Characterisation of microparticle transport driven by ionic current conditions
in electrically polarised aqueous solutions
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Molecular transport technology is one of the hottest topics in micro- and nanofluidics. Target molecules are often transported by electric forces,
e.g. capillary electrophoresis (EP), gel EP, biological and artificial nanopores. On the other hand, such methods are sometimes disturbed by
surrounding environments because the surface effects tend to be prominent. The surface charges on the channel walls cause peculiar liquid
flows in micro- and nanochannels. Thus, the isolation of electrophoretic transport from the fluidic effects is important to achieve the
precise control of targets in confined spaces. In this study, a novel technique to control the transport of microparticles is proposed, where
a liquid flow is involved by applying electric body forces. The direction of electrically charged microparticles is controlled by the electric
forces not only on the particle but also in the liquid. Herein, an electrohydrodynamic flow is applied by preparing electrically polarised
solutions. In this setup, the transport direction of particles can be changed depending on the electric forces by excessive ions, which is

estimated by measuring electric conductivity.

1. Introduction: In recent, various novel phenomena in micro- and
nanospaces can be experimentally discovered by using microelectro-
mechanical systems. Molecular transport in micro- and nanofluidic
channels is one of them. Especially the single molecule resolution is
expected to be achieved [1]. This technology is also hoped to con-
tribute to many research fields, such as preconcentration to improve
the reactivity [2, 3], separation of molecular species [3, 4], DNA
sequencer [5] and so on.

Capillary electrophoresis (EP) is often employed for single
molecule analysis included in a tiny amount of working fluid
without contacting. When an external electric potential is applied
into the micro- and nanochannels, however, electroosmotic
flow (EOF) [6, 7] is generated in the channel and sometimes inter-
feres the molecular transport [8]. Hence, various approaches are
supposed to control EOFs by changing the species of electrolyte
[9], pH of the solvent [10] and by modifying the channel
walls [11, 12]. On the other hand, some researchers examined to
apply EOFs to suitably control the flow fields by modifying the
surface charges [13] and by applying gate voltages [14, 15]. The
other study reported that liquid flows in microchannels were
controlled by external flow inputs by applying an additional pres-
sure [16], whose capability might not be enough for practical
use because of the excessive flow rate. Thus, developments of
novel methods to control micro-scale liquid flows coupling with
the external flows to manipulate transport of single molecules and
microparticles.

Electrohydrodynamic (EHD) flow is also known as a technique
to induce electrically-driven liquid flows in wider spaces [17, 18].
Melcher and Taylor [17] developed this principle, and experimen-
tally [19] and theoretically [20, 21] demonstrated. EHD flows can
be generated by applying Coulomb force in liquids, where the
whole liquid phase has to be polarised by externally injected elec-
trical charges. This method needs at least several tens of applied
potentials to drive ion-drag liquid flows and then, the solvent is
limited to non-aqueous solutions to avoid generating bubbles due
to the electrolysis of water. Although many studies about micro-
and nanofluidics are proposed to use aqueous solution systems,
such a limitation disturb the expansion of practical applications.

In this study, we focus on the behaviour of single microparticles
in electrically polarised aqueous solutions, where liquid flows
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are expected to be driven by ionic currents under externally
applied electric potentials. The transport regime of microparticles
is modified by the ion-drag flow field. Here, we propose a novel
method to generate the ion-drag EHD flows [22, 23] in aqueous
solution drastically decreasing the application voltage, where
the external voltage does not exceed 2.0 V to avoid accelerating
the electrolysis of water. We succeeded to dramatically reduce the
applied voltage by preparing electrically polarised solutions. In
our method, instead of charge injection, both cations and anions
are separated by using an ion-exchange membrane, although the
conventional methods required excessively high voltages to exter-
nally inject electrical charges into the liquids. Consequently, we
succeed to observe EHD flows with the applied voltage within
20V.

