Prepared for publication as a Tutorial Review in Analytica Chimica Acta

Tutorial Review: Enrichment and Separation of Neutral and Charged Species by Ion

Concentration Polarization Focusing

Beatrise Berzina,* Robbyn K. Anand®*

2The Department of Chemistry, lowa State University, 2415 Osborn Drive, 1605 Gilman Hall,

Ames, lowa 50011-1021, United States.

Keywords: Ion concentration polarization, focusing, enrichment, separation, electrokinetics

*To whom the correspondence should be addressed

*E-mail: rkanand@jastate.edu

Submitted: April 3, 2020



ABSTRACT

Ion concentration polarization focusing (ICPF) is an electrokinetic technique, in which
analytes are enriched and separated along a localized electric field gradient in the presence of a
counter flow. This field gradient is generated by depletion of ions of the background electrolyte at
an ion permselective junction. In this tutorial review, we summarize the fundamental principles
and experimental parameters that govern selective ion transport and the stability of the enriched
analyte plug. We also examine faradaic ICP (fICP), in which local ion concentration is modulated
via electrochemical reactions as an attractive alternative to ICP that achieves similar performance
with a decrease in both power consumption and Joule heating. The tutorial covers important
challenges to the broad application of ICPF including undesired pH gradients, low volumetric
throughput, samples that induce biofouling or are highly conductive, and limited approaches to
on- or off- chip analysis. Recent developments in the field that seek to address these challenges
are reviewed along with new approaches to maximize enrichment, focus uncharged analytes, and
achieve enrichment and separation in water-in-oil droplets. For new practitioners, we discuss
practical aspects of ICPF, such as strategies for device design and fabrication and the relative
advantages of several types of ion selective junctions and electrodes. Lastly, we summarize tips

and tricks for tackling common experimental challenges in ICPF.
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1. Introduction

The demands of clinical, environmental, and pharmaceutical applications have long driven
the advancement of analytical techniques towards improved limits of detection (LOD), greater
specificity, and decreased analysis time. Despite these efforts, low analyte concentration, limited
sample volume, and the complexity of matrices still present major challenges and motivate the
development of more advanced sample preparation. Lab-on-a-chip (LOC) devices integrate micro-
to nanoscale fluidic structures with electrodes or chemically-modified surfaces to confer several
distinct advantages including efficient handling of small volumes, rapid analysis, and access to
surface-driven physical phenomena. In this context, electrokinetic forces are ideal for performing
fluidic operations and for manipulating charged species and/or biological objects such as DNA,
proteins, and cells.! Due to these features, several miniaturized or on-chip electrokinetic
preconcentration techniques such as electric field gradient focusing (EFGF),>¢ field amplified

sample stacking (FASS),” isoelectric focusing (IEF),® isotachophoresis (ITP),%!? dynamic field



gradient focusing (DFGF),? and temperature gradient focusing (TGF)!'"!* have been developed for
analyte preconcentration and/or separation. These methods share an ability to achieve an abrupt
change in the velocity of the analyte at a defined spatial location along an electric field. For
example, in ITP, charged analytes are introduced between leading and trailing electrolyte (LE and
TE), which have co-ions of relative high and low mobility, respectively. The mismatch in
mobilities dictates low and high electric field strengths in respective channel segments given the
condition that continuity in ionic current must be maintained. Analytes are separated along this
electric field gradient into discrete bands based on their electrophoretic mobilities. Importantly,
the electrophoretic mobility of an analyte must be less than that of the co-ion of the LE and greater
than that of a TE, and therefore, must be known in advance. Ion concentration polarization focusing
(ICPF) is among the most recently developed of these techniques and is used for both analyte
enrichment and separation. In ICPF, charged analytes are focused along a steep gradient in electric
field strength in the presence of opposing fluid flow. ICPF allows for continuous sample supply
and perpetually generates and maintains a steep gradient in background electrolyte (BGE)
concentration, thus improving the preconcentration factor for low abundance analytes.'*

Ion concentration polarization (ICP) is the simultaneous enrichment and depletion of ions
at opposing ends of an ion permselective structure when an electrical field is applied across it.
Leinweber and Tallarek were first to quantify ICP in a packed mesoporous bead bed in a
capillary.! In microfluidic systems, Pu et al. showed the first reported visualization of CP near
nanochannels and presented a qualitative model describing it.!® Since then, multiple research
groups have expanded the application of ICP, and further characterized it as a means for control
over species transport. Ion depletion is particularly important because it leads to a localized

increase in solution resistance, which by Ohm’s Law, enhances the electric field strength. The



resulting electric field gradients at the boundary of this ion depleted zone (IDZ) have been
employed extensively for focusing and separation of charged analytes in the presence of counter-
flow. If two species with distinct electrophoretic mobilities are introduced into the system (for
example two different fluorescent dyes'” or phosphorylated and unphosphorylated substrates in an

enzymatic assay),'® each species will be focused at a distinct axial location (Scheme 1).
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Scheme 1. Illustration of electrokinetic focusing of two anionic species having high (orange) and low (green)
electrophoretic mobilities along a gradient in electric field strength. The anions have a convective velocity, from left
to right, that is constant as a function of axial position. Their electromigratory velocities (from right to left) are the
product of the distinct electrophoretic mobility of each anion as well as the sign and magnitude of the electric field at
each location. Therefore, for each anion, there is a position along the electric field gradient at which the net velocity

is zero.

Separate reviews provide an account of the theoretical and experimental advances in

14,22

ICP,"2! including various applications. Specifically, ICP has been leveraged for
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desalination, enrichment and separation of trace analytes?’ and bioparticles,?’ cellular

dielectrophoresis,?® regeneration of sensing substrates,?® and biological assays. '8
Besides analyte focusing and separation, another important application of the ICP

phenomenon is micromixing. Mixing solutions at the microscale is slow and often inefficient due

to their operation in a laminar flow regime, where mixing is governed by diffusion. The



electroconvection generated by ICP near ion selective membranes or nanochannels can be used to
mix solutions in neighboring flow laminae. Several active and passive micromixer platforms have
been developed for lab-on-chip applications.?'—3

Faradaic ion concentration polarization (fICP) (called bipolar electrode (BPE) focusing
when performed using bipolar electrochemistry) is analogous to ICP with the exception that local
ion concentration is controlled electrochemically via charge transfer reactions at an electrode.>4-3¢
BPE focusing has been used for both enrichment and separation of charged analytes.> Recently,
fICP has been demonstrated as an alternative to conventional ICP for enrichment of charged
species for analysis,’**337 redirection of microbeads,*® and dielectrophoresis.?® Techniques that
rely on electric field gradients formed by ICP and fICP have shared advantages and limitations,
and thus, both will be discussed in this tutorial review.

Despite tremendous advancements in ICP and fICP, some aspects remain challenging. For
example, the extension of focusing to neutral (uncharged) species, improvement of volumetric
throughput, integration with downstream analysis, application to complex media (e.g., plasma,
blood), and the development of strategies to decrease fluidic instability within the IDZ are active
areas of research.

In this tutorial review, we briefly introduce physical and chemical aspects of ICP including
its theoretical background, primary configurations of the fluidic channel(s) and electric field, the
origin of fluidic instability and strategies to mitigate it, propagation of the IDZ boundary (and of
the focused analyte bands), and dynamic local pH changes. Next, we describe practical aspects of
ICP including methods of device fabrication, prevalent ion selective materials and methods of

incorporating them into devices, the influence of sample composition on the selection of device

configuration and on the efficiency of focusing, and analyte encapsulation to ‘lock in’ pre-



enrichment for off-chip analysis. We further address methods for on-chip analysis, which primarily
leverage ICP to control mass transport to/from chemically-modified surfaces. We highlight recent
advancements such as multi-staged concentrators, micellar ICPF and an approach for in-droplet
enrichment. Lastly, we include a summary of tips and tricks to utilize ICP effectively within its

practical and theoretical limits for focusing charged and neutral species.

2. Fundamental aspects of ICP

In this section, we summarize the key physical and chemical aspects of ICP. We first discuss
the mechanisms by which selective ion transport (Donnan exclusion) and, alternatively, faradaic
reactions lead to ion depletion in an extended space charge region (the IDZ). Second, we
summarize device and electrode configurations employed to achieve the requisite electric field
across both the ion selective structure and the microfluidic compartment in which electrokinetic
focusing occurs. Third, the transport phenomena that contribute to the formation of disruptive
vortex flow and strategies to dampen their effects are described. Next, experimental regimes that
promote upstream propagation of the IDZ boundary, which in many applications is undesirable,
are delineated, and reported strategies to prevent propagation are discussed. Finally, we describe
the processes leading to spatiotemporal shifts in pH, their impact on the sample, and how to control

their location and magnitude.

2.1. Mechanism of ICP



ICP occurs when a majority of ionic current is selectively carried by either cations or anions
between two compartments interconnected by an ion permselective structure when a voltage bias
is applied.'*!” Scheme 2a is an illustration of a nanoscale junction, with fixed negative surface
sites along its walls, that separates two microfluidic compartments. When a voltage bias is applied
across the junction, as shown, cations are selectively transported out of the anodic compartment.
Anions migrate towards the anodic driving electrodes, leading to formation of an IDZ in which
ion concentration approaches zero. In the cathodic compartment, anions migrate to the junction
but are unable to enter, and cations accumulate there to maintain electroneutrality. These processes
lead to ion accumulation, thus creating an ion enriched zone (IEZ). A key point is that the low
ionic conductivity in the IDZ results in localized electric field enhancement that drives even more

rapid depletion, resulting in growth and propagation of the IDZ.
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Scheme 2. a) Illustration of IDZ and IEZ formation near a nanoscale junction spanning two microfluidic
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compartments; b) illustration of the electrical double layers at the negatively charged walls of the nanojunction; and
c¢) a schematic plot of the electrostatic potential as a function of distance from each wall. In this illustration, the
electrical double layers overlap, and therefore, the electrostatic potential at every location within the junction is more

negative than that of the bulk solution.



Because of this mechanism of permselectivity by Donnan exclusion, the ratio of the
channel/pore radius to the Debye length of the electrical double layer (EDL) is a key parameter
impacting the initiation of ICP and propagation of the IDZ.!” An EDL forms at any solid-liquid
interface and is on the order of a few nanometers (< 10 nm) in a symmetric electrolyte at a
concentration greater than 1.0 mM. If the channel wall is negatively charged, the electrical
potential at the wall will be more negative than that of the bulk solution (Scheme 2b). If two such
walls are in close proximity to each other, the EDLs will overlap and the electric potential in the
center of the channel will not reach that of the bulk solution (Scheme 2¢). A non-zero voltage bias
will drive selective transport of cations through the junction. Practically, this condition is satisfied
when the ratio of channel/pore height to the Debye length is unity or less (h/As < 1, where 4 is the
height of the channel/pore and A is the Debye length), thus implying that the ICP phenomenon is
limited to nanochannels with a critical length on the order of 10 nm or less.

