lysis,8 devising
a better micromixer has been an issue that is receiving keen
attention.
Micromixers can be classiﬁed into passive and active types.
The former normally involves a complex structure or heterogeneous surface to enhance diffusion or generate chaotic
advection. The latter utilizes an external power source to induce
turmoil in the ﬂuid. The naive strategy of passive micromixing
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is to simply extend the channel length. However, it is a widely
held view that long channels are undesirable for miniaturization.
In order to increase the contact area between the liquids
within a restricted space, various attempts have been made,
including multilayer lamination,6,9–18 ﬂuid injection,19,20 hydrodynamic focusing,7,21 nanoporous polymer,22,23 and microbead
column.24 Multilayer lamination and ﬂuid injection reportedly
work fairly well, while they require high resolution patterns
and complex 2D or 3D structures. The micromixers based on
hydrodynamic focusing reduce the width of the sample ﬂow
in the middle of sheath ﬂows to minimize the time needed for
diffusion. It should be noted that the possible applications of
these mixers are substantially limited due to their functions
being sensitively affected by the mixing conditions. On the
other hand, nanoporous polymers and microbeads for mixing
on a microﬂuidic chip locate themselves in the microﬂuidic
channel to produce random 3D nanoﬂuidic pathways. These
micromixers exhibit good mixing performance even within a
small dimension. However, they need high pressure pumping
sources because nanoﬂuidic pathways along a nanoporous polymer or a microbead column are highly ﬂuid resistive. This may
be problematic in sealing and bonding of the microﬂuidic chip.
Moreover, this type of micromixer is inappropriate for mixing
large objects such as living cells or microparticles. Another mass
transport mode of passive mixing is chaotic advection produced
by complex 2D or 3D structures,25–31 grooves in the channel
wall,32–34 and heterogeneous surfaces.35–37 The 2D structures
used for this purpose include zig-zag-shaped channels27,29 and
modiﬁed Telsa structures.26 The zig-zag-shaped channel mixers
require a relatively high Reynolds number (>80), whereas the
This journal is © The Royal Society of Chemistry 2008

mixers based on a modiﬁed Telsa structure exhibit good mixing
efﬁciency even at a relatively low Reynolds number (>5) owing
to the Coanda effect. Reports of 3D serpentine structures28,31
have also been published with various designs, most of which
need the Reynolds number to be higher than 10 and the
channels longer than 10 mm. Stroock et al. made staggered
herringbone patterned grooves on a channel wall to generate
chaotic advection and obtained good mixing performance over
a wide range of Reynolds numbers (1 < Re <100).34 However,
this system still requires a long channel (>10 mm). Johnson
et al. proposed a series of ablated wells for another kind of
passive mixer.33 The surface heterogeneity gave results similar
to that of the herringbone grooves.36,37 Extending the serpentine
microchannel mixer developed by Song et al.,38,39 Liau et al.
reported a droplet-based serpentine microﬂuidic mixer that
induces chaotic mixing of crowded solutions in milliseconds.
In this system, the protrusions of the microchannel walls initiate
oscillating interfacial shear ﬂow within the droplets. This is
useful for kinetics studies but troublesome to perform any
subsequent process after mixing, if necessary.40 Overall, passive
mixers have the essential advantage that no peripheral device,
such as an external power source, is required. However, there
are a few common drawbacks as well, for example, a high
probability of dead volumes trapped at the mixing regions due to
their long channels, complicated machining processes required
in their production, and difﬁculty in tuning the mixing condition
required for particular samples or ﬂow rates. Futhermore,
for cellular applications, their complex structures can impose
high sheer stress on cells. Contrary to these passive types,
active micromixers can keep their functions under control in
most cases. External perturbation sources, such as pressure,41,42
thermal,43 dielectrophoretic,44,45 electrokinetic,46–50 magnetic,51,52
and acoustic disturbances,53–58 induce chaotic advection and
instability in the microﬂuids. Pressure disturbance can produce
periodic ﬂuid segmentation or pulsed side ﬂow that leads to
instability in the ﬂuid. One of the examples is an integrated
thermal bubble pump that constructs wavy interfaces between
the ﬂuids. An AC electric ﬁeld applied through isolated electrodes folds and stretches the interface between the two ﬂuids
through dielectrophoretic disturbance. An electrokinetically
driven microﬂuidic mixer is another example using a high AC
electrical ﬁeld (10–100 V mm−1 ).49 It resulted in rapid stirring of
two ﬂuid streams under conditions of high voltage (4–8 kV). The
switching DC ﬁeld is grounded in a similar strategy.48 Besides
the electric ﬁeld, a rotating magnetic ﬁeld was applied using
an external macro-scale magnetic stirrer51 and magnetic beads
driven by integrated electromagnets.52 Acoustic disturbances
generated by integrated piezoelectric transducers are good
sources for active mixing as well.54,56,58 Consequently, active
mixers provide the advantages of rapid mixing ability in short
channels and controllable mixing parameters to ﬁnd the optimal
conditions. For all those beneﬁts, they require an external
control unit and additional fabrication procedures for electrodes
or piezoelectric transducers. In addition, possible cavitation,
heat generation and high electric ﬁelds may cause problems
in biological applications.59 In particular, if any mechanical
moving part has to be incorporated into the microﬂuidic
system, practical applications that involve cells may be seriously
restricted in terms of durability and reliability.
This journal is © The Royal Society of Chemistry 2008

