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Selective and rapid enrichment of biomolecules is of great interest for biomarker

discovery, protein crystallization, and in biosensing for speeding assay kinetics and

reducing signal interferences. The current state of the art is based on DC

electrokinetics, wherein localized ion depletion at the microchannel to nanochannel

interface is used to enhance electric fields, and the resulting biomarker

electromigration is balanced against electro-osmosis in the microchannel to cause

high degrees of biomarker enrichment. However, biomarker enrichment is not

selective, and the levels fall off within physiological media of high conductivity,

due to a reduction in ion concentration polarization and electro-osmosis effects.

Herein, we present a methodology for coupling AC electrokinetics with ion con-

centration polarization effects in nanoslits under DC fields, for enabling ultrafast

biomarker enrichment in physiological media. Using AC fields at the critical fre-

quency necessary for negative dielectrophoresis of the biomarker of interest, along

with a critical offset DC field to create proximal ion accumulation and depletion

regions along the perm-selective region inside a nanoslit, we enhance the localized

field and field gradient to enable biomarker enrichment over a wide spatial extent

along the nanoslit length. While enrichment under DC electrokinetics relies solely

on ion depletion to enhance fields, this AC electrokinetic mechanism utilizes ion

depletion as well as ion accumulation regions to enhance the field and its gradient.

Hence, biomarker enrichment continues to be substantial in spite of the steady drop

in nanostructure perm-selectivity within physiological media. Published by AIP
Publishing. [http://dx.doi.org/10.1063/1.4954933]

I. INTRODUCTION

Biomarker discovery requires the identification of variations in rare sets of biomolecules

within bio-fluids that also contain common interfering species at million to billion-fold higher

levels. Hence, there is a need for methods to cause rapid and selective enrichment of rare bio-

markers versus the interfering species,1 preferably within physiological media, to maintain their

ability to selectively bind with receptors, without needing buffer changes that lead to dilution.

Since affinity methods based on antibody depletion can cause enrichment levels of no more

than two to three orders of magnitude,2 there is a need for complementary enrichment modal-

ities. A commonly investigated methodology for achieving highly enriched analyte plugs from

dilute samples is through applying an electrokinetic force balance in conjunction with localized

ion depletion to create a trap due to the sharp spatial profile in the field. Typically, ion concen-

tration polarization (ICP) effects at the entrance of perm-selective nanochannels are used to

cause sharp field gradients due to ion depletion at the anodic interface of microchannel to the
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nanochannel, and this is balanced against electro-osmosis within the microchannel3 to cause

high degrees of biomarker enrichment.4 However, due to the abrupt field profile, the trapped

biomarkers are co-localized within a tightly confined region, which limits the scope for spatially

graded stacking toward selectivity. Furthermore, the degree of biomarker enrichment obtained

by this method can fall sharply within physiological media of high conductivity, due to a reduc-

tion in electro-osmosis, as well as ICP effects. While a limited degree of biomarker enrichment

can be obtained within conductive media through utilizing tighter nanochannels and/or higher

applied fields to enhance ICP, these strategies are not practical due to fabrication challenges,

disruptive electrothermal flow due to Joule heating,5,6 and electrical-double layer induced field

screening.7 An alternate strategy is to carry out biomarker enrichment inside a nanoslit channel

under the field profile due to ion conductivity gradients, where enhanced surface versus bulk

conduction of ions can lead to more pronounced ICP than obtained at the microchannel inter-

face to the nanoslit. In this manner, conductivity gradients enable extension of the field profile

along the nanoslit length for enhancing the spatial extent for biomarker depletion,8 to achieve

biomarker enrichment in parallel to spatially graded biomarker stacking.9 In this work, we

implement a similar electrokinetic force balance due to ion conductivity gradients generated

inside the nanoslit channel, rather than through field-enhanced ICP in the microchannel, by

placing a surface charge non-uniformity inside the nanoslit to initiate ion accumulation proxi-

mal to ion depletion. Furthermore, instead of electroosmosis as the opposing force field, we uti-

lize AC fields for frequency-selective negative dielectrophoresis (nDEP) from the high field

regions, since nDEP continues to be a significant force field within media of high conductivity.

In this manner, we utilize ion depletion effects to enhance the localized field and ion accumula-

tion effects to enhance field gradient, thereby enhancing biomarker electrophoresis (EP) and

nDEP trapping to cause ultrafast biomarker enrichment within physiological media.

Dielectrophoresis (DEP) enables selective trapping of bio-particles based on the characteris-

tic frequency response of dielectric permittivity of the particle versus the medium10–14 for caus-

ing frequency-selective enrichment of target DNA15–17 and protein molecules,18,19 but only a

few studies are reported in physiological media.20–23 Furthermore, the highly localized nature

of DEP behavior, due to its dependence on rE2, limits its spatial extent.13,24 Herein, by initiat-

ing ICP at lateral perm-selective constrictions of large surface charge non-uniformity, we create

conductivity differences across the nanoslit length to enhance the spatial extent for biomarker

depletion. As a result, the localized field (E) is enhanced due to ion depletion at the constriction

tips, whereas ion accumulation along the constriction sidewalls increases the field gradient

(rE), thereby dramatically enhancing the magnitude and spatial extent of nDEP, due to its

rE2 dependence. Specifically in this work, we optimize nanoslit designs for enhanced surface

conduction toward creating the ion conductivity gradients that increase the height and depth of

the potential barrier for nDEP trapping, thereby exponentially enhancing localized biomarker

numbers due to its Boltzmann distribution profile. While ICP effects have been extensively

applied within prior work to cause ion gradients in the microchannel region interfacing the

nanochannel,3 this is the first report on using ICP to initiate ion conductivity gradients inside

the nanochannel, where surface charge-induced ion conduction effects can cause more pro-

nounced ICP effects than within microchannels. As a result, the presented AC electrokinetic

method can cause biomarker enrichment within physiological media of high conductivity for

facile coupling to receptors to enable detection.25,26

II. RESULTS AND DISCUSSION

A. Device geometry for ICP-enhanced nDEP enrichment

We begin with schematically illustrating the mechanism for generating ion conductivity

gradients inside the nanoslit and illustrate its application toward enhancing the electrokinetic

enrichment of biomarkers. The device geometry is subsequently optimized using the

Poisson–Nernst–Plank (PNP) model to simulate the conductivity gradients and its application

toward frequency-selective biomarker enrichment is validated using spatio-temporal profiles of

fluorescently labeled streptavidin. Our prior work has implemented this methodology within
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various sensing paradigms for improving biomarker sensitivity.22,23 A cross-section view of the

device geometry used within this work is schematically presented in Figure 1(a) (device images

in S1, supplementary material), wherein glassy carbon modified Pt electrodes within the reser-

voirs leading to a microchannel on each side are used to initiate the discussed electrokinetic

effects under a DC-offset (2 V/cm) AC field (70 Vrms/cm) that is set at the critical frequency

required to cause optimal biomarker nDEP, which is 1 MHz for streptavidin, 3 MHz for

Neuropeptide Y (NPY),22 and 4–6 MHz for Prostate Specific Antigen (PSA).23 The microchan-

nels (5 lm depth) are connected by slit-shaped channels of 200 nm depth (henceforth called

nanoslit). Within each nanoslit (300 lm length/200 nm depth), a lateral constriction (optimized

at 300 nm length and 40 nm gap) with a sharp surface charge non-uniformity is used to initiate

ICP (see magnified top-view in Figure 1(b)), whereas no significant ICP occurs at the micro/

nanochannel interface due to the wide nanoslit entry points (30 lm width). The geometry of

this constricted perm-selective region is designed so as to enable ion conductivity gradients

over a wide extent across its cathodic interface, due to interaction of ion depletion and ion

accumulation profiles under field-induced ICP conditions. First, the spatial extent of the con-

striction is designed to be short (l� 300 nm) to reduce the length over which the voltage drop

occurs inside the perm-selective region, thereby enhancing the localized field and extending ion

depletion through a significant portion of the nanoslit, beyond the immediate perm-selective

region. In this manner, due to enhanced surface conduction of counter-ions and the exclusion of

co-ions in the perm-selective region, the ion depletion region extends from across the anodic

interface through inside of the perm-selective region, up to portions across the cathodic inter-

face inside the nanoslit, as reported within other similar geometries.27 Second, the sloping con-

striction geometry enables a sharp drop in the field profile along its sidewall directions versus a

more gradual drop along the device centerline. As a result, ion accumulation at its cathodic

interface is higher along the constriction sidewall directions and occurs within a short distance

of the constriction tip, whereas the accumulation is lower along the device centerline direction

and is pushed further away from the constriction tip. Due to current conservation, these ion

conductivity gradients at the cathodic interface modify the localized field and nDEP trapping

potential profiles. On one hand, the reduction in localized ion conductivity at the constriction

tip due to the extension of ion depletion across from the anodic to the cathodic interface

(rdepletion) increases the field at the constriction tip E. On the other hand, the sharp rise in local-

ized ion conductivity along the sidewall directions due to the ion accumulation (racc) creates a

localized reduction in the field away from the constriction tip, thereby increasing the field

FIG. 1. (a) Cross-section view of the nanoslit device. (b) Top-view of the lateral constriction used to initiate ICP in the

nanoslit (biomarkers shown as green particles). (c) Alteration of electrokinetic trapping potential profile due to ICP enables

exponential enhancement in biomarker numbers. The H-shaped ICP device from prior work: (d) top-view (e) cross-section.

(f) Comparison of calculated surface to total ion current away from the perm-selective interface for the different

geometries.
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gradient rE. In Figure 1(c), we represent these field profile changes in terms of alterations in

the nDEP trapping potential profile, from the green solid line (nDEP with no ICP due to low

DC field) to the blue dashed line (nDEP with ICP due to a critical DC field). Since nDEP

depends on the product of the field and its gradient, its enhancement under these ICP conditions

can be represented as a higher potential barrier to indicate the higher field at the constriction

tips and a deeper potential well to indicate the steeper field gradient along the constriction side-

wall. Hence, biomarker numbers (n) rise with the potential (U) as per the Boltzmann distribu-

tion: n¼ noexp(-U/kBT), thereby causing exponential biomarker enrichment with an increase in

U (calculated in S5, supplementary material).

Furthermore, as a consequence of the extension in ion depletion along the cathodic inter-

face to well beyond the immediate vicinity of the perm-selective region, the local ion conduc-

tivity along the centerline direction (rcenterline) remains low over an extended length away from

the constriction tip. Hence, due to current conservation, the field enhancement arising from ion

depletion at the constriction tips is extended along the centerline direction at the cathodic inter-

face, whereas this field enhancement is abruptly lowered along the sidewall directions, due to

ion accumulation within a short distance of the constriction tip. As a result, electrophoresis

(EP) dominates along the nanoslit centerline due to field enhancement, whereas the nDEP trap-

ping is enhanced along the sidewall in the vicinity of the constriction tip, thereby routing bio-

markers from the off-sidewall directions toward localized nDEP traps at the constriction side-

wall. In the absence of ICP effects, such as by using AC fields with a DC field that is not

sufficient to create ICP, we would still have biomarker enrichment along the cathodic interface

due to the balance of nDEP versus electrophoresis. However, in the presence of a critical DC

field to cause ICP, the enhanced EP velocities and nDEP trapping alter the net spatial extent

and magnitude of the trapping potential profile to exponentially enhance biomarker enrichment

due to its Boltzmann distribution.

B. Comparison with DC electrokinetics at the micro/nanochannel interface

It is noteworthy to compare the current device geometry (Figure 1(a)), which enables the

initiation of ICP effects inside the nanoslit channel, with the commonly used H-shaped device

geometry (Figures 1(d) and 1(e)), where ion depletion due to ICP at the microchannel interface

to nanochannel enhances the local field (by factor a1) for biomarker electrophoresis (FEP) ver-

sus electro-osmosis (FEO), as given by the force balance

Fnet ¼ a1FEP � FEO: (1)

With increasing media conductivity (rm), the increasing competition of bulk conduction with

surface conduction in the nanochannel causes the level of ICP enhancement (a1) to drop,

whereas the less thick electrical double-layer (EDL) causes FEO to drop, thereby reducing the

net level of biomarker enrichment (Fnet). On the other hand, in the geometry of Figure 1(a), by

initiating ICP inside the nanoslit rather than within the interfacing microchannel, we seek to

maintain a significant level of ICP even within conductive physiological media, due to the

strong influence of the surface charge non-uniformity (qc) in the nanoslit on enhancing surface

conduction over bulk conduction (which enhances FEP and FnDEP by factors of a2 and h,

respectively, as per S2, supplementary material). With the H-shaped device geometry, on the

other hand, ICP effects in the microchannel are less influenced by the surface charge non-

uniformity created by the nanochannel/microchannel interface. This comparison of the influence

of a1 (due to ICP at micro/nanochannel interface) versus that of a2 (due to ICP caused by the

surface charge non-uniformity in nanoslit) is shown in Figure 1(f), in terms of the calculated

surface to total ion current away from the perm-selective interface (details on method in S6,

supplementary material). For the device geometry of Fig. 1(a), ICP due to the constriction-

induced surface charge non-uniformity in the nanoslit enables an enhancement (due to a2) in

surface conduction over an extent of 20 nm from the perm-selective interface, with only a grad-

ual fall off over the next 80 nm to a steady enhanced level through the rest of the nanoslit
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channel length. In comparison, at the H-shaped device geometry, while the surface conduction

effects are strong at the microchannel interface to the nanochannel due to the sharp field profile,

this surface conduction drops off sharply within a few nanometers from the perm-selective

interface into the microchannel, since the nanochannel surface charge presents a less weak influ-

ence on ion conduction within the microchannel. As a result, in order for ICP at the micro/

nanochannel interface to maintain a significant degree of ion depletion within conductive physi-

ological media, there is a need for tighter nanochannels and/or higher applied fields to enhance

ICP conditions (or a1). These strategies are not practical due to fabrication challenges, disrup-

tions from Joule heating induced electrothermal flow, and voltage drop due to field screening

by the electrical-double layer. A second major difference between these two ICP-based electro-

kinetic biomarker enrichment methods arises from how the ICP is utilized. Within the H-shaped

device geometry, while ICP at the sharp microchannel to nanochannel interface creates a region

with ion depletion at the anodic interface and ion accumulation at the cathodic interface, these

ion depletion and accumulation regions do not interact due to their spatial separation. In fact, a

spatial separation of at least 300 lm is required, especially within media of successively higher

levels of conductivity, to prevent co-ion leakage from the cathodic to anodic portion of the

microchannel/nanochannel interface, since this leakage will reduce the level of depletion along

the anodic interface. Due to this spatial separation, only the localized ion depletion at the an-

odic interface is used to enhance the fields for DC-based electrokinetic enrichment, thereby cre-

ating sharp field gradients, with no ability to spatially modulate the field profile. Within our

constriction-based nanoslit device geometry, on the other hand, the proximity of the ion deple-

tion and ion accumulation regions cause their interaction, so that both regions act together to

modulate the field profiles and create localized traps for enhancing the spatial extent of bio-

marker trapping. In fact, to maximize the voltage drop across the perm-selective region for ena-

bling higher localized fields, we prefer designs with a short perm-selective spatial extent (usu-

ally 300 nm), so that it is just sufficient to maintain ion depletion along the cathodic interface.

The third distinguishing feature of our approach is that instead of an opposing electroosmotic

force field, we utilize AC fields to initiate frequency-selective nDEP away from the constriction

tips, since nDEP continues to be a significant force field even within media of high conducti-

vity. This is apparent considering the force balance at the cathodic interface in Figure 1(a)

Fnet ¼ a2FEP � hFnDEP � FEO : (2)

Hence, at higher rm, the drop in ICP-induced enhancement (a2 and h) can be arrested by using

a sharper surface charge non-uniformity (qc� 0.08–0.3 C/m2) in the nanoslit, for enabling suffi-

cient surface conduction versus increasing bulk conduction (Figure 1(f)). Furthermore, by using

an opposing nDEP force field, a higher level of FnDEP in Eq. (2) is maintained at high rm, due

to its dependence on the difference of particle versus medium conductivity: (rp-rm). In this

manner, we continue to enhance the net biomarker transport toward the cathodic interface for

biomarker enrichment within physiological media, since: (a) ICP effects that usually drop off

within conductive media are sufficient within our device geometry, due to the significant role

of surface conduction inside the nanoslit arising from the large surface charge non-uniformity

of the lateral constriction (qc), and (b) nDEP effects rise rather than fall within conductive

media, thereby maintaining a localized opposing force balance. In the subsequent sections (Sec.

II C. & D), we compute the ion conductivity profiles to optimize the device geometry for

enhanced biomarker trapping, and experimentally validate these ion conductivity gradients by

mapping spatio-temporal biomarker trapping profiles under various applied field magnitude and

bulk media conductivity conditions.

C. Optimizing device geometry for enhancing nDEP

We consider optimization of the geometry of the perm-selective region within the nanoslit

for enhancing electrokinetic biomarker enrichment under ICP conditions. Specifically, we com-

pute ICP-induced ion conductivity profiles along the constriction sidewall and centerline
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directions, for varying lengths (l) and widths (d) of the perm-selective region, thereby enabling

an assessment of the ensuing enhancement in nDEP. The angle of lateral constriction in the

nanoslit is held constant at 30� to enable the highest possible field gradient (rE), under the fab-

rication limitations. Due to the rE2 dependence of nDEP, we seek device geometries that pro-

mote ion depletion at the constriction tip to enhance the field (E) and initiate ion accumulation

along the constriction sidewall to enhance the field gradient (rE). Since the ion conductivity

profiles in Figure 2 are computed in media with bulk conductivity of 1 S/m, the regions with

localized conductivity less than 1 S/m exhibit ion depletion and those at greater than 1 S/m ex-

hibit ion accumulation, with the insets (i–iv) indicating the respective region of counter-ion

accumulation (solid orange circles). For the case of a perm-selective region with a large length

(3000 nm), the surface charge non-uniformity has a greater electrostatic interaction length with

counter-ions undergoing surface conduction. This will limit the level of surface conduction of

counter-ions out of the perm-selective region, thereby causing counter-ion accumulation inside

the perm-selective region, including at the constriction tips. As a result, the degree of ion deple-

tion inside the perm-selective region is reduced, thereby limiting the degree of field enhance-

ment at the constriction tip along the cathodic interface. The computed ion conductivity profile

in Figure 2(a) for this case (3000 nm length of perm-selective region) shows no apparent ion

depletion, with only a maximum in ion accumulation that occurs right at the constriction tips,

as per inset (iv). For successively smaller length extents of the perm-selective region, the higher

localized field and lower electrostatic interaction length with counter-ions enhances the net surface

conduction. As a result, ion depletion at the constriction tips is enhanced (Figure 2(a), inset v)

to cause further increases in the localized field (E). However, the level of ion accumulation

along the sidewall direction is seen to gradually decrease with increasing perm-selective extent,

thereby lowering the field gradient (rE), with the peak region for ion accumulation being

pushed further away from the constriction tip along the sidewall. This suggests that an optimal

length extent of the perm-selective region is needed for maximum electrokinetic enhancement,

due to its rE2 dependence. Hence, we compute an optimal perm-selective length for surface

conduction enhanced nDEP (factor “h” in Eq. (2)), based on the product of the rise in potential

energy barrier height due to field enhancement (E) under ion depletion (by factor b) and the

FIG. 2. (a) Ion conductivity profile along the constriction sidewall for different perm-selective lengths (gap width: 40 nm)

within media of bulk conductivity of 1 S/m. Insets (i)–(iv) show schematic of counter-ion distribution for different perm-

selective lengths and (v) shows a magnified view of the depletion for each perm-selective length. (b) Ion conductivity pro-

file along the constriction sidewall for different perm-selective gap widths (length: 300 nm) at medium conductivity of 1 S/

m. Inset (vi) shows a magnified view of the depletion at each constriction gap and inset (vii) shows ion conductivity profile

along the constriction centerline for perm-selective region with 40 nm width and 300 nm length with media of bulk conduc-

tivity of 1 S/m. (c) Calculated electrokinetic enhancement (S2, supplementary material) due to ICP for different perm-

selective lengths (solid blue line) and gap sizes (dashed red line).
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deeper potential well due to field gradient (rE) under ion accumulation (by factor j), with

details in S2 (supplementary material). It is apparent from the plot in Figure 2(c) that a perm-

selective region with a length of 300 nm is optimal, since it is capable of causing �8-fold

enhancement in level of electrokinetic trapping (factor “h” in Eq. (2)) at bulk media conductiv-

ity of 1 S/m to cause exponentially higher biomarker numbers (ehU) versus that for nDEP with

no ICP (eU). At a smaller length of the perm-selective region (200 nm), while the degree of ion

depletion is higher at the constriction tips (increasing E), the ion accumulation is lower and

occurs too far away from the constriction tip to cause the necessary rise in rE2, for enhancing

ICP-induced trapping. On the other hand, with gradual lowering of the constricting perm-

selective gap, the enhanced exclusion of co-ions and surface conduction of counter-ions cause a

higher level of ion depletion (Figure 2(b), inset vi), as well as ion accumulation.

This explains the monotonic rise in the net electrokinetic enhancement in Figure 2(c), for

gaps varying from 160 nm to 40 nm. Finally, we compare the ion conductivity profile along

sidewall (Figure 2(b)) versus centerline directions (Figure 2(b), inset vii). For the optimal perm-

selective device geometry to enhance electrokinetic enrichment (40 nm constriction gap with a

300 nm length extent), the centerline direction undergoes ion depletion over a wide extent

(�7.5 lm from constriction tip), with more modest levels of ion accumulation thereafter,

whereas the ion depletion region along the sidewall direction is localized within 0.5 lm from

the constriction tip, followed by strong levels of ion accumulation. This quantitative picture is

consistent with the schematic ion conductivity profiles, shown earlier in Figure 1(b) to explain

the enrichment mechanism.

D. Dimensionless perm-selectivity factor for AC electrokinetic enhancement

A critical level of perm-selectivity is required to initiate the necessary ion conductivity gra-

dients that arise due to spatially proximal ion depletion and ion accumulation regions, for

enhancing the net electrokinetic enrichment. We describe the necessary perm-selective geome-

try by the following dimensionless analysis. The necessary perm-selectivity (PS) depends on

the perm-selective gap length (l), its cross-sectional area (A: product of gap width to nanoslit

depth), its surface charge distribution (qc), the ion mobility (l), and media conductivity (rm).

We write this in terms of the following dimensionless parameter:

PS ¼ qclL2

rmA
: (3)

Unlike the case of DC electrokinetics, where maximum levels of perm-selectivity are needed,

as achieved through reducing perm-selective gap (to reduce A) or increasing length (L) to expo-

nentially increase PS, our AC electrokinetic mechanism prefers PS values in the range of

6� 10�9 to 6� 10�6, as determined by optimal L described in Figure 2(c). For PS values above

6� 10�6, ion accumulation and depletion are too far spatially separated, so that accumulation

occurs only on the cathodic side and depletion occurs only on the anodic side, as seen within

ICP under DC electrokinetics. Such wide spatial separation of the ion accumulation and deple-

tion regions coupled to ion accumulation at the cathodic side where trapping occurs under

nDEP reduces the electric field and their gradients, thereby reducing the net nDEP trapping effi-

ciency. On the other hand, at PS values less than 6� 10�9; ICP effects are not significant,

thereby causing no significant enhancement in nDEP trapping due to ICP.

E. Influence of bulk media conductivity

Conductivity of the bulk media (rm) determines the electrical double-layer (EDL) thickness

within the perm-selective region (schematically shown within insets ((i)–(iii) in Figure 3(a)), so

that the ensuing differences in surface conduction strongly influence the ion conductivity pro-

files along the cathodic interface of the constriction. At lower bulk media conductivities

(rm¼ 0.2 S/m), the thicker EDL causes enhanced levels of co-ion exclusion and counter-ion sur-

face conduction within the perm-selective region, which in turn enhances the levels of ion
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depletion and ion accumulation versus those achieved within media of higher conductivities

(rm¼ 1 and 2 S/m). Figure 3 presents this information in terms of the normalized conductivity,

i.e., as a ratio of the local conductivity to the bulk conductivity, with ion depletion in regions

below unity and ion accumulation in regions above unity. Comparing Figures 3(a) and 3(b), it

is clear that the degree of ion accumulation is significantly greater along the sidewall direction

versus the centerline, and it peaks at well less than 0.5 lm from the constriction tip. Along the

centerline direction, on the other hand, the effects of ion depletion from the perm-selective

region continue to be apparent over several microns from the constriction tip, with the peak in

ion accumulation occurring much further along, thereby creating a wide region for the localized

ion conductivity gradient along the cathodic interface. These results are consistent with the

schematic in Figure 1(b), showing ion depletion over a broad elliptical region along the off-

sidewall directions and ion accumulation close to the sidewall directions.

At rm of 1 S/m, there is no ion depletion beyond the constriction tip along the sidewall

directions and ion accumulation peaks within 0.4 lm from the constriction tip, whereas along

the centerline direction, the ion depletion extends to �5 lm from the constriction tip and the

localized conductivity gradient due to differential ion accumulation extends to �13 lm. As a

result, the computed enhancement in potential barrier for trapping due to ion conductivity gra-

dients at rm of 1 S/m continues to be significant in Figure 3(c) (�8-fold enhancement, with a

conservative qc: 0.08 C/m2), even though the EDL is not thick enough to ensure maximum co-

ion exclusion and counter-ion surface conduction within the perm-selective region versus the re-

spective level at rm of 0.2 S/m. However, while electro-osmotic effects on ion migration can be

neglected at higher rm (�1 S/m), since electrophoretic ion mobilities are significantly greater

than electro-osmotic mobilities in nanochannels28–30 (see supplementary material, S3), this is

not the case at rm of 0.2 S/m, where the two mobilities are comparable.31 The inset (v) of Fig.

3(b) shows the effect of including electro-osmosis at rm of 0.2 S/m, on the localized ion con-

ductivity profiles. While the ion depletion region extends over a significant portion of the de-

vice centerline in the absence of disruptions from electro-osmotic flow (�5 lm and �8 lm

from constriction tip at 1 S/m and 0.2 S/m, respectively), it is significantly reduced due to dis-

ruptions from electro-osmotic flow at rm of 0.2 S/m (down to �1.5 lm). We attribute this low-

ering of ion depletion along the cathodic interface at rm of 0.2 S/m to the reduced co-ion leak-

age from the cathodic to anodic interface due to greater levels of co-ion exclusion at lower rm

and the opposing influence of electro-osmotic flow. Hence, the degree of biomarker enrichment

at lower rm is likely to be less optimal due to greater opposing electro-osmotic flow and lower

localized nDEP trapping (see Eq. (2)), which suggests a more dispersed biomarker trapping pro-

file with lowering rm, as validated subsequently. Assuming a Boltzmann distribution for bio-

markers, the �5-fold enhanced potential barrier for electrokinetic trapping under ICP at rm of

1.6 S/m using a conservative estimate for the surface charge non-uniformity (qc: 0.08 C/m2) in

Fig. 3(a-iv) suggests >100� higher levels of preconcentration (ehU) than obtained solely under

FIG. 3. Normalized ion conductivity profile for different bulk media conductivities (perm-selective length of 300 nm and

gap width of 40 nm): (a) along the constriction sidewall, and (b) along the constriction centerline. Insets (i)–(iii) show a

schematic of how the electrical double layer affects the counter-ion distribution; inset (iv) shows the net electrokinetic

enhancement due to ICP effects within media of different bulk conductivities (neglecting electro-osmosis); and inset (v)

shows the alteration of the extent of ion depletion when electro-osmosis effects are considered at rm of 0.2 S/m.
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nDEP (S5, supplementary material) and up to 25-fold reduction in biomarker accumulation

times (see S4, supplementary material).

F. Validation using spatio-temporal biomarker profiles

In order to explain how these conductivity gradients along the cathodic interface of the

constriction region influence the profile and level of electrokinetic biomarker enrichment, we

present spatio-temporal images and temporal plots of enrichment of labeled streptavidin at

1 MHz in Figures 4(a)–4(k), from a starting level of 100 ng/ml. The fluorescence intensity ver-

sus time plots for various conditions of nDEP induced electrokinetic trapping are determined by

averaging the maximum intensities from 20 pixels along the sidewall direction and normalizing

these fluorescence levels to those obtained under purely DC fields, where no perceptible rise in

fluorescence is apparent. For comparison, we choose the following: (1) trapping within constric-

tion gaps of varying size: �40 nm in Figures 4(a)–4(c) versus �130 nm in Figures 4(f)–4(h);

(2) trapping under varying degrees of surface conduction for inducing ICP conditions, using a

critical DC offset field (2 VDC/cm) to enhance ICP in Figure 4(c) versus a sub-critical DC off-

set field (0.2 VDC/cm) to obviate ICP conditions in Figure 4(e); and (3) trapping within physio-

logical media, using PBS buffers with rm of 1.6 S/m versus 10-fold diluted PBS buffers with

rm of 0.2 S/m (Figure 4(b) versus 4(j), after 1s trapping). For nanoslits with 40 nm constrictions

(Figures 4(a)–4(c)), within 0.3 s of field application, a significant level of biomarker preconcen-

tration is apparent along the constriction sidewall within 0.3 lm of the constriction tip and bio-

marker depletion over a broad elliptical region that extends �20 lm along the centerline is also

FIG. 4. Fluorescence images of streptavidin preconcentration in physiological media (rm� 1.6 S/m) from a starting level of

100 ng/ml, under an electrokinetic force balance due to 70 Vrms/cm (AC) plus 1.5 VDC/cm offset for: (a) t¼ 0.3 s, (b) t¼ 1 s,

and (c) t¼ 3 s of enrichment at nanoslits with 40 nm constriction gap widths and (f) t¼ 5 s, (g) t¼ 10 s, and (h) t¼ 20 s of

enrichment at nanoslits with 130 nm constriction gap widths. (d) Preconcentration under predominantly nDEP conditions

(no ICP enhancement) after 20 s of enrichment; and (j) preconcentration under conditions similar to (a)–(c), but in media of

10-fold lower conductivity (rm� 0.2 S/m). A schematic explanation of the biomarker preconcentration profile under the

force balance of electrophoresis (red) vs. nDEP (Green) and enhanced second order electroosmosis (orange) is shown for:

(d) physiological media, and (i) 10-fold diluted media. (k) Fluorescence intensity versus time averaged for 20 pixels along

the constriction sidewall with highest intensity and normalized to fluorescence under purely DC fields.
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clear. Over time, the biomarker depletion region remains more-or-less unchanged, while bio-

marker preconcentration gradually extends from the constriction sidewall directions to cover the

off-sidewall directions. For the case of nanoslits with 130 nm constrictions, the profiles are

somewhat similar (Figures 4(f)–4(h)), with initial preconcentration along constriction sidewalls

and a biomarker depletion region along the centerline. However, the preconcentration is consid-

erably slower, as apparent from the longer time intervals,32 and the biomarker depletion region

extends no more than �3 lm along the centerline. For the case of trapping under nDEP condi-

tions with a sub-critical DC field for initiating ICP, the biomarker enrichment rate is gradual

(Figure 4(k)) and the trapping profile shows only a very small biomarker depletion region

(�0.3 lm along centerline in Figure 4(e)).

Within 10-fold diluted PBS media (rm � 0.2 S/m), the trapping is dispersed, with no bio-

marker depletion region, even with a critical DC field for initiating ICP alongside nDEP. These

enrichment profiles under various field, media conductivity, and device geometries validate the

role of rm gradients generated under ICP conditions along the cathodic interface of the constric-

tion region inside the nanoslit (as described in Figures 2 and 3). As per the schematic in Figure

4(d) depicting biomarker and ion transport in nanoslits with constrictions of 40 nm gap, the

high field due to ion depletion near the constriction tip and the high field gradient due to ion

accumulation along the constriction sidewall cause a localized nDEP trap (green arrows) within

�0.3 lm from the constriction tip along the sidewall, which correlates with region of maximum

biomarker in Figures 4(a)–4(c). On the other hand, the high field along the device centerline

arising from extension of ion depletion onward from the constriction tip drives biomarkers by

electrophoresis (red arrows) away from the centerline toward the nDEP trapping region along

the sidewall, correlating to the broad biomarker depletion region away from the off-sidewall

directions up toward the device centerline. The localized rm gradients due to ICP at bulk rm of

1.6 S/m (Figure 3(a-iv)) that cause at least 5-fold enhancement in potential barrier for trapping

(assuming a conservative qc: 0.08 C/m2) suggest >100� higher levels of enrichment than

obtained solely under nDEP (see S5, supplementary material). As per the fluorescence levels in

Figure 4(k), this causes localized enhancement of >5000� in streptavidin concentration. In

fact, our prior work quantified this at 104–105-fold concentration enhancement in the preconcen-

tration region19 and �103-fold enhancement in analyte binding at capture probe surface.22,23

This is apparent from the sharp rise in fluorescence signal to saturation levels in Figure 4(k),

within just 3 s (curve (i)). For the nanoslit with a constriction of 130 nm gap (Figures

4(f)–4(h)), the biomarker enrichment profile is quite similar to that for the equivalent device at

40 nm, but the lower level of nDEP trapping, as well as the ICP enhancement of electrokinetic

trapping due to lower ion depletion levels, cause a less sharp rise in fluorescence signal versus

time (Figure 4(k), curve (ii)) and smaller region of biomarker depletion. It is noteworthy that

ICP-enhanced nDEP trapping with a 130 nm constriction gap is greater than that obtained under

nDEP trapping conditions at a 40 nm constriction gap, with no significant ICP enhancement

(Figure 4(k), curve (ii) vs. (iii)). This suggests that nDEP trapping within nanoslits containing

larger constriction gaps (�130 nm) can be enhanced over that obtained utilizing smaller con-

striction gaps (�40 nm), by sufficiently increasing DC offset field to enhance surface conduc-

tion for inducing ICP. Within media of lower bulk conductivity (10-fold diluted PBS media at

rm � 0.2 S/m), the highly dispersed biomarker enrichment along the entire cathodic interface

(Figure 4(j)) is explained by the schematic in Figure 4(i). Herein, the force balance is domi-

nated solely by biomarker electrophoresis (red) versus electro-osmosis in the nanoslit (orange),

with a minimal role for nDEP trapping (green), thereby explaining the absence of the biomarker

depletion region along the centerline and the highly focused biomarker trapping region along

the sidewall directions that are seen within phosphate-buffered saline (PBS) media.

III. METHODS

A. Theoretical formulation

Ion conductivity profiles were computed for perm-selective geometries within the nanoslit,

assuming constant surface charge non-uniformity (qc) through applying Neumann flux/source
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boundary condition as shown in Equation (5). We use a conservative estimate of:

qc¼ �0:08 C m�2,33 which is well lower than possible higher end estimates (qc ¼ 0:3 C m�2).34

At equilibrium the electric potential, w, distribution is governed by the Poisson equation35

r2w ¼ � 1

ere0

XN

i¼1

zieni : (4)

To solve the Poisson equation, Dirichlet boundary condition was applied to inlet/outlet walls

in reservoirs, where electrodes are inserted, to simulate the voltage source. All other bounda-

ries are set to zero flux. In NaCl solution, N ¼ 2 is the number of ionic species, where

ni ði ¼ Na; ClÞ and ziði ¼ Na;ClÞ are the number density and valence of i-th ionic species,

respectively. e0 and er ¼ 80 represent permittivity of vacuum and relative permittivity of the

medium, respectively. Using a continuum treatment of the problem, in the absence of chemi-

cal reactions, the flux of each of these ionic species is described by Nernst–Planck equation,

which represents the balance between convection, diffusion, and ionic drift due to presence

electric field.33,36

@Ci

@t
¼ r: DirCi þ

Diezirw
KBT

ci �~uci

� �
: (5)

With ði ¼ Na or ClÞ, DNa ¼ 1:33� 10�9 m2

s
and DCl ¼ 2:03� 10�9 m2

s
are the diffusion coeffi-

cients of ion species, KB is the Boltzmann constant, T is the temperature, ci is the molar con-

centration of species at each point of the device, and u is the fluid velocity vector. To solve

this equation, all boundaries except inlet and outlet walls were assigned zero flux boundaries

for both ionic species. Dirichlet boundary condition equal to bulk concentration is assigned to

both inlet/outlet for both ionic species. In steady state, continuity equation requires: r:Ji ¼ 0.

A closer examination of Equations (3) and (4) reveals their interdependence, thereby requiring

them to be solved simultaneously. Together they are known as Poisson–Nernst–Plank (PNP)

equations, which should be solved numerically, since analytical solutions are not available for

their nonlinear form.33 Using standard boundary conditions for continuity of w and Ci and of

their first derivatives, we used COMSOL Multiphysics to solve these equations over 2D space

to find the concentration distribution of ionic species at any point in the device. The only

exceptions are at the constriction tip and within the walls of the perm-selective region, wherein

the electrical boundary condition is set to account for the surface charge density (qc)

dw
dr
¼ qc

e0er
: (6)

Assuming incompressibility of the fluid, r:u ¼ 0, Navier–Stockes equation, which governs the

fluid momentum completes these set of equations

qm

@u

@t
¼ �rpþ gr2uþ f : (7)

In this equation qm ¼ 1000 kg=m3 is the water density, p is the pressure, g ¼ 1:002 mPa s is the

water dynamic viscosity, and f is the body force. In the nanoslit design, due to the high surface

to volume ratio, we can neglect dielectric forces,37 and electric body force can be defined as

follows, with qf , as the free charge density

f ¼ �qf rw: (8)

To solve for fluid flow, the no-slip Dirichlet boundary condition was applied to walls of the

microchannel, constriction, and perm-selective regions. Along these boundaries, a layered quad-

rilateral mesh with dense element distribution in the normal direction was used to resolve the

033109-11 Rohani et al. Biomicrofluidics 10, 033109 (2016)



thin boundary layers along the no-slip boundaries. However, for simulations in media of bulk

conductivity of �1 S/m, the double layer thickness is within 1% of nano slit depth. Hence, in

order to significantly lower computational requirements in our set of simulations within the

microchannel region, which is very far from perm-selective zone, Dirichlet electroosmotic ve-

locity boundary condition can be applied to the boundaries (walls) through choosing proper

electroosmotic mobility for each bulk conductivity value.

