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This paper studies the mechanism of preconcentration of charged particles in a straight
microchannel embedded with permselective membranes by numerically solving the cou-
pled transport equations of ions, charged particles and solvent fluid without any sim-
plifying assumptions. It is demonstrated that trapping and preconcentration of charged
particles are determined by the interplay between drag force from the electroosmotic
fluid flow and the electrophoretic force applied through the electric field. Several insight-
ful characteristics are revealed, including the diverse dynamics of co-ions and counter
ions, replacement of co-ions by focused particles, lowered ion concentrations in particle-
enriched zone, and enhanced electroosmotic pumping effect, etc. Conditions for particles
that can be concentrated are identified in terms of charges, sizes and electrophoretic
mobilities of particles and co-ions. Dependences of enrichment factor on cross-membrane
voltage, initial particle concentration and buffer ion concentrations are analyzed and
the underlying reasons are elaborated. Finally, post priori condition for the validity of
decoupled simulation model is given based on the charges carried by focused particles
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and buffer co-ions. These results provide an important guidance in the design and opti-
mization of nanofluidic preconcentration and other related devices.

Keywords: Electrokinetic preconcentration; ion concentration polarization; electroos-
motic flow.

1. Introduction

Electrokinetic manipulation for electrolytes and particles in micro and nanoscale
fluidic systems experienced significant progresses in the last decade ,
. While electroosmotic flow (EOF) has been well characterized in microfluidics
IAuroux et alJ, M], transport behaviors of ion and fluids in nanoscale channels or
pores are much less understood ﬂS.pa.r_r_&b_o_om_er_alJ, l20j_d] Overlapping electric dou-
ble layers (EDLSs) generate a lot of new physics and invoked many novel applications.
Basically, inside nanoscale spaces, the amount of counter ions is significantly greater
than that of co-ions ﬂB_o_Qq.uat_a.n.d_(lha.r_l.ai}J, IZDJ_d] When a nanochannel is used to
bridge two microchannels and an electric field is applied along the channel axis (as
shown in Fig. [[[a)), the number of counter ions transported is significantly greater
than that of co-ions, rendering ion current permselective. This selective charge trans-

port results in ion depletion and enrichment zones in either side of the nanochannel,
also known as ion concentration polarization (ICP). Such micro/nanofluidic systems
facilitate m“nv unique and novel functionalities, such as desalination [Nikonenko
et al. IZDJAI Kim et all, 2010a: Deng et all. |. particle preconcentration [Wang

et al., [jjﬂ Lin et al], ] and biomolecular separation, etc.
I and Anand, 201 6], ﬂapg et gl], 2!!11!]. Because materials containing nanoscale

pores with charged surfaces have the same ion exclusion effects, permselective mem-
branes (e.g., Nafion) are widely used to substitute nanochannels, eliminating the
need for more involved nanoscale fabrications.

Physics underlying the nanofluidic ICP is complicated [Zangle et alJ, [M] It
involves coupled nonlinear fluid flow, ionic transport, dynamic evolution of electric
potential and sometimes deformation of polymeric channel structures ,
M; Drozdov and Christianseg], M] In addition to ICP, selective transport
of ions across the nanochannels induces a strong electric field and an extended
space charge layer at the depletion side, which produces a fast, vortical, some-
times even chaotic fluid flow under the external electric field [Kim et all, [2009].
Study of such complicated systems has been largely based on experimental obser-
vation of tracing particles. Unfortunately, however, direct experimental monitoring

of some key parameters (e.g., ion concentrations) in such micro/nanofluidic systems
is still impractical, prohibiting the accurate understanding of the system. Precise
description of mechanisms has to rely on numerical simulation. In this aspect, there
have been some simulation studies on ICP propagation [Mani et all. 2009: Zangle
et al., lZD_QEj, ], vortical ﬂow Dvdek ’ﬁgl Druzgalski et (ﬁ], 2013; Rubin-

0
, ; Liu et all, ,21!18] and desalination

stein and Zaltzman, -
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Fig. 1. (a) Schematic sketch of ICP systems. (b) Physical setup of particle preconcentration
system.