White blood cell (WBC) isolation from a whole blood sample
is one of the essential steps in the procedure of single cell analysis
including DNA/RNA extraction and protein analysis. A WBC
population is separated and thus enriched through selective
lysis of red blood cells (RBC). However, WBCs are also hurt
under given RBC lysing conditions, such as hypertonic solutions,
temperature change, mechanical manipulation, and gradient
centrifugation. Long exposure of WBCs to those conditions
leads to more serious activation or loss of WBCs.8 Therefore,
rapid and selective RBC lysis is crucial to minimize the activation
and loss of WBCs. In this respect, any efﬁcient and quick
micromixer could result in a successful microﬂuidic application
for RBS lysis.
In this paper, we propose an efﬁcient, active micromixer
that is operated with a low voltage, based on the principle
of alternating ion depletion–enrichment in the microchannel
by employing positively charged polyelectrolytic gel electrodes
(pPGEs). The suggested system is sheath-free and has no surface
pattern or complicated path involved. We show how it works and
the effects of various parameters such as ﬂow rate, switching
frequency, and applied potential to the mixing performance. In
addition, selective RBC lysis is demonstrated as one biomedical
application of the proposed system.
Working principle
Our previous report showed that the pPGE can play the role
of a useful electrode for electrocytometry and velocimetry in
a microchannel.60 In that study, the pPGEs were fabricated to
construct polyelectrolyte plugs that function as good electrical
connections between integrated Ag/AgCl electrodes, and we
emphasized the fact that the chains of the polyelectrolyte
bear a stationary charge of high density, like many other ionexchangers, and thus that the charge driven by an external
electric ﬁeld is exclusively carried by counter ions. In a sense,
this selective ion transport using pPGE is a similar concept to
that of the nanochannel system connected to a microchannel.
Wang et al. reported on microﬂuidic sample preconcentration
using an ion depletion phenomenon that can be achieved by
an extremely shallow conduit called a nanoﬂuidic channel or
nanochannel.61 The nanochannel functioned as a one-way pipe
for the selective extraction of ions, especially cations in that
system. The cation-only ﬂow created an ion depleted region
near the entrance of the nanochannel and was applied to realize
the novel preconcentration on a microchip.62–64 Since the ion
transport channels of the pPGEs have the same width and depth
as those of the main microchannel, their cross-sectional area
should be much larger than that of a nanochannel and thus,
the ionic ﬂux becomes far higher. We placed a pair of identical
pPGEs facing each other in the direction perpendicular to the
main microchannel. As a result, anions come in through one
pPGE while escaping from the microchannel through the other
at the same rate. That way pPGE can be used to not only extract
anions to generate an ion depleted region, but also make anioninjection for local ion enrichment at the same time. In addition,
the direction of the ionic ﬂow can be reversed by simply switching
the electric bias, resulting in rapid interchange of ion depleted
and enriched regions. Wang et al. developed an active mixer in
an open chamber using nonlinear electroosmotic microvortices
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caused by a conductive ion-exchange granule.65,66 However, the
structure limited its application only to stop-ﬂow mixing.
The mechanism of mixing in a microﬂuidic system using a
pPGE pair is illustrated in Fig. 1. Suppose that two solutions
ﬂow from left to right in a microchannel in parallel and a pair
of pPGEs lie in a channel perpendicular to the main stream, as
shown in Fig. 1(a). Fig. 1(b) presents the scheme of what happens