2. Experimental methodology: In aqueous solutions, micro-
particles are often electrically charged and their surfaces are par-
tially screened by counterions which form an electric double
layer (EDL). By applying an electric field, the charged particles
migrate due to the electric force, so called EP and on the other
hand, the EDL is known to cause a slip boundary of EOF. The
directions of EP and EOF are usually opposite each other because
these phenomena are governed by the opposite signs of electrical
charges. Solving the Navier—Stokes equations for an incompress-
ible liquid, the velocity of a microparticle, whose surface is electric-
ally shielded, is represented by
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where ¢ is the dielectric constant of solvent, £ is the external
field, ¢, is the surface potential of particle, and  is the viscosity
of solvent [24]. Here is an assumption that the total amount of elec-
trical charges is zero in the electrically neutral condition. As a
result, the direction of vgp is determined by £ and . The velocity
of EOF is also expressed in the same way, taking into account
surface potentials of channel walls. When the zeta potential of
wall surface is given as ¢, and then, the EOF velocity upgp is
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EOF is caused by highly concentrated ions in EDL and thus, the
velocity profile shows plug-like flows. Assuming that electrical
charges of a particle and EDL do not interact with each other, we
can observe the particle velocity Vps such that

Vp = Vep T UgoF- 3)

On the other hand, if the numbers of cations and anions are different
in the liquid, electrical charge distributions are possibly appeared in
the liquid. Under external electric fields, a liquid flow is generated
by the ions that drag solvent molecules and then, the direction of
flow is determined by the sign of charge carriers dominant in the
liquid. In such a condition, when the electrical charges of the micro-
particles and excessive ions are opposite, the transport directions of
the microparticle and EHD flow dragged by the dominant ions are
also opposite. The relative velocity of EHD flow to that of micro-
particle tends to increase the force on the particle. As a result, the
microparticle may be strongly dragged by the EHD flow and the dir-
ection is possibly reversed in the flow direction.

To prepare an electrically polarised solution in which electro-
neutrality is broken by the presence of excessive ions, we use
an ion-selective diffusion between high- and low-concentration
solutions divided by a cation-exchange membrane, as shown in
Fig. 1. The concentrated and diluted electrolyte solutions are
poured in the upper and lower channels, respectively, where diffu-
sion of cations from the upper to the lower is enhanced. On the
other hand, transport of anions are disturbed by the ion selectivity
of the membrane. In this situation, the lower solution results in a
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Fig. 1 An experiment to observe the transport of electrically charged
particles in an EHD flow

a Schematic illustration of the transport mechanism of a microparticle driven
by EP in EHD flow field,

b dimensions of flow channel in the experimental device,

¢ assembly of the multi-layered device, and

d photograph of the experimental setup
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cation rich condition and that is, an electrically polarised solution
is achieved.

To optically observe the transport of microparticles in liquid
flows in various cation concentrations, the experimental device is
designed as schematically shown in Figs. 15 and c¢. A 127 um
thick cation-exchange membrane (Naﬁon®, N-115, E. 1. Du Pont
de Nemours and Co.) is fixed by two silicone sheets of 1 mm
thick in which a flow channel and reservoirs are located, pressing
them with two slide glasses from both top and bottom ends. As
shown in Fig. lc, the channels in the upper and lower layers are
connected through the membrane in the z direction and each of
them is placed between the reservoirs in the x direction. The cross-
section of the channel has 1 mm width and 1 mm height, and the
reservoir has 10 mm width and 1 mm height. The centre of reser-
voirs is aligned with the channel in the x-axis. The other end of res-
ervoir is opened to air. The bottom surface of the lower reservoirs is
covered with a thin-film Au electrode about 100 nm thick which
have 10 mm width and 10 mm long. The surface area of the electro-
des is 100 times larger than the cross-sectional area of the channel
in order to concentrate electric field lines in the channel along
the x-axis.

The mixtures of aqueous solutions poured in the upper and
lower channels are shown in Tables 1 and 2. In both channels,
a Tris-EDTA buffer solution (T9285, Sigma-Aldrich Co. LLC.) is
used as a solvent, which can maintain the pH around eight to sup-
press drastic changes in the pH near the electrodes. Thus, this kind
of buffer solution is conventional to treat transport phenomena of
electrically charged molecules and particles. A variety of polystyr-
ene (PSt) particles is widely used as a tracer and a 1.01 um diameter
one (Estapor”™, Merck KGaA) is employed in this study. Using this
size, the magnitude of Brownian motion becomes smaller than that

Table 1 Mixture of aqueous solutions in the upper and lower layers in the
experimental device (Case I)

Solution Concentration
Case | Upper channel
KCl1 1.0 mol/l
Tris-EDTA 1.0 x 1072 mol/I
Lower channel
PSt dispersion 1.0 x 1073%
Tris-EDTA 1.0 x 1072 mol/1

