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ABSTRACT: Isotachophoresis (ITP) is a versatile electrophoretic technique that can be / F
used for sample preconcentration, separation, purification, and mixing, and to control and
accelerate chemical reactions. Although the basic technique is nearly a century old and
widely used, there is a persistent need for an easily approachable, succinct, and rigorous :[E
review of ITP theory and analysis. This is important because the interest and adoption of the
technique has grown over the last two decades, especially with its implementation in
microfluidics and integration with on-chip chemical and biochemical assays. We here
provide a review of ITP theory starting from physicochemical first-principles, including
conservation of species, conservation of current, approximation of charge neutrality, pH
equilibrium of weak electrolytes, and so-called regulating functions that govern transport
dynamics, with a strong emphasis on steady and unsteady transport. We combine these
generally applicable (to all types of ITP) theoretical discussions with applications of ITP in
the field of microfluidic systems, particularly on-chip biochemical analyses. Our discussion
includes principles that govern the ITP focusing of weak and strong electrolytes; ITP dynamics in peak and plateau modes; a review
of simulation tools, experimental tools, and detection methods; applications of ITP for on-chip separations and trace analyte
manipulation; and design considerations and challenges for microfluidic ITP systems. We conclude with remarks on possible future
research directions. The intent of this review is to help make ITP analysis and design principles more accessible to the scientific and
engineering communities and to provide a rigorous basis for the increased adoption of ITP in microfluidics.
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1. INTRODUCTION

1.1. Qualitative Introduction and Definition of
Isotachophoresis

We begin with a qualitative description of isotachophoresis
(ITP) to frame our summary of its background and
development. ITP is an electrophoretic technique useful for
the guriﬁcation, preconcentration, and separation of analy-
tes."” Figure 1 shows a schematic of a simple ITP process,
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Figure 1. Schematics for the qualitative understanding of microfluidic
ITP. (A) Initial conditions at t = 0, common to both peak- and
plateau-mode ITP. (B) Peak-mode ITP focusing, which corresponds
to either trace analyte focusing or the early stages of any ITP focusing
(cf. sections 2.7 and S). (C) Plateau-mode ITP for the case where the
analytes are present in high concentrations and the experiment is run
for a sufficiently long duration (cf. sections 2.7 and 6). Each subfigure
shows the locations of ions within the channel (top) and the
concentration profiles of the electrolytes (bottom) in anionic ITP. For
illustration, only two sample species S, and S, are considered. Peak-
mode sample concentration fields are exaggerated for depiction, while
sample-mode concentration fields are drawn to relative scale. The
loading configuration depicted in panel A, and the schematics in
panels B and C correspond to a semi-infinite sample loading
configuration (cf. section 2.7).

including an arrangement of ions of various types that are
migrating due to an applied electric field. This initial basic
example of ITP is so-called anionic ITP, where two different
anions (and a single common cation) are used to focus anionic
samples; however,, as we shall see, ITP can also be performed
as cationic ITP (where two cationic species are used to focus
cationic samples).

https://doi.org/10.1021/acs.chemrev.1c00640
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As shown in the schematic, the system includes an interface
between two buffer mixtures. There is a leading electrolyte
(LE) mixture and a trailing electrolyte (TE) mixture. These
mixtures contain a leading ion and a trailing co-ion (here,
anions), respectively. We here define mobility as a propor-
tionally factor between the electric field and the ion drift
velocity. The LE and TE anions have relatively high and low
magnitudes of mobility, respectively. Upon the application of
an electric field, the interface(s) between the LE and TE moves
due to electromigration (in the direction opposite that of the
electric field). Plotted in the figure are ion concentrations c as a
function of the axial dimension along a long-thin channel, x. cf’
and [ refer to the concentrations of the leading anion. c]. refers
to the trailing ion concentration in its original location (prior
to the application of the electric field), while ¢}’ is the same
ion’s concentration in the region that was formerly occupied by
the leading ion. As we shall discuss later in this review, c] is a
quantity determined by the experimentalist, while ci’ is
determined by the properties of the LE mixture and the
trailing ion mobility. c¢ is the concentration of the counterion
(here, a cation). The counterion migrates from the LE to the
TE zones, and we consider here a single type of counterion in
the entire system. Here, E is applied from right to left, and the
LE-to-TE interface propagates to the right. We shall see that
applying electric field in this orientation (from the TE to the
LE) results in a moving self-sharpening interface between the
TE and the LE. This sharp moving TE—LE boundary is
sometimes referred to as a moving boundary in electro-
phoresis.”™> As we shall see, the self-steepening interface is
effectively an ion concentration shock wave whose minimum
width is limited by the balance between nonuniform
electromigration (established by the electric field gradient)
and molecular diffusion.

Further, as we shall see, the relative mobility magnitudes of
the LE and TE ions lead to LE and TE regions with high and
low ionic conductivity, respectively. This conductivity differ-
ence (and the required continuity of the ionic current)
necessitates high E in the TE zone, low E in the LE zone, and
an electric field gradient at the TE-to-LE interface. This
gradient is an essential component required for the selective
focusing of sample ions. Sample species whose effective
mobilities are greater than the TE ion will, if placed in the
TE, migrate faster than the TE co-ion and catch up to and
focus at the TE-to-LE interface. Similarly, sample species
placed in the LE zone will migrate slower than the surrounding
LE co-ion and be caught by and focused into the TE-to-LE
interface. In this way, sample ions of a specific mobility range
are eventually focused at this interface irrespective of where
they are introduced.

The observable concentration and shape of the focused
sample ions are a function of their initial concentration and
time. As shown in Figure 1b, multiple analyte species initially
strongly overlap and focus in the “peak mode” within a small
zone. This initial “peak mode” has a local concentration
distribution that is a unimodal peak of a magnitude much
lower than that of the concentrations of the LE or TE. Given a
sufficient initial concentration or sufficient time, analyte species
accumulate and increase in concentration to the point where
the analyte contributes significantly to the local conductivity.
Thereafter, as shown in Figure lc, an analyte can be purified
relative to other co-ions and form a plateau zone that is
purified from and displaces its neighboring co-ions. As we shall
see, the requirements of current continuity and that the system

is approximately net neutral everywhere necessitate a condition
wherein locally purified co-ions all migrate at the same velocity
despite the fact that they have different mobilities. That is, the
co-ions of the LE ion (including the TE ion) and any fully
formed plateau travel at the same velocity as the LE ion. Why
is this the case? Consider that if the electric field gradients were
such that high mobility ions “ran away” from lower mobility
ions, the hypothetical gaps formed between co-ionic regions
would be regions of unbalanced countercharge (creating
internal fields that would act to restore net neutrality). The
term “isotachophoresis” refers to the fact that all such zones
migrate at the same velocity (the Greek roots “isos” and
“tachos” mean equal and velocity, respectively).

As shown in Figure lc, after multiple plateau zones are
formed, the adjacent zones travel as a group at the same
velocity as the LE ion. In this configuration, the aforemen-
tioned descriptions of the initial TE-to-LE interface as a self-
sharpening wave apply to all the newly created interfaces. That
is, with respect to the figure, the interface between the LE and
sample S, the interface between sample S, and sample S,, and
the interface between sample S, and the TE are all self-
sharpening and propagate as a group. The self-sharpening
nature of interfaces in ITP makes the separations robust to
disturbances, including channel roughness, channel turns,
pressure-driven flow disturbances, and modest variations in
channel geometry.

Lastly, we briefly note here that orienting an electric field in
the “wrong” direction (such that LE ions move toward the TE
zone) leads to a phenomenon called electromigration
dispersion (EMD). In EMD, the high-mobility ion quickly
invades the region occupied by the low-mobility ion, and the
low-mobility ion trails back into the high-mobility ion zone
(This phenomenon is characterized by an ion migration
rarefaction wave).’™” This situation results in the rapid
broadening of interfaces and the associated mixing of co-
ionic species. The dispersive nature of EMD is such that it can
be easily confused with very rapid diffusion or Taylor
dispersion. However, EMD is distinct from these dispersion
phenomena as it is a deterministic electromigration-driven
mixing phenomenon where, for a constant applied current,
interface lengths increase linearly in time (compared to the
square root of time expected from diffusion or Taylor
dispersion).

1.2. Brief History and Development of ITP

Although the term “isotachophoresis” was introduced only in
the 1970s,'>"" similar techniques based on the principles of
ITP have existed for nearly a century. For example, in 1923,
Kendall and Crittenden'” described a technique fundamentally
identical to ITP to separate rare earth metals and some acids,
which they called the “ijon migration method”. Likewise,
studies on “moving boundary electrophoresis”," steady-state
stacking in disc electrophoresis,"* and “displacement electro-
phoresis”"> describe processes that are nearly identical (and in
some cases identical) to ITP. “Displacement electrophoresis”
and “transphoresis” have also been used synonymously with
ITP.'® ITP gained significant popularity in the 1970s as an
analytical separation tool that, unlike capillary electrophoresis
(CE), could be performed in capillaries with large inner
diameters (typically several hundred micrometers) in a stable
manner.'”~"” The 1980s saw a decline in ITP’s popularity due
to the wide availability of high-quality capillaries with small
inner diameters (on the order of tens of micrometers), the easy

https://doi.org/10.1021/acs.chemrev.1c00640
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design of CE buffers, and the high separation performance of
CE.”**! The early 1990s saw a revival of ITP, but primarily as
a tool for preconcentrating analytes and hence as a method of
improving the sensitivity of other separation methods, most
notably the sensitivities of various CE separation modalities.
The earliest form of this type of implementation involved the
two-stage on-line coupling of ITP and CE.** Later, in 1993,
this approach was more conveniently implemented via the
column-coupling of transient ITP and electrophoresis (mostly
zone electrophoresis).”® See ref 24 for a review of methods of
coupling CE and ITP.

The late 1990s marked the first implementations of ITP in a
microfluidic format, beginning with the work of Walker et al. in
1998.° As with many other bioassays, microfluidics offers
smaller channel volumes and lower reagent use for ITP.
Microfluidics also provides simple optical access and the ability
to create on-chip networks that can be accessed and controlled
via end-channel reservoirs. Moreover, for ITP, microfluidics
offers an on-chip electric field control useful for initiating and
terminating electrokinetic processes, switching the electric field
direction among intersections (e.g., for mixing) and
bifurcations (e.g,, for aliquoting) within on-chip networks,
and, in the case of glass or fused silica, a relatively efficient heat
sink to mitigate the effects of Joule heating as a result of ITP.
Consistent with and following the successes of capillary ITP—
CE systems, initial applications of microfluidic ITP in the late
1990s and early 2000s combined on-chip transient ITP
preconcentration with zone electrophoresis.”* *" Later in the
2000s, other on-chip applications for ITP were developed,
including sample purification and preconcentration,”"**
sample focusing and separation,” " and control and
acceleration of biochemical reactions.”®* Over the last two
decades, ITP has enjoyed increased adoption and growing
interest in microfluidic formats due to its ease of adaptability
and compatibility with miniaturized devices. Currently, around
200 papers are published each year that describe developments
or applications of microfluidic isotachophoresis across various
disciplines, including chemistry, engineering, molecular biol-
ogy, materials science, and environmental science (based on
data from Scopus as of 2022).

The theory and physicochemical principles of ITP have been
addressed in a classic book and several book chapters. Perhaps
the most influential of these theory reviews is the book by
Everaerts et al.' titled “Isotachophoresis”. Everaerts et al.
presented models of ITP ion mobility and migration dynamics.
Their descriptions were confined mostly to simple algebraic
relations for the coupling of pH equilibrium, electroneutrality,
mass balances, and current conservation (at steady state), and
they discussed only qualitatively unsteady dynamics, including
the development and growth of plateau zones. Coxon and
Binder'® presented 1D conservation (partial differential)
equations that led to analytical solutions (including steady
interface distributions) and a confirmation of the Kohlrausch
regulating function, but unfortunately their work is limited to
strong electrolytes. In the chapter “Analytical Isotachopho-
resis”, Bocek” presented formulas for the dynamics of strong
electrolytes and only summarized some classic results of weak-
electrolyte plateau concentrations by Svensson® and Dis-
mukes and Alberty."' BoCek covered the analytical solution for
the steady-state distribution at the interface of two neighboring
plateau co-ions.” Bocek also presented formulas for the
separation capacity and expert discussions of practical aspects,
including the detection of plateaus with temperature, the

mitigation of Joule heating, counterflow ITP, and separation
assays that used plateau-mode ITP. Subsequently, Krivankova
et al.*” published a book chapter covering I'TP that offered very
good and practical advice for buffer and experimental setup
designs (including column coupling) and interesting applica-
tion examples but very little by the way of theoretical
development (aside from stating the so-called ITP condition).
Despite all these texts, we know of no summary of ITP physics
that both summarize the derivations of the Alberty and Jovin
functions and formulates the dynamics of ITP processes. The
current review also uniquely includes a summary of unsteady
ITP ion concentration fields starting from first-principles
(including species and current conservations, the electro-
neutrality approximation, and chemical equilibrium). Unlike
past reviews, the current review also covers details of peak-
mode ITP, including accumulation rates and peak distribu-
tions.

In accordance with the very strong interest in ITP, a good
number of review articles addressing various aspects of ITP
have been published over the last 20 years.**>3 7394752 The
majority of these are articles on ITP were published
periodically and incrementally, covering developments in
instrumentation, experimental techniques, modeling, and
simulation for both capillary and microfluidic ITP systems.
The latter reviews typically cover progress over a few years at a
time (most commonly, periods of two years). To our
knowledge, the first article that exclusively reviewed micro-
fluidic ITP was the work of Chen et al.*® in 2006. This work
largely focused on developments in microchip-based tech-
nologies between 1998 and 2006 for the ITP-based analysis
and pretreatment of biomolecules and ionic compounds. We
know of only one other broad review article on microfluidic
ITP, which was published by Smejkal et al.'” in 2013. This
article primarily discussed applications of microfluidic ITP and
placed scant emphasis on discussions of theoretical principles,
analysis, or assay design. The field of microfluidic ITP has
significantly evolved since the article of Smejkal et al,, and
there have been many new developments in both theoretical
aspects and the fundamental understanding of ITP (e.g,
sample zone dynamics, dispersion in peak-mode ITP, and ITP-
aided reactions)***”*°~%* in addition to new applications (e.g.,
single-cell analyses and ITP-aided reactions).”®**** Several
topical reviews have focused on various subfields of micro-
fluidic ITP over the past decade. For example, in 2013, Bahga
and Santiago”* reviewed in detail the coupling of microfluidic
ITP with zone electrophoresis. The application of ITP to
nucleic acid sample preparation, including purification and
preconcentration, was reviewed by Rogacs et al.’' in 2014 and
later by Datinska et al in 2017.%° In 2018, Eid and Santiago®®
reviewed applications of ITP to biomolecular reactions.
Recently, in 2020, Khnouf and Han® reviewed challenges
and opportunities for ITP-based immunoassays. Despite
several such examples, no review article broadly covers all
aspects of microfluidic ITP systems, including theory,
applications, experimental tools, detection methods, practical
considerations for system design, and limitations. For example,
we know of no succinct and rigorous (in any format, including
review papers or textbooks) that attempts to present a review
of the physicochemical fundamentals of ITP dynamics starting
from first principles. In fact, we believe that the lack of any
such quantitative review of the physics and chemistry has
inhibited the adoption and spread of ITP as a technique in any
format (traditional or microfluidic). We therefore believe that

https://doi.org/10.1021/acs.chemrev.1c00640
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such a review is timely and has the potential to strongly
influence the rapidly growing research field of microfluidic
ITP.

1.3. Overview of This Review

We here provide an overall review of microfluidic ITP systems
starting from first principles, with a strong focus on the
description of fundamental physicochemistry of ITP. We
combine this fairly general introduction to the theory of ITP
with a review of the emerging applications of, specifically,
microfluidic ITP systems. Accordingly, most applications
reviewed in this work are from studies published within the
last two decades, and we particularly emphasize microfluidic
ITP applications that involve biological analyses. In section 2,
we begin by reviewing key conservation principles and
terminology useful in the analysis of ITP systems. We also
provide a brief review of chemical buffers and general
electrophoresis principles for weak electrolyte systems
jincluding the concept of effective mobility, and discuss
configurations of sample loading strategies and ITP modes
(peak versus plateau). Next, in section 3, we review the theory
for ITP processes for strong electrolytes, including derivations
of the Kohlrausch regulating function and analytical
expressions for the concentration of a focused sample and
LE-to-TE interface width. Later, in section 4, we review the
theory for the ITP of weak electrolytes, including derivations of
the Jovin and Alberty regulating functions. Later, we discuss
the theory for the identification of trace analytes in peak-mode
ITP and the separation process in plateau-mode ITP in
sections S and 6. As part of sections S and 6, we review the
theory for estimation of analyte accumulation rates, zone
lengths for the plateau mode, and sample zone dynamics for
the peak mode. In section 7, we review the theory and various
models for systems in which ITP is used to initiate, control,
and accelerate both homogeneous and heterogeneous chemical
reactions. We subsequently review several practical consid-
erations and limitations of microfluidic ITP systems in section
8, including dispersion, Joule heating effects, buffering,
separation capacity, operation method, sample volume versus
sensitivity trade-off, and channel materials. In section 9, we
summarize publicly available simulation tools useful for
modeling and studying ITP systems. In section 10, we review
various experimental tools and methods for analyte detection
that are compatible with microfluidic ITP and provide scaling
arguments around sensitivity and resolution for the detection
of plateau zones. In section 11, we provide an overview of
several types of systems that leverage ITP for trace analyte
detection and separations, including bioassay systems that
involve nucleic acids, proteins, and single cell analyses. Then,
in section 12, we provide a brief overview of miscellaneous
techniques used in microfluidic ITP, including the coupling of
ITP preconcentration with zone electrophoresis, cascade ITP,
counter-flow and gradient elution ITP, and free-flow ITP.
Lastly, in section 13, we conclude with remarks on possible
future research directions for microfluidic ITP.

2. BASIC CONCEPTS AND TERMINOLOGY

In this section, we first define the mobility of an ion under an
applied electric field and briefly discuss the basic terminology
and notation we use to describe such ions and ion families.
Refer to Supporting Information Table S1 for a detailed
nomenclature list, including variable names, brief descriptions,
and units. Our discussions in this section involve both strong

and weak electrolytes, which respectively refer to fully ionized
and partially ionized species. We review steady and unsteady
transport phenomena starting from physicochemical first-
principles, including the conservation of species, the
conservation of current, and the approximation of charge
neutrality. These concepts are generally applicable to all
electrophoresis systems and, more specifically, are useful for
describing systems over the relevant length and time scales
involved in ITP. We then briefly review the pH equilibrium
and electrophoresis of weak electrolytes, including a discussion
around the total concentration and effective mobility of a weak
electrolyte. We then describe two useful approximations of safe
and moderate pH conditions, which we will use in subsequent
sections to simplify ITP analyses. We conclude this section
with qualitative descriptions of various ITP modalities,
including strong versus weak electrolyte ITP, finite versus
semi-infinite sample injection, and peak- versus plateau-mode
ITP.

2.1. lon Mobility and lon Families

Our discussions of ITP will require descriptions of multispecies
systems that change in space and time, and so we begin by
describing our notation for ion mobility and concentration and
presenting some basic physicochemical relations. Our notation
is designed to simplify descriptions of ITP systems, including
weak electrolytes (which require the additional specification of
mobilities and the local ionization state; see below). First, we
describe our definition and the associated dimensions of ion
mobility (a.k.a. electrophoretic mobility). Our basic definition
of ion mobility shall be simply the ratio of the ion drift velocity
divided by the local electric field. The drift velocity will, of
course, be measured as the velocity of the ion relative to that of
the local continuum fluid of the aqueous solvent. The
dimensions of this mobility are then the square of a length
per unit of electric potential and time. In the SI system, the
units of our mobility definition will be meters squared per volt
per second (m> V™! s7'). We shall use the symbol u for
mobility and use subscripts to distinguish among ion types and
properties. For example, the relation among the mobility of ion
i with (integer-valued) valence z, its drift velocity vector %,
and the local applied electric field E is %, = u, E.

In ITP systems, there is often some finite region in space
where the chemistry is locally uniform. The most common of
example of this is the LE zone, but locally uniform properties
can also exist within trailing and plateau zones.

First, the quantities sz}, and cj , refer respectively to the fully
dissociated electrophoretic mobility (a signed quantity) and
the concentration of the species with a specific valence z that is
a member of some ion family A. Here, the ion family is defined
as all species within a particular chemical group with the ability
to donate or accept protons. For example, A can refer to all
ionic forms of the aqueous phosphoric acid “family”, e.g,
PO,*", HPO,>”, H,PO,”, or H;PO,, that have respective
ionization states z equal to —3, —2, —1, and 0 (cf. section 2.4).
The superscript X refers to the zone of interest (i.e., a location
in space, at a specific time). Examples of zones include the
leading electrolyte zone, the trailing electrolyte zone, or some
generic plateau zone. We next describe our notation for strong
and weak electrolytes. Recall that a strong electrolyte refers to
a solution where all the solute species are fully ionized (e.g.,
NaCl), while a weak electrolyte refers to a solution where the
solute species are only partially ionized (cf., section 2.4). For
strong electrolytes, we omit the superscript in the mobility
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since the mobility of a fully ionized electrolyte is independent
of the zone. The presence of a superscript in the mobility refers
to the description of a weak electrolyte, whose mobility can
vary depending on the degree of dissociation and the zone of
interest. Note that the superscript in the mobility is redundant
when describing fully ionized electrolytes. Superscripts can
always be used for concentration, since concentrations in ITP
vary in space and time (cf. section 2.2). Next, since the
mobility of weak electrolyte ions is a function of the local pH
and the various ionization states, we need to describe an
“effective” mobility for such a species family that will account
for all the relevant ionization states of A (see the formal
discussion in section 2.5). We will denote the effective mobility
of A with an overbar as 7iX. Note this overbar can never be
confused with vector notation as mobility is always a scalar.
Likewise, we use the notation cX (i.e., the lack of a second
subscript) to denote the total concentration (ak.a. the
analytical concentration) of A across all ionization states. For
example, the total concentration of the phosphoric acid family
described earlier is ¢y = cy_3 + cuHoy * Cay + Cap
Concentrations of strong electrolytes, of course, require only
one specified or implied (e.g., unwritten) subscript (since there
is only one relevant ionization state).

2.2, Basic Conservation and Transport Relations

We here introduce basic conservation principles, including ion
transport and current. For simplicity, we will assume ionic
solutions that are sufficiently dilute to apply the well-known
Nernst—Planck®” for the vector flux J (mol m™2 s™!) of ion i
with valence z.

I = _Di,zvci,z + Ci,z;ui‘ZE + Ci,zﬂb (1)

Here, ¢, is the ion’s concentration (in molar density units), D,
is a molecular diffusivity, and %, is the bulk fluid (i.e., solvent)
velocity. Note further that the mobility 4;, can be related to
the diffusivity according to the Nernst—Einstein relation®®
given by u;, = zD, F/RT, where R is the universal gas constant,
F is the Faraday constant, and T is the absolute temperature.
From the relation in eq 1, we can derive a general relation for
the conservation of species over a differential control volume of
the fluid. This derivation can be found in several classic
references; for interested readers, we here recommend the
textbooks of Probstein®” and Deen.”” The resulting con-
servation equation is

dc;

i,z

+ ﬂb'vci,z = V'(Di,zvci,z - Ci,z/’ti,zE) + Ri,z (2)
where R;, is the production rate and area-averaged
concentration of species i (valence z) (ie., due to chemical
reactions). For this conservation of a dilute ion, we assume that
the solvent is an incompressible liquid such that V-u;, = 0. The
latter equation is useful in the study of a large number of
electrokinetic systems. For simplicity, and as a simple
introduction to ITP dynamics, in this section we consider
the very simple case of one-dimensional transport and a
negligible bulk fluid velocity. Under these assumptions, we
derive the following:

aci,z 0 [ 0Ci,z

= —|D —= —c_u E|+ R.
ot ox\ "% ox etz ] hE

(©)

Here, x is the streamwise direction along a channel. We will
consider all aspects and terms of this equation in our

description of ITP, so it is worth reviewing this expression
and building intuitions for their coupling. For example, we
shall typically consider uniform values of diffusivity and
mobility for any specific ion. Importantly, the equation
nevertheless includes the product ¢ E, which makes it
nonlinear. We shall see that it is this term that can result in
the shock and rarefaction wave behavior of ion transport. We
shall also consider cases where the reaction term is very
significant, including cases of chemical equilibrium (cf. section
4) and unsteady chemical kinetics (cf. section 7).

We next describe the important concept of current density
in multi-ion systems, which we will then use (in section 2.3) in
our discussion of current conservation. Again, assuming one-
dimensional transport and a negligible bulk current, the

ag;
Nernst—Planck flux reduces to J = —D, .—=
multiply this relation by the valence z of each ion type and the
Faraday constant F and then sum over all ionic species, we
naturally derive the following expression for the current density

JE

+ ¢ p, E. If we

No& dc;
i=0cE +F zD, —=
j Z Z e
i=1 z=n; (4)

From this summation, we see that we inherently formulate
the Ohmic conductivity, o, of these mixture as follows:

N B
=P Y Y e
i=1 z=n;

(5)

Here, the double summation implies summations across the
various ionization states within each family and across all
species families (i = 1 to N). The bounds n; and p; are,
respectively, the most-negative and most-positive valence states
within each species family. For example, for an ampholyte that
can, in some relevant pH range, acquire valence states —1, 0,
and 1, n; and p; are, respectively, —1 and 1. Importantly, the
expression for the current density demonstrates an important
consequence of the Nernst—Planck relations above. Namely,
we see that current can be transported not only by ion mobility
(Ohmic-type transport) but by diffusion.”” Note that
neglecting of the bulk velocity in the formula for the current
is typically a good approximation for typical electrokinetic
systems where the ionic strength is sufficient such that charge
relaxation times are much shorter than the characteristic
advection times.”””!

In subsequent sections, we will discuss in more detail the
applications of the conservation of species and current. For
now, we note simply that, away from regions of sharp
interfaces (i.e., high diffusion gradients), such as the interface
between ITP zones, we can assume that the current density is
given simply by the Ohmic current, j & oE. An important
consequence of this is that regions of low conductivity
necessarily imply a high local electric field, and vice versa.
This approximation provides additional insight into the
qualitative discussion of section 1.1 above.

We conclude this section by listing the results for species
conservation and the current for the simpler case of a strong
electrolyte (i.e., a species with uniform and constant valences
and no chemical reactions). For this case, our species
conservation reduces to
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Despite the severe simplifications, we see that the
aforementioned nonlinearity remains, which is an essential
feature of ITP. Lastly, the expression for current density j

summed over i = 1 to N strong electrolytes is then
N
o;
j=cE+F) zD—
- 0% (7)

where the ionic conductivity ¢ (from eq S) is simply o = F
Zil\:’ 1ZiHiCi

2.3. Charge Neutrality Approximation and Divergence of
Current

We here introduce the powerful approximation of electro-
neutrality (a.k.a. charge neutrality) for electrokinetic systems.
In ITP, we shall use electroneutrality to formulate the
dynamics that lead to the equal electromigration velocities of
the LE and TE zones (cf. section 3.1). Persat and Santiago’”
describe scaling arguments, which originate from the Gauss law
for diffuse ion systems, that lead to the electroneutrality
assumption as well as the so-called Ohmic model for
electrokinetics (see also refs 73 and 74). We here present a
similar scaling argument in the context of ITP. We consider a
region subject to some electric field that is imposed by
electrodes placed far from this region (e.g, at end-channel
reservoirs). These electrodes have a sufficient potential
difference to sustain Faraday reactions and hence force a net
ionic current through the system, including our region of
interest. The region has an approximately uniform permittivity,
¢ (e.g, dominated by the polarizability of water under
approximately isothermal conditions), but has significant
gradients in species concentration (and therefore ionic
conductivity, as per eq S). The general result is a spatially
varied electric field E within this region. The differential form
of the Gauss law then relates the gradients of this electric field
to any net charge density as follows:

N g
eV-E = z z Fzc,
i=1 z=n, ®)

The right side of this equation is the net charge density, pr,
expressed here in terms of ion concentrations for some
arbitrary mixture of weak electrolytes (summed overi=1to N
species families, each of which has valence states between #;
and p;). F is the Faraday constant. Without a loss of generality,
we can decompose the local electric field into external and
internal components as follows: E = E, + E;,. We define E,,,
as the nominal applied electric field that would result from the
electrodes if the species concentrations and properties were
uniform such that V-E, = 0. Hence, E,, is the electric field
component that results strictly from the net charge and
associated species gradients. Figure 2 depicts the situation in
the context of a one-dimensional treatment of an ITP interface.
We analyze species gradients over some diffuse interface of
length scale 6. Sufficiently far from the interface, regions L and
T have locally uniform species concentrations and ionic
conductivities ¢~ and o' and hence locally uniform current
densities 6"E" and 6" E”, respectively (cf. eq 4). Here, E* and
E" are the local electric fields in the L and T regions,
respectively. We will discuss current conservation later in this
section and show that, to a high degree of approximation, 6“E"

pubs.acs.org/CR
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Figure 2. Simple one-dimensional treatment of an ITP interface. The
diffuse interface between the two region has a length scale 6. The
regions away from the interface have locally uniform conductivities 6™
and ¢". Current conservation requires a sharp gradient in the electric
field and therefore a local net charge.

=~ ¢"E", even for typical unsteady ITP processes. Hence, under
quasi-steady conditions, conservation of current demands that
E" and ET be different; hence, there must be (from Gauss’ law)
a net charge within the interface. As we discuss below, the net
charge within the interface and the sharp gradient in the
electric field are associated with an internally generated electric
field E,,,, which is directed away from the interface.