of solution of binary ions IHlushkou et alJ, mﬂ However, very few simulation
studies have been reported for preconcentration processes. Recently,

simulated EOF-driven protein preconcentration process in a microchannel
integrated with Nafion strip. They used constant zeta potential to describe the sur-
face charge effect and did not consider the effect of (accumulated) charged proteins
on the distribution of electric field. These assumptions will become invalid when
high variation of electric field is involved and/or high level of charged protein con-
centration is achieved, as often encountered in preconcentration experiments for
low abundance proteins. Man.g_et_aﬂ lZLKl‘{ZI] conducted a more accurate simulation
for pressure-driven particle preconcentration and established the dependence of the

focusing rate upon diffusivity and electrophoretic mobility of particles. Yet, their
simple model does not involve coupled fluid flow and is limited to extremely slow
flow conditions.

The purpose of this paper is to study the mechanism of charged particle pre-
concentration through accurate multi-physics modeling without any simplifying
assumptions. Mechanisms underlying the particle enrichment will be elaborated
in terms of interplay between the viscous drag force and the electrophoretic force
applied on the charged particles. Condition for particle enrichment will be identified.
By analyzing eventual steady states of the system, replacement of co-ions by the
focused particles and its consequences will be elaborated. Finally, a dynamic picture
for transport of ions, particles and fluids is given to offer a new way of explaining
experimental data and guiding the design of relevant systems.
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2. Methods
2.1. System setup

Figure M(b) shows a schematic of two-dimensional model for particle preconcen-
tration simulation. The key component of the system is a microchannel of length
L = 120 ym and width H = 4 um embedded with permselective membranes of
length L,, = 2pm in the middle of both top and bottom walls. Connected to
the microchannel are two wider channel segments of length L; = 60 ym and width
Hy = 120 pm (simulating part of the reservoirs). The microchannel walls are charged
with density o = —5mC/m?, while walls of wider channels are uncharged. The
left boundary is connected to a mixed solution of potassium chloride (KCl) and
negatively charged particles (denoted by P™~, with n representing the valence
number). An electric field is applied such that the voltage at the left boundary
is Vi, = 20V (Vp = 25.8 mV is the thermal voltage) and that at the right boundary
is Vg = 0, inducing an EOF from left to right. Pressures at both the left and the
right boundaries are set to zero such that transport of ions and fluids is resulting
from electrokinetic phenomena only. The permselective membranes are assumed
to permit passage of cations only. Concentration of cations required to neutralize
the fixed charge density inside the membrane is C,,. Voltages at the membrane
surface are independently set to V,,. For convenience, a term cross-membrane
voltage Ve, = (VI + Vg)/2 — V,,, is defined as the difference between voltage at
the membrane location determined by external electric field without ICP and the
actual voltage applied on the membrane, representing the voltage drop across the
microchannel/membrane junction in actual experiments. Lower V,,, corresponds to
larger V., and generates stronger ion depletion effect.

2.2. Governing equations

Governing equations for the incompressible fluid flow, ionic and particle transport,
and electric potential are described by the Navier-Stokes (NS), Nernst—Planck and

Poisson equations, respectively IBnbinsLein and Zaltzmaﬂ,m; Pham et all, 2!!12]:

p(0U 0t + (U -V)U) = —VP + 9V - VU — p,V®, (1)
V.U =0, 2)
oc o
E - \Y J'u (3)
—V - (VD) = pe. (5)

Here, U is the velocity, P is the pressure, C; and J; are the concentration and flux
density of species i, respectively. For convenience, we use i = 1 for KT, i = 2 for
Cl~, and ¢ = 3 for P~ . Z; and D; are the valence and diffusion coefficient of species
i, respectively. @ is the electric potential, p. = e E?Zl Z,;C}; is the free space charge
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density, with e being the elementary charge. Parameters p, n and ¢ are the mass
density, dynamic viscosity and permittivity of the solution, respectively. T is the
absolute temperature. Constants F' and R are Faraday’s number and gas constant,
respectively.