when an electric current ﬂows through the pPGE pair. Anions
come in through the lower pPGE while going out through the
upper one. At the same time, to maintain the electric neutrality,
cations are repelled from the region adjacent to the upper pPGE
and simultaneously concentrated near the lower one. As a result,
ion depleted and enriched regions appear at the upper and
lower parts in the microchannel, respectively (Fig. 1(c)). This
heterogeneity in ionic distribution can be actively and quickly
driven in microﬂuids as anionic extraction and injection take
place. By reversing the direction of the electric current, the
ion depleted and enriched regions are switched, as shown in
Fig. 1(d). An AC signal input allows repetitive alternation of ion
depletion and enrichment in the local region. For the purpose of
mixing, the paired pPGE system is particularly effective because
ion depletion as well as ion enrichment simultaneously develops
in a narrow mixing spot and the ability to alternate the depletion
and enrichment enhances the perturbation effect. Furthermore,
an externally applied AC voltage allows ﬁne and handy control
of the inward–outward ionic ﬂux rate and the frequency of
direction-switching. Therefore, rapid micromixing with excellent
efﬁciency can be realized by incorporating the pPGE system.

Materials and methods
Chip fabrication

Fig. 1 The mechanism of mixing in a microﬂuidic system using a pair
of pPGEs.
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Corning 2947 precleaned slide glasses (75 mm by 25 mm, 1 mm
thick) (Corning, NY, USA) were used as substrates. A slide
glass was cleaned in a piranha solution (H2 SO4 (J.T.Baker,
Phillipsburg, NJ, USA) : H2 O2 (30%, J. T. Baker) = 3 : 1)
for 30 min before washing it with de-ionized (DI) water
(NANOpure Diamond, Barnstead, Dubuque, IA, USA) and
rinsing with acetone (CMOS grade, J. T. Baker), methanol
(CMOS grade, J. T. Baker) and DI water twice, sequentially.
The cleaned slide glass was dehydrated on a hot plate (PMC
Dataplate 732, Barnstead) at 120 ◦ C for 3 min and cooled to
room temperature. Hexamethyl disilazane (HMDS) (Clariant,
Switzerland) was spin-coated (Won Corporation, Korea) at
6000 rpm for 30 s onto the slide glass, which was baked on
a hot plate at 120 ◦ C for 3 min and then cooled again to room
temperature. Then spin-coating of the slide glass with the photo
resist (PR) of AZ4620 (Clariant) was subsequently carried out
at 6000 rpm for 30 s. After soft baking the PR on a hot plate at
100 ◦ C for 90 s, the slide glass was cooled to room temperature
and then aligned under a pattern mask. Exposing the slide to
UV light (365 nm) with an intensity of 16 mW cm−2 for 10.5 s
(MDE-4000, Midas, Korea) was followed by developing the PR
with 4 : 1 AZ400K (Clariant) for 5 min. The slide glass was then
washed with DI water and the PR was hard-baked on a hot
plate at 145 ◦ C for 15 min. The other side of the slide glass was
coated with PR in order to protect it from the etching solution.
The slide glass was etched with 6 : 1 buffered oxide etch solution
(J. T. Baker) for 40 min at 25 ◦ C. The washing processes consisted
of a few successive steps: rinsing with DI water, sonicating in
DI water for 5 min with an ultrasonic cleaner (3510E-DTH,
Bransonic, Danbury, CT, USA), cleaning in piranha solution
for 10 min, rinsing with DI water, soaking in acetone, methanol
and DI water. Reservoirs with a 1 mm diameter were drilled with
an ultrasonic drill (Gemtech, Korea) on the etched slide glass.
This journal is © The Royal Society of Chemistry 2008