Given this situation of a one-dimensional monotonic
gradient in conductivity, we can bound the scale of E; . In
ITP, typical values of the high-to-low conductivity ratio 6~/c"
are roughly a factor two or less. Hence, we expect that, at most,
the electric field between the regions will change by a factor of
two or less such that E,, is on the order of E.. Even for some
extreme case where ¢“/6" is on the order order of 20, E; , will
remain on the order E,, so long as the region occupying the
lower conductivity has an axial length that is on order of the
total length between electrodes. We can now proceed with our
scaling analysis. We scale the left side of eq 8 as ¢E;,/5)
(where E;,, = E,,). For the purpose of scaling, we also simplify
the right side for the case of strong monovalent electrolytes,
obtaining

oF AT & (9)

Il
—
Il
—

where N, and N, are, respectively, the local number of
(monovalent) cationic and anionic species (and N = N, +
N,.i)- Next, the dimensional parameters c, and c_ as the (local)
are defined as the characteristic sums of cations and anions,
respectively. Additionally, we define ¢, as the characteristic sum
of the concentrations of all (monovalent) ionic species, ¢, =
>N ¢, and write
By ()

I
]

SFc c (10)

0 o

We thereby define the parameter @ as a measure of the
characteristic difference in concentration between positive and
negative charges relative to the characteristic background
concentration of all ionic species. We can estimate a for typical
ITP systems as follows. Empirically, we observe that ITP
systems exhibit interfaces with minimum diffusion-limited
lengths of roughly 10 um. Externally applied fields are at most
order 10* V m™ (and hence E,, is on the order of 10* Vm™).
Due to pH buffering considerations (cf. section 8.4), minimum
practical values of c, are on the order of 1 mM. Substituting
these dimensional scales into eq 10, we see for aqueous
solutions that @ has a maximum of roughly 107> (see also ref
72). That is, a very small mismatch between the concentrations
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of the cations and anions is enough to account for internally
generated electric fields in ITP. This tiny mismatch is very
important in conserving the electric flux but, for the purposes
of conserving species and applying eq 3, we assume the system
is approximately net-neutral. Hence, at any position and time,
the concentrations of negative and positive charges are
assumed to be equal for the purpose of computing the
transport of local ion concentrations (via the conservation of
species relations). This is the essence of the electroneutrality
approximation.

We shall leverage the net-neutrality approximation in our
equations of both ion transport and chemical equilibrium.
Basically, we will assume (to a high degree of accuracy) that,
any position and time, the concentrations of negative and
positive charges are equal when local ion concentrations are
computed using transport principles and expressions of
chemical equilibria. For example, for a univalent three-ion
ITP system consisting of a TE co-ion, a LE co-ion, and a
common counterion (e.g., see Figure 1 and assume no sample
ions), charge neutrality in the adjusted TE region implies that
&'+ oy = oF + cop

A second concept that arises from the electroneutrality is the
so-called Ohmic model of electrokinetics,”> which is how we
compute electric fields in the system. A rigorous and exact
computation of electric fields generally requires a careful
computation of the unsteady net-charge fields in the system
(particularly at conductivity interfaces) via careful balances of
the Gauss law in addition to all species conservations.
However, for most electrokinetic systems, we can finesse the
electric field calculation with a different approach. Namely, we
can assume quasi-steady charge accumulation’””” (ak.a. the
relaxed charge approximation) and electroneutrality whenever
we compute the species conservation. We then compute
electric fields from the conservation of current. In ITP, this
approach is especially useful to obtain closed-form solutions
for ion concentrations at points within plateau regions or in
control volume analyses of ITP ion fluxes. A fully three-
dimensional version of eq 7 yields a more general description
of the current density flux for multispecies weak electrolyte
electrokinetic systems as follows:

N z,
i =oE + FZ Z zD, V¢, ,
i=1 z=z, (11)

Using this expression of the current flux, the conservation of
net charge density py, over a differential element yields®’
ot (12)
We next apply the approximation of relaxed charge, which
assumes that the time scale for the accumulation of the net
charge (as in the net charge region in the diffuse interface
shown as an example in Figure 2 above) is much smaller than
the time scale of interest.”””> In electrokinetic systems, the
latter time scales are typically milliseconds or less. For this
regime, we have simply

Vj =0 (13)

This equation can be interpreted as a form of Kirchoff’s law
but is in fact a more general expression, since it includes
contributions of diffusive fluxes to current transport (cf. eq 4).
It is valid for unsteady processes whose characteristic time
scales are significantly larger than the charge relaxation time

scale of the system. A useful form of this equation can be
derived by simply integrating over a finite volume and applying
the divergence theorem to obtain

fcsj da =0 (14)

where CS refers to a (closed) integral over a control surface.
This three-dimensional form is useful, as it can be applied over
complex volumes that span intersections among an arbitrary
number of channels (e.g, as in microfluidic systems). For
control volumes whose control surfaces are drawn far from
sharp concentration gradients (e.g, away from an LE—TE
interface) or at the wall—liquid interface, this expression for the
conservation of current reduces to a traditional Kirchoff’s law
expressed in terms of the Ohmic current as follows:

faE-dZ ~0 1s)

We saw an example of this concept in the scaling argument
presented at the beginning of this section. In that example, our
control volume yielded 6"E" = ¢"E".

The net-neutrality approximation will also be useful in
analyses of both chemical equilibrium and transport phenom-
ena associated with ITP. We conclude this section with the
following example formula for the net-neutrality approximation
of a weak electrolyte mixture:

N j
Zchnz+cH—cOH:0

i=1 z=n; (16)

Here ¢y and coy are the concentrations of the hydronium and
hydroxyl ions, respectively. In this way, we will treat these ions
(associated with the autoprotolysis of water) separately from
the species families of interest. Note that protons (or more
exactly hydronium ions) and hydroxyl ions are always of
critical importance in weak electrolyte systems due to the
strong pH-dependence of the species mobility.

2.4. Brief Review of pH Buffers

Before we continue with our discussion of the ITP of weak
electrolyte systems, it is instructive to briefly review the
concept of a chemical buffer. A detailed review of buffers and
the electrophoretic transport of weak electrolytes can be found
in refs 76 and 77. We shall assume here a working knowledge
of these topics and adapt the Bronsted—Lowry definition of
acids and bases (as, respectively, proton donors and accept-
ors). We will emphasize the case of anionic ITP systems
wherein the TE and LE co-ions are (strong or weak acid)
anions and the common counterion is a weak base used to
provide a pH buft for the ITP system.

Consider a buffer created using a singly ionized weak base
and a strong acid, such as HCL The (proton exchange)
chemical equilibrium reactions are

BH" = B+ H"

HCl - H* + CI”

H,0 = H" + OH" (17)
Here, we use “B” to denote a generic Bronsted—Lowry weak
base, that is, a proton acceptor. To achieve pH buffering in this
mixture, the weak base is obviously the “buffering species” and

the chloride ion (here, from the strong acid) is the “titrant”.
Note that we present reactions with the proton species on the
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right side, as this facilitates bookkeeping among a significant
number of species and the coupling of simulations with large
databases of the properties of weak acid species.”*”’* The
latter arrangement of species in the reactions in eq 17 also
allows us to specify all dissociation constants, K, as the
appropriate acid dissociation constants, K,. Henceforth, we will
drop the “a” in the subscript of K, where appropriate, with the
understanding that K refers to the acid dissociation constants.
We instead use the subscripts of K to indicate the species
family and the ionization state. The two equilibrium reactions
and mass conservation relations for eq 17 are then

e
HCB,0

Kgo = » &4y = CHCOH
B,1

CBot = CB,0 T CB,1 CHClLtot = CCl (18)

where g, and cp, are, respectively, the total amounts of
(generic) base B and strong acid HCI initially added to the
mixture. The definitions of the other concentration variables
follow from our discussions of section 2.1 (i.e., cg refers to the
concentration of the weak base B, and c; refers to the
concentration of the corresponding conjugate acid BH*). From
charge neutrality, we have

Calt+ cou =¢p1 t+ ey (19)

Though it is possible to solve these equations as-is (by solving
a parabolic equation with the concentration of hydronium as
the root), the assumption of moderate pH (i.e., anticipating a
resulting pH between about 4 and 10, see section 2.6) is a
useful simplification, allowing us to rewrite eq 19 as ¢z, X ¢ =
CHCltor- Combining these equations, we derive

Kp,oHc1 tot

g =
CBtot — CHCl tot (20)

and

pH — pKg, = loglo Brot T CCbtot

Ccltot (21)
Here, pH = —log;, H', PKgo = —logio Kpp and cycyor = Coppor
For a well-designed classic buffer, the pH is near the pK, of the
weak electrolyte. The strongest buffering capacity condition is
achieved when pH = pKy or, equivalently, c;; = Kg. Further,
pH = pKy, implies cppy' sy = 2¢uciiorr We see the strongest
buffering capacity when buffering species are half-dissociated
by the ionized concentration of the (typically fully ionized)
titrant.

Similar analyses can be performed for a variety of cases,
including fairly arbitrary mixtures of weak and strong acids and
weak and strong bases or salts. Refer to Persat et al.”® for
details.

2.5. Electrophoresis of Weak Electrolytes

We review concepts around the electromigration of mixtures
comprised of weak electrolytes. In such systems, typical acid—
base chemical equilibrium reaction kinetics occur over a much
smaller time scale than characteristic advection and diffusion
time scales.”” Hence, we will here assume that each species is
in chemical equilibrium at all times. See refs 80 and 81 for
examples where finite reaction kinetics may be important in
ITP.

2.5.1. Total Concentration, Species Conservation,
And Effective Mobility. For weak electrolyte solutions, the

conservation of species requires that the sum the total of
members of each chemical “family” be conserved. To show
this, we define this sum across members of a chemical family as
the total (a.k.a. analytical) concentration of “family” i.

b
G = Z Ci,z
z=n;

The total concentration of buffer species is typically a known
quantity. For example, this quantity may be determined by
weighing some amount of a weak base stock-supply powder.
Alternately, the quantity is known from a dilution of a stock
solution of the electrolyte. Further, since the various members
of a single family can only accept or donate protons, the sum of
the various production rates in the species conservation
equation (eq 3) across the family, Y./ R, , is identically zero.

(22)

Summing the weak electrolyte conservation equation across
the members of a single family, we can eliminate the
production term and obtain a simplified conservation equation
for the total concentration ¢; as follows:

ac; 0 3 aCi z 4
= D. —= E . C:
ot o0x ZZ” Y o Z:Zn Hizie

="

(23)

Further, assuming that all the members of family i have a
similar diffusivity D; for simplicity, we can write

dc; 0 ( dc; _]
— = —|D,— — Ecjz.

ot  ox (24)
The resulting relation for the net transport of each species
family has a strong similarity to the conservation equation for
fully ionized species. The important difference here (compared
to eq 6) is that we have formulated the relation in terms of a
total concentration and defined a new quantity f; as the
effective mobility of family i. This effective mobility describes
the net rate of migration of all members of the family in terms
of the absolute mobilities y;, of the individual species of the
family weighted by the molar fraction of the species within the

family. i is given by ”%
_ Zf:n['ui,zciyl
W=
Gi (25)

Interestingly, the modified conservation equation for the total
concentration (eqs 23 and 24) describes the net transport of a
group of species that are created and destroyed by acquiring
and donating protons, respectively, but the equation contains
no explicit reaction term. The physicochemistry of the acid—
base reactions that is embedded into the chemical equilibrium
determines the various values of species concentrations c;, and,
of course, the concerted interactions of all the families
determine the local and instantaneous pH.

2.5.2. Effective Mobility: An Example Calculation. To
illustrate the procedure for calculating the effective mobility of
a species family, we here consider the example of a singly
ionized weak acid electrolyte A (e.g., an analyte in anionic
ITP). The equilibrium reaction for A is given by A = A™ + H
*. The associated equilibrium reaction and species conservation
relations can be written as

CHC,-1

Ky = » Catot = a0 T Ca 1
a0 (26)
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where ¢y is the total (or analytical) concentration.

In the ideal limit when the conjugate base ion A~ is fully
dissociated at z = —1 (and the effects of ionic strength on ion
mobility and dissosciation constants are neglected”’), the
electromigrative drift velocity u,- of ion A™ can be written in
terms of its absolute mobility p, _; as uy- = ps _; E. However,
more generally, the observed drift velocity of the species family
is described by the effective mobility, which accounts for the
time-averaged velocity of species A as it accepts and donates
protons. This effective mobility is defined by the relation

uy =HmE 27)
where
_ Ca,—1 1
O ﬂA’_ICA,—l + o - IMA’_II + ca0/u,-1
_ 1
- ﬂA'_ll + /Ky (28)

and K, _, is the acid dissociation constant. The overbar here
denotes the average mobility observed for this species family.
The species quickly acquires and donates a proton, but this
process is so fast that we observe only the species’ time-
averaged mobility.

Consider two example buffer conditions for eq 28. First, for
a well-designed buffer such that pH = pK,, ie.,, when ¢y =
K,,—1, the effective mobility is 1, = 0.5u, _;, which is equal to
half the fully dissociated value. Second, consider a buffer such
that pH < pK,_; + 2. In this regime, ¢y > K,_;, so the
effective-to-fully ionized mobility ratio is nearly zero, i.e., fiy/
Ua-1 ~ 0. Thus, the spatiotemporal development of the pH
plays a crucial role in determining the dynamics of weak
electrolyte species in ITP.

Equation 25, of course, applies to any weak electrolyte,
including multivalent ions, weak bases, and ampholy’tes.77 For
example, an ion family that “hops” (transitions) among a few
states (e.g, z = +1, 0, —1, and —2) would have observable
mobilities that could be calculated using the general expression
eq 25 above.

For a simple weak base electrolyte B described by BH'= B
+ HY, the effective mobility is

1

#o ”B'll + Kpo/cn (29)
where Kp = cycpo/cs1) Caror = CBo + 31y and ugy' = g E.
It is worth noting that the magnitudes of free solution
mobilities y of a large variety of ions (both buffer and analyte
ions) applicable in ITP typically vary by roughly a factor of 3—
4, at most. At the same time, the acid dissociation constants of
interest K, vary by roughly 10 orders of magnitude. Therefore,
the effective mobility quantity 7i (as per from eq 25) varies
from 0 to a maximum equal to the fully ionized value of the
largest-magnitude valence state. The quantity x is the most
important in the design and analysis of ITP systems because it
governs conductivity, electrophoretic mobility, and contribu-
tion to local charge. This quantity is also the most intuitive, as
it is directly observable in experiments.
2.6. The Concepts of Moderate and Safe pH
We introduce here two very useful approximations for
describing buffers and the electrophoresis of weak electrolytes,

which we shall use in the analysis of ITP.”*”” First is the
concept of moderate pH.”” By moderate pH, we refer to an

approximation valid for buffer concentrations of about 10 mM
or greater and for a solution pH range between about 4 and 10.
In this regime, the concentration of hydronium and hydroxyl
ions can be neglected in the determination of charge neutrality
while writing the charge neutrality approximation (eq 7). For
example, for a buffer composed of some generic weak base
BH" and the strong acid HC], the charge neutrality relation,
under the moderate pH assumption, is

N z,
IPIES

i=1 z=z,

(=}
IR

=gt Cu,1 — Cc—1 ~ COoH,—1
Z g1~ Ca-1 (30)

Moderate pH will be very important for developing intuitions
and closed-form solutions for the ion concentrations expected
within plateau ITP zones.

Second, we introduce the concept of safe pH’’ Unlike
moderate pH, the term safe pH has appeared explicitly (by that
name) in the electronics literature for decades. Safe pH refers
to the approximation that hydronium and hydroxyl ions carry
negligible current. Again, considering the example above of a
buffer composed of some generic weak base BH' and the
strong acid HC], we have

N 7
o= Z z zF,ul.,ch-‘z

i=1 z=n;
= F(/’lBych,l + Hy a1~ He a1~ /’tOHy_l‘:OH,—l)
= F(/"BJCB,I - ,“CL_ICCI,—O (31)

We note that the assumptions of safe pH and moderate pH are
not exactly equivalent (see Persat et al.””). This is because the
mobilities of protons and hydroxyls are fairly high relative to
many other ions,** so safe pH is in practice more restrictive
than moderate pH. However, we can fairly accurately assume
both safe and moderate pH for pH values between 4 and 10
and buffer concentrations on the order 10 mM and greater
(which are typical of most microfluidic ITP applications). We
will significantly expand on the relations presented here in
sections 3—7 to derive fundamental principles governing the
ITP of both strong and weak electrolytes.

2.7. Qualitative Description of Various ITP Modalities

Unlike most electrophoretic methods, the conditions that lead
to ITP are created using a discontinuous electrolyte system
consisting of a minimum of two electrolyte solutions.”'>****
The first choice in any ITP process is likely whether the user
wishes to focus anions or cations. Hence, the simplest ITP
system is a system with three species: a single LE co-ion, a
single TE co-ion, and a single (counter-migrating) counterion.
Here, co-ions (counterion) refer to ions with the same
(opposite) charge as the ions that focus in ITP. That is, in
anionic (cationic) ITP, the TE and LE co-ions are anions
(cations) and the counterion is a cation (anion). In this
section, we qualitatively describe various ITP modalities,
including strong and weak electrolyte ITP systems, finite and
semi-infinite injection schemes, and peak and plateau-mode
ITP.

2.7.1. Strong versus Weak Electrolyte ITP. The earliest
demonstration of ITP involved separations of strong electro-
Iytes, including strong acids, strong bases, and salts.”'>** In
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such systems, the LE, the TE, and the sample are typically all
strong electrolytes. Most applications involving the ITP of
strong electrolytes were demonstrated prior to the 1980s. In
the case of strong electrolyte ITP, the LE, sample, and TE ions
have the highest, intermediate, and lowest magnitudes of
mobility, respectively. Note that we are careful to specify the
“mobility magnitude” since, for anionic ITP, the LE co-ion is
negative and hence has a lower mobility. As we shall discuss,
strong electrolyte ITP systems are typically not buffered and
can exhibit significantly different pH values across zones. Refer
to section 3 for a detailed discussion on the theory and
applications of strong electrolyte ITP.

The most interesting applications of ITP are weak
electrolyte systems for the simple reason that such mixtures
enable strong pH buffering. Consider that protein mobility,
function, and solubility are all a strong function of pH. For
example, proteins are often focused or separated using cationic
ITP, since many proteins have a positive charge in electrolytes
buffered near pH 6—38 (i.e,, relatively high isoelectric points, pI
values).”” =" Anionic ITP is typically the most useful mode for
assays involving the focusing and separation of nucleic acids
(NAs, as in DNA or RNA) and negatively char§ed proteins
(e, proteins with relatively high pI values).”””' ™ NAs
typically remain negatively charged over a broad pH range
(with a pK, of ~1.5 due to the phosphate backbone), although
nucleic acid solutions should be pH-buffered for stability and
function.

For weak electrolyte ITP, a general statement about
mobilities is more complex, since ion mobilities are a function
of the local ion makeup and stoichiometries (and therefore
space and time). However, for weak electrolytes, we can say
that ITP occurs if the TE-to-LE interface is stable and self-
correcting. That is, if a TE co-ion diffuses into the LE zone, the
TE ion should have a mobility less than that of the LE co-ion
and will thus fall back to the TE. Conversely, if an LE co-ion
diffuses into the TE zone, it should have a mobility greater
than the TE zone and should therefore migrate back to the LE.
If there is a sample ion, then it will focus somewhere between
the TE and LE zones if the sample ions has a higher or lower
mobility magnitude than the respective co-ions in the TE or
LE zone.

Once the initial TE-to-LE interface is established, an electric
field is applied to initiate electromigration and ITP. This
electric field is typically applied using either a constant-current
or constant-voltage source. The electric field direction is
necessarily directed through this interface from the LE to the
TE for anionic ITP (and from the TE to the LE for cationic
ITP). This orientation will result in a self-steepening ion
concentration shock wave, which for anionic (cationic) ITP
propagates toward the positive (negative) electrode. Note that
the dynamics of weak electrolyte ITP are such that the LE
counterion continuously migrates into the TE zone. As it does
so, the concentration at which it enters and the acid
dissociation constants of this counterion and the TE co-ion
necessarily drive the pH equilibrium in the TE zone. We shall
discuss these dynamics and the idea of a well-buffered ITP
process in sections 4 and 8.4, respectively.

2.7.2. Finite versus Semi-Infinite Injection. How does
one initiate a simple ITP experiment? In microfluidic devices,
the simplest way is likely to fill a single straight channel
between two reservoirs with the LE and then replace the
contents of one reservoir with the TE buffer (it is a good idea
to rinse the reservoir once or twice with deionized water prior

to filling it with the TE). This simple configuration is depicted
in Figure 1A. Sample ions included in the TE or LE will focus
at the TE-to-LE interface as it moves away from the TE. A
second way to achieve the initial LE-TE interface is to establish
a bulk flow (e.g, using pressure-driven flow) of LE and TE
streams to and from an intersection within a microchannel
network (see refs 94 and 95 for examples).

Given this basic requirement of an initial TE-to-LE interface,
there are important differences in the manner in which sample
ions are initially introduced (a.k.a. injected) into the system. In
this section, we classify two basic forms of sample injection:
the finite injection mode and the semi-infinite injection mode.
In finite injection mode, prior to the application of the electric
field, the sample (either raw or diluted with either the TE or
the LE) is initially loaded in a finite region within the main
channel between two regions that contain pure TE and LE
mixtures, as shown in Figure 3A. This configuration can be
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Figure 3. Schematic of the finite sample injection configuration for
microfluidic ITP. (A) Initial placement of the LE, the TE, and the
sample, common to both peak- and plateau-mode ITP. (B and C)
Peak- and plateau-mode ITP focusing, respectively. Each subfigure
shows the locations of ions within the channel (top) and the
concentration profiles of the electrolytes (bottom) in anionic ITP. For
finite injection, when the experiment is sufficiently long, all sample
ions focus in ITP, leading to steady-state concentration fields of
focused ions. This is unlike the case of semi-infinite injection (Figure
1), which is associated with continuous sample focusing in ITP (i.e.,
the focused sample amount increases with time).

achieved using an intermediate reservoir along the main
channel between the TE and LE reservoirs or by designing
branched channels to aid in loading particular sections of the
channel using pressure-driven flow. In finite injection, the
sample can either be dissolved in the TE (typical case) or LE
or contain purely its own inherent ions different from the LE
or TE. Upon the application of the electric field, TE ions from
the TE reservoir electromigrate into the initial sample region,
displacing higher-mobility co-ions, while the sample ions of
interest (with mobilities bracketed by the LE and the TE)
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electromigrate into the former LE region (displacing LE co-
ions), as shown in Figures land 3. This scheme is often
preferred over plateau-mode ITP because it can yield purified
analyte zones of constant (in time) concentrations during ITP
focusing, which can be identified based on the analyte
physicochemical properties. Moreover, finite injection is
more compatible with undiluted complex samples (e.g.,
blood, serum, and urine) where inherent ion densities
(including contributions from analytes, impurities, and back-
ground ions) are typically on the same order of the LE and TE
concentrations. Unlike semi-infinite injection, finite injection
results in steady spatial distributions and concentrations of the
focused analytes, and these distributions are independent of
their initial concentrations. Thus, a major advantage of finite
injection is that the downstream ion fields are insensitive to
sample composition or ionic strength. A drawback of finite
injection is the requirement for a more complex microfluidic
network design and flow control schemes. Additionally, the
creation of plateau modes starting from trace ions (e.g., of
micromolar concentrations or less) may require large volumes
of samples to be processed using large channel volumes.

A second approach for introducing a sample in ITP is called
semi-infinite injection. In semi-infinite injection, the sample is
initially mixed with the TE buffer (but can also be mixed with
the LE or both the TE and the LE) prior to being loaded on a
chip, and this mixture serves as the effective trailing electrolyte.
This is depicted in Figure 1A. For the particular case when the
sample is mixed with the TE buffer in the TE reservoir, the
injection scheme has been called electrokinetic supercharging
or electrokinetic injection.%’97 Unlike finite injection, upon the
application of electric field, analyte peaks or zones never reach
a steady-state distribution. Instead, the concentrations of
analytes focused in the peak mode increase directly propor-
tionally in time (until the plateau mode is reached). After the
plateau mode is achieved, the length of zones continuously
increases linearly in time. This continuous accumulation can be
used to improve the detection sensitivity for both peak and
plateau modes. However, in semi-infinite injection, sample ions
from the TE reservoir are typically never fully processed by the
ITP process. A larger portion of the analytes in the TE
reservoir can be processed by decreasing the conductivity
(equivalently, the ionic strength) of the TE in the reservoir to
achieve higher local electric fields.”””® A key advantage of the
semi-infinite injection approach is that it is easy to implement.
It is compatible with a simple straight channel geometry (i..,
no branched channels or other complex designs), and one can
use a simple pipet to set up the initial TE—LE interface (at the
interface between the reservoir and a channel). A drawback of
the semi-infinite injection scheme is that variability in sample
conductivities (as is typical of several biological samples) can
affect the rate of focusing and the quantification of the amount
of target analytes. This is because the rate of accumulation
depends on the (possibly unknown) ratio of the sample
concentration to the TE ion concentration. Hence, semi-
infinite injection is most easily applied if the raw sample can be
substantially diluted by the TE mixture. As an example, for the
anionic ITP of physiological samples with semi-infinite
injection, background sodium and chloride ions from the raw
sample (which are typically present in high concentrations)
can significantly modify TE buffer properties if the sample is
not diluted sufficiently.

Lastly, we note that electrode’s shape and configuration
determine electric field lines within the reservoir and

consequently affect focusing dynamics and the amount of
sample focused in ITP. For example, Rosenfeld and Bercovici’’
demonstrated that encircling half the circumference of the
reservoir with a C-shaped electrode resulted in nearly twice the
amount of sample being focused in ITP compared to a straight
electrode. Refer to refs 100—102 for further discussions around
the importance of the electrode configuration for efficient
sample injection in ITP.

2.7.3. Peak- versus Plateau-Mode ITP. Peak-mode ITP
is characterized by relatively low initial sample concentrations
(relative to the LE and TE concentrations) and brief focusing
times. Peak-mode (which has been referred to as spike mode)
ITP between and the LE and the TE results from a transient
process wherein ions continuously focus into approximately
overlapping peaks whose concentrations are still much lower
than those of the neighboring leading and trailing ions. This is
shown schematically in Figures 1B and 3B; the concentration
of peak-mode ions is exaggerated for clarity. If the applied
current is constant (in time), the peak (and leading and trailing
ions) will all travel at an equal and constant velocity, Vipp.
Often, the focused ions are several orders of magnitude lower
in concentration than ions from the neighboring zone and
contribute negligibly to the local current. Ions in the peak
mode are therefore typically only detected directly, as in the
case of fluorescent sample ions.”*

If sample ions are present at higher concentrations or given
sufficient focusing time (assuming the sample ions are
sufficiently soluble in the solvent), peak-mode ITP eventually
transitions into a state where sample species contribute
significantly to the local conductivity and therefore the local
electric field. Such sample species begin to displace
neighboring ions and segregate themselves into contiguous
adjoining “plateau” regions or zones of locally uniform
concentrations, as shown in Figures 1C and 3C. We refer to
the latter configuration as plateau-mode ITP. When the sample
is injected in a finite zone between the LE and TE zones (e.g.,
finite injection), species in the plateau mode reach a maximum
concentration established by the properties of the LE zone. As
we shall discuss, this is due to constraints imposed by the
system’s regulating functions (cf. sections 3 and 4). If the
applied current is constant, the plateaus (and leading and
trailing ions) travel at an equal constant velocity, Virp. For fully
ionized co-ionic species, the zone order in the plateau mode
typically follows the decreasing order of the effective mobility
(and exactly the decreasing order of the mobility in the case of
fully ionized co-ionic species). Additionally, the widths of
interfaces between adjoining plateaus are usually small relative
to lengths of the plateaus. This condition of a relatively large
plateau-to-interface width ratio can be used to distinguish and
identify one ion from the next in the train of plateaus using a
variety of detection techniques, such as electrical conductiv-
ity,w4 fluorescence intensity,wS”106 uv absorption,107 and
temperature.”'%® The plateau mode also lends itself to the
indirect detection of sample species, for example, using
nonfocusing directly detectable tracers such as labeled
counterions, and overspeeder or underspeeder co-ions.>
Lastly, in addition to the plateau-forming sample ions, there
may be other sample ions with significantly lower concen-
trations. In that case, the trace sample ions focus in the peak
mode amid other plateau zones (i.e., mixed peak and plateau
mode) at a location(s) that depend on the trace ion mobility
value(s).
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Peak-mode and plateau-mode ITP are both useful in a
variety of settings (see detailed discussion in sections 3—7 and
11). Briefly, peak-mode ITP provides highly effective method
for preconcentration and simultaneous mixing.””'* """ Peak-
mode ITP can also be used to control and accelerate chemical
reactions of species.””''” Plateau-mode ITP allows for the
preconcentration, separation (including identification), and
segregation of multiple sample ions.”'** '’

3. ITP USING STRONG ELECTROLYTES

In this section, we review the theory associated with strong
electrolyte ITP and provide illustrations and important
limitations of this approach. We derive the so-called ITP
condition using a control volume approach and then estimate
the ITP interface width. We then consider a simple strong
electrolyte system consisting of three ions in total and use it to
illustrate the plateau-mode ITP of strong electrolytes. Next, we
derive the so-called Kohlrausch regulating function from first-
principles and use it to provide analytical expressions for the
“adjusted” ion concentrations in plateau-mode ITP. We
conclude this section by mentioning a few demonstrations
and validation studies that involve the ITP of strong
electrolytes. We stress that although the strong electrolyte
theory is not very practical for modern microfluidic
applications, which largely use weak electrolytes (including
pH buffers), strong electrolyte ITP is an excellent starting
point to introduce researchers to the theory and practice of
ITP processes. Strong electrolyte conservation analyses are
often also more intuitive for researchers with experience in
classic binary electrolyte electrokinetics.’””*

3.1. Single-Interface ITP and the ITP Condition

In this section, we use an analysis of the simplest possible form
of ITP to show the connection between the net neutrality
approximation and the so-called ITP condition. The simplest
ITP system consists of three fully dissociated strong electrolyte
species, namely two co-ions and a counterion (and no sample
ion). The situation was described qualitatively in sections 2.3
and 2.7. We will consider the case of anionic ITP, where the
leading (L) and trailing (T) ions are anions and the common
counterion (C) is a cation. The LE and TE contain anions of
high- and low-magnitude (negative) mobility, respectively, and
the electric field is applied from the LE to the TE. This
arrangement leads to a self-sharpening interface, with the TE
and LE zones electromigrating with equal velocities Vypp. This
result of co-ions that have differing mobilities but travel at the
same velocity is known as the ITP condition.