2.3. Boundary conditions

At the membrane’s surfaces, it is assumed that IRubinstein and Zaltzmaﬂ, m;
Pham et all,12012] (i) Fluxes of anions and particles across the membrane are zero;
(ii) The concentration of cations at the membrane surface is C,,; (iii) The electric
potential at the membrane surface is V,,,; (iv) The membrane surface is impermeable
and no-slip to fluid, indicating zero velocity and zero-gradient condition for the
pressure. The corresponding equations are

Joon=0, J3n=0 C=0Cpn &=V, U=o0. (6)

Here, n is the normal vector perpendicular to the boundary pointing out of the fluid
domain.

At microchannel walls, the boundary conditions are (i) constant surface charge
density o_; (ii) no-slip condition for fluid velocity and (iii) impermeability to ions
and particles:

Vd=-0_Je, U=0, J;-n=0, i=1,2,3. (7)

At the inlet boundary, (i) both concentrations of electrolytes and particles are the
same as those in the inlet reservoir, (ii) the electric potential is Vi, and (iii) the
pressure is zero:

(I):VL, VU~II:O, PZO, C’z :Ci707 i:1,2,3. (8)

At outlet boundary, (i) free boundary conditions are applied for fluid flow and
(ii) the electric potential is set to Vg:

d=Vz VU.-n=0, P=0, VC;-n=0 i=123. (9)

At reservoir walls, the boundary conditions are (i) no-slip condition for fluid velocity
and zero-gradient condition for pressure and (ii) zero charge:

U=0, VP-n=0, V& n=0. (10)

2.4. Numerical methods

In this work, the governing equations are solved with the specified boundary condi-
tions using COMSOL v5.2a (a full model is provided as supplemental information).
Based on symmetries in geometry and physics setup, only the lower half of the
channel is modeled with symmetric boundary conditions at the upper boundary of
the calculation model (the central line of the channel). The computational domain
is meshed using quadrilateral elements. Finer grids are adopted near the charged
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walls, membrane surfaces, inlet and outlet boundaries of the channel. Concentration
and potential fields are implemented in physics interfaces of Transport of Diluted
Species and Electrostatics interface. The Poisson-Nernst-Planck (PNP) equations
are solved using quadratic Lagrange interpolation functions for space discretization.
NS and continuity equations are implemented in Creeping Flow interface. Quadratic
Lagrange shape functions are used for NS equations whereas linear functions are
used for the continuity equation.

For time-dependent analysis, we adopt two different configurations at differ-
ent stages of simulation. At the beginning stage (¢ < 0.5s), PNP and NS equa-
tions are solved segregatedly |[Karatay et al., mﬁ] At each time step, the velocity
and pressure are solved first (with electric force calculated from the charges at the
previous step), followed by concentrations and potentials (with the velocity and
pressure obtained at this step). Default setting of multi-frontal massively parallel
sparse direct solver (MUMPS) is adopted with an implicit generalized o method
(o = 0.99). In this stage, ion-depletion zone emerges and vortices are generated.
After that, fully coupled PNP and NS equations are solved using backward differ-
entiation formula (BDF) method with free time steps, until the end of simulation
time.

For steady state analysis, fully coupled PNP and NS equations are solved using
default solver (automatic Newton nonlinear method). Due to the strong nonlin-
ear characteristics of the system and the inconsistency in the initial conditions for
concentration and electric potential near the channel or membrane surfaces, it is
necessary to ramp up the membrane voltages slowly to the desired value. This is
implemented through auxiliary sweep of parameters within the solver.

3. Results and Discussions

3.1. Developments of particle concentration
and concentration speed

We start with a time-dependent simulation for the enrichment of divalent parti-
cles P2~ (Z3 = —2, n = 2) of diameter four times larger than Cl= (D3 = Ds/4,
because diffusion coefficient of a spherical particle is inversely proportional to its
diameter) at V., = 30Vp. The initial concentrations are the same as those in the
reservoir (C1,0 = 1mM, C3 9 = 107"mM and Cy g = C1,0—2C3 ). The Debye length
Ap = \/eRT/2CyF? is about 9.6 nm, corresponding to a dimensionless Debye length
0.0048 with respect to half of the microchannel width (2 um). This setup guarantees
that the system runs in a diluted solution regime, which does not involve correction
of fluid properties, such as density and viscosity, even when the particles are focused
(actually, the focused particles will replace co-ions and reduce the concentration of
buffer ions, making the solution diluter, cf. Sec. 3.5). As the boundary condition,
the concentration of K+ at the membrane surface is C,,, = 2mM.

Figure 2l(a) shows the evolution of particle concentration inside the microchan-
nel (colors not to scale, concentration values can be found in the corresponding
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Fig. 2. Concentration of P2~ at different times: (a) two-dimensional distributions (colors not to
scale) and (b) profiles of enrichment factor r along the center line of the channel.

curves in Fig. BIb)). It could be found that shortly after application of Vi, (e.g.,
t = 6ms), particles begin to accumulate in the upstream microchannel and the
enrichment factor r = C5/C5 ¢ grows. In the mean time, particle concentration near
the membrane location is lowered and this low concentration region expands to the
downstream with the fluid flow. At ¢ = 2s, the enrichment factor in the upstream
channel reaches ~10% and the concentration in the downstream microchannel is
the lowest. The enrichment factor exceeds 103, 10* and 10° at times 14, 200 and
1800, respectively, accompanied by the increasing of particle concentration in the
downstream. This is because the number of particles overcoming the electric energy
barrier at the front of ion depletion zone increases when more particles are accu-
mulated before the barrier. After infinitely long time (¢ = o), the system should
approach steady state, which could be obtained numerically through stationary
analysis (see the dashed curve in Fig. BIb)). At this state, the number of particles
entering the channel through the left boundary is equal to that leaving the channel
through the right boundary. The amount of particles inside the channel reaches
a constant limiting value, with a million-fold enrichment of particle concentration
(r =3.2 x 10).
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It has been repeatedly observed in experiments that concentration speed in
such micro/nanofluidic system exhibits a complicated, nonlinear characteristics: at
the beginning, the concentration speed increases; in the second stage, it is almost
a constant and finally, it decreases slowly. To experimentalists, this concentration
speed is largely approximate, estimated based on the peak concentrations measured
through the fluorescence intensity as the metric and the width of the peak. A more
rigorous definition of the concentration speed could be defined though the total
amount of particles trapped in the upstream microchannel. This corresponds to
the time derivative of the integration of particle concentration over the upstream
microchannel in Fig. Pla), or approximately the difference in fluxes at the inlet and
outlet boundaries of the microchannel, i.e., jg 3linlet — Ju,3loutlet (this includes the
amount of particles in the downstream microchannel, which is negligibly small).
Figure [ shows the evolution of integrated particle fluxes over the inlet and outlet
boundaries of the microchannel as well as the difference between them. From the
solid black curve, we may find that the concentration speed grows by approximately
50% in about 20s (Stage I), then it is followed by an almost constant concentration
speed for a long time (Stage II). At times beyond 10*s, the concentration speed
decreases gradually to almost zero at time ¢ = 4 - 10°s (Stage III), after that, the
system approaches the steady state (Stage IV). In Stage I, the depletion zone, the
electric energy barrier and the vortex-driven electrokinetic flow are developing, bring
particles into the microchannel at an increasing speed. After the electric field and the
electrokinetic flow become stable, the system enters Stage II with constant feeding
rate of the particles. In these two stages, the flux out of the microchannel is negligible
compared to that enters the microchannel, with almost all the particles focused.
Therefore, an increasing concentration speed in Stage I and a constant concentration
speed in Stage II are observed. However, in Stage I11, the concentration of particles
reaches maximum limiting value and the focused peak expands into the upstream.
The flux at the inlet is reduced while the flux at the outlet is increased by strong
diffusion of particles into both ends of the channel. As a result, the concentration
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Fig. 3. (Color online) Evolution of concentration speed (solid black curve) expressed as the dif-
ference between the fluxes at the inlet (dotted dashed, green) and outlet (dashed, red) boundaries.
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speed reduces. Ultimately, the number of particles that enters the microchannel at
a unit time becomes equal to that leaves the microchannel at the outlet, and the
system reaches a steady state, with zero concentration speed (Stage IV). Although
this limiting steady state often needs quite long time to reach, it defines unique
behaviors and ultimate functionalities of the system. Thus, we use such steady
states for further analyses.

