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ABSTRACT: Previous work has demonstrated the simulta-
neous concentration and separation of proteins via a stable ion
concentration gradient established within a nanochannel
(Inglis et al. Angew. Chem., Int. Ed. 2001, 50, 7546−7550).
To gain a better understanding of how this novel technique
works, we here examine experimentally and numerically how
the underlying electric potential controlled ion concentration
gradients can be formed and controlled. Four nanochannel
geometries are considered. Measured fluorescence profiles, a
direct indicator of ion concentrations within the Tris−
fluorescein buffer solution, closely match depth-averaged
fluorescence profiles calculated from the simulations. The
simulations include multiple reacting species within the fluid
bulk and surface wall charge regulation whereby the deprotonation of silica-bound silanol groups is governed by the local pH.
The three-dimensional system is simulated in two dimensions by averaging the governing equations across the (varying)
nanochannel width, allowing accurate numerical results to be generated for the computationally challenging high aspect ratio
nanochannel geometries. An electrokinetic circuit analysis is incorporated to directly relate the potential drop across the
(simulated) nanochannel to that applied across the experimental chip device (which includes serially connected microchannels).
The merit of the thick double layer, potential-controlled concentration gradient as a particle focusing and separation tool is
discussed, linking this work to the previously presented protein trapping experiments. We explain why stable traps are formed
when the flow is in the opposite direction to the concentration gradient, allowing particle separation near the low concentration
end of the nanochannel. We predict that tapered, rather than straight nanochannels are better at separating particles of different
electrophoretic mobilities.

1. INTRODUCTION

Chemical gradients are ubiquitous. They help direct cell
movement in biosystems, demonstrated to be important for
bacteria survival.1 In neutral systems, chemoattraction/chemo-
repulsion of cells in response to chemical gradients is a
guidance mechanism in signal transduction and nerve growth in
both in vitro and in vivo environments.2 In semiconductor
manufacturing, the manipulation of crystallizing ion concen-
tration gradients near a substrate surface is used to fabricate
advanced inorganic materials.3 In analytical chemistry, sta-
tionary chemical gradients are the basis of a new class of
separation devices. A chemical gradient stabilized within a
micro/nanofluidic device has been used to produce very rapid
preconcentration of proteins in physiological buffers,4 repre-
senting a promising alternative to matrix-based methods such as
isoelectric focusing and chromatographic gradient electro-
phoresis.5,6 Recently, Inglis et al.7 used a stationary ion gradient
to simultaneously concentrate and separate proteins in a
nanochannel. Chemical gradients have also been used to
increase the sensitivity of immunosensors,8 for amplified

sample stacking,9 for continuous-flow concentration polar-
ization,10 and for other particle separations.5 The basis of these
separation methods is that a localized accumulation or
depletion of salt ions causes a perturbation in the conductivity
and electric field and a flow, electroosmotic or other, carries the
molecules to the perturbation site where they become trapped
by opposing electrophoretic and viscous drag forces. For the
effective design of these separation devices, the behavior of the
underlying chemical gradient must be understood.
Controlled chemical gradients can be generated within

micro/nanofluidic devices by a variety of means. Greenlee and
Ivory11 inserted a membrane between two flowing high and low
salt concentration solutions (oriented parallel to the flow
direction) to establish a concentration gradient within the high
salt concentration channel. In a similar vein, Abhyankar et al.12

used a high fluidic resistance membrane to create a
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concentration gradient in a solution without fluid flow. Using
gas absorption, de Jong et al.13 employed a membrane
separating liquid and gas phases within a microfluidic device
to create a pH gradient. Irimia et al.14 demonstrated that
parallel dividers can be used to hinder the cross-stream
diffusion of components flowing along a microfluidic channel,
thus controlling a concentration gradient. While other methods
such as concentration polarization10 have also been used, the
most popular method reported in the literature for producing a
controlled chemical gradient within a micro/nanofluidic device
involves connecting two reservoirs containing solutions of
different concentrations by a channel.15 The low Reynolds
number laminar flow within these devices makes the developed
gradients stable and easy to control. Jeon et al.16 designed a
concentration gradient generator using such a device and
measured the fluorescence of fluorescein isothiocynate (FITC)
concentrations in the absence of any applied electric field.
While the generation of stable concentration gradients within

microchannels is reasonably well understood, stable gradient
generation within nanochannels has received less attention. In
nanofluidic devices, the double layer thickness is comparable to
the channel depth, implying that ion concentrations are
nonuniform across the entire channel depth. This may be
advantageous in terms of particle trapping, but it also increases
the complexity of modeling ion fluxes, fluid velocities, and bulk
solution chemistry. Hence, in order to effectively validate the
modeling of ionic gradients in nanochannels, a method is
required to quantitatively visualize the locally varying solution
chemistry. For this purpose, fluorescent reporter molecules at
low concentration have been added to stronger salt solutions to
visualize concentration gradients; however, such added
fluorophores may actually misrepresent the gradients as they
themselves may focus and hence not represent the concen-
tration of the more dominant salt ions.5 To the best of our
knowledge, the direct visualization of salt/conductivity
perturbation in a micro-nano−microchannel system has only
been reported by Zangle and co-workers.17,18 This group
(primarily) used Alexa Fluor dye (lithium cation), which is pH
insensitive and completely soluble in aqueous solutions, to
visualize concentration polarization propagation at micro-
channel and nanochannel junctions (they did present one

result employing fluorescein but did not explore this fully due
to its pH-dependent fluorescence in their unbuffered system).
A one-dimensional, semiquantitative model was developed to
explore under what conditions concentration polarization
shocks formed and the velocity at which they travel.19

In terms of modeling gradient-based focusing, previous
studies are also generally limited to systems that have a double
layer thickness that is much smaller than the channel depth,
that is, microfluidic systems. Petsev et al.20 used a momentum
balance that neglected viscous and pressure terms to calculate
the movement of a solution under the action of an electric force
and assumed that the average velocity equals the product of the
bulk electroosmotic mobility and applied electric field strength.
Ghosal and Horek21 applied Helmholtz−Smoluchowski slip
boundary conditions on wall surfaces to consider electro-
osmotic behavior under an axial electric field gradient in a
microchannel. In nanofluidic devices, these modeling assump-
tions are inaccurate. Also, in the context of modeling
concentration gradients, the previous theoretical studies22−24

generally only consider binary ionic species (e.g., Na+ and Cl−)
and neglect other secondary species such as H+, OH−, and
buffer ions. However, if quantitative agreement with experiment
is to be achieved, including these secondary species is necessary
as the silica surface charge density is pH regulated by surface
silanol groups.25−27 In the context of detailed nanochannel
simulations, results for multiple ionic species systems which
comprise Na+, Cl−, H+, and OH− (for example) have recently
been presented:28,29 Weak acid and base buffered solutions
(that are so relevant to biological applications) require further
study however.
In this study, we demonstrate the generation and voltage-

control of a stationary ion gradient within four different
(straight and tapered) 75 nm deep nanochannel geometries. A
Tris−fluorescein (TF) electrolyte is employed. As for the
electrolyte chosen by Zangle and co-workers in their study of
concentration polarization and shock propagation,17,18 the
concentration indicating ion (fluorescein) is a dominant ion in
the TF electrolyte, meaning that measured fluorescence is a
true indicator of the pertinent concentration gradient. Also, as
the solution is buffered by Tris, the pH variation in regions
where the fluorescein ions are present is significantly reduced,

Figure 1. (a) Schematic of the nanochannel geometry and (b) layout of the microfluidic chip. Representation of the nanochannel in (c) Cartesian
and (d) cylindrical coordinates. For illustration purposes, the height of the channel H has been greatly exaggerated in all images.
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allowing the measured fluorescence to semiquantitatively
represent depth-averaged anion concentrations. Detailed
numerical simulations give further insight into the experimental
system. The simulations are performed using two-dimensional,
width-averaged equations, and consider multiple, reacting ionic
species within the buffered solution (H+, OH−, Tris, Tris−H+,
HFl−, and Fl2−). The dissociation of silanol groups on the silica
channel walls in response to local pH is modeled (i.e., charge
regulated surfaces). By comparing calculated and measured
fluorescence profiles, we are able to validate the simulations and
hence use the simulations to probe quantities that are not
directly measurable, for example, ion concentration profiles of
all species within the nanochannels. Further, by investigating
the electric and hydrodynamic drag forces on modeled target
molecules, we examine the molecular trapping effectiveness of
the nanochannel system as a function of applied voltage and
nanochannel geometry, providing a better understanding of
how the separation devices that are based on these
concentration gradients7 work.

2. EXPERIMENTAL SECTION
Silicon/pyrex devices shown in Figure 1 were fabricated using standard
semiconductor techniques (described elsewhere7). Four channel
shapes were used: one rectangular and three trapezoidal, each 100
μm long. All solutions were diluted to the working concentration and
filtered to 0.2 μm before placing in the device. Flow in each channel
was between 20 and 150 nL/min. Each fluorescein molecule was
buffered with two Tris molecules giving a bulk pH of 7.1 (measured).
The microchannels on the right and left sides of the nanochannel
carried TF solutions at 2000 and 6 μM, respectively. A biased voltage
(−1.5∼1.5 V) was applied between the two pairs of microchannel
electrodes to generate the potential difference across the nano-
channels. The ion gradients took only a few seconds to form and were
stable.
To calibrate the measured fluorescence intensity to fluorescein ion

concentrations, we pressure filled the nanochannels with 0.5 mM TF
(333 μM Tris, 167 μM fluorescein) containing 0−300 mM NaCl.
Below 50 mM NaCl, the intensity dropped with decreasing salt
concentration, while above this, the intensity changed little with
increasing salt concentration. This means that, above 50 mM NaCl,
the double layers were thin so that the depth-averaged fluorescein
concentration was equal to the bulk concentration. By using the model
outlined in Section 3.2, at the calibration pH of 7.1, the relative
fluorescence of the solution is 85.5% of the fluorescence that would be
emitted if all of the fluorescein present was in its dianionic form (Fl2−).
Knowing this relative fluorescence allowed us to use the calibration
test to express all measured fluorescence intensities as intensity-
interpreted dianionic f luorescein concentrations that we define to be the
depth-averaged concentration of (only) Fl2− that would produce the
measured fluorescence intensity. In line with the model discussed in
Section 3.2, at high pH, this intensity-interpreted dianionic fluorescein
concentration equals the actual depth-averaged fluorescein concen-
tration. Beer−Lambert absorption at the fluorescein concentrations
and channel depths is negligible.

