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Abstract A nanofluidic preconcentration device
utilizing an ion concentration polarization (ICP) phe-
nomenon has been regarded as one of the most effi-
cient mechanism for preconcentrating low abundant
molecules to be detected. In this review, a short funda-
mental aspect behind ICP was introduced and detailed
engineering endeavors to enhance the performance of
the preconcentration device were followed. While a
conventional nanostructure based on silicon or glass
substrate lose its ion-selectivity at a physiologically
relevant electrolyte concentration, Nafion as a highly
charged nanoporous material would maintain its perm-
selectivity at the concentration so that various fabri-
cation processes utilizing Nafion were introduced. In
order to extend the capability of the device in terms
of preconcentration factor and throughput, dual gates,
“U”-shaped and one-channel device were shown with
their pros and cons. Last section would introduce the
most recent development of preconcentration mech-
anism; the simultaneous preconcentration with sepa-
ration, the radial preconcentration and the two stress-
free preconcentration mechanisms. Conclusively, this
review would not only provide the key insight of de-
velopment history of the nanofluidic preconcentration
device but also contribute for creating the next genera-
tion preconcentration mechanisms.
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Introduction

Miniaturized analytical tools in biomedical fields and
environmental applications have been extensively re-
searched over last couple of decades with the aid of the
advances in micro- and nano-fabrication techniques'=.
These groundbreaking tools rapidly has changed the
main scope of such application fields, since it provid-
ed numerous outstanding advantages over laboratory-
scaled tools such as fast reaction time, minimal con-
sumptions of priceless samples and a maximized scal-
ability for portable platforms. However, the operation
with minimum volume of samples often demanded a
detector that has the extremely low limit of detection
(LOD), if the samples contained low abundant mole-
cules such as early-stage cancer biomarkers and heavy
metals which caused serious diseases even at an im-
mensely low concentration®”. While the detectors, an
inductively coupled plasma mass spectrometry and a
Matrix Assisted Laser Desorption/Ionization (MALDI)
for examples, could satisfy such LOD, their large vol-
ume and high cost would prohibit the advances toward
a ubiquitous era. Instead, numerous methods of pre-
concentrating such low abundant molecules have been
developed for substituting the traditional analytical
tools. Physical micro- or nano-filtrations were the sim-
plest method, but inherent clogging issues and low
recovery efficiency seriously delayed the development
of practical applications. Recently, several electroki-
netic phenomena were suggested for new preconcen-
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tration mechanisms such as capillary electrophoresis®,
microfluidic field-amplified sample stacking’, isota-
chophoresis® and isoelectric focusing’, etc.

More recently, micro/nanofluidic preconcentration
device based on an ion concentration polarization (ICP)
phenomenon that was firstly reported in 2005 has drawn
a striking attention, due to its high preconcentration
factor up to a million-fold and easy operation'®. ICP is
a unique electrochemical phenomena that occurs near
a nanoporous membrane (or nanochannel) under dc
electrical bias''. When the membrane immersed in an
electrolyte solution, it should have a surface charge
on it. Considering one nanopore in the membrane, the
surface charge on one side of pore wall can influence
the other side of pore wall due to its nanometer scale
so that the nanopore acts as the barrier against co-ions
in the solution. Therefore, only counter-ions can pass
through the nanopore, while co-ions are rejected from
the nanopore. This phenomena is known as perm-se-
lectivity or ion-selectivity. Since the most of membrane
materials have a negative surface charge, it acts as cat-
ion-selective membrane. Under dc bias, the electrolyte
concentration at the anodic side of membrane decreas-
es and finally reaches near-zero concentration to form
an ion depletion zone, while the concentration at the
cathodic side enriches to form an ion enrichment zone,
i.e. the ionic concentration is polarized at both sides of
membrane'?. This is the representing phenomenon of
ICP.