Next, we derive an expression for Vipp in terms of the
physicochemical properties of the LE, the TE, and the electric
field. The relations obtained here apply to the case of cationic
ITP, with minor modifications. We will first develop relations
relating the jump conditions across a sharp ITP interface (e.g.,
the electric fields and ion concentrations) as a function of the
ITP interface velocity. For simplicity, we will con51der strong
electrolytes (cf. eq 6). Unlike classic ITP texts,”” we will
formulate these jump conditions using an approach similar to
the formulation of the Rankine—Hugoniot jump conditions for
supersonic shock waves in compressible fluid mechan-
ics."*™"'° In ITP, we deal with ion concentration shock
waves between co-ions of various mobilities and concen-
trations. In general, these waves may have velocities that vary
over time and space (e.g, for constant-voltage sources) We
here follow an approach similar to that of LeVeque, 116 where

we consider a finite distance Ax in a stationary reference frame
over which the wave propagates over a finite time At. The
distance Ax is taken to be significantly larger than the
instantaneous ITP interface shock width but sufficiently small
(e.g, compared to the total length of propagation) such that
the shock velocity is approximately constant. We consider then
an integral formulation of the one-dimensional species
conservation equation (eq 6) and integrate over distance Ax
and time At as follows:

xo+Ax,ty+ At ac
// % dtds
x dt

mto

Ko+ Ax,ty+ At oc:
+ [/ 9 (_Dii) + (ucE)|dtdx =0
x ox Ox !

orto
(32)

where x, and £, are, respectively, the initial position where and
time at which the ITP interface enters the stationary region of
width Ax. Over most of the time the thin shock traverses the
distance region Ax, the diffusive fluxes at the boundaries of the
region are within locally uniform concentrations, so we can
well approximate these integrals as

xo+ Ax, ty+ At 0(: xot+Ax,to+At g
ff 21 ardx + ff = (ucE) deds = 0
xo,to xo,to
(33)

The first term on the left side of this equation describes the
change in the concentration of species i (from just ahead of the
shock in the leading zone to just behind the shock in the
trailing zone) in the Eulerian reference frame. The second term
describes the change in the fluxes of electromigration spec1es
on either side of the wave. Using the approach of LeVeque,' '
the result of the integrations can be approximated as

L.L ,“ T

i G
T At

(CiL - CiT)Ax =j

(34)

Here, ¢ and ¢ are the concentrations of species i in the

leading and trailing zones, respectively; u and u] are the
electrophoretic mobilities of species i in the leading and trailing
zones, respectively; 6~ and ¢ are the local conductivities of the
leading and trailing zones, respectively; Ax/At is the velocity
of the interface; and j is the applied current density. Note j/o*
is merely the local electric field in region k. Dividing both sides
by At and taking the differential limit, we obtain

LL T T

e e
(CiL - CiT)VvITP Ej l L’ ﬂl Tt
c c

(35)

where Vipp is the wave speed of the ITP interface. The
equation becomes exact for shock waves with uniform and
constant wave speeds (as in many constant-current ITP
experiments). Note that the ionic current density, j, is the same
on both sides of the shock wave. Further, we can obtain the
relation between the ITP wave velocity and mobilities of the
co-ions by evaluating eq 35 independently for the leading and
trailing co-ions. Thus, we have

(36)

That is, the leading and trailing co-ions travel at the same
velocity equal to Vipp. This follows from the conservation of
current, ie, j = 6“E* = ¢"E" (cf. section 2.3). Note that
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electromigration velocities of the LE and TE co-ions are y{E"
and p1E", respectively. This result (eq 36) has historically been
called the ITP condition.''”~"*" Basically, the ITP condition
states that the LE co-ion will electromigrate in the same
direction and at the same velocity as the TE co-ion. Any
trailing plateau co-ion will also travel at this velocity. Hence,
this jump condition in eq 35 can be interpreted as the
description of the wave velocity required so that leading ions
do not “run away” from the trailing ions and leave behind
counterions, which would otherwise violate net neutrality.
Researchers new to ITP may find this result counterintuitive,
as it describes a condition where ions of like charge but
different mobilities travel through the system with the precise
same velocity. We next provide a qualitative explanation for
this result.

The result that even ions of even widely different mobilities
can travel in the same direction at the same velocity is in fact a
requirement of the conservation of current and the net-
neutrality approximation. Consider that this equal velocity
condition is consistent with precluding the possibility of a gap
forming between LE and TE co-ions. That is, the demands of
net neutrality preclude LE co-ions from speeding away from
the TE co-ions. The gap would constitute a region of locally
unbalanced counterions. As described in section 2.3, the typical
ion densities and electric field magnitudes in ITP preclude the
possibility of such grossly unbalanced charge regions.

How then do the electric fields in the TE and LE,
respectively, increase and decrease to achieve this equal
velocity condition? We discussed the mechanism in section
2.3. For a very short time (on the order of the charge relaxation
time scale’’), the LE ions move slightly away from TE ions,
forming a diffuse region that contains a tiny amount of
unbalanced charge. The sign of this net charge (negative for
anionic ITP) is such that it will raise the field magnitude in the
TE zone while decreasing it in the LE. This tiny but important
imbalance in charge builds quickly and self-limits as soon as
the TE and LE co-ion velocities are equal. The latter condition
ensures the conservation of current in the system, i.e., j = 6“E"
= ¢"E". The result is a region of relatively high field in the TE
and a region of relatively low field in the LE. The two regions
are interfaced by an electric field gradient. Away from the
interface, diffusive current is negligible, and we can assume that
the conductivity is inversely proportional to the local field (cf.
section 2.3).

As we shall see below, the established electric field gradient
tends to self-sharpen and preserve a sharp interface between
the ions of high and low mobility. The latter self-steeping
conditions can be described qualitatively as follows. Consider a
TE co-ion that diffuses out of the LE—TE interface into the LE
zone. Such an ion experiences the relatively low electric field of
the LE but it is “outraced” by its neighboring LE ions, and so it
falls back to the interface. Similarly, an LE co-ion that diffuses
into the TE zone experiences a higher local electric field, which
tends to drive it back to the LE—TE interface. Even as the
electric field gradient sharpens the interface, diffusion tends to
try to broaden it, so the width of the interface is determined by
a balance between these effects (see section 3).”””*

We next present a more detailed derivation of the current
densities, the electric fields, and the ITP velocity in terms of
the specific ion valences and mobilities in the system. To this
end, we will assume that hydronium H" and hydroxyl OH™
ions do not contribute significantly to the current (see the safe
pH approximation; cf. section 2.6). Thus, the current density

from from eq 7 is expressed in terms of the mobilities and
concentrations of the LE and TE co-ions and the counterion as

j = (zlein + 2EcEub ) FE" = (z1eiuy + 2deipl )FE"
(37)

where F is again Faraday constant and E" and E” are the local
electric fields of the leading and trailing zones, respectively. We
note that eq 37 is valid for both weak and strong electrolytes.
For strong electrolytes, we can avoid the subscript (location)
values in valences and mobilities; for weak electrolytes, the
mobilities are effective, local mobilities. For example, the term
zeceus ensures the correct current contribution of the partially
ionized counterion from the multiplication of the valence, the
effective mobility, and the total ion concentration in the LE
region.
Combining eqs 36 and 37, we get

Vire = VLL = Vg = :“LLEL = '“TTET
L j
" (zieiu + z25eiul)F
T j

T T T T T
(zrepy + ziciu)

(38)

where VI and V7 are the velocities of the leading and trailing
ions in the leading and trailing zones, respectively. Lastly, the
position of the ITP interface x(t) and the voltage difference
AV across the microchannel can be related as

AV = E'x(t) + EM(L — x(t)) = (ﬂ x(t)J

(39)

where L is the length of the microchannel. This equation is
valid for uniform cross-section channels and for either
constant-current or constant-voltage operation. Moreover,
the resistance in the channel increases with time as the TE
replaces the LE zone. For constant-current operation, the ITP
velocity is constant and uniform, and the voltage (and
resistance) increases linearly with time. For constant-voltage
operation, the current and the ITP velocity decrease over time
in accordance with the increase in the resistance in the
channel. Refer to Bahga et al."*! for a detailed derivation of the
ITP velocity for the case of constant-voltage operation.

3.2. The Width of the Interface between Two ITP Plateau
Zones

For a constant applied current, the ITP interface achieves a
steady-state width independent of the initial conditions. This
results from a self-focusing of ion concentration gradients,
which is driven by nonuniform electromigration and limited by
molecular diffusion. We here first present simple scaling
arguments for the ITP interface width and then derive the
analytical solution based on the classic work of MacInnes and
Longsworth.'** We focus our discussion on the example of the
interface between a TE and an LE zone, but the current
discussion applies to the interface between any two adjoining
ITP plateau zones.

We begin with an instructive scaling argument for the
interface that provides insight into the self-focusing nature of
ITP. The electromigration velocity magnitude of a TE ion in
the LE region of the interface (or an LE ion in the TE region)
can be expressed as the quantity (I, — pp |)E, where E is some
characteristic local electric field in the interface region (e.g., the
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average of the LE and TE electric fields). A characteristic
velocity due to diffusion for the same ion scales as D/J, where
D is the diffusivity of the ion and ¢ is the ITP interface width.
At the ITP interface, we then balance the fluxes associated with
diffusion and (nonuniform) electromigration to obtain a
scaling for 6 as

D

Sm~v — —
(I, = pDE (40)

This scaling suggests that the ITP interface width is inversely
proportional to both the electric field and the mobility
difference between the LE and TE ions and directly
proportional to the diffusivity of the species.

An exact solution for the interface width between two
plateau zones, 6, was first given by Maclnnes and Longs-
worth'*® in 1932. First, the strong electrolyte species
conservation equation (eq 6) for the LE and TE co-ions in
the frame of the moving ITP interface (i.e. after a Galilean
transformation is performed'>’) at the steady state can be
expressed as

v E)e, + D Y _
— C _— =
mp — M E)CL L oF (41)

W E)ep + Dy 2T = ¢
— u.E)c =T
ITP BT T (42)
where & = x — Vippt is the moving coordinate of the interface
and Virp is the ITP velocity. We next invoke the Nernst—
Einstein relation between diffusivity and ion mobility (see ref
68), written as D; = RTu,/z;F. Here, R is the universal gas
constant and T is the absolute temperature. Combining these

two equations to eliminate E explicitly, we derive

1 Oc 1 1

L | = Vil — - —
ziey 08 Hy  Hr (43)
Integrating with respect to £ and defining & as the location in

the interface where ¢, = cr, we obtain the following for the case
ofzy =zp = —1:

o] (1) )
RT | pppy Y (44)

where 6 is the characteristic length scale for the ITP interface
width given by

5 RT[ e ]_ RT ( Hofir ]
= =L -
FwE\uy, = #r ) Fuy 2\ My — My

- -1 _

RT( 1 Ocy
zrep 06

a _

Cr

(48)

where we have substituted Virp with u“E" (see eq 36).
Equation 45 shows that 6 scales proportionately with the
diffusivity (via the absolute value of the characteristic mobility
of the Nernst—Einstein ion) and inversely with the applied
current density (or equivalently, the electric field). Such
proportionality is experimentally observable up to some
maximum applied electric field, beyond which electrokinetic
instabilities can disrupt a stable ITP interface.””'** It is also
very useful for obtaining an intuition for the ideal conditions of
(one-dimensional) ITP, wherein the interface width is limited
strictly the by the competing effects of nonuniform electro-
migration and diffusion. However, in practice, sufficiently high
currents can lead to electrohydrodynamic instabilities that limit

the minimum ITP interface width (as will be discussed in
section 8). Further, note that the expression for & in eq 45 was
derived exclusively for strong electrolytes in ITP; this relation
does not hold exactly for weakly ionized species. Nevertheless,
the length scale § (i.e, the LE-to-TE interface width) is a
useful estimate of the order of magnitude of the length scale
relevant for ITP applications involving peak-mode ITP. In
peak-mode ITP, the focused peak-mode minimum achievable
width of the sample is governed by the finite length scale 4.
Hence, this interface width affects the degree to which the
sample can be preconcentrated and the reaction can be
accelerated (cf. sections S and 7), including applications
involving weak electrolytes. For typical ITP experiments in
10—100 pm channels with (typical) applied field magnitudes
on the order of 20 kV m™!, the interface width is on the order
of 10 ym.”®

3.3. Condition for the Focusing of a Strong Analyte

For strong electrolyte ITP, the condition that results in an
analyte jon (with a fully dissociated mobility equal to u,)
focusing between the LE and TE zones is simply” >

gl < lpgl < lp; | (46)

where the fully dissociated mobilities of the TE and LE co-ions
are, respectively, equal to yp and p;. We use absolute values in
eq 46 to account for both anionic and cationic ITP.

3.4. Closed-Form Calculation for the Plateau-Mode ITP of
Strong Electrolytes

The electromigration of multiple analyte species in and out of
zones may at first be counterintuitive. Consider again Figure 1,
which shows a simple single-interface anionic ITP system that
includes an LE and a TE zone. We assume that all ion motion
is due to electromigration alone (ie., no bulk flow). The LE
ions move to the right and are replaced by the influx of TE
ions. Interestingly, ion displacement dynamics in this system
are such that the concentration of the TE ions replacing the LE
ions is completely independent of the initial TE ion
concentration. Instead, the concentration at which TE ions
enter the region formerly occupied by the LE is determined by
the properties of the LE and the mobility of the TE ion. Hence,
we find a situation where the local concentration of TE ions
(in the former LE region) is independent of the initial
concentration of that ion.

To further describe this effect, it is useful to define two TE-
related concentrations: the initial concentration of the trailing
ion (e.g,, in the reservoir well, c}) and the concentration of this
ion after it enters the region T’ formerly occupied by the
leading electrolyte, ci’. We refer to the latter as adjusted TE
(ATE) concentration. As depicted in Figures 1 and 3, the
interface between the TE reservoir and the ATE zone, ¢+ (and
c1’), is stationary, while the interface between the ATE and LE,
o (and cf), moves at Vipp. We next derive the concentration
¢t of the trailing co-ion in the ATE region using the concepts
of current conservation, charge neutrality, and the ITP
condition.

Assuming a safe pH (cf. section 2.6), current conservation

yields

. L L L T T T
] = (ZLCLﬂL + ZcCcﬂC)FE = (zr¢r Hp + 2Zccc ,UC)FE
(47)
We do not use superscripts for mobility or valence in eq 47,
since these quantities are constant and uniform for fully
ionized species. (e.g, u& = u&' = pc). We also assume a
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moderate pH (cf. section 2.6) such that charge neutrality in the
LE and ATE regions yields

ziel = —zeel (inLE) and zpep = —zccd (in ATE)
(48)
Lastly, the ITP condition yields
T
pu E" = p E (49)

Combining eqs 47—49, we obtain

zicl zeck ozt zeel
L | Zcfc _ Zrfr | Ectc
Hy Hc Hr He (50)

Equation 50 can be interpreted as the condition that the sum
Yzc/y;) in the relevant zone (here the region of ATE) is
preserved whether it is occupied by LE or ATE ions. We shall
show in the next section that the preservation of this sum,
called the Kohlrausch regulating function, must hold in all
channel locations for an arbitrary number and an initial
distribution of strongly ionized species. From eqs 50 and 48,
we obtain the concentration of the trailing ion in the ATE zone

for the univalent case of z;, = z; = —z¢ = —1 as follows:
v 1| B || Hc Mo
or =¢|—||——
Hi \Hc — Hr (51)
Notice that the concentration of the TE ion in the ATE zone,

' is independent of the initial TE concentration, &V, and

solely dependent on both the LE co-ion concentration and the
mobilities of the LE and TE ions. The concentration of the
counterion in the ATE can simply be obtained from charge
neutrality ¢&’ = —(zy/z¢c) ct’ = ct’), where the second equality
is for monovalent ions, z; = —z¢c = —1. We will consider
multivalent species in the next section.

3.5. Kohlrausch Regulating Function and the Concept of
Adjusted Concentrations

We can generalize plateau-mode ITP for an arbitrary number
of strong electrolytes and also derive the “adjusted”
concentration of a focused ion in any arbitrary plateau zone
between the LE and the TE using the Kohlrausch regulating
function (KRF). The KRF is a conservation principle that is
applicable to the arbitrary electrophoresis of mixtures of fully
ionized species. It was originally derived by Kohlrausch in
1897, who called it the “Beharrliche funktion”.'* Below, we
present our derivation of the KRF, summarize its assumptions,
and apply it to a generic case of plateau-mode ITP of strong
electrolytes.

We begin with the species conservation equation (eq 6) for
the case of no bulk flow and a strong electrolyte i. We multiply
and divide eq 6 by the valence and (fully ionized) mobility of

the species to obtain

d zZiC; d i~ Yt
—|— | = — _ZiCtE + ——
ot\ 4, ox M, Ox (52)

Summing eq 52 across all the species i = 1 to N, we have
N N N
0 Zi6; 0 0 zDg
_ZI_C!=__EZZiCt_ +_Zt_fct
ot i=1 M 0x i=1 0x =1 Hi (53)

Next, we assume moderate pH, use the charge neutrality
approximation for the entire system, ie, .~ zc = 0, and

neglect diffusive terms (since dc;/dx vanishes away from sharp
ITP interfaces). Thus, eq 53 reduces to

N

aiS w) o (54)
where w(x,t) is now only a function of x, i.e, w = w(x). The
function w(x) is defined as the KRF and is given by

w(x) = Z 4

i=1 Hi (55)

We see from eq 55 that the KRF is simply the summation of
the ratios w; = z,;/p; over all ionic species at each point in
space. Since the partial derivative of w with time is zero, the
regulating function establishes a constraint on ion concen-
trations in space. This constraint is established by the initial
condition. In practice, this initial condition is determined by,
for example, the result of some preliminary process where
pressure-driven flow was used to inject various electrolyte
mixtures into various contiguous zones along some channel.
The analysis shows that the value of the KRF along the channel
is thereafter invariant with time (but can vary with x, as
determined by the initial condition). In ITP, since i can refer to
any ion in the system, the KRF relation applies to (ie.,
governs) all zones, including any trailing zones. It is important
to note that eq 54 is not accurate at the interface between
zones where diffusion effects due to strong concentration
gradients are important."””'** Consistent with this, and
importantly, the KRF cannot be used to compute the
concentrations of ions in the peak mode. Peak-mode ions do
not contribute significantly to local net neutrality (since these
ions have concentrations that are several orders of magnitude
lower than those of the background LE and TE ions) and exist
solely within a region of strong diffusive gradients. For
example, consider a trace sample ion initially at a concentration
100 pM that is focused in peak-mode by 1000-fold to a new
maximum peak concentration of 100 nM using a 100 mM LE
zone. For such a species, the concentration predicted by the
KRF (and established by the LE zone) would be ~10—100
mM, which is about 5—6 orders of magnitude higher than the
actual peak concentration. The latter discrepancy arises from
the incorrect application of the KRF to predict peak-mode ion
concentrations.

The KRF can be mathematically interpreted as the Riemann
invariant that corresponds to the zeroth eigenvalue of the
governing hyperbolic equations for species transport.''™''®
The levels of concentration of ions that replace an original
mixture of ions via electromigration are constrained by the
concentrations and mobilities of all ions that initially occupied
that space. For fully ionized species, the constraint of the KRF
requires that the quantity X, zc/u; of “newcomer” ions
matches the scalar value of X; zc/u; as governed by the
“former occupant” ions.

An intuition for the KRF is as follows. For each region in
space, ions are not “allowed” to enter with arbitrary
concentrations. Instead, ions enter each region with species-
specific fluxes and species-specific contributions to the current
density. These species-specific flux quantities are determined
by a (global) electric field and the respective valence and
mobility of each ion. The KRF reflects the precise balance
through which the fluxes and current contributions of these
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species satisfy both species conservation and the local net
neutrality of charge at all times.

To show its utility, we now apply the KRF to obtain the
concentrations of plateaus in ITP. For simplicity, we consider a
single counterion C common to all plateau zones. We consider
the plateau region of a sample ion, X, which moves into a
region previously occupied by the LE zone. Note that X
represents some co-ion that can be either any one of the
(several) sample ion zones or the trailing ion T in the adjusted
TE zone (see Figure 4). As an illustration, consider the

A t=0
c
c <
c
Xo X
B E t=1 E
Virp i
c g £ ?.C
__________ T i
\ D e VI L
e AN I
X

Figure 4. Concentration profiles for strong electrolytes in plateau-
mode ITP. (A) Finite injection sample loading configuration. The
sample contains a mixture of ions Sy, .., S,, which focus in ITP. (B)
Sample ions are focused and stack in the descending order of
(magnitude of) mobility values between the LE and the TE. The
vertical dashed line in panel A indicates an example location along the
channel where we chose to illustrate the application of the Kohlrausch
regulating function, as shown in section 3.5. The S; ion and
counterion at x = x, must meet the KRF set by the LE zone that
originally occupied this region.

location marked by the dashed vertical line at x = x;, in Figure
4, where X = S,. The initial condition at t = 0 is set by the ions
that originally occupied that region. The initial KRF value at x,
is thus

zocE 2y ek 1 1
ctc LU L
W(x0)|t=o = + S 157 B
Hc Hy, Hy  He (56)

Here, we used charge neutrality in the second equality. At
some later time f,, consider that the location at x = x, is
occupied by the “newcomer” ion X as well as the original

(same) counterion. The KRF at this location at time ¢, is
ché( ZXC)}(( X 1 1

+ ZxCx|— — —
Hc Hx Hx  Hc (57)

W(x0)|t=t, =

Equating the KRF at times t = 0 and t;, we obtain

1 1 « 1 1
zicp|— — — | = zxex| — — —

Hy o He Hx  Hc (58)
Equation 58 can be rearranged to obtain the concentration of
the arbitrary sample X at x = x, as
Fhx | e T R
ZxHy N\ HBe — Hx (59)

Hence, ¢ determines ¢ by establishing a local invariant KRF
value. Note also that eq S1 is a special case of eq 59 where X
represents the TE ion in the ATE zone. Typical values for a

fairly wide range of mobilities yield cX values of roughly a factor
of 0.5—0.9 the value of ¢f. Equation 59 shows how plateau
concentrations are proportional to leading ion concentrations
and have values roughly equivalent to (and typically a bit lower
than) cf. This also shows that high initial-to-final sample
concentration ratios can be achieved using a high ¢ and low
concentration in the sample reservoir, ¢y (here W is used to
denote “well” value, i.e., the concentration in the sample
reservoir). As before, the concentration of the counterion in
zone X can simply be obtained from the charge neutrality as

Zx 1| Ziix
lc =~ &=
Zc Zchy,

Heo — Ky
He — Hx (60)

X ZX X _

Note that z; and z¢ have opposite signs, so the second equality
in eq 60 is overall a positive quantity. Later in sections 6 and
10 we will extend the current analysis to include sample
accumulation rates in plateau zones and the sensitivity and
resolution associated with detection of the separated zones,
respectively.

3.6. lllustrations and Limitations of the Strong Electrolyte
ITP Theory

The earliest demonstration of the ITP of strong electrolytes
was in 1932 by Kendall and Crittenden,'” who reported the
separation of rare earth metals and simple acids using ITP.
They called their process the “ion migration method”.
Importantly, this study qualitatively described that the zone
concentrations automatically “adjusted” themselves to ratios
governed by the KRF. Much later in 1980, the study of Hjertén
et al."”” was the first to quantitatively and experimentally
validate the KRF conservation principle in ITP. The authors
validated the KRF in both cationic (K*, Co**, and Cu**) and
anionic (Cl™ and S-sulphosalicylic acid) ITP systems involving
strong electrolytes. To obtain accurate data for validation,
Hjertén et al.'*” carefully performed ITP experiments in free
solution, suppressed electro-osmotic flow (EOF), used a
photoelectric scanner to determine attainment of steady state
conditions, and collected ITP-separated zone fractions for
downstream measurements of conductivity and concentrations.

ITP applications involving strong electrolytes were signifi-
cantly developed and widely employed throughout the 1950s
and 1980s. We do not review these in detail but refer the
reader to a few studies involving the theory and applications of
strong electrolyte ITP, including the separation of trace
elements, heavy metals, and isotopes, among many
others,' #0134 1371221277133 1pyyically, ITP systems involving
only strong electrolytes are not buffered, and such systems can
exhibit highly variable (and difficult to control) pH values
across zones.">® For this reason, modern microfluidic ITP
applied to biological systems seldom involves strong electro-
lytes exclusively. Extreme pH values can result in additional
zones and dispersed interfaces (e.g., due to EOF°""*%) and
lead to complex zone structures.*”'** We refer to the studies
of Gas et al.'*' and Ermakov et al."* for a detailed theoretical
discussion and associated experimental validation of ITP at
extreme pH conditions.

As mentioned earlier, we here cover strong electrolyte ITP
as a starting point of instruction. This theory is also useful for
providing closed-form analytical solutions, which can be used
to benchmark new computational approaches and simulation
results.”¥"*”'**7'** For an example illustration and benchmark
of a strong electrolyte ITP simulation, see Figure 5."*® Figure S
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Figure S. Simulated cationic ITP run for a LE mixture consisting of 10 mM potassium ions and S mM sulfate ions and for a TE mixture consisting

of 10 mM sodium ions and S mM sulfate ions. (A and C) Concentration fields at t =

0 and t = 1.1 s, respectively. (B and D) Value of the

Kohlrausch regulating function (KRF) versus the channel location x at t = 0 and ¢ = 1.1 s, respectively. Simulations were performed using Simul

1
software'**

with the following parameters: a capillary length of 3 mm, a driving voltage of 50 V, and an x-coordinate mesh consisting of 1000 nodes.

The figure was reproduced with permission from ref 136. Copyright 2007 John Wiley and Sons.

shows simulation results of an ITP system involving exclusively
strong acids and bases. The study validated steady-state
predicted concentrations with numerical results shown in
Figure 5. Figure S also shows the KRF’s invariance in time at
every location between the initial and final states. Notably,
Figure S also highlights a small inverted peak (indicated by an
arrow in Figure S) in the computed KRF value at the zone
boundary. Note this is a small region of high diftusive gradients
in the initial condition.

. ITP USING WEAK ELECTROLYTES

In this section, we review the theory for ITP processes
involving weak electrolytes. Weak electrolytes are important, as
they enable the use of pH buffers crucial to systems that
process or analyze biological species. Weak electrolytes are also
used extensively for several applications, including basic
biochemistry, cell biology, food and plant sciences, and
blolo§1ca1 assays at the molecular, cellular, or tissue
level”"'*7'%% pH buffering is also important for well-
controlled processes and assays involving chemical assays and
synthesis.”""7'>*

An important complexity of weak electrolytes is that, unlike
eq 6 above, conservation equations necessarily involve
multispecies source terms, and chemical conditions have a
strong impact on the spatiotemporal development of the
ionization state (including effective species mobility). To
illustrate this complexity (and the failure of the Kohlrausch
regulating function), consider a special case of weak electrolyte
transport (eq 3) for the following special case. We neglect
diffusive fluxes, multiply by the valence, divide by the mobility,
and sum over all species families and ionization states to derive

12921

b

I
o

9
ot

N
i=1 z=n; i=1 z=n

(61)

Applying the net-neutrality approximation, i.e., X;, z¢;, & 0, we
derive the following expression for the temporal change of a
Kohlrausch-like variable, w

g g”: dw(x, t) Z Z

i=1 z=n,

The result shows that we must express w as a function of time
and space. Note that the production term results in the
spatiotemporal development of the variable w, so we are unable
to derive a “simple” KRF for weak electrolytes. This is an
important point, as the KRF is very often 1mproperly g lied to
analyze ITP systems involving a weak electrolyte' #%%!3571%0
and such analyses can result in grossly incorrect predictions of
ITP dynamics and species concentrations.

We are unaware of regulation functions applicable to
generalized weak electrolyte systems that involve either
multiple species where one or more is a multivalent species
or extreme pH values outside the aforementioned “safe” and
“moderate” ranges. Fortunately, there are known and
convenient regulation functions for weak electrolytes that are
applicable to the specialized case of univalent families
(chemical families with only neutral and univalent members)
and for safe and moderate pH. The latter regulating functions
are called the Jovin'®' and Alberty*' functions, which we
discuss in this section. In addition, we discuss conditions for

N

'ut z (62)

',Z
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the focusing of a weak analyte in ITP, derive steady-state
concentrations in plateau-mode ITP wusing the regulating
functions, and provide some results of the weak electrolyte

theory.
4.1. Conditions for the Focusing of a Weak Analyte

We know of no reference that summarizes the general
conditions required for the focusing of sample species in the
case of weak electrolytes and for both plateau and peak-mode
ITP. We here propose a set of relations for such focusing
between LE and (adjusted) TE co-ions. Consider that various
zones in ITP will have different pH values, and the various ion
mixtures in these zones can lead to different degrees of
ionization. Hence, for weak electrolytes, we have to describe
conditions for focusing in terms of effective (not fully ionized)
ion mobilities and the position in space. We first consider the
case of an ion X focused in a plateau region X somewhere
between the LE and the ATE. The propensity of the ion to
electromigrate out of the ATE region and focus within zone X
(and for the TE ion to fall back from zone X into the ATE
region) is given by

Iyx 1> |/4T land I,uXI > |,u I (63)

Likewise, we also require such stability conditions for the
interface between zone X and the LE.

IyXI < I,uL | and I,uXI < IyL I (64)

For the case of a single ion X focused in THE peak mode and
sandwiched by the ATE and THE LE, the condition for
focusing can be expressed as

IuX 1> IuT I and I,uXI < |/4L| (65)

That is, for THE peak mode, no formal (plateau) zone X

exists, and ion X is subject to the electric field gradients (and

relative ion velocities) established by the TE and LE co-ions.
Lastly, we note that ITP should exist in all cases, hence

IuL 1> I,uT land I,uTI < I,u | (66)

4.2. Weak Electrolyte Regulating Functions: Jovin and
Alberty Regulation

As we discussed earlier, the KRF conservation principle is not
applicable for weak electrolytes. We can, however, define two
regulating functions applicable to weak electrolyte systems for
the special case of, at most, singly ionized species and systems
that obey the safe and moderate pH conditions. These two
very useful and fundamental functions are the Jovin and
Alberty functions, which are described in the following two
sections. To our knowledge, the current review is the first
presentation of the derivation of both of these functions
starting from the one-dimensional unsteady conservation
equations. The authors find this remarkable given that the
Alberty and Jovin functions are fundamental to the analysis of
ITP, a useful method that has been in use for nearly a century.
4.2.1. Jovin Function. The Jovin function imposes
fundamental restrictions on the singly ionized ion concen-
trations achievable at any location within a multispecies
electrokinetic process. It is a very useful quantity in the
derivation of closed-form relations and analyses of ITP
processes. Assuming negligible effects from diffusive fluxes
(ie, negligibly influenced by sharp interfaces), the weak
electrolyte species conservation equation (eq 3) reduces to

Ci,z

0
=— +R,,
m dx( H; .6 E)

(67)

Summing this equation over all subspecies z of the species
family i and recognizing that proton donation or acceptance
results in no net generation of species family i (i.e, X.R,, = 0),
we have

0 d; 0
_ C: = — = — —U. C:
ot 4 Yo Ox :§: B

We next restrict ourselves to the simple case of a univalent
weak electrolyte family (comprised of only a neutral state and a
single charge state of charge 1 or —1), eq 68 simplifies to

(68)

Jc;
Lo D)

ot (69)

where z; is +1 or —1. Multiplying eq 69 by z;, summing the
result over all species families, and applying the safe pH
assumption (i.e., that hydronium or hydroxyl ions do not carry
significant current), we have

d d (oE
— ) zg =—|—|[=0
at l Z "ulzll (F)

Here, the last equality follows from current conservation (for a
negligible diffusive current). Hence, we find the so-called
Jovin’s relation, originally derived by Jovin in 1973.""’

