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Recent advancements in ion concentration
polarization

Min Li and Robbyn. K. Anand*

In this minireview, we discuss advancements in ion concentration polarization (ICP)-based preconcentra-
tion, separation, desalination, and dielectrophoresis that have been made over the past three years. ICP as
a means of controlling the distribution of the ions and electric field in a microfluidic device has rapidly
expanded its areas of application. Recent advancements have focused on the development of ion-perm-
selective materials with tunable dimensions and surface chemistry, adaptation to paper microfluidics,
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higher-throughput device geometries, and coupling ICP with other separation (isotachophoresis and di-
electrophoresis) and fluidic (valve and droplet microfluidic) strategies. These studies have made great
strides toward solving real-world problems such as low-cost and rapid analysis, accessible desalination
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1 Introduction

Ion concentration polarization (ICP) is an electrokinetic
phenomenon brought about by selective charge transport,
such as occurs in a nanofluidic channel that links two micro-
fluidic compartments (Scheme 1a). This asymmetric process
results in the accumulation of charged species in one compart-
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technology, and single-cell research tools.

ment (ion enrichment) and ion depletion in the other. A
similar effect can be achieved via charge transfer reactions at
an electrode, and therefore, a closely related technique called
faradaic ICP (FICP), is also discussed in this review (Schemes
1b and c). ICP has found many areas of application owing to
its unique advantage as a means of achieving sharp spatial
variation in ion concentration and electric field strength.
Examples include counter-flow focusing (CFF) (encompassing
both concentration enrichment and separation of charged ana-
Iytes), desalination, and dielectrophoresis.
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mechanisms.

The foundational work preceding these ICP-based tech-
niques described mass transport and electrokinetics in and
around ion-permselective materials. Electrochemical measure-
ments aided in quantifying these effects, such as the enrich-
ment of counterions, mass transport, and Donnan exclusion
in cation-exchange membranes' and in individual conical
nanopores.” Highly spatially resolved fluorescence measure-
ments later led to a clear and quantitative description of ICP,
as is exemplified by the work of Leinweber and Tallarek in
packed beds of mesoporous beads in a microfluidic channel.?
The development of such hierarchical devices, which comprise
both nano- and microscale components, provided a means of
controlled analyte transport,* concentration enrichment,” and
ICP.°® Separate reviews provide an account of the theoretical
and experimental advances in ICP° and ICP-based concentra-
tors'? that followed.

The majority of recent advancements in this field have been
driven by the needs of existing ICP-based technologies -
namely, to increase their breadth of applicability and scale.
For example, the cost and difficulty of device fabrication has
been reduced through the expansion of ICP-based focusing of
charged analytes (such as DNA) to paper microfluidic
platforms."*™ In another area of application that benefits
populations living in resource-limited settings, desalination by
ICP presents an alternative to reverse osmosis and requires
simpler infrastructure."*'> However, the throughput of an
individual desalting device is severely limited by the size of the
ion depleted region that can be sustained. Therefore, new fab-
rication methods aim to augment selective charge transport,
thus leading to a larger depletion zone and an enhanced rate
of fresh water production.’® In addition to these advance-
ments, enhanced performance and control have been achieved
by combining ICP with other techniques. For example, the
recent incorporation of constrictions and valves into microflui-
dic ICP devices has enabled post-enrichment recovery of
focused analyte plugs.’” Further, the combination of ICP with
isotachophoresis has greatly enhanced separation results.'®
Before reviewing recent advancements, we provide a technical
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background of ICP as a foundation for the discussion that
follows it.

2 Technical background
2.1 Ion concentration polarization

This discussion will focus on ICP at micro-/nano- fluidic junc-
tions (Scheme 1a). An electrical double layer (EDL) forms at
the solid-liquid interface between, for example, the wall of a
fluidic channel and an electrolyte solution. If the channel wall
is negatively charged, the electrical potential at the wall is
more negative than that in the bulk solution. Donnan exclu-
sion occurs when two such walls are brought into close proxi-
mity causing the potential profiles of the adjacent EDLs to
overlap and to exclude anions from the channel formed
between them. The characteristic length scale of the EDL (the
Debye length) is less than 10 nm for a 1:1 electrolyte at a con-
centration greater than 1 mM. Therefore, complete Donnan
exclusion is limited to nanoscale channels.