However, Kim et al. demonstrated that strong ICP effects can be achieved with non-
overlapped EDLs.?° They observed ICP at nanochannel with a critical dimension of 40 nm in the
presence of an electrolyte concentration of 15 mM, which corresponds to a 3 nm-thick EDL.
Additionally, Jacobson and coworkers showed that strong ICP effects can be achieved even with
non-overlapped EDLs.*’ Using a poly(ethylene terephthalate) (PET) membrane with track-etched
conical nanopores sandwiched between two PDMS microchannels, they showed that despite an
estimated EDL thickness of 1-3 nm in a nanopore having a diameter of 130 nm, ICP occurred (4/A4
~ 100). To investigate the ion selective transport mechanism, these authors measured and
compared the conductivities of the buffer in the bulk solution, in the microchannel and in the
nanopores while varying the concentration of the buffer. Their results demonstrated that the bulk

and microchannel conductivities were directly proportional to each other over the entire buffer
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concentration range, while the nanopore conductivities exhibited a positive deviation at low buffer
concentration. This greater than expected conductivity is due to the increased surface-to-volume
ratio in the nanopore, which leads to an increased contribution to the nanopore conductivity from
the surface charge. This result suggests that under the condition that ion conduction along the
surface of the nanopore is a major contributor to the overall current, ICP will occur.

Zangle et al. coupled theoretical and experimental studies to investigate the relationship
between surface and bulk conductance in the generation of ICP. They concluded that concentration
polarization depends primarily on a nondimensional parameter called the Dukhin number (Du)
and not strictly on the ratio of channel/pore radius to Debye length.'®*' Du is the ratio of the surface

(Go) to bulk (G») conductance:
Du = Go- / Gb

Mani et al.,*! Zangle et al.,*> and Kim et al.** further used the inverse Dukhin number (1//Du), to
characterize concentration polarization. The //Du relates the number of ions in the bulk to the

number of ions associated with the EDL.
1/Du = Fhzc,/0o, where

F' is the Faraday constant, / is channel or pore height, z is valence of a symmetric electrolyte, ¢,
is bulk concentration of electrolyte ions, and o is surface charge density. Strong concentration
polarization effects have been demonstrated for systems where Fhzco/o < 1. In other words, for
ICP to occur, selective conduction of counter-ions along the surface must greatly exceed non-
selective bulk conduction, and this ratio depends on the availability of charge carriers to each

current path.
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Several studies have measured both bulk and ion selective currents, as a function of applied
voltage, and have related them to the rate of ion depletion and IDZ propagation.®**4¢ The
depletion zone length increases as the applied voltage bias and the current through a permselective
junction increase. Most commonly reported currents through a cation selective membrane in ICP
systems are within a range of tens of nA for small channel geometries (with channel cross sectional

area of 400 pm?)*>*7 up to 80 pA for out-of-plane devices (cross sectional area of 0.4 mm?).%’

2.2. Mechanism of faradaic ICP

Faradaic reactions can be used to generate ion depleted and enriched zones that are
analogous to those resulting from ICP at permselective junctions. For example, neutralization of
ions of the BGE at an electrode leads to their depletion. In the application of faradaic ICP (fICP),
these reactions are most commonly facilitated by a BPE. A BPE is a conductive material, that is
not directly connected to an external power supply, and thus is free to float to an equilibrium
potential. **-3% If a potential bias (AU, ) is applied across the electrolyte solution in contact with
the BPE, an interfacial potential difference will develop between the BPE (Ugpg) and the solution
at each of its ends (Scheme 3a). If the total potential dropped across the BPE (AUgpg) is
sufficiently large, the electrochemical overpotentials, n, and 7., will drive anodic and cathodic
reactions that are electrically coupled through the BPE. Scheme 3b (top view) and Scheme 3¢
(cross-sectional side view) illustrate a thin film BPE in contact with two parallel microchannels.
Reduction of a cation to a neutral product at the BPE cathode (top channel, Scheme 3b) results in
a decrease in local ion concentration. This process is coupled to an oxidation reaction at the BPE

anode (bottom channel). As depicted here, the oxidation of a neutral compound generates a cation,
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and concurrent inward migration of anions to charge pair with these cations leads to a local increase
in ionic strength (an IEZ). This combined process is analogous to selective cation transport.
Scheme 3d depicts an alternative route to fICP involving acid-base neutralization of buffer ions.
Here, water is reduced to generate OH" (red circle, top, Scheme 3d), which accepts a proton from
a buffer cation (blue circle, e.g., TrisH") to generate a neutral species (black circle, e.g., Tris), thus
resulting in a local decrease in ionic strength and creation of an IDZ.

Note that for fICP, the degree of selectivity (similar in concept to Du in ICP) is the ratio of
the faradaic current leading to ion depletion to the bulk ionic current. Therefore, for a system in
which the reaction proceeds with 100% faradaic efficiency and in which all current is passed
through the electrode that drives CP, there is perfect selectivity (analogous to infinite Du). An
important limitation of fICP, however, is that faradaic processes are not simply charge selective —
they are also species selective, depleting one type of cation (e.g., TrisH") while leaving another
(e.g., Na") untouched. The resulting partial depletion is analogous to a low Du. This characteristic
presents a major challenge for fICP in complex media, and therefore, a key area for growth in fICP
is the identification of electrochemical processes that deplete major charge carriers in systems of
interest.

When designing a strategy for fICP, there are several key factors to consider. First, it is not
required that the electrode be a BPE — any electrode in a confined volume that drives reactions
leading to significant removal of ionic charge carriers of the BGE can facilitate the development
of an IDZ. Second, the reactions can be either a faradaic oxidation or reduction and can act either
directly or indirectly on the ions of the BGE. For example, at an anode, the generation of protons
by water oxidation can drive ion depletion indirectly via the neutralization of a buffer anion. Such

neutralization can be complete (e.g., CH3COO" to CH3COOH) or partial (e.g., HPO4*> to HoPO4
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).>! However, complete neutralization leads to a more dramatic decrease in local ionic strength,
and therefore, to greater electric field enhancement within the IDZ. Finally, the sign of the excess
charge on the electrode determines the direction of the electric field gradient, and therefore,
dictates which sign of analyte (cationic or anionic) can be focused. Anions are focused against a

counter flow by repulsion from an IDZ generated at a cathode (and vice versa).
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Scheme 3. a) Schematic plot of the electrostatic potential (U) of the electrolyte solution and the BPE (Ugpg), an
equipotential object, along the dashed cutline in (c). In an externally applied field, an interfacial potential difference
develops between the BPE and the solution at each of its ends. b) Top view and c) cross-sectional side view
schematics of a thin film BPE in contact with two parallel microchannels. Faradaic reactions occur at the BPE
cathode and anode, impacting the concentration of cationic (blue circles) and neutral (black circles) species in each
compartment. d) Schematic illustration of the device shown in (b), in which an alternative mechanism leads to ion
depletion. Faradaic production of anionic species (red circle) leads to depletion of a cations (blue circle) by a

following reaction.

2.3. Electric and flow fields that drive ICPF

This section focuses on the aspects of the applied electric field and fluid flow that
contribute to the rate of ion depletion and the electric field distribution — especially, its magnitude
and slope where focusing occurs — and to the rate of convection. In most cases, initiation of ICP

requires a voltage bias across an ion permselective junction (E;).?° A peak in electric field strength
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develops at the location where ion depletion is the greatest and forms an electric field gradient
extending up to several hundred microns to the edge of the IDZ (Figure 1).°> Hlushkou et al.
investigated ICP at hydrogel membranes with varying surface charge densities and the associated
electric field formed upon applying a potential bias. Figure 1a depicts a single-channel device
employed in this study to obtain both numerical and experimental results. At the channel midpoint,
a fixed hydrogel plug connects the anodic and the cathodic compartment of the microchannel.
Species transport was governed by electroosmosis and electrophoresis. There is convection along
the microchannel from left to right (Figure 1), and the fluid flows through the hydrogel. A charged
hydrogel can drive EOF, acting as a pump. Figure 1b shows the result of numerical simulations
of the electric field near charged (cfix = Cres, and ¢fi = 0.1¢;e5) and uncharged membranes
(¢rix = 0). Focusing of a charged species can be achieved at an axial location along this field
gradient, at which the convective and electromigratory velocities of that species are equal in

magnitude and opposite in direction.!”
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Figure 1. a) Schematic illustration of the system used for analyte concentration enrichment in a microfluidic channel

containing a fixed nanoporous (anionic or neutral) membrane. b) Numerical simulation of the steady-state
distribution of the local electrical field strength for an externally applied field of 11.1 kV m™. Three cases are

shown, in which the membrane was assigned a negative fixed charge of uniform volume density of ¢f;,, = 0

(neutral), ¢¢;,, = 0.1¢,..s (Weakly charged), and cf;,, = ¢,  (highly charged). ¢, is the concentration of the BGE in
fix es y g fix es ghly

the reservoir. The membrane occupies the region x = 800-1200 pum. Illustration reproduced from ref. [52] with

permission.

Kim et al. investigated the current and voltage requirements for inducing ICP in a single
microfluidic channel having a surface patterned Nafion membrane film along a segment of the
channel floor.’® They found that if cation flux through the patterned membrane was larger than
that through the bulk solution (high Du), then ICP occurred. Scheme 4a and 4b illustrate a top
view and cross sectional side view of a single microchannel with an embedded membrane, where

V; and V, are the voltages applied in the microchannel reservoirs. Fluid flow is from left to right,

16



and the green band represents a plug of enriched anionic analyte upstream of the membrane. The
convective and electrophoretic components of their velocities are indicated as v, and v,
respectively. In the device employed by Kim et al., the channel was 200 um wide by 20 um tall
and with a membrane, that extended 200 um along the channel length, spanning the channel
centrally. In this configuration, initiation of ICP required 50 V/cm electric field. In a subsequent
publication with a similar device geometry, this same group developed a model to characterize the
influence of several experimental parameters on the enrichment factor (EF) in this single-channel
ICP device.’* EF is calculated as the maximum localized concentration observed in the enriched
plug of analyte divided by its initial concentration in the sample. These parameters included the
voltage bias (V+), electrophoretic mobility of the analyte (i, ), the charge density in the membrane
(o), and the electrolyte concentration (c,y). The authors concluded that, although single-channel
ICP devices are simple to fabricate and to operate (two driving electrodes, no auxiliary channel),
they are limited to applications with low electrolyte concentrations (< 0.1 mM) for sufficiently
high Du. Additionally, at a spatially averaged electric field strength of 50.0 V cm™! or higher, the
Nafion membrane (100 um long and 2 um thick) was damaged and degraded within 15 min.

In Scheme 4c¢ and 4d, two fluid filled compartments are connected solely by an ion
selective junction. Such a system can be achieved experimentally by contacting two microfluidic
channels with a cation selective membrane (top view, Scheme 4c, and cross-sectional side view,
Scheme 4d). Scheme 4c¢ depicts two anionic analytes with distinct mobilities as focused bands
upstream of the membrane in the main (anodic) channel. This dual-channel configuration allows
the operator to tune the components of the electric field normal to the membrane (E;) and tangential
to fluid flow (E) independently. Therefore, the current through the membrane can be kept below

the threshold for damage while maintaining tight focusing. More specifically, when V; >V,
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(Scheme 4c¢) the magnitude of ET is increased, leading to increased migration velocity and higher
EOF-driven flux of the analyte to the enriched band, thereby resulting in greater enrichment.> In

such a configuration, it is typical that V3 = V, <V, such that E; > 0.
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Scheme 4. a) Top view and b) side view illustrations of a single-channel device with an embedded membrane. An
analyte (green) is focused upstream of the membrane by a balance of electrophoretic and convective forces. c) Top
view and d) side view illustrations of a a dual-channel device, in which two parallel microfluidic channels are
interconnected by an ion permselective membrane (e.g., Nafion). Two analytes (green and yellow) are focused at

distinct axial locations determined by their individual electrophoretic mobilities.