(70)

Z z,c; = constant
- (71)

Interestingly, the left-side of this relation looks similar to the
summation in charge neutrality (e.g, compare to eq 30);
however, the summation of eq 71 is in fact a very different
quantity, since here ¢; is the total concentration (and not just
the ion concentration). Here, the summation is performed over
the (monovalent) species families and includes a contribu-
tion(s) from the concentration of the neutral species family
member (whose z = 0) multiplied by the ionization state of
that species family (z; = 1 or —1).

The Jovin function implies that total species concentrations
impose a strong regulation on the entry (exit) of all ions into
(out of) any particular zone in space. Unlike charge neutrality,
the Jovin function involves balances between both charged and
uncharged species. For example, consider the following system
that consists of just three species families. A certain zone is
originally occupied by a single weak acid (comprised of
members Al_; and Al) and a single weak base (comprised of
Coand C,,;). The Jovin function dictates that the influx of each
single molecule of a new acidic species family A2 (comprised
of A2_, and A2,) must necessarily result in either the removal
of one molecule that is a member of the co-ionic family Al or,
alternately, the addition of one molecule that is a member of
the counterionic family C. Of course, the net neutrality
assumption is in addition to (and separate from) the Jovin
function constraint.

4.2.2. Alberty Function. The Alberty function is a second
fundamental constraint on singly ionized ion concentrations.
Like the Jovin function, it is very useful in the derivation of
closed-form relations and analyses of ITP processes. To derive
the Alberty function, we begin with eq 69 and again restrict
ourselves to a single ion type per family.
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at ax( 1”1,21 I,Z'E) (72)

Here, we used the relation u,z; = z; I, ; |, since we considered
a single ion per family that was univalent (i.e., z; was restricted
to values of —1, 0, or 1). Dividing eq 72 by |y, | and summing
over all species, we derive

0 G 0

— = ——E z6; , =0
I,ulzl

0x (73)
where the last equality follows from the charge neutrality
approximation for moderate pH. We thus obtain the so-called
Alberty’s condltlon (orlglnally derived by Dismukes and
Alberty in 1984) as®

Ci
Z lﬂizl

i 12

= constant
(74)

At first glance, Alberty’s relation is similar to the KRF, as it
involves a summation of ratios of the concentration and the
mobility across species. However, the Alberty function is in fact
much different because here ¢; is the total (analytical)
concentration. For example, consider that ratios involved in
this summation can include ratios of the total concentration of
an ion family, which is primarily (and can be entirely) in an
uncharged state, divided by the mobility of the (possibly locally
nonexistent) charged state of that species.

Like the Jovin relation, the Alberty relation imposes a
constraint that involves the concentration of both neutral and
ionic species. Conceptually, the Alberty condition states that
the displacement of one ion from a zone (e.g.,, the LE co-ion
zone being replaced by the influx of a plateau zone co-ion)
must be accompanied by a decreased concentration if the
mobility of the new ion is lower. One important consequence
of the Alberty relation is that successively trailing plateaus in
ITP tend to have progressively lower concentrations (as one
moves from the LE to the TE).

Together, the Jovin and Alberty functions, net neutrality,
and conservation of current help us design, analyze, and build
intuitions for the ITP of weak electrolytes. We will therefore
invoke these relations in subsequent sections of this review.

4.3. Plateau-Mode ITP for Weak Electrolytes

As an important example of the plateau-mode ITP of weak
electrolytes, here were discuss the common situation of a well-
buffered anionic ITP system. Such as system can often use a
weak base counterion to buffer the LE as well as every trailing
plateau zone. Consider the ITP system depicted in Figure 6.
Here, C is the weak base (comprised of the neutral species and
the cation with z = +1), X is a weak acid analyte, and L is a
leading ion. As a specific example of a leading ion in anionic
ITP, we here consider chloride, C1~ (although the discussion
will apply generally to any leading ion). Note that the
conjugate acid ion C* implies the migration of the species
family C from the LE toward the TE and hence helps establish
acid—base equilibrium in all zones. To make the LE zone (and
the trailing sample zones) a robust buffer (cf. section 8), a
good choice for the total concentration of counterion c¢ is
approximately twice the concentration of HCI (equivalently
CI, since HCl is fully dissociated) in the LE zone. We can
formulate and solve for the co-ion and counterion concen-
trations in all zones that trail the LE zone (including the ATE).
One approach to this is to formulate current conservation,
mass balances, and the ITP condition in an approach similar to
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Figure 6. Schematic of plateau-mode anionic ITP. The top panel
depicts the spatial location of leading L, trailing T, and sample X co-
ions in the channel, and the bottom panel depicts the associated
concentration profiles. Also shown in the bottom panel is the
counterion C concentration profile and the local (rapid) acid—base
chemical equilibrium reactions within each zone.

what we did in section 3 for the case of strong electrolytes.
However, the formulation of the problem is much more
compact if we restrict our discussion to at most univalent weak
electrolytes in the safe and moderate pH range and thus
leverage the Jovin and Alberty functions. Interestingly, the
resulting formulation will hold for both strong and weak
electrolytes with the understanding that the mobilities for
strong electrolytes are equal to the fully dissociated values
(which are independent of the location).

The concentration of a trailing univalent sample species X
(strong or weak electrolyte) in its ITP zone can be related to
the LE concentration using the Jovin and Alberty conservation
laws. First, Jovin’s condition is applied to the system in Figure
6 for the spatial location currently occupied by zone X. We
evaluate the Jovin summation at the initial state (when that
location was occupied by the LE zone) and the current state as

L
‘L

_L_ X
c =&

X

—Cc (75)

where ¢ denotes the total (analytical) concentration of species
i in zone j. Here, subscripts i = L, X, and C refer to the leading
ion, species X, and the counterion, respectively, and super-
scripts j L and X are the leading and sample zones,
respectively.

Next, Alberty’s condition for the leading and sample zones at
the initial and final states in zone X gives

L L X X
I T LD ¢ fc
I,uL | I/,t | I,uX | |/,t | (76)

Here, Iy} | refers to the magnitude of the fully ionized mobility
associated with species family i in zone j. Combining the Jovin
and Alberty relations (eqs 75 and 76), we obtain the total
concentrations of species X and the counterion C in zone X as

lﬂtl +1 ﬂ —
X Iy L L Iy | L
cx = X c + | cc
R | el g
Iy ] (77)
and
|,4C I |,4L I |,4L"| |,4L"|
Iy | |/t | Iy | Iy |
cé( =17 cLL + | cé
el oy el 4y
|I"x| luy | (78)
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Figure 7. Simulated cationic ITP run for a LE mixture consisting of 10 mM potassium ions and 20 mM MES and a TE mixture consisting of 10
mM sodium ions and 20 mM MES (pH 6.1). (A and C) Concentration fields at t = 0 and t = 1.1 s, respectively. (B and D) Values of the Alberty"'
(WEY) and ]ovinm1 (W) functions versus the channel location x at t = 0 and = 1.1 s, respectively. Simulations were performed using Simul

144
software,

with the following parameters: a capillary length of 3 mm, a driving voltage of 50 V, and an x-coordinate mesh consisting of 1000

nodes. The figure was reproduced with permission from ref 136. Copyright 2007 John Wiley and Sons.

Note the latter expression for ci follows from eq 65 and charge
neutrality. This is a closed-form solution for the total
concentration of ion X in zone X. We next simplify the
above expressions by neglecting the effects of ionic strength on
the mobilities of the species and neglecting temperature
differences between the leading and trailing zones (see refs 77,
162, and 163 for further discussion of these effects). Under
these assumptions, the fully ionized mobility of the counterion
(that originates in the leading zone and moves to the sample
zone) remains unchanged, so lug | & | u¢ I=luc I. For simplicity,
we drop the superscripts on the fully ionized mobilities of X
and L and assume that these values are constant (independent
of zone), i, lu¥ |=I py | and luFl=| py |. Therefore, ¢ and &
can be simplified as

g [ lpcl + g 1)

X
x = — L
L I Dl =+ Tyl (79)
and
X L lﬂcl lluxl B lﬂLl L
c=C« T T
ey I\ Tl + Tyl (80)

Again, it is important to emphasize the mobilities here are each
fully ionized mobilities (for valence magnitudes of unity),
while the concentrations are total (analytical concentrations
involving charged and uncharged species). Also note that, for a
strong electrolyte leading ion like chloride, the analytical
concentration is equal to the ionic concentration. Species
family X in this equation is any species family comprising an
anion that occupies a space formerly occupied by the leading
ion (including any plateau sample ion or the TE ion of the
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ATE zone). Further note that, for the special case of strong
electrolytes, we can drop all superscripts and show that, for the
case of univalent species, eqs 79 and 80 are equivalent to eqs
59 and 60, respectively, described earlier.

As with strong electrolytes, a good rule of thumb for a
typical weak electrolyte ITP system is that a trailing ion X
achieves a total concentration of about & & 0.5—0.9¢F. In other
words, the total (analytical) concentration is “governed” by the
LE co-ion cf, while the ionic concentration of the trailing ion
depends on cf and the pH (which can depend on the relative
pK, of the trailing and counterion). Note that the adjusted TE
properties can be obtained by simply replacing species X and
zone X with properties of the TE co-ion T and the adjusted TE
zone ATE, respectively. Finally, for a trailing ion with a pK,
significantly lower than that of the weak base, the
concentration of H* (equivalently, the pH) in any trailing
zone can be solved in terms of the analytical concentrations. In
this case, the trailing anion is approximately fully ionized, and
hence we obtain a simple expression for ¢;; (from eq 20).

p'e
o= K ocx
H™ X X

¢ — (81)

For such anionic ITP, the pH values of trailing zones are
typically near and slightly higher than that of the leading
electrolyte zone.

The pH buffering dynamics presented in this section can be
summarized as follows. The typical situation is to choose a
common (to both the TE and the LE) counterion with a
convenient pK,. This ion will serve as the pH buffering species,
and the LE co-ion will serve as a titrant. The counterion
migrates back into the TE with a concentration that is roughly
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twice that of the TE co-ion. In this way, the LE and TE co-ions
of anionic play the role of titrant to the weak base that buffers
the counterion. Again, we refer the reader to refs 76 and 77 for
a good introduction or review of the electrophoresis of weak
electrolytes, including pH buffers.

4.4. lllustration of Weak Electrolyte Theory and
Limitations

Figure 7 shows simulation results from ref 136 for a cationic
ITP process consisting of two buffer solutions comprised of 10
mM univalent strong cations Na* and K* and buffered by 20
mM MES, a common univalent (counterion) weak acid. The
entire system is buffered around a pH of 6.1 and is within the
safe and moderate pH range, so both Jovin and Alberty
conservation principles are applicable. Indeed, this is seen by
the values of the Jovin (W) and Alberty (WE) functions at
the initial and final states in the plots on the right side of Figure
7 (these variables are equivalent to the small case w used in this
review). Notice also that the values of MES (counterion) and
Na* (trailing ion) “adjust” in the adjusted TE zone based on
the concentration of the LE and the pH of the zone (eqs 79
and 80). Similar to the case depicted in Figure 7, many of the
species of interest for ITP, especially for biological
applications, are weak electrolyte species. In section 8, we
will discuss the rationale behind the need for buffering in ITP
using weak acids and bases, and also provide some guidelines
for the choice of buffering ions. As with strong electrolytes, the
weak electrolyte theory presented above for steady-state
concentration profiles of plateau zones can be used to validate
the accuracy of numerical codes. We here also point the reader
to refs 1 and 164—168, which contain extended lists of the pK,
values, fully ionized mobilities, possible ionization states
(valence), and other physicochemical properties relevant to
the ITP of both strong and weak acids and bases.

Though the theory presented in sections 4.1-4.3 is
applicable only to univalent weak (and strong) electrolytes
within the safe and moderate pH range, we note tthat his
covers most practical microfluidic ITP applications. We refer to
refs 78, 136, 140, and 169 for the modified conservation
principles that govern acidic or alkaline (outside the safe pH
range) ITP systems, including systems that contain ampholytes
and significant ionic strength effects. Note that systems
involving multivalent weak electrolytes often require additional
conservation laws, which can in principle be formulated as
solutions to an eigenvalue problem derived from the species
conservation equations.136 However, there are currently no
generally applicable analytical solutions for such systems, and
these solutions often do not admit any Kohlrausch-, Jovin-, or
Alberty-type conservation principles. ITP systems that do not
admit such conservation are also referred to as non-
conservative."*° An example of such a system is a buffer that
consists of sodium (titrant) and oxalate (buffering ion) within
certain ranges of concentration.'”’

We also note that the physicochemistry of ITP summarized
here is strictly only applicable for ionic strengths lower than
about 20 mM. Higher ionic strengths can require additional
physical considerations due to the effects of the ionic strength
on the ion mobility.'®” Such effects primarily cause a reduction
in the mobility of ions. Ionic strength also (and independently)
affects pK, values of weak electrolytes. Several models of
varying degrees of complexity exist to capture such nonideal
effects on ITP.'>'7'~"* In addition, effects of Joule heating or
temperature differences between zones can also affect the

physicochemical properties of ions and in turn affect the
ionization state and effective mobility of the ions.'>'**!7>!17¢
Predicting ITP dynamics in such systems often requires a
computational approach (see section 9). Nevertheless, the
relations presented here are still very useful in the design of
ITP systems, including back-of-the-envelope estimates and
buffering requirements with reasonably good approximations
for ionic strengths less than or about 100 mM.

5. PEAK-MODE ITP DYNAMICS

In this section, we review simple theory and models useful in
the prediction of analyte accumulation rate and the focused
species shape in peak-mode ITP. Peak mode is a useful mode
of ITP wherein one or more trace species are accumulated at
an interface between a pair of (or multiple pairs of) plateau
regions (see Figure 1).”° Peak-mode ITP is best suited for
trace (i.e, very low initial concentration) analytes and is an
excellent focusing (or preconcentration) technique. Further-
more, peak mode may be necessary when one is working with a
sample that has limited solubility. In its simplest form, peak
mode focuses a single targeted analyte between the LE and
ATE zones. If the analyte’s effective mobility is sufficiently
large (small) compared to the trailing (leading) plateau, then
the analyte ion tends to focus within a very narrow peak that is
approximately Gaussian in shape. In peak mode, the analyte
contributes insignificantly to the ionic current and so the local
ionic current and electric field distribution is dominated by the
effects of the two neighboring plateau zones. Peak mode is
generally associated with assays wherein the analyte is directly
detectable. Example applications of this include the selective
focusing and direct detection of fluorescent species,””*"'"" the
extraction and purification of a target species (most notably
nucleic acids but also proteins from blood, tissues, or cell
lysate),***?>1 1977 and the preconcentration and cofocusing
of reactants to accelerate chemical reactions (see sections 7
and 11).*>""* Of course, the very early stages of the focusing of
any ion at virtually any initial concentration (e.g., on the order
of or less than the concentration of the ATE) is a peak-mode
focusing. If allowed to proceed for a sufficiently long time, the
focused analyte will eventually transition into a plateau and
displace and separate the adjoining plateaus.

5.1. Analyte Accumulation Rate

We here present a control volume (CV) analysis useful for
deriving relations for the accumulation rates of trace analytes in
peak-mode ITP. For this, we choose a CV that moves with the
ITP zone at Vipp and extends from the adjusted TE region to
the LE region across the interface, as depicted by the dotted
lines in Figure 1B. We denote the sample (a.k.a. analyte) ion of
interest using S and, for simplicity, consider a constant-current
ITP operation in a channel with uniform cross-sectional area A
(see Bahga et al."*" for the analytical theory applicable to ITP
in channels with varying cross-sections). For simplicity, we
further assume negligible pressure-driven flow and EOF (for
example, see Garcia-Schwartz et al.°' for the effects of internal
pressure gradients due to EOF on peak-mode ITP). For this
simple peak-mode case, the species transport equation for
focusing sample in the moving frame (based on eq 3) is*
%s _ i(_ﬂST,ET,CsT, + VITPCg, + D%]

ot ox Ox (82)

Here, the Galilean reference frame is moving at Virp, and x is
measured along the direction of travel of the anionic ITP zone.
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The subscript S refers to some ionic sample species that
focuses between the TE and LE zone. Here, we have
introduced the primed quantities to indicate the local
evaluation both in our control volume and within the adjusted
TE zone. We now consider the case of the semi-infinite
injection of the sample where it is homogeneously mixed with
the TE buffer (including in an upstream reservoir). We then
perform an integration of this equation over a CV that includes
a large portion of the adjusted TE and is bound by the ITP
interface. We apply the divergence theorem to the right side
and derive

/ % g =
ot
The left side of eq 83 is simply the rate of accumulation of the
total moles of species Ng within the ITP peak (e.g. in units of
moles per second). The right side of eq 83 involves the
summation of fluxes over the control surfaces, which include
the top and bottom channel walls (where the sample flux is
zero) and the left (adjusted TE) and right (within the LE, just
to the right of the TE-to-LE interface) faces of the CV. On the
right face of the CV, the sample concentration is locally zero
for our case, so the corresponding integrand is zero. On the left
face of the CV (well within the adjusted TE region as per our
CV definition), the sample concentration is locally uniform
(i.e,, no diffusive flux). Therefore, eq 83 simplifies to

dc
( '“s ET cS + VITPCS +Da)dA (83)

dNg . )
- - (,”ST E' - VITP)CSTA

= (ﬂs - MT )E CS
= Ps1e VITPCS A (84)

where we have used Vyrp = i+ Er and introduced the so- called
separability' """ factor pg 1 = (43’ /u1’) — 1. Note that cf” is
the adjusted concentration of the sample in the adjusted TE
zone, which is equal to the product of the initial sample
concentration in the reservoir ¢y’ and the ratio of electric fields
in the TE and adjusted TE zones.”* Equation 84 shows that
the sample accumulation rate in ITP is proportional to the
initial sample concentration in the reservoir and the mobility
difference (equivalently, the separability) between the sample
and TE co-ions in the adjusted TE zone. The terms on the
right side of this equation are (for constant current) constant
(in time), so the total amount of accumulated sample as a
function of time is simply given by

NS(t) = (MST - /’t'lr"r )ET CsTAt = pS’TEViTPCgAt (85)

Further, for the present case where the effects of bulk flow are
negligible, we have I = Vippt. Here, | is the distance swept by
the ITP peak along the channel in time t. Thus, the amount of
accumulated sample can be expressed in terms of [ as

Ny(x) = o Al

_ T
Ps e = Ps g6 v (86)

where V is the volume swept by the ITP zone as it migrates
through the channel (a concept very useful in the more
complex case of channels of varying cross-sections'’").
Equations 85 and 86 show that the total moles of sample
that accumulate in the ITP peak increase proportionally with
both time and the distance swept by the ITP peak along the
channel. We note that our formulation above is valid in the
limit of the negligible depletion of the trace analyte from the

TE reservoir, e.g., when the reservoir-to-channel volume ratio
is high such that the concentration of the sample in the TE
reservmr is approximately constant. Refer to Eid and
Santiago® for the derivation of accumulation rates in ITP in
the regime of significant depletion of the sample from the
reservoir. Note further that the expressions for the peak-mode
accumulation rate (eqs 84—86) were obtained for the case
when the sample was initially dissolved in the TE. Similar
expressions can be obtained for the case when the sample is
dissolved in LE by simply replacmg Ps e and ¢}’ in these
equations with pg;p = 1 — (u§/uf) and cf, respectively.”*

We next present below simple heuristics to approximate the
effects of the bulk liquid flow velocity u, (area-averaged
velocity of bulk solvent) in the above control volume analysis.
Bulk flow can be caused by pressure-driven flow, EOF, or
both.®* For this discussion, we assume that the diffusion time
for the species along the transverse direction of the channel
(e.g., the radius in a cylindrical channel) is significantly smaller
than the transport time of interest. Therefore, the local effect of
the bulk flow can be described by a simple frame of reference
change given by the area-averaged bulk flow velocity.
Nonuniform velocities across the cross-sectional area of the
channel (e.g., due to the no-slip condition) would also tend to
disperse the sample, but we assume that the control volume
axial dimension is longer than the dispersed length of the ITP
zone. In this regime, the distance swept by the ITP peak is | =
(Virp + up)t. Importantly, since bulk motion does not influence
the rate of focusing (only drift velocities can focus species, not
the divergence-free bulk flow), the rate of focusing dNg/dt is
the same as that in the case with no bulk flow (eq 84).
However, bulk flow affects the relation between spatial location
I 'and amount of sample accumulated as follows:

dNg _ dNgdr _ dNg 1

dx dt dx

(g —pp )eETA
dt Vipp + o, My E" +u)
(87)

where we have used Vipp = u1/E". Integrating eq 87, we get

-
Ps 1 Virecs

(Vi + ) (88)

(ug — py )eg E¥
(up E" +uy)

Ns(x) =

Note that the denominator Vipp + u, in eqs 87 and 88 can tend
to very small values, implying a large amount of analyte for
very long times. One example of this is the case of counter-flow
ITP, where pressure-driven flow is used to counteract the
electromigration of the ITP zone® %% (see Figure 8).

THT
H B
=l B
g =

t=87min

t=125min

Figure 8. Experimental images showing the accumulation of 10 nM
AF488 dye versus time in counterflow ITP. A 1 kV voltage was
applied in a 5 cm capillary. The leading and trailing electrolyte are,
respectively, 750 mM Tris-HCl and 10 mM Tris-HEPES. Pressure-
driven flow is used to counteract ITP electromigration. The scale bar
represents 50 um. Results shown here are from an unpublished study
performed by J. Sellier, F. Baldessari, A. Persat, and J.G. Santiago in
the Santiago lab at Stanford University.
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Figure 9. Simulation results for sample concentration fields in peak-mode ITP under conditions where the sample tails into (A) the adjusted TE
region and (B) the LE region. (Top Row) Axial concentration profiles of the leading and trailing co-ions and the common counterion. (Middle
Row) 2D concentration profiles of the sample obtained from the simulation. Superimposed lines are tangents to the combined electromigration and
convective mass flux components. (Bottom Row) Area-averaged distributions corresponding to the dispersed and nondispersed simulations shown
as red (solid) and blue (dot) curves, respectively. Analytical model predictions are as the dashed curve. A uniform EOF mobility is assumed in this
figure. We refer to Garcia-Schwarz et al.°' for details about the simulation and model parameters. The figure was reproduced with permission from

ref 61. Copyright 2011 Cambridge University Press.

For the special case when bulk flow is caused by EOF alone,
up, = (UporE), where pgor and E are the local electroosmotic
mobility and the electric field, respectively, and () is an axial
average operator. This type of axial average is discussed by, for
example, Bharadwaj and Santiago™ and Garcia-Schwarz et al.*’
In the case of EOF alone, (pgogE) is a function of the location
of the ITP zone. {(uporE) tends to increase as more of the
channel is occupied by the TE, since the TE typically has a
lower ionic strength, a slightly higher pH (for anionic ITP),
and a higher electric field (see Garcia-Schwarz et al.®h).

We note that the heuristic solution presented above should
be derivable from a Taylor-Aris type analysis of the transport.
Such analysis would assume that the diffusion time across the
cross-section of the channel is significantly smaller than the
advection times of interest. The analysis would then proceed
with an area-averaging of the transport equations and a
Galilean transfer to a reference frame moving at velocity (Vipr
+ ub).

We note also that the analyses presented in this section
assumed that the sample concentration that flowed into the
control volume was constant. This assumption will not hold
indefinitely, for example, for channels of significant volume
relative to the channel volume. Eventually, the sample in a TE
reservoir is depleted, and this depletion can result in a decaying
rate of accumulation. A model for these dynamics was
proposed by Rosenfeld et al.””

Lastly, the analyses in this section were limited to a semi-
infinite injection configuration. Consistent with this, we
derived relations for the total amount (in moles) of
accumulated species, which increased in proportion to time.
However, the analysis presented here could be extended to the
case of finite injection. In the case of finite injection, the
accumulated sample would initially increase in proportion to
time and then achieve a steady-state value as the sample was
depleted from the (finite) injection zone.

5.2. Focused Analyte Shape in the Peak Mode

The shape of the focused analyte in peak-mode ITP is
important to determine the relations among the maximum

peak concentration, the accumulated amount, and the area
under the concentration versus location curve. The peak shape
can also stron$ly influence the sensitivity and the resolution of
detection.”®'®" In the limit of low electric fields, negligible
EOF, and no applied pressure-driven flow, ITP interfaces
(including zone-to-zone interfaces & and the width of the
focused analyte peak &, in peak-mode ITP) are predicted well
by a one-dimensional balance between nonuniform electro-
migration and axial molecular diffusion.'**"® In peak-mode
ITP, this regime yields an ITP focused zone that is small (6 ~
6, and is on the order of the smallest channel cross section
dimension), approximately Gaussian (provided the mobility of
the analyte is significantly different from those of the
neighboring plateau co-ions®'), and inversely proportional to
the current density (cf. section 3.2). In practice, this ideal one-
dimensional picture of ITP is most often disrupted by one or
more of the following four effects: tailing of the ITP peak due
to the mobility of a focused species approaching that of a
neighborin% é)lateau (an effect different than Taylor—Aris-type
dispersion®”°"), dispersion of the ITP peak due to external
pressure gradients,6 dispersion due to residual EOF OL139 and
electrokinetic instabilities.'®

We first discuss the first of the four aforementioned effects.
For this case, the LE-to-TE interface width & is typically
smaller than the width 8, of the analyte distribution. For
simplicity, we consider the tailing behavior of a focused sample
peak under ideal dispersion-free conditions. This situation
represents the common case of peak-mode ITP experiments
performed at moderate electric fields for which EOF is
significantly suppressed and there is no external pressure-
driven flow. EOF suppression can be achieved by both
operating the system at sufficiently high buffer concentrations
(e.g, at 50 mM and above) and introducing additives that
suppress EOF, such as PEO or PEG (cf. section 8 for further
discussion).'#37'%”

The study from Garcia-Schwarz et al.’" was the first to take
into account an analyte’s physical properties to predict
nonideal sample distributions (e.g, tailing and dispersion) in
peak-mode ITP. They presented a one-dimensional, area-
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Figure 10. Analytical model predictions for sample distribution in peak-mode ITP. Effect of the sample ion mobility on (A) sample concentration
profiles ¢, (cs in our notation) versus x and (B) the curve relating the maximum sample concentration (and its axial position). (C) Peak
concentration as a function of the sample mobility. The figure was reproduced with permission from ref 59. Copyright 2014 AIP Publishing.

averaged, three-zone model to capture the shapes of sample
zones of fully ionized species focused in peak-mode ITP
(including the effects of Taylor—Aris-type dispersion due to
induced secondary flows). Here, we present a simplified
version of the analysis of Garcia-Schwarz et al®' (which
included Taylor—Aris analyses that described how dispersion
coupled with tailing). The steady-state behavior of the analyte
concentration can be obtained from eq 82 (which is applied in
the frame of reference of the moving ITP interface) and is
described by the following equation:
Eeg + DI 4y, 0

ﬂs Cs + da + ITPCs = (89)
Equation 89 was obtained by integrating the right side of eq 82
and noting that the constant of integration was zero (obtained
by evaluating it far from the ITP interface). Since the analyte
concentration distribution spans the TE and LE zones, we do
not use superscripts in eq 89. We will instead assume that the
analyte has approximately the same mobility in the LE and the
ATE. Note that in eq 89 we assume that D is simply the
diffusion coefficient of the focused species, while Garcia-
Schwarz et al.®' assumed an effective Taylor dispersion
diffusivity to model additional effects due to EOF-driven
dispersion (the analytical result shown as black dashed lines in
Figure 9). In the dispersive case, dispersion effectively acts to
smear and widen the already tailing dispersion-free distribution
(the blue dotted curves in Figure 9 are the distributions of the
diffusion-only case). Assuming fully ionized mobilities, eq 89
can be integrated directly to yield

_ ,USE — Virp
Cg = Kexp BE— dx (50)

where k is a constant. This compact and intuitive result is
implicit in terms of the spatial integral that involves the
unknown electric field distribution but describes the shape of
the sample peak.