Table 2 Mixtures of aqueous solutions in the upper and lower layers in
the experimental device (Case II-V). In Case II, in the two layers
separated by the cation-exchange membrane, the electroneutral condition
is maintained by the PSt particle dispersion with Tris-EDTA buffer
solution in both layers. The concentration of additional KCI solution is
varied in Cases [II-V

Upper & lower channels

Solution Concentration
Case 11 PSt dispersion 1.0 x 107> vol%
Tris-EDTA 1.0 x 1072 mol/1
Case 11l PSt dispersion 1.0 x 1073 vol%
Tris-EDTA 1.0 x 1072 mol/1
KCl1 1.0 mol/1
Case IV PSt dispersion 1.0 x 107 vol%
Tris-EDTA 1.0 x 1072 mol/1
KCl 1.0 x 107! mol/1
Case V PSt dispersion 1.0 x 1073 vol%

Tris-EDTA 1.0 x 1072 mol/1
KCl 1.0 x 1072 mol/I
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of the electric forces. PSt particles are known to be negatively
charged in the solutions of pH 8 and thus, they are expected to
respond to the opposite direction of externally applied electric
fields. Here, as a first step, we employ the conventional tracer par-
ticle without any treatment except for maintaining pH in the buffer
solution, although charge neutral particles are preferable to trace the
behaviour in liquid flows driven by electric forces. Unfortunately,
some kinds of preferable tracer whose density is near water are
usually negatively charged in polar solvents [25-28]. As shown
in Table 1, a KCl solution and PSt dispersion are poured in the
upper and lower solutions, respectively. Hereafter, this condition
is called as Case I. In this situation, K ions are expected to
diffuse into the lower layer according to the concentration differ-
ence between the two layers. On the other hand, the transport of
CI ions is filtered by the cation-exchange membrane. When the ex-
ternal electric field is applied into the lower channel, as excessive
K" ions drag the surrounding solvent molecules, a body force is
induced in the liquid in terms of fluid mechanics. In such a condi-
tion, the transport of a PSt particle is affected by surrounding flows
as well as its own electrophoretic transport and consequently, the
velocity of the particle is determined by the superposition of the
competitive forces.

To compare the cation rich solution with the electrically
neutral one, we also carry out another experiment using an electric-
ally neutral solution. In Table 2, the same PSt dispersion with
Tris-EDTA buffer is poured in both channels. Hereafter, we call
this condition as Case II. In the solutions listed in Table 2, diffu-
sions of ions via the cation-exchange membrane are not observed
because of the same concentrations between the two layers. The
solutions are equilibrated at electroneutral conditions. When exter-
nal electric fields are applied in the lower channel, PSt particles
are expected to respond to the applied fields by its electrophoretic
transport. On the other hand, the presence of both positive and
negative ions suppresses the induction of anisotropic electric
body forces in the liquid because of the attractive Coulomb force
between the two species.

In order to discuss the effect of excessive K ions in the lower
channel on the liquid flows, the conductance of ionic currents is
measured at first. If the diffusion of K* ions passing through the
cation-exchange membrane breakdowns the electronuetrality, the
difference in the lower solution between Cases I and II will be
observed. In Case I, K' ions dominantly act as charge carriers
to generate an ionic current and on the other hand, in the other
cases, both K™ and Cl ions can contribute to the ionic current.
Varying the applied voltage, we can also recognise the difference
in the current-voltage characteristics between them. In addition,
measuring the characteristics for various KCl concentrations such
as Cases I1I-V, the unique property of the cation rich solution is
clearly characterised.

Using the experimental setup as shown in Fig. 1d, the thin-film
Au electrodes in the lower reservoirs are connected to a function
generator (WF1973, NF Corp.) to apply electric potentials and
an ammeter with data logger (NR-500, Keyence Corp.), where an
electrode at the negative side along the x-axis is at high potential.
The current-voltage characteristics of solutions are measured
by this system with the sampling rate of 1 ms. Optical observation
is carried out by the high speed CMOS camera (Zyla sCMOS,
Andor Co., Ltd.) connected to the inverted microscope (IX73,
Olympus Corp.), where the window size is 2560 x 500 (x x y)
pixels with the spatial resolution of 0.11 um and the frame rate is
40 fps. The velocity of microparticles is extracted and analysed
by the single particle tracking method.

3. Results and discussion: In a preliminary experiment, we
estimated the ion diffusion process passing through a cation-
exchange membrane by monitoring the potential difference
between the upper and lower reservoirs. The potential difference
between both ends across the membrane was measured by using
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Au wire probes, which were connected to a digital multimeter
(DME1600, Kikusui Electronics Corp.). Sampling rate was once
every 10 min, and the duration of the measurement was 24 h. As
a result, the potential difference was reached a steady state about
18 h after injecting the solutions. Although the detailed distribution
of cations has not yet been clarified, the electric conductance of
ionic current was evaluated in comparison between electroneutral
and electrically charged solutions. In the result shown in Fig. 2,
the slope of the potential difference decreased as time passed and
the transition was almost converged after 12 h as shown in the
inset of Fig. 2. This behaviour was caused by the diffusion of
cations crossing the membrane. At the steady state, ion distributions
were equilibrated as a result of competitive transport between the
diffusion and EP. Such a potential difference at the equilibrium is
known as the membrane potential. Although the Au probes did
not react with electrolyte ions and therefore, might not be available
to quantitatively sense ion distributions, they were effective to
roughly detect the transition of environments. It was suggested
that we could estimate whether the ion transport was equilibrated
or not by measuring the time evolution of the potential difference.
To investigate the transport of microparticles in a stable liquid
phase that was electrically polarised, the solutions had to be
settled at equilibrium conditions before observations. Therefore,
injecting the solutions into the reservoirs, we needed to wait for
18 h before starting measurements using the experimental device.
The steady currents in the solution of Cases I and II were
measured in the range from 0.5 to 2.0 V of applied voltages. The
result of current-voltage characteristics is shown in Fig. 3. At the
applied voltage lower than 1.0 V, there was no meaning currents
in both electroneutral and cation rich conditions. When an electric
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Fig. 2 Time evolution of potential difference ¢ between the upper and lower
reservoirs. The time derivative of ¢ is also shown in the inset, where the
black solid line is resulting from the linear least square fit for the data
between t =12 and 24 h
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Fig. 3 Current-voltage characteristics resulting from cation rich and elec-
troneutral solutions, where red squares for experimental data from the
cation rich solution of Case I and blue circles for data from the electroneu-
tral solution of Case II. Error bars show the range from the minimum to
maximum values
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potential was applied into the liquids, electrolyte ions were attracted
to the electrode and formed EDL on the electrode surfaces.
Although such an unsteady ion transport, so called non-Faradaic
current, could be observed within a short period, it immediately
converged to an equilibrium condition. To generate steady current
states, electrolyte ions have to transport constantly in the solution,
exchanging electrical charges by electrochemical reactions at the
electrode surfaces. This is a reason why steady currents could not
be observed lower than 1.0 V, where effective electrochemical reac-
tions did not occur. On the other hand, steady currents tended to
increase over 1.0 V in both solutions. In this level, the electrolysis
of water was observed because of the ideal electrochemical poten-
tial of 1.23 V. We have not clarified detailed effects of water elec-
trolysis on local heat transfer near the electrode surfaces. Therefore,
the applied voltage and measurement time were limited by a stable
condition in which hydrogen and oxygen bubbles could not be
observed at the electrodes. Each data point in Fig. 3 shows the
average of four time trials. As a result, the magnitude of steady
current in Case [ is three times larger than that of Case II. This dif-
ference emphasises an increase in electric conductivity in the cation
rich condition. This experimental result suggested that the transport
of K* ions from the upper to the lower layer passing through the
Nafion membrane actually contributed to improve the conductivity.
Furthermore, the drastic increase of the conductivity was possibly
attributed to the presence of protons, because the conductivity of
proton was approximately one order of magnitude larger than that
of K, and protons captured in the membrane possibly replaced
by K" ions in part. Direct measurement methods of ion concentra-
tions are also required to be improved in our future study.

For comparison, steady currents in the solutions of Cases [II-V
were also measured in the range from 0.5 to 2.0 V of the applied
voltage. The result of current-voltage characteristics is shown
in Fig. 4. Each data point consists of four time trials. In the same
manner as Fig. 3, steady currents were apparently observed over
1.0 V of the applied voltage in each case. The magnitude of the
steady current increases with increasing the salt concentrations.
These results are also explained by the improvement of ion conduct-
ivity, involving the transport of CI” ions as well as K* ions. Both
species have a role of supporting electrolytes to maintain the high
conductivity in the whole space of the solution. In Cases II and
V, both solutions contain Tris-EDTA buffer, which also acts as a
charge carrier to maintain a constant pH. The concentration of
KCl in Case V is low and comparable with Tris-EDTA buffer. In
such a case, KCI may not sufficiently work as a good supporting
electrolytes in the steady current conditions. The concentrations
of electrolytes are on the same order in Cases Il and V and a
little differences are within the measurement error range. An
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Fig. 4 Current-voltage characteristics of cation rich and electroneutral
solutions for a variety of concentrations of KCI, where red squares for
cation rich solution of Case I (same as in Fig. 3), green circles, blue trian-
gles, and purple inverted triangles for KCI solutions with 1.0 mol/l (Case
1II), 1.0 x 10~ mol/l (Case IV), and 1.0 x 107> mol/l (Case V), respectively.
Error bars show the range from the minimum to maximum values
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interesting point is that the current-voltage curve obtained by the
cation rich solution was placed between that of 1.0 mol/l and
1.0 x 107" mol/1 of KCI solutions and thus, the conductivity of
the cation rich solution was on the same order of 1.0 x 10~ mol/1
one. The conductivity of ionic current is proportional to the concen-
tration, assuming uniform ion distributions. The excess K" ions and
protons contributed to the conductivity as electrical charges, where
the absence of counterions of CI” might cause to increase the con-
ductivity of cations, reducing constraints of the attractive force by
Coulomb interactions.

The x component of terminal velocity of a PSt particle is shown
in Fig. 5 ranging from 0.5 to 2.0 V of the applied voltages. The elec-
trically charged PSt particle was confirmed to move along the x-axis
when an electric field was applied in the x direction. To overview
the relationship between the transport velocity and the ionic current,
current-voltage characteristics are also shown in the same figure.
The results shown in Figs. 5a and b correspond to electroneutral
and cation rich conditions, respectively. In Fig. 5a, the terminal vel-
ocity was observed only if the external voltage was applied over
1.0 V. This voltage value corresponded to the lower limit at
which a steady current could be observed. Under the limit, electric
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Fig. 5 Transport velocities of a PSt particle associated with the
current-voltage characteristics in

a electroneutral solution of Case II and,

b cation rich solution of Case I, where red squares present the terminal
velocity with the left axis and blue circles the steady current with the
right axis;

¢ The difference of velocities between (a) and (b) with the left-axis, where
the velocities in (a) and (b) and the current of (b) with the right-axis are
also shown in the same figure. Error bars indicate the range from the
minimum to maximum errors
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fields was not affected deeply in the solution because the electrode
surfaces were shielded by EDL. In other words, the transport of par-
ticles was not recognised without ionic current in the solution. The
steady currents guaranteed the presence of electric fields to drive
electrolyte ions. With ionic currents, the particle moved to the
positive electrode in the negative x direction. PSt particles were
negatively charged in the Tris-EDTA buffer solution and responded
in the opposite direction to the external electric field. As the applied
voltage increased, the transport speed also increased. This negative
velocity was resulted from the electrophoretic transport of
the microparticle. In this case, the ionic current was generated
by the electrolysis of water at the electrode surfaces and assisted
by the transport of both K and CI” ions in the solution. Due to
the presence of both ion species whose transport numbers were
almost the same, any electric body force was not be applied to
induce liquid flows. As shown in Fig. 5b, the terminal velocity
was also observed only when the external voltage over 1.0 V was
applied in the cation rich solution corresponding to Case 1. As pre-
viously discussed, the ionic current consisted of both electrolysis of
water and transport of electrolyte ions, although cations were more
excessive than anions. Therefore, under the limit of 1.0 V, meaning-
ful currents could not be observed due to shielding of the electrode
surfaces by EDL. On the other hand, when we applied the voltage
over 1.0 V, a negatively charged PSt particle moved to the positive
direction in the x-axis toward the negative electrodes. This
result seems to be physically contradicted without considering
the effect of flow fields, because the negative charge actively trans-
ports to the negative electrode. This phenomenon is explained
by considering a liquid flow which is electrically induced in the
channel. By the existence of excessive cations confirmed in
Fig. 3, we could figure out that this reverse response was caused
by an EHD flow generated in the channel. The flow channel was
opened to air at both ends and the solution maintained the surface
meniscus. It was confirmed that the EHD flow was not observed
in the upper layer, but limited in the lower channel. In such a
condition, it is possible to induce the liquid flows only in the posi-
tive x direction satisfying mass conservative law. Based on the
transport velocity of a microparticle in electroneutral conditions
introduced by (3), that in an almost uniform flow field is possibly
expressed as

Vp = Vep + Uphp» “)

where ugyp, is caused by additionally increased ion concentrations
and is driven by the electric body force. In this situation, the trans-
port of a microparticle driven by EP is in an EHD flow. Depending
on the magnitude of ugy,, the transport direction of particle can be
reversed.

We previously measured the electrical charge of a 1.0 pm dia-
meter PSt particle exposed to ac electric fields in pure water. As a
result, we obtained the surface charge density of o = 42 ].LC/mz.
Using this value, the effect of electroosmosis could be evaluated.
Here, we assumed that the applied electric field in a 1.0 mm
length channel was uniformly 2.0 x 10 V/m and that the EOF
was a plug flow. For the particle velocity of v, = —9 um/s at the
applied voltage of 2.0 V as shown in Fig. 5a, the velocity of EOF
resulted in ugor = 19 wm/s from (3), taking into account the elec-
trophoretic velocity estimated by (1) as vgp = —28 um/s. As
shown in Fig. 5¢, the difference in the particle velocity between
Figs. 5a and b represented the flow velocity caused by additionally
increased cations, such that Au = upgyp — upop. Au was also esti-
mated and for example, we obtained Au =21pm/s for an
applied electric potential of 2.0 V. It was found that the flow vel-
ocity clearly correlated with the characteristics of ionic current.

Snapshots of PSt particles observed in the experiments are shown
in Fig. 6. As shown in Fig. 6q, it was found that the particles trans-
port with a constant velocity along the x-axis in the electroneutral
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Fig. 6 Snapshots of translocated PSt particles observed at t = 2.0, 4.0, and
6.0 s after applying an electric voltage of 2.0 V in

a Electroneutral solution of Case II and,

b Cation rich solution of Case I, where the ionic current is directed to the
positive direction of x-axis. Two particles are marked by open square and
open circle

condition, corresponding to the case of Fig. 5a. As mentioned pre-
viously, the particles were driven by EP of their own electrical
charges and the transport direction was opposite to the ionic cur-
rent. On the other hand, in a cation rich condition as shown in
Fig. 6b, PSt particles moved in the reverse direction to that in
Fig. 6a because an EHD flow strongly dragged the particles.
Consequently, the particles were transported with the constant vel-
ocity in the same direction of the ionic current. Using the present
experimental device, we could succeed to observe an EHD flow
induced by cation transport. We also continue to improve our
device to clearly generate the cation-induced flows reducing the
complexities.

In this study, at first, we focused on cation driven liquid flows
separated by a Nafion membrane. On the other hand, Ag/AgCl elec-
trodes are also a preferable candidate to apply electric potentials
with steady currents, in which CI” ions have a role of main
carrier. Anion driven flows generated by using anion-exchange
membrane are also in our interests and are the next step.

4. Conclusion: In this study, we have succeeded to observe an
EHD flow in aqueous solution by generating electrically charged
solution. This solution was realised by cation selective diffusion
passing through the cation-exchange membrane. We measured the
current-voltage characteristics of the solutions and confirmed that
a cation rich condition was achieved in the concentration of
1.0 x 10 ' mol/I. In the traditional understanding, electrically
charged solution in bulk is unstable in nature. Thus, this result
disprove the past common view. Furthermore, when an external
electric field is applied into the solution, we have also confirmed
that an EHD flow is generated within 2.0 V of applied voltages by
considering particle response. Therefore, this study can expand the
applicable field of knowledge about EHD flows and related
technologies. In addition, it is important that the terminal velocity
was on the order of 10 um/s. When considering to control the
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flow in microspaces, this study can contribute to improve the
accuracy. If the flow control with the resolution of 10 um/s is
attained, further developments of micro- and nanofluidic devices
are expected. Although salt concentrations and pH are actually crit-
ical parameters in biological applications, our prototype system is
possibly improved for flow control techniques in biological
devices, optimising the structure, ion species and concentrations.
The development of measurement methods of individual ion
species is an important issue. These subjects will be featured in
our next project.
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