3. THEORY
We predict the behavior of the ions within the nanochannels
using numerical simulations. We use steady-state versions of the
governing equations that represent the laminar flow of an
incompressible Newtonian reacting electrolyte, namely, the
continuity equation, Navier−Stokes equation (including an
electrostatic term), the electric Poisson equation, and Nernst−
Planck ion transport equations (including chemical reaction
source terms).
3.1. Averaging the Governing Equations. Accurately

solving this system of equations in three dimensions is

computationally challenging due to the high aspect ratio
(width to height) of the nanochannels. To calculate current/
voltage curves for KCl solutions flowing through conical
nanopores, Cervera et al.30 averaged Nernst−Planck and
Poisson equations over the cross section of the pores by
assuming that the radial ionic fluxes were negligible and by
ignoring the electroosmotic flow. Hence, in their study,
reported variables represent values averaged over spherical
shells. In a similar vein, Mani et al.19 used a Cartesian-based
averaging method (in the channel depth direction) on the
Nernst−Planck equations to derive a one-dimensional partial
differential equation describing flow through their slowly
varying micronano−microchannel system. They assumed that
the velocity profile was composed of a parabolic pressure-driven
profile and a potential-determined electroosmotic profile based
on the Helmholtz−Smoluchowski equation. Diffusion was
treated in a semiqualitative manner.
In this study, we also average the governing equations across

the nanochannel width, but as this width is not slowly varying
in the axial direction, we perform this averaging in cylindrical
coordinates. Full details are given in the Supporting
Information, SI 1. Figure 1c shows the geometry of the
nanochannel in rectangular coordinates: It is a rectangular
wedge, with side walls located at y = ± W/2 tapering linearly
inward toward an origin that is located outside of the flow
domain. The nanochannel intersects with the microchannels at
both ends of the wedge shape. The height of the channel, H, is
uniform, and at all x locations, this height is significantly less
than the width of the channel W (that is, H ≪ W). Figure 1d
shows the cylindrical wedge used to represent the nanochannel
in the simulations. Variables and cylindrical versions of the
governing equations are averaged over circumferential arcs of
length w that span the channel width (that is, lines of constant
r), resulting in a two-dimensional system. Not only does this
reduce computational requirements, but the coordinate change
is also advantageous as the circumferential averaging arcs
intersect normally with the side walls, simplifying the side wall
boundary condition treatment. Note that, as the final averaged
variables and governing equations are only functions of the two
cylindrical coordinates r and z, the results can be interpreted
using a two-dimensional, Cartesian coordinate system.
Several geometrical and physical assumptions are required to

justify the averaging process. The primary geometrical
assumption required is that the channel height is small. Note
that as W(x) and w(r) are related by the constant γ/tan(γ), at
any x = r, this assumption can be expressed as

≪H w (1)

In this study, it is implied that, when order of magnitude
comparisons, we are comparing only the magnitude of terms
and not their signs. The symbols ∼, ≲, ≳, ≪, and ≫ denote
order of magnitude comparisons. The primary physical
assumption is that the height of the channel is smaller than
or of a comparable magnitude to the double layer thickness:

δ≲H (2)

Combined with the small channel height assumption, it follows
that the (local) double layer thickness δ is also much smaller
than the width of the channel:

δ ≪ w (3)

The above assumptions imply that the double layers from the
top and bottom walls overlap, so that at all locations within the

Langmuir Article

dx.doi.org/10.1021/la500206b | Langmuir 2014, 30, 5337−53485339



flow domain, the local net charge within the fluid is nonzero,
and the local electrical field is significantly affected by the
surface charge from at least one wall. This allows us to assume
that, for the majority of the variables, average values are
approximately equal to local values, except near the side walls
(located at θ = ± γ/2) where conditions are most affected by
the side wall double layers. If we further assume that the
average and local values have similar orders within these side
wall double layers (reasonable for most variables as every point
within the flow domain is affected by at least one double layer)
then this combined assumption becomes, for a generic scalar ϕ,

ϕ
ϕ

γ γ θ γ
′
̅

∼ − < | | <

≪

δ
⎧
⎨⎪
⎩⎪

1 if
2 2

1 otherwise (4)

where γδ = δ/r is the local angular double layer width. In the
subsequent analysis, we assume that eq 4 applies to the two
velocity components vr and vz (laminar flow assumed), the net
fluid charge density ρe, the concentration of the ith species ni,
and the potential gradients (∂U)/(∂r) and (∂U)/(∂z), where U
is the potential.
Finally, consistent with the assumption of flow occurring in

predominantly the r-z plane, we assume

̅
≲

̅
≲θ θv

v
v
v

1 and 1
z r (5)

By utilizing these assumptions, the averaged governing
equations can be expressed in two-dimensional Cartesian
coordinates as follows (detailed in the Supporting Information,
SI 2):

∇· =v
W

W
1

0
(6)

εε
ρ∇· ∇ = −

W
W U0

e (7)

ρ μ ρ=∇· −∇ + ∇· ∇ − ∇vv v
W

W p
W

W Ue (8)