Consider the interface region in which the analyte is focused,
as shown in Figures 9A and B. The magnitude of the sample
concentration in Figure 9 is typically much lower everywhere
than that of the adjoining trailing and leading buffering ions
(Figure 9). The tail of the sample distribution into the adjusted
TE (LE) region to the left (right) is caused by a sample

mobility near the trailing (leading) ion. As discussed in Garcia-
Schwarz et al,°" it is useful to conceptually divide the interface
region into three zones: A, B, and C. As a heuristic
approximation, regions A and C can be treated as regions of
uniform electric field, and region B can be treated as one with a
constant (and uniform) electric field gradient. Under this
heuristic, the integral equation in eq 90 can be explicitly solved
for cg as

aexp L] ; zone A: sample tailing into the TE
TE

(x+0¢2
cg =  bexp| —

) ] ; zone B: Gaussian for the linear E field
c

cexp —i) ; zone C: sample tailing into the LE
LE

(91)

The constants 4, b, ¢, @ and ¢ in eq 91 can be found in the
work by Garcia-Schwarz et al.®’ These were obtained by
ensuring that ¢, values and their gradients matched at the A—B
and B—C interfaces for a specified integrated amount of the
focused sample. The three sections of the cg curve are well-
approximated by decaying first-order exponential tails in
regions A and C and a local Gaussian “peak” region in region
B. The constant ¢ scales the Gaussian width and is well
approximated by 0.96, where 9§ is the LE-to-TE interface width.
The length scales f; describe the length of the sample peak
“tail” into i = TE (T) or LE (L) zones, which can be expressed
as

Prg M By —Hy P MM~y
— ~ ———and —= ~ ——F——
g Hy Hs — Hr g Hr My — Hg (92)

Thus, the effective width of the focused sample J, scales as & +
Pre + Pre. For the special case of analyte mobility 7 = 2y i1/
(uy + pr), the concentration distribution of the focused sample
is symmetric. Further, for pg > §i and pg < i ,the sample will
have a longer penetration length in the LE and the TE,
respectively. In other words, analyte mobilities jtg near those of
the TE (LE) can cause the significant tailing of the analyte into
the TE (LE). These trends predicted by the model were

https://doi.org/10.1021/acs.chemrev.1c00640
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validated with numerical simulations and experiments by
Garcia-Schwarz et al.®'

Rubin et al.”” obtained exact analytical solutions and closed-
form engineering approximations for the cross-section-
averaged one-dimensional analyte distribution in peak-mode
ITP (diffusion-dependent with no EOF or pressure-driven
flow) involving systems of weak electrolytes. Specifically, they
obtained exact solutions for leading-, trailing-, and counterion
concentration profiles and the electric field distribution, which
were used to derive the focused sample concentration profile.
The exact solution involves the hypergeometric function and is
more complex to implement in practice. However, a useful
engineering approximation for the sample concentration, as
derived in Rubin et al,”” is given by

sty ()
AS =& 1+ exp(%) (93)

where b = §/5,, 67 = pur' — pui', and 8, = ur' — ui' for a
monovalent analyte. In this formulation, the length scales 6 and
0, are normalized by a characteristic ITP length scale RTu ./
FVirp, and the mobilities are normalized by the counterion
mobility. Importantly, eq 93 provides the dependence of the
concentration profile on the mobility of the analyte p,
(normalized by the counterion mobility). Equation 93 is
plotted in Figure 10A for various values of the analyte mobility.
Note that the maximum value of the focused sample
concentration and its corresponding spatial location are strong
functions of the analyte mobility (relative to that of the
adjoining plateaus); see Figure 10B and C.

Note that the models reviewed above™”°" are experimentally
validated, one-dimensional, area-averaged sample concentra-
tion distributions under ideal peak-mode ITP conditions (i.e.,
with no dispersion).

We next mention some work on analyses of dispersed ITP
peaks. See refs 60—62 and 143 for detailed discussions around
models, which include dispersion effects on sample zone
dynamics due to EOF and externally applied pressure gradients
(e.g., in counterflow ITP). For readers interested in the effects
of dispersion due to EOF or pressure-driven flow on the LE-to-
TE interface itself (independent of the focused sample
dynamics), we refer to refs 8, 139, 190—192 Quantitative
studies of the axial distribution ofpeak-mode ITP under
dispersive conditions typically employ Taylor—Aris-type
dispersion models and hence describe area-averaged one-
dimensional concentration fields.”"""**

Lastly, we briefly mention some studies that attempted to
consider two- or three-dimensional ITP shapes under
dispersion. The source of the dispersion can be an externally
applied pressure-driven flow (e.g, a pressure difference
between the LE and TE reservoirs) or the dispersive velocities
associated with axially nonuniform EOF (which causes
internally generated and nonuniform pressure-driven flows).
For example, Schonfeld et al.'*” and Garcia-Schwarz et al.”!
(see Figure 9) each observed that time varying internal
pressure gradients and secondary flow generated due to
nonuniform electroosmotic flow in microchannels could lead
to dispersed and axially distorted LE-to-TE interfaces and
focused sample concentration profiles, respectively (see Figure
9). Schonfeld et al."* reported in qualitative observations that
the LE-to-TE boundary in a microchannel ITP experiment in
the presence of EOF transitioned from a C-shape (concave

right) to a D-shape (concave left) when a larger portion of the
channel was occupied by the TE. They also correctly identified
that the ratio of EOF velocities in the LE and the TE
determined the degree of dispersion. Later, Garcia-Schwarz et
al’" significantly expanded on the analysis of Schonfeld et
al."*” and analyzed the dynamics of a focused sample in peak-
mode ITP in the presence of EOF. The latter was the first
quantitative study of the radially nonuniform distribution of a
focused sample in ITP. They observed focusing regimes where
the sample concentrated either near the channel walls or near
the channel center (sometimes achieving concentration values
higher than the nondispersed case!) depending on the mobility
of the analyte and the position of the ITP peak within the
channel.

Three-dimensional sample concentration profiles have also
been reported for peak-mode ITP in the presence of externally
applied pressure gradients. For example, GanOr et al.*”’
observed diffusion-dependent sample focusing regimes for
counterflow ITP. They reported an approximate heuristic
model for the shape of the ITP interface. Further, they
identified two parameters that determined different radial
sample focusing regimes, namely, the ratio of the analyte to the
TE ion mobility and the ratio of the ITP velocity to the analyte
diffusivity. However, note that this simple model assumes only
axial velocities for electromigration and hence does not take
into effect the full coupling between the electric field and the
nonuniform (along cross-section) conductivity field. GanOr et
al.® hypothesized that a sufficient condition for the radial
focusing of the sample was the existence of a nonuniform axial
velocity field. They also observed that focused species with
nearly the same mobilities but significantly different
diffusivities (e.g, small molecules versus micrometer-sized
beads) could exhibit very different radially dispersed and
focused concentration profiles (see Figure 11), an effect they

—Dylight650
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Figure 11. Experimental data showing effects of the diffusion-
dependent radial separation of two co-focused species (DyLight650
dye and 2.8 ym magnetic beads) in counterflow ITP. The two species
(green vs red in the figure) have similar mobilities but significantly
different diffusivities. The figure was reproduced with permission from
GanOr et al.®® Copyright 2015 AIP Publishing.

attributed to the difference in balance between axial electro-
migration and axial diffusion among the focused species. The
effects of pressure-driven flow on the LE-to-TE interface and
sample zone dynamics in peak-mode ITP were also studied by
Bhattacharyya et al.”> and Gopmandal and Bhattacharyya'**
using numerical simulations. To date, we know of no fully
three-dimensional models of peak-mode ITP concentration
fields that take into account the full coupling of electric body
forces and bulk flow velocities.

https://doi.org/10.1021/acs.chemrev.1c00640
Chem. Rev. 2022, 122, 12904—12976


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00640?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00640?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00640?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00640?fig=fig11&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00640?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

6. PLATEAU-MODE ITP THEORY FOR SEPARATIONS
AND SAMPLE IDENTIFICATION

Plateau-mode ITP is well suited for applications around the
separation and identification of chemical species. Co-ionic
species are typically segregated into adjoining zones between
the LE and ATE zones. The order of these zones is related to
the effective mobilities of the analytes (as influenced by local
pH). Plateau-mode ITP is described schematically for the cases
of semi-infinite and finite ITP injections in Figures 1C and 3C,
respectively (cf. sections 1 and 2). The ITP focusing of low-
concentration species requires that a sufficiently large volume
of sample be processed to ensure the accumulation of each
species into a plateau. In semi-infinite injection, plateau zones
will form, but only the first zone (adjoining the LE) will be
purified, as species are constantly entering the various trains of
plateaus. For example, the plateau of a species adjoining the
ATE zone will contain the maximum concentration of that
species and also small concentrations of all other sample
species that must cross that plateau as they accumulate in their
respective plateaus. In finite injection, we typically eventually
reach a steady state where each plateau is a locally purified. For
simplicity, we will here concentrate on this finite injection case.

Plateaus that result from finite injection are regions of locally
uniform concentrations that (together with the counterion)
control the local conductivity. Recall from our discussion in
sections 3 and 4 that plateau-zone sample concentrations are
governed by the adjusted (regulated) values obtained from the
Kohlrausch regulating function (cf. section 3) and the Jovin
and Alberty relations (cf. section 4) for strong electrolytes and
weak electrolytes, respectively. In this way, the LE zone helps
determine the concentration of each plateau zone. For well-
buffered ITP processes where the pH each plateau is near that
of the LE, the LE zone also largely determines the effective
mobility of each species and therefore the order of the zones.
Note that to achieve plateau mode an ion must be soluble at its
respective plateau-value concentration. As an example,
consider two sample species S; and S, that focus into a
sequence of plateaus, as shown in Figure 3C (cf. section 2).
The plateau ions typically have concentrations that are on the
same order of magnitude and very close to (but slightly lower
than) the leading ion concentration. Note this is in contrast
with peak-mode ITP, where the focused sample ion
concentration is generally 10 orders of magnitude lower than
the leading ion concentration. The conductivity (and, therefore
the electric field) in each plateau is controlled by the local ion
density of the sample (and the associated counterion
concentration). Essentially, each sample ion “displaces” others
to form its own plateau, and these sample ions segregate into
plateau zones behind the leading zone in the decreasing order
of the absolute values of effective mobilities. The Ilatter
sentence, of course, assumes that our system does not contain
so-called “shared zones” where a single plateau is made up of
two co-ionic species with approximately the same mobility.'”*

The regime of plateau-mode ITP can therefore be
summarized as follows: (i) high initial concentrations of
species and sufficiently long focusing times, (ii) separation of
species (e.g, in preparation for either direct or indirect
detection), and (iii) leveraging the displacement physics of
ITP (ie, sample ions displace other ions and form locally
purified zones where sample ions control current). The
displacement physics of ITP can also be used to effect indirect
detection methods wherein exogenous fluorescent species are

introduced to detect and quantify species that are not directly
detectable. The Ilatter includes fluorescent markers, non-
focusing tracers, and spacers (cf. section 10).

In this section, we extend the theory presented previously
for plateau-mode ITP in sections 3 and 4 and provide
expressions for the analyte accumulation rate and the lengths
of plateau zones. Much of the theory presented in this section
has been covered extensively and in great detail in several
references.””*'*#!%5 Here, we only highlight key features of
the plateau-mode ITP theory and discuss parameters useful for
optimizing separation processes.

6.1. Accumulation Rate and Length of Plateau Zones

Here, we analyze the case when the sample ions are mixed with
and dissolved in the TE prior to segregation in plateau-mode
ITP. For simplicity, here we will assume constant mobilities for
the sample and TE ions (equal to fully dissociated values, i.e.,
the strong electrolyte assumption). The formulation of the ITP
accumulation rate for the case of a sample accumulating into a
plateau directly from the trailing zone follows the same
approach as that in the case of peak-mode ITP (cf. section 5).
The sample accumulation rate in plateau-mode ITP is

dN;

T’ T T T
dt = (ﬂSE - ‘/ITP)CS A= (lus - ﬂT)E Cs A

(94)
Note that the expression for the accumulation rate in eq 94 is
mathematically the same as that for peak-mode ITP (eq 84).
The important difference in the current case is that initial
sample concentrations c§ are typically much higher than peak-
mode sample concentrations and are locally uniform within the
plateau. We next present expressions for estimating the length
of the plateau zone for a sample § initially loaded in the TE in
plateau-mode ITP.

From the rate of accumulation into a plateau from the
trailing zone given by eq 94, we can define a length for the
plateau Axg as follows by ignoring diffusive effects and
assuming univalent ions and pure zones:

Avy= N0 _ N(l)[ﬁ][ He —ﬂsJ

Acg Ao\ g N\ ue — my

(93)

where N(I) is the accumulated amount of sample in moles as a
function of the distance [ along the channel swept by the ITP
zone. This expression works for both finite and semi-infinite
type injection. In the former case Axg at first grows linearly in
time and then saturates, while in the latter case Axg grows
linearly for as long as the ITP process is run (assuming no
significant depletion of sample in the reservoir). Note that we
used the KRF (eq 59) to calculate the sample concentration in
terms of the LE co-ion concentration. At first glance, eq 95
seems to have an inverse relation to the LE concentration.
However, as we show below, N is also proportional LE
concentration, so ¢t will cancel out. Thus, we shall see that Ax
is relatively insensitive to clﬂc]L“.

Similar to peak-mode ITP (eq 86), the accumulated sample
can be cast in terms of the distance [ traveled by the LE zone’s

trailing edge along the channel as

N(I) = p, ppcq Al = s cg Al
: e

(96)

Relating the sample accumulation in the ITP zone to the
entrance of channel (e.g, from the reservoir well, W) via
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species conservation, we have c¢i’E"A = YEWA. We have
assumed that the well liquid presents itself slightly into the
channel (so that the areas in the latter equation cancel). Thus,
the accumulated sample concentration can be rewritten as

T wEW wOor wCTT, Hr |l #c — Ho
CszcsTZCs—zCs—wz— _—
E Ow cr /’tL /’lc - /"tT

cr (97)

Here we used current continuity and the KRF. Substituting eqs
96 and 97 into eq 95, we get

w w
p po | He = Hg )| c
Axg= || - af Hrf He T B | S = g S

Hr Hs \Hc — Hr )| e Cr

flug)

(98)

where f is the function of the mobilities of the sample, the TE
co-ion, the LE co-ion, and the counterion (f is the quantity in
square brackets in eq 98) and here I is the channel length
between the reservoir and the detection region. From eq 98,
we see that a longer distance [ and a lower TE concentration
(in well) each increase the zone length Axg. Further, the zone
length Axg is directly proportional to the initial (reservoir)
concentration of the sample. Also important is that Axg is
independent of the concentration of the LE.

Note that in the above derivation we assumed that the
focusing species were strong electrolyte species. A similar
analysis (and scaling) can be extended to weak electrolyte
systems. In this context, we refer to the work of Gebauer and
Bocek,'”® who introduced the concept of zone-existence
diagrams (ZEDs). ZEDs plot the zone pH versus the effective
mobility using the fully ionized mobilities and dissociation
constants of the species as parameters. ZEDs are useful for
designing buffers and understanding the migration and zone
orders of ITP separations involving weak acids and bases. This
concept has been used to develop strategies to choose
electrolyte systems for ITP."””'?®

7. REACTIONS CONTROLLED AND ACCELERATED BY
MICROFLUIDIC ITP

We here review simple models for microfluidic ITP systems
where ITP is used to initiate, control, and accelerate
biochemical reactions involving one or more reactants that
focus in ITP.''> We discuss both homogeneous and
heterogeneous reaction systems. Example applications include
reactions involving one or more of nucleic acids, proteins, and
cells (cf. section 11.4). Most studies reviewed here use peak-
mode ITP for reaction acceleration. We refer to Eid and
Santiago38 and Khnouf and Han® for recent review articles on
this topic.

7.1. Theory and Models for Homogeneous Reactions

We briefly review homogeneous reactions in ITP. We define
“homogenous” reactions in the context of ITP as those wherein
all reacting species are solutes in solution and at least one of
the reacting species focuses and preconcentrates in ITP.
Consider the following standard, well-mixed, second-order
bimolecular chemical reaction between species A and B that
results in product AB and has forward and reverse reaction rate
constants k., and k.g respectively:

pubs.acs.org/CR
kon
A+ B<=AB
Kot (99)

For simplicity, consider the limit where one of the species, say
¢y is initially present in significant abundance relative to the
other, ¢z, and where the equilibrium constant is sufficiently low
(Keq < ¢). The reaction in eq 99 is then well-described by
pseudo-first-order kinetics. In this limit, the fraction f, of the
limiting reactant B, which has reacted to form AB, versus time t
is given by
CaB

= BB 1~ exp(—k,At)
fstd BO Xp 0 (100)

where c,p is the concentration of the product, B, and A, are
the initial concentrations of ¢ and ¢, respectively. The relation
shows a pseudo-first-order reaction time scale of the form
Tytandard = I0(2)/ (konAo) We shall see that the primary effect of
ITP is to decrease the reaction time by increasing the
concentration of the high-abundance species and continuously
increasing the available concentration of the low-abundance
species (hence increasing the production rate).

For simplicity, consider an ITP system where both reactants
A and B focus and preconcentrate in ITP. Bercovici et al.”’
presented a system of first-order ordinary differential equations
to describe such homogeneous reactions controlled and
accelerated by ITP. They considered an ITP system where
species A and B were initially placed in the TE and LE using
semi-infinite injection, respectively (see Figure 12A). The
reactants focus in peak-mode ITP and are assumed to be
colocated within one-dimensional Gaussian concentration
profiles ¢, A volume-averaged species concentration ¢; within
the ITP peak was obtained by averaging the concentration
profiles over the ITP peak axial width 8. Bercovici et al.”’
derived a set of volume-averaged electromigration-reaction
conservation equations for the reactants and products in ITP
as

dg, _ Q,
G
dt S5 &dt
dgg _ Qp  1d5_

1ds 3
——T — — ko, eaTp + kogGa
\/E A*B ff “"AB

TG T v R
deB__l@f ik Gl — kg
dt DI TR IN 2 (101)

where Q, and Qg are the influx rates of reactants A and B into
the ITP peak region. Q4 and Qj are given by*”**

, K
Q= (UEE - VITP)SC;{ = [_A - I]VITPSﬂAO

K

7
Q= (VITP - U}]fE)SCL = [1 - M_B VirpSB,.

L

(102)

where f is the ratio of the TE ijon concentration in the adjusted
TE and TE zones (the latter is assumed to be the TE
reservoir), y; is the mobility of species i, and S is the cross-
section of the channel. To simplify the analysis, Bercovici et
al.’” further assumed a constant ITP width § and obtained
from eqs 101 and 102 the following conservation equations for
species A and B in ITP:
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Figure 12. (A) Schematic of a model homogeneous reaction system
in ITP consisting of two co-focused chemically reacting species in
peak-mode ITP. (B) Experimental demonstration of up to 14 000-fold
reaction acceleration of a DNA—DNA hybridization reaction in ITP.
The latter reaction is an example of a second-order homogeneous
reaction. The fraction of hybridized reactants vs time is shown for
standard (well-mixed) conditions and ITP. Symbols represent
experimental data, and solid lines represent model predictions. The
figure was reproduced with permission from ref 39. Copyright 2012
National Academy of Sciences.

Q
—gt and Ty + Gy = —ot

S6 (103)

Gt G =

In contrast, the standard (non-ITP) well-mixed reaction obeys
G+ Gy =Apand Ty + Gy = B, (104)

Equations 103 and 104 highlight how there is no longer a
steady-state solution in ITP; instead, species continuously
focus and produce a product whose growth is enhanced by the
rate of accumulation and focusing.

Equations 101—103 can be simplified for the case when one
of the species (say, A) is present in an excess concentration
within the ITP interface and there is a sufficiently low
equilibrium constant. This yields the following pseudo-first-
order approximation for the concentration of product in ITP:*

T i[t - l\/ze_“tzerfi(\/a)]
2a 2\ a

N Qui(l — S/, S
=
Bo,irp (105)
where
3 kon QA 3 QA Q—B
a=——"—andb=—k,—
Jr 2 86 Jr 86 86 (106)

Thus, the fraction firp of reactant B (low abundance) within
the ITP interface that has reacted to form AB is

fop = A - e@(_ikon&tz)
Bo,rrp 2Jm 86

(107)
Based on egs 105 and 107, Bercovici et al.*” derived a pseudo-
first-order time scale associated with ITP-mediated reactions.

. In(2)S8s
e & ' konQy (108)

Equations 105—108 depict two key features of ITP-accelerated
reactions. First, the prefactor Byrp = Qgt in eq 10S creates
what is called a quasi-steady condition for t > 7y, The system
has no true steady state but, in this regime, tends toward a
balance where the production rate is precisely limited by the
accumulation rate of the low-abundance species. This results in
a linear “quasi-steady” increase in the concentration of the
product. Second, as shown by eqgs 105 and 106, reactions in
ITP have a #* in the exponent (compared to t for standard
case). This £* dependence is due to the simultaneous effects of
the (standard) pseudo-first-order reaction and the ITP-aided
linear increase of the concentration of the abundant species
(here, A) with time. The ratio of the time scales associated
with reaction completion for the standard and ITP reaction
conditions is then®”

Tstandard ~ “ln(z)QA
TP konA0285 (109)

From eq 109, we see that ITP significantly decreases the time
for reaction to occur, especially in the challenging regime of
low k,, and A,. Bercovici et al.*” reported a 7 y/7;rp value of
~10 000 for Ay = 100 pM and k,, =10> M™" s™" under typical
ITP experimental conditions. They validated the ITP reaction
kinetics model with experiments using DNA hybridization
reactions involving ssDNA oligos and molecular beacons (MB)
and demonstrated a ~14 000-fold acceleration of reactions that
used ITP (cf. Figure 12B). Specifically, for SO pM MB and 500
pM target ssDNA, the time scale to complete 50% of the
reaction in the standard case was ~3.7 days, while for ITP the
same time scale was ~23 s for the same initial concentration.
This corresponds to a ~ 14 000-fold faster reaction time scale
in ITP compared to the standard case.

Subsequently, Rubin et al.>” significantly expanded on the
model of Bercovici et al.*” to include effects of asymmetric,
nonoverlapping, non-Gaussian concentration profiles of
reactants in ITP. Such situations can arise when the focused
analytes have mobility values near those of the TE or LE ions,
which leads to penetration of the analyte into the TE or LE,
respectively, and results in asymmetrlc peak-mode concen-
tration profiles.”’ Rubin et al.>’ derived closed-form analytical
expressions for such dispersed concentration profiles and
studied the effects of sample dispersion on reaction kinetics in
ITP. They identified a novel form factor parameter kg, which
accounts for the degree of spatial overlap between reacting
species in ITP, and used it to obtain an effective on-rate of the
reaction k(&P as

k (eff) konkform ( 1 10)
where
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1 1 - (yA + yB)
86 cot(ﬂyA) + cot(ﬂyB) (111)

form —

¥4 and yj are functions of the mobilities of the reactant species
and the LE and TE ions, respectively, and are given by

Hp = Hy He = Hy (112)

An important consequence derived from the work of Rubin et
al>” is that, for nonsymmetric concentration profiles of the
reactants, the maximum reaction rate is achieved for imperfect
overlap where the concentration maxima are not aligned
(Figure 13).
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Figure 13. Analytical model predictions for the effect of reactant
mobility on the rates of reaction accelerated using ITP. (A) Variation
of the form factor kg, as a function of the mobility parameters of
reactants y, and yz. (B—D) Concentration profile of reactants versus x
corresponding to the parameters of points I, II, and III, respectively, in
panel A. Figure was adapted with permission from ref 59. Copyright
2014 AIP Publishing.

In addition, Rubin et al.*> also identified the time scale
associated with ITP-aided reactions when the equilibrium
constant is not negligible. In this case, the time to complete
half the reaction Z;pp scales as””

koff ~ koff
(Q + Q™ kiPq,

(if Q, > Q)

TiTp ™~

(113)
Note that this scaling is different from 7;rp for the case when

kot & 0 (cf. eq 108). In the latter case, 7pp ~ 1/,/k,,Q,. The

effect of k. can be significant, especially at low analyte
concentrations. For example, for standard DNA hybridization
reactions with k,, ~ 10* M~ s™" and analyte concentrations on
the order of 1 fM, Rubin et al.> found that reaction time scales
for typical ITP conditions could be ~10-fold lower when kg
took even a small but non-negligible value of 107* s7!
compared to the case when k¢ = 0.

Eid and Santiago®* expanded aspects of the model of Rubin
et al.*” and explored the design of ITP systems that accelerate
chemical reactions. They studied the effects of the initial
sample placement (e.g,, in the LE versus in the TE) on the
influx rates of the reacting species and the associated product
formation rates. Importantly, they identified that the amount
(in moles) of product formed in ITP, Ny, for time scales
larger than the ITP reaction time scale Zypp is limited, in
general, by the influx rates of the reacting species. Specifically,

Noo _ NAB(t > fITP) _ Q—tj\

% = Qét = U+ q -1 (ifQ) > Q))

(114)

Q, and Q}; represent the influx rates of A and B into the ITP
interface when initially loaded in the zone j (LE or TE). See
Eid and Santiago®* for a detailed discussion on parameters that
govern influx rates in ITP. In the limit where species A is in
excess compared to species B, N3y approaches unity. In other
words, the quasi-steady-state (i.e., for a sufficient reaction
time) product formation rate in ITP is generally limited by the
influx rate of the less abundant (limiting) reactant into the ITP
interface.”* Recently, Qi et al."*” further expanded on the work
of Rubin et al®’ and Eid and Santiago®* and studied the
combined effects of species abundance and reaction off-rates
on product formation dynamics in ITP. Specifically, they
identified two key nondimensional parameters € and v, which
governed reaction dynamics in ITP, and studied regimes where
the reaction was reactant- and kinetics-limited. Physically, €
represents the ratio of the reverse and forward reaction rates in
ITP, and v represents the relative abundance (accumulation
rate) of the reacting species within the ITP peak. Importantly,
Qi et al."”” observed that the amount of product formed in ITP
under the quasi-steady state solely depends on v, while the
time to reach the quasi-steady state is proportional to €.

We have so far discussed homogeneous ITP reactions where
both reactants focus in ITP. Eid et al.>” studied the case of
homogeneous reactions in ITP where only one of the reacting
species focuses and preconcentrates in ITP. A key nondimen-
sional parameter that resulted from their analysis was a
Damkohler-type number ,A which represented a trade-off
between reducing the assay time and increasing product
formation. 4 is given by””’

( L, )
Virp Todv
NS BAdv

(kmle) oo (115)

where L, is the length of the channel. 4 can be interpreted as a
ratio between the advection time scale 7,4, that results from the
electromigration of the ITP peak (which contains one of the
reacting species) and the reaction time scale 7,,, (which is
governed by the abundant species, A). At low 4 (i.e., when 7,4,
<KT,y,), the ITP peak migrates fast (i.e, low assay times) and
the advective time scale is much smaller than the time scale for
reaction completion, leading to minimal product formation in

A=
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Figure 14. Schematic representation and raw experimental images of the ITP-based surface immunoassay from Paratore et al.*** (A) ITP focuses
target proteins and delivers them to the site where the surface reaction occurs. (B) Schematic of the acceleration of the reaction between surface-
immobilized capture antibodies and the proteins focused (in solution) in ITP, which can be achieved using three modes. In pass-over ITP, the ITP
peak electromigrates continuously past the surface reaction site. In the stop and diffuse mode, the electric field is temporarily turned off when the
ITP peak is over the reaction site, and the peak is allowed to diffuse away from the reaction site with time. In counterflow ITP, a pressure-driven
counterflow is used to hold the ITP peak stationary over the reaction site. (C) Detection is achieved by measuring the labeled antibodies bound to
the reacted targets. The figure was reproduced with permission from ref 203. Copyright 2017 American Chemical Society.

ITP. In contrast, for high values of 4 (i.e., when 7,4, >>7,,), the
reaction proceeds to near-completion over a time scale much
smaller than that for ITP electromigration across the channel,
leading to minimal effects of ITP on the reaction kinetics.”"’
Thus, desirable operating conditions should balance reaction
completion and the assay time such that advective and reaction
time scales are comparable (i.e., 7,4, & T,y,). We here also note
the work of Zeidman Kalman et al,*°’ who developed a
detailed experimentally validated model for association—
dissociation dynamics when only one of the reactants focused
in ITP when the reverse reaction rate constant koff 'was non-
negligible. The unique dynamics associated with such reactions
(for varying ko) can be used to discriminate among specific
versus nonspecific reaction products (e.g, for nucleic acid
hybridization).

7.2. Theory and Models for Heterogeneous Reactions

We here discuss heterogeneous chemical reactions in ITP,
which we define as those that involve at least one reactant
immobilized to a surface or matrix within a microchannel while
the other (solute) reactants electromigrate and focus in ITP.
To a simple approximation, the reaction kinetics in such
heterogeneous ITP reaction systems are governed by the
interplay among transverse diffusion (diffusion to and from the
surface), ITP peak advection, the kinetics time scale, and
depletion effects. Consider that in such systems the
immobilized reactant concentration is prescribed as a number
density on the surface b,, with dimensions of moles per unit
surface area, while the reactant that focuses in ITP has a
concentration in dimensions of moles per volume c,. The ratio
of b,, and ¢, naturally provides a length scale that can be
compared to the length scale normal to the immobilized
reactant surface. We here suggest that a useful quantity is then
the length scale of the dissolved-species reactant cloud, which
must be “depleted” to completely saturate the surface. For a
dissolved species in global abundance (relative to the surface
reactant), this length scale is less than the channel dimension
normal to the reaction surface, the channel depth h. For a low-
abundance dissolved species, the maximum length scale for
diffusion is the channel height, h.

Karsenty et al.””* presented a model and scaling analysis for
ITP systems involving heterogeneous reactions. They studied
the reaction between target molecules focused in ITP and
probe molecules immobilized on the surface of a microchannel
(e.g, see Figure 14). They considered the limit where the
diffusion time 7, (7 = h*/D, where D is the diffusivity) across
the channel depth was much smaller than the residence time of
the ITP peak over the reaction surface (with the axial scale &)
Toav (Taaw = 6/Virp), i€, Tp <K 7,4, Further, they argued that
the concentration of target molecules ¢, in ITP remained
nearly constant while electromigrating over the length [ of the
surface probes (i.e, Ac,/c, ~ kob,l/hVirp < 1) and the
system was kinetics-limited (not diffusion-limited).***~>**
These scaling arguments allowed them to model the
concentration profile of an ITP-focused target as a top-hat
function with a characteristic target concentration value
(determined by the ITP preconcentration factor) and a
characteristic width & that travelled at Vypp.”"*** Paratore
et al”® later termed this simple operation method wherein
ITP focused the target molecules as they electromigrated over
surface probes as the “pass-over” (PO) mode. Karsenty et al.”**
described the reaction kinetics for the PO mode in terms of the
following differential equation for the concentration of surface
probes bound by the target b(t).

) | bo) _ b
dt 7’-R Ton ( 1 16)

where 7, = acyk,, (@ is the ITP preconcentration factor and ¢,
is the reservoir target concentration) and b, is the total
number of surface probes (free and bound). The reaction time
scale 7y in eq 116 is given by

1

g =——

ko.(acy + Ky) (117)
where Ky = kg/ko,. Note that @ = 1 corresponds to the
standard flow conditions without ITP. For the PO mode, the
fraction of the bound probes (bpo/b,,) versus the ITP

residence time and kinetic rates was obtained from eq 116
202-204
as
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b acyk,
bL: B Icoff-po—k[l — exp(— (ko + acokyn)7p0)]

(118)

where 7pq is the duration that the ITP peak passes over the
surface probes. Defining 7, as the total assay time (includes
focusing, preconcentration, and reaction), Karsenty et al. 202
obtained the following enrichment factor from ITP compared
to standard flow conditions:

ko + cok
a off 0™on
koff + acokon

1 — exp(— (kg + acok,,)7p0)
1- exp(_(koff + COkon)Ttot)

(119)

An upper bound for ITP enrichment R is obtained at low
concentrations and for 7pg,7,; <K Top and the enrichment
factor is equal to aTpo/Tyy. In the limit of high concentrations
compared to the equilibrium constant, R approaches unity and
ITP is not beneficial. A major limitation of the PO mode is that
only a small fraction of target molecules (for example, Karsenty
et al.”** reported ~1%) react with surface probes due to the
short incubation time of the ITP peak over the probes relative
to the advection of the ITP peak.

