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It is well known that charged analytes in the presence of nonuniform electric fields concentrate
at locations where the relevant driving forces balance, and a wide range of ionic stacking and
focusing methods are commonly employed to leverage these physical mechanisms in order to
improve signal levels in biosensing applications. In particular, nanofluidic channels with spatially
varying conductivity distributions have been shown to provide increased preconcentration of
charged analytes due to the existence of a finite electric double layer (EDL), in which electrostatic
attraction and repulsion from charged surfaces produce nonuniform transverse ion distributions. In
this work, we use numerical simulations to show that one can achieve greater levels of sample
accumulation by using field-effect control via wall-embedded electrodes to tailor the surface
potential heterogeneity in a nanochannel with overlapped EDLs. In addition to previously
demonstrated stacking and focusing mechanisms, we find that the coupling between two-
dimensional ion distributions and the axial electric field under overlapped EDL conditions can
generate an ion concentration polarization (CP) interface in the middle of the channel. Under an
applied electric field, this interface can be used to concentrate sample ions between two stationary
regions of different surface potential and charge density. Our numerical model uses the Poisson-
Nernst-Planck system of equations coupled with the Stokes equation to demonstrate the
phenomenon, and we discuss in detail the driving forces behind the predicted sample
enhancement. The numerical velocity and salt concentration profiles exhibit good agreement with
analytical results from a simplified 1D area-averaged model for several limiting cases, and we
show predicted amplification ratios of up to 10°.

L. INTRODUCTION

A constantly evolving understanding of natural biological processes coupled with advances in micro- and
nanoscale fabrication technologies has recently spurred the development of myriad novel devices for bioassays,
protein and DNA separation/amplification, and other lab-on-chip processes [1-7]. The small scale of these devices
introduces many obstacles that must be overcome through engineering prowess, however, and a primary concern in
the field remains the necessity for sample analyte preconcentration in bioanalytical micro- and nanofluidic devices
[2,8]. Innovative focusing techniques utilizing electrokinetic phenomena such as field-amplified sample stacking
(FASS) [8-11], ion concentration polarization [12-17], isotachophoresis [18], isoelectric focusing [19], concentration
gradient focusing [20], and many others have been introduced to address and resolve this prevalent issue. In many
such cases, anionic analyte focusing is achieved by exploiting the competition between electroosmotic flow (EOF)
and electrophoresis in order to drive the anionic species to a location where the upstream electrophoretic velocity
balances the downstream bulk electroosmotic fluid flow [10,14,16]. These enriched ions can then be interrogated,
separated, or otherwise manipulated for further downstream processing once the level of sample molecules reaches
the threshold limit for the desired application, allowing for increased sensitivity of bioanalytical devices [12,15].

In traditional field-amplified sample stacking methods, electric field gradients are used to drive analyte ions to an
interface between a background solution and an injected plug of lower conductivity fluid [8]. This effect occurs
regardless of the EDL thickness, and can thus be achieved in microscale channels and/or with higher electrolyte
concentrations in nanochannels. Sustarich et a/ [10] discovered that in nanochannels, greater FASS enhancement
ratios can be obtained due to flow focusing and electrostatic repulsion of sample ions towards the channel center by
finite-sized but non-overlapping EDLs. These FASS techniques produce short-lived enhancement, however, as they
require a propagating plug which is prone to diffusion and dispersion due to pressure gradients induced by



nonuniform EOF [9]. In the regime of overlapped EDLs, other approaches such as CP leverage the charge-selective
nature of EDL structures by generating stationary or propapagating “shock™ zones of ion accumulation or depletion
near permselective microchannel/nanochannel junctions, as first visualized by Pu et al [12] and later described in
detail by Mani et al [14] and Zangle et al [15]. They found that these CP phenomena are primarily governed by the
background electrolyte (BGE) concentration, the analyte mobility, the channel height, the induced surface charge
that establishes the electric double layer structure, and the applied electric field strength. All of these factors
determine the nature and extent of the observed concentration polarization, and therefore the subsequent analyte
preconcentration capabilities of CP-based methods.

Researchers have also previously investigated the effects of nonuniform EOF due to spatially varying surface
properties realized through field-effect control and/or various surface treatments. Schasfoort ez al [21] first presented
a device they designated a “flowFET” which allowed for local zeta potential and electroosmotic flow control
through field-effect modulation via a gate electrode near the channel wall. Herr et al [22] later developed a simple
1D model to represent nonuniform EOF in a capillary with a step change in zeta potential due to surface adsorption
of an EOF-suppressing polymer. Fu et al [23] investigated a similar configuration of heterogeneous zeta potential in
more detail by accounting for local ion distributions and electroosmotic advection using a Nernst-Planck model.
More complex models have since been generalized to represent micro/nanofluidic systems with arbitrary
nonuniform surface charge and/or variable heights [14,16,24]. Applications ranging from integrated fluid field-effect
transistors to nanofluidic diodes have also emerged following fundamental discoveries reported by researchers such
as Karnik ef al/ [25] and Daiguji et al [26], respectively; as a result of this research and other similar works [1, 27-
33], nanofluidic channels with nonuniform surface potential have been shown to exhibit tremendous promise when
it comes to controlling the behavior of bulk fluid and individual ions on-demand. Moreover, Jin and Aluru [32]
showed that in addition to exhibiting FET properties, nanochannels with wall-embedded electrodes used to tailor the
surface charge and potential can be leveraged for variable analyte stacking by tuning the applied gate voltage. To
our knowledge, however, no studies to date have investigated in-depth the preconcentration capabilities of
nanochannels with nonuniform surface properties achieved through field-effect control.

The remainder of this manuscript is organized as follows. In Section II, we present the underlying governing
equations for ion transport in the nanofluidic system, and we describe in detail our 2D numerical model along with
the simulated boundary conditions. The preconcentration simulation results are presented in Section III, in which we
discuss the causes and limitations of the predicted sample enhancement. We reveal that the mechanisms which lead
to sample accumulation are effectively the same as the driving forces behind FASS and CP, as field-effect surface
charge modulation can induce axial gradients in the ionic conductivity distribution and generate concentration
polarization interfaces between distinct regions of the channel due to large arca-averaged EDL gradients. These
combined effects are shown to only occur in nanochannels with sufficiently large electric double layers relative to
the channel height, and in channels with nonuniform zeta potential. Our results predict achievable sample
enhancement ratios which exceed those from traditional FASS by more than two orders of magnitude [10,11].
Finally, we conclude by summarizing the main points of our findings in Section IV.

II. THEORETICAL AND NUMERICAL FRAMEWORK
A. Nanofluidic system

The system we are modeling consists of a nanofluidic channel with embedded, addressable electrodes along half
of the channel length (see Figure 1). These gate electrodes, which are isolated from the fluid within the channel by a
thin dielectric layer, allow for field-effect modulation of the local surface charge density and electric potential at the
fluid/solid interface in this region of the channel. The nanochannel connects two reservoirs which are significantly
larger than the channel and are filled with a solution of background electrolyte ions. In nanofluidic systems such as

this, high geometric aspect ratios generally result in channels with very small height-to-width ratios (H /W <<1),

and therefore a depth-averaged 2D analysis is a reasonable approximation of the transport conditions.
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FIG. 1. Diagram of the described nanofluidic device with embedded electrodes in the top and bottom channel
walls, showing example ion distributions in a channel with modified surface charge and potential (top center), as
well as the EDL potential and velocity profiles near an embedded electrode (bottom right).

B. Governing equations and 2D numerical model

The foundation for ion transport within the channel is the Poisson-Nernst-Planck system of equations, which
accounts for the local ion distributions arising from electrostatic interactions with the charge-regulated channel
walls. These equations are coupled with the Navier-Stokes equations to account for the advective transport of ions
through the channel due to electroosmotic flow from an applied electric field [23,24]. Since the nanofluidic channel
is long and thin, it is convenient to separate the local electrostatic potential of the fluid into a potential ' associated
with the applied electric field, which varies in the axial direction inside the channel, and an intrinsic EDL potential
w which can vary in both the axial and transverse directions for nonuniform EOF cases. Separating the EDL and
applied potentials in this manner facilitates comparison between our numerical simulations and the 1D area-
averaged verification model presented in the supplemental material [34], and is similar to the approach found in
previous works which assume that the EDLs are in equilibrium in the transverse direction [14,24,32] but can vary in
the axial direction due to effects such as CP.

We use Poisson’s equation to relate the electrostatic potential distribution throughout the fluid to the spatial free
charge density of ions in solution,

-V (V+y)=p,, (1)

where £, is the permittivity of free space, &; is the dielectric constant of the electrolyte solution (assumed to be a
constant £ =80.1), p, is the local volumetric charge density, V" is the potential associated with an applied electric

field, and y is the local EDL potential. The charge density p, effectively represents the net free charge present due

to a local imbalance of cations and anions in solution, and can be expressed as p, = F Z zc, , where F is Faraday’s

i=1
constant, z, is the ion valence of species 7, ¢, is the molar concentration, and m is the number of species in solution.
Following previous works, we assume that the concentration of sample ions is much lower than the BGE ion

concentrations, such that the sample has a negligible influence on the charge density [10,15]. The local potential
V +w is specified to be equal to an applied potential at the top boundary of the inlet reservoir and grounded at the



top boundary of the outlet reservoir, while the EDL potential y is locally equal to the zeta potential ¢ at the
channel and reservoir walls. As reported by Stein et al [35], the resulting surface charge can be related to the

potential gradient at the wall using the relation o, =n-V(eey), where n is the outward surface normal unit

vector.

The concentrations of background electrolyte ions and ionic sample species within the channel and reservoirs are
determined using mass conservation. Extending Fick’s macroscale diffusion law to account for electroosmotic
advection as well as transverse and axial electromigration of ionic species in a dilute BGE solution, we define the
mass conservation equation for species i as

ac,

5 =-V-[uc -DVe —uzFcV(V+y)]. )
t

Here D, is the ion diffusivity, z, is the ion valence, x, is the mobility, F is Faraday’s constant, and u is the fluid
velocity. The convective flux uc, accounts for ion transport due to electroosmotic advection, while the diffusive flux
—DVc, represents ion diffusion in the presence of a local concentration gradient. The combined electromigration

flux —pz FeV (V + ;//) accounts for axial and transverse migration from variations in the EDL potential , as well
as the additional axial electromigration once an applied potential ¥ is introduced across the channel. Therefore, the

total flux of species i is given by N, =uc,—D,V¢,—u,z,Fe,V(V +y). As a consequence of equation (2), the net

m
current density J =F z z,N, associated with BGE ion transport is divergence free at steady state.
i=1

We consider a dilute binary background electrolyte solution where c, is the cation concentration, c_ is the anion

concentration, and c_ is the sample species concentration. The ion mobilities are calculated using the Nernst-

D . . . .
Einstein mobility equation x =—-, where R is the universal gas constant and 7 is the solution temperature,
RT

assumed to be fixed at 20°C . The boundary conditions associated with equation (2) include bulk concentration
Dirichlet conditions ¢, =¢; ., and ¢, =¢, for the BGE and sample species, respectively, at the reservoir inlet and
outlet. A zero normal species flux condition n-N, =0 is enforced at the solid walls of the nanochannel and

reservoirs, which are assumed to be impermeable.

Finally, the inherently low Reynolds number associated with nanofluidic flows allows us to use the
incompressible form of the Stokes’ equation and the continuity equation to describe the conservation of momentum
within the nanochannel for a fluid experiencing a Coulombic body force due to a nonzero free charge distribution,

0=7V'u-VP-p V(V+y); V-u=0, 3)

where P is the pressure within the fluid and 7 is the dynamic viscosity of the fluid. The fluid gauge pressure

relative to atmosphere is specified to be zero at the inlet and outlet of the reservoirs, while a no slip condition u = 0
is enforced at the nanochannel and reservoir walls.

We use COMSOL v5.1 to numerically simulate the highly coupled, nonlinear system of equations (1)-(3). Since
we assume a very dilute sample concentration, we first solve for the final steady state transport conditions in the



BGE and then use these results to separately solve for the temporal and steady state concentrations of the sample
species. Our model also assumes a fixed surface potential at the walls and constant ion mobilities, both of which are
often used in analytical and numerical models but are not always found to be true in practice [35,39]. We included
fluid reservoirs located at the channel inlet and outlet in order to allow for a more realistic treatment of the boundary
conditions at the free surface of the fluid (see Figure 2), as well as to account for any concentration polarization
effects at the channel inlet and outlet. The zeta potential along the channel was modeled as a smoothed, continuous
step function which transitions over d = 5nm . The unmodified wall zeta potentials are chosen to be representative
of previously reported values for various pH and electrolyte concentrations [36], while the gate voltages required to
produce the desired modified zeta potentials are estimated for future experimental verification using the theory of
Hughes et al [37] for non-overlapped EDLs and the theory of Yeh et al [38] for overlapped EDLs.
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FIG. 2. COMSOL mesh and boundary conditions for the 2D numerical model.

In order to verify that our 2D numerical simulations yield reasonable results for the BGE conditions, we compare
the results to a simplified 1D area-averaged model which captures most, but not all, of the important physics (see
supplemental material [34]). The most significant shortcoming of this 1D model is that it neglects diffusion and
concentration polarization effects arising from the application of an external field across a permselective
nanochannel with overlapped EDLs. However, Mani et al [14] showed that these CP effects are negligible when the
accumulation and depletion regions near a nanochannel inlet and outlet do not extend beyond a diffuse region near

the interface (referred to as nonpropagating CP) and the Peclet number P¢= UL/D s sufficiently large. We
therefore restrict the use of our 1D verification model to (1) non-overlapped EDL cases and (2) high Pe overlapped
EDL cases without appreciable CP propagation. Including these effects would make a simple 1D model intractable,
so we instead use the 1D area-averaged model to verify our numerical simulations for these simpler limiting cases
(see supplemental material [34]) and then investigate more complex conditions using the 2D numerical results
presented in Sec. II1.



II1. RESULTS
A. Possible enhancement mechanisms within the nanochannel

For the current nanochannel configuration in which an embedded electrode controls the zeta potential in the right
half of the channel, there are three possible mechanisms which can contribute to sample accumulation inside the
channel itself: stacking, focusing, and focusing at a mid-channel CP interface. Both cationic and anionic
preconcentration can also be achieved at or near the channel inlet/outlet via stacking and/or focusing by leveraging
CP effects at stationary or propagating “shocks” of ion accumulation and depletion at different interfaces within the
reservoirs; Zangle et al [15] comprehensively reviewed the various experimentally observed and theoretically
predicted stacking and focusing mechanisms at these locations, so we direct our focus to investigating stacking and
focusing within the domain of a nanochannel with nonuniform zeta potential.

Mani et al [14] described a useful characteristic analysis which utilizes a dimensionless mobility defined as the
eph

. . . . . . * U
ratio of the migration speed of species i to the bulk electroosmotic velocity, v, :U’—

—» in order to predict the

direction of analyte information propagation in different regions of the system (and therefore whether stacking or
focusing occurs) through simple scaling arguments. We adopt this approach by scaling the analytical EOF profile for

v,|z,|FnE,
&€y (3E1§1 - 4E2§/2 )

region 2 of a nonuniform channel to obtain V;,,- =— (see supplemental material [34] for the

v.z,Fn
E)Ef

nonuniform EOF profile). Note that our definition differs from the conventional definition v, = of Mani et

al [14], but reduces to the same result for the limiting case of E, = E, and ¢, =¢,. This distinction arises because

our nonuniform channel leads to different induced pressure gradients and electric fields in the two regions, such that
the dimensionless mobility varies within the channel. The bulk flow velocity must have the same scale in both

v, |zl.|F?7E1
£ (3E,$, —4E,()) .

For an anionic species, a dimensionless mobility V2,i* >1 describes an analyte for which the upstream

regions by continuity, so similarly for region 1 we have v;, =—

electrophoretic velocity in region 2 exceeds the downstream bulk flow speed, leading to net upstream analyte
transport in that region. Conversely, a dimensionless mobility of V2,i* <1 predicts that the same analyte will travel
downstream in region 2 because the bulk flow speed exceeds the electrophoretic velocity. In such a case, the anionic
sample will not be able to enter the channel from the outlet resrvoir and thus no preconcentration is possible inside
the channel [15,16]. The electric field in each region can be roughly estimated to calculate the dimensionless
mobility by approximating the EDLs as thin [10,14] to obtain E,/E,~0,/0,, and then by using the Grahame

equation to obtain E, / E, ~sinh Fz¢, / sinh Fze, [41].
RT RT

The first possible enhancement mechanism within the nanochannel, stacking, occurs when the background flow
conditions predict average anionic sample velocities in each region which are not equal but are still in the same

direction, i.e. when V2J* >V1’i* >1. This transport velocity difference effectively leads to a “traffic jam” of ions

because sample ions are predicted to move upstream faster in region 2 than in region 1. This is the effect observed in
Figure 3(a) in which the ion concentration in one of the two regions must increase in order to balance the flux of
ions moving through each region at steady state. This is also the same underlying mechanism found in classical
field-amplified sample stacking, as described by Burgi and Chien [8]. In the current configuration, however, FASS-
like stacking can be achieved in a stationary manner without the need for a propagating injected plug solution. Note
that this type of mid-channel stacking would be achieved using higher concentration BGE solutions in which the



EDLs do not overlap, and is therefore not a direct consequence of CP. For overlapped EDLs, concentration
polarization effects would manifest and the third mechanism would dominate the predicted enhancement.
The second mechanism, focusing under non-overlapped EDL conditions, occurs when the transport velocity of

an anionic species is upstream in region 2 but downstream in region 1, i.e. when v,, >1>v,, >0. In such

situations, the sample is predicted to be driven from both sides to a single location of maximum accumulation near
the zeta potential transition, as shown in Figure 3(b). This type of focusing occurs in our channel when the
electrophoretic velocity exceeds the bulk flow speed in region 2 but not in region 1, a condition which can be
satisfied by specific combinations of zeta potentials, electric fields, and velocity profiles in each region. Whether
stacking or focusing occurs in the channel depends on the dimensionless mobility, and is therefore highly dependent
on sample mobility and valence. In general, samples of lower mobility will tend to become focused because the

decreased mobility lowers VL,‘* sufficiently that the opposing convection can exceed electromigration and change the

direction of the analyte transport in region 1. This mechanism was discussed at length by Sustarich et al [10], who
showed that finite but non-overlapping EDLs can enhance the level of observed focusing.

The third possible mechanism is also considered focusing but occurs only for thick EDL cases. This effect arises
from the axial potential gradient between regions of different area-averaged EDL potential, and has previously
proven to be useful in concentrating charged samples at microchannel/nanochannel interfaces [13-16]. This effect
differs from the focusing described above in that the dimensionless mobility in region 1 does not necessarily have to
drop below unity. Rather, in this case there exists a small diffusion-limited transition region at the CP interface in
which the dimensionless mobility actually changes sign across the interface because the coupling between the area
averaged EDL potential gradient and the applied elecric field can effectively reverse the net electric field direction in
this location (see Sec. I1IB for further explanation). A dimensionless mobility greater than unity in both region 1 and
region 2 would subsequently lead to a strongly polarized interface with depletion on the left side and accumulation
on the right side (see Figure 3). Since the first two mechanisms have been thoroughly investigated by Bharadwaj et
al [9] and Sustarich et al [10], respectively, we chose to limit the scope of the current study to investigating a regime
of overlapped EDLs with nonuniform zeta potentials in which the third mechanism is the principal cause of analyte
accumulation.

EDL Potential Transition Region
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FIG. 3. Diagram of the three possible enhancement mechanisms: stacking, focusing, and focusing at a mid-

channel CP interface. Arrows show the direction and relative magnitude of the net sample ion transport velocity in
each region before steady state is reached.



The enhancement from sample stacking can easily be estimated by the ratio of predicted sample fluxes in each
region [8,15], while the non-overlapped EDL focusing mechanism requires some incorporation of diffusion in order
to properly model. Focusing capabilities for such conditions are still largely determined by the ion fluxes in the fully
developed areas far from the zeta potential transition, however, and analytical theory can still be used to estimate the
level of sample enhancement from this type of focusing by including axial diffusion [10]. In contrast, the third
mechanism is dominated by a very localized CP effect near the transition and thus cannot be quantitatively predicted
using a simple 1D model; a more complete numerical treatment is required when the nonuniform EDLs are
overlapped in order to fully capture all of the driving forces which contribute to this type of CP-based focusing
within the channel.

B. Analyte focusing using nonuniform, overlapped EDLs: 2D simulation results

We demonstrate how an anionic sample analyte with valence z = -2 and diffusivity D= 0.5 x 10° m’s’

accumulates near an interface where a smooth step change in zeta potential occurs (see Figure 4). Specifically,
Figure 4(a) depicts the temporal evolution of a 2D sample concentration profile within a 20 pm long, 100 nm tall
channel. We fixed the sample concentration at 1 pM at the top of the BGE inlet and outlet reservoirs for these
simulations, such that the sample ions migrate left through the channel under the influence of the applied field. The
unmodified zeta potential was fixed at -100 mV, while the modified zeta potential was -40 mV and the nominal
electric field strength was 10 kV/m.

The intrinsic EDL potential { along the centerline remains nonzero throughout the channel due to the

overlapped EDLs, leading to an axial gradient in the area-averaged EDL potential near the zeta potential transition.

aV 9
Since the axial electric field E, =—(a—+a—wj is a coupled combination of the applied electric field and the axial
x  ox

EDL potential gradient, its direction can change sign locally at certain locations depending on the sign and
magnitude of aa—l// relative to Ba_V Figure 4(a) shows how this gradient in the net electric field enhances sample
X X

accumulation in the middle of the channel by effectively creating an electrophoretic trapping region at this CP
interface. The presence of a similar electrostatic potential gradient at the channel outlet suggests that an anionic
analyte will not be able to enter the channel unless diffusion and electromigration from the applied field can drive

ions past this interface. The magnitude of the zeta potential ; , near the outlet is therefore critical in determining
whether sample ions are able to enter the channel, as suggested by the form of the dimensionless mobility V;l- . By

controlling ( , with embedded electrodes in the top and bottom walls, this area-averaged potential gradient can be

lowered sufficiently that the combined effect of diffusion and electromigration from an external electric field
overcomes the CP at the channel outlet, allowing for sample transport into the channel.

A simple analysis suggests that net the electric field should locally change direction at a CP interface when the

ox

this EDL potential gradient as the change in zeta potential over some transition length scale assumed to be on the
order of the Debye screening length, it is predicted that an approximate difference in zeta potentials exceeding just 1

- V.
mV leads to % >%, and thus E_ <0, for a 10 kV/m applied field in a 0.01 mM KCI solution (A, =100

. By estimating

local EDL potential gradient exceeds the local electric field from the applied potential, or %—l/l >
x

nm). Our simulation results in Figure 4(b) show that this local electric field reversal indeed occurs when ¢, and ¢,

5

1

differ by more than about 0.6 mV. Although this effect occurs for very small variations in o#=2%, we do not see



appreciable focusing of ions within the channel when ¢, is sufficiently negative, such as in the & = 0.8 case in

Figure 4(d), because CP at the outlet almost entirely excludes all sample ions from entering the channel.
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FIG. 4. (a) EDL potential near the mid-channel CP interface along with the transient evolution of a 2D sample
concentration profile in the channel, (b) the net electric field along the centerline near the mid-channel CP interface,
(c) the temporal sample profile along the channel center, and (d) the steady state sample concentration along the
centerline for varying « . The axial EDL potential gradient is visible in (a), and its effect on the sample motion is
evident from the reversal of the net electric field in (b) as well as the CP-induced analyte focusing in (c) and (d). The
zeta potential ratio and BGE concentration for these simulations of a 20 um long, 100 nm tall channel were fixed at
o = 0.4 and Cgc = 0.01 mM, respectively, unless otherwise specified.

To understand the temporal distribution of sample ions throughout the channel in Figures 4(a) and 4(c), we
further examine the role of the net electric field and corresponding sample fluxes. The electric field in region 2 is
higher than that in region 1 due to the lower density of BGE ions (fewer ions are needed to screen the smaller zeta
potential), and thus any sample ions that are able to enter the channel are driven towards region 1 with a large
electrophoretic velocity. Sample ions near the region 2/region 1 transition are slowed when approaching the EDL
potential gradient at the CP interface, which is large enough to reverse the direction of the net electric field in this
case. In this diffusion-limited transition zone, the electrophoretic flux and convective flux are both positive (to the
right) and only the diffusive flux is negative (to the left). The diffusive flux is initially relatively small, so the overall
imbalance of fluxes causes the sample to rapidly become focused near the location where the net electric field
changes direction. After the sample sufficiently accumulates, the concentration gradient which controls the diffusive
flux becomes large enough to drive sample ions past this stationary CP “shock” and into region 1. Once the sample



enters region 1, electromigration and a strong diffusive flux drive the ions further upstream into the BGE inlet
reservoir, easily overcoming the opposing convective flux and leading to further localized sample depletion as ions
are rapidly accelerated out of the channel. Eventually the diffusive, electromigrative, and convective fluxes start to
balance and the system approaches equilibrium. The spatiotemporal centerline sample concentration converges to a
constant profile as the system reaches steady state, as shown in Figure 4(c).

C. Maximum enhancement and limiting behavior

The maximum achievable sample concentration enhancement for overlapped EDL conditions is governed by CP
phenomena, and is therefore primarily a function of EDL thickness, zeta potential ratio, sample charge and mobility,
and the applied electric field. Figure 5 shows thick EDL sample focusing within a 50 nm tall channel, demonstrating
the maximum concentration enhancement achievable as these control parameters are varied. Significant
accumulation occurs near the zeta potential transition for our simulated conditions only when the nonuniformities in
potential and ion distributions throughout the channel are noticeable; that is, when the zeta potential magnitudes in
region 1 and 2 differ sufficiently and the electric double layers overlap to create a mid-channel CP interface. A
moderate level of stacking or focusing can potentially be observed in the regime of non-overlapped EDLs for certain
sample mobilities and BGE conditions, but our results in Figure 5(a) indicate that the simulated sample with a
mobility of 3.9 x 10® m*V's™ (roughly representative of fluorescein) is not predicted to appreciably accumulate
anywhere in the channel when the EDLs are not overlapped.

a) 400
—o0— o = 0.1
—0— o = 0.15
—4— 0 =02
300 1 —0— a =025
—v— o = 0.35
—— o = 0.5
S
\é 200 | 5 vertapped
) EDL Regime
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0 -4 N e e
0 1 2 3 4 5
Ay/H

FIG. 5. Sample enhancement is shown in (a) for varying zeta potential ratios and EDL thicknesses for a fixed 50
nm channel height and 10 kV/m applied field, and in (b) for varying zeta potential, sample charge, and applied field.
The zeta potential in region 1 was fixed at -100 mV for these simulations, while the sample valence for (a) was fixed
at z = -2. The corresponding KCl concentrations in (a) range from 50 mM to 1.5 puM. The inset plot in (b) shows
maximum concentration enhancement for & =0 as the applied electric field is increased to 40 kV/m.

More interesting effects manifest as we explore sample enhancement in the limit of thick electric double layers.
Figure 5(a) demonstrates that the level of sample enhancement increases as the EDLs become much thicker relative
to the channel height and the magnitude of {, decreases, i.e. as the mid-channel CP interface becomes more
prominent and the CP interface at the outlet starts to disappear. Figure 5(b) shows that the extent of CP at the outlet
is limited enough to allow a large number of sample ions to enter the channel and accumulate near the zeta potential
transition only when or < 0.5 for these conditions. Specifically, the results show that the sample is locally enhanced
by greater than an order of magnitude in the middle of the channel when & drops below approximately 0.45 for
A, | H=41if | is fixed at -100 mV.
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As the concentration is decreased below 1 mM, the enhancement in Figure 5(a) first increases dramatically and
then starts to saturate as the system reaches a state in which there are such few ions to screen the charged walls that
the potential and ion distributions are essentially the same at the centerline as they are at the wall. This limiting
behavior leads to an area-averaged EDL potential gradient that approaches a constant value as the concentration is
decreased beyond a critical threshold for a given channel height and fixed zeta potentials. As this potential gradient
governs the CP which leads to sample focusing, the enhancement ultimately reaches a plateau for very low BGE
concentrations if all other simulation parameters are held fixed. Figure 5(b) shows that because highly charged
sample ions experience stronger interactions with field gradients near the transition, ions of sufficiently high valence
can effectively be concentrated by up to five orders of magnitude by increasing the applied electric field strength.
The curves for z = -1.75 are representative of fluorescein ions, and the predicted 6,200-fold enhancement of this
sample at 32 kV/m roughly constitutes a factor of 45 increase compared to injection-based FASS results with the
same sample and applied field [10].

D. Assumptions and limitations

As with any simulation, it is important to understand the assumptions and limitations of our numerical model.
First, we note again that ; , 1is fixed at -100 mV for these idealized simulations, so practical variations in ; , would
only be achievable by modulating the gate voltage for a fixed solution pH. While the choice of the zeta potential
transition length 0 = 5 nm in our numerical model is somewhat arbitrary, our results show that the choice of O

does not appreciably affect the results for a range of 2 nm < 0 < 200 nm with a background concentration of Cic
= 0.01 mM. This can be explained through the observation that the the centerline potential profile in the diffusion-

limited transition region, and thus the axial EDL potential gradient, is relatively insensitive to O unless it is varied
by several orders of magnitude and is well outside the predicted range of values (see the supplemental material
[34]); preliminary simulations of the 2D governing equations (1)-(3) with a discontinuous surface charge boundary
condition indicate that the surface potential transition length ranges from approximately 2 nm to 150 nm depending
on ¢, while a previously published numerical simulation of embedded electrodes suggests that the transition is on

the order of a few nanometers [3]. Therefore, we fixed the transition length at O = 5 nm for the purposes of this
study.

A background electrolyte concentration of less than 1 uM is impractical to simulate in the limit of small « , as
the sample ions will begin to accumulate sufficiently that the maximum concentration would be within an order of
magnitude of the BGE concentration. In such a case, the analyte would noticeably contribute to the charge density
and corresponding EDL potential distributions near the mid-channel CP interface (recall that this contribution is
neglected in the current model). However, practically achieving ionic concentrations below 1 pM is difficult since
ions in pure water are generally in the nM concentration range. Furthermore, these low concentration conditions
would introduce complications in the experimental characterization and validation of the devices; the conductivity
of electrolyte solutions approach that of water for sufficiently low BGE concentrations, and the small resulting
current produced by ion transport in the channel at such low concentrations can exceed the limit of practical current
sensing capabilities due to the inherently low electrical conductance of nanofluidic channels [35-39].

The induced pressure gradients within nanochannels experiencing nonuniform EOF can also pose practical
difficulties. In particular, electrokinetic systems with large nonuniform electric fields can lead to structural
deformation, channel collapse, cavitation, and delamination of bonded wafers [42,43]. For the current configuration
in which ¢, <, <0, the higher magnitude of ¢, generally leads to a higher EOF component of the fluid flow in

region 1, and by continuity an adverse pressure gradient must be generated in this region to balance the average sum
of the pressure driven flow and electroosmotic flow components in both regions. Therefore, cavitation is unlikely to
occur because the positive pressure gradient in region 1 leads to a positive gauge pressure in the middle of the
channel. Moreover, the lowest pressure predicted by our simulations was on the order of -1x107 bar, well below the
critical pressure of -16 bar at which cavitation is theoretically predicted to occur [42]. Structural deformation or
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wafer debonding could potentially be an issue for more extreme conditions than those we investigate, but the
maximum fluid pressure achieved in our simulations is slightly below 3 kPa, several orders of magnitude below the
typical bond strength of standard microfabrication techniques [43].

Finally, it should be noted that the current model neglects the presence of H and OH ions due to non-neutral
solution pH and dissociation of surface silanol groups at the channel walls. Depending on the solution properties,
these effects may also need to be taken into account when calculating the volumetric charge density. Consideration
of H" and OH ions in previous studies [37,38] suggests that there is a limited pH range over which the concentration
of these ions significantly differs from the BGE ion concentrations and can subsequently be neglected. For solutions
with sufficiently high or low pH, the relatively high concentration of OH™ or H' ions, respectively, leads to
additional charge screening effects which introduce error in the resulting potential and BGE profiles if neglected. By
comparing the relative bulk ion concentrations in the reservoirs from electroneutrality conditions, we can expect an
estimated error of more than 10% in the spatial charge density if we neglect H and OH ions in a KCI solution with
a concentration below 1 uM, regardless of solution pH. Increasing the concentration by an order of magnitude to
Cka = 0.01 mM, however, leads to a charge density error that is only expected to exceed 10% if the pH is outside
the approximate range of 6 < pH < 8 (see the supplemental material [34]).

IV. CONCLUDING REMARKS

In this work, we demonstrate the use of COMSOL Multiphysics to model the 2D electroosmotic flow of a dilute
background electrolyte and the subsequent electrophoretic stacking or focusing of sample ions in a nanofluidic
channel with selectively modified surface charge and potential. We first verified our 2D model by comparison with
a simplified, approximate 1D area-averaged model for several limiting cases, and then we investigated the possible
preconcentration mechanisms within the channel as the wall zeta potential was selectively varied. Our results
indicate that the area-averaged electrostatic potential gradient between two regions of nonuniform, overlapped EDLs
in a nanochannel generates a concentration polarization interface which can be used to efficiently focus analyte ions.
In addition to this CP-based focusing mechanism, FASS-like stacking and focusing can also be achieved for charged
samples of certain mobility in cases with non-overlapped EDLs. As such, it is theoretically possible to perform
stationary field-amplified sample preconcentration in nanochannels without introducing multiple electrolyte
solutions, but by simply inducing electric field gradients through the tailoring of wall surface potential uniformity
via embedded electrodes. We show that the dominant mid-channel CP focusing effect only occurs in channels with
sufficiently large step changes in zeta potential and in which the EDL thickness is comparable to or exceeds the
channel height. Our results suggest that sample enhancement ratios exceeding 10° are potentially achievable, notably
higher than those typically limited by sample dispersion in conventional FASS with high plug-to-background
conductivity ratios [8-11]. Moreover, the enhancement ratios predicted by our simulations are within an order of
magnitude of the million-fold preconcentration levels that are possible using more refined nanoscale methods such
as standard CP-based techniques and isotachophoresis [13,18]. The efficacy and flexibility of this proposed
technique leads us to conclude that there is potential for further improvement and optimization of various analyte
preconcentration processes by embedding gate electrodes to manipulate local ion transport within nanofluidic
channels.
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