∇· =j
W

W S
1

i i (9)

= − ∇ + ∇
⎡
⎣⎢

⎤
⎦⎥j vn n

z e
k T

n Ui i i i
i

i
B (10)

∑ρ = z en
i

i ie
(11)

where W(x) is the local channel width, ρ is the fluid density, p
is the pressure, ε is the dielectric constant, ε0 is the permittivity
of vacuum, μ is the viscosity, v is the velocity, kB is the
Boltzmann constant, T is the temperature, e is the electron
charge, ji, Si, zi and i are the ionic flux, reaction term, signed
valency and diffusivity of species i, respectively, and the sum in
eq 11 is over all charged species present. Note that, for constant
W (that is, a straight channel), these equations become
notationally identical to their unaveraged Cartesian forms,
implying that, given the assumptions employed in our analysis,
the side wall double layers do not affect the width-averaged flow
behavior within the nanochannels.
3.2. Chemical Reactions. In general, five dissociation

reactions affect the local concentrations of the eight species in
our TF system:

↔ +

− ↔ +

↔ +

+ −

+ +

− − +

H O H OH

Tris H Tris H

HFI FI H

2

2
(12)

↔ +

↔ +

+ +

− +

H FI H Fl H

H Fl HFl H

3 2

2 (13)

However, except under very acidic conditions (pH ≤ 4.5),
fluorescein molecules (H2Fl) generally release protons in
aqueous solutions meaning that the monoanion and dianion
forms (i.e., HFl− and Fl2−) are dominant and the cation and
neutral forms (i.e., H3Fl

+ and H2Fl) can be neglected.31 Hence,
we simplify our model by neglecting the protonization and first
deprotonization reactions of fluorescein and consider only the
three dissociation reactions and six related species in eq 12 (this
simplification is validated in the Supporting Information, SI 3).
The local forward rate of each reaction listed in eq 12 is given

by

= − + −R k K n n( )1 w w H OH (14)

= −
−

+

+

⎛
⎝⎜

⎞
⎠⎟R k K

n n
n2 Tris a,Tris

Tris H

Tris H (15)

= −
− +

−

⎛
⎝⎜

⎞
⎠⎟R k K

n n
n3 fluorescein a,fluorescein

Fl H

HFl

2

(16)

where kw, kTris, and kfluorescein are the reaction constants for water
dissociation, Tris protonation, and second fluorescein depro-
tonation, respectively, and Kw, Ka,Tris, and ka,fluorescein are the
corresponding equilibrium constants. Reliable values for the
Tris protonation and second fluorescein deprotonation reaction
constants are not readily available. Hence, we use the water
dissociation reaction value for these constants. Sensitivity tests
have shown that, provided these two constants (kTris and
kfluorescein) are in the same range as that for water (kw), the
computational results are quite insensitive to their specific
values. Finally, stoichiometry of eq 12 is used to express the
local source terms Si used in the Nernst−Planck equations (eq
9) in terms of the local reaction rates: SH

+ = R1 + R2 + R3, SOH
−

= R1, STris = R2, STris−H
+ = −R2, SHFl

− = −R3, and SFl
2− = R3.

The charge on the nanochannel surface depends upon the
degree of dissociation and the number density of silanol groups
it carries. This dissociation reaction can be described by

↔ + =
≡

≡
− +

−
+

K
n

SiOH SiO H and
[ SiO ]

[ SiOH]a,silanol
s H

s
(17)

where [SiO−]s and [SiOH]s are the concentrations of
silanol groups and silicic acid groups on the nanochannel
surface, respectively, and Ka,silanol is the silanol group
equilibrium constant. Assuming local equilibrium, eq 17 leads
to an expression for the surface charge in terms of the local H+
concentration as

σ = − Γ
+ +

e
K

K nd
a,silanol

a,silanol H (18)

where Γ is the number density of the silanol groups. Reaction
parameters used in simulations are listed in Table 1.
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3.3. Nanochannel Computational Method. Even with
the use of the averaged governing equations, the widely varying
length scales of the physical device present some numerical
challenges. Two techniques are used to circumvent these
difficulties. (a) As the microchannels that feed the nano-
channels have a height that is orders of magnitude larger than
the nanochannel height (10 μm vs 75 nm), the microchannels
cannot be simulated in their entirety via the same two-
dimensional simulations employed to model the nanochannel
flows. Instead full two-dimensional simulations are performed
only within individual nanochannels, with the affects of the
microchannels on these simulations incorporated via an
electrokinetic circuit analysis that is used to determine the
appropriate boundary conditions (detailed in the next two
sections). “Reservoir” regions having a relatively large height
and width are added to the end of the nanochannel flow
domain to model the interface between the two length scale
geometries (see Figure 2). Conditions at the ends of the
reservoirs represent those in the attached microchannels. (b)

Second, as the length to height ratio of each nanochannel is
large (greater than 1000), the simulation flow domain is
discretized using a hybrid structured/unstructured mesh that is
able to resolve the flow accurately while keeping computational
costs within practical limits. Within the nanochannel
themselves, a structured mesh is used with cell size varying in
both the axial and cross-stream directions to concurrently
resolve both the electric double layers and flows occurring
around the nanochannel ends. Within the reservoirs, a
combination of structured and unstructured cells is used to
allow a smooth transition between the fine mesh elements of
the nanochannel double layer/ends and coarse mesh elements
at the reservoir ends. Symmetry along the channel half-plane is
assumed to further decrease the computational cost: While this
slightly misrepresents the shape of the connecting micro-
channel regions, testing showed that, provided the reservoirs
are large enough, their actual shape has little effect on the
results. Figure 2 provides more detail.
A careful mesh sensitivity analysis is conducted to ensure that

the flow within the nanochannels was adequately resolved.
Using the presented mesh structure, we are able to generate
effectively mesh-independent results using approximately 134
000 computational cells. Details of boundary conditions applied
in the simulations are available in the Supporting Information,
SI 4.
The open-source multiphysics solver arb33 is used to solve

the system of equations and boundary conditions. arb
discretises transport equations using an implicit finite-volume
method and solves the resulting numerical system via a
backstepped, Newton−Raphson method. In the context of
electrokinetic and nano/microfluidic flows, this solver has been
used to calculate the electrokinetic flow of a binary electrolyte

Table 1. Reaction Constants and Number Density of the
Silanol Groups Used in the Simulations

variable value ref

kw = kTris =
kfluorescein

1.4 × 1011 1/(s M)

pKw 14
pKa,Tris 8.06 Persat et al.32

pKa,fluorescein 6.36 Diehl and Markuszewski31

pKa,silanol = 7.5 7.5 Andersen et al. 25 and Behrens
and Grier26

Γ 5 nm−2 Lorenz et al.27

Figure 2. (a) Two-dimensional numerical simulations are performed within a flow domain composed of a single nanochannel sandwiched between
two reservoirs. The reservoirs model the junction with the surrounding microchannels. Insets show example mesh detail within: (b) the body of the
reservoirs, (c) the nanochannel and reservoir junction area, and (d) the nanochannel.
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through parallel nanochannels,34 pressure and potential losses
resulting from electrokinetic flow through nanofluidic bends
and junctions,35 and interfacial mass transfer and reaction in a
Y−Y microfluidic channel.36,37 Input files that demonstrate the
discretization technique for the flow of a binary electrolyte
through a charged channel are available for download.38 The
computational mesh was generated using the open-source
program gmsh.39

3.4. Electrokinetic Circuit Analysis. As mentioned in
Section 3.3, the large length scale difference in the device
necessitates the use of a circuit analysis to capture the effects of
the microchannels on the concentration gradients produced in
the nanochannels.
A schematic of the network is shown in Figure 3. Fluid enters

the network via the two circular ports on the right and leaves

via the two ports on the left. Fluid in the upper microchannel is
at a low potential and has a low electrolyte concentration. Fluid
in the lower microchannel is at a high potential and has a high
electrolyte concentration. Eight parallel nanochannels connect
the upper and lower microchannels; only one of these
nanochannels can be simulated at once using two-dimensional
simulations. Our objective here is to relate the potential
difference existing over the length of one of these nanochannels
Δu (that is, to be applied in the simulations) to the potential
difference applied between the ports (electrodes) of the
microfluidic chip ΔU that contains all eight nanochannels
(that is, those reported in the experiments).
The network analysis is based on conservation of fluid flow

and conservation of total charge. This type of circuit model is
referred to as a Total Current Model (TCM).40 We note that,
in general, conservation of ion currents (the current due to the
flux of one ion species), rather than just the total current, is
required in electrokinetic circuit analysis. However, in the
present system, the double layers within the microchannels are
small relative to the microchannel depth (10 μm), so on the
basis of previous analysis of a similar system,40,41 we expect the
TCM to be adequate. This assumption is equivalent to
assuming that the (geometric mean) ion concentration is the
same in both of the inlet and outlet legs of the two
microchannels. Note that numerical simulations are used to
predict the ion current behavior within the nanochannels and
so do not require this thin double layer assumption.
The flux variables q and i employed in the circuit analysis

represent the total flow rate and current moving through all of
the eight parallel nanochannels, whereas the simulations predict
the flow rate qsim and current isim that flows through a single
straight nanochannel. As the eight parallel nanochannels are of
different geometries, to quantitatively calculate the total fluxes
from simulation results, we would need to simulate every
nanochannel geometry for each applied voltage. For practical
reasons, we have not done this. Instead, we assume that the

Figure 3. Schematic of the electrokinetic circuit contained on the chip.

Figure 4. Concentrations within the rectangular nanochannel: (a) experimental and (b) theoretical average intensity-interpreted Fl2− concentration
in a rectangular nanochannel at various levels of applied voltages (outside braces: ΔU; inside braces: Δu). Frame (c) shows the top view (x−y plane)
of the experimental fluorescein intensity and side view (x−z plane) of the theoretical local intensity-interpreted Fl2− concentration (expanded 300
times in the z direction) at various applied voltages.
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total fluxes are some (constant) multiple of the straight-channel
simulation-predicted fluxes, namely, q = Mqsim and i = Misim,
and employ these equations to calculate ΔU. As simulations for
all channel geometries have been performed for Δu = 0 V, we
calculate M using this nanochannel voltage (using the data
listed in the Supporting Information, Table SI 5.2) and assume
that this M value also applies at other voltages. Using this
method M is found to be very close to 6 (based independently
on both flow rate and current), meaning that the total flow rate
and current passing through the eight parallel nanochannels are
almost equivalent to those that would pass through six straight
nanochannels given the same potential difference. Full details
are provided in the Supporting Information, SI 5.

4. RESULTS AND DISCUSSION

4.1. Rectangular Nanochannel. The concentration
gradients generated at each applied voltage are observed from
the fluorescence intensity in the experiments and are also
numerically calculated. Figure 4a, b shows the intensity-
interpreted Fl2− oncentration in the straight nanochannel.
The potentials in Figure 4a are the experimentally applied
potentials, with the high salt concentration ports positively
biased (ΔU). In the modeling (Figure 4b), the potentials inside
the brackets are the potentials applied across the nanochannels
(Δu) while the potentials outside the brackets are the potentials
across the microchannels (ΔU) calculated via the electrokinetic
circuit analysis. There is a high degree of correspondence
between the experimental and simulations results, across the
range of applied voltages. The closest quantitative correspond-
ence between the results occurs at slightly different micro-
channel potentials (ΔU) however. These small differences are
most likely due to two approximations used in the circuit
analysis: (a) The multiplier M may show some dependence on
the applied voltage (as detailed in Section 3.4, for practical
reasons,M was calculated based on Δu = 0 results); and (b) the
circuit analysis assumes that, when calculating the microchannel
conductances, the salt concentrations are uniform and equal to
the inlet values in each microchannel. In reality, ion transport
through the nanochannels can affect these microchannel
concentrations, altering the microchannel conductances
(particularly the low concentration current conductance ′i),

and this could produce an offset in the predicted ΔU values in
line with those observed in Figure 4a, b.
The concentration profiles shown in Figure 4 are indicative

of the bulk flow direction in the nanochannels. When the
applied voltage is significantly positive (ΔU≫ 0), the positively
charged solution flows electroosmotically from the high TF
concentration (right) microchannel to the low TF concen-
tration (left) microchannel, bowing the concentration profile
toward the low concentration end of the nanochannel. When
ΔU ≪ 0, the direction of the flow is opposite, bowing the
concentration profile the other way. The concentration profile
is close to linear in the nanochannels when ΔU ≈ 0; however,
there are some subtleties to these low potential profiles which
are noteworthy: (a) The potential across the nanochannels is
not zero (Δu ≈ −0.1 V) when the concentration profile is
closest to being linear; and (b) when the nanochannel voltage
difference is zero, the concentration profile bows toward the
low concentration end of the channel, suggesting that a bulk
flow directed toward the low concentration end exists under
these conditions (Δu = 0 and ΔU = 1.2 V).
Both results can be attributed to chemiosmotic effects42 that

are present in the channel (driven by the concentration
difference along the channel) that start to dominate electro-
osmotic effects when the applied potential is low. We now
examine these chemiosmotic effects.
Within the double layer adjacent to the negatively charged

silica surface, the potential is negative, creating an electric field
that acts on the positively charged fluid to produce a force that
is directed toward the solid. Concurrently, the pressure
increases within the double layer, producing a counter-acting
force on the fluid, directed away from the solid. Along a wall
that has a uniform surface charge, surrounded by solute having
a uniform (bulk) concentration, these pressure and electric
forces cancel, and no fluid flow results.
In the present system, the solute concentration varies along

the length of the channel. As the solute concentration increases,
the double layer adjacent to the silica wall changes in two
significant ways: (a) It becomes thinner due to the increased
charge density in the fluid (the Debye length is inversely
proportional to the square root of solute concentration); and
(b) salt ions displace protons within the double layer,
decreasing the number of uncharged silanol groups on the

Figure 5. Schematic of the driving forces.
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surface and increasing (in magnitude) the negative charge on
the wall.
Both of these changes alter the pressure and potential fields

near the walls and in so doing create tangential pressure and
potential fields along the length of the channel (see Figure 5).
These tangential fields can drive fluid flows toward either end
of the channels via a process known as chemiosmosis.42,43

In the experiments conducted here at an applied nano-
channel voltage of zero (Δu ≈ 0), the chemiosmotic flow is
directed toward the low concentration end of the channel,
bowing the concentration profiles toward the low concentration
microchannel as discussed above. The direction of this
chemiosmotic flow is broadly consistent with the one-
dimensional diffusioosmotic flow modeling performed by Ma
and Keh.42 Specifically, Ma and Keh show that, under similar
conditions, the fluid flows toward the low concentration end of
a channel when the nondimensional zeta potential magnitude is
greater than approximately four. Ma and Keh’s study did not
employ the regulated surface charge model used here however
and used a zero net current condition in their analysis
(characteristic of diffusioosmotic flow) rather than a specified
potential drop condition used here. Using additional simu-
lations that employ an (artificially) varying surface charge
within a two-dimensional channel containing a uniform (bulk)
concentration solute, we found that the flow velocities
produced are much smaller than for the full simulations,

suggesting that effect (b) described above (increase in surface
charge) is considerably less significant than effect (a) above
(increase in solute concentration) for the system modeled here.
Note that effect (a) is the more conventional description of
chemiosmosis found in the literature.
The top view (x−y plane) of the experimental fluorescein

intensity and side view (x−z plane) of the theoretical local
intensity-interpreted FI2− oncentration within a rectangular
nanochannel is shown in Figure 4c. The concentration profile
across the nanochannel depth direction (z direction), which is
not available experimentally, is not uniform due to the
overlapping double layers from the top and bottom walls of
the nanochannel. The experimental results show that the ion
concentrations are uniform across the channel width. Both
observations are in line with the averaging assumptions
employed in Section 3.1.
Figure 6a shows the electric field in the rectangular

nanochannel as a function of applied voltage. The average
and centerline electric fields are slightly different due to the
presence of the (overlapping) double layers and channel end
effects. The electric field becomes stronger as concentration
(conductivity) decreases, qualitatively in line with species
conservation along the channel (ignoring reaction effects) as
described by eqs 9 and 10.
In modeling the trapping of proteins within their separation

device, Inglis et al.7 also modeled the formation of a chemical

Figure 6. Rectangular nanochannel results: (a) Relationship between the axial electric field (in the x direction) and nanochannel position for various
applied voltages. Black solid curves: the local electric field along the nanochannel centerline; red dot curves: the average electric field along the
nanochannel. A positive field is directed toward the high concentration end of the nanochannel. (b) Trapping a negatively charged spherical particle
in the rectangular nanochannel: The total force (hydrodynamic drag force + electric force) at the centerline of the nanochannel as a function of
position and applied voltage is shown in frame (b). Orange dots indicate the zero total force (trap) locations. (c) Relationship between the valency/
radius ratio, trap position, and applied voltage. Applied potentials are given (outside braces: ΔU; inside braces: Δu).
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gradient along the length of a nanochannel. While their model
could reproduce observed concentration enhancements and
qualitatively predict protein trapping behavior, several
assumptions invalidate their concentration gradient model for
more general (or design) use. First, a uniform nanochannel
surface charge was employed, with multiple values used to
ensure consistency between the different simulation and
experimental measurements (−80 000 and −35 000 e/μm2

were used in separate figures, as listed in their Supporting
Information, Table 1). In contrast, the regulated surface charge
model used here uses the same independently measured
parameters for all simulations, reproducing the observed
concentration gradients across a variety of applied voltages
and nanochannel geometries (Section 4.3). Second, the
previous model assumed that there were no electric potential
drops within the microchannels, with the full potential drop
over the device being applied across the nanochannels (4 V, as
listed in their Supporting Information, Table 1). The circuit
analysis conducted on the present system shows that the
potential drops in the microchannels are comparable to those
over the nanochannels, necessitating the use of the circuit
model in quantitatively modeling this system.
4.2. Forces on Targeted Particles. An application for this

controlled chemical gradient device is particle focusing and
separation. Via electric field manipulation, trap locations and
hence separation efficiency can be tuned. We discuss this
behavior in the present thick double layer nanochannel using
the example of a charged spherical particle.
The drag and electric forces that act on a particle depend on

the local electric field and the velocity and are given by

= = πμ vz e RF E Fand 6e p d p (19)

respectively, where zp and Rp are the valency and hydrodynamic
radius of the targeted particle, respectively. Particles are trapped
at locations where the total force (Fd + Fe) is zero. Hence,
particles possessing the same (signed) valency (charge) to
radius ratio (zp/Rp) are trapped at the same location.

Additionally, for a particle to be trapped, it must (a) have a
charge of the same sign as the silica surface (i.e., negative)
otherwise it would attach to the silica surface and (b) be at a
“stable” trap location around which the total forces acting on
the particle point toward (rather than away) the trap location.
To illustrate, Figure 6b shows the variation of total force on a

negatively charged spherical particle at the centerline of the
rectangular nanochannel at different applied electric voltages.
Note that along the centerline of the channel, due to symmetry,
the drag and electric force vectors are directed axially. The
trapping behaviors observed at each applied electric potential
can be classified into three categories: (i) the flow direction is
the same as the diffusion direction; (ii) the solution is almost
stagnant; (iii) the flow direction is opposite to the diffusion
direction. For cases (i) and (ii), the gradients of the total force
versus nanochannel position curves are negative (red and green
curves) implying that any particle that is near the trap location
is pushed toward the trap. Hence, cases (i) and (ii) are stable
traps. Conversely, for case (iii), the gradient of the total force
curve is positive (blue curve). Although the total force at the
trap location is zero, if a particle were to deviate from this
location, the total force on it would push if further away from
the trap. Hence, case (iii) represents an unstable trap that
would be ineffective for particle trapping. Note also for case
(iii) that a negatively charged particle would not migrate into
the nanochannel in the first place due to the overall force
distribution.
The zero total force (trap) centerline locations for different

levels of the valency/radius ratio are plotted in Figure 6c. For
case (i) (red curves), a rapid increase of the electric field near
the low TF concentration end of the nanochannel provides a
separation zone for the particles (consistent with previous
experimental observations in a similar system7). For case (ii),
the green curve reveals that most of the particles are trapped at
one specific location (∼21 μm); however, due to the almost
zero electric field and electroosmotic velocity, limited (or no)
particles enter into the nanochannel. Hence, the focusing may

Figure 7. Concentrations within the tapered nanochannels: (a) experimental and (b) theoretical average intensity-interpreted Fl2− concentration at
ΔU = 1.2 V (Δu = 0 V) as a function of nanochannel taper. The tapered channels are widest at the low concentration (left) end of the nanochannel.
Frame (c) shows the top view (x−y plane) of the experimental fluorescein intensity and side view (x−z plane) of the theoretical local intensity-
interpreted Fl2− concentration (expanded 300 times in the z direction) at ΔU = 1.2 V (Δu = 0 V) as a function of nanochannel taper.
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be difficult to detect (or even not exist) despite the existence of
the zero total force position in this case. For case (iii), the blue
curves increase gradually from the low to high TF
concentration ends; however, as discussed above, these traps
are unstable and hence not suitable for particle focusing and
separation.
4.3. Tapered Nanochannels. The influence of nano-

channel shape on the solute concentration gradient is
demonstrated in Figure 7. The simulation and experimental
results are in good agreement, showing that our width averaged
equations are able to capture the change in physical behavior as
the geometry changes. For the displayed simulations where
chemiosmosis is driving fluid flow from the high (right)
concentration to low (left) concentration end of the nano-
channel (Δu = 0 V), volume conservation dictates that the
average fluid velocity at the low concentration end will be
smaller than at the high concentration end. The principal effect
of this is to reduce the magnitude of the advection term in the
ion flux equations at the low concentration end of the
nanochannel, thereby reducing the bowing of the concentration
profiles observed in Figure 7a, b. For these low voltage
conditions, the greater the degree of channel taper, the more
linear the concentration profile.
The electric fields and velocity along the lengths of the

tapered nanochannels are shown in Figure 8a, b. Again, for
these simulations, Δu = 0 V, representing a chemiosmotically
driven flow. The fields within the tapered channels have the
same steep increase in magnitude near the low concentration
end as observed for the straight channels but in contrast
increase again from approximately 20 μm to a second maximum

at the high concentration end. This increase, which occurs over
the majority of the channel length and increases with taper
amount, can be related back to the electrical Poisson eq 7.
Noting that the total charge within the fluid contained within
the channel is largely balanced by the wall charge along the
majority of the channel length, this equation shows that the
product of the average axial field and channel width is
approximately uniform along the channel. Hence, as the
channel width decreases, the field magnitude increases.
Figure 8c shows the net effect of the tapered channel field

and drag forces on the centerline trap positions of a charged
spherical particle, displayed as a function of the valency/radius
ratio. At the same position, the particles trapped in the more
highly tapered nanochannels have a smaller valency/radius
ratio. For example, at 20 μm from the low concentration end,
the valency/radius ratio is about 6.5 for the 1:5 tapered
nanochannel but is less than 6 at the same location in the 1:9
tapered nanochannel. Significantly, the trap curves are less steep
in the more highly tapered nanochannels, implying that
particles of differing valency/radius ratio will be trapped at
locations that are more widely spaced. Hence, the more tapered
channels will show greater discrimination when used for
particle separation. As discussed previously, the trap location of
a particle is determined by the balance between the electrical
and drag forces that act upon it. Hence, the greater separation
sensitively that occurs in a tapered channel is not only due to
the altered electrical field within the channel (as shown in
Figure 8a) but also due the varying average velocity within the
channel (as shown in Figure 8b).

Figure 8. Tapered nanochannel results: The relationship between (a) the electric field and nanochannel position, (b) the velocity and nanochannel
position, and (c) the valency/radius ratio and the trap location for a negatively charged spherical particle, at ΔU = 1.2 V (Δu = 0 V) as a function of
nanochannel taper. In frames (a) and (b), black solid curves: the local value along the nanochannel centerline; red dot curves: the average value
along the nanochannel.
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5. CONCLUSION
The variation of a fluorescein concentration gradient in
response to an applied electric field in a nanofluidic device
was investigated experimentally and via modeling. In the
modeling, averaged governing equations based on cylindrical
coordinates were adopted to simplify the three-dimensional
system and allow accurate numerical solutions to be obtained.
Also, a proton concentration governed charge regulated silica
surface was used, with multiple reacting ionic species accounted
for in the fluid. A high degree of correlation between the
experimental and modeling results, in the absence of fitting
parameters and for a variety of applied voltages and channel
taper ratios, validates our approach. Using the simulations as an
analysis tool, we have examined the performance of the
channels to trap and separate particles. In the straight
nanochannel, if the direction of flow is opposite to that of
the salt gradient (that is, flows from the high to low
concentration end), the electric field increases sharply at the
low salt concentration end of the nanochannel, and the traps
that form there are stable and can discriminate between
particles of differing charge to size ratio. Trapping under these
types of conditions has been observed previously.7 If the net
flow rate of fluid through the nanochannel is very low, the
electric field may change direction near the low salt end of the
nanochannel reducing the particle trap region to almost one
specific location: Such a trap, although stable, would
concentrate particles poorly and is not able to separate particles
effectively. If the flow direction is the same as the salt gradient
direction, all traps are unstable (and hence not physically
realizable) as the net forces on any negatively charged particle
are directed away from the trap location. In tapered
nanochannels, the electric field increases at both ends of the
channel, and due to this effect and the varying fluid velocity,
channels with greater tapers are better able to achieve particle
separation.
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