Subsequently, Paratore et al.”">”> presented novel operation
methods and associated models to improve the overall reaction
efficiency of ITP heterogeneous reactions (cf. Figure 14). They
introduced two new operating methods for ITP reactions,
which they termed “stop and diffuse” (SD) and “counterflow”
(CE).

In the SD method, the applied voltage is turned off when the
ITP peak is over the surface probes, and the focused target is
allowed to diffuse (and broaden) while reacting with the
probes for some long duration. Paratore et al.”*’ studied the
limit where the diffusion time scale across the depth was much
smaller than the depletion time due to the surface reaction, an
ITP peak width that was smaller than the reaction site, and a
kinetic regime where the surface probes were far from
saturation and the on-rate dominated the reaction kinetics.
For this regime, Paratore et al.”” found the following analytical
expression for the fraction of surface probes bound to the
target in SD mode (bgp/b,,):

-1/2
bsp t t
= ko Tgep|l ¥ — [ 32— + 1 exp| —— ||acy
bm Tpx Tdep
(120)

where
'{ 1 7pe k2 TDX [ 1 TDX]

\ 32 %o 32 Tdep 32 e (121)
In eqs 120 and 121, 74, = h/b,k,, and 7y, = 5%/D, where h is
the depth of the channel and § is the ITP peak width. For long
times £ 7g4.,7p,, the bound fraction of the surface probes
approaches a value of yac,, The SD mode is especially
beneficial for the binding of large molecules with low
diffusivities, such as proteins or antibodies, since low-diffusivity
species retain the higher bulk concentration (due to ITP
preconcentration and low diffusivity) for a longer time.***

To further improve the reaction efficiency, Paratore et al.”*®
considered counterflow (CF) ITP wherein the electromigra-
tion velocity of the ITP peak containing the targets is balanced
by pressure-driven flow in the opposite direction such that the

ITP peak remains stationary above the reaction site. They
modeled reaction kinetics for a dispersion-free CF mode and
derived the following expression for the fraction of bound
surface probes (bcp/b,) for time scales greater than the
depletion time scale:

b T e
ﬂ o [\/E aﬂ]koncot
b, 8 T (122)

where 7, = x,/Virp is the electromigration time of the target
from the reservoir to the ITP peak. Note that for the standard
flow-through reaction the bound fraction scales as ~k,.cot.
Thus, the gain factor for the CF mode is proportional to

~~ /8 a7,/ 7,)- This gain factor can be tuned by adjusting

ITP focusing conditions such as the electric field strength,
buffer concentrations and pH, and channel geometry.

Lastly, Shkolnikov and Santiago™*® developed a numerical
and analytical model for volumetric homogeneous reactions
that involves the coupling of ITP and affinity chromatography
(using a custom functionalized porous column). They used the
model to predict spatiotemporal dynamics associated with the
coupled electromigration, diffusion, and affinity reaction
problem and to evaluate key figures of merit, including the
capture efficiency, the assay time, and required length of the
capture region. Importantly, they identified key limiting
regimes of operation and obtained three nondimensionalized
parameters that collapsed the dynamics. The first parameter
was a Damkohler number that described the ratio between the
electrophoretic time scale and the reaction time scale. The
second parameter was the equilibrium constant nondimension-
alized by the initial probe concentration. The last parameter
represented the peak target concentration in ITP scaled by the
initial probe concentration. We note that, in the latter case and
the aforementioned cases of functionalized gels,wé 207 the time
scales of diffusion to and from the immobilized species is
negligible. Hence, the dynamics in such systems tend to be
governed by competition between the advection time of the
ITP zone and the reaction time scale. In these systems,
diffusion plays a role only in the balance between the
nonuniform axial electromigration and axial diffusion inherent
in ITP.

8. PRACTICAL CONSIDERATIONS AND LIMITATIONS
FOR MICROFLUIDIC ITP

In this section, we review several considerations, useful
practices, and limitations in the design of microfluidic ITP
systems. We discuss topics related to interface dispersion,
electrokinetic instability, Joule heating, pH buffering, separa-
tion capacity, the trade-off between sample volume and
sensitivity, the operation method, and channel materials.

8.1. Interface Dispersion and Electrokinetic Instabilities

As discussed in section S5, an ideal one-dimensional ITP
interface can become distorted (or disrupted) due to
dispersion associated with external pressure gradients, unsup-
pressed residual EOF, and electrokinetic instabilities (typically
at high electric fields). These effects can strongly influence the
resolution and sensitivity of ITP systems. We here briefly
review these effects and approaches that can be used to
mitigate such nonideal behaviors.

Residual EOF in the channel often causes nonuniform EOF
between the migrating LE and TE zones, which leads to the
generation of internal pressure gradients and interface
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distortion (see Figure 15). In systems where the EOF is
significant, adding a high-molecular=weight neutral polymer
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Figure 15. Schematic depicting the curvature of the interface between
the LE and adjusted TE zones at two different locations in the
microchannel. An axially nonuniform electric field results in
nonuniform EO slip velocities in the two zones. The latter leads to
the generation of internal pressure gradients, which can lead to a
distorted ITP interface. The figure was reproduced with permission
from ref 61. Copyright 2011 Cambridge University Press.

such as PVP, HPMC, or PEO in the LE or TE buffers
suppresses EOF via the dynamic coating of the channel walls
and results in a stable ITP interface.'™ '® Among the
polymers, PVP at a 0.5 to 1% concentration is the most
commonly used approach for glass- and plastic-based micro-
fluidic channels. In case the addition of PVP results in
undesirable sieving effects, the combination of a silanol coating
such as Sigmacote and a surfactant such as Triton-X 100 is an
effective alternative solution to suppress EOF, especially for
borosilicate glass channels.”* See Dolnik'®” for a comprehen-
sive review on various dynamic and permanent wall-coating
approaches used in microfluidics to suppress EOF, including
for channels fabricated using PMMA, polycarbonate, PDMS,
and glass materials.

In addition to EOF, pressure-driven flow can also disperse
the ITP interface. This can arise from , for example, residual
pressure-driven flow due to imbalances in the volume of liquid
in the reservoirs or processes that are designed to include
counter-pressure-driven flow in ITP.®*"* Another source of
pressure-driven flow can be random bubble formation
processes at the electrode tips in the reservoirs due to

electrolysis and the resulting differential gas generation at the
two electrodes.””® Consider that 2 mol hydrogen gas is
produced at the cathode for 1 mol oxygen produced at the
anode. Effects due to such pressure differences can be
mitigated by the use of gel-based plugs composed of buffer
in agarosem2 or Pluronic F-127 in the reservoirs.”**>*’ Agarose
melts at high temperatures, Pluronic F-127 is a liquid below 4
°C,*'? and both solidify and form gels when brought to room
temperature. Next, note that instabilities in ITP can also occur
due to differential Joule heating between LE and TE and
internally generated temperature gradients, factors that result
in a three-dimensional temperature field'®> and secondary flow
fields across the interface. Joule heating effects are discussed in
section 8.2.

ITP as an electrophoretic process is characterized by an ion-
concentration shock wave with self-sharpening gradients in the
ionic conductivity and ion concentrations, which are primarily
collinear with an applied electric field."***'"*"> The sharp
gradient in conductivity results in the accumulation of free
charge at the moving ITP interface, which in turn couples with
the local electric field and generates destabilizing electric body
forces. This destabilizing force can disrupt the stability of the
ITP interface and result in the dispersion of focused samples,
which can lower the sensitivity of detection. Electric fields in
microfluidic ITP are typically on the order of ~1—10 kV m™!
within channels of dimensions on the order of 10 to 100 ym.
Typically, high electric field values are desired for ITP
applications to improve the sensitivity and assay speeds.
However, overly high electric fields can result in electro-
hydrodynamic instabilities,””*'*™>"* and such effects can
disrupt the sharp ITP interface and adversely affect the
sensitivity.

Finite (including nonuniform) electroosmotic flow and
pressure-driven flow (including counterflow) can cause
dispersion of the ITP interface and lead to asymmetric
profiles; existing numerical models and theories can predict
some aspects of this behavior.””~*> At high electric fields, the
ITP interface can become significantly distorted and dispersed
due to the onset of electrokinetic instabilities (EKIs, a regime
of electrohydrodynamic (EHD) instabilities; see Figure
16)."*?!° The latter regime is characterized by unsteady
three-dimensional fluctuations of concentration, the conduc-
tivity, and the electric fields near the ITP interface, which can
lead to time-varying body force fields.

In general, EKI occurs when electric body forces dominate
viscous forces in the flow. Posner and Santiago”® summarized
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Figure 16. Experimental visualization of an ITP peak at different time points in a straight-channel peak-mode ITP experiment. Images are shown
for three different applied electric fields. Higher electric field strengths can lead to electrokinetic instabilities, which can distort the ITP peak. The
figure was reproduced with permission from ref 124. Copyright 2009 IOP Publishing Ltd.
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various formulations for the scaling of electric body forces
relevant for EKI in terms of an electric Rayleigh num-
ber.'*>*!77*'" Later, Persat and Santiago'** presented a scaling
for the electric body force p E at an ITP interface in terms of a
modified electric Rayleigh number. Here, p, is the free charge
density at the ITP interface and E is the local electric field.
Note that for typical EKI studies of symmetric binary
electrolytes the length scale associated with the free charge is
determined by convective-diffusive transport (not on the
electric field). In contrast, for ITP, the length scales associated

with free charge scale as the width of the ITP interface, which
124

varies inversely with electric field. Persat and Santiago *" thus
report the scaling
-1
pE ~ Eavg3 (r )2
(r+1) (123)
where, E,, = (E* + ET)/2 is the average of the electric field in

the leading and trailing zones,and y is the ratio between the
leading and trailing zone conductivities. Importantly, this study
strongly suggested an E’-type (stronger) dependence on the
electric field for ITP compared to the E>-type scaling of typical
other EKI studies.'*”*'”~*"" The study also suggested that the
value of p.E based on the above scaling empirically provides an
upper threshold value of the electric field, which can be used to
predict the onset of instability.

Later, Gaur and Bahga®” performed a detailed EHD
instability analysis of a canonical single-interface ITP in an
unbounded domain. They performed a linear stability analysis
and showed that electroviscous flow destabilized ITP, while the
electromigration of the shock wave had a stabilizing effect.
Importantly, to quantify the effect of instability, they obtained
a nondimensional number for the ITP in microchannels that
was equal to the ratio of electroviscous flow time scale (z,,) to
the restoring electromigration time scale (7.,). The non-
dimensional number is expressed as

Tev _ 2",I’uL
7., e(y—1)E"d (124)

where y; is the electrophoretic mobility of the leading ion, E
is the electric field in the LE, d is the (shallow) depth of the
channel, € is the dielectric permittivity, and # is the viscosity of
the fluid. The ITP shock wave instability was found to set at
low values of 7,,/7.,, when the electroviscous flow dominated
electromigration. Gaur and Bahga®*® hypothesized that the
exact value of 7,,/7., below which ITP instability sets in
depends on the channel geometry.

From eq 124, high values for the conductivity ratio, the
channel depth, and the electric field promote instability, while
high values for the fluid viscosity and the LE ion mobility have
a stabilizing effect on ITP. In addition, the use of an array of
posts”*' or porous structures'*" within the microchannels can
increase the hydrodynamic resistance and stabilize the ITP
interface. For example, van Kooten et al.”** optimized and
fabricated a microfluidic chip for ITP with an array of
cylindrical pillars, where the pillars reportedly served to
suppress the dispersion of the ITP interface due to potential
spatial instabilities. The micropillars reduced the characteristic
lateral dimension for viscous effects and conferred overall
stability to the moving ITP interface.

Goet et al.”** also reported instabilities in the context of ITP
with emulsions. They studied the ITP focusing of oil droplets
initially suspended in the LE and noticed that the ITP peak

formation exhibited vortical flow structures. They attributed
these vortex structures to the body force on the droplets
generated by space charge density at the interface. They
hypothesized that the electric body force was balanced by the
Stokes drag”** on the droplets within the ITP interface and
developed a scaling approximation for the rotational velocity
U, Where u,, o< E* (E is the applied electric field). The model
and scaling of Goet et al.”** is perhaps applicable to systems
that involve the ITP focusing of micrometer-sized particles and
beads.””**** Interestingly, in their bead-based ITP hybrid-
ization assay, Shintaku et al.”*’ deliberately operated at
moderately high electric fields to utilize such secondary flow
and vortex structures (see the video in the SI of that
reference). This improved mixing of reagents enhanced the
hybridization efficiency of the reaction between probe-
functionalized beads and nucleic acid targets that cofocused
in ITP. The latter study demonstrates that instabilities in ITP
at moderate-to-high electric fields can be beneficial, especially
for assays that require the efficient mixing of focused analytes
involved in chemical reactions.

Lastly, note that the distortion of the ITP interface due to
instability is reversible. Specifically, a stable interface can be
quickly reestablished by lowering the electric field.”"***

8.2. Joule Heating and Temperature Effects

Joule heating is ubiquitous in electrophoresis systems,
including ITP, and can lead to the disruption of separation
processes.'*®'%>?% Joule heating is also the likely the most
significant impediment to scaling up microfluidic ITP systems
to process large sample volumes.” ">’ Further, the requirement
to mitigate temperature increases in the microchannel due to
Joule heating in ITP can strongly influence both chip design
and assay time,7922228-230

In ITP, the LE and TE zones have high and low
conductivities, respectively. The volumetric heating rate (and
temperature change) due to Joule heating is inversely
proportional to the conductivity for a fixed current density.
Further, the instantaneous current density is, to a very high
accuracy, approximately uniform through the channel at any
one time. Hence, LE and TE zones necessarily experience
different Joule heating rates. The LE region is typically cooler
than the TE zone, and there is an associated jump in
temperature between the two migrating zones (see Figure
17).!1#162227:231232 This feature has been employed for the
thermometric detection of zone boundaries (cf. section 10.3).
In general, the temperature increase due to Joule heating is
function of the applied current, the ionic and thermal
conductivities of the electrolyte, the thermal coupling of the
channel to external environment, and the channel geometry.
Moreover, the liquid is hotter near the center (interior) of the
channel than the surrounding regions near the walls and
reservoirs (in the absence of external heating), which results in
nonuniform temperature fields within the cross-section (Figure
17). There are several detailed numerical and theoretical
models that predict temperature fields in ITP."'#**'7*** The
temperature fields with the LE and TE evolve both spatially
and temporally, with high temperature gradients occurring
near the ITP interface.’'*'“***” Nonuniform temperature
fields within the channel cross-section can also lead to internal
secondary flow (e.g, due to buoyancy and electrothermal
effects), which can significantly disperse the ITP interface
(Figure 17A).'%?
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Figure 17. (A) Optical and thermal images of the ITP process vs time
in a straight microchannel. Optical images show the focusing of a dye
in peak-mode ITP and help track the LE—TE interface. Thermal
images show spatial temperature fields in the channel. The
temperature is significantly higher in the adjusted TE zone compared
to that in the LE. (B) Spatiotemporal averages of the quasi-steady-
state temperature increase from ambient temperature within the LE
and adjusted TE zones as a function of the estimated volumetric Joule
heating rates (proportional to the square of the applied current
density). The figure was reproduced with permission from ref 162.
Copyright 2020 Elsevier.

A passive approach to mitigate Joule heating effects is to use
high-aspect-ratio channels (wide channels with shallow
depths) to maximize the contact surface area of the liquid
with the top and bottom channel walls and decrease the
channel center-to-wall distance to enable efficient heat
transfer.”>> For channels with aspect ratios of perhaps three
and higher, the difference in temperature between the center of
the channel (T,,,) and the exterior walls (T,,) due to Joule
heating (in absence of external cooling) under a quasi-
equilibrium steady state can be approximated as'’****

i’ K hd

AT = (’I::ent - ’Iéxt)i = ! h_ +

1

.2
wall ] 2
—_ X —\ = o.L.
o; | 8ky, kaau} Gi( £

(125)
The subscript i refers to the zone (LE and TE), h is the
channel depth, d,,, is the thickness of the channel walls, and k;,
and k,,; are the thermal conductivities of the liquid and the
channel walls, respectively. The approximation and scaling in
eq 125 assume negligible EOF or pressure-driven flow, ie.,
there is negligible heat advection in the channel and the
temperature field is predominantly governed by a balance

between volumetric heating and heat conduction across the
channel cross section. In other words, thermal equilibrium
within the channel is achieved within the time scale of
electromigration.”** Several studies''*'°>**” have experimen-
tally validated the temperature scaling in eq 125 for ITP. For a
given microchannel, ITP with higher ionic conductivity
solutions (i.e., higher concentrations) and a lower current
density results in a lower temperature change due to Joule
heating. Note that higher current results in faster assay times
and is in direct trade-off with Joule heating effects. Equation
125 can further be used to obtain an approximate expression
for the maximum current, I, that can be applied in ITP due

) Tmax)
to constraints on maximum allowable temperature rise

(ATpe)'”

| AT .0

max "~ min
Imax = Amin 2 hd
o4 M
[ 8k, 2k ] (126)

Here, A, is cross-section area of the channel and o is the
conductivity of the liquid at the “min” location, where “min”
subscripts refer to locations along the channel where the
product A/c is the lowest. Equation 126 assumes negligible
changes in material properties due to temperature. The value
of AT, depends, of course, on the application. For ITP
applications involving proteins (e.g., immunoassays), the
maximum operable temperature is typically less than around
40 °C to prevent protein denaturation. For ITP nucleic acids
assays (e.g,, hybridization reactions or on-chip ITP-mediated
isothermal amplification), a higher temperature (e.g., 60 °C)
might be desirable to provide stringency or optimize enzyme
activity, which requires operation at higher currents. van
Kooten et al**” and Terzis et al.'®> demonstrated that
temperatures of ~65 °C could be achieved in ITP without
overly disrupting the ITP interface (merely some additional
dispersion). Higher temperatures due to Joule heating can lead
to the degassing of buffers and significant bubble formation
within the channel, which can disrupt ITP.

Another consequence of Joule heating is changes in buffer
properties. For example, ion mobilities, ionic conductivity,
thermal conductivity (of buffers and the chip material), the
degree of dissociation, pH, and viscosity all change with
temperature.””'> Of course, higher temperature changes
result in larger changes of these thermophysical properties
and consequently affect properties such as the ITP electro-
migration velocity and the electrical power required.'®” These
changes may sometimes be undesirable due to the need to
preserve design characteristics of the electrolytes chosen for a
particular ITP experiment. In addition to good channel
geometry design (passive approach), active on-chip cooling
mechanisms can be employed (e.g., Peltier cooling or contact
with circulating cold water bath) to mitigate Joule heating
effects.”**

Lastly, we note that although Joule heating is usually an
impediment in ITP processes, temperature changes and
gradients associated with Joule heating in ITP may potentially
be useful for certain applications. For example, Bender et al.”*°
leveraged the increased temperature (35S to 40 °C) in the
adjusted TE zone that arose from Joule heating to
simultaneously perform ITP and isothermal nucleic amplifica-
tion using a method called recombinase polymerase
amplification (RPA); see section 11.3 for more details.
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8.3. Separation Parameter, Capacity, Charge, and Distance

Operation conditions and assay design parameters that
optimize separations in analytical ITP a%plications have been
well-studied in several works”*>**#1682377243 A important
concept in such system design is the so-called separation
capacity, which plays a key role in regulating the efficiency of
the ITP process.”>”>® The separation capacity is a measure of
the amount of ions (e.g., moles of all ions in a sample volume)
that can be processed by a given ITP process. Specifically, the
separation capacity is a relationship between the amount of
electrical charge required to be applied to separate and migrate
a given amount and composition of the sample mixture. In this
section, we will limit our discussion to the analysis of ITP
figures of merit and design parameters relevant to the
purification of sample analytes in peak-mode ITP (Figure
18). We refer to the studies of refs 2, 85, 243, 168, 194, and
237—242 for detailed discussions around optimization and
design parameters for ITP processes involving separations in
plateau-mode ITP.

LE buffering

a. Sample 1
A reservior

L channel [

Extraction

._channel A :
ir . reservior

outlet

19
Unfocused contaminant %
[Trailing lon Leading lon
Analyte 4% Contaminant

Figure 18. Schematic of an example system for ITP purification
experiments. (A) Initial sample loading using finite injection. The
sample is diluted in the TE prior to loading. (B) Application of an
electric field in the main channel to initiate ITP. (C) Analytes focus in
ITP while contaminants are left behind. (D) The experiment ends
when the ITP peak (containing the analytes) reaches the extraction
reservoir. Purified analytes are eluted from the extraction reservoir.
The figure was reproduced with permission from the author of ref
179.

The discussion presented here follows the general approach
of Bocek et al,”*® which was originally developed for
separation of ITP zones (plateau-mode ITP) and later
expanded by Marshall'”® for peak-mode ITP }furiﬁcation
applications and weakly ionized species. Marshall'”® consid-
ered an ITP problem of the purification and elution of a dilute
analyte ion with a relatively high mobility from a sample that
contained impurity ions of lower mobility. Marshall'”
considered the system shown in Figure 18, where the sample
mixture is injected in a finite region between pure LE and TE
buffers over a channel length L, (and cross section area A,),
which is followed by a separation channel of length L, (and
cross section area Ag). Marshall considered a simple ITP
process free of applied bulk flows.'****"**** =27 Eyrther, for
simplicity, Marshall studied a system with five ionic species
comprised of a desired trace analyte, the highest-mobility trace
impurity ion, leading and trailing electrolyte co-ions, and a
counterion common to the LE and TE zones. The analyte and
impurities were assumed to be in such low concentrations such

that they did not significantly alter the zone conductivities or
the pH. Such systems are common, for example, in ITP
applications for the purification of nucleic acids or proteins
from biological samples, which may contain several impurities
and inhibitors for downstream analyses.”’ Marshall further
proposed a minimum set of design chip aspects for such
applications that included air outlet sections to aid finite
injection in addition to extraction and buffering reservoirs. The
relations presented below assume that the raw sample is
diluted in the TE during finite injection. We refer to
Marshall'”® for results for the condition wherein the sample
is diluted in the LE.

A key figure of merit relevant to purification processes is the
recovery efficiency of the desired analyte from the sample.
Recovery efficiency can also be formulated in terms of a
separation capacity and a separation parameter.'””*** Marshall
obtained the number of moles of the focused analyte N, per
unit applied charge Q as

dN, [CA HoByr TT}
dQ ATE
where ¢, and cp are the concentrations of the analyte and
trailing ion, respectively; par = (up — 1)/ pir is the separability
parameter between the analyte with effective mobility y, and
the TE co-ion with effective mobility pr;'’® Ty is the
transference number of the trailing ion (i.e., the fraction of
total current carried by the TE co-ion) ;%7 and Ay is the molar
conductivity of the trailing ion. The molar conductivity 4; and
the effective mobility 4; of species i can be obtained as A=),
W;.8,-Fz and p; = Y, g, respectively, where ;. and g, are
the absolute mobility and the molar fraction of species i in
charge state z, respectively. Note that the parameters in eq 127
are evaluated in the adjusted TE (ATE) zone, which is the
newly formed TE zone formerly occupied by the LE. Ions in
the ATE zone are subject to the appropriate regulating
functions.”®

The separation parameter Q is equal to the amount of
applied electric charge required to accumulate N, moles of
analyte at the ITP interface.'””**”**® The total electrical
charge Q, required to extract all analyte ions from the sample
can be obtained by setting N, equal to the total analyte
content of the raw sample and integrating eq 127 to give

cp Ar (127)

Q, = N, C_TL
@ HrbyrTn ATE (128)
where the subscript s indicates that N, is being evaluated in the
initial sample zone. Further, Marshall assumed well-buffered
ITP where the pH of all zones is nearly the same and the
effective mobility of the ions and the concentration ratio cy/cy
are nearly the same in both TE and ATE zones.'””**® Under
this assumption, Marshall obtained the separation parameter
Q, in terms of the amount of TE co-ions in the initial sample
zone (assuming the sample is diluted in the TE) [N7], as

Ar
QS = [NT]S T
Frbur 1 [y (129)

Equation 129 is more useful than eq 128, since the number of
target analytes is often unknown a priori while the TE ion
concentration (used to dilute the sample) is a design
parameter easily controlled by the user. Further, note from
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eq 129 that the separation parameter Q, is dependent only on
the initial number of TE ions in the sample (or LE ions if the
sample is diluted in the LE'””) and the properties of the ATE
(or the LE if sample is diluted in the LE'””). Recall that ATE
properties are regulated by the LE.

In practice, the charge transferred to the ITP system prior to
the end of experiment (i.e.,, when the ITP interface reaches the
elution reservoir) is limited by the time it takes for the ITP
interface to traverse the separation channel region. This limits
the actual amount of charge that can transferred in an ITP
experiment, Q;, which is the separation capaciiiy.lw’zg’8 Q is
best expressed in terms of the LE properties as'~~>**

NL’}'L
ML TL

Q.=

LE (130)

where the subscript L refers to the LE co-ion and the variables
in the bracket are evaluated in the separation region of the
channel initially filled with the LE. Note from eqs 129 and 130
that, for a given ITP buffer chemistry, the separation capacity
and the separation parameter are directly proportional to the
number of ions in the separation and sample regions of the
channel, respectively.'””

The recovery efficiency of the ITP purification # under finite
injection conditions, defined as the fraction of analyte ions that
accumulate in the ITP interface before the interface reaches
the end of the separation region, is the ratio of separation
capacity and separation parameter, obtained as'’’

A
QL lep e [”LTL]LE
—_ ——— R —
un QS vol [CT]S [ I

MTHnJE]ATE (131)

where R, = V4, /V, is the volume ratio of the separation and
sample channel regions, [c; ] is the concentration of the LE
co-ion in the separation region, and [cr], is the concentration
of the TE co-ion in the sample region. Eid and Santiago®* later
obtained the following expression for the recovery efficiency in
the case of the semi-infinite injection of the sample in the TE,

”si:

Y
ell

Wi

(132)

where [ is the ratio of the TE ion concentration in the ATE
and TE zones, V|pp is the volume of the channel swept by the
ITP peak, and V, is the reservoir volume. In the limit when
only a small fraction of the sample is processed (e.g,, when the
reservoir to channel volume ratio is large), then 7y =
PatPVire/ Ve

Next, the separation time t,, defined as the duration for the
ITP interface to traverse the separation channel, can be
obtained by dividing the transferred charge by the applied

current (in the case of constant-current operation). teep IS given
by
t = & _ Acthh[ j’LCL ]
sep -
by, (133)

t,p scales inversely with the applied current and is proportional

to both the LE co-ion concentration and the separation

channel volume. Recall here the importance of Joule heating in
limiting the applied current (see section 8.2).

Marshall'”? further considered the separation of the focused
analyte from trace amounts of background nonfocused co-ion
impurities in the sample. For simplicity, the separation of the
analyte from the fastest moving background impurity (with
effective mobility g, less than p,) was considered in the
analysis. In this case, the contaminant of interest electro-
migrates with velocity U less than the ITP interface velocity
Uyrp, which is given by

U
Ur = [HgElare = [_R
T

Urrp
ATE (134)

When the ITP interface reaches the end of the separation
channel (e.g, defined by the location of some detector), the
distance of the focused analyte from the contaminant 6,
defined as the separation distance, can be obtained as'”

tsep
5sep = / (UITP - R) dt
0

tsep
= [Pyr ]ATE( /o Urrp df)

= [pRT]ATELch (135)

sep?

Notice that when the sample is diluted in the TE, J,
depends only on the separability of the contaminant and the
length of the separation channel. When the sample is diluted in
the LE, J,., depends additionally on the amount of LE ions in
the sample and separation channels and the separability of the
LE co-ion with respect to the contaminant.'”” Marshall'”” also
presented an expression for the extra charge Q. that can be
supplied to the ITP system between the time of arrival of the
LE—ATE interface and the arrival of the leading contaminant.

Q. is given by

oy —
Q—ex = {ul QL = [pTR]ATEQL
ATE

Hr (136)

In other words, Q,, is the maximum additional charge that
be applied to the system beyond Q; to avoid any contaminants
in the extraction reservoir. This extra charge may be useful, for
example, to help move and guide the purified analyte within
the extraction reservoir to enable eflicient elution for off-chip
analyses.

Another figure of merit for ITP purification is the sample
dilution factor, Fg.'”” Fg is defined as the ratio between the
concentration of the target analyte in the raw sample and that
in the extracted liquid. Fy can be obtained in terms of the
recovery efficiency #; and the initial sample (V,) and extracted
(Vextrace) liquid volumes as'”

v,

extract
UAA (137)

In practice, V... depends on the extraction reservoir
geometry and design and the liquid handing techniques used in
the system.

8.4. Well-Buffered ITP Systems

This section presents some comments around the pH buffering
of ITP experiments. pH buffering is important to ensure stable
and/or functional (e.g, enzymes) biological species. pH
buffering is also important for reproducible ITP processes,

Fy =
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since weak electrolyte effective mobilities and solubilities
depend on the local pH (as well as the ionic strength and the
temperature). Of course, effective mobilities of species
influence the conductivity and couple with the applied current
(or voltage) to determine ITP front velocities. In turn, these
quantities determine the system separation efficiency and
accumulation rates. In this section, we will discuss two main
aspects of buffering in ITP. The first is the chemical choice of
the buffering ion(s) and titrant(s) among the anionic and
cationic species of the LE and TE buffers. The second is the
requirements (in particular, the volume and concentration) of
reservoirs required to promote stable and reproducible system
performance. Our discussion will assume the reader has a basic
working knowledge of pH buffers, including buffer capacity,
and familiarity with common buffering species (e.g., Good’s
type buffer ions) and common titrants (e.g, chloride and
sodium). See refs 76 and 77 for a detailed tutorial on pH
buffers, including the coupling among ion mobility, ion
velocity, and pH. We will also assume typical pH ranges of,
say, 4—10 and buffers of sufficient ionic strength such that the
safe pH and moderate pH assumptions apply.