3.2. Effects of cross-membrane voltage

As ion depletion and particle enrichment are induced by cross-membrane voltage
Vem, it is expected that higher V., will induce stronger enrichment effect. This
tendency is demonstrated in the profiles of particle concentration as shown in Fig. [l
Here, the parameters of the particles are the same as those in Fig. Bl (Z3 = -2,
Ds = Ds/4), while Vi, is varied in a wide range. It could be found that the
enrichment factor increases sharply with V., when V., is smaller than 26V, but
it becomes saturated (at a value of r = 3.2 x 10°) beyond that value. Further
increasing of V., does not increase the height of the peak, but broadens it into
the upstream. The inset of Fig. Ml shows the relationship between the maximum
enrichment factor and Vip,. It could be found that there are two distinct phases in
the curve. For V., < 26Vp, the enrichment factor grows exponentially with Viy,.
In this phase, the increasing of Vi, strengthens the electric field approximately
linearly, which results in an exponentially increasing concentration of particles at
the steady state (see Eq. (4)). However, for Vi, > 26V, the concentration of
particles becomes so high that they replace almost all the co-ions in the solution. In
this scenario, the particle concentration is limited by the concentration of counter
ions (decreasing with Ve, cf. Sec. 3.5), and therefore the enrichment factor becomes
saturated.

107¢ - - -
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10°
10%t
7 10%

TR T T T

10
10
10°%
107} . . \ :
0 60 120 180 240
x(um)

Fig. 4. Steady state profiles of particle concentration along the center line of the microchannel
at varied Vem (labels on the curves are Ve in terms of V). Inset shows the dependence of the
maximum enrichment factor onVem.
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3.3. Effects of initial particle and buffer ion concentrations

For a given channel, apart from V¢, two most important factors that may affect
the enrichment of particles are the initial particle concentration in the inlet reser-
voir (Cs,0) and the concentration of buffer ions (Cp). To investigate these effects,
we calculate the limiting concentration of charged particles with varied C3 o and
Co, respectively. Figure Bla) shows the result at V., = 30Vp, from which we
learn that the enrichment factor is generally inversely proportional to Cs o, which
implies a constant limiting particle concentration inside the microchannel. In fact,
the maximum particle concentration (shown in the inset) is very slightly dependent
on particle concentration in the inlet reservoir. Specifically, when C3 increases
from 10~7"mM to 10~2mM (by an order of 10%), the limiting focused concentration

107

]06 -

Cs:m(m)d}

oo ooo

[ T O B PV N Y
T

105 o

1 1 1 1
s . 107 109 10% 1ot 0¥ 107
10°F C3:g (mM)

103 o
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1 1 1
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0% [

O 10 20 30 40 S0 60 70 8 90 100
Co (mM)
(b)

Fig. 5. Dependence of enrichment factor on (a) initial particle concentration C3 o and (b) the
concentration of buffer ions (Cp), with insets showing the maximum particle concentration C3 max
along the center line of microchannel.
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grows only from 0.32mM to 0.35mM (by ~10%). Such a variation is practically
negligible in most engineering applications.

Figure Blb) shows the dependence of limiting concentration on the buffer ion
concentration. In this example, the initial concentration of particles is fixed at
Cs0 = 10~7mM, while the buffer concentration Cy changes from 1 mM to 100 mM
at a constant V., = 30Vpr. It could be seen that for Cy < 5mM, the particle
enrichment factor grows with Cj, simply because that the upper limit defined by
the concentration of KT is increased. However, beyond Cy = 5mM, the enrichment
factor decreases sharply. At Cyp = 6.5mM, the enrichment factor is less than 6% of
its value at Cyp = 0.5 mM (see the inset). After that, the enrichment factor decreases
slowly. The reason behind this complicate behavior lies in the extent of ion deple-
tion. For a given permselective membrane, the amount of counter ions that resides
in pore spaces is almost constant (determined by net charges on surfaces of solid
phase of membrane and neutrality condition) and there is a limit for the amount
of counter ions passing through the membrane at a fixed voltage. If the concentra-
tion of buffer ions is low, ion depletion is well developed and strong electric field
is built as the energy barrier for charged particles. In this scenario, the increasing
buffer concentrations permit more particles to replace buffer co-ions, giving rise to
higher enrichment factor. However, if the concentration of buffer ions is so high
that ion depletion zone cannot form sufficiently, the electric force that stops the
flow of particles becomes weakened and the enrichment effect is compromised con-
sequently. This result provides important insights into some of the experimental
observations. Specifically, in the early experiments of preconcentration using rela-
tively pure solutions (e.g., fluorescent proteins and buffer ions), good preconcentra-
tion was observed. However, it is generally the case that preconcentration becomes
less efficient when carried out over a complex buffer (e.g., serum), often with high-
abundance background molecules (e.g., serum albumin or globulins). The result here
suggests that one mechanism to explain such behavior, since high abundance back-
ground ions and/or molecules, will diminish the formation of the ion depletion and
significantly reduce the ultimate possible concentration of particles in the device.

3.4. Conditions for particles to get enriched

To study the behavior of particles of different sizes, we consider particles of the same
charge (Zs = —2) but with diameter « times of C1~ (D3 = Dy /«). Figure[0l(a) shows
the steady state concentration profiles of particles of different sizes at Vi, = 14V
(the labels on the curves are values of «). It is obvious that only particles with
« > 2 are enriched, with o = 3 having the best enrichment effect. Particles of o < 2
are not focused since their viscous drag is not strong enough to bring them into the
microchannel with EDF. Figure[Gl(b) shows the effects of particle charges. Here, the
size of particles is fixed (D3 = D3/4) and the valence n (labeled on the curves) is
changed. It is clear that only particles with charges n < 4 are focused, with a« = 3
having the highest enrichment factor.
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Fig. 6. Steady state concentration profiles of particles of (a) different sizes, (b) different charges
and (c) varied sizes and charges at Ve = 14V7p.

In principle, the behaviors of particles in this system are governed by interplay
between the leftward electrophoretic force (x n) and the rightward fluidic drag force
(x Dy Lor «). To permit a particle to enter the channel, magnitude of the viscous
drag force must be greater than the electrophoretic force at the channel entrance.
Because these two forces are almost equal for Cl= all over the channel (the flux
of Cl™ is close to zero, indicating a nearly zero migration speed and a balanced
electrophoretic and drag force, cf. Sec. 3.8), the condition for the particle to enter
the channel could be expressed as n/a < 1. This condition can be justified by the
results in Figs. B(a) and[6(b), where only particles with n/a < 1 get enriched. More
detailed study over this condition requires systematic changes of both n and « in a
continuous mode. For this purpose, Fig.[fl(c) shows the maximum enrichment factor
(colored in the order of 10) with varied values of n and « (both from 1.0 to 8.0, at
an interval of 0.2). It is clear that there is a partition line with n/a = 1, with an
enrichment factor of 1.0. Particles with n/a < 1 are enriched (r > 1), while those
with n/a > 1 are not enriched (r < 1). Bearing in mind that n/« is proportional to
the electrophoretic mobility of the particle and n/« = 1 is representing buffer co-ion
Cl17, the condition for particle enrichment can be expressed as only particles with the
electrophoretic mobility smaller than buffer co-ions can be focused. It is noteworthy
that although n/a < 1 guarantees that particles can enter the microchannel with
fluid flow, it does not mean that particles with smaller n/« will be better focused. In
fact, particles with smaller charge or larger size are subject to weaker electric force
or higher viscous drag forces, thus are easier to overcome the electric energy barrier
before the ion depletion zone and leak into the downstream channel. Therefore,
there is a maximum value of enrichment factor for situations of changing either
particle size or electric charge, beyond which the enrichment factor of particles of
smaller charges or larger particles is reduced (see Fig. [Bc)).

3.5. Replacement of buffer co-ions by focused particles

In contrast to particle concentration, which can be measured experimentally, con-
centrations of buffer ions in such micro/nanofluidic channels have never been
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Fig. 7. Concentrations of KT, C1~ and P2~ at (a) Vem = 14Vr and (b) Vem = 34V7p.
measured experimentally or studied numerically (in the presence of concentrating
particles). In the end, Figs. [[{a) and [[[b) show the steady state concentration of
K™, CI~ and P?~ at V,, = 14V7 and Vi, = 34Vr, respectively. In both cases, ion
depletion occurs near the membrane location and concentrations of all the charged
species are very low in downstream channel. At low Ve, (e.g., 14Vr), concentration
of P2~ is significantly smaller than that of C1~ all over the channel (see Fig.[Q(a)).
In this scenario, the electric field and the EOF are dominated by K™ and CI~.
However, if Vo, is high (e.g., 34Vr), K ions are neutralized mainly by P2~ in
the focused region, leaving an almost-zero concentration for C17, i.e., C1~ ions are
almost completely replaced by P2~ (see Fig.[[[b)). This therefore imposes an upper
limit on the concentration of P27: it cannot exceed that required to neutralize K.
Another important finding from Fig. [Ib) is that the concentration of KT in the
particle-focused region is non-negligibly lower than that in regions with low con-
centration of P2~. For example, the concentration of Kt at V., = 34Vy is about
0.655mM in the replaced region, significantly lower than 1 mM near the entrance.
This variation is determined by the difference in mobilities of P?~ and that of C1~
and the conservation of current. More specifically, near the entrance, concentration
of P2~ is small, current of negative charges is carried mainly by Cl~ with high
mobility. In the meantime near the membrane, this current is carried almost fully
by P2~ with low mobility. Conservation of the negative charge current requires
that the electric field must be higher in the replaced region, so that the negative
charges carried by different species have the same phenomenal migration speed. A
higher electric field corresponds to a lower concentration of both Kt and negatively
charged species. Therefore, accompanying the replacement of anions by the focused
particles, the concentration of buffer K* is reduced.

3.6. Electric field

The enrichment of particles requires that fluid drag force must be greater than the
electrophoretic force at the entrance of microchannel, while in the mean time, the
later must be greater than the former somewhere inside. This requirement has to be
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Fig. 8. (a) Electric potential and (b) electric field along the center line at varied Vem. It is
noteworthy that the electric field in the particle focused region is much higher than that in the
buffer ion-dominated region at high cross-membrane voltage Vem = 34V . This is a consequence
of almost full replacement of buffer co-ions by the focused particles and simultaneous decreasing
of counter ion concentration (cf. Sec. 3.5).

fulfilled by the variation of electric field m, m, because the average fluid
flow speed is constant all over the microchannel, determined by the conservation of
fluid.

Figure [ gives profiles of electric potential ® along the center line of the chan-
nel and the corresponding electric field component E, at varied Vip. At low Ve,
values of ® and E, are generally dominated by the channel geometry and values of
Vi, and Vg. Increasing of V¢, lowers ® near the membrane and in the downstream
microchannel, elevates E, in the upstream channel and decreases it in downstream.
For example, at V., = 34Vp, the maximum value of F, in the front of the deple-
tion zone is ~542V /cm, nearly 25 times of the channel average value defined by
Vi and Vg (21.5V/cm). In addition, at Ve, > 18V, the direction of the electric
field in the downstream microchannel is reversed (E, < 0, although its magnitude
is very small. This inversed magnitude is to compensate the difference between the
total fluxes of ions and particles and their respective convective fluxes in the down-
stream microchannel. Further increase of V.., induces significantly stronger electric
fields within the microchannel in the upstream, and outside the microchannel in
the down stream. Meanwhile, the electric fields in the downstream microchannel
remain significantly weaker (see the flat bottom of the electric potential profile at
Vem = 34Vp in Fig. B(a)), because the transport of charged species is dominated
by the convective flux driven by fast fluid flow. Reverse of electric field direction in
downstream microchannel has been reported experimentally HML