After solving Equations (4), (5), and (7), the current through any particular cross-sectional

area of the channel can be calculated38

I ¼
ð ð�
�Krðwþ /Þ � F

X
ziDirci þ Fu

X
zici

�
: (9)

Here, K ¼ F2
P

z2
i mici is the electrolyte electrical conductivity, mi s the electrical mobility, ci is

the molar concentration, / is the electrical potential distribution due to the external applied

voltage, and finally F is the Faraday’s constant. At steady state, non-uniform distribution of

electric field, E, will cause the particles in the medium to experience dielectrophoretic force

(FDEP). The average FDEP on a homogeneous spherical particle with electrical permittivity ep,

conductivity rp, and radius, a, suspended in a fluid with electrical permittivity em and conduc-

tivity rm, is given by the following:

~FDEP ¼ 2pa3emRe
e�p � e�m
e�p þ 2e�m

 !
|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}

KCM

E:rE ¼ n E:rE: (10)

KCM is the Clausius–Mossotti factor, which depends on the frequency (x) of the applied field

as given by: ep
� ¼ e� jr=x. Due to the DC offset of the applied voltage, particles in the me-

dium will also experience electrophoresis (FEP), which can be calculated from the following

equation:

FEP ¼ clEPEDC: (11)

Here, lEP is electrophoretic mobility, and c ¼ 6pga is the friction coefficient for a spherical

particle with radius a in a medium with viscosity of g . Biomarker trapping occurs under elec-

trokinetic force balance of FnDEP and FEP, under a zero net force on the particle, Fnet

Fnet ¼ a2ðx; y; rmÞFEP � bðx; y; rmÞFDEP: (12)

a2ðx; yÞ and bðx; yÞ denote the respective levels of local ICP-induced enhancement as a func-

tion of position and medium conductivity. Since all steady-state electrical forces are conserva-

tive vector fields, we can calculate scalar potential energy fields to describe the net electroki-

netic force balance in terms of barriers and wells that affect particle trapping within the device.

The potential field is given by the integral over the volume (dV) of the net electrokinetic

force20

U ¼
þ

Fnet:dV: (13)

This integral in the presence of AC and DC fields is

U ¼ nbE2

2
� aclEP:VDC: (14)

VDC is the offset voltage to enable electrophoresis (EP).
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B. Experimental methods

Details of experimental device geometry and operation are available in prior work20,39,40

and in supplementary material S1. Alexa 488 labeled Streptavidin (�60 kDa) was procured

from Molecular Probes (Eugene, OR).

IV. CONCLUSIONS

A methodology for utilizing surface conduction versus bulk conduction effects in nanoslits

to sharply enhance the spatial extent of negative dielectrophoresis is described to initiate ultra-

fast enrichment of biomarkers within physiological media. Using AC fields to generate negative

dielectrophoresis and an offset DC field to initiate ion concentration polarization at surface

charge non-uniformities in the nanoslit, the localized field intensity is enhanced due to ion

depletion and the field gradient is enhanced due to proximal ion accumulation, thereby enhanc-

ing rE2 to enable biomarker enrichment in physiological media. The optimal device geometry

for creating the charge non-uniformity inside the nanoslit is a sharp lateral constriction with a

gap of �40 nm and a length of �300 nm, to enable an extension of the ion depletion region

from the anodic interface up to the cathodic interface. As a result, ultrafast electrokinetic

enrichment of biomarkers occurs within physiological media due to the highly focused trapping

profile, whereas the trapping profiles are more dispersed within media of lower bulk conductiv-

ity, due to the lowered biomarker nDEP alongside the enhanced level of disruptions from

electro-osmotic flow. Using a conservative estimate for the surface charge non-uniformity

(qc¼ �0:08 C m�2), the ICP-induced enhancement in the potential barrier for electrokinetic

trapping within physiological media (rm¼ 1.6 S/m) is �5-fold higher than in the absence of

ICP. Using a Boltzmann distribution for biomarkers, this suggests >100� higher levels of

enrichment than obtained solely under nDEP, as validated by experimental observations. Since

this AC electrokinetic-based methodology causes ultrafast biomarker enrichment in conductive

physiological media, wherein DC electrokinetic enrichment is limited, we envision its applica-

tion for biomarker discovery, protein crystallization, and in biosensing for speeding assay

kinetics and reducing assay interferences.

SUPPLEMENTARY MATERIAL

See supplementary material for a description of experimental device geometry (S1), meth-

odology for calculating ICP-induced electrokinetic enhancement (S2), the influence of electro-

osmotic disruptions on electrophoretic ion mobility at lower media conductivity (S3), influence

of trapping potential enhancement on preconcentration (S5) and on reducing trapping time (S4),

calculation of surface to total ion current in nanoslit (S6), and total nDEP enhancement in nano-

slit at different medium conductivities (S7).
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