The etched slide glass and a cover glass (60 mm by 24 mm,
100 lm thick) (Marienfeld, Germany) were then cleaned in
a piranha solution for 1 h and washed with DI water. The
pair, both the etched and cover glasses, were attached by a low
temperature bonding technique. A sodium silicate solution (14%
NaOH, 27% SiO2 ) (Sigma–Aldrich, St. Louis, MO, USA) was
diluted in DI water (DI water : sodium silicate solution = 5 : 1)
and then spin-coated onto the cover glass (1500 rpm, 7.0 s). Then
the pair were immediately brought into contact and annealed on
a hot plate at 55 ◦ C overnight. The microchannel was 70 lm wide
and 22 lm deep.
Safety precautions
Piranha solution is a powerful oxidizer and reacts violently
with organic materials or solvents and should be handled with
extreme care.
pPGE fabrication
The pPGE fabrication techniques are based on our previous work.60 Brieﬂy, diallyldimethylammonium chloride (DADMAC) was chosen as the monomer for the polyelectrolytic polymer plugs. A 65% DADMAC aqueous solution (Sigma–Aldrich) was polymerized to yield polyDADMAC (PDADMAC) by exposing UV light in the presence of 2% photo-initiator (2-hydroxy-4 -(2-hydroxyethoxy)-2methylpropiophenone) (Sigma–Aldrich) and 2% cross linker
(N,N’-methylene-bisacrylamide) (Sigma–Aldrich). In this study,
a coating procedure prior to photopolymerization was added to
the fabrication process in order to covalently link PDADMAC to
the channel. TMSMA (3-(Trimethoxysilyl)propyl methacrylate)
(Sigma–Aldrich) was diluted in methanol at a concentration
of 0.1 M. The fabricated glass chip was ﬁlled with the diluted
TMSMA solution and sealed with paraﬁlm for 1 h. After
that, the chip was washed with methanol. Then, the pPGE
was fabricated as follows. The microchannel network of a
microﬂuidic glass chip was ﬁlled with DADMAC solution of
the composition described above. The chip was aligned under
the mask and subsequently exposed to UV light (365 nm) at
16 mW cm−2 for 4.0 s. Then, the DADMAC monomers were
polymerized to form PDADMAC immobilized on the lateral
channel walls. After photopolymerization, the microchannel
was cleaned with a 1 M KCl solution to remove the remaining
DADMAC monomers.
Experimental setup
Fig. 2 shows the conﬁguration of the microﬂuidic glass chip
on which the pPGE-active mixer works. A pair of pPGEs
were formed at the two lateral branches perpendicular to the
main microchannel and were connected to an external AC
signal source (AFG310, Tektronix, Richardson, TX, USA) via
their respective 1 M KCl solutions and Ag/AgCl electrodes.
A rectangular wave AC signal was applied between the two
Ag/AgCl electrodes. Sample solutions were injected into the
microchannel using a syringe pump (KDS120, KD Scientiﬁc,
Holliston, MA, USA). The experimental tests were performed
on an inverted ﬂuorescence microscope (TE1200-U, Nikon,
Japan). Images were acquired with a CCD module with the
This journal is © The Royal Society of Chemistry 2008

Fig. 2 Active mixing in a microchannel with pPGEs. A rectangular
wave AC signal was applied between two Ag/AgCl electrodes, which
were electrochemically connected to two pPGEs through 1 M KCl
solution.

resolution of 720 by 480, 125−1 s shutter speed, at 30 frames per
second.
Experimental procedure
The performance of the active mixing microchip with pPGEs
was evaluated by measuring the ﬂuorescent intensity. The effect
of AC amplitude on the mixing efﬁciency was investigated by
varying the potential from 0.5 V to 10 V. The frequency effect
was examined by setting the frequency from 1 Hz to 100 Hz. The
ﬂow rate effect was probed by checking the mixing efﬁciency for
the ﬂow rate from 0 to 33 mm s−1 . A mixing efﬁciency parameter,
e(x), can be deﬁned as36

where C(x,y) is the cross sectional concentration proﬁle at a
distance x downstream of a mixer. C ∞ and C 0 are the concentration proﬁles associated with completely mixed and completely
unmixed states, respectively. The concentration distribution data
were acquired 100 lm downstream (x = 100 lm) from the end of
pPGE. The regions directly adjacent to the channel walls were
not included in the analysis22,67 because the microchannel was
wet etched, and therefore did not have a sharp edge proﬁle. This
procedure was performed for 80% of the full width of the cross
section.
The performance was also evaluated with ﬂuorescent
polystyrene latex microbeads (FluoresbriteTM plain YG 6.0 micron microspheres, Polysciences, Warrington, PA, USA). The
microbeads were 5.70 lm in diameter on average (standard
deviation = 0.219 lm), which is similar to that of a human red
blood cell. The ﬂuorescent microbeads were diluted in 1 mM
PBS at pH 7.4 to 2.1 × 107 particles per mL just before use.
Finally, the mixer was applied to selective RBC lysis. The
human blood was sampled from a healthy subject in an EDTA
treated tube (BD Vacutainer, K2 EDTA 7.2mg, BD, Franklin
Lab Chip, 2008, 8, 764–771 | 767

Lakes, NJ, USA), and was then diluted in isotonic PBS at pH 7.4
to 1 : 9. WBCs were selectively stained with calcein. Then,
2 lL of 1 mg mL−1 calcein-AM solution in anhydrous DMSO
(Invitrogen, Carlsbad, CA, USA) was added to 20 lL of diluted
whole blood. The mixed solution was incubated for 15 min at
37 ◦ C for staining. RBC lysing solution was prepared by diluting
Zap-oglobinTM II Lytic Reagent (Beckman Coulter, Fullerton,
CA, USA) in isotonic PBS at pH 7.4 to 1 : 40.

The frequency of the applied AC potential was predicted to
affect the mixing efﬁciency. If the frequency was too high, the
polarity of each pPGE would inverted without enough duration
for ion extraction and injection. On the other hand, when
the frequency was too low, the solutions would pass through
the mixing region before sufﬁcient mixing had taken place.
Therefore both extremes would result in low mixing efﬁciency.
Fig. 5(a) shows the variation of mixing efﬁciency for the applied

Results and discussion
Mixing of ﬂuorescent solutions
Fig. 3 shows ion depletion and enrichment phenomena caused
by selective ion transfer through the pPGE. 1 mM PBS (pH 7.4)
and 100 lM Rhodamine 6G (positively charged at this pH)
solution were allowed to ﬂow in parallel along the microchannel
inlets from left to right. Initially, the rectangular wave AC
source was turned off. Rhodamine 6G and PBS solutions form
a laminar ﬂow throughout the whole channel, as indicated
in Fig. 3(a) When the AC source was turned on, the upper
pPGE and lower pPGE became the anion injector and extractor,
respectively. Rhodamine 6G, a positively charged dye, started to
be depleted near the lower pPGE and the transparent region
expanded from the pPGE interface. This indicates that an ion
depletion region had been created, as shown in Fig. 3(b)

Fig. 3 The mixing procedure using pPGEs. A 100 lM Rhodamine
6G solution and 1 mM PBS at pH 7.4 formed a laminar ﬂow when
the mixer was turned off (a). By applying 5 V between the pPGEs as
the lower pPGE positive, anions were injected and extracted through the
upper and lower pPGE, respectively. Then, ion depletion and enrichment
regions were created (b).

By alternating the polarity, the location of ion depletionenrichment regions were correspondingly switched, resulting in
turmoil between the pPGEs and a mixing of the two solutions.
When an alternating frequency of 10 Hz was applied, the mixing
process was completed at 100 lm downstream from the pPGEs,
as displayed in Fig. 4(a) and Fig. 4(b).

Fig. 4 A 100 lM Rhodamine 6G solution and 1 mM PBS at pH 7.4
were injected to the lower and upper Y channel inlet, respectively. The
two solutions ﬂowed through the main microchannel from left to right.
(a) Mixer off. The two solutions formed a stable laminar ﬂow. (b) Mixer
on with 10 Hz of alternating frequency. Upon 5 V of applied potential,
the two solutions were mixed very rapidly.
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Fig. 5 Dependence of mixing efﬁciency on frequency, applied potential,
and ﬂow rate. (a) The frequency effect. The mixing efﬁciency reached
its maximum at 10 Hz. (b) The effect of an applied potential between
two Ag/AgCl electrodes. (c) The ﬂow rate effect. The mixing efﬁciency
gradually decreased as the ﬂow rate was increased.
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frequency from 1 to 100 Hz with the ﬂow rate, the applied
potential, and the concentration of 5 mm s−1 , 10 V, and 1 mM,
respectively. The mixing efﬁciency reached its maximum when
the applied frequency was around 10 Hz. When the applied
frequency was lower or higher than 10 Hz, the mixing efﬁciency
notably dropped. Mixing efﬁciency is also a function of the
applied potential between the two Ag/AgCl electrodes. It was
expected that higher potential would drive faster ion extraction
and injection, leading to more efﬁcient mixing. The mixing
efﬁciencies were recorded as the applied potential varied from 0.5
to 10 V with the ﬂow rate, sample concentration and the applied
frequency of 5 mm s−1 , 1 mM, and 10 Hz, respectively. The
results in Fig. 5(b) show that the mixing efﬁciency is a function
of the applied voltage and the mixer operates efﬁciently with low
voltage under 10 V. The ﬂow rate may affect the mixing efﬁciency.
If the ﬂow rate is high, the system will not allow enough time for
the solutions to be mixed. The ﬂow rate was varied from 0.01 to
33 mm s−1 with the applied potential, the applied frequency, and
the sample concentration at 10 V, 10 Hz, and 1 mM, respectively.
Fig. 5(c) shows that the mixing efﬁciency decreases slightly as
the ﬂow rate increases.