8.4.1. Choices for Buffer Species. Our goal is to ensure
the pH buffering of the LE and TE zones and, ideally, the pH
buffering of plateau-mode zones. Note that we do not need a
separate strategy to ensure the buffering of a trace species
being focused in peak-mode species, as the distribution of pH
(as well as the conductivity and the electric field) within such
peaks is governed by the pH values of the neighboring
plateaus. There are several approaches to ensure stable and
reproducible pH values in an ITP process. We will here discuss
what is, to our knowledge, the most widely applicable and
reproducible method: buffering all zones using the LE
counterion as the single buffering ion. The counterion of the
original LE buffer is continuously supplied to the system by the
LE reservoir. After sufficient time, the counterion from the LE
zone displaces whatever counterion was in the original TE and
so, eventually, the LE’s counterion is the only counterion in the
adjusted TE region. The most straightforward method to
ensure good pH buffering is then to make the LE counterion
serve as the system’s buffering ion and the LE, adjusted TE,
and any plateau-mode co-ionic species act as titrants to this
buffering ion. Figure 19A and B demonstrate this arrangement
for anionic (top) and cationic (bottom) ITP. Although not
shown in the Figure 19, we consider the analyte X to be
introduced via finite injection. In the top (bottom) schematic,
the weak base (weak acid) migrates in the opposite direction of
the LE anion (cation), eventually replacing the original cation
(anion) in the initial nearby TE zone. Downstream, we observe
that the adjusted TE is composed of the co-ionic TE anion
(cation) and the weak base (weak acid), which migrates from
LE to the ATE. To ensure well-buffered LE and ATE zones, we
can choose an LE counterion with a convenient pK, as the
buffering weak electrolyte. Hence, in creating the LE buffer, we
titrate this weak electrolyte using the other LE ion as the
titrant. For anionic (cationic) ITP, we titrate the LE weak base
(weak acid) using the LE anion (cation) as a titrant. For strong
electrolyte univalent ion titrants, strong buffering is achieved
when the titrant concentration is roughly half the concen-
tration of the weak electrolyte. This 1:2 ratio also holds for
weak electrolyte titrants with pK, values roughly 1.5 pH units
greater (lesser) than the pK, of the buffering weak acid (weak
base) (see Persat et al.”® for the design of buffers using weak
electrolyte titrants).
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Figure 19. Schematic of well-buffered (A) anionic and (B) cationic
plateau-mode ITP. Each subfigure depicts the concentration
distributions of ions at the initial (top) and steady-state (bottom)
separation conditions. Within each zone, the associated acid—base
chemical equilibrium reactions are shown. A common weak base B
(weak acid A) was used to buffer all zones in the anionic (cationic)
ITP, as indicated by dashed lines. Although not shown here, the
analyte X is considered to be introduced via finite injection.

As discussed in section 4, the concentration of the ATE co-
ion will be on the same order as, and typically just smaller than,
the LE co-ion. If we apply this section’s conservation principles
to the counterion (which we leave as an exercise for the
reader), we can show that the counterion’s concentration in
the ATE will be roughly the same as its concentration in the
LE. Hence, we expect the LE and ATE to each be buffered
mixtures with a pH approximately the same as the pK, of the
weak electrolyte counterion (originating from the LE).
Similarly, any plateau zone will be buffered near the pK, of
the counterion if the plateau species is an acid (base) with a
pK, at least about 1.5 pH units below (above) the pK, of the
weak base (weak acid) counterion. In summary, the idea is that
the TE ion and the ions of any plateau zones in the system act
as titrants to the LE buffer’s buffering ion. A common example
system, applicable to a wide range of biological applications, is
an anionic ITP process created using Tris and chloride as the
LE buffer and Tris and HEPES as the TE buffer.’"****'%* In
creating the LE buffer, the analytical concentration of Tris is
set at about twice the that of chloride. Conservation principles
(see sections 2 and 4) then ensure that Tris enters the ATE at
roughly twice the concentration of HEPES. Hence, Tris is the
buffering counterion, with chloride and HEPES as titrants in
the LE and ATE, respectively. The two zones are then
well=buffered with a pH near the pK, of Tris. In Supporting
Information section S2, we provide general guidelines and a
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Figure 20. (A) Schematic depiction of a generic on-chip electrokinetic system where the electrolyte is a solution of a weak base B titrated with a
strong acid A. (B and C) Predicted variations of the pH at the anodic and cathodic reservoirs vs time, respectively, due to electrode reactions. A
Tris—HCI buffer system was considered, and a 100 uL reservoir volume was assumed. Shown are model predictions for various initial titrations of
the pH of the buffer within one pK, unit of the weak base Tris. The figure was reproduced with permission from ref 77. Copyright 2009 The Royal

Society of Chemistry.

few recommendations on choosing ions and designing buffers
for ITP.

8.4.2. Reservoir Buffering. All ITP is driven by Faraday
reactions at electrodes. For microfluidics, these are nearly
always electrodes inserted into end-channel reservoirs where
electrolysis occurs. These reservoirs are typically open to the
atmosphere to accommodate hydrogen (oxygen) gas gen-
eration at the cathode (anode). Importantly, the buffering
capacity of the reservoir chemistry needs to be sufficiently
strong to resist pH changes associated with electrolysis (i.e.,
acid and base generation at the anode and cathode,
respectively).

A properly designed ITP system requires reservoirs with
sufficient buffering capacities relative to the amount of charge
injected into the system by the electrodes. The relevant proper
design of reservoirs is discussed in detail by Persat et al.”” and
is merely summarized here. See the example system of Figure
20A. This figure considers a generic electrokinetic experiment
where the current is driven by two end-channel electrodes
though a microchannel. The species A and B in the diagram
refer to generic “acid” and “base” ions of a buffer. As an
example, consider A to be chloride ions migrating into the
anodic reservoir (which is buffered by Tris). In this anodic
reservoir, the pH drops over time as more charge is applied to
the system. The drop in pH at the anodic reservoir is rapid if
the initial pH is less than the pK, of the weak base B, namely
Tris (cf. Figure 20B). Likewise, the counterion Tris (weak base
B in Figure 20A) migrates to the cathodic reservoir and
increases the pH of the cathodic reservoir. However, the
increase in pH at the cathodic buffer (Figure 20C) under the
same conditions is more gradual.

These observations lead us to another important consid-
eration in the design of buffers in ITP, which is related to the
buffering capacity (or buffer index), . # represents the ability
of the buffer to resist changes in pH and, as we discuss below,
is proportional to the amount of applied charge.”””” f can be
expressed as the amount of strong base or acid required to
induce a small change in the pH of a weak electrolyte buffer,
i.e, f = —0cy/0pH (for the addition of strong acid A) or §§ =
—0dc/0pH (for the addition of strong base B). /3 is a property
of the buffer and is a complex function of the ionic strength,
pKa, temperature, charge transferred by the electrodes
(equivalently, the duration of the experiment), and electrode
reservoir volume.”*”” For example, for the common example of
a buffer composed of a 2:1 molar ratio of a weak base and a

strong acid, # & 0.56c, where cg is the concentration of the
weak base. For a given buffering capacity # and small pH
changes (less than one pH unit), the applied charge Q is
directly proportional to the change in the pH (ApH) and the
buftering volume Vy as follows: 677179

Q ~ ApH FfV (138)

Equation 138 can be used to estimate the maximum
transferable charge Q,,,, for a maximum tolerable pH change in
ITP (a design parameter), say, ApH,,,, for given a reservoir
volume V. " Typical recommended values for ApH,,, are
around 0.2 to 0.4. Note further from eq 138 that a larger
reservoir volume and a higher ionic strength allow for more
charge to be transferred to the system while ensuring stable pH
(see also the inset of Figure 20C).

Furthermore, anodic and cathodic buffers can also be
designed by “anticipating” pH changes. For example, in anionic
ITP, the pH of the anode (cathode) can be titrated such that
the solution pH is slightly above (below) the pK, of the weak
base (acid). Similar strategies can be applied to cationic ITP
systems.

Lastly, we note that atmospheric carbon dioxide dissolved in
buffers can, in some cases, lead to unwanted side reactions”’
and byproducts (e.g,, carbamate and carbonate), which may
result in the formation of additional (undesirable and
unknown) zones during ITP.* For example, dissolved carbon
dioxide can react with buffer species containing primary
amines to form carbamate, which has a relatively high anionic
mobility and focuses just behind the LE.** To mitigate the
effects of carbon dioxide and related species, barium hydroxide
has been mixed with the TE prior to chip loading to precipitate
out dissolved carbon dioxide.*

8.4.3. Operational Regime Map. The design of buffers is
particularly important for the case of relatively large fluidic
channels used to process relatively large reagent volumes (or
relatively large reagent ionic strengths). As one instructive
desi}gn process, see the work of Marshall'”’ and Marshall et
al,>® who considered the combined constraints of the
maximum permissible amount of electrical charge transferred
(for stable pH buffering) provided by eq 138 together with
system limitations imposed on the current magnitude by Joule
heating (as a function of the LE concentration) (eq 126) and
bubble generation at the electrodes due to electrolysis. These
constraints were combined to create an “operational regime
map” useful in system design (Figure 21). Contour lines
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Figure 21. Example operational regime map for ITP purification
experiments performed on a custom microchip designed by Marshall
et al.”*° Contours of the extraction time as a function of the LE
concentration and the applied current are shown. Shaded regions are
precluded by design and operational constraints. A low LE
concentration results in high Joule heating. At high currents, large
bubbles form at the electrode surface, leading to a poor electrical
connection. Electrolysis can change the pH in the electrode reservoirs
at a high separation capacity. The figure was reproduced with
permission from Marshall et al.**® Copyright 2014 Elsevier.

represent achievable extraction times as functions of the
applied current and the LE concentration (and the separation
capacity in Coulombs). Shaded areas in the plot are precluded
by design constraints and result in unstable operation. Such
operation maps can be used to guide design trade-offs among
assay time, the volume processed, the maximum allowable
temperature achieved, and robust operation, including
repeatable electrolysis bubble release.

8.5. Other Considerations for Practical ITP Experiments

There are, of course, many of other considerations associated
with electrokinetic experiments and the design and operation
of microfluidic devices.”*” In this section, we briefly mention a
few considerations particular to ITP experiments, including
operation with constant current or constant voltage, trade-offs
between sample volume and sensitivity, and channel materials.

ITP experiments are typically performed using either
constant-voltage or constant-current operation. In channels
of uniform cross-section operated at constant current, the
system voltage typically increases linearly with time (since the
total resistance of the channel increases as TE ions displace LE
ions), while the ITP velocity is nearly constant. In this case,
ITP dynamics are easier to analyze since, for example, finite
injection samples will achieve a steady-state condition (in the
frame of reference of the moving ITP interfaces). Exper-
imentally, constant ITP interfaces are easier to track in space
and time. Typical applied current values (e.g., using ionic
strengths on the order of 100 mM) are a few microamps to
tens of microamps for channels with cross-sectional areas on
the order 100—1000 ym? and on the order of milliamps for
cross sections on the order of 0.01 to 0.1 mm” In constant-
voltage operation, the current and ITP-front velocity decrease
with time (see the Supporting Information document of Bahga
et al.m). Compared to constant-current sources, constant-
voltage power supplies are generally more widely available and
simpler and offer higher maximum voltage and power
(compared to constant-current supplies). Typical values of
applied voltages for ITP channels with lengths on the order of
centimeters are on the order of 0.1—1 kV. It is important to

estimate the maximum voltage and current requirements of an
experiment. One approach is to perform preliminary experi-
ments where the channel(s) is filled with either pure TE buffer
or pure LE buffer and then perform simple current versus
voltage calibrations of the channel. A nonlinear dependence
between voltage and current in such experiments is indicative
of Joule heating and, for large amounts of injected charge
(compared to charge in buffered wells””), can also indicate
insufficient reservoir buffering (cf. section 8.4).

Another consideration is the amount of sample volume that
can be processed on the chip. Electrokinetic microfluidic chips
are generally designed to handle low sample volumes, typically
on the order of few hundreds of nanoliters to a microliter.
Larger volumes (and, in particular, channels with larger cross-
sectional areas) are more difficult because of the constraints of
Joule heating. However, larger sample volumes are sometimes
required such as in the case of biological samples with trace
concentration targets, which can require the processing of
volumes on the order of 10—100 uL of raw sample (or larger).
A common approach in such cases is to employ channels with
high-aspect-ratio cross-sections, typically a large width and a
small depth (along the vertical direction). Such channels are
very compatible with microfabrication techniques and imaging
and can offer larger volumes while mitigating Joule heating.
Example ITP chips for processing relatively large volumes
include those of Marshall et al.**° and van Kooten et al,***
which processed, respectively, 25 and 50 uL. A recently
developed commercial device (IONIC ITP system, Purigen
Biosystems, Pleasanton, CA) developed an injection-molded
ITP chip to process 200 L. There are, of course, systems that
aim to both process large volumes and achieve high focusing
and high plateau resolution. A classic approach to this is so-
called column-coupled ITP, which employs a T-junction
between a tube with a large cross-sectional area (for upstream
volume processing) and a tube with a smaller cross-sectional
area (for downstream high resolution).””” Tapered-area
channels are also used in microfluidics for similar purpo-

es.!?1*3! In addition to the aforementioned methods, EOF or
pressure-driven hydrodynamic counterflow can also be used to
improve the throughput and amount of processed sample in
relatively small volumes (although sometimes at the cost of
longer assay times), a topic we review in section 12.

Lastly, we note that ITP microfluidic channels are typically
fabricated from glass, fused silica, plastics or, less frequently,
paper-based materials. Glass microfluidic chips are available
from several vendors. Some examples include Caliper Life
Sciences (a PerkinElmer company, MA), Micronit (Nether-
lands), and Microfluidic ChipShop (Germany). Common
polymers used are PMMA, polycarbonate,”** polystyrene,**
cyclic olefin copolymer (COC),**° and elastomers, particularly
PDMS.***** Paper-based ITP systems are typically fabricated
using nitrocellulose,”***>> glass fiber,”® or the proprietary
Fusion 5 membrane materials.”****” Recently, 3D printed
microchannels were fabricated for ITP applications.”*® A few
important considerations for choosing channel materials
include the low surface adsorption of the target molecules,
the ability to sustain a high voltage prior to breakdown (e.g.,
silicon channels are rarely used for ITP for this reason),
amenability to surface functionalization (e.g., for surface-based
ITP reaction assays), stable thermal properties, high thermal
conductivity and diffusivity (e.g, as offered by glass), and
compatibility with precision fabrication and microfabrication
methods. We refer to refs 259—264 for comparisons and
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detailed discussions around various channel materials useful for
on-chip electrophoresis applications, including ITP.

9. BRIEF REVIEW OF SIMULATION TOOLS

The theory presented in the above sections does not always
allow for simple analytical calculations associated with the ITP
process. Computer simulations have therefore played an
important role in bridging the gap between theory and
practice and have greatly aided in the design and optimization
of microfluidic ITP systems. Note, however, that simulating
ITP dynamics can be computationally challenging since it is a
highly nonlinear process that involves multiple chemical
species, chemical equilibrium reactions, sharp gradients in
concentration, coupling with electric fields and, at times,
coupling with bulk flow. Significant improvements have been
made in the modeling and simulation of electrokinetic
processes over the last three to four decades. In this section,
we briefly review simulations tools useful for ITP, with an
emphasis on those which are publicly available. As we shall see
below, 1D dynamic simulators are at present the most widely
used design tools for ITP. We note, however, that complex ITP
phenomena (e.g, dispersion) and channel geometries (e.g.,
nonuniform cross-sections) may require simulations that are
area-averaged, 2D, or 3D for better accuracy.

9.1. One-Dimensional ITP Simulation Tools

The earliest studies on numerical simulations of electro-
phoretic processes in general include the related works of Bier
et al.,”®® Saville and Palusinski,”” and Palusinski et al.>*® Bier et
al>®® were the first study to implement any kind of an
electrophoresis code applicable to ITP. In later (related)
publications, Saville and Palusinski’® and Palusinski et al.**®
presented generalized formulations for electromigration—
diffusion—advection processes that included multiple weak
electrolytes (including ampholytes with univalent ionization
states) and provided a unified framework for simulating a
variety of electrokinetic processes, including ITP. Thereafter,
several improvements in the physical modeling of electro-
kinetic processes were suggested and implemented in
numerical codes and simulation software packages, as
mentioned below. Some of the key improvements include
adaptive grid technicgues to efliciently resolve high-concen-
tration gradients,’”'** effects of ionic strength on species
mobility and ionic activity,'**'*” Taylor—Aris-type dispersion
to account for sample dispersion in the presence of
nonuniform EOF or pressure-driven flow,”**%” axially varied
channel cross-sections,”****” and the simulation of complex-
formation eqzuilibria37‘270 and nonequilibrium chemical reac-
tion kinetics.””"

At present, commonly used dynamic electrophoresis
simulation packages for modelin% microfluidic ITP include
SIMUL,'** GENTRANS,”?*6>26%272 and SPRESSOQ.”®!?1:1¢7
These software programs are largely based on the theoretical
formulation of Saville and Palusinski,”® and have been
periodically (and significantly) updated to include new
computational capabilities and physical models such as those
mentioned earlier. In 2009, Bercovici et al.”® introduced a
Taylor—Aris-type dispersion model to account for sample
dispersion in the presence of nonuniform EOF and pressure-
driven flow in the SPRESSO software. In a similar vein,
GENTRANS was later expanded by Caslavska et al.”*’ to
include Taylor—Aris-type dispersion effects. GENTRANS was
also expanded by Breadmore et al.”’ to include calculations

involving electrokinetic chiral separations with a neutral ligand.
A similar extension of SIMUL § was presented by Hruska et
al””® and Svobodova et al.,””* which led to SIMUL S Complex
software. Dagan and Bercovici”’' extended SPRESSO to
include nonequilibrium homogeneous and heterogeneous
reaction kinetics of chemical species. Ionic strength effects,
which are typically modeled using the Onsager-Fuoss model'”
and the extended Debye—Hiickel theory'”" for ionic activity,
were included originally in SIMUL 5'** and later implemented
in SPRESSO by Bahga et al'® Recently, the software SIMUL
6" was launched as a successor of SIMUL 5. SIMUL 6 uses
parallelization and multithread computation to significantly
speed up the comgutation time compared to SIMUL S. In
2021, Avaro et al.”’® published an open source, web-based, and
cross-browser-compatible ITP simulation tool called CAFES.
CAFES enables rapid computations of the dynamic ion
concentration and pH fields during ITP for a wide range of
sample injection configurations. It has a built-in database of
buffer ions but also enables custom-designed buffer mixtures.
CAFES has a simple graphical interface for user inputs, and the
simulations are directly performed on the user’s computer (by
their browser software), requiring absolutely no prior
installation or compilation of the software.

The aforementioned 1D simulators are strictly applicable
only to straight channel 1D ITP. Hence, they predict only
streamwise variations in the concentrations of species and
cannot account for spanwise (and transverse) variations in
concentration, for example, due to dispersion or cross-sectional
area changes. The latter requires two- or three-dimensional
simulations, which we discuss in section 9.2. However, Hruska
et al’®® and Bahga et al."”' used area-averaged 3D species
transport equations to approximate the effect of cross-sectional
area variation in 1D. They, respectively, expanded SIMUL and
SPRESSO to include a quasi 1D model to account for cross-
sectional area changes in the channel. As an illustration, Figure
22 depicts the present capabilities of the SPRESSO software.

SPRESSO is freely available for download from http://
stanfordspresso.blogspot.com/. GENTRANS is available upon
author request (from wolfgang.thormann@ikp.unibe.ch).
CAFES simulations can be performed for free at https://
microfluidics.stanford.edu/cafes. We note that PeakMaster is
another often used electrophoresis software, but it is only
applicable for zone electrophoresis (and provides a rapid way
of determining buffer equilibria and species mobility). The
latter software is based on the linear theory of electromigration.
Both SIMUL and PeakMaster software packages can be
downloaded for free from https://web.natur.cuni.cz/gas/.

Further, we note that although the underlying physical
models are largely common among the simulation software and
several other numerical studies of ITP, the numerical methods
(in particular, the spatial discretization scheme) used are
significantly different. The choice of the numerical method
determines the trade-offs among computational speed,
accuracy, and spatial resolution. It is instructive to broadly
categorize the numerical schemes (based on the spatial
discretization) as dissipative or nondissipative. Dissipative
schemes use numerical diffusion to provide a stable non-
oscillatory solution at the expense of low accuracy (e.g., they
predict a much larger interface width than is physical).
Examples of dissipative schemes include the upwind
scheme,””” the flux-corrected transport scheme,””® the space-
time conservation element solution element scheme,””” and
the symmetric limited positive scheme.”® In contrast,
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Figure 22. (A) Schematic highlighting the various physical features of
the SPRESSO simulation tool developed in refs 78, 142, and 269. The
figure was reproduced with permission from ref 269. Copyright 2012
John Wiley and Sons. (B) Illustration of the extended version of
SPRESSO by Dagan and Bercovici,”" including a chemical reaction
module that simulates electrophoresis-driven hybridization, binding,
or chemical reaction processes. The figure was reproduced with
permission from ref 271. Copyright 2014 American Chemical Society.

nondissipative schemes offer higher accuracy at the expense of
increased computational time. Nondissipative schemes typi-
cally require a higher number of grid points to prevent
oscillatory solutions. Examples of such schemes include the
second-order central difference’”” and sixth-order compact
schemes.”® Additionally, as mentioned above, numerical
schemes that use adaptive grid refinement’” (e§., SPRESSO)
or those based on pseudospectral methods**’ have shown
improvements in computational time and accuracy. The latter
pseudosgectral method was recently developed by Gupta and
Bahga™® for electrophoresis simulations, including transient
ITP (t-ITP), and was released as a free software package called
SPYCE, which can be downloaded at https://web.iitd.ac.in/
~bahga/SPYCE.html. We refer to refs 281—283 for studies
that directly compare the performance and accuracy of several
1D simulators across various electrophoretic processes,
including ITP. Lastly, we mention a free open-source software
tool called STEEP that enables detailed calculations of
temperature effects of ionic species mobility and pH
equilibria.'*®

9.2. Multidimensional ITP Simulation Tools

As mentioned above, ITP in microfluidic channels can strongly
exhibit two- and three-dimensional concentration fields, for
example, in the presence of a streamwise variation in the
channel geometry or due to dispersion associated with
pressure-driven flow or EOF. Additionally, complex sample
injection strategies’** and ITP processes very often involve
microfluidic chips with branched channel networks,® and
these require at least 2D simulations to model the underlying
electrokinetic transport. To study such effects, researchers have
mostly relied on multiphysics software packages, which include
COMOSL Multiphysics®"'***»*7%*%5 (COMSOL, Inc., Bur-
lington, MA), CFD-ACE+****%¢ (CFD Research, Huntsville,
AL), and the freeware OpenFOAM.”*” For example, Garcia-
Schwarz et al.®' and Schénfeld et al.'*” used COMSOL to
study 2D fields associated with sample dispersion in ITP due
to nonuniform EOF. Likewise, GanOr et al.° and Liu and
Ivory”®® used COMSOL in 2D to study the effects of
counterflow in ITP. Paschkewitz et al.”*” used CFD-ACE to
study ITP focusing in serpentine passages in a microfluidic
chip.

In addition, custom numerical codes have also been
developed to simulate and study ITP processes in 2D. For
example, Bhattacharyya et al.®” developed a third-order
QUICK scheme to study sample dispersion in the presence
of a counterflow in ITP. Likewise, Shim et al.**° developed a
finite-volume solver to study a five-component ITP system.

To our knowledge, the only study to date that reports the
3D simulation of ITP is the work of Bottenus et al.”>' They
used COMSOL to simulate 3D ITP sample focusing and
preconcentration in a cascade microchip, which had a channel
cross-sectional area that decreased 100-fold along the stream-
wise direction. It was later reported that this simulation took
several weeks to complete.'’

Though insightful, the main drawback of using multidimen-
sional tools to simulate ITP is the computational cost. At
present, 2D simulations take several hours to days, while 3D
simulations require several weeks or longer, depending on the
computational power and memory. In contrast, 1D simulations
can take seconds to minutes to run and can be performed on
personal computers. For this reason, we believe that 1D
dynamic simulators will continue to play an important role, at
least in the near future, for quick ITP assay designs, including
buffer chemistry, injection, initial configuration, operating
electric field, detector placement, and overall optimization
(including trade-offs among resolution, sensitivity, and assay
time).

10. EXPERIMENTAL TOOLS AND DETECTION
METHODS

In this section, we begin by providing scaling arguments for the
resolution and sensitivity of separation processes that use
plateau-mode ITP. We then review various methods used for
experimental visualization and analyte detection in microfluidic
ITP. We place special emphasis on fluorescence, thermometric,
and conductometric detection approaches, as these are the
most compatible with microfluidic devices. Additionally, we
focus on detection systems for analytical ITP and do not
review methods that couple ITP purification, focusing, and
separation with downstream analyses such as zone electro-
phoresis, mass spectroscopy, or chromatography. See refs 22,
24, 242, and 291-294 for discussions on the latter topic. Also

https://doi.org/10.1021/acs.chemrev.1c00640
Chem. Rev. 2022, 122, 12904—12976


https://web.iitd.ac.in/%7Ebahga/SPYCE.html
https://web.iitd.ac.in/%7Ebahga/SPYCE.html
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00640?fig=fig22&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00640?fig=fig22&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00640?fig=fig22&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00640?fig=fig22&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00640?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

refer to https://microfluidics.stanford.edu/resources for a
series of ITP tutorial videos showing protocols for carrying
out on-chip ITP experiments including buffer and chip
preparation, electric field control, and imaging.

10.1. Sensitivity and Resolution for Plateau Zones

The width of plateau regions, Ax;, is proportional to the
amount of analyte i collected (eq 95). These widths, and the
widths of the interfaces between plateaus, o, therefore
determine the minimum amount of analyte that can be
detected via plateau identification. The step heights in the
signal plateau regions, As; are related to differences between
the effective mobilities of the analytes and that of the LE. For
example, an analyte mobility much lower than that of the LE
will cause a large step height.

In the plateau mode, we can therefore define the sensitivity,
S, as a measure of whether an analyte that forms a local plateau
region can be differentiated from both of its two adjoining
plateaus. Well-resolved peaks will have plateaus widths Ax;
much larger than the interface width between zones & (cf.
Figure 16). Hence, we recommend that S can be formulated as

LN RO TR | D R W
28 2\ g RT ¢ o =8 RT ¢ 6"
g(u)
(139)

Here, g(u;) is a function of the mobilities (between the
square brackets of eq 139) and, as an estimate, we have used
the expression for the boundary width § from eq 45. We see
that for a given applied current, decreasing the leading ion
conductivity increases the electric field overall and decreases
the interface width, thereby increasing the sensitivity. Of
course, sources of dispersion (e.g, unwanted pressure
gradients) would result in larger interface widths than our
simple diffusion-only model used here (and hence reduce the
sensitivity).

Next, in the plateau mode, we can define resolution, R, as our
ability to detect the mobility of one analyte versus another. To
do so, we should have a sufficient signal difference, As, relative
to the LE ion (whose mobility is precisely known). This signal
difference can be compared to background signal noise o (cf.
Figure 23) as follows

R=2S

0O (140)

As an example, for a monovalent strong electrolyte sample
initially loaded in the TE, the signal difference As scales as

s
A L s_ 1 |1 Hs || Hc — Mo
s~ —g=c|l - =l - [=||——
59 Hy)\ B — Hs

(141)

From eq 141, we see that an increased LE concentration
results in a stronger signal difference. This is because a high cf
yields large absolute values of signal throughout all ITP zones,
and the resolution R scales as the difference (in the units of the
signal) between these absolute values. The noise of plateau
signals, o, is determined by several factors, including the noise
in the detector (e.g., due to amplification or readout noise) and
spatiotemporal variations in background signal.

Overall, for plateau-mode ITP, the analysis presented above
suggests that decreasing cy (thereby decreasing LE con-
ductivity ") increases sensitivity S, while increasing cf’

i+1 sample
ion

55— le— X

Figure 23. Schematic depicting typical (A) concentration vs x and
(B) generic detector signal s vs x (equivalently, time) plots for fully
formed and separated plateau zones for an arbitrary number of analyte
species S;. The length of the i plateau zone is indicated by Ax, and
the interface width between successive zones is indicated by 0. o is a
measure of the noise of the detector.

increases resolution R. A simple approach to improve
sensitivity is to use tapered channels wherein the detection
region has a smaller channel cross-sectional area, as has been
demonstrated by several studies.'*""**">****> This is because a
smaller cross-sectional area (like decreasing the conductivity)
increases the electric field for the same applied current.
Bahga'?' presents analytical expressions for the plateau length
as a function of the local cross-sectional area in an ITP
channel.

10.2. Fluorescence Detection

Fluorescence-based detection is very attractive for on-chip
microfluidic applications due to its ease of implementation and
high sensitivity and the fact that it is a contactless approach.
Microchannels typically have good optical access (e.g.,
channels made from glass or plastic) and sufficiently low
background fluorescence (albeit with a short optical path
length) for sensitive fluorescence detection. Fluorescence
detection can be used to directly detect fluorescent analyte
species or to indirectly detect analytes using nonfocusing
tracers,” fluorescent mobility markers,'° or fluorescent carrier
ampholytes.'” We will review these methods in more detail
below. In principle, direct and indirect detection approaches
are both applicable in the detection of both peak and plateau
mode analytes. However, in practice, direct detection is
typically used for peak-mode analyte detection, while indirect
detection is used to identify separated analyte zones in the
plateau mode. Key components of fluorescence-based
detection include a light source (e.g., LED, laser, or mercury
bulb), optical filters, microscope optics, and a detector (e.g,
CCD and CMOS cameras or pointwise detectors such as PMT
and a photodiode). Fluorescence detection systems are
possible in various formats, including miniaturized and
portable systems compatible with microfluidic systems.
10.2.1. Direct Detection. In the direct detection
approach, fluorescent molecules are directly focused in ITP
and detected. The species of interest are either natively
fluorescent (e.g., inherently fluorescent proteins and mole-
cules) or fluorescence-labeled (e.g., SYBR-based labeling of
nucleic acids or fluorescent-tagged proteins) prior to or during
ITP. Some of the earliest demonstrations of direct
ﬂuorescence—based detection in ITP were in the works of
Reljenga et al,”® Kaniansky et al,””” Schmitz et al,*”® and
Jarotke."*® Reijenga et al.*” cornblned 51multaneous fluo-
rescence detection and UV absorption in ITP to directly detect
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Figure 24. Direct detection and visualization of peak-mode ITP in various microfluidic systems. (A) Fluorescence images of the peak-mode ITP
focusing and preconcentration of dye SYTO9 at various axial positions in a custom large-volume PDMS—glass microfluidic chip. The figure was
reproduced from with permission from ref 222. CC BY 4.0. (B) Peak-mode ITP focusing of the fluorescent dye AF488 vs various applied currents
between 0.4 and 4 yA. Experiments were performed in a commercially available borosilicate glass microfluidic chip (NS12A, Caliper Life Sciences,
MA). The figure was reproduced with permission from ref 34 Copyright 2012 JoVE. (C) Visualization of the ITP peak during the extraction,
purification, and preconcentration of nucleic acids from a raw nasopharyngeal swab sample. Nucleic acids were stained using the fluorescent
intercalating dye SYBR Green I. Experiments were performed in an NS12A Caliper chip (same as panel B). The figure was reproduced with

permission from ref 94. Copyright 2020 National Academy of Sciences.

quinone in soft drinks and bovine serum albumin. Kaniansky et
al.”*” used ITP and fluorescence measurements to detect as
low as 250 fmol amino acids labeled with 2,4-dinitrophenyl.
Likewise, Schmitz et al.*’® prestained lipoproteins with a
fluorescent lipophilic dye called 7-nitrobenz-2-oxa-1,3-diazole-
ceramide and detected them using ITP from human serum
samples. Jarofke'>® used ITP to detect up to 3 ng mL~!
fluorescent histamines.

Fluorescence detection methods gained significant popular-
ity in the late 1990s with the rapid growth of microfabrication
techniques and significant improvements in the sensitivity of
optical detectors, and they have been widely employed in
ITP.”*>*”73% Direct detection can be used to visualize or
track plateau zones as well as the interface region between
zones (e.g., using a fluorescent molecule that focuses in the
peak mode between two consecutive plateau zones). This is
useful, for example, for extracting trace analytes such as nucleic
acids from raw biological samples (see Figure 24C),*>>* or
before they interact with downstream zone electrophoresis
(ZE) to improve resolution.” It can also be used for the highly
sensitive quantification of trace amounts of analytes and to
estimate the degree of preconcentration in ITP."'"*%* We
discuss the physics around the manipulation and detection of
trace analytes in peak-mode ITP in section 5 and mention
applications and achievable LODs in section 11. Direct
detection of the ITP peak, especially using spatial detectors
such as CCD and CMOS cameras, also provides access to
detailed two- or three-dimensional information on the shape of
the focused species. This has led to a new fundamental physical
understanding of the ITP processes and has been useful in the
development of methods to minimize sample dispersion for in-
line quantification.’******3° For example, see the optimized
chip design and associated ITP visualization in Figure 24A
from the study of van Kooten et al.”** As another example,
Khurana and Santiago98 and Garcia-Schwarz et al.** (see
Figure 24B) quantified the scaling and relations among peak-
mode width, sample concentration, and current using
fluorescence imaging of AF488 dye in peak-mode ITP. In

the same vein, Garcia-Schwarz et al.®' and Bhattacharyya et
al.”” measured 2D depth-integrated peak shapes in ITP using
fluorescent species to study the mechanisms underlying sample
dispersion in ITP. Direct fluorescence readouts have also been
useful in the design of several ITP-enhanced chemical reaction
assays that require the monitoring, separation, and control of
cofocused species.”””*"'>?°* ITP-aided reactions are reviewed
in detail in section 8. We also note here that, for millimeter-
scale ITP devices, fluorescence visualization may be performed
directly without the need for a microscope (of course,
however, with the presence of an appropriate excitation light
source and filters).”*”**°

An obvious limitation of direct fluorescence detection in ITP
is the availability of inherently fluorescent analytes or difficult
with labeling analytes. Only a limited number of species offer
native fluorescence in convenient wavelengths or contain
functional groups such as thiols, free amines, or hydroxyls that
enable derivatization.'”® The simultaneous detection of
multiple species (in the same zone) can also be hampered
by methods to discriminate among excitation and emission
wavelengths simultaneously. This can be addressed to a degree
using multichannel (i.e., different wavelengths) detectors, but
multiplexing is often limited to 3-S5 different channels.
Another consideration is the dye photostability or the pH
insensitivity of the fluorophore, which enables concentration
quantification and assay reproducibility (e.g., unlike fluores-
cein, AF488 has excellent photostability, and its fluorescence is
insensitive to pH for pH values above ~4).”**° Interestingly,
pH-dependent dyes have also been used to indirectly detect
and identify species in ITP."*****” Lastly, note that the lower
limit of detection of all fluorescent detection methods is
limited by the detector noise and background auto
fluorescence of the chip and reagents.

It is worth noting that most microfluidic ITP studies
involving trace analyte detection have almost exclusively used
fluorescence-based detection. This is due its high sensitivity,
ease of implementation, and compatibility with standard
microfluidic setups (cf. sections S and 11). Several strategies
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can be combined and used to optimize the sensitivity of
detection in peak-mode ITP.”*''" For example, the concen-
tration of the focused analyte is proportional to the leading ion
concentration, thus a higher LE concentration can enable an
increased peak concentration. Likewise, a low TE concen-
tration locally increases the electric field in the reservoir or
initial sample zone and thus favors higher sample influx rates.
In addition, semi-infinite sample injection allows for the
continuous injection of the analyte into the peak and can be
more beneficial than a finite injection mode for trace analytes.
In a similar vein, counterflow ITP and increases in channel
length can also used to increase the focusing time and the
amount of sample focused in peak-mode ITP. Reducing the
channel cross-sectional area also allows for a higher current
density (by mitigating the effects of Joule heating) and can also
be used to improve sensitivity.121’188’3‘08

10.2.2. Indirect Detection. In the indirect fluorescence
detection (IFD) approach, nonfluorescent analytes are
identified indirectly (with minimal or no a priori knowledge
of the physicochemical properties) by adding nonreacting
fluorescent tracer species.33’1 6296309310 15 TFD approaches,
the fluorescence-labeled species are typically present in trace
quantities in the LE or TE buffers and thus contribute
negligibly to the local conductivity. This is unlike indirect
detection methods that use UV absorption, where the
concentration of UV-sensitive species is often on the same
order of the buffering ions and can contribute significantly to
the local conductivity.”*”*"' '

We here can classify IFD methods into two broad classes.
The first IFD approach, called the nonfocusing tracer (NFT)
technique,” utilizes fluorescent species tracers that do not
focus in ITP (but electromigrate) and whose fluorescence
intensity varies and adjusts spatially depending on the
physicochemical properties of the separated zones. This is
schematically depicted in Figure 25. As discussed by Chambers
and Santiago,33 detection using the NFT approach can be
achieved using fluorescent (nonfocusing) co-ions or counter-
ions. The NFT ion can be either an overspeeder or an
underspeeder. Overspeeders or underspeeders can electro-
migrate in the direction of the ITP wave but do not focus
because they have mobility magnitudes that are higher than the
LE ion or lower than the TE ion, respectively. When a
fluorescent counterion NFT species is used, the ion is called a
counterspeeder. The counterspeeder migrates from the LE to
the TE, traversing all zones. Chambers and Santiago33 also
presented the theory around detection using the NFT
technique. By conserving ion fluxes, they derived the follows
expression for the concentration ratio of the NFT ion i in zone
A (analyte A) versus zone B (analyte B) in terms of the
effective mobilities of the species:

B

A B
Ga _ My (K —Hg | _ Iy

B A A
B Hg \ M — My I (142)

The second equality in eq 142 assumes that the fluorescence
intensity is proportional to the concentration of the NFT
species (which is valid in the absence of self-quenching®”**'®).
The mobilities in the expression are effective mobilities.
Despite the striking similarity between eqs 142 and 79 (the
latter equation represents adjusted concentrations of trailing
zone analytes), it is important to note that the concentrations
in eq 142 are necessarily trace quantities unlike the
concentrations in eq 79, which are on the order of the
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Figure 25. Qualitative representation of the indirect fluorescence
detection method using a nonfocusing tracer (NFT) ion. (A)
Depiction of plateau-mode ITP with a single analyte A under
steady-state conditions. (B) Adjustment of the NFT concentration
and velocity profiles within each zone. (C) Experimental detection of
HEPES and MOPS in plateau-mode ITP using a counterionic
fluorescent NFT rhodamine 6G. The top panel shows the ratios of the
zone intensities (each zone intensity was normalized by the LE value),
and the bottom panel shows the corresponding experimental images.
Figure was adapted with permission from ref 33. Copyright 2009
American Chemical Society.

buffering ions. Additionally, eq 142 holds true for both
univalent and multivalent species. For a fully ionized high-
mobility counterspeeder, the intensity ratio approaches the
effective mobility ratio, i.e., I,/Iy ~ ua/up. The sensitivity of
counterion NFT is nearly uniform across all analyte mobilities.
On the other hand, the most sensitive regime for co-ionic NFT
is where y* ~ i, ie., where the mobility of the analyte is
nearly equal to the NFT. The NFT-based approach, like
thermometric detection, is a fairly universally applicable
method for plateau-mode ITP. Figure 25C is an example
from Chambers and Santiago™ which shows the NFT-based
detection of HEPES and MOPS using the counterspeeder
species rhodamine 6G (R6G). Garcia-Schwarz et al.>* later
demonstrated the separation and NFT-based indirect detection
of two amino acids (arginine and lysine) in cationic ITP usin%
R6G as an underspeeder. In a similar vein, Smejkal et al!

demonstrated the separation and detection of eight carboxylic
acids using R6G as the counterspeeder.

A major advantage of the NFT approach is that only a single
fluorophore is required to detect multiple analytes. Drawbacks
of the NFT technique is that self-quenching can become an
issue at sufficiently high NFT concentrations (e.g., within the
LE zone) and there can be undesirable chemical interactions
between the NFT and the analytes (e.g, via complex
formation).”” Other challenges may include the adsorption
of the dye to the channel walls (e.g, R6G is cationic and
adsorb to negatively charged glass channel walls).*

A second apg;roach to IFD uses fluorescent mobility marker
species.' 0109310318319 Thege are fluorescent spacer ions that

https://doi.org/10.1021/acs.chemrev.1c00640
Chem. Rev. 2022, 122, 12904—12976


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00640?fig=fig25&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00640?fig=fig25&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00640?fig=fig25&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00640?fig=fig25&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00640?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

focus between plateaus (including the LE and the TE) and
thereby help determine the effective mobility of nonfluorescent
analytes in plateau zones (see also refs 80, 318, and 320—322).
Khurana and Santiago'*® demonstrated this approach using a
set of carefully selected fluorescent mobility markers (e.g,
Oregon Green carboxylic acid, fluorescein, and Bodipy) for the
indirect detection of amino acids and achieved a detection
sensitivity of ~10 gM. Their assay was limited by the possible
number of fluorescent markers with appropriate mobilities
required for separation and also had the disadvantage of
requiring a careful a priori choice of markers depending for
specific target analytes.

An analyst can use many fluorescent mobility markers to
relax the requirement for a priori knowledge of the analyte
mobility and to improve both the resolution and the dynamic
range of potentially detectable species. A good example of this
is the fluorescent carrier ampholyte assay (FCA) of Bercovici
et al'®?" and Kaigala et al’'” Carrier ampholytes are
amphoteric small molecules, typically synthetic polypeptides
with varying isoelectric points, and can aid separations in
ITP.***7°%° The latter mixtures of hundreds or thousands of
carrier ampholytes are typically used to establish a background
pH gradient in isoelectric focusing experiments.””” In the FCA
assay, this mixture was added to the ITP buffers, and many
carrier ampholytes accumulated between the LE and the TE.
Analyte ions (that are not fluorescent) present in sufficiently
high concentrations displace these labeled ampholytes and
create “gaps” in an otherwise contiguous (albeit nonuniform)
fluorescence signal. Figure 26 shows the concept of the FCA
assay. Integrating the fluorescent signal (e.g., from left to right)
with and without analytes helps identify the fraction of
ampholytes focused to the left or right of an analyte “gap” and
hence quantifies the analyte effective mobility relative to the
mobility distribution of the FCAs. The gap width quantifies the
amount of analyte present (see eq 143)."'”> As with the NFT
approach, this approach can be used only for analytes present
in sufficient concentrations such that they are at least near the
plateau mode. Bercovici et al.”'" demonstrated this technique
for the detection and quantification of four model analytes
consisting of 20 uM MES, 40 uM MOPS, 30 uM ACES, and
50 uM HEPES (see Figure 26C). Bercovici et al.'® also
applied the technique to the label-free detection of 2-
nitrophenol (2NP) and 2,4,6-trichlorophenol (TCP) toxins
in tap water on a hand—hand portable ITP device (compatible
with point-of-care) and achieved detection limits of ~1 pM.

10.3. Thermometric Detection

In ITP, the conductivity of the zones typically decreases from
the highest value in the LE to the lowest value in the adjusted
TE. This variation in conductivity affects both the volumetric
Joule heating rate and the associated temperature increase
within each electromigrating zone. The temperature within
each zone typically achieves a quasi-steady-state equilibrium
value, which is determined by the balance of heat conduction
fluxes (away from the channel axis, through the liquid, and
across channel walls) and the volumetric Joule heating rate
(see more details in section 8).">''*'6**2” For a given local
current density j, the local temperature increase AT within a
zone scales inversely with the zone conductivity ¢ as AT o j*/
0. Thus, the temperature increases (in a roughly stepwise
fashion) from the LE to the TE zone (and across analyte
zones), as shown by the experimental data in Figure 27. This
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Figure 26. Schematic and experimental demonstration of the indirect
detection of ITP separation using the fluorescent carrier ampholyte
(FCA) assay. (A) All the labeled carrier amphoytes (CAs) focus at the
LE-TE interface in the absence of the sample, resulting in a
continuous fluorescence signal. (B) Analytes focused under ITP
displace subsets of the labeled CAs, resulting in gaps in the measured
fluorescence signal. Plateau regions in the normalized signal integral
(NSI) indicate the presence of specific focused analytes. The NSI
value can provide quantitative information about the effective
mobility of the focused analytes. (C) Experimental demonstration
of the FCA assay for the indirect detection of four analytes consisting
of 20 uM MES, 40 uM MOPS, 30 uM ACES, and 50 M HEPES.
The heatmap of the raw signal (below) and the corresponding
intensity profile (top) are shown. Figure was adapted with permission
from ref 310. Copyright 2010 American Chemical Society.

variation in temperature over zones is the basis for
thermometric detection in ITP.
The temperature (and its gradients) can be measured using
. . 1,17,18,157
point-wise detectors such as thermocouples and
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Figure 27. (Top) Heatmap of the experimental spatial temperature
profile measured during ITP. Measurements were obtained using
contactless infrared thermal imaging. (Middle) Plot of the spanwise-
averaged temperature vs the channel length at three intermediate
times during ITP. (Bottom) Plot of the temperature gradient versus
the channel length at three intermediate times during ITP. Figure was
adapted with permission from ref 162 Copyright 2020 Elsevier.
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thermistors,”*****” which are typically bonded to the exterior

channel walls, by point-wise measurements of the differential
absorbances of narrow-band diode lasers,”*® or by contactless
thermal ima_;ing, for example, using an infrared (IR) sensor or
camera.'®>'”” Though early works used thermistors immersed
in liquids,lg’4 such an approach is not recommended, since the
sensor can itself disturb and interfere with the ITP process.
Current thermometric detection approaches do not involve
direct contact with the liquid in the channel. Such sensors rely
on the assumption that a rapid thermal equilibrium is attained
between the solution within the channel and the channel wall
over time scales much smaller than the time required for the
electromigrating zone to pass by the detector. We also note
that temperature-dependent fluorescent dyes (e.g., Rhodamine
B) exist that could, in principle, be used as an approach for
thermometric detection in ITP. This approach has been used
for other microfluidic applications,”" but to our knowledge
remains unexplored for ITP.

The thermometric detection method is a universal
approach' (i.e., applicable to all species) because the measured
temperature signal is a function of the conductivity (and
consequently the constituent ion mobilities) of the separated
zones that is not inherently species-specific. For this reason,
this method cannot be used for peak-mode ITP, since the trace
sample ions in peak mode contribute negligibly to the local
conductivity. Note further that this method (and in general all
universal detection methods, including thermometric and
conductometric) cannot distinguish pure zones (consisting of
single focused species) from so-called shared ITP zones (zones
that contain a stable mixture of two or more species in a
plateau).'”® We will limit our discussion here to the common
case of the detection of pure zones.

To well-resolve zone boundaries using thermometric
detection, the length scale of the zones of varying temperature
Ir should be larger than the interface width & between zones
(i.e., a zone truly in the plateau mode, see section 7). I should
also be larger than the characteristic integration length (along
the channel axis) of the temperature sensor. Sharp changes in
the measured temperature can be used to quantitatively
estimate the lengths of the plateau zones. The measured zone
length can, in turn, be related to the species concentration in
the plateau, and one can infer the original analyte
concentration from these data. For finite sample injection
width I,,; of analyte X, which is focused into an ITP plateau
zone of length Iy (measured) with steady-state concentration
cx (measured or predicted by a model or simulation), the
initial injected analyte concentration cy ;,; can be obtained from

. . 1,195
species conservation as
_oxk
Cx,inj = VCXZ_
inj (143)

where y = Sq./S;, is the area ratio between the detection and
injection regions, respectively.””'*" Note that this above
relation is also applicable to fluorescence- (cf. section 10.2)
and conductivity-based (cf. section 10.4) detection methods.
A limitation of pointwise temperature sensors such as
thermocouples and thermistors is that they usually require
more complex device fabrication or setup to achieve sufficient
thermal contact with the wetted channel wall. Direct thermal
imaging is much more versatile and provides spatiotemporal
information within the entire field of view. One limitation of
the latter is that IR cameras tend to have lower resolutions

than visible-light cameras (one recent optical setup provided a
resolution of 10 pixels mm™).'*>

Generally speaking, the spatial resolutions of thermometric
methods are poorer than those of methods based on UV
absorbance or fluorescence.' Using thermometric detection,

ical minimum detectable zone lengths are around 2-—5

m. 19927328 The resolution of concentration value (via the
accurate measurement of the plateau zone length) can be
improved by increasing the time of separation, which results in
longer plateau lengths (cf. sections 6 and 10.1). Lowering the
LE concentration can also increase the resolution by
proportionally decreasing the concentrations of trailing zones
(this also increases the Joule heating for the same applied
current density). The latter approach is, in turn, constrained by
the minimum desired buffering capacity of the system at low
ionic strengths and other problems associated with significant
Joule heating (cf. section 8). Another limitation of
thermometric approaches is that the temperature increases
can depend on the thermophysical properties of the channel
wall. Thus, temperature detection methods require the careful
calibration for each different channel design and material if
quantitative information is desired. Lastly, sensitive thermo-
metric detection also requires that plateau zone conductivities
be sufficiently different to result in measurable temperature
differences The latter requirement may be a design trade-off
with the need to maintain sufficiently low temperatures. High
absolute temperatures can modify or damage analyte species
(e.g, in bioassay applications), and high temperatures and
temperature gradients can result in poor reproducibility or
even unstable flow fields. A potential way to mitigate
temperature effects is to ensure good thermostatic temperature
control along the entire chip, particularly near the detection
region.
10.4. Conductivity Detection

As discussed in sections 2—4, the conductivities of plateau
zones in ITP vary in accordance with charge neutrality, species
effective mobilities, and current continuity. Specifically, the
conductivity typically decreases monotonically from the LE to
the TE across zones, and the ratio of the conductivity between
two generic zones A (species A) and B (species B) can be
expressed in terms of the effective mobility and the
concentration of the species as follows:

A A A A A
o Hcc —Hya

B B B B B
o HcCc — Mpla (144)

where subscript C refers to the counterion and the
concentrations are the “adjusted” values governed by the
Jovin and Alberty relations (cf. section 4). This variation is the
basis for conductivity-based zone detection methods for
ITP.***7**° Note that the ratio in eq 144 also helps govern
the temperature fields for thermometric detection (as
discussed in section 10.3). Conductivity detection is a fairly
universal method and can be used to detect ions that focus and
segregate into plateau zones in ITP." As with other techniques,
conductivity methods provide information on the zone length,
which is useful for quantifying the amount (or initial
concentration) of analyte, as given by eq 143 (in addition to
direct measurements of the zone conductivity). As with other
methods, conductivity-based methods cannot be used to detect
peak-mode analytes, since such ions contribute negligibly to
the local conductivity.
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Early applications of this method directly measured the
conductance of the solution using sensing electrodes in direct
contact with the solution within the channel and a high-
frequency alternatin% current—voltage operation to avoid
Faradaic reactions.”’®***7*% This approach is currently
disfavored because direct electrode contact with the solution
can lead to undesirable bubble formation, polarization and
unwanted passivation of the sensing electrodes, and signal
interference from the high separation voltages in the main
channel.****° Moreover, in the direct contact approach, which
was originally developed for capillaries with large inner
dimensions, sensing electrodes were typically introduced into
the channel through laser-drilled holes, which required
complicated fabrication procedures. Direct contact is also
less convenient and incompatible with the small channel
dimensions typical of microfluidic applications. To address
these limitations, in 1980, a new class of contactless
conductivity detection methods was developed for capillary
ITP systems by Gas et al.**' and later improved by Vacik et
al.** Ga$ et al.’**' demonstrated good reproducibility and
better resolving power in ITP separations that used the
contactless conductivity detection compared to those that used
thermometric detection. It is also worth noting that the studies
of Gas et al.”*' and Vacik et al.>** were among the earliest
reported demonstrations of the contactless conductivity
technique across all electrophoresis separation methods.
Contactless conductivity methods were then significantly
improved in 1998 by Fracassi da Silva et al.>** and Zemann
et al,'”" mainly geared toward capillary electrophoresis
applications. The early 2000s saw several studies that
developed novel microfabrication techniques for integrating
contactless conductivity on-chip for ITP and several other on-
chip electrophoresis applications.””***~**% A notable example
is the study of Graf et al.*>' from 2001, which was the first to
describe the fabrication and testing of a fully integrated
contactless conductivity detector on a poly(methyl methacry-
late) (PMMA) chip for ITP separations. Figure 28C shows an
example isotachopherogram for the separation and detection of
oxalate and acetate based on conductivity measurements from
the latter study.

The contactless conductivity method, now commonly
known as capacitively coupled contactless conductivity
detection (C*D), typically uses high-frequency alternating
current measurements between two (or four) closely spaced
electrodes placed directly on or around the external surface of
the microchannel. Hence, there is no direct electrode material-
to-solution contact. This configuration can be achieved by
either directly fabricating the electrodes on the chip (see
Figure 28A) or by attaching an externally connected C*D cell
in close proximity to the channel within a chip.'***** Figure
28B shows a simple equivalent circuit model for a C*D
measurement cell consisting of two electrodes (viz., excitation
and sensing) separated longitudinally along the channel.’*’
The main circuit components include the solution resistance
R,, the wall capacitance C,, (since the wall acts as a dielectric
layer in series), and a stray capacitance C, due to the direct
capacitive coupling between the electrodes. See refs 104 and
335 for more detailed models, which include effects due to the
electric double layer capacitance and the resistance. We refer to
refs 352—357 for some excellent reviews on recent develop-
ments in the instrumentation, fabrication, and design of
contactless conductometric detection methods for on-chip
electrophoresis applications.
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Figure 28. Depiction of and sample data for capacitively coupled
contactless conductivity detection (C*D) detection for ITP
separations. (A) Integration of planar electrodes for C*D on a
microchip. Figure adapted with permission from ref 345. Copyright
2008 John Wiley and Sons. (B) Equivalent circuit model for a typical
C*D microcell, consisting of the solution resistance R,, the wall
capacitance C,, and a stray capacitance C,. The figure was reproduced
with permission from ref 347. Copyright 2012 The Royal Society of
Chemistry. (C) Detection of the ITP separation of oxalate and acetate
in a custom PMMA microfluidic chip using C*D. The figure was
reproduced with permission from ref 351. Copyright 2001 Elsevier.

C'D modules are now available commercially and are
commonly used as detectors for on-chip microfluidic ITP
applications. For example, Cong et al.**® and Bottenus et al.>*’
used commercial C*D units to monitor the ITP separation of
lanthanides on custom-built PMMA and fused-silica micro-
fluidic devices, respectively. As another example, Koczka et
al."®® combined UV detection and C*D and performed ITP
analyses on a variety of samples such as red wine, fizzy drink,
and juice. The study of Koczka et al.'®® also importantly
highlighted a major limitation associated with the resolution
power of C*D systems. The resolving power of C*D systems is
limited by the separation distance between the sensing
electrodes (which is typically around 1 to 2 mm). For
example, a separation distance of 1 mm requires that the ITP
plateau zone width be greater than about 1 mm to achieve
good resolution. Another major consideration for C*D is the
requirement of a thin channel wall (on the side where the
electrodes are placed), which is typically limited to a few 100
pum. A thinner wall enables better capacitive coupling with the
solution in the channel and results in a higher sensitivity.
Typical sensitivity values for C*D systems are in the sub-
micromolar range.'*® It is also important to note that
conductivity methods are currently limited to pointwise
measurements in ITP, i.e., signal versus time can be measured
only at a single or at most a few spatial locations along the
channel. This is in contrast to fluorescence imaging or thermal
imaging methods, which provide detailed spatiotemporal
information.

10.5. Other Methods

We here briefly mention several other methods, including
uncommon methods, applicable to on-chip ITP detection. A

https://doi.org/10.1021/acs.chemrev.1c00640
Chem. Rev. 2022, 122, 12904—12976


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00640?fig=fig28&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00640?fig=fig28&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00640?fig=fig28&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00640?fig=fig28&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00640?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIEY

few of these methods have special historical significance as
early approaches to ITP detection.

UV-based detection was widely used in early studies of ITP
(both off-chip and on-chip). This method utilizes at least one
species focused in (near-plateau-mode) ITP that exhibits
significant UV absorbance.”'***® For example, a UV-
detectable counterion can be used to detect unlabeled species
in plateau-mode ITP as it traverses from the LE to the TE and
adjusts its concentration (and associated UV absorbance)
across various zones.””***" Another implementation involves
the use of UV-detectable spacer ions that form intermediate
zones between non-UV-detectable (UV-detectable) analyte
zones, thus enabling indirect (direct) analyte detection.”*"***
Of course, a straightforward application for UV-based
detection involves the direct detection of analytes that
significantly absorb light in the UV wavelengths.' >
Importantly, UV methods require concentrations of the UV-
detectable species to be on the same order as that of the buffer
(unlike fluorescence methods, which are applicable down to
trace concentrations). Additionally, UV absorbance methods
are often not very sensitive for microfluidic applications due to
the small optical path lengths in the microchannels. Lastly, like
the UV-based method, chromophores'******** and radio-
active®® % species can also be used for detection in ITP (of
course, using the appropriate detectors), although such
methods usually have relatively low sensitivities.

Another class of detection methods is based on electro-
chemical measurements (amperometric,s(’g’369 potentiomet-
ric,’’°7*” and potential gradient’’*"*"°). Recall that the
electric field and the conductivity vary across ITP zones and,
respectively, increase and decrease monotonically from the LE
to the TE. This effect forms the basis for electrochemical
detection methods in ITP. These methods involve current or
voltage measurements made locally in-line using the direct
contact of source and sensing electrodes with the solution. In
such methods, it is important that detection-associated
measurements do not significantly affect the driving current
or voltage supplied through the main channel for ITP
separation. As mentioned in section 10.4, fabricating such
systems with direct electrode contact with the solution can
involve complicated procedures (rarely compatible with
microfluidics) and can often lead to undesirable effects at the
electrode surface (e.g,, bubble formation, Faradaic reactions,
and passivation).

Lastly, we note that it is generally challenging to visualize or
detect nonfluorescent trace analytes in peak-mode ITP. In this
regard, Karsenty et al. developed a method based on current
monitoring within a channel, with multiple constrictions to
detect the peak-mode sample location. In a different approach,
Eid et al’”’ used a fluorescence-tracking dye (AF647)
compatible with their downstream assay to detect an ITP
peak that contained nucleic acids. Interestingly, nonfluorescent
dyes such as tartrazine and cresol red can also been used in the
visualization of ITP experiments.***

11. APPLICATIONS OF MICROFLUIDIC ITP

This section summarizes various references that employ
microfluidic ITP for practical applications. Applications
reviewed here include the use of ITP for analyte purification,
preconcentration, separation, reactions, and sensitive detec-
tion. We will place a special emphasis on bioassay systems
involving ITP. The discussions are not meant to be

comprehensive but instead to present examples aimed at
indicating the variety of systems that have been explored.

11.1. Purification and Concentration of Trace Analytes for
Sensitive Detection

ITP is a powerful purification and preconcentration tool that
can be used for a variety of on-chip applications. We will here
mostly focus on peak-mode ITP applications that involve the
direct detection of trace analytes. ITP can also be used as a
preconcentration step prior to separation using zone electro-
phoresis to improve the latter’s resolution and sensitivity, a
topic we discussed in more detail in section 10.1. Some of the
early demonstrations of the peak mode (called by some early
researchers the spike mode) were performed in the late 1970s
in capillary ITP systems in the work of Svoboda and Vacik**’
and Everaerts et al,,”’® where peaks in UV isotachopherograms
were used for the direct quantitative evaluation of trace
analytes involving organic weak acids. Picomolar levels of trace
analytes were detected using this approach.

The years between late 1990s and early 2000s saw the first
implementations of ITP in microfluidic chips.”>~° In several
of these studies, ITP was primarily used as a preconcentration
method in tandem with downstream separation using zone
electrophoresis. Nevertheless, we briefly review below some of
the ITP aspects of these studies, since these studies were
among the earliest to demonstrate and quantify the degree of
preconcentration achievable using peak-mode ITP. Wainright
et al.*® reported a ~500-fold increase in the concentration of
their fluorescence-labeled eTAG reporter molecules in peak-
mode transient ITP performed in a PMMA microchannel.
Their limit of detection was in the subpicomolar range of
reporter molecules. Similar fold increases were reported by
Jