Lab on a Chip

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been

. accepted for publication.
Lab ona Chip e

D —— Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

g}mm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/loc


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 12

Lab on a Chip

PAPER

Cite this: DOI: 10.1039/X0XX00000X

Received ooth January 2012,
Accepted ooth January 2012

DOI: 10.1039/X0XX00000X

www.rsc.org/

Lab on a Chip

RSCPublishing

Real-time dual-loop electric current measurement for
label-free nanofluidic preconcentration chip

Pei-Shan Chung,®Yu-Jui Fan,” Horn-Jiunn Sheen,” and Wei-Cheng Tian™

An electrokinetic trapping (EKT)-based nanofluidic preconcentration device with the capability of label-
free monitoring of trapped biomolecules through real-time dual-loop electric current measurement was
demonstrated. Universal current-voltage (I-V) curves of EKT-based preconcentration devices, consisting
of two microchannels connected by ion-selective channels, are presented for functional validation and
optimal operation; universal onset current curves indicating the appearance of the EKT mechanism are
served as a confirmation of the concentrating action. The EKT mechanism and the dissimilarity in the
current curves related to the volume flow rate (Q), diffusion coefficient (D), and diffusion layer (DL)
thickness were explained by a control volume model with a five-stage preconcentration process.
Different behaviors of the trapped molecular plug were categorized based on four modes associated
with different degrees of electroosmotic instability (EOI). A label-free approach to preconcentrating
(bio)molecules and monitoring the multibehavior molecular plug was demonstrated through real-time

electric current monitoring, rather than through the use of microscope images.

Introduction

Microfluidic devices have been extensively used for molecular
detection because of well-documented advantages: rapid
analyses, decrease in the number of samples and amount of
reagents required, and potential for automation and massive
parallelization.'” Efficient sample collection/preconcentration
methods, therefore, are necessary for world-to-chip interfacing
to achieve the full potential of the sensing schemes used.* In
response to the need for low-abundance analyte sensing,
several sample preconcentration approaches have been
developed, including capillary electrophoresis, electrokinetic
trapping (EKT),> ® field amplification stacking,” isoelectric
focusing,8 affinity-based extraction’, isotachophoresis,10 and
membrane filtration.'' Among these approaches, EKT, which
traps molecules in a microsized volume through ion
concentration polarization (ICP)'? and fluid control, is the
most widely used approach for low-abundance biomolecule
preconcentration because it achieves a high level of sample
preconcentration (approximately several million fold)'* and is
suitable for any molecule and cell that has a charge opposite to
the surface charge of the ion-selective channels. EKT-based
devices have attracted considerable attention because of not
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only their potential applications in biomolecule sensing> >

but their rich scientific content related to ICP phenomena and
electroosmotic instability (EOI).>*

The EKT approach has been used in many fabrication
methods and biosensing applications. For efficient ICP upon
the passage of electric current through different ion-selective
channels, e.g., 1D nanoslots and porous membranes, it is
necessary to select an appropriate biomolecule-compatible
buffer solution with a suitable Debye length in an electrolyte.
Many suitable nanofluidic structures, including the nanogap
generated by the junction gap breakdown of
glass/polydimethylsiloxane (PDMS)," vertical nanoslots in
silicon,*® parallel nanoslots on glass,'> 2 and self-sealed
vertical'® and surface-patterned®” ** Nafion® membranes, have
been shown to work efficiently in phosphate buffer solution
(PBS). By using these nanofluidic structures in EKT devices,
many studies have shown that the sensitivity of and molecular
binding kinetics in immunoassays'® 2" ?* and enzyme activity
assays’’ can be enhanced. For seamless integration with
downstream biosensors, an EKT-based continuous-flow
sample preconcentration method that can achieve 100-fold
concentration has been developed.'* %

There have been difficulties in using EKT-based devices
for molecule detection during the preconcentration process.
First, to visualize the trapped molecules, also referred to as
preconcentrated plug, and to observe the behaviors of the
preconcentrated plug for subsequent detection purposes,
fluorescence-labeled molecules are always necessary for the
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entire process.* Nevertheless, when the initial concentration of
diluted fluorescence-labeled analytes is as low as 33 fM,"
invisible or indistinguishable fluorescence-labeled
preconcentrated plugs render the full control of the EKT
mechanism less desirable because of the detection limit of the
charge-coupled device (CCD) camera. Moreover, the need for
fluorescence-labeled molecules constrains the choice of
molecule detection methods in the downstream steps. Second,
the appearance of EOI may influence the motion of
preconcentrated plugs to different degrees, and the motion is
typically described by fluorescence microscope images.'> In

3940 and fluidic flows' are

addition, the electric conductivities
changing over time. To date, there is no quantitative
explanation describing the behaviors of preconcentrated plugs
and the corresponding electric currents. Furthermore, the EKT
mechanism has not been clearly described with flow models.
In this study, we demonstrated a label-free EKT-based
nanofluidic preconcentration device by using a real-time dual-
loop current monitoring system (Fig. 1). The “typical layout”
of the EKT-based preconcentration device involves two
microchannels connected by ion-selective
nanoslots/membranes. During the label-free preconcentration
process, the initial happening site of a preconcentrated plug
and the subsequent EOI-influenced behaviors of the plug can
be quantitatively and accurately described by two real-time
current curves (Figs. 1(D) and (E)). To wvalidate the
functionality of “typical” EKT-based devices and to control
the preconcentration process, we propose not only the
universal characteristic current-voltage (I-V) curves of the
functional devices but the pattern of current curves generated
EKT mechanism kicks

preconcentration process, also referred to as the onset curves

when the off during the
of the EKT mechanism in this paper. To elucidate the unclear
EKT mechanism, a fixed control volume (CV) model, based
on the assumption that the fluid used in this study is an
impressible Newtonian fluid, was developed to explain
different characteristics of two circuits during the five-stage
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preconcentration process (Fig. 1(C)), including the volume
flow rate, diffusion layer (DL) thickness, and electric current.
EOI-influenced behaviors of the
preconcentrated plug, four basic modes are presented based on

To categorize the

analyses of two current curves with the corresponding
microscopic images (some of the images are shown in this
paper).

Theory

ICP is an electrochemical transport phenomenon occurring
near ion-selective channels upon the passage of an electric
current. Because of the electrokinetic effects in micro-

/nanochannels'” 3!

and because of the presence of
negative/positive ions'?, a depleted diffusion layer (DLy,) and
an enriched diffusion layer (DL.,) appear at locations that
have the highest and lowest electric potential in the ion-
selective channels, respectively. This phenomenon is also
called an ion depletion/enrichment process.'?

A typical I-V curve of ion-selective channels includes
ohmic, limiting, and overlimiting regimes in series (Fig.
2(A)). In the beginning, the I-V curve shows a linear ohmic
relationship (Figs. 2(A) and (B), (a)). The linear ion-
concentration gradient in DLy, gradually increases and
enhances the ion fluxes throughout the ion-selective channels
by causing diffusion. In the classical diffusion-limited current
transport theory,*' at a critical voltage, the diffusive-flux-
enhanced current density saturates when the cation and anion
concentrations approach zero adjacent to the ion-selective
channels. Therefore, the limiting current /j;, is attained and a
plateau regime is observed in the I-V curve (Figs. 2(A) and
(B), (b)). However, at another critical voltage Vg, the
breakdown of the electroneutrality condition adjacent to the
ion-selective channels leads to the emergence of an extended
space charge (ESC) layer between the DLy and the
equilibrium electrical double layer (EDL) of the ion-selective
channels®' (Figs. 2(A) and (B), (c)). The appearance of a
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Fig. 1 A. Schematic of the proposed device. B. The cross sections of the device. C. The fixed control volume model and flow directions. D. An ideally symmetric
schematic of the nanofluidic preconcentration chip with a dual-loop current measurement system. E. The resistive model of the nanofluidic preconcentrator and

picoammeters/voltage sources.
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nonequilibrium EDL, the combination of an equilibrium EDL
and an ESC layer, is accompanied by the EOI*® *? and
hydrodynamic chaos**, which destroy the DLy, and increase
the ionic conductivity of the ion-selective channels. Finally, an
overlimiting current phenomenon can be observed (Fig. 2 is
elaborated in the Results and Discussion section).

The appearance of the overlimiting current may be caused
by convective mixing, including gravitational convection,
bulk electroconvection, and electroosmosis-induced
electroconvection, i.e., EOI. Gravitational convection results
from the action of gravity on the density gradient of the
concentration polarization. For 0.1 M NaCl aqueous solution
and a DL less than 200 pm thick, the Rayleigh number (Ra) is
116, an order of magnitude below the gravitational instability
threshold (Ra > 1000).** ** Bulk electroconvection results
from the action of macroscopic scale coulombic forces on the
residual space charge of a locally quasi-electroneutral bulk.
When a gel is immobilized on the ion-selective channels to
suppress the appearance of the EOI, the overlimiting current
phenomenon disappears. Therefore, bulk electroconvection
does not contribute to the overlimiting current.* Thus, neither
gravitational convection nor bulk electroconvection is the real
cause of the overlimiting current; rather, the cause is the
EOL2® which is based on the action of coulombic forces on the
Debye-length-scale nonequilibrium EDL.*® ** A suitable
model of the nonequilibrium EDL has been constructed, >
confirmed, and elaborated by several numerical and analytic
- 3% 4547 7altzman and Rubinstein clarified the

structure of the concentration polarization layer (CPL), which

studies.”
can be divided into three layers in series:*® a quasi-equilibrium
EDL, a nonequilibrium ESC layer, and a quasi-electroneutral
DL4., which is a transition layer adjacent to the quasi-
electroneutral bulk. The combination of the first and second
layer and the combination of the second and third layer are
termed nonequilibrium EDL and depletion layer, respectively.
In experiments, the occurrence of the nonequilibrium
electrokinetic phenomena®® has been observed when the
macroscopic vortical EOI occurs in quasi-steady-state
¥, The

nonequilibrium electroosmotic slip contributes to the vortices

equilibria’’ and unsteady transient equilibria®®
and destroys the DLy. Therefore, it renders the quiescent
conductance unstable.

In this paper, we propose the CV model (Figs. 1(C) and 5)
for incompressible flows to describe the phenomenon of
transient changes of two loop currents resulting from transient
changes in the fluid flow directions, effective diffusion
coefficient, and thicknesses of the DLy during the
preconcentration process. As fluids pass through the CV,
whose location is defined to be in the upper microchannel and
close to the parallel nanoslots, the volume entering the CV per
unit time is equal to the volume leaving the CV per unit time.
Here, we suppose the fluid used in this work is
incompressible, and to simplify the flow directions in the CV,
we define the CV as a region that encompasses the sites of the
electroosmotic slip-induced EOI and the nanoslot-induced

This journal is © The Royal Society of Chemistry 2014

Lab on a Chip

backflow'> 3°. Thus, we considered only the net flows and
fluxes at the boundaries of the CV.

When the flow is electrically driven, the total ionic mass
flux (J;) of a species i given by the extended Nernst-Planck
equation consists of three terms:’' Fick’s law for diffusion
driven by concentration gradients (c¢), Ohm’s law for
migration driven by electric potential gradients ( @ ), and
Bernoulli’s Principle for convection generated by differences
in pressure (P), e.g., as by nonequilibrium electroosmotic
slips:'” 32