RBC lysis
Finally, the mixer was applied to selective RBC lysis. A diluted
whole blood sample containing ﬂuorescent labeled WBCs was
quickly mixed with lysing solution. In Fig. 7(a), a blood sample
was injected into the lower arm of the Y-shaped horizontal
microchannel at a ﬂow rate of 300 lm s−1 . When a 20 Hz
AC source of 6 V was applied, RBCs in the sample passing
through the mixing region were completely lysed, and therefore,
there were no RBC in the downstream channel and only WBC
travelled downstream, as shown in Fig. 7(b), Fig. 7(c), and
Fig. 7(d) (see ESI†). The RBCs were lysed in less than 1 s.
We repeated the same experiment after replacing the lysing
solution with isotonic PBS at pH 7.4. While the blood sample
was mixed with the PBS, no lysing event was observed. The
pPGE-based micromixer proposed in this study showed quick
RBC-selective lysis, which strongly suggests that WBC damage
can be minimized by combining with a WBC collector.

Mixing of microparticles
The proposed pPGE ion extractor system can work to mix
nano- or microparticles with reagents in the microﬂuidic system
efﬁciently and quickly. In order to verify this, ﬂuorescent
polystyrene latex microbeads of 5.70 lm in diameter were dispersed in 1 mM PBS at pH 7.4 and were mixed with microbeadfree PBS. Fig. 6 shows streaks of ﬂuorescent microbeads
indicating their trajectories. A sample solution containing
ﬂuorescent microbeads was injected into the lower arm of the
Y-shaped horizontal microchannel. The ﬂow rate in the main
microchannel was 6 mm s−1 . The trajectories of the microbeads
showed a laminar ﬂow until the mixer was turned on, as shown
in Fig. 6(a). When the mixer was turned on by applying an 20 Hz
AC source of 10 V, anions started to be depleted and be injected
through the pPGEs, and alternating ion depletion-enrichment
regions were made between the pPGEs with corresponding AC
frequency. This ion movement generated sufﬁcient turmoil to
mix the microbeads with the solution within a short distance,
as shown in Fig. 6(b) The ﬂuorescent microbeads in this study
were of a similar size to that of human blood cells.

Fig. 6 Mixing ﬂuorescent microbeads with an aqueous solution.
Fluorescent polystyrene latex microbeads of comparable size with cells
were used. The trajectories showed a laminar ﬂow when the mixer was
turned off (a). By applying 20 Hz AC source of 10 V, microbeads were
successfully mixed (b).
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Fig. 7 Selective RBC lysis from whole blood sample. (a) RBCs and
ﬂuorescent labeled WBCs were ﬂowing through the channel. (b) When
they were passing the mixing region, RBCs started to lyse, but (c) WBCs
passed through the region. (d) Only WBCs ﬂowed downstream.

Conclusions
An active mixing method based on alternating ion depletion–
enrichment using pPGEs was developed and its performance
was evaluated. Owing to the large cross sectional area of the
pPGE, sufﬁcient mixing was achieved within about 100 lm
from the pPGE, which is suited to microchip applications. The
results conﬁrmed that this method satisfactorily provides mixing
efﬁciency under reasonable conditions. The applicability of the
proposed mixer to mixing microparticles with aqueous reagents
was successfully veriﬁed. Moreover, it was successfully applied
to rapid and selective RBC lysis; therefore, it is expected that
this type of micromixer may expand its range to biological
applications requiring quick mixing of cell and reagents in
microﬂuidic systems.
The pPGEs are chemically stable. If the microchip with pPGEs
is stored in a 1 M KCl solution, the pPGEs keep their mechanical
and electrical properties intact over one year. Furthermore,
Lab Chip, 2008, 8, 764–771 | 769

the polyelectrolytic plugs maintain their initial shape and no
swelling is observed. There is no leakage through the pPGE
because the polymer plugs are tightly bound to the microchannel
by covalent bonds. Therefore, stopped ﬂow mixing is possible,
which is unattainable by passive mixers.
Ion transport across the pPGEs is so facile that the electrical
conductance is sufﬁciently high that a low voltage power supply
is enough to operate the proposed micromixer, a circumstance
almost unrealisable for previously reported electrokinetic mixers. Besides, the structure of the proposed mixer using pPGEs is
simple, and easy to fabricate and handle because this device
involves no active mechanical parts, and thus the system is
mechanically robust. All these features allow us to expect
that the proposed system will be a competitive alternative to
conventional mixing methods.
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