This dual-channel configuration has been used to simultaneously preconcentrate and
separate multiple species that have distinct electrophoretic mobilities. This approach is especially
effective for analysis of biological targets, for which a biorecognition event, such as binding,
chemical modification, or cleavage, leads to a shift in mobility. Recent examples include the
detection of 1) a protein by the separation of bound and free aptamers,’® 2) a kinase through
discrimination of phosphorylated and unphosphorylated substrates,'® and 3) a specific DNA
sequence by its complexation to Cas9.3’° A universal strategy to improve resolution that arose
from these methods is the inclusion of spacer molecules (here, peptides comprised of neutral and

acidic residues) having mobilities intermediate to those of separands. When enriched to a
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concentration near that of the BGE, the spacers generated steps in the electric field gradient that
push apart analytes that focus at higher and lower field strengths.'®

fICP similarly has been demonstrated in both single- and dual-channel configurations. A
single-channel configuration for fICP, in which the entire BPE is in one channel, has been
employed for focusing of either anions or cations (Scheme 5a,b)**3¢ and for separation of multiple
analytes.®® Application of voltage bias, AU,,,, across a single microchannel of length l;,,, With
embedded BPE results in an electric field with a constant value of E = AUyt /lcpan- If there is a
sufficient potential dropped across the solution above a BPE (of length, [,,.), faradaic
electrochemical reactions will occur at the poles of the BPE. Electrochemical reactions will occur
when the fraction of AU;,; dropped over the length of the BPE (approximated by AUgpp =
AUt X lotec/lenan and depicted in Scheme 5¢) exceeds that required to drive a reduction reaction
at the cathodic pole and an oxidation at the anodic pole.®! In other words, AUgpr must exceed the
difference in onset potential between the two electrically coupled reactions. By employing a
single-channel configuration, small anionic dyes were enriched up to ~500 fold within 400 s.5°

It has been reported that during fICP in a device configured such that both ends of the BPE
lie in a single microchannel, a majority of current flows through the BPE and not through the bulk
solution. Importantly, approximately 80% of the total current is diverted through the BPE. For
example, at a total current of 328 nA, the current through the BPE was reported to be 271 nA.3°
This high ratio of a faradaic current (that selectively depletes one sign of charge carrier) to bulk
current is analogous to a high Du in ICP. This finding is important because it has allowed for
focusing in devices lacking nanoscale, or even low microscale, dimensions.

Scheme 3 depicts a BPE in contact with two microchannels. Such dual-channel focusing

offers multiple advantages. First, the ability to select either cathodic or anodic reactions leading to
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ion depletion provides a route to simultaneous enrichment of both cations and anions in the same
device. For example, dual IDZs form with indirect neutralization of TrisH" and CH3;COO- at the
BPE cathode and anode, respectively.’* Second, E; and Er are controlled independently, thereby
preventing damage to the electrode caused by Joule heating or by redox reactions of the electrode
material itself. A higher E; allows for an enhanced rate of enrichment via more rapid transport of
the analyte to the IDZ boundary and tighter focusing.’*3* Using dual-channel focusing, up to

143,000-fold EF within 33 min (71-fold/s) of a tracer dye was reported.*>
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Scheme 5. a) Top view and b) side view illustration of a single-channel fICP device with an embedded BPE. c)
Schematic plot of electrostatic potential of the electrolyte solution as a function of axial position along the channel.
The potential of the BPE is intermediate to that of the solution it contacts. This simplified schematic assumes no

impact of the BPE on the solution potential.

In practice, convection is achieved by electroosmotic flow (EOF), pressure-driven flow
(induced by gravity or a syringe pump), or a combination of both. During focusing of a charged
species, convection plays the role of carrying it from the inlet reservoir to the location at which
opposing electromigration is sufficiently strong to balance it. Therefore, the convective velocity
of the species must exceed its spatially averaged electromigratory velocity. For example, a small

molecule with an electrophoretic mobility (i) 0f 3.0 x 10 m?/V-s in a 5 kV/m electric field, will
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have an electrophoretic velocity of 1.5 x 10 m/s (150 um/s). In the IDZ, the electric field strength
can be 10-fold greater (50 kV/m) than the average along the channel. Therefore, in the presence of
electroosmotic flow (EOF) with a spatially averaged linear velocity of 500 um/s, the species
described will be carried to the IDZ and focused at an axial location where the electric field reaches
16.7 kV/m. Native glass, silicon, and materials commonly employed in microfluidics such as
polydimethylsiloxane (PDMS) have negatively charged surface groups (Si-O") over a wide pH
range (pKa 4-6) leading to a surface charge on the order of 10 mC/m2.°' The resulting negative
zeta potential ({) drives EOF towards the cathodic driving electrode in the presence of a tangential
electric field (E;). Note that ICPF of cationic analytes near an anion selective membrane would
require an anodic EOF, which can be achieved by modifying the channel walls with a cationic
coating. Where EOF alone drives convection, E is directly proportional to both convective and
electromigratory velocities, and in general, a higher field strength leads to tighter focusing — the
width of the analyte band is determined by how well these sequestering forces can counter
diffusive broadening. However, Er is practically limited by the onset of fluidic instability, which
1s discussed in detail in Sections 2.3 and 2.4.

The electroosmotic mobility (u.,) can vary considerably depending on the pH of the
sample and the properties of the microchannel surface, and therefore, it is practical to dampen EOF
with an uncharged surface coating (such as poly(ethylene glycol)-block-poly(propylene glycol)-
block-poly(ethylene glycol) or Pluronic F108)%*% and rely on pressure driven flow instead.
However, note that the flow rates required for ICP are very low and therefore difficult to control

with a syringe pump. Take for example the 500 um/s EOF described above. In a microchannel

having typical dimensions (200 um x 50 um), the volumetric flow rate is only 5.0 nL/min. In the
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absence of a pump that can stably deliver such a low flow rate, gravity-driven flow arising from a

fluid height differential across the inlet and outlet reservoirs is often employed.

2.4. Secondary EOF or vortex flow

The efficiency of ICPF is limited by a strong secondary electroosmotic flow that develops
within the IDZ, creating fluid vortices that cause unwanted mixing. Recently Nam et al.
summarized key features of this fluidic instability.*” The origin of this phenomenon is a sharp
decline in the electrolyte concentration within the IDZ. The concentration of ionic charge carriers
approaches zero at the limiting current,'® and the resulting decrease in electrical conductivity leads
to a locally amplified electric field.®* This high local electric field drives fast electrokinetic flow
within the IDZ to transport sufficient ions to the junction to satisfy electroneutrality conditions.?*%°
A mismatch in the local driving force for EOF inside versus outside of the IDZ leads to circulating
(vortex) flow and results in disruption of concentration gradients. Therefore, the onset of vortices
can be detected indirectly as a decrease in the electrical resistance of the IDZ and excursion of
current above the limiting value (overlimiting behavior).

Prior to this more recent summary, several research groups proposed multiple mechanisms
for fluidic instability. Zaltzman and Rubinstein experimentally investigated changes in current
associated with fluidic instability. They found that current through an ion selective membrane
increases linearly with increasing applied electric field (ohmic regime), until reaching a voltage-
independent current limited by mass transport of ions through the depletion zone (limiting current
regime). At still higher voltages, the onset of fluidic instability and mixing decreases resistance in

the IDZ, leading to increased current through the nanoporous membrane (overlimiting current
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regime).% They characterized the mechanism of this instability including contributions from
thermal fluctuations,®” non-equilibrium electroosmotic slip,®® and electro-diffusio-convection.®

141 and Park et al.%® described factors affecting vortex formation near a

Mani et a
nanojunction. These authors concluded that because the ratio of surface to bulk conductance
depends on the cross-sectional area of the channel, the EOF profile is non-uniform across the
microchannel-nanochannel interface. A local mismatch in EOF causes internal pressure gradients
near the interface, thus creating vortices in the channel.

Recently, a more unified theory of the mechanisms contributing to overlimiting current
was proposed.’? Diffusion-limited transport to an ion selective membrane or to an electrode in a
microchannel having charged walls was described using three mathematical models: 1. surface
conduction (SC) by the excess counterions that screen the wall charge; 2. convection by EOF,
which is driven by large electroosmotic slip in the depletion region on the sidewalls; and 3.
electroosmotic instability (EOI) or fluid vortices. For the mathematical model, authors used
symmetric electrolyte (¢, = 1.0 mM), with microfluidic channel length L = 1.0 cm, surface
charge of 50 mV, and channel height, H. The predicted mechanism for overlimiting current
transitions were from SC to EOF at H = 8.0 um, and from EOF to EOI at H = 0.4 mm. It was
concluded that the SC mechanism dominates for very shallow channels, low ion concentration,
and large surface charge, while EOF dominates in taller channels. Further, with increasing channel
height, the dominant mechanism switches to EOI because a significant portion of the depleted
solution is unaffected by the EOF. These result indicate that the dominant mechanism leading to
overlimiting behavior and vortex formation can vary based on microfluidic channel dimensions

and ionic strength.*’
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Few experimental approaches have been developed to reduce the impact of vortex
formation and fluid mixing on IDZ stability. Reducing the cross-sectional area of the main channel
can lead to vortex flow suppression and IDZ zone stabilization. Kim et al. demonstrated that
electroconvection can be suppressed by decreasing microchannel depth. Upon decreasing from 20
to 2 um, the vortex size was constrained to this smaller depth, thus leading to less efficient fluid
mixing and a more stable concentration gradient near the permselective membrane.** However,
this decrease in depth, led to a 10-fold decrease in volumetric flow rate (Q) under the same linear
flow velocity, thus detrimentally lowering device throughput.

Similarly, Kim et al. utilized geometric ‘microfin’ structures near the ion selective
membrane to reduce the size of vortices and increase the stability of the IDZ boundary (Figure
2).% These microfin structures served to promote SC (instead of EOI) and also physically
suppressed the electrokinetic vortices, resulting in a stable IDZ boundary at high voltage (110 V),
while maintaining high preconcentration efficiency of charged species and increasing the overall

throughput (up to Q = 4.0 uL min!) of the microfluidic device.
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without fin structure

Figure 2. Schematics of vortex formation near a permselective membrane in each a device a) without and b) with the
microfin structure. Here, h., jyor and jp indicate the critical dimension, the ion flux by electroosmotic flow and back
pressure due to vortex flow, respectively. Fluorescence micrographs of the high-throughput continuous ICP separator

are shown at far right, for each device. Illustration in reproduced from ref. [46] with permission.

As an alternative to geometric restrictions, Kim et al. proposed that increased surface
conduction can stabilize the vortex flow.** In their study, they achieved stable IDZ formation by
artificially enhancing the surface charge of the channel by coating the highly conductive polymer
(Nafion) inside the glass/PDMS microchannel. Highly conductive materials like Nafion, have
surface charge in the range of 200-600 mC/m? (higher than glass). Therefore, they created an
alternative current path (by enhanced SC) within the IDZ (Figure 3b,c). Consequently, the strong
electrokinetic flow associated with the amplified electric field inside the IDZ was significantly

suppressed.
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Figure 3. a) Top view image of the fabricated non-destructive cellular preconcentrator and microscopic view of the

area indicated by the red box labelled A. L was the length that the nanoporous membrane protruded from the junction
into the main microchannel. Schematics of b) top and c) side view of the proposed devices with equivalent electrical
resistors (not to scale). d) Calculated ionic conductance of the microchannel and nanoporous membrane as a function
of the bulk concentration of the electrolyte. Conduction of ions is dominated by the membrane at bulk concentrations

below 4.0 X 10~2 M. Illustration reproduced from ref. [44] with permission.

A recent study by Valenca et al revealed that microstructuring of an ion selective membrane
facilitates ion transport to the membrane in the overlimiting regime, thereby reducing the need for
EOI as a means of transport. The result is smaller fluid vortices.”! In this study, a caste-molding
process was utilized to create 50 um-tall and 50, 100, 200, 400, or 800 um-long rectangular square-

wave structures in the surface of a cation exchange membrane comprised of sulfonated poly ether
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ether ketone (SPEEK). Chang and coworkers have shown that device design also plays an
important role in determining the degree of instability.”> They found that a large ratio between the
active areas of the driving electrode(s) and membrane leads to larger vortices. Therefore, designs

that decrease this ratio and favor low current density are expected to exhibit greater fluidic stability.

2.5. Propagation of the IDZ boundary

Under certain conditions enrichment and depletion zones in a microfluidic system
propagate outwards from the micro/nano-channel interface, creating shock waves.!'#! These shock
waves are propagating boundaries between regions of channel with initial concentration (¢, ) and
regions where the concentration has been influenced by selective ion transport (cq,-). To be able
to incorporate an analyte preconcentration step into a generic benchtop analysis or for point-of-
care testing, the specific location of the concentrated analyte band within the microchannel must
be known. However, due to propagation of the IDZ, controlling the location can be challenging.

Mani, Zangle, and Santiago developed and experimentally validated a computational
model to characterize parameters that define propagating and non-propagating regimes.'**'*2 They
found, that these phenomena are governed by Du of the ion selective junction (here a nanochannel)
and the mobility of the co-ion (e.g., anions for a negatively charged wall). As described previously,
1/Du represents the ratio of bulk to surface conductance. This parameter is proportional to
nanochannel/pore height (h,,) and background electrolyte concentration (c,-) as supplied from the
inlet reservoir and inversely proportional to the surface charge density (o). For computational
purposes, they used non-dimensionalized concentration (c;-hy) and co-ion mobility (v3). They

found that CP enrichment and depletion zones will propagate if the following condition is satisfied:
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1/Du = ¢y, hy, < max (v3, 2v; — 1), where
corhn = (0121 —V2,)Fhycor/(—2v,0), and

V5 = V,Z,Fn /&, €, where

v; and v, are velocities of the counter and co-ion of the BGE, respectively, z; and z, are the
valence of these ions, &, is the zeta potential of the nanochannel, F is the Faraday constant, €
permittivity, and 7 is viscosity. In other words, a highly selective junction (defined as small 1/Du
and cg,-hy) or a system in which the co-ion (which is repelled from the IDZ) is fast will yield
propagation. By processing data from 56 sets of previously published experimental results and
comparing them to the developed model, they observed that co-ion mobility values typically vary
within two orders of magnitude (from 0.1 to 10) and thus, are not as influential as1/Du, which
extends over 4 orders of magnitude.!’

There are practical approaches that can be used to diminish the influence of propagation.
For instance, the propagation of the depletion zone can be opposed by introduction of
hydrodynamic flow or increase of EOF (by modifying the surface charge). Pressure driven flow is
preferred because it is independently tunable. Undesirable “bursting” of the IDZ boundary occurs
when the EOF overcomes the repulsive force of the IDZ.%4

Kwak et al. proposed an alternative method to control the propagation of the IDZ by
confining preconcentration to a specific region regardless of the device operating conditions (time,
applied voltage, ionic strength and pH).** To achieve this goal, they initiated ICP between two ion
selective membranes (Nafion) located axially along a microchannel (Figure 4). These membranes
were oppositely polarized such that an IEZ developed at the upstream junction and an IDZ at the
downstream junction. This approach generated a preconcentrated plug of a model analyte in the

100 um-gap between the membranes, thus simplifying in situ or in-line analysis.
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Figure 4. Schematic of a spatiotemporally defined preconcentrator. a) Analyte (black hollow circles) is
preconcentrated between two Nafion strips, which are thin films, flow-patterned on the substrate; b) Current-time
response obtained during performance of ICP at 5.0 V in this device; ¢) Fluorescence micrographs of the merged
IEZ and IDZ between which an enriched band of a tracer dye develops. Illustration reproduced from ref. [45] with

permission.

Vortex formation and ICP zone propagation can be decreased using capillarity ICP, an
approach in which the capillary force of a permselective hydrogel, instead of an electric bias,
spontaneously generates an IDZ.”? Depletion occurs due to selective imbibition of counter ions
from the sample solution into the hydrogel matrix, while its co-ions in the fluid are rejected from
entering the hydrogel. Due to the difference in mechanism (e.g., passive transport of ions) electric
field amplification does not occur inside the IDZ, and thus, no electrokinetic instability is observed.
Despite the added stability, only a modest preconcentration rate of 100-fold/min was achieved for
biomolecules, owing to a decrease in the magnitude of electrophoretic and convective forces

available for focusing. Capillarity ICP holds promise for applications in which samples are
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electrically sensitive (e.g., cells) or for point-of-care devices where high voltages are difficult to

supply and only modest analyte preconcentration is needed.

2.6. Spatiotemporal pH dynamics near ion selective membranes and electrodes during ICP

Dynamic, localized changes in acid-base chemistry caused by permselectivity and ion
accumulation and depletion at the ion selective structure may contribute significantly to nonlinear
behaviors by affecting important system properties, such as analyte charge, local ionic strength
and zeta potential of the channel walls, which are all coupled to pH. Further, the pH change may
affect the kinetics of chemical reactions and directly interfere with molecular recognition and
sensing reactions designated to occur near the ion selective feature. Often, ICP and fICP induce
pH shifts on either side of the membrane or electrode as a result of H/OH™ ion transport or
production, respectively. The degree of change depends on key system parameters including buffer
capacity, the pKa and density of charged surface moieties, and the magnitude of the current.

Mai et al. investigated the effect of ionic strength, electric field strength, and buffer
composition on pH during CP at a negatively charged polyacrylamide (PAM~) membrane
(Scheme 6).”* The dual emission ratiometric fluorescent dye, carboxyseminaphthorhodafluor
(SNARF), was used to monitor pH, while the degree of CP was ascertained based on the decrease
in current (in a current vs. time plot) through the ion selective feature. The authors first investigated
CP in two distinct buffer systems — 10.0 mM sodium phosphate buffer (PB, pH 7.5) and 10.0 mM
phosphate buffer saline (PBS, with 150 mM NaCl, pH 7.5) under an applied electric field of 25
V/em. A more rapid decrease in ionic current indicated stronger CP with lower ionic strength PB

than with PBS. In one minute after applying the electric field, current through the ion selective
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feature decreased by 75% in PB system, while in PBS they observed a 55% decrease. This outcome

is expected based on the dominance of EDL conductance in the lower ionic strength buffer.

Cation selective membrane

IEZ
HPO42-
H,PO, -—
/ th> 0
Low ion concentration High ion concentration
High pH Low pH

Scheme 6. Illustration of pH change near an ion selective membrane. During ICP, the pH profile evolves from its
initial state (black dashed line) to develop a local maximum and minimum pH in regions near the membrane at later
times (purple solid line). Illustration modified from ref. [74] with permission.

Further, the authors found that pH changes near the PAM™ structure were more pronounced
in PBS than in PB alone. In PBS buffer, and under an applied electric field of 25 V/cm for 30 s,
pH on the cathodic side of the PAM™ membrane decreased from 7.5 to 6. However, in PB, the pH
was stable on the cathodic side. On the anodic side, an increase in pH to 8.5 was observed at the
outer edge of the IDZ, at more than 500 um away from the PAM™ membrane. Based on these
results, it was concluded that higher ionic strength is correlated to a greater pH change. This result
makes sense because a higher ionic strength will support greater overall current, thereby driving
greater transport of H" between the microfluidic compartments.

Finally, it was observed that the strength and rate of CP and the magnitude of local pH
changes were positively correlated with applied electric field. As the field strength was increased,
the initial current was higher and decayed more rapidly to its limiting value. These higher currents

drive more rapid flux of protons through the membrane supporting greater excursions in pH.’*7
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Andersen et al. further developed a mathematical model to help predict and engineer pH dynamics
that can be essential to the performance of ICP systems.”®

Similarly, the driving electrodes can facilitate electrochemical reactions that influence pH.
Recently, Kim and co-workers demonstrated how electrode material and exposed area contribute
to this effect. First, they compared Ag/AgCl electrodes with large (26.9 mm?) and small (0.2 mm?)
electroactive area.”’ Significant pH change was observed only at the small area electrode due to
the high current density and resulting CI™ depletion at the anode. Since the supply of CI™ limited
the oxidation of Ag to AgCl, water oxidation dominated instead, leading to decreased pH. These
results were also compared to those obtained using Pt electrodes, where electrode area showed no
significant influence on pH, because water oxidation was the only available reaction. Given these
findings, selection of electrode materials, dimensions, and reactions is of critical importance for
pH sensitive samples (e.g., proteins).

While these publications seek to prevent pH excursions in ICP, a stable pH gradient is
useful for several applications, such as microbioreactions, and biomolecular separations. To take
advantage of this feature of ICP, Cheng et al. developed a microscale pH actuator platform for pH
regulation in a microchamber.”® A controlled change in the pH of the BGE was achieved by
injecting excess H" or OH" ions produced by field-enhanced water dissociation at the membrane
upon application of a voltage bias. A stable pH gradient produced in this way was used to separate

protein mixtures based on their isoelectric points.”

3. Practical aspects of implementing ICP-based techniques
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In this section, we summarize the key practical aspects of ICP. We first discuss the most
commonly used device designs and fabrication methods for ICP-based techniques. Second, we
provide a brief overview of materials that have been used to achieve selective ion transport. Third,
we discuss the key aspects of sample composition, including analyte and electrolyte concentrations
and mobilities, that dictate the limit of enrichment by one of two mechanisms (e.g., based on
electrokinetics or electroneutrality). Further, we introduce additives that can be used to achieve
ICP-based enrichment of neutral (uncharged) species. Finally, we give an overview of methods to
encapsulate the preconcentrated analyte plug to prevent it from dispersing once the electric field

is removed, thereby preserving it for further on- or off- chip analysis.

3.1. Device design and fabrication methods

There have been several reviews published describing microfluidic chip materials and
fabrication.?’ Silicon, glass, elastomers, thermoplastics, and paper are used for fabricating
microfluidic devices. Two-dimensional (2D) microfluidic systems are commonly used to
investigate and demonstrate ICP phenomena. More advanced systems with multiple layers, valves
and sensors require complex fabrication techniques (layer stacking, 3D printing), and are therefore
used less frequently for fundamental studies.

Soft lithography is one of the most commonly used methods for 2D microfluidic device
fabrication. Briefly, in soft lithography a master mold is fabricated by patterning a photoresist film
on a Si substrate with a high-resolution photomask (lateral resolution approximately 10 um for a
printed mask and 500 nm for a chrome mask). This master mold is used to create a replica in a

thermoplastic, by embossing, or in an elastomer, by cast molding. Polydimethylsiloxane (PDMS)
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is a frequently used elastomer for microdevice fabrication due to its high thermal stability (stable
below 400°C),}! elasticity, optical transparency, and ability to seal with itself (stacking) or a glass
slide after plasma treatment.’> PDMS devices are disadvantaged by ready adsorption of small
hydrophobic molecules and biomolecules onto channel walls, thereby making quantification of
enrichment and separation by ICP a challenge. This problem can be partially addressed by
modifying the channel walls to increase hydrophilicity — for example, PDMS can be reversibly
coated with a block copolymer such as Pluronic F108 or F127, which are comprised of two
ethylene glycol segments flanking polypropylene glycol.>® The impact of such coatings on zeta
potential on the channel walls and other device materials must be considered. For example,
Pluronic dampens EOF, thereby requiring supplementation with pressure driven flow when
convection is needed.

Three-dimensional microfluidic devices (3D) are fabricated by stacking multiple PDMS
layers.?> Out-of-plane or three-dimensional device designs have allowed large contact area
between the sample solution and the membrane, thereby supporting increased volumetric
throughput (up to 20 pL min™'),?> higher enrichment factors,®® and better interfacing with
downstream analysis.?* 3D printing a thermoplastic material circumvents the need for high
resolution photomasks, multilayer alignment, timed exposures, or development.®> However, lower
lateral resolution (about 25 um)® and greater surface roughness restrict its applications in ICP.%’
Additionally, the development of thermoplastic materials that would be comparable in stability,
elasticity and transparency with PDMS is still ongoing.

Paper microfluidic devices have a relative advantage for point-of-care applications due to
their simplicity, low cost, and ease of fabrication.’¥°! To fabricate paper-based ICP devices,

channel designs are printed using wax to define walls. An ion selective feature is incorporated by
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impregnating the paper with a conductive ink or resin solution. Currently, several groups have
reported enrichment of low abundance analytes from 60-fold*> to 1000-fold** in paper by ICP,
and 500-fold by fICP.*°

Several configurations of the driving electrodes, fluidic channels and ion selective features
have been reported.?> Choice of device design and ion selective feature is governed by the
application. Frequently, only one ion selective membrane or electrode is used to generate an [DZ
in a microfluidic device. However, there is precedent for dual membrane configurations, in which
a voltage bias applied across the membranes in series generates a neighboring IDZ and IEZ.* This
format has been further employed to prevent propagation of the IDZ in paper fluidics and to
achieve CP in water-in-oil droplets.”> Also, ion selective membrane coated electrodes have been
used for unipolar ICP generation, although larger pH excursions limit their application to pH
insensitive samples.”>

Scheme 7 illustrates the most commonly used device configurations for focusing analytes
by ICP%® and fICP.3#35%7 Single- and dual-channel preconcentration (Scheme 7a,b) and dual gate
(Scheme 7¢) designs, are the most common for preconcentration. The dual gate design has a more
uniform electric field distribution across the width of the main channel, than do the single and
dual-channel preconcentrators, because the voltage is applied on both sides, and ions are depleted
symmetrically.”®” The dual gate further allows the driving electrodes to be located in the two
electrolyte-filled auxiliary channels that are fluidically isolated from the sample, thereby
protecting it from large pH excursions.

Ko et al. developed a U-shaped (Scheme 7d,f) device which uses only two driving

electrodes.' This U-shaped design has been used for biomolecule preconcentration, however the
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electric field is not uniform across all parallel channels. Stronger ICP is observed in channels
contacting the portion of the membrane nearest to the ground lead (Scheme 7f).

The techniques supported by the designs shown in Scheme 7g,h,j are important because
they overcome the limitation that ICPF and fICP are traditionally performed as batch processes
that have low volume throughput. Split or branching microfluidic devices provide an additional
outlet for continuous extraction of focused charged species, micelle-encapsulated uncharged
species, particles, and cells (Scheme 7g). The fractionation of the sample can be controlled via the
ratio of volumetric flow rates in each outlet. This ratio determines the maximum EF, resulting in
much more modest enrichment than does accumulation of the analyte (stacking) over a longer
period of time. However, it provides access to a sufficient volume of enriched analyte for
downstream or off-chip analysis, while transport of an enriched plug results in considerable
diffusive broadening. When this branching scheme is utilized in conjunction with fICP, the ability
of BPEs to be reconfigured allows for an enriched plug to be directed along the channel while
enrichment is maintained® or transported on-demand to any outlet(s).'”' This active control of
focused analytes into separate branches is one of the key advantages of fICP.

Continuous separation of multiple species is achieved by incorporating multiple channels
that are branching at the nanojunction creating a “fan” design (Scheme 7h).!°>!% The particles
and analytes are deflected from the IDZ to a degree that depends on their electrophoretic mobilities
and are thereby directed to distinct outlets. A recent example with important environmental impact
is the integration of a multi-outlet device with fICP for sorting of microplastics.!%

Papadimitriou et al. recently developed a method called free flow ICP (FFICP) that yields
high resolution separations in a continuously flowing stream.'®> Their device is conceptually

similar to the “fan” design in that it has many outlets (Scheme 7j). The key distinction is that the
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sample solution interacts with the IDZ boundary for a greater duration, which allows for more
complete focusing. This outcome is accomplished by employing a combination of pressure driven
flow components that, relative the applied electric field, are parallel (for focusing) and
perpendicular (to carry the analyte(s) to the outlet).

Scheme 7e,i,]l show three variations of a design feature that decouples the sample inlet
(indicated as S) from that employed for voltage application and introduction of BGE.!?¢-1%The
sample is introduced in a direction that is orthogonal to focusing. This strategy has two primary
advantages. First, a highly conductive sample, such as a biofluid, does not have as great an impact
on the electrical resistance of the main (focusing) channel, and therefore, higher spatially-averaged
electric field strengths are permitted. The problem of high sample conductivity is conventionally
addressed by dilution, which slows mass transport of the analyte to the enriched plug and
effectively decreases volumetric throughput. Second, the design prevents biofouling by avoiding
contact between the driving electrodes and sensitive samples such as biological cells, bioparticles
(such as exosomes)!'?7and biomolecules!?®!1% A similar outcome can be achieved in a paper-based
device by pipetting the sample onto the paper strip during focusing.3®

The out-of-plane device shown in scheme Scheme 7k recapitulates the branched layout of
Scheme 7g but is rotated 90° and extruded to allow a greater contact area between the nanoporous
membrane and the sample. This design required the use of a CO» laser to create a slot for insertion
of a Nafion membrane. The auxiliary (grounded channel) lies above the main channel, which is

used, in this case, for water desalting.?
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Scheme 7. Schematics of various nanofluidic preconcentration device designs including a) single-channel, b) dual-

channel, ¢) dual gate, d) U-shaped, f) U-shaped with parallel concentrators, g) branched, h) ‘fan-shaped’, j) FFICP,
and k) out-of-plane. e, i, 1) Sample inlet (S) distinct from BGE inlet (V1) and oriented orthogonal to the channel in

which focusing occurs. Illustrations in (h) and (i) reproduced from ref. [105] and [25], respectively, with permission.

3.2. lon selective features and their fabrication
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Several classes of materials can govern selective ion transport, such as nanoporous
membranes and hydrogels, bead beds, nanochannels, and nanotubes. These materials are
summarized here, taking into consideration the features relevant to their performance, such as

critical dimensions, surface charge density, and exposed area.’>!%

3.2.1. lon permselective membranes and hydrogels

Ionic conductivity, hydrophobicity and ease of fabrication are important features to
consider when selecting a material for an ion permselective junction. lon selective resin solutions
like Nafion (cation selective), and Sustainion (anion selective) are commercially available in
solution form and therefore are convenient materials for creating nanojunctions. Nafion is a
sulfonated tetrafluoroethylene-based fluoropolymer with high surface charge of 200-600 mC/m?
and has been well characterized owing to its wide application as a proton conductor for proton
exchange membrane (PEM) fuel cells. Further, it is highly hydrophobic and resists swelling in
water. Therefore, it is an attractive ion selective material. Several methods have been developed
to pattern Nafion, several of which are briefly summarized in the following paragraph.

The pattern and dimensions of such a resin solution can be defined by microflow
patterning, which utilizes a PDMS microfluidic channel that is reversibly bonded to a glass slide.!?”
The resin solution is first flushed through the microchannel and then cured to create the membrane
(e.g., Nafion is cured at 95°C for 10 min). The microchannel used for patterning is then peeled
away, and finally, the glass slide with the patterned membrane is plasma treated and irreversibly
bonded to the microchannel to be used for ICP. Importantly, surface area and height of the

membrane are governed by the volume and composition of the resin solution and the dimensions
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of the microchannel dimensions used for patterning. For example, to achieve an approximately
200 nm membrane thickness, Lee et al. filled a 120-um deep and 200 um-wide channel with 1.0
uL of the resin solution (5% Nafion) and then removed it with suction, leaving only a thin film
behind prior to curing.!®® Although membrane dimensions can be controlled well by microflow
patterning, this method is restricted to low viscosity resin solutions. Additionally, irreversible
bonding of the glass substrate to the PDMS chip can be challenging if the patterned membrane is
thicker than 0.5 pm. As the membrane thickness increases, the seal between the glass and PDMS
weakens, thus resulting in device failure.

Microcontact printing utilizes a PDMS microstamp to create a surface-patterned ion
selective membrane on a glass slide.!'® During this process, the PDMS microstamp is “inked”
with the resin solution, which is transferred to the glass slide by applying pressure and is then
cured. This patterning method offers less control of the final membrane dimensions, and the
membrane dimensions vary due to applied pressure differences while microstamping. The
resulting membrane thickness ranges from 0.5 to 1.0 um, which makes bonding to PDMS
challenging.

A mechanical incision method can be utilized to fabricate a high aspect ratio ion selective
nanojunction inside a PDMS microchannel.?#!!! In this process, the junction is created by making
a mechanical incision across the main and auxiliary channels with a scalpel. The incision is then
bent open, filled with ion selective resin (e.g., 20% Nafion), sealed, and cured. Residual resin on
the PDMS surface is then removed by repeatedly applying low residue tape. Next, the PDMS with
embedded nanojunction is irreversibly bonded to a glass slide following plasma treatment.

A fourth approach is to fabricate microdevices with narrow openings between the main

channel and a resin- or hydrogel-filled channel.”*!'? In this method, the chip is designed with three
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parallel microfluidic channels (main, resin, and auxiliary). Resin solution or hydrogel is then
injected into the delivery channel and cured. Due to the surface tension at the narrow openings,
the resin solution does not fill the neighboring channels. This technique is limited to high viscosity
resin solutions (above 12.5% Nafion resin solution). The openings must remain small (10-20 pm),

and thus fabrication of such microfluidic devices can be somewhat challenging.

3.2.2. Bead beds

As an alternative to ion selective membranes, Syed et al. employed self-assembly of
colloidal silica beads (300-900 nm diameter) to create a nanofluidic junction.”® Self-assembly by
evaporation of aqueous phase (1.0 mM phosphate buffer with 0.05 % Tween-20) allowed for
creation of a close-packed structure with controlled pore diameter (~45 nm, 15% that of the particle
diameter). Additionally, they demonstrated that the surface properties (zeta potential, and therefore
ion selectivity) of such colloidal particles can be modified using polyelectrolyte layer-by-layer
self-assembly outside the microfluidic chip to achieve high surface charge. Although strong ion
depletion occurred and a high EF was achieved (up to 1700-fold), the concentrated plug propagated

upstream too rapidly.

3.2.3. Nanotubes

Single-walled carbon nanotubes (SWNTs) provide an alternative nanoporous material for

driving ICP.'"* The nanoporous architecture of stacked, entangled SWNTSs and the presence of

negatively charged carboxy ligands on their surfaces govern ion permselection. It has been
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demonstrated that a 60 nm-thick SWNT structure exhibits similar conductance to a 500 nm-thick
Nafion membrane. The reported SWNT junction was fabricated using a vacuum filtration and film
transfer method with the following steps. First, SWNTs were oxidized by suspending them in a
strong acid solution (concentrated HoSO4:HNO3 in a 1:3 volume ratio). Second, this SWNT
suspension was diluted with ddi water, and the nanotubes were collected on a membrane filter via
vacuum filtration. Third, the SWNT and underlying filter were cut to match the junction
dimensions and then placed on a clean glass slide. Lastly, the filter was etched with acetone, and
the patterned SWNTSs were rinsed with isopropyl alcohol. Although the SWNT patterning process
1s time consuming and labor intensive, the high conductivity, tunable geometry and chemical
properties of the SWNTSs can enable the development of high throughput and high aspect ratio ICP

devices.

3.2.4. Electrodes for fICP

An electrode can be metallic (e.g., Au, Ag, Pt), carbonaceous (e.g., glassy carbon or
graphite), semiconducting (e.g., doped Si, boron doped diamond, indium tin oxide) or
nonpolarizable (e.g., Ag/AgCl). Several of these materials have been used to create microband
electrodes and BPEs in microfluidic devices using standard photolithographic techniques,* such
as masking and etching an evaporated metal film or lift-off lithography. Pyrolyzed photoresist
carbon (PPC) can be used as an alternative to evaporated metal films.7!'4
When deciding on the type of electrodes to drive formation of an IDZ, one must consider

the composition of the BGE and what electrochemical reactions are available to modulate local

ion concentration. Importantly, species that can be neutralized by oxidation or reduction should be
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present in the sample solution at sufficiently high concentration such that their neutralization
significantly decreases ionic strength. For example, Knust and coworkers described depletion
driven by water electrolysis.’® Ata cathode, OH- was generated in sufficient quantities to neutralize
a significant fraction of the buffer counter ion TrisH". Because the cathode is at a negative potential
relative to the driving electrode(s), the resulting electric field gradient can be used for anion
focusing. Conversely, at an anode, H* neutralization of CH3COO" forms an electric field gradient
that is appropriate in sign for focusing cations. These reactions were carried out on Au electrodes.
However, many electrode materials can drive water electrolysis and differ primarily by the
overpotential required to achieve a sufficient rate of H'/OH- production. If a high field strength is
desired, then the best material has a high overpotential for water electrolysis and is resistant to
degradation of the electrode itself. The internal resistance of the material should be low to prevent
joule heating. Any chemical reaction that reduces local BGE concentration can be employed for
fICP, thus considering available redox reactions in the sample when choosing electrode materials
for fICP is important.

Nafion-coated electrodes have been previously used for sensing.!'>"!'7 Kwak et al.
employed a Nafion-coated electrode to drive half-cell ICP.”> In this process, the electrode
consumes or produces protons by water electrolysis, while the Nafion coating prevents hydroxide
ion transport. Because of this cation selective transport through the Nafion, the faradaic reactions
are unipolar. If a Nafion-coated cathode is employed, H' is consumed at the cathode, resulting in
IDZ formation. In contrast, if a Nafion-coated anode is used, then H is generated by water
splitting, and an IEZ forms. In practice, these electrodes lead to larger shifts in pH than a Nafion
membrane alone because protons are the only charge carriers (instead of other common BGE

cations such as Na* or K*).
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To complete the electrical circuit, there must be current at the driving electrodes. The most
commonly used driving electrodes are coiled Pt wire, which readily provide current owing to a
low overpotential for water electrolysis and a high surface area, or Ag/AgCl electrodes, in which
current is supplied without altering the solution pH. While less expensive materials, such as
graphite, may be attractive for point-of-care devices, the added overpotential required to drive
faradaic processes at their surface necessitates a higher applied voltage, which may not be practical
in a low resource setting. Yoon and coworkers reported a TiO, photoanode driving electrode,
which provides a route to utilize renewable energy.!'® There are opportunities to develop driving
electrodes that provide long-lasting current without altering solution pH, for example, by

capacitance or pseudocapacitance.''”

3.3. Sample composition

3.3.1. Concentration of the analyte and the electrolyte determine the limit of enrichment

Sample composition has a profound influence on the enrichment and separation of charged
analytes. As was discussed in previous subsections of this Tutorial Review, the concentration of
the BGE will influence the EDL thickness and Du, which determine the degree of CP. Further, Du
and co-ion mobility collectively define propagating and non-propagating regimes. The
concentration and mobilities of the ions of the BGE and of the analyte(s) are also correlated to the
limit of enrichment.

Several studies have shown that a higher EF is achieved for samples with lower initial

analyte concentration.>*37>> Numerical simulations showed that this limiting behavior is
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attributable to accumulation of the charged analyte to a sufficiently high concentration to impact
the shape of the electric field gradient — i.e., the analyte becomes a significant charge carrier.
However, Hong et al. demonstrated that under a distinct set of experimental conditions, the EF is
independent of the initial concentration of the analyte.!?° Ouyang et al. explained this phenomenon
by introducing two limiting regimes governed by electrokinetics or by electroneutrality.'?! In the
electrokinetically limited regime, the distribution of the ions of the BGE defines the electric field
profile, and then enrichment is determined by the balance between convective, electrophoretic and
diffusive fluxes of the analyte. This regime is defined by a buffer concentration that is several
orders of magnitude greater than that of the analyte. In this regime, the EF depends exponentially
on both the Péclet number and the mobility of the analyte relative to its co-ion. This dependency
means that enrichment is favored by a high mobility analyte, a slow co-ion, and less diffusive
broadening. Conversely, when the analyte is a significant charge carrier, the EF will be limited by
the availability of counter-ions to pair with the analyte ions to maintain electroneutrality. EF is
therefore directly proportional to the counter-ion concentration and is diminished if the analyte
and co-ion are highly mobile, which places a greater demand on the counter-ion. After this limit
is reached, arrival of additional analyte will lead to widening of the enriched plug while it remains

at a fixed concentration.

3.3.2. Complex matrices in biological and environmental applications

Samples relevant to environmental analysis and human health (e.g., blood plasma) can

present additional challenges that complicate analyte focusing by ICP. Due to these challenges,

only a handful of applications using complex samples have been reported.?>!!'! For example, direct
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contact to the electrodes or membrane can denature proteins and lead to biofouling of these
surfaces. Biofouling can be reduced by initiating IDZ formation prior to injection of a complex
sample to repel biomolecules from the junction or by changing the position''! or material of driving
electrodes. For applications in complex matrices, electrode materials that are designed to resist

122,123

biofouling, such as the nanoporous electrodes developed by Collinson and coworkers, are

promising. Further ion selective membranes with tunable porosity, ion selectivity, and

hydrophilicity have been reported,'?*!?°

some of which boast high ion conductivity while being
comprised of materials more biocompatible than Nafion.

Highly abundant proteins, such as albumin in blood, accumulate during ICP-based
enrichment and rapidly reach the concentration limit dictated by electroneutrality. In such case,
the enriched plug of protein gradually widens, pushing higher mobility species such as nucleic
acids back towards the inlet. Han and coworkers addressed this challenge by applying a pulse of
pressure at the sample inlet, resulting in the enriched plug of protein being pushed over the IDZ.
This approach allowed the protein to be depleted while the enriched band of nucleic acid was
retained. %

An additional challenge with working in biofluids is their high native ion concentration
(~150 mM), which leads to a thin EDL and therefore, to a weak ICP. In such cases, to achieve
EDL overlap and strong CP formation, ion selective features with small nanopores (e.g., Nafion,
4 nm) must be used. Finally, there are few faradaic reactions available to drive CP in biofluids,
such as neutralization of endogenous weak acids and bases, thus limiting implementation of fICP

in more complex matrices. Furthermore, neutralization of anionic species such as bicarbonate at

an anode will generate an IDZ that is useful for focusing of only cationic analytes.
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The high ionic conductivity of biological fluids results in high currents under an applied
field, and the result is rapid water electrolysis at the driving electrodes leading to gas bubble
formation and Joule heating that can damage a sample or an ion selective membrane, lead to local
changes in viscosity, and uneven thermal conditions within the microfluidic channels. High

88,127

currents in biological fluids can be reduced by dilution with low conductivity electrolytes or

by introduction of the sample orthogonal to the direction of focusing (as in Scheme 7e,i,l).'0¢-108

3.3.3. Additives to the sample for sharper IDZ boundary formation

The viscosity of the media or BGE can influence the IDZ stability and propagation. It has
been shown that additives that increase the viscosity of the sample can help achieve higher EF by
inhibiting Taylor dispersion. To this end, Gao et al. added 0.10% w/v hydroxyethyl cellulose
(HEC, Natrosol) to the BGE during cation and anion enrichment in a paper microfluidic device.®
HEC is a nonionic water-soluble polymer commonly used as a thickening agent in cosmetics and
pharmaceutical formulations. Addition of HEC to the BGE decreased the enriched dye band width
by ~2.5 fold, while increasing the fluorescence intensity of the enriched band by a factor of 3. It is
important to note that additives can also change the axial location of the enriched band due to an
inverse relationship between viscosity and electrophoretic mobility. Moreover, the authors noticed
an approximately 50% decrease in EF (near to that obtained in the absence of HEC) when a HEC
concentration above 0.10% w/v was used. The authors did not comment on the cause of the
observed decrease, which may be due to excessive dampening of EOF in the paper strip. Thus, the

additive concentration for each system must be optimized.
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3.3.4. Additives to alter analyte mobility and to achieve focusing of uncharged species

It has been shown previously that uncharged molecules are not affected by the electric field
and are therefore unable to be enriched by ICP.2%!2® However, a recent study found that an
uncharged dye was repelled from the IDZ during ICP in blood plasma, whereas in phosphate buffer
solution, redirection of the dye was not observed. This observation was attributed to intermolecular
interactions between the uncharged dye and charged species native to blood plasma.'?® To further
investigate this phenomenon and to address the limitation of ICP to only charged analytes, Berzina
et al. recently developed continuous micellar electrokinetic focusing (CMEKF), in which
uncharged compounds are focused by ICP via their incorporation into an ionic micellar phase.'?8
This approach combines concepts of micellar electrokinetic chromatography (MEKC) or micellar
capillary electrophoresis (micellar CE) with ICPF.!3° This new technique has enabled a route to
further expand the utility of ICP to applications in which focusing of uncharged species is needed,
such as water purification, and pharmaceutical and environmental analysis. This approach is
generalizable — any binding event that “assigns” charge, can facilitate ICP-based focusing of

uncharged species.

3.4. Analyte encapsulation following ICPF

A significant challenge to the broad application of ICPF for quantitative analysis is that
there have been very few demonstrations of in sifu analysis of the focused analyte(s). Further, their
transport to a downstream location or off-chip for analysis leads to unwanted dilution due to

dispersion. In response to this challenge, several strategies have been developed to “lock in” and
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collect the enriched analyte band(s) for downstream or off-chip analysis. Here, we summarize
recent advancements in the encapsulation of a preconcentrated plug using droplet- and valve-based
microfluidic platforms.

Sample preconcentration takes place under continuous flow and therefore, suffers from
broadening due to Taylor dispersion when the applied electric field is removed. To remove the
need for continuous application of an electric field to sustain the concentrated plug, microfluidic
droplet generators can encapsulate the analyte into water-in-oil droplets or gel plugs.
Encapsulation offers a straightforward way to preserve the sample concentration for further

analysis, such as enzyme activity assays and protein immunoassays.

: Pressure P +P+ &P, S
p. Prese‘»ul'e_]—‘_”"JP Pulse P+P, =L
l i Pulse | P
I Ah Pressure
e Bt
Depletion || Trapping ‘P
zune' zone .\ Droplets
i with prescribed
i concentration
¢ and volume
i v,
:( Control
o channel
\ Concentration
Nanochannels channel I .'
. vy Ki
GI,D ‘7\\ ~
a Buff >E'\"\ "‘H ﬁi Nozzle
uffer
<
r channel ‘\\\\] '
|
L Outlet
G'.‘D channel
N
t Concentrated
o’ droplet

Figure 5. a) Schematic diagram of the nanofluidic concentrator coupled with a droplet-on-demand system; b)
Sequential fluorescence images showing the preconcentration process of FITC-BSA in the nanofluidic concentrator
at Vs=120 V and P. = 1.52 kPa for 60 min. Here, Vs is the voltage bias applied between the sample and the auxiliary
channel across the junction, and P. is the incremental pressure applied to the control channel relative to that at the

sample inlet (P;). Illustration reproduced from ref. [132] with permission.

Chen et al. integrated electrokinetic preconcentration with droplet generation to quantify

131

metalloproteinase activity in cell lysate.’”" After the sample was enriched and encapsulated in
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droplets, there was a 10-fold better discrimination between stimulated and untreated cell samples,
while the required sample size was reduced 100-fold relative to a conventional assay. However,
while the plug containing the assay mixture was enriched 100-fold, following its release, the
enrichment reduced due to dispersion during transport to the droplet generator. To address this
limitation, Yu et al. developed a ‘nano-preconcentrator’ with a pressure-assisted strategy for
positioning the concentrated sample plug directly at the nozzle, which greatly eliminated the
concentration decline during sample ejection (Figure 5).'*? Using this device design, the authors
reported encapsulation of analytes enriched 10*-fold.

Phan et al. combined a continuous flow concentrator (branched channel, as in Scheme 7f)
with a droplet generator in a single device for enriched analyte encapsulation. First, the analyte
was preconcentrated by ICP while being redirected into a narrow branching channel.
Subsequently, at the end of this channel, the concentrated analyte was enclosed in 25 pm- to 50

um- water-in-oil droplets.'3* In this device, under a flow rate of 10.0 uL h! (0.17 uL min"), 100-

fold enrichment of charged species from 1.0 pM to 100 uM was achieved.
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Figure 6. Schematic illustration of a) the electrokinetic preconcentrator with bubble valves, and b) the process by

which the concentrated plug of analyte was isolated. Illustration reproduced from ref. [134] with permission.
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Although droplets can serve as an excellent tool to encapsulate concentrated analytes,
breaking of the microemulsion is required before some types of analysis. Also, hydrophobic
analytes can partition into the oil phase, and thus are not good candidates for droplet-based
encapsulation using oil. As an alternative, Deng and coworkers developed a bubble valve device
to trap preconcentrated analyte plugs using air (Figure 6).'3* To test the device, low abundance C-
reactive protein (CRP) (a biomarker for coronary heart disease and atherosclerosis) was
successfully preconcentrated and quantified using bead immunoassay. Up to 10*-fold enrichment
of target analyte was reported, while improving the limit of detection by 4-fold (to 100 pg mL™").

Choi et al. developed an ICPF device with integrated pneumatic microvalves located
between microchambers.!” The authors demonstrated control over the location of two enriched and
separated analyte bands and prevented dispersion after removing the applied voltage. A separation

resolution between dyes of 1.75 with an overall EF of up to 100-fold was achieved.

3.5. In-droplet ICP

Droplet microfluidics has revolutionized biotechnology owing to an ability to encapsulate
individual entities (e.g., single nucleic acids, enzymes, or biological cells) for analysis and to
segment a time varying sample (e.g., cell secretions or interstitial fluid from tissues) into pico- to
nanoliter aliquots. In this context, concentration enrichment can potentially lead to an increase in
the speed of reactions or assay sensitivity. Moreover, manipulation of droplet composition and ion
distribution can create opportunities for mobility-based assays. However, extended periods of
analyte accumulation from a bulk sample leads to a loss of single-entity isolation or temporal

resolution. To address this challenge, Kim et al. developed a method to manipulate concentration
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profiles inside nanoliter-scale water-in-oil droplets by ICP.%> This approach achieves both
enrichment and separation of charged compounds within a droplet by positioning it between two
cation selective membranes that extend along a microchannel like railroad tracks. Each membrane
connects the main (droplet) channel to one of two parallel auxiliary channels filled with the BGE

(Figure 7a,b).
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Figure 7. a) Top view and b) cross-sectional side view illustrations of an aqueous droplet positioned between two
cation selective membranes (red) in a microfluidic channel. The membranes interconnect the main (droplet) channel
with two parallel auxiliary channels filled with the BGE. Under an applied voltage bias as shown, cations are extracted
from and injected into the droplet. Anions migrate toward the anodic membrane to maintain electroneutrality and are
therefore enriched, generating an IDZ and IEZ within the droplet. ¢) Overlay of brightfield and green and red
fluorescence micrographs of a droplet containing two fluorescent tracers with distinct electrophoretic mobilities.
Isometric contour plots show the distribution of the d) green and ¢) red dyes in the micrographs shown in (c).

Ilustration modified from ref. [95] with permission.

A voltage bias applied between the auxiliary channels drives ionic current across the cation
selective membrane via the droplet. As a result, cations were depleted from the droplet region

nearest to the ground auxiliary channel (cathodic channel), while anions migrated towards the
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anodic compartment, generating an IDZ and IEZ. 16.7-fold enrichment of an anionic fluorophore
(BODIPY disulfonate) and its separation from a second dye (Texas Red) was demonstrated in a
5.5 nL droplet, under 10.0 V voltage bias (Figure 7c-e). The in-droplet ICP phenomenon was
demonstrated over a wide range of experimental parameters including droplet volume, voltage
bias, droplet composition and flow rate. The versatility of this approach indicates a high potential
for its application to bioassays, and improvements in speed, sensitivity, and selectivity are

expected.

3.6. Multistage and high throughput preconcentration

Existing biomolecule nanoconcentrators can achieve 10%- to 10°- fold enrichment in one
hour, a value limited by the small sample volume (UL scale) from which the analyte is swept during
ICP. To increase the volumetric throughput while also increasing the degree of enrichment, devices
with staged parallel and serial enrichment units can be used. A microfluidic device with 4 to 64
parallel enrichment channels arranged radially for high throughput enrichment was designed by
Lee et al. (Figure 8). Here, a buffer channel-less design simplified device fabrication.!?* Ton
selection was achieved with printed ion permselective membranes or silver electrodes (for ICP and
fICP, respectively) (Figure 8a,b). In this device, the diluted sample (35 puL) was injected at the
center using a pipette (Figure 8, steps i and ii), and a 10 V DC bias was applied between the radial
electrode and a wire electrode inserted in the pipette tip. The preconcentrated plugs of analyte
migrated backwards towards the center of the device where they were collected with the pipette

tip (Figure 8, step iii).
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devices had the same operating procedure: i) buffer injection and preparation of the sample solution; ii) sample
injection and preconcentration of molecules; iii) extraction and recovery of preconcentrated molecules. iv) A

photographic image of the devices. Illustration reproduced from ref. [135] with permission.

The nanopreconcentrator yielded moderate recovery ratios for polystyrene particles,
fluorescent dye, and dsDNA of 85.5%, 79.0%, and 51.3%, respectively, and the preconcentration
factor was poor (up to 10-fold). However, this calculation was based on the concentration of the
sample in the collected volume (1 to 5 pL) and not the maximum concentration achieved within
the microfluidic channel. The authors indicated that higher enrichment in a shorter time frame can
be achieved using a higher initial sample volume and increasing the number of branching channels.

Recently, Ouyang et al. developed a hierarchical microfluidic molecular enrichment
system (HOLMES) that can achieve billion-fold enrichment (10%) of biomolecules and proteins
within 30 min (Figure 9a).83 This high EF is obtained by a four-stage hierarchical concentration
process, in which first, parallel nanofluidic concentrators are simultaneously operated to sweep
milliliters of sample (up to 10 mL). In this 1% stage, vertically stacked (up to 12) plasma-bonded

PDMS layers define chambers, each containing massively parallel microchannels. A
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perpendicularly patterned strip of Nafion connects these parallel microchannels (blue, Figure 9b)
to auxiliary channels (green). These concentrators release their contents into successively narrower
chambers in the 2" - 4% stages (Figure 9¢), in which biomolecule plugs are combined and re-
concentrated. The number of parallel microchannels in each chamber is scaled down by 10- or

100-fold per stage.

4. Integration of other analytical methods with ICPF

An important hurdle to the broad application of ICPF is the qualitative and quantitative
analysis of the enriched target. Thus far, detection has been largely limited to fluorescent or
electroactive species. In this section, we summarize in-line detection methods that have been

integrated with ICP and discuss how these techniques are applied to various biological systems.

4.1. Immunoassay

Several microfluidic devices based on ICP have been developed to preconcentrate
biomolecules before detection with immunoassays. The increased concentration of the analyte
enhances the sensitivity of these assays. Wang et al. were first to integrate a nanopreconcentrator
with a bead bed immunoassay.”® Following 30 min of enrichment of a sample over antibody-
modified beads, they achieved more than 500-fold enhanced sensitivity for the fluorescent protein
R-phycoerythrin (PE) from 50 pM to the sub-100 fM range. To test the device with a more complex
sample, they added 10 pg mL! green fluorescent protein (GFP), a non-target protein, to test the

influence of an interferent on preconcentration and detection of target molecules. The results
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indicated that the interferent was co-enriched, but it was not bound to the beads. Thus, this platform

shows promise to preconcentrate and detect charged biomolecules in the presence of interferents.
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Figure 9. a) Schematic of HOLMES. At each stage, parallel microchannels and buffer channels are bridged by a
Nafion membrane. b) Schematic of biomolecule enrichment in the parallel channels. Under the electrical configuration
shown, biomolecules are electroosmotically injected into the parallel channels and electrokinetically concentrated just
upstream of the IDZs induced at the micro-/nano- channel junctions. The membrane interconnects the microchannels
(blue) with an auxiliary channel (green). c) Illustration of staged preconcentration of biomolecules including the
locations at which driving electrodes apply positive potentials (ON), ground (G), or are left at a floating potential

(OFF). Illustration reproduced from ref. [83] with permission.
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A similar platform was developed for multiplexed enzyme-linked immunosorbent assay
(ELISA)."% In this study, beads modified with antibodies to two prostate cancer-specific antigens
were incubated in blood plasma prior to labeling with an enzyme-linked antibody. The beads were
then packed into a microchannel, and the substrate for the enzyme flowed across them. ICPF was
utilized to enrich the fluorescent product. The sensitivity for the detection of these two cancer
markers was enhanced 65- to 100-fold, and five distinct samples were analyzed simultaneously in
parallel channels. This same research group later improved multiplexing (up to 128 individually

controlled parallel channels) and throughput for this bead-based immunoassay platform.'®

4.2 Enzymatic assay

There have been several reports in which enzymatic assay rate and sensitivity have been
be increased by ICPF.!'%137 [ ee et al. demonstrated a decreased assay time from 1 h to 10 min
along with a 100-fold enhancement of the sensitivity for trypsin (1.0 pg mL™!). Similarly, ICPF
was used to enhance an assay for kinase in cell lysate. The protocol yielded a 25-fold increase in
reaction rate and a 65-fold enhancement in sensitivity. These improvements allowed a reduction
in sample size from 200 pL to 5 uL (equivalent to lysate from ~5 cells) and a shortened assay time
(from 1 h to 10-25 min). These results show that ICP can potentially enable a route to single-cell
analysis.

Recently, Wei et al. developed a multi-well detection platform with integrated
electrokinetic pre-concentrators for enzymatic assays.’° They integrated 12 ICP preconcentrators
with a standard 12-well plate and demonstrated detection of a metalloproteinase (MMP-9)

expression in the breast adenocarcinoma cell line MDA-MB-231. Preconcentration by ICP
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allowed a decreased assay time (by 10 h) and an increase in the overall sensitivity of the assay by
an order of magnitude. This result is significant because it demonstrates the practical integration

of microfluidic preconcentrators with a microplate assay for standard laboratory use.

4.3. Electrochemical sensing

The simultaneous detection of several biomarkers for early diagnosis or prognosis of
disease is often challenging due to their extremely low abundance in biological fluids. For
example, methylated DNA is believed to be a promising marker for early diagnosis of cancer.
However, the concentration level is found to be in the fM range. Electrochemical biosensors have
high sensitivity (on the order of 1 nM), enable quantification, and require minimal equipment.
Thus, they are good candidates for point-of-care testing. Techniques like ligase chain reaction'3®
and polymerase chain reaction'?® have been used for methylated DNA amplification, previously.
However, they are time consuming and tedious. To address the need for a relatively fast and
sensitive detection method, Hong et al. developed a valve-based microfluidic chip, in which
methylated DNA was preconcentrated by ICPF and then further quantified using a nanostructured
gold biosensor (Figure 10).!2° Using this microfluidic chip, 100- to 120-fold sample
preconcentration was obtained in 10 min, which improved the LOD of methylated DNA from 475
pM to 350 fM in buffer.

Nanostructure-based electrical biosensors have been used for ultrasensitive and label-free
biomolecule detection.'*® For example, the electrical resistance of a nanofluidic crystal (NFC) is
sensitive to biomolecule binding. However, high sensitivity can only be achieved under low ionic

strength conditions, and therefore, sensing under physiological conditions (160 mM) is
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challenging. At high ionic strength, surface charges are screened by ions of the BGE, and the EDL

has a thickness of < 1 nm.
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Figure 10. Schematic diagram of the microdevice integrating pre-concentration with electrochemical sensing. a)
Schematic diagram of the microfluidic pre-concentration chip; b) working principle of the chip (i) pre-concentration,
(ii) isolation and (iii) incubation of the methylated DNA on the electrochemical sensor and in the inset, sensing
principle of the electrochemical sensor; ¢) time-lapse fluorescence images of the DNA pre-concentration and transfer

to the sensor. [llustration reproduced from ref. [120] with permission.

Ouyang et al. demonstrated that electrical detection of biomolecules could be achieved by
employing ICP to lower the ionic strength at the NFC biosensor following an initial binding step.'#!
Their device consisted of two perpendicular channels with nanofilters located on three sides of the
intersection to retain functionalized nanoparticles there (Figure 11). After loading the sample at
the inlet (Figure 11, /, at location 4), CP was initiated for biomolecule preconcentration near the
NFC (Figure 11, /]). Following the incubation step (Figure 11, ///), CP was initiated again to

achieve a local decrease in ion concentration by 200-fold near the NFC to facilitate sensing.
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Figure 11. Schematic illustration of the operation of the ICP-coupled nanofluidic crystal for biosensing. Illustration

reproduced from ref. [141] with permission.

ICP has been employed not only for analyte preconcentration prior to electrochemical
sensing, but also to regenerate sensing substrates. Chen et al. introduced a microfluidic device for
real-time continuous bioassays without the requirement of a separate clean buffer solution for
rinsing steps (Figure 12).?° In this ‘buffer-free’ device, first, an aptamer sensor was employed for
measurement of target biomolecules in human serum. Second, the sensor surface was regenerated
to allow repeated assays. To achieve the latter goal, the authors sourced purified water from the
human serum by ICP-based repulsion of other plasma components into another microfluidic
branch. The results showed that in 10 min after applying the driving voltage, the sensors were

completely regenerated.
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Figure 12. a) Schematic of the nanofluidic device for real-time target biomolecule monitoring; b) the binding of the
target biomolecule to the aptamer immobilized on the glass substrate; c¢) fluorescence micrograph demonstrating
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pm); (d) [lustration of the branching microfluidic device with embedded membrane and microelectrodes. Graph
demonstrates the normalized fluorescence intensity along the red line across the IDZ. Illustration reproduced from

ref. [29] with permission.

4.4. The ICP current-voltage curve as a non-optical sensor

A recent innovation overcomes the need for fluorescently labeled targets by leveraging ICP
itself as the sensing mechanism. lon-selective structures respond to a voltage bias with a distinctive
nonlinear current-voltage curve that has ohmic, limiting and overlimiting regions (Section 2.4.).
Chang and coworkers demonstrated that binding events that confine charged molecules to the
surface of an ion permselective membrane significantly alter the shape of its current-voltage
curve.'¥?!43 For example, hybridization of negatively charged DNA to the surface of an anion

selective membrane (positively charged) leads to surface charge inversion and changes ion
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conductance through the membrane, especially in the overlimiting region.!#>!43 These finding
suggested that the current-voltage response is sensitive to the presence of charged molecule
binding events on the surface of the membrane. Since then, this phenomenon has been used as a
reporting mechanism in several assays for biomarkers.!**!%> For example, this method was recently
applied to the detection in human serum of ribonucleic acid (RNA) from the mosquito-borne virus
that causes dengue fever.!*® The method is label free and requires minimal peripheral equipment,
making it well-suited to point-of-care analysis. Four sensors were employed — one specific to each
of four serotypes of the dengue virus. Each sensor was an anion selective membrane modified with
a probe specific for one serotype. Binding of the target RNA led to a shift in the onset of
overlimiting behavior to a higher voltage versus the probe alone. The authors reported excellent
specificity, which they attributed to the ability of electroconvection to wash the sensor surface,
thereby eliminating non-specific binding. By using this method in concert with upstream one-pot
reverse transcriptase PCR (RT-PCR), the authors were able to detect as few as 100 copies of RNA

in 1 mL of human plasma.

5. Summary of tips and tricks

Challenge Tips and Tricks

> Introduce geometric restrictions (decrease channel height and width).*®
» Create an alternate current path through the IDZ by increasing channel surface
IDZ instability charge using Nafion coating.*
» Decrease current density at the ion selective structure by increasing its surface
72
area.

»  Add microstructuring to the membrane.”!

» Apply pressure driven counterflow.
IDZ » Use dual membranes to define preconcentration in a specific region.*’
propagation >

Change ion transport mechanism from ICP to capillarity ICP, in which ion
transport is governed by capillary forces and not by an applied external field.”
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Uncharged

» Neutral species do not migrate in response to an electric field gradient. To
analytes not achieve neutral species separation, ionic surfactants above their critical
focused micelle concentration can be used.'?®

» Change material of the electrode to avoid oxygen evolution reaction (OER)
Unwanted pH and hydrogen evolution reaction (HER).”’
changes » Coat the driving electrode with an ion permselective membrane.*

» Increase the buffer concentration. Change buffer composition (different pK,,

values for various buffers), and ionic strength.”®
Sample
dispersion once
electric field is » Use droplet-based or valve-based encapsulation, 7132134135
removed

» Sample conductivity may be too high.

Gas bu.bble > Dilute the sample to decrease conductivity 38127
formatlon.and > Inject the sample orthogonal to the direction of focusing.'%1%
Joule heating » Apply the voltage between the membrane and an outlet from ion depleted

solution exits the device!'!

In this Tutorial Review, we have discussed both fundamental and practical aspects of ICP

6. Conclusions and future outlook

and fICP and summarized recent advancements relevant to the application of ICPF to quantitative
analysis. To use ICP effectively, it is important to understand the mechanisms by which ion
permselectivity or faradaic reactions can lead to localized depletion of ions of the BGE, and how
the resulting electric field gradients facilitate focusing of analytes in the presence of a counter
flow. Many distinct device configurations and methods have been developed for applying the
requisite electric and flow fields that drive ICPF, and therefore, we have presented the basic
principles and relative advantages of each. The greatest experimental challenges in ICPF are the
onset of fluid vortices that lead to unwanted mixing, the upstream propagation of the IDZ boundary

and analyte plug, unwanted pH excursions near membranes and electrodes, and at high BGE
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conductivities, Joule heating and gas formation. While strategies to address these challenges are
ongoing, there are existing approaches to mitigate their effects, which we discussed throughout the
Tutorial Review and included in subsection 5 — Summary of tips and tricks.

For new practitioners, we included a brief summary of device design principles and
fabrication methods and a more detailed discussion of materials commonly utilized to facilitate
selective ion transport or electrochemical reactions. Given the recent push toward high-throughput
preconcentrators and the demand for devices that are easier to fabricate (or to manufacture), there
1s an opportunity to develop materials and device architectures amenable to larger length scales
and mass production. As ICPF devices are adopted into broader use, there is a need for user-
friendly computational methods that allow device dimensions and experimental parameters to be
optimized for a specific application in silico. ICP poses a significant computational challenge
including coupled Poisson, Nernst-Planck, and Navier-Stokes equations, and therefore,
approaches that reduce computational load are needed.

We further discussed the impact of the sample composition on ICPF. A key advancement
in this area is the introduction of scaling laws that describe the theoretical maximum enrichment
factor that can be attained. The scaling laws differentiate two distinct regimes that are defined by
the ratio of the concentration of the analyte versus that of the BGE. Enrichment is limited by
electrokinetics (peak mode) when this ratio is high and electroneutrality (plateau mode) when it is
low.!%5121 We also discussed strategies to address the challenges presented by complex biological
matrices, such as high ionic conductivity, non-depleted ions (in fICP), and biofouling, and we
summarized additives to improve performance, including viscosity modifiers to increase Péclet

number and ionic micelles to alter analyte mobility. This latter advancement has allowed for
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separation of neutral species and can be generalized to any intermolecular interaction that would
assign charge, thus expanding the applicability of ICPF.

Owing to the low volumetric throughput of most ICPF devices, integration of focusing
with on- or off-chip analysis has been limited. We discuss approaches that address this challenge
including encapsulation of analytes in water-in-oil droplets to “lock-in” enrichment during
transport off-chip and multi-stage (hierarchical) concentrators that dramatically increase both
throughput and enrichment rate. Such increased throughput holds promise to provide sufficient
volumes and concentration for integration with mass spectrometric analysis or polymerase chain
reaction (PCR). In-droplet ICP allows for enrichment and separation in a confined volume, thereby
retaining information from time varying samples and isolation of individual entities (e.g., single
nucleic acids, enzymes, or biological cells) and can be integrated into existing droplet microfluidic
workflows. Finally, we describe progress in the quantification of analytes by interfacing ICP
preconcentrators with immunoassays, enzymatic assays, and electrochemical sensing, and we
highlight a very recent advancement, in which binding events at an ion-selective membrane are
detected via resulting changes in the current-voltage curve obtained during ICP.

In addition to providing background knowledge of ICPF, this Tutorial Review summarizes
“tips and tricks” for new practitioners and provides insight into aspects of ICPF most in need of
advancement. We anticipate progress in the following areas: rapid or more facile device
construction (especially high-throughput) including biocompatible, high surface area, and 3-
dimensional materials for the ion-selective junction; methods for addressing high conductivity and
biofouling in complex matrices; the development of user-friendly computational models to aid in
customization of devices for new applications; methods that leverage intermolecular interactions

(such as analyte encapsulation in micelles); integration of high-throughput ICPF with a wider
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variety of analytical methods; and extension of recently introduced concepts such as in-droplet

ICP and sensing via the ICP current-voltage curve to a wider set of analytical challenges.
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