Jiz—D,.Vc,.— zFV(D— ”VVP i=1,2

RT RT , (1)

where D;, ¢;, z, and Vl are the diffusion coefficient,
concentration, valence, and partial molar volume of species i,
respectively. Subscript 1 refers to the cation and 2 to the
anion. F is the Faraday’s constant, R is the gas constant, and 7
is the absolute temperature. The second term, representing the
diffusion flux and considered in one direction, is proportional
to the electric field (£), which influences the electroosmotic
velocity (v.,) and the volume flow rate (Q):
Voo =— SCE ,Q=v- Am =V A, <E
g ) (2)

where ¢~ is the zeta potential, 7 and ¢ are the dynamic
viscosity and the permittivity of the fluid, respectively, v is the
flow velocity (dominated by the electroosmotic velocity (ve,))
of the substance elements, and A4,, is the cross-sectional area
of the microchannel. The volume flow rate is proportional to
the electric field. When there are mass-transport limitations, it
is often desirable to work under conditions of pure diffusion
control because of the well-defined and easily reproducible
conditions; such conditions can be achieved when the electric
field is low in the quiescent solution.>?
study, we considered the electrochemical analogy of the total
diffusion flux (V®=VP=0) in one dimension, for which the
current density (y) is given by

Therefore, in this

ac,
ox )m.p_(_:,)

J=F@J, +Z2J2)'§ =_Z1FDI(%) _ZzFDz(
X Jop

Consider a binary electrolyte (z,=1, z, =-1) satisfying the

electroneutrality condition (¢, =c¢,=c) . The concentration
gradient attained at the limiting current density (j,) (Fig.

2(B)) can be written as>*

i ) S

where ¢, is the salt concentration in the bulk solution and ¢ is
the thickness of the DL. Therefore, the combination of Egs.
(2) and (3) gives the Pierce equation for the limiting current
(11im)154
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L =A,jim = ii;bc%
=10 (5)
where D=2DD,/D,+D, is the salt diffusion coefficient,
t,=J,/(J,—7J,) is the transport number of the cation in the
membrane system, ¢’ =D, /(D,+D,) is the transport number
of the cation in the bulk solution, and 4, is the total area of the
nanochannel openings; the limiting current is inversely
proportional to the length of the DL. The electroosmotic slip
in the convection term of the ionic mass flux (J) expression
appears in the presence of an electric field normal (£,) to the
nanoslot openings. This electric field, contributing to a field-
induced ESC layer, in combination with a tangential electric
field (E,) acting on the field-induced space charges, leads to a
nonlinear electroosmotic velocity of the second kind (Veo2):”

_ sE D, o E?
n ) (5)

eo2

where @ is the potential drop over the nonequilibrium EDL,
that is proportional to the external normal electric field. The
convective velocity field of the EOI is linked to the pressure
gradients (P) in Eq. 1.
electrokinetic velocity, expected to scale as E2, is 10-100

The EOI-induced nonlinear

times greater than the linear electrokinetic velocity in
experiments and enhances the mixing diffusivity;*> however, it
does not appear to affect the thickness of the well-developed
DLy (0).* Hence, the EOI-induced destruction of the DL
leads to a higher diffusion coefficient and increases the ionic
flux through the ion-selective channels, as in (6). Accordingly,
in this paper, we use the effective diffusion coefficient (D.g)
of the DL, to describe changes in the electric currents in the
presence of the EOI.

In summary, as mentioned above, studies on ICP, the I-V
curve, the nonequilibrium EDL, the ionic mass flux, and the
diffusion flux have been conducted for ion-selective channels.
To the best of the authors’ knowledge, this is the first time that
all these electrochemical and electrokinetic phenomena have
been integrated to explain the electrokinetic trapping
mechanism; the CV model and the dual-loop -current
monitoring system have been used, and they explain the
evolution and behavior of electric currents during the
preconcentration process, without requiring fluorescence-
labeled molecules.

Experimental Methods

Device Fabrication

The preconcentration devices used in the study consisted of
two microchannels cast in PDMS and 80 parallel glass-based
nanoslots, which were perpendicularly bonded by oxygen
plasma treatment (Figs. 1(A) and (B)). The two microchannels
were 50 pum wide and 16 um deep, and they were spaced 50

4 |Lab Chip
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Fig. 2 A. Typical dimensionless current-voltage curve of cation-selective
channels. B. A schematic of salt concentration profiles near cation-selective
channels in one dimension. (a) Ohmic, (b) limiting, and (c) overlimiting
current stages. The overlimiting current stage can be divided into ¢ (steady-
state regime), ¢ (regular oscillation regime), and ¢ (irregular oscillation
regime); the corresponding threshold voltages are Vss, Vose, and Vnpoises
respectively.

pm apart at microchannel-nanoslot interfaces; the parallel
nanoslots were 25 um wide and 40 nm deep, and they were
spaced 25 um apart. The PDMS mold for microchannels was
fabricated on a silicon wafer by using the inductively coupled
(ICP-RIE) process, and
nanochannels were fabricated by a standard wet etching

plasma-reactive ion etching
process involving glass slides. For high cation selectivity in
the nanoslots, 30 to 60 nm deep nanoslots were used in 1 mM
phosphate buffered saline (0.1X PBS); the EDLs in the
nanoslots overlapped with each other. For an effective
formation of a depletion layer to span over the entire width of
the upper microchannel, it is crucial to consider the number of
nanoslots, and the width and depth of the upper microchannel
adjacent to the nanoslots.>¢

Materials

To visualize the EKT mechanism and demonstrate label-free
nanofluidic preconcentration through the dual-loop current
monitoring approach, 5.8 nM fluorescence-labeled goat anti-
mouse [gG (31569, Thermo Fisher Scientific, Rockford, IL,
USA) with negative charges was added to 0.1X PBS at pH
7.8. The solution was injected into the microchannels in
advance using a syringe pump (Fusion 200, Chemyx,
Houston, TX, USA).

This journal is © The Royal Society of Chemistry 2014
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Method Development and Experimental Setup

The EKT mechanism of typical preconcentration devices, in
which two microchannels are connected by cation-selective
nanoslots/membranes, is yet to be clarified. To investigate the
phenomena occurring in different stages of the mechanism,?
the dual-loop current monitoring system was developed, and it
was used to describe the characteristics on the left and right
sides of the ESC layer during the preconcentration process. By
Kirchhoff’s current law, the total electric current through the
nanoslots (/,,,,) is the sum of the left loop current (/) and
the right loop current (Zg) (Fig. 1(E)). Therefore, the total
current through the nanoslots determined by measuring the
two loop currents individually provides an opportunity to
acquire more information about the two circuits. It is
noteworthy that some capacitive elements, such as EDLs
adjacent to the electrode/electrolyte interface and inside the

nanoslots,!” %’

are neglected in our simplified resistive model
when supplying a DC voltage to the preconcentration chip.

In the dual-loop current monitoring system, the NI-VISA
interface (NI LabVIEW, National Instruments Corp., Austin,
TX, USA) was used along with general purpose interface bus
(GPIB) controllers (GPIB-USB-HS, National Instruments
Corp., Austin, TX, USA) to control the GPIB instruments.
Two picoammeters/voltage sources (Model 6487, Keithley
Instruments Inc., Cleveland, OH, USA) were used as the
GPIB instruments (Fig. 1(D)). In this study, all the phenomena
were observed using an inverted epifluorescence microscope
(IX71, Olympus Co., Tokyo, Japan), and captured by a CCD
camera (QImaging Micropublisher 3.3 RTV, Surrey, BC,
Canada) with image capture software (Image-Pro Express
v5.1, Media Cybernetics, Silver Spring, MD, USA). All
images were analyzed using image analysis software (ImageJ
v1.47, NIH, Bethesda, MD, USA).

Demonstration of Functionality of Cation-Selective Nanoslots

The appearance of ion-selective characteristics of channels
depends on whether the EDLs of the solid surfaces overlap. To
observe ion selectivity and the related ICP phenomenon, the I-
V curves of the channels were used to detect their ion-
selective function. Our devices (30-60 nm deep nanoslots)
filled with different concentrations of PBS (1 mM, 100 uM,
and 10 uM) were demonstrated to show cation selectivity, as
shown in Fig. 3. Three curves were obtained by sweeping a
DC voltage across reservoirs 1 and 4 from 0 to 200 V
(reservoirs 2 and 3 were kept floating), and they could be
separated based on three distinguishable regimes: an ohmic
regime with slope m, a limiting regime, and an overlimiting

regime.*

When the ICP layer in the overlimiting regime
sustains a thinner DL, and has a higher ionic conductivity
compared to the ohmic regime, the slope of the curve may be
higher than that in the ohmic regime.”® Moreover, the pH
value of the solution (the concentration of PBS) decides the
thickness of the EDL, and therefore, the depths of the 1D

nanoslots should be of concern.®

This journal is © The Royal Society of Chemistry 2014
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Fig. 3 Current-voltage curves of parallel cation-selective nanoslots for
different PBS concentrations. (a) The ohmic regime with slope m, (b) limiting
current regime, and (c) overlimiting current regime.

Demonstration of Functionality of Preconcentration Devices

Two-step methods for checking the functionality of the
preconcentration devices and the optimized value of the
operational voltage were developed. The first step in the
functionality check was to acquire the I-V curves. DC
voltages were applied across reservoirs 1 and 3 and across
reservoirs 2 and 4 using four tungsten needles; the voltages
were swept from 0 to 120 V (Fig. 1(D)). Typical I-V curves of
a functional preconcentration device are shown in Fig. 4, and
it is described below in detail. The second step, selecting the
optimal operational voltage, involves analyzing the I-V curves
obtained in the first step. The lowest operational voltage must
be set to be above the onset voltage of the EOI (overlimiting
regime) and sufficient to initiate the EKT mechanism within a
short time, as discussed below (Fig. 6). However, the I-V
curves and optimized operational voltages may vary, and their
variation is relevant to the equivalent resistive model of the
chip (Fig. 1(E)). In other words, at least three uncertain factors
influence the ionic mass flux and the current densities of the
mismatched bonding of PDMS-based
microchannels and glass-based nanoslots after the oxygen
plasma treatment, the salt concentration gradients in the
channels after the syringe pumping process, and the
inhomogeneity of the nanoslots resulting from the imperfect
wet etching process. Therefore, fixed operational voltages
cannot be applied to every chip every time."?

To develop a method for the manipulation of the EKT
mechanism based on these uncontrollable factors, we propose
that the voltage obtained in the two-step method be applied to
the two circuits in comparison with different voltages applied
to two circuits'>. When the same voltage is maintained in the
left and right circuits, the EKT mechanism is initiated once the
tangential electric potential gradients in the ESC layer
contribute to the EOI and the nanoslot-induced backflow. The
instabilities change the two-direction flows, both toward the
nanoslots, of the upper microchannel into the unidirectional
flow (Figs. 1(C) and 5). Negatively charged molecules follow
the upper-stream flow until they are plugged outside the

nanoslots: the
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boundary of the ESC layer, i.e., they become the
preconcentrated plug.

However, the optimal operational voltage is not high for
three reasons. First, strong EOI has been observed under
higher electric potential gradients,*> which were at least 30
times greater than that in the buffer zone,'> and the EOI
renders the current densities regularly or irregularly
unstable.>? Second, in high electric potential gradients (25
V/um)," junction gap breakdowns of PDMS/glass near the
ESC layer can be easily caused, thereby destroying the
structure and changing the characteristics of the chip. Third,
high electric potential gradients may influence conformations
and the related properties of biomolecules and generate more
heat and gas bubbles near the operational electrodes.' Thus,
we modified our chip design by using optimized resistive
models® and set the onset of the EKT mechanism below 120
V, i.e., the potential gradients were below 0.5 V/um in the
nanoslots and 5 mV/um in the microchannels. Accordingly, a
potential gradient that is at least 50 times less than the
potential gradient of the junction gap breakdowns is achieved.