If a voltage is applied across such a nanochannel, ICP
results (Scheme 1a). The key feature of this process is that
charge transport is selective — in the example depicted in
Scheme 1a, only cations are able to carry charge across the
pore. An ion depletion zone (IDZ) develops (upper channel,
Scheme 1a) as cations are removed via the pore, and the
migration of anions, away from this end of the pore is
enhanced by the locally high electric field strength (due to
decreased ionic conductivity). At the other end of the pore
(bottom channel, Scheme 1a), cations accumulate and anions
migrate inward, creating an ion enrichment zone (IEZ). A key
feature of any ICP device is the current due to selective charge
transport, which is directly proportional to the rate of IDZ and
IEZ growth. In general, more rapid growth is achieved when
more nanochannels are present. ICP devices frequently employ
nanoscale features that are too large to cause complete EDL
overlap. It is important to note that ICP occurs even at larger
length scales, and only partial charge selectivity is required,
which is accomplished whenever a significant proportion of
the current through the pore is carried through the EDL. In
fact, studies involving a related technique, faradaic ICP (FICP),
demonstrated that the two microcompartments do not have to
be completely separated. Both ICP and FICP have been shown
to occur in a single open microfluidic channel with a nano-
porous membrane or electrode located along a portion of the
channel floor."*?°

2.2 Faradaic ion concentration polarization

Like ICP, FICP results from selective depletion and enrichment
of charged species in a confined environment, such as a
microfluidic channel (Schemes 1b and ¢).*! In this system, ion
depletion is caused by neutralization of a freely diffusing ionic
species via a faradaic electrochemical route. Likewise, ion
enrichment results from electron transfer leading to an
increase in the magnitude of charge of a chemical species.
Scheme 1b depicts these two processes occurring at either end
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of a bipolar electrode (BPE), and the net result (Scheme 1c)
closely mimics ICP. FICP has been employed to accomplish
many of the same experimental goals as ICP and has the fol-
lowing distinct advantages: (1) ease of fabrication of electrodes
versus nanofeatures, (2) different selection rules and rate for
charge removal/injection, (3) possibility for ion depletion to
occur in both microfluidic compartments simultaneously.
FICP has been discussed in more detail elsewhere.>"*>

2.3 Electric field profile in the ion depletion zone

Of the two poles of ICP, the ion depletion zone (IDZ) has, by
far, produced the most compelling experimental results owing
to its intense enhancement of the local electric field strength.
In all ICP-based techniques, a component of the electric field
is applied axially along the microchannel that contains the
depletion zone. The resulting axial electric field peaks where
ion depletion is greatest and forms an extended electric field
gradient as it tapers to the edge of the zone. The recent
advancements in ICP-based techniques reviewed here all
depend on the way by which this electric field gradient is
formed, maintained, and applied to scientific problems. In the
following sections, we review recent advancements in ICP-
based focusing (concentration enrichment and separation),
desalination, and dielectrophoresis.

3 Preconcentration of trace analytes
3.1 Introduction

The preceding section described how ICP occurs when a
voltage bias is applied across a device feature that is capable of
facilitating selective charge transport. Counter-flow focusing
(CFF) can occur if opposing convective and migrational velo-
cities of a charged analyte are balanced at an axial location
along the electric field gradient at the IDZ boundary. In the
example depicted in Scheme 1d, convection (cathodic EOF or
pressure driven flow) is from right to left, and electromigration
of an anion (toward the anodic end of the channel) is from left
to right. The location of the balance point for a specific analyte
is determined by its electrophoretic mobility. As a result, dis-
tinct analytes can be separated on the basis of differing charge-
to-drag ratios. While focusing of an anionic analyte is depicted,
schemes have been devised for the enrichment of cations or
both cations and anions simultaneously.>***

The use of ICP CFF opens up many new possibilities in the
preconcentration of analytes. First, the limit of detection of
low abundance analytes can be significantly improved after
preconcentration while using only a small amount of sample.
Enrichment of up to one-million fold has been reported.”
Second, this electrokinetic approach is broadly applicable to
any charged species. Third, this electrically-driven system
allows enrichment to be achieved rapidly - within a few
minutes or even a few seconds.>*™>® Fourth, ICP CFF is robust,
operating under diverse conditions brought about by nano-
channel or membrane materials (e.g., polydimethylsiloxane
(PDMS), Nafion, charged hydrogel, and other modified

3498 | Analyst, 2016, 141, 3496-3510

View Article Online

Analyst

10,29-31 32-34

nanopores), channel geometry, and integration
with other lab-on-chip (LOC) components (e.g. sensors®> and
droplet microfluidics®®). Moreover, ICP CFF compares favor-
ably to competing enrichment methods. For example, ICP
does not suffer from clogging and loss of collected molecules
as do morphology-based concentrators.>” Additionally, unlike
affinity-based devices, ICP can achieve high sensitivity without
the need to functionalize ligands.*® Current research in this
field aims to improve performance, to increase scale, and to
develop customized ICP systems for new platforms, analytes,
and materials.

The main goal in sample preconcentration using ICP CFF
devices is to achieve a high enrichment factor with low voltage
and short residence time. Enrichment factor (EF), the ratio
between the concentration of analytes before and after ICP
CFF, is determined by the combined effect of sequestering and
dispersive mechanisms experienced by charged molecules. To
maximize enrichment, several parameters need to be con-
sidered. For example, a steep electric field gradient yields high
contrast in the electrophoretic velocity of an analyte between
neighboring locations, hence narrowing a focused band. The
slope of the electric field gradient, in turn, is influenced by
parameters such as the buffer/electrolyte conditions, applied
voltage, electrode configuration and the nanoporous materials
employed. Of particular importance is the geometry of the
microchannel and nanoscopic features. For example, a conver-
ging microchannel design can draw in analyte from a large
area and sequester it into a more confined space. Finally, for
any of these experimental parameters, there is an optimum
level past which ICP CFF degenerates. For a defined ICP
device, increasing voltage differences between sample chan-
nels and buffer channels,*® and extending residence time'*'?
are favorable for reaching high EF. However, Joule heating
eventually becomes significant, which broadens the focused
band."® Hence, extensive effort has gone into optimization of
all of these factors to enhance EF.

While high EF is a key figure of merit, devices that meet
more specific requirements needed in special circumstances
are critical. Point-of-care (POC) applications increasingly
demand customized ICP preconcentration systems. For
instance, the use of POC devices in resource-limited settings
requires low-power consumption, cost-effectiveness and sim-
plified design and operation. Other applications demand sim-
ultaneous enrichment and separation of multiple targets, for
which the main challenge may be resolution and not EF.
Finally, some ICP devices are being designed to recover larger
quantities of enriched materials for downstream analysis. For
these devices, the geometry is optimized for scale.

3.2 New approaches to make nano-features in PDMS-based
microfluidic devices

The geometry, surface chemistry, and number density of nano-
features impact the formation of an ion depletion zone. There-
fore, this subsection will highlight recent advances in
nanofeature fabrication.

This journal is © The Royal Society of Chemistry 2016
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In recent years, interest in preconcentrators having nano-
features fabricated in PDMS has been rapidly expanding.>"*%*!
PDMS allows convenient bonding and rapid replication, while
wet etching and photolithography using silicon and glass are
time-consuming.**™** However, with a low Young’s modulus
(360-870 KPa), nanochannels in PDMS substrate are prone to
collapse and deformation. Hence, extensive efforts have been
made to create nanochannels/nanojunctions with PDMS-based
non-soft lithography methods. Examples include the nano-
scale-fracturing method of oxidized PDMS,* the wrinkling
process,*® mechanical cutting of PDMS by razor blades®” and
the “roof-collapse” method.*® Although all of these reports
have achieved flexible, simple and low-cost fabrication pro-
cesses, the nanochannels are limited to two dimensions (2D)
which greatly limits the throughput of PDMS-based microflui-
dic devices.

Recently, stacking and rolling methods have enabled the
extension of topological configurations of nanochannels to
three dimensions (3D).*° For the stacking scheme, multiple
PDMS layers, fabricated using traditional photolithography,
were repeatedly treated with oxygen plasma and permanently
bonded together to form multilayered stacks (Fig. 1a). As
shown in Fig. 1c and d, the density of the 3D polymeric nano-
channel stack arrays (PNSAs) was directly controlled by the
master mold - bump arrays patterned onto a silicon wafer. On
the other hand, the size and shape of the nanochannel arrays
were controlled via elongation of the PDMS films (Fig. 1g).
Stretching and releasing the films created irreversible changes
in nanochannel dimensions. For instance, the volume of the
nanochannels shrinks irreversibly when an applied tensile
force is removed. PDMS molded from a bump pattern of 2 pm
or 4 pm in height were first stretched to 0, 25, 40, 55 and 70%
of their original volume. Depending on the degree of elonga-
tion, various shapes such as circular and elliptical nanochan-
nels could be accessed, while the size of nanochannels
continuously decreased (Fig. 1g). Therefore, nanochannel
structures with various sizes, shapes and densities could be
achieved by the synergy of stacking PNSAs and elongation.

Due to the tediousness of manual stacking cycles, the
authors introduced a fabrication method of simply rolling the
PNSA film from its edge with a plastic bar to realize large-area
integration (Fig. 1e). The number of layers were governed by
the rolling cycles, while sheets of a specified thickness could
be created by cutting the PNSA cylinder (Fig. 1f). A PNSA sheet
was then sandwiched in between two PDMS layers containing
two orthogonal microchannels for ICP investigation. The
authors used current-voltage (i-v) measurements to demon-
strate the three characteristic regions of ICP in the PNSA
device. In region I (Ohmic region), the linear relationship
between voltage and current indicates the constant conduc-
tance of the nanochannels. In region II (limiting current
region), the unchanged current as voltage increases suggests
the formation of an IDZ. In region III (overlimiting region), the
conductance increases significantly due to the formation of
vortices trigged by electro-convection in the depletion
zone.’** These results indicate that the ICP phenomena was

This journal is © The Royal Society of Chemistry 2016
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driven by the perm-selectivity of the PNSAs. The strategy
demonstrated using stacking and rolling techniques provides
an opportunity to prepare new 3D PDMS-based nanofeatures
with high throughput and good control over size and shape.
The ease of preparation and straightforwardness of the
approach facilitate the design of nanochannels for the precon-
centration of charged analytes.

The conditions under which ICP can be initiated are
limited by the ratio of surface conductivity to bulk conductivity
(Dukhin number, Du) in nanofeatures. Small channels with a
high surface charge and low ionic strength electrolytes favor
increasing Du**>* due to greater overlap of the EDL. Therefore,
to broaden the applicability of ICP, simple methods are
required for fabrication of sub-50 nm nanofeatures with con-
trolled surface functionalization.

Song et al. introduced a self-assembly process that
employed colloidal silica beads to achieve size control of nano-
channels, as well as selectivity via surface coating.” The strat-
egy is based on the concept that the close-packed structure of
colloidal crystals after evaporation has pores with diameters
about 15% of the colloidal particle diameter.>® Further, the
authors coated the silica beads to alter their zeta potential and
as a result, observed changes in their ability to initiate ICP.”®
Silica beads with diameters of 300 nm, 500 nm, and 900 nm
were used to form pore sizes of ~45 nm, 75 nm and 135 nm,
respectively. PSS (poly(styrenesulfonic acid)) and PAH (poly
(allylamine)) were applied as coatings to study the effect of
surface functionalization on charge selectivity. An array of
lithographically patterned nanochannels (depth: 700 nm,
width: 2 pm) were fabricated on both sides of the sample
channel. These nanochannels served to trap silica beads in the
delivery channel while maintaining a connection between
sample and auxiliary (buffer) channels (Fig. 2). This self-
assembly process allows for nanoscale-size control completely
outside of a sealed microfluidic device. Considering the highly
developed coating processes available for silica beads, the
preparation of nanochannels sensitive to temperature,”” pH,®
and ionic strength®® can be expected.

A 10 nM Cy5-tagged DNA 25-mer in 1 mM phosphate buffer
solution was utilized as the target analyte for the ICP analysis.
The increased zeta potential obtained through surface
functionalization resulted in the initiation of ICP at low
voltage (8 V-10 V) relative to uncoated beads (30 V). However,
the high surface charge of polyelectrolyte-coated beads greatly
propagated the ion depletion zone at higher voltage (e.g. 30 V),
making the DNA plug unstable. This problem is often inevita-
ble when applying a high voltage in ICP devices. However, it is
possible to prevent the propagation of the depletion zone with
an increase in the EOF (i.e. by channel surface modification)
or by introduction of hydrodynamic flow. Pressure driven flow
is preferred because running ICP in highly charged channels
at high voltage may cause “bursting” of the ion depletion
zone,® which occurs when the EOF overcomes the repulsive
force of the IDZ.

Another recently developed nanoporous junction for ICP
employs single-wall carbon nanotube (SWNT) films.*® Carbon
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Fig. 1 Fabrication and results of the 3D PNSAs. (a) Schematic of the stacking method to form a PNSA; (b) scanning electron microscopy (SEM)
image of nanochannel opening created by layer-to-layer bonding (bump height = 2 um); (c) SEM image of PNSAs which feature a constant pitch of
20 pm, and a constant layer thickness of 25 pm; (d) SEM image of PNSAs exhibiting variable pitches and sizes at each inner layer; (e) schematic of the
rolling technique using PDMS. The magnified image is a cross-sectional view before rolling; (f) the resulting PNSAs after the rolling process; (g)
investigation of nanochannel size and shape control by various elongation rates (scale bar: 500 nm).

nanotubes (CNTs) are good candidates for membrane
materials considering their high aspect ratio, electronic and
mechanical properties.®’ Specifically, the great potential of
functionalization via various modifications makes CNTs widely
used in applications such as electrochemistry, sensing and
catalysis.®> ** With the aid of vacuum filtration and film transfer

3500 | Analyst, 2016, 141, 3496-3510

techniques, 60 nm-thick films of carboxyl-modified SWNTs were
prepared and employed for ICP in a dual-channel microfluidic
device. The formation of a limiting region in the i-v curve
proved that ICP resulted from the permselectivity of the film.
The 60 nm-thick SWNTs exhibited similar conductance to a
500 nm-thick Nafion membrane. The surface tunability and high

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Schematic illustration of the microfluidic device made from self-assembled microbeads. (a) Micrograph of the device showing that the col-
loidal particles were assembled inside the upper and lower bead delivery channels (scale bar: 200 um); (b) a schematic of the device design; (c) SEM
image of the 300 nm silica particles trapped between the buffer and the sample channel (scale bar: 20 pm); (d) fluorescence micrograph showing

1700-fold DNA enrichment obtained using 300 nm silica beads.

conductance of SWNTs reported here suggest that this material
has the potential to be a highly efficient ICP membrane.

3.3 Methods for controlling the location and stability of the
concentrated analyte plug

Not only can flow rate be used to control ICP propagation at
high voltage, it also the simplest means of achieving control
over the location of the concentrated analyte plug. As a recent
example, Choi et al. demonstrated enrichment of Alexa Fluor
488 in a Nafion-coated straight glass channel (inner diameter =
1.1 mm) under two sets of conditions. The architecture of
Nafion® allows the initiation of ICP via the overlap of EDLs.
They first applied 30 pL, min~" flow toward the cathode with a
DC voltage of 300 V, resulting in a mean fluorescence intensity
of 93.°° When the flow rate was set to 40 pL min™" at 400 V, the
intensity increased to 243. A higher voltage shifted the concen-
trated plug away from the Nafion membrane, thus a higher flow
rate was needed to overcome the enhanced electromigration
and IDZ growth to fix the position of the concentrated plug.
Once enrichment is achieved, it is advantageous to encap-
sulate and store the analyte for downstream analysis. To this
end, Phan et al demonstrated analyte sequestration using a
continuous-flow droplet ICP microfluidic device. Their results
underscore the balance of applied voltage and flow rate. The
authors showed that the distance between the ICP boundary
and the edge of the Nafion membrane varied linearly with the
applied voltage.®” However, by increasing flow rate proportion-
ally with voltage, the enriched band could be maintained at
the droplet generator. Using this method, a maximum of 100-

This journal is © The Royal Society of Chemistry 2016

fold EF was obtained. The flow rate also controlled the size of
the droplets formed. For instance, when the flow rate increased
from 10 pL h™ (30 V) to 30 pL h™" (90 V), the droplet size
changed from ~240 mm to ~370 mm. These results are signifi-
cant because this technique could be interfaced with a suite of
microfluidic tools for droplet manipulation.

Kwak et al. introduced a merged ion enrichment-depletion
zone method to spatiotemporally define the preconcentrated
plug in a way that is independent of ICP operating con-
ditions.®® The key feature of this technique is two Nafion mem-
branes positioned 100 pm apart on the bottom of a straight
microchannel. When a voltage was applied, the anions that
enriched at the boundary of the IDZ formed by the right-hand
Nafion membrane were stabilized by the cations in the IEZ
formed by the left-hand Nafion membrane, thus preventing
expansion of the ICP boundary. A concentrated plug of a nega-
tively charged fluorescent dye could be tuned to a specific
region (100 pm x 50 pm x 10 pm) under a broad spectrum of
testing conditions (voltage: 0.5 V to 100 V; ionic strength:
1 mM to 100 mM KCI; pH: 3.7 to 10.3; residence time: 0 s to
1200 s). This method addresses one of the greatest challenges
encountered in ICP CFF and may render it more applicable to
preconcentration in other microfluidic platforms.

Recently, another ICP concentrator driven by capillary force
was introduced to eliminate the undesirable instability of the
concentrated plug.® Instead of applying a voltage to drive ions
into a permselective membrane, a negatively charged hydrogel
was patterned’® and employed for continuous imbibition of
cations by capillary force, thus initiating the formation of an

Analyst, 2016, 141, 3496-3510 | 3501
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IDZ. Once the IDZ formed, anions migrated away by electro-
static repulsion and enriched at a fixed position when a
counter flow (e.g. pressure-driven flow) was applied. The propa-
gation of the IDZ was found to be dependent on the electrolyte
concentration - low buffer concentration resulted in a thick
EDL, which in turn led to a high propagation velocity.
Compared to electrically driven ICP, the EF was relatively low
(100-fold in 60 s) due to the limited absorbing capability of the
hydrogel and a lack of global electromigration. However, this
ICP device is significant because it operates in the absence of
an electrical power source, thereby expanding the potential
utilization of ICP in POC applications. In addition, the simul-
taneous enrichment of cations and anions by patterning func-
tionalized charged hydrogels’””> in parallel along a
microchannel can be expected.

3.4 Nafion-impregnated paper-based microfluidic devices

Several characteristics of paper-based microfluidic devices
have motivated their recent surge in development: (i) they are
low-cost, amenable to mass production, and easy to transport.
A simple microfluidic paper-based analytical device (pPAD) is
about $0.01 for the cost of the paper and patterning;”” (ii)
typical pPAD materials, cellulose or cellulose-polymer blends,
are compatible with various chemical/biochemical/medical
applications;’* (iii) the devices can be disposed of by incinera-
tion safely after use.”” Therefore, since the pioneering study in
2007,”° pPADs have become a versatile and scalable platform
for a broad spectrum of diagnostic applications.””””® However,
concentration enrichment in pPADs has been a challenge. The
prevailing paper-wetting concentrators rely on capillary forces
generated in dry portions of the paper matrix. Examples
include sliding paper strips through a stationary reagent
loading unit for performing enzyme-linked immunosorbent
assays (ELISA),*® adding soluble sugar to create programmable
flow delays,®" and actuating paper cantilevers to connect chan-
nels.®” Once a paper-based assay is fully wet, these approaches
based on capillary forces cannot be utilized for the concen-
tration and transport of analytes.

The use of nanoporous membranes and ICP in pPADs opens
up the avenue to develop paper-based concentrators which are
independent of capillary forces. Of various nanoporous mem-
brane materials, Nafion is most commonly used since it creates
a hydrophobic barrier in paper devices while allowing selective
cation transport through the hydrophilic nanopores.

Gong et al. have demonstrated the feasibility of concen-
tration and transport of molecules using a Nafion membrane
for ICP in a fully-wetted paper-based assay.'' Two classes of
devices were developed - an external stamp-like silicone plat-
form comprising the driving electrodes, reservoirs, and Nafion
membranes separate from the paper, and an in-paper device
patterned directly with Nafion (Fig. 3). For the external device,
two ICP regions exist, one at each of the Nafion membranes in
contact with the two ends of the paper fluidic channel.
Depending on the polarity of the applied voltage, an enrich-
ment zone forms at one end of the paper and depletion at the
other. An enriched analyte band formed at the boundary of
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Fig. 3 Design and operation of the external and in-paper devices for
concentration. (a) Schematic of the in-paper transport configuration. (b)
Cross-section of the in-paper devices illustrating ICP under an applied
voltage. (c) Schematic of the external concentration device. (d) Cross-
section of the devices and paper-based assays depicting ICP under an
applied voltage. (Image reproduced from ref. 11 with permission. Copy-
right 2016, American Chemical Society.)

the depletion zone. This configuration is not unlike that intro-
duced by Kwak et al. (vide supra). The silicone layer containing
the embedded Nafion nanoporous membranes served to
prevent direct mixing of samples with buffer solutions con-
tained in the external reservoirs. For the in-paper devices,
however, the nanoporous membranes were directly patterned
into the paper, which served both to separate two wetted
regions and to enable ICP-based enrichment. The enrichment
of fluorescein achieved with the external-device became visible
at 50 s, and reached saturation at 155 s with 40-fold enrich-
ment; while the fluorescence intensity for the in-paper device
became significant at 90 s, and the maximum value was
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22-fold at 510 s. The transport efficiency (percent of analyte
enriched) upon reversing the polarity was investigated for two
cycles in both external and in-paper devices. In both devices, the
transport efficiency dropped significantly with repeated cycles.
The utilization of a glass coverslip resulted in a consistent trans-
port efficiency of ~90%, which indicated that the reduction of
transport efficiency could be ascribed to evaporation.

Using the in-paper device, the authors achieved a limit of
detection (LOD) for FITC-albumin of 2 pmol mL™" (vs. 10 pmol
mL " before concentration) and for bromocresol green dye
~10 puM (vs. 40 pM). This improvement is significant because it
extends the capabilities of low-cost paper-based assays and broad-
ens the application of ICP beyond traditional device materials.

To decipher the influence of channel geometry on concen-
tration performance, a separate study of fully-wet paper-based
devices investigated convergent channels with different length
and width.'> Note that the use of convergent channels could
favor the aggregation of analytes (confinement effect), while
narrow channels decrease the current and the net movement
of ions which is not favorable for sample enrichment (current
effect). The analysis of fluorescence intensity in different con-
vergent channels demonstrated that a trade-off existed
between the two counter-effects (confinement and current),
and a convergent channel with a width of 1 mm (narrowed
from 2 mm) yielded the best performance in this paper-based
microfluidic device.

The ICP effect of the convergent channels on paper-based
devices was also investigated by measuring the i—v curve.
Similar to traditional PDMS/glass devices, three characteristic
regions on this paper-based microfluidic device were observed.
However, for the present paper-based devices, the overlimiting
current increased only slightly with the voltage. This behavior
can be attributed to the intricate structure of cellulose, which
tends to decrease the electro-convective effect through hydro-
dynamic resistance.

It is also noteworthy that the use of one straight channel in
a paper-based device greatly simplifies the fabrication process
compared to the traditional two-channel ICP concentrators.
Phan et al further simplified the fabrication process by
placing a thin Nafion membrane underneath the paper strip.**
Using such a device, an EF of 60-fold at 200 s was obtained,
which was slightly higher than those obtained using manually
patterned Nafion membranes (40-fold at 155 s for ref. 11, 20-
fold at 130 s for ref. 12). The enhanced enrichment perform-
ance in the external Nafion device may be attributed to more
uniform EOF throughout the device.

4 Simultaneous preconcentration
and separation of analytes
4.1 Introduction

Separation of sample components is often the starting point of
chemical or biochemical analysis. Separation conducted by
ICP CFF not only allows continuous separation and simul-
taneous enrichment, but also creates the potential for LOC
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integration, rendering the isolation of targets from bulk solu-
tions rapid and convenient. Separation resolution (SR), which
is defined as the ratio of peak-to-peak distance between two
adjacent bands to their average width, is commonly used to
evaluate performance. Separation in an electric field is based
on the differences among analytes in electrophoretic mobility
(1), which is equal to the charge of a molecule (Q) over friction
(). A limitation of electric field based separations is therefore
cases for which p is indistinguishable for two analytes. For
example, the separation of DNA is often problematic since Q
and ¢ are both proportional to the number of monomers in
the DNA chain (M) (i.e. 4 = Q/{ « M/M).** ICP CFF separation
also has been limited by the difficulty of accessing enriched
bands (e.g. via extraction or isolation). Recent advancements
that are discussed in this subsection address these two limit-
ations by integrating mobility shift strategies and a valve
system with ICP CFF separation.

4.2 Paper as a sieving matrix in ICP devices

Due to the indistinguishable u of distinct DNA strands, a
sieving matrix such as agarose gel is typically employed to force
DNA to collide with fixed structures to a degree dependent
upon strand length.®>®® The adaptation of ICP CFF to paper-
based devices has raised the possibility that paper could serve
as a suitable sieving matrix for DNA separation. It is reported
that nitrocellulose papers with 0.2 pm, and 0.45 pm pore dia-
meter correlate to 2% and 1% agarose gels, respectively.?” Thus,
the paper-based ICP design promises to be a viable approach
for the continuous separation and concentration of DNA.

Recently, a paper-based ICP device using Nafion was pre-
pared and used for the direct analysis of Hepatitis B and the
assessment of human sperm DNA integrity (Fig. 4)."* Fluor-
escein isothiocyanate (FITC) and calcein were utilized as
anionic fluorescent tracers for a model investigation of the per-
formance of preconcentration and separation.

A multichannel device (shown in Fig. 4c) using the paper-
based ICP design was then employed to simultaneously pre-
concentrate, separate and detect HBV DNA fragments ( precore,
core, surface, X, and polymerase). Though the device failed to
distinctly identify the X and the core regions of the HBV
genome, the capability to detect surface and precore regions
allowed it to be used for HBV detection. Significantly, for hepa-
titis B testing, the low LOD (150 copies per mL) achieved
without prior PCR amplification was comparable to that of
commercial PCR systems (50-100 copies per mL). For the
assessment of human sperm DNA integrity, the percent DNA
fragmentation index (%DFI) obtained with the device strongly
correlated to those detected by a flow cytometry-based sperm
chromatin structure assay (SCSA) measurement (R> = 0.98).
These results indicate that this paper-based device may
provide a platform for scalable fertility testing.

Despite the capability of simultaneous preconcentration,
separation and detection of DNA targets in a single operation,
the low SR values achieved (0.5-0.7) indicate that there is still
a need for data that aid in understanding the key factors
impacting separation using paper-based ICP devices. One
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