3.7. Pumping effect

Accompanying ion depletion and formation of extended space charge near the mem-
brane surface, the fluid nearby is accelerated and rotating vortices are generated
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Fig. 9. (a) Pressure distribution along the center of the channel and (b) dependence of the average
flow speed on cross-membrane voltage.

under the amplified electric field. These vortices decrease the pressure in the
upstream channel and increase the pressure in downstream, i.e., a fluid pumping
effect is generated (see Fig. @ a)). This effect has been studied qualitatively through
experimental observations , M] More insights into this effect could be
obtained from the largely linear relationship between the average fluid flow speeds
and Vi, as shown in Fig. B(b). From the fitted expression, we may identify the
contribution from the traditional EOF (U, at Vi, = 0) and that from the ICP
effect (the difference between the actual U, and that caused by EOF). For exam-
ple, at Vo, = 50V the average fluid flow speed is 0.79mm/s. The contribution
from ICP effect is about 3.4 times of that from EOF (0.18 mm/s). This pumping
effect demonstrates an additional advantage of this system: it speeds up the particle
preconcentration processes by several times.

3.8. Fluzes of charged species

Figure [ depicts the steady state fluxes of K™ (red arrows in Fig. [M(a)) and neg-
atively charged species (C1~ and P2~ blue arrows in Fig. [[0(b)), along with the
streamline of the fluid flow. For clarification purposes, fluxes for negatively charged
species in Fig. [0(b) are magnified eight times (as compared with those of K¥ in
Fig.[[Mla)), because their magnitudes are small. In contrast to simple flux profile of
K™ that enters the microchannel and flows out through the membrane, flux field of
negative species is complicated. There is a counterclockwise vortex influx of nega-
tively charged species near the membrane in the upstream channel (driven largely
by fluidic vortex, shown in black color). While at the far end of upstream chan-
nel, there is a clockwise flux vortex as a result of balance between the non-uniform
rightward fluidic flow and leftward electrophoretic motion. In the region where these
two vortices meet, the fluxes of negative particles are almost zero. If we integrate
the fluxes of each species over cross-section (cs) of the channel j,; = fcs JIz,idy,
i=1,2,3, we get a constant large flux for K* (j,.1), and a constant near-zero flux
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Fig. 10. (a) Flux field of KT at Vem = 10Vp; (b) distribution of total negative charge fluxes

(C1~ and P?7) and (c) profiles of one-dimensional projected fluxes. Locations of membrane are
highlighted by thick gray lines.

for negative charges (j; 2 + 2j;,3) in the upstream microchannel (see Fig. [[0)c)).
While, in the downstream, fluxes of all the charged species are almost zero. In
other words, in one-dimensional description, counter ions enter the microchannel
and leave the channel through the membrane, while negatively charged species are
almost stationary at the steady state. These descriptions are also valid for time-
dependent data, although replacement of C1~ by P2~ takes place, until the steady
state is reached.

3.9. Mechanism picture of electric field-driven preconcentration

The integration of results described above permits us to draw a full mechanism
picture for transport of cations, anions, particles and the solvent fluid collectively
in a micro/nanofluidic channel with ICP. Application of V., induces ion depletion
that (1) desalinates the solution in the downstream; (2) stops the motion of co-ions
and particles and (3) speeds up the fluid flow as a pump. If the electrophoretic
mobilities of the particles are smaller than the buffer co-ions, particles enter the
microchannel with fluid and accumulate at the front of the depletion zone and
replace co-ions. During this process, (1) fluid flows at a constant speed; (2) co-
ions are almost stationary and get slowly replaced by the focused particles and
(3) counter ions enter the microchannel and escape through the membrane at a
high speed. In the mean time, replacing anions with charged particles decreases the
concentration of cations, which further set limits for the concentration of charged
particles and anions. As a result, a plateau of particle concentration is formed and
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expands to the upstream channel at high V.,,. These particle accumulation and ion
replacement processes proceed until a steady state is reached.

This mechanism picture may provide n