Results and Discussion

Real-Time Dual-Loop Current Monitoring of Preconcentration
Devices With Characteristic Current-Voltage Curves

In the two-step method described above, a functional
preconcentration device has characteristic I-V curves, which
can be described by two simple phenomena (Fig. 4). Because
of the ICP phenomenon near the cation-selective nanoslots
upon the passage of electric currents, a typical S-curve can be
observed in Figs. 4(A) (a)—(c), with ohmic, limiting, and
overlimiting current regimes. Because of the onset of the EKT
mechanism, the direction-changing fluid flows in the upper
microchannel influence the ionic mass flux and current
densities in the nanoslots within the two circuits.
Consequently, current separation and plug-appearing regimes
can be observed in Figs. 4(A) (d), and (e). The five stages of
the preconcentration process can be successfully observed in
time order by sweeping the voltage applied across reservoir 1
and 3 (left circuit) and across reservoir 2 and 4 (right circuit)
from 0 to 120 V in 1-V steps. Each value in the I-V curves is
the average of 10 data with a sampling rate of approximately
1.4 Hz.

Initially, when the applied voltage was below the limiting
current threshold voltage (V};), the electric current was below
the limiting current (/;;,,) and the chip was operated in the
ohmic regime (Fig. 4A (a)). The two loop currents increased
in proportion to and with the applied voltage because of the
diffusion-dominated ionic mass flux, as in (3).” The
aforementioned factors that are uncontrollable during the
fabrication process and sample preparation process caused the
two circuits to have slightly different properties, and therefore,
the two circuits have different equilibrium resistive models
and different electrical conductances. Therefore, minor
differences (approximately 10 nA) between the two loop

6 |Lab Chip
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Fig. 4 A. Real-time monitoring of dual-loop current by sweeping the voltage
from o to 120 V in 1-V steps. (a) The ohmic regime, (b) limiting current
regime, (c) overlimiting current regime, (d) current separation regime
between (1) the current separation point and (2) the plug appearing point,
and (e) plug appearing regime. B and C show images corresponding to points
before and after the plug appearing point, respectively.

currents could be consistently observed; the right loop current
was slightly higher than the left loop current, which implied
that the current density (j), ionic mass flux (J), electric field
(E), electroosmotic velocity (ve,), and volume flow rate (Q) in
the right circuit were slightly higher than those in the left
circuit, as in (1)—(3). Besides, the two flow directions in the
upper microchannel were directed from the reservoirs to the
nanoslots (from reservoir 1 to opening 5 and from reservoir 2
to opening 5) (Fig. 1(D)).

When the applied voltage becomes high, the electric
currents saturate at the limiting current value (/j;,,) according
to the diffusion-limited transportation theory*'; the chip is
then operated in the limiting current regime (Fig. 4(A) (b)). As
the applied voltage is above the overlimiting threshold voltage
(Vss), the normal component of the electric field (£,) induces
the appearance of an ESC layer and the tangential component
of the electric field (£, in the ESC layer triggers
nonequilibrium electroosmotic slips at the openings of the
nanoslots; the slips destroy the depleted DLs, contribute to the
overlimiting current phenomenon, and cause the chip to
operate in the overlimiting current regime (Fig. 4(A) (¢)).

The destruction of the depleted DLs in both the left and
right circuits, which differed in extent in the two circuits,
originated from the uncontrollable factors as the applied
voltage increased. It can therefore be inferred that different
electroosmotic velocities of the second kind (v,,;) dominated
the destruction, and these velocities were proportional to the

This journal is © The Royal Society of Chemistry 2014
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electric fields (£) adjacent to the nanoslots as in (6). In other
words, the effective diffusion coefficients in the left and right
circuits were different and proportional to the electric currents,
as in (5), and if it is supposed that the thicknesses of the
depleted DLs are constant®, then the concentration difference
between the bulk and the ESC layer is also constant. Hence,
the two similar I-V curves of the two circuits began to
separate at approximately 45 V, which was referred to as the
current separation point (Fig. 4(A) (1)).

As the applied voltage increases considerably in the
current separation regime (Fig. 4(A) (d)), the difference
between the two loop currents gradually increases (from 10 to
approximately 500 nA). Because a higher electric current
value implies a higher volume flow rate, the right circuit
shows a considerably higher volume flow rate (Qign)
(directed from reservoir 2 to opening 5) compared to the left
circuit (Qieq) (directed from reservoir 1 to opening 5) at the
end of the current separation regime. In this situation, the fluid
flow in right circuit is overwhelmingly greater than that in the
left circuit, and consequently, the fluid flow direction in the
left circuit is reversed (directed from opening 5 to reservoir 1).
The inverse fluid flow (Qi.q) renders the passage of the ionic
mass in the upper-left microchannel passing through the
nanoslots more difficult. Therefore, the left loop current
decreases rapidly and considerably, and it decreases below the
limiting current (/;;;, = 100 nA in this case). Because of the
fluid flow being from the right to the left in this stage and
because of the ESC layer preventing the charged molecules
from passing through, many ions in the upper-right
microchannel rapidly accumulate at the right side boundary of
the ESC layer and the preconcentrated plug is formed; the
plug formation instant is referred to as the plug-appearing
point (approximately 95 V) (Fig. 4(A) (2)). In the plug-
appearing regime (Fig. 4(A) (e)), both the right and left loop
currents decrease in the beginning because of the onset of the
EKT mechanism, which leads to the appearance of the
nanoslot-induced backflow. Eventually, the right loop current
keeps increasing because of more ions being transported per
unit time from reservoir 2 passing through the nanoslots, and
the left loop current continues decreasing because of fewer
ions passing through the nanoslots per unit time in the
direction opposite to the upper-stream direction.

In general, the trend at the beginning of the I-V curves can
predict the preconcentrated plug formation site. Figure 4(A)
shows that the right circuit has a slightly higher electric
current in the beginning; the circuit possesses a higher electric
field, flow wvelocity, and higher volume flow rate.
Consequently, it can be forecast that stronger nonequilibrium
electroosmosis flow (EOF)-induced EOI may occur and
destroy the DLy, more severely in the right circuit, which
would contribute to a considerably higher loop current.
Therefore, we can predict that the preconcentrated plug is
likely to form at the right boundary of the ESC layer in the
beginning of the preconcentration process. In experiments
performed in the present study, the nanoslot-induced backflow
and the EOI in the upper microchannel lead to bidirectional

This journal is © The Royal Society of Chemistry 2014
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fluid flows, directed from the reservoirs toward the nanoslots,
being reduced to unidirectional fluid flow, directed from one
reservoir to the other. The preconcentrated plug is formed on
the side of the dominant current (right loop current in this
case). To visualize and validate the dual-loop current
monitoring system for the EKT mechanism, 5.8 fM
fluorescence-labeled IgG was added to PBS. Fluorescence
microscope images acquired before and after the formation of
the preconcentrated plug are shown in Figs. 4(B) and (C). To
simplify the preconcentration process, the transient changes in
the I-V curves of the two circuits were explained as effects of
changes in the diffusivity or thickness of the depleted DLs
involved in the control volume model.

Control Volume Model for Five-Stage Preconcentration Process

The CV model clarifies the EKT mechanism of working
preconcentration devices consisting of two microchannels
bridged by ion-selective solids, during the preconcentration
process. The salt concentration profiles and EOI-induced
vortical motions in the five stages—the ohmic, limiting
current, overlimiting current, current separation, and plug-
appearing regimes—of the preconcentration process have
elucidated the characteristic I-V curves of the dual-loop
current monitoring system (Fig. 5). Our CV model considers
two primary parameters, the diffusion coefficient (D) and
depleted DL thickness (J). During the five-stage pre-
concentration process, the diffusivities in depleted DLs may
vary because of different nonlinear electroosmotic velocities;
the EOI is responsible for the different velocities. In addition,
once the EKT mechanism is initiated, one of the flows in the
upper microchannel is reversed. Subsequently, this flow
reversal forces the depleted DL redistribution and increases
the thickness of the downstream DLg4. The symbols used in
Fig. 5 are as follows. The salt concentrations, including cation
and anion concentrations, in the upper microchannel are
denoted by ¢, in the bulk, ¢, in the preconcentrated plug,

ELINNTS

and zero in the ESC layer. The subscripts “ca”, “an,” and “s”
refer to the cation, anion, and salt, respectively; “diff” and
“mig” refer to diffusion and migration, “de” and “en” refer to
depleted and enriched, and “left”, “right,” and “n” refer to the
left circuit, the right circuit, and the nanoslots.

To simplify our model, first, we suggest that the fixed CV
enclose any ESC layer, depleted DL, and vortex motion.
Second, we ignore any minor changes in the thickness of the
electric field-induced depleted DL,*® but consider major
changes in the thickness of the depleted DL affected by fluid
flow, which are observed in our experiment. Third, a more
rapid vortex provides a higher effective diffusivity.®™ ®' The
velocity of nonequilibrium EOF, proportional to the
magnitudes of the local tangential and normal electric fields,
dominates the size and velocity field of the vortex pairs, while
the size of a vortex pair can be restricted by the finite space of
the microchannel.?® In addition, the cation flux (Viefs Jright) 18
equal to the sum of the migration flux (Jy,;,) and diffusion flux

(aifp)-

Lab Chip | 7



Lab on a Chip

In the first three stages (Fig. 5(A) (a)—(c)), the volume
flow rates (Qieq and Qyign) and electric currents (Jien and g
in the upper left and upper right microchannels are nearly
identical and all currents flow into the fixed CV. Initially, in
the ohmic regime, the concentration at the center of the CV
high; the
concentration eventually becomes zero. The electrochemical

decreases as the applied voltage becomes
analog of the diffusion-dominated ionic mass flux shows a
linear relationship between the electric current and the applied
voltage (Fig. 5(A) (a)). In the limiting current regime, the
currents in the two loops (Jien, Irign) are restricted to the
limiting current value (/j;,) because the thicknesses of the
DLs, in the DLs, and the

concentration differences across the DLs are constant, as in

the diffusion coefficients

(6). However, when the applied voltage exceeds the instability
threshold voltage Vg, a nonequilibrium ESC layer is formed
adjacent to the nanoslots and vortices are induced in the two
depleted DLs. Therefore, current values in the two circuits
exceed the limiting current value and the diffusion coefficients
in the depleted DLs (Die, Diign) €xceed those in the limiting
current regime (Dy,). Hence, the process goes into the
overlimiting current regime.

In the remaining two stages (Fig. 5(A) (d) and (e)), the
ionic mass flux and the volume flow rates in the upper left and
upper right microchannels are distinct, leading to an extremely
large difference between the two loop currents. First, in the
current separation regime, different vortical motions arise in
the two depleted DLs, and they result in different diffusivities
in the DLs, which forces current values in two circuits to

differ considerably, shown in Eq. 3 and Fig. 4. The fluid flow
directions in this stage are the same as in those before the
plug-appearing regime until the onset of the EKT mechanism.
Second, when the applied voltage increases or over time, the
volume flow rate in the wupper-right microchannel is
considerably higher than that in the left because of dissimilar
electric field profiles. It is believed that when the dynamic
volume flow rate in the nanoslots is lesser than the sum of
those in the upper left and upper right microchannels, a high
volume flow rate in the upper-right microchannel is capable of
reversing the upper-left flow and contributes to an overall
right-to-left fluid flow that maintains fluid continuity during
the nanoslot-induced backflow'?; the process eventually enters
the plug-appearing regime. In the final stage, positively
charged molecules pass through the ESC layer and are likely
to penetrate the nanoslots because of the electric field
distribution; negatively charged molecules transported by the
right-to-left fluid flow are accumulated and trapped outside
the ESC layer since (i.e., the assumption has been made that)
none of the anions can pass through the cation-selective
nanoslots. Hence, a million-fold preconcentrated molecular
plug is produced at the upper-steam boundary of the ESC
layer. To understand the distinct properties of the two circuits
in this stage (Fig. 4(A)), it is important to consider the fluid
conditions in the upper microchannel. The right-to-left flow is
deionized as it passes through the CV with 99% salt rejection
and become desalted'® %3 (i.e., fresh water”). The desalted
upper-left flow, directed from opening 5 to reservoir 1, is
opposite to the cation mass flux (Jygs, Jmigea)» Which is