The ion depletion zone has arisen numerous fun-
damental issues in nanoscale electrokinetics such as
instability'*'>, overlimiting current'®'® and nonlinear
electrokinetic flows'*?°, but their details would be omit-
ed in this review, since they are out of scope. Briefly,
the near-zero electrolyte concentration inside the ion
depletion zone led to a locally high electrical resistance
and amplified the local electrokinetic flow inside the
zone®. In order to mass conservation, the amplified
electrokinetic flow forms as a fast vortical motion that
has never been achieved with 1* kind of electroosmotic
flow. In addition to this, the electro-neutrality should be
satisfied inside the ion depletion zone. The combined
effects of these two factors, i.e. strong vortical motion
and electro-neutrality, let the ion depletion zone act as
an electrical filter only for charged molecules. Thus,
any charged molecules regardless of their polarity
should be accumulated at the outer-boundary of the
ion depletion zone and their concentrations locally
increased up to a million-fold. This is the mechanism
of nanofluidic preconcentration device. Compared to
aforementioned mechanism such as isotachophoresis,
ICP preconcentrator has higher preconcentration fac-
tor because the target molecules were continuously
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Figure 1. Schematic illustrations of the preconcentration de-
vice and the mechanism of ICP in (a) H-shaped device, (b)
dual gates device, (c) U-shaped device and (d) one-channel
device. Vu and Vi were applied electric potentials of high and
low to induce a tangential electrical field (Er). Ex was a normal
electric field across the nanojunction or the nanochannel. ju
and jx were cation fluxes across a microchannel and the nano-
junction, respectively. Left column was a magnified view from
the dashed square of the right column.

supplied from reservoir that could be considered as
infinite volume compared to the volume of microchan-
nel. Despite of these fruitful advantages, there were
still several inherent limitations in the ICP mechanism.
Most importantly, an “H”-shaped structure that requir-
ed four voltage inputs hampered a practical utility as
shown in Figure 1(a), since extremely complex elec-
trode connections required for the multiplex version
of the preconcentration device. The locally preconcen-
trated sample inside microchannel had a volume from
few pico- to nano-liters so that increasing a throughput
or interfacing with downstream devices were challeng-
ing. In addition, ICP would be diminished with in-
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creasing the bulk electrolyte concentration, since the
conductivity ratio of bulk solution to electrolytes in-
side nanopore would not be enough to provide the
perm-selectivity of the membrane or nanochannel®' 2.

In this review, engineering endeavors to overcome
these limitations in the last decade were profoundly
introduced. Highly charged membrane material and its
fabrication process, the efficient microchannel struc-
tures for simplifying the electrical connections, and fi-
nally, new types of preconcentration mechanism would
be summarized with their pros and cons so that this
review will play a guidance role for whom not only
started to explore nanofluidic preconcentration mech-
anism itself but also had researched ICP applications
such as a bioanalytical sensing or environmental moni-
toring field.

Highly Charged Nanoporous Materials

Typical materials that used for the substrate of nano-
channel were silicon wafer or glass, but their surface
charges were relatively low (Si wafer: 25-50 mC/m*
and glass: <13 mC/m*?*?*. With such materials, the
nanochannel lost its perm-selectivity with high elec-
trolyte concentration. For example, 3 mM and 15 mM
were reported as a maximum electrolyte concentration
that can initiate ICP with glass25 and silicon'? substrate,
respectively. However, a practical solution for conven-
tional biological experiments has an electrolyte con-
centration over 150 mM and even 500 mM of seawater
sample was used in environmental monitoring field. In
order to sustain a perm-selectivity at such high concen-
tration, the surface charge of nanochannel or nanopo-
rous membrane should be much higher than the typical
material®'. In addition, the fabrication processes in-
volving such materials always required high-cost litho-
graphical processes so that a low surface charge and a
high fabrication cost were nuisances for practical util-
ities of ICP application. Compared to these materials,
Nafion recently appeared to be an alternative material
for the perm-selective membrane. Nafion is a highly
charged sulfonated tetrafluoroethylene (Teflon) based
fluoropolymer-copolymer (the surface charge of 200-
600 mC/m?)*® and has received a considerable attention
as a proton conductor for proton exchange membrane
(PEM) fuel cells?’2®. Pores allow movement of cations
but the membranes do not conduct anions or electrons.
Since various types of Nafion such as powder, solution
and sheet has been already commercialized so that a
fabrication process involving Nafion required only
soft-lithographical method, leading to the Nafion for a
versatile material in the nanofluidic applications. Self-

253

(a) Nafion solution (b)

Detach
™\ dummy PDMS

(© (d
Assembled
preconcentration device
Plasma
bonding

/

Microchannel networks

Figure 2. Fabrication steps of the surface patterning method
using Nafion solution.

sealed method utilized the flexibility of PDMS®. A
razor-cut trench was filled with Nafion solution so that
the nanoporous membrane formed vertically inside
PDMS substrate. By flowing Nafion solution through
densely packed microparticles, thick nanoporous mem-
brane was able to be integrated with deep microchan-
nels***'. Among those innovative methods, a surface
patterning method®* has become one of most favorite
fabrication method. The schematic procedures were
described in Figure 2. Like a stamping method, a dum-
my microchannel was introduced to guide the Nafion
solution so that the patterned Nafion can follow the
shape of the microchannel (Figure 2(a)). By removing
the dummy microchannel, bottom substrate (usually
slide glass) was able to have a designated Nafion pat-
tern after heating at 95°C for 5 minutes (Figure 2(b)).
Then desired PDMS microchannel networks would
be connected by plasma bonding between the PDMS
piece and the glass slide (Figure 2(c)). While the sur-
face patterning method would connect microchannels
and nanoporous membrane only at the bottom of mi-
crochannels and it was inappropriate in the case that
required aggressive chemical treatments on the glass
slide, the easiness of fabrication and the versatile shape
of Nafion nanojunction would encourage one to adapt
this method. Therefore, the high conductivity of Na-
fion and the easy fabrication method using it would
accelerate the researches of nanofluidic applications,
especially with ICP phenomenon. As followed, numer-
ous biological experiments with 1X PBS (~150 mM)
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Figure 3. (a) The operation of the same length device (16-channel) and the fluorescent intensity plot for showing the same concen-
tration factor. (b) The fluorescent image of 128-channel multiplexed concentration device. (c) The operation of serial preconcentra-
tion with a different length device (16-channel) and the fluorescent intensity plot showing the channel length dependency of concen-
tration factor. Reproduced by permission of The Royal Society of Chemistry™.

buffer solution** and seawater (~500 mM) desalina-
tion®* using Nafion junction were successfully demon-
strated.

Efficient Microchannel Networks

Dual Gates Preconcentration Device

As described, conventional “H”-shaped preconcen-
tration devices have been fabricated using silicon and
glass nanochannels. As shown in Figure 1(a), its con-
figuration was that two parallel microchannels were
connected with the nanochannels at the center of mi-
crochannels. Thus, the ion depletion zone was formed

from the bottom of the main microchannel as shown
in the second image of Figure 1(a). In such case, the
repulsive force was uneven vertically along the micro-
channel height. A dual gates device had a configuration
that one main microchannel were surrounded by two
ground microchannel and the nanochannels connected
them at the center of microchannels as shown in Fig-
ure 1(b). Then, the repulsive force was more uniform
along the vertical line in the center microchannel than
the “H”-shaped device. It was reported that the pre-
concentration factors with the dual gates device were
higher than that with “H”-shaped device®. However,
the dual gates design still have limitation of complex
electrical connections.
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Figure 4. (a) The surface-patterned Nafion film acted as a selective ion transporter in the presence of an electric-field, so an ion de-
pletion zone developed near and above the Nafion film. The illustration of the ICP phenomenon by the Nafion film that rapidly and
selectively absorbed, transported, and discharged cations from the anodic side to the cathodic side, resulting in the local formation
of the ion depletion zone. (b) (A) Negatively charged dye molecules, FITC, in 5 mM PBS buffer cannot penetrate the ion depletion
zone. (B) Positively charged dye molecules, Rhodamine 6G, in the same buffer were initially blocked by the ion depletion zone but
the ratio suddenly increases up to the same level as the neutral dye. (C) More than 30% of the neutral dye molecules, Rhodamine
110, pass over the Nafion film. Reproduced by permission of The Royal Society of Chemistry™.

U-shaped Preconcentration Device

After the surface patterning method using Nafion ma-
terial was introduced, its design flexibility was able to
accelerate the development of engineered nanofluidic
preconcentration device. The first variation was “U”-
shaped preconcentration device®. As shown in Figure
1(c), there was only one u-turned microchannel and
the electrical voltages were applied at each end of mi-
crochannel. The design rule was governed by the con-
ductivity ratio of Nafion nanojunction to the portion of
u-turned microchannel (denoted as region A in Figure
1(c)). The total length and cross-sectional area of re-
gion A, the bulk electrolyte concentration and the loca-
tions of Nafion nanojunction would determine the path
of cation flux. If the ion flux through Nafion (jx) was
more favorable (or similar) than the region A (jm), i.e.
JM<jn, ICP was triggered. More importantly, the U-
shaped devices were also easily extended to the mul-
tiplexed version™, since it only required one voltage
input and one ground regardless of number of multi-
plexed microchannel. As shown in Figure 3, a massive
multiplexed device with 16 and 128 microchannels at
the same preconcentration factor and the serial pre-
concentration ratio were successfully demonstrated. In
addition, this design was also utilized as micromixer”’,
since a sample flow was vigorously agitated and re-

combined again with strong tangential force along the
microchannel.

One-channel Preconcentration Device

More advanced design than “U”-shaped device was a
straight channel device or one-channel device. In a
straight microchannel, the conducting Nafion was pat-
terned at the bottom of the microchannel and an elec-
trical potential / an electric ground were applied at each
end of microchannel as shown in Figure 1(d). If the ca-
tion flux through a Nafion pattern (jn) was larger than
through bulk flow above the Nafion pattern (jm) (since
the conductivities of Nafion and the sample above the
Nafion were different), ICP was triggered at the anod-
ic end of Nafion pattern. This one-channel device ex-
cluded any variation of microchannel layout and, thus,
this has been considered as the simplest microchannel
design that had ever been reported (Figure 4)*°. Also
the multiplexed version of one-channel device was
demonstrated as well*’. Traditional nanochannels fabri-
cated by e-beam or DRIE were not appropriate for the
one-channel device, because those nanochannels were
incapable of transporting counter-ion in such open en-
vironment, i.e. the conventional nanochannel should
“connect” the microchannels by being buried inside
building block, but the one-channel device had the
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nanojunction inside the microchannel. Note that 1-di-
mensional micro-nano-microchannel connected device
was incapable of preconcentrating analytes, since there
was no continuous inflow of the analyte in the device.
Furthermore, since the conductivity of Nafion is simi-
lar as that of electrolyte solution at 1 M concentration,
one can initiate ICP with most of physiological sample
concentration range. However, both U-shaped device
and one-channel device had a disadvantage in terms of
power consumption, since excess ionic currents should
flow even in low conductivity zone, i.e. the region A of
U-shaped device and the upper part of Nafion in one-
channel device.

New Types of Nanofluidic Preconcentration
Device

Simultaneous Separation and Preconcentration for
Multiple Analytes

The basic concept of nanofluidic preconcentration de-
vice was that creating an electrical barrier by strong
convective fluid flows and electroneutrality. Thus, it
had been considered all of charged molecules could be
accumulated at the outer-boundary of the ion depletion
zone. Later on, this turned to be not always true. With
a proper voltage configuration to apply a moderate tan-
gential electrical field, multiple analytes would be pre-
concentrated and separated simultaneously*'**. Since
the physicochemical properties of each analytes had
their unique values, the locations where the external
forces were balanced out should be different. The drag
forces and the electrophoretic forces were involved
in the ICP preconcentration and their deterministic
parameters were a size of molecules and an electrical
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Figure 5. (a) The concentration-enhanced aptamer affinity
probe electrophoresis assay for the detection of IgE. Reprinted
with permission*'. Copyright 2011 American Chemical So-
ciety. (b) Time-lapse images of selective preconcentration of
sulfur rhodamine B (SRB) and Alexa fluor 488. Reproduced by
permission of The Royal Society of Chemistry™®.

Figure 6. The fluorescent dye migration during an operation of radial preconcentrator. (a) A depletion zone generated inside the Na-
fion circle. (b) The preconcentrated plugs were migrated toward the center.
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charge on it. Thus, they should have designated loca-
tions to be preconcentrated. Using this mechanism,
several studies were reported to demonstrate the simul-
taneous operation of separation and preconcentration
of multiple analytes. Cheow et al. reported an aptamer-
protein complex and a free aptamer were simultaneous-
ly separated and preconcentrated at different location
due to their size and charge difference (Figure 5(a))*'.
They utilized the device as a detector for whether an
aptamer was reacted or not. Recently, Choi et al. em-
ployed the simultaneous separation and preconcentra-
tion device combined with pneumatic valves so that
the device enabled to operate the three basic operations
of analytical chemistry in a single platform, i.e. sepa-

ration, preconcentration and sample extraction (Figure
5(b)*.

Radial Preconcentration Device

While various multiplexed scheme had been introduc-
ed, one of preferred platform was a radially networked
preconcentration device. The multiple connections of
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each microchannel shared one output reservoir so that
the preconcentrated samples were collected into the
outlet. With an “H”-shaped preconcentration device,
only half radial preconcentrator was demonstrated due
to extremely complex electrical connections®*. Later
on, the repeated radial connections of micro- and nano-
channel enabled to obtain an 800-fold preconcentration
factor for 1 hour operation‘”, but this scheme utilized
the ion enrichment zone so that the factor was lower
than previously reported “H”-shaped device.

Since the one-channel device enabled to setup the
preconcentration device with minimal number of elec-
trical connections, the design was easily expanded to
the radial preconcentration device. As shown in Figure
6, a circular Nafion junction was patterned at a desig-
nated radius so that the target molecules from the inlet
at the center of the nanojunction would trapped inside
the circle of nanojunction with an external voltage
input. After the preconcentration process, the precon-
centrated samples from each microchannel would be
easily recovered from the inlet reservoir.
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Figure 7. (a) The schematics of the paper-based preconcentration device with reservoirs (blue), sample channel (purple), and Na-
fion-coated region (white). Left images showed that preconcentration and separation in the paper-based ICP device with and without
ICP. Reprinted with permission*”. Copyright 2015 American Chemical Society. (b) Fluorescence images captured in optimal con-
vergent-channel paper-based device at 60 s and 130 s after applying external potential of 50 V. The images show the enhancement of
concentration by the geometric effect. The plot showed the variation of fluorescence intensity and sample concentration over time in
optimal convergent-channel paper-based device given constant potential of 50 V for 300 s or potential of 50 V for 130 s and reduced
potential of 25 V for the remainder of the concentration period. Reprinted with permission™. Copyright 2015, AIP Publishing LLC.
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Figure 8. (a) An illustration of ion movements and the mechanism of capillarity driven ICP phenomena inside microchannels and
its experimental demonstration of fluorescent particle tracking near the hydrogel pad. Particles from both ends of the microchan-
nel converged into the hydrogel pad due to the capillarity of the pad. The absorption continued for more than 30 min depending
on the geometry of the pad. (b) Schematic diagram of preconcentrated molecules in top-left and top-right corners of microchannel
(cross-sectional view). (c) Concentrated GFPs on the hydrogel after 1 min of capillarity driven ICP. They were coming from the top
and bottom of the microchannel as illustrated in (b). (d) The formation of the ion depletion zone in the direction against the external
flow coming in. Reprinted with permission®?. Copyright 2016, AIP Publishing LLC.

Paper-based Preconcentration Device

Paper is a complex network of cellulose fibers and its
gap between the fibers played a micron-sized water
path. Furthermore, due to its capability of spontaneous-
ly absorbing water by a capillary force and its low cost,
papers had been considered as new alternating building
block for microfluidic application**#®. In early stage,
it was demonstrated that the paper network was driven
by the spontaneous capillarity. For example, only a
simple colorimetric detection of biomarkers was re-

ported*’. However, further researches enabled to apply
electric field to the paper-based devices so that many
researchers turned their eyes into the paper-based pre-
concentration device. Nafion solution was also used
to bridge the papers as a perm-selective nanojunction.
While it has been known that capillary forces in a fully
wetted paper was no longer available for the driving
forces, Gong et al. had reported a protein assay* and
DNA analysis*’ with fully wetted paper-based precon-
centration device (Figure 7(a)). Structural variations
were also exploited by Yang et al. to reveal that a con-
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verging structure provided superior preconcentration
factors than a straight structure™ (Figure 7(b)) and by
Phan e al. to simplify overall preconcentration pro-
cess using Nafion sheet’’.

While the preconcentration factors was usually lower
than that with a conventional microchannel device, the
paper-based preconcentration device was able to elim-
inate undesirable instability due to the amplified elec-
trokinetic flow?° by confined micro structures. Thus, it
would be an appropriate platform to preconcentrate a
species that has a weak structure like cell-membrane.
In addition, the economic advantages of fabrication
and material costs would accelerate the commercial
products that was applicable in the resource limited
settings.

Capillarity-based Preconcentration Device

As similar as aforementioned paper-based device, re-
cently introduced capillarity-based device also pro-
vided a stress-free preconcentration of stress-sensitive
molecules. The mechanism was called capillarity ion
concentration polarization (CICP) and its operational
schematics was shown in Figure 8. In the device, the
perm-selective hydrogel was used as nanoporous mate-
rial and its ability to absorb (or imbibe) water without
co-ion spontaneously created the ion depletion zone
near the hydrogel. Since it utilized an inherent capil-
lary forces of hydrogel, any external electrical sources
were excluded. Thus, one can preconcentrate an elec-
trically sensitive analyte in a stress-free way. However,
the preconcentration factors and total operation time
would be lower and longer than electrically-driven ICP
operation, since a weak and slow capillary force drove
the mechanism.

Summary

A preconcentration of low abundant target molecules
has been one of the essential steps for various research
fields such as biological applications and environmen-
tal monitoring. Among the state-of-art mechanisms, the
preconcentration utilizing nanoelectrokinetic phenom-
ena called ICP was considered one of the most efficient
preconcentration mechanism due to a simple opera-
tional strategy and a high preconcentration factor. This
review summarized the engineering endeavor to en-
hance the performance of the nanofluidic preconcen-
tration devices. First, highly charged nanoporous mate-
rial, Nafion, was introduced as an alternative perm-
selective nanoporous material. Due to its high surface
charge, one can trigger the ICP at a physiological elec-
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trolyte concentration. In addition, the fabrication flex-
ibility of Nafion material enabled to open new era for
the engineered design of the preconcentration device.
Staring with introducing the original “H”-shaped de-
vice, dual gates-, “U”-shaped- and one-channel devices
were intensely summarized with their pros and cons.
Finally, new electrokinetic preconcentration platforms
were delivered. Multiple analytes were simultaneous-
ly preconcentrated and separated by the difference of
electro-mechanical properties of the target analytes. As
a multiplexed scheme, a radial preconcentration device
that was able to recover the preconcentrated sample
at the center reservoir was also reviewed. Lastly, two
stress-free preconcentration mechanisms, i.e. paper-
based preconcentration and capillarity-based precon-
centration were provided as the cutting edge technol-
ogies. Both mechanisms would be appropriate for the
resource limited setting, since its fabrication cost was
an order of lower than that of conventional nanochan-
nel device. Therefore this review would play as an
essential material for researchers to starting the devel-
opment of the nanofluidic preconcentration device
and nano-fabrication and the fundamental study of the
nonlinear nanoelectrokinetics.
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