A ] "]]mig,an_> <_‘J]mig,an'J>
CS(X) ¢ diff,s » “mig,ca mig,ca / “diff,s (a) Ohmic regime: |right - ||eft < ||im
X zero -~ 6right= 6Ief't = 6Iim/ Dright= Dleft= DIim
Qright = Qleft' Qn = O*Ieft + inght
1 Fixed CV (b) Limiting current regime: |, = g = i
<— Fluid flo e N ~ 81ight = Oief= Olims Dright = Diet = Djim
<— lon flux 8iim 8y Qright.= C.l@fv Q= Qre + Qﬂght
&Y Vortex o P (c) Overlimiting current regime: |, = liere > i
mm ESC layer " - 81ight = Biert™ Biims Dright = Diett > Dim
lon-selective , Qiight = Qerr Qn = Quert + Quighe
channels () ‘) (d) Separating current regime: | p > liee > iy
. \-/ - 6right = 6Ieﬁ: = 6Iiml Dright > Dleft > DIim
W plUg, Cpay Quight > Qiettr Qn = Quest + Quigne
(e) Plug appearing regime: Ly, > Iy > liege

6right < 6Iim < 6Ieft' Dright > Dleft = Dlim

Leftloop current (Ileﬂl/

3

Qright = Qleft' O*n = O*right - Qleft

Cmax
tht loop current (1,;,,) Viighe Cp
4 | | zero

Fig. 5 Characteristics of the five stages during the preconcentration process, determined by using control volume analysis for fluid flows. A. A schematic of ion
concentration profiles and field-induced vortices in the upper microchannel at different stages of the preconcentration process. B. A simplified schematic
illustrating in-/outflows for a fixed CV and ion concentration polarization in the plug-appearing regime.
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directed from reservoir 1 to opening 5. This difference in flow
directions results in the DLy (dq) in the upper-left
microchannel being considerably thicker than that for the
limiting current (Jy,), and a decreased cation mass flux
through the nanoslots in the left circuit. Consequently, the
right-to-left flow compels the left loop current to decrease
below the limiting current value (/};,,) and to gradually reach
10 nA. In this study, this phenomenon is used to check
whether the EKT mechanism is initiated. It is noteworthy that
although the upper-left ionic mass flux (Jiq) is opposite to the
right-to-left fluid flow (Qu.r), it contributes to an overall
clockwise electric current in the left circuit, albeit with a much
lower value than that in the right circuit. By using the CV
model along with the expressions for changing diffusivities
and depleted DL thicknesses, clear explanations for the
dissimilar loop current values

during the five-stage

preconcentration process have been provided.

Real-Time Monitoring for Onset Time of Electrokinetic
Trapping Mechanism

It is difficult to select suitable applied voltages for operating
the EKT-based preconcentration devices, especially when the
initial concentration of fluorescence-labeled samples is low;
for a low concentration, the time required to detect the onset
of the EKT mechanism is long since the slight glitter in the
preconcentrated plug should be perceived, not to mention the
possibility of the mechanism being absent. Hence, we studied
typical onset curves of the EKT mechanism for label-free
preconcentration purpose by applying fixed voltages to the
two circuits (Fig. 6). To simplify the voltage adjustment, the
same voltage is applied to both circuits mentioned above and
should meet the following requirements. To form an ESC
layer that can trap molecules, the lowest applied voltage in the
overlimiting current regime is approximately 18 V (Fig. 4(A)).
To initiate the EKT mechanism while the fluid flow in the
upper microchannel is directed from one reservoir to the other
(Fig. 5), the electric fields in the upper left and the upper right
microchannels adjacent to the ESC layer should differ by a
sufficient amount. Figure 6 shows applied voltages above 30
V in the chip for which the above two requirements are
satisfied. The inset in Fig. 6 shows two real-time current
curves. Following the onset of the EKT mechanism, the
nanoslot-induced backflow results in the two loop currents
decreasing simultaneously, and the subsequent overall
unidirectional fluid flow forces the down-stream loop current
to decrease considerably and below the limiting current. In
this study, we defined the onset time of the EKT mechanism
as the time at which one of the two loop currents decreases
below the limiting current (/;;, = 100 nA). A plot of the
applied voltage (from 30 to 100 V) versus the onset time of
the EKT mechanism is shown in Fig. 6. At 30 V, the voltage
(approximately 18 V) required to generate the ESC layer is the
minimum, but a long time (approximately 210 s) is required to
increase the difference between the electric fields on the two
sides of the ESC layer. For applied voltages greater than 30 V,
the onset time of the EKT mechanism is approximately 10 s.

This journal is © The Royal Society of Chemistry 2014
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Fig. 6 Onset time of the preconcentrated plug at different applied voltages.
The inset shows the time evolutions of two loop currents at an applied
voltage of so V.

However, over time, the evolutions of the two loop currents,
whether they become regular or irregular and unstable, they
completely depend on the behavior of the molecular plug.

Real-Time Monitoring for Multiple Operational Modes of
Electric Currents and Preconcentrated Molecular Plug

Previously, Rubinstein et al. used numerical calculations® to
derive the nonequilibrium electroosmotic slip condition for an
ideal cation-selective membrane. It was shown that the slip
leads to the instability of the quiescent electrodiffusion by
generating electroconvective motions and results in the
destruction of the depleted diffusion layer (DLg4) and an
increase in the ionic mass flux. According to the overlimiting
current curve in Fig. 2(A), the behaviors of electric currents
and corresponding flow streamlines can be divided into three
types: depending on the fixed applied voltage: (i) steady-state
current and vortices (Vg < V < V), (il) regular oscillations
of the current and vortices (Voo < V < Vioise)s and (iii)
irregular oscillations of the current and vortices (V' > Viise)-
However, in practice, although the applied voltage is fixed, the
local electric field in the ESC layer adjacent to the
inhomogeneous parallel nanoslots varies and typically
increases over time. This high local electric field results in the
electroconvective vortices gradually changing from a steady
state to regular oscillations or irregular oscillations. These
phenomena not only influence the motion, shape, and
formation site of the preconcentrated plug but also change
electric currents in the parallel nanoslots. Furthermore, in this
study, apart from the instability of concentration polarization
in the depletion layer, the fluid flow directions in the upper
microchannel, described in Figs. 5 and 6, influenced the time
evolutions of the loop currents.

When the electric field (£) in the ESC layer exceeds the
instability threshold electric field (E,s.), which corresponds to
Vose» the stable streamlines transit to a new steady state
through a nonmonotonic readjustment of the shape and size of
the viscous vortices®®; this transition manifests as periodic
oscillations in the right loop current and preconcentrated plug.

Lab Chip | 9
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However, the left loop current is stable, i.e., in the regular
oscillation mode (Fig. 7(A) (a)), with a frequency of 99 + 9
mHz and a peak-to-peak value of 4.5 £ 1.4 nA. When the
electric field in the ESC layer increases (E > E|.), the
streamlines of the steady-state nonmonotonic vortices cease to
exist. The nonequilibrium EOF competing with the unstable
nanoslot-induced backflow results in growth of the oscillation
magnitude of the preconcentrated plug. The evolving right
loop current shows a quasi-triangular waveform and its
amplitude increases with time; by contrast, the left loop
current is stable, i.e., in the growing oscillation mode (Fig.
7(A) (b)), with a frequency of 87 = 9 mHz and a peak-to-peak
value 12-293 nA. The high-amplitude vortices in the depleted
diffusion layer drag the preconcentrated plug back and forth;
the plug is increasingly fluctuated in a periodic manner. When
the depletion layer cannot span the entire width of the upper
microchannel, asymmetric nonequilibrium nanofluid-induced
backflow'> *® occurs. As a result, part of the preconcentrated
plug leaks through the junction of the nanoslots and transports
a high concentration of both cations and anions to the down-
stream. The leakage supports the flow of high ion fluxes
through the downstream nanoslots and results in a peak
current in the left circuit. The regenerated preconcentrated
plug bursts with a frequency of 73 + 9 mHz and generates a
peak value in each period (the burst mode) (Figs. 7(A) (c¢) and
(B)); the peak-to-peak amplitude of the right loop current is
167451 nA. In the burst mode, the preconcentrated plug
continues to oscillate and leak. Because of the leakages, the
concentration of the preconcentrated plug gradually decreases.
This decrease leads to a decrease in the concentration
gradient, and the local electric field (£) in the ESC layer
adjacent to the preconcentrated plug is in the range Ei < E <
Ey.. Consequently, the vortices become stable and the
amplitudes of currents in both circuits are damped when the
plug is in the quasi-steady state mode (Fig. 7(A) (d)), similar

to the trend in the quasi-steady state shown in the inset in Fig.
6.

The curves in Fig. 7(A) can be explained as resulting from
transient changes in the diffusivities of the depleted diffusion
layers, as in (3) and illustrated in Fig. 5(A). When the
molecular plug oscillates because of the EOF of the second
kind, the mixing movement enhances the nearby diffusivity in
nanoslots and influences the electric currents. When the plug
is pushed forward and pulled backward relative to the ESC
layer repeatedly because of the motions of vortices, the
electric current increases and decreases; that is, as the high-
concentration molecular plug proceeds from a reservoir to
openings, it increases the diffusivity and electric current. In
contrast, as the plug proceeds from openings to a reservoir, the
relocated ESC layer with nearly zero concentration adjacent to
openings decreases the diffusivity and electric current. In each
period of the burst mode (Fig. 7(B)), a plug with increasing
concentration is formed in the upper stream and numerous
ions passing through the ESC layer are transported from the
upper stream to the lower stream; thus, the burst mode
influences both electric currents similarly. The evolution cycle
in Fig. 7 may repeat due to the dynamic instability of the EOI.

Conclusion

A label-free EKT-based nanofluidic preconcentration device
has been developed by using a real-time dual-loop current
monitoring system. In summary, we propose universal -V
characteristic curves of two circuits for functionality testing
and feature validation of typical EKT-based nanofluidic
preconcentration devices consisting of two microchannels
connected by ion-selective channels. The CV model that
considers two primary parameters—the diffusion coefficient
and depleted diffusion layer thickness, successfully describes
the electric currents in the two circuits and explains the EKT
mechanism. By analyzing the I-V curves and real-time current
curves, many features of the devices were ascertained. First,
the basic S-shaped I-V curve of parallel ion-selective
nanoslots—showing the ohmic, limiting current, and
overlimiting current regimes—shows the cation selectivity.
Second, the five-stage preconcentration process, consisting of
the aforementioned three regimes along with the current
separation and plug-appearing regimes validates the
preconcentration function and indicates the lowest operational
voltage that guarantees the appearance of the ESC layer,
which traps molecules. Third, the universal real-time onset
curves indicate the appearance of the EKT mechanism, and

A 200 : : 1200
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< 2
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g 8
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Fig. 7 A. Time evolutions of dual-loop current depicting four behaviors of the preconcentrated plug. (a) Regular oscillation, (b) growing oscillation, (c) burst, and
(d) quasi-steady-state modes, observed at an applied voltage of 100 V. B. Series of images of a regenerated preconcentrated plug traced in a 14-s period in the

burst mode.
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the use of fluorescence-labeled molecules for observing the
preconcentrated plug is not required. Once the currents of the
two circuits decrease simultaneously and one of the two loop
currents decreases below the limiting current value, the EKT
mechanism is initiated. Fourth, the curve of the onset time of
the EKT mechanism versus the operational voltage indicates
the lowest optimal applied voltage. Finally, based on different
degrees of oscillation in both electric currents and the plug,
four basic modes that explain the steady state, regular
oscillations, and irregular oscillations of the two loop currents,
and the corresponding behaviors of the preconcentrated plug
have been presented. To the best of the authors’ knowledge,
this is the first time that the capability of the dual-loop current
monitoring system to control the preconcentration process and
to eclucidate the behaviors of the trapped molecular plug,
without the requirement of fluorescence labeling, has been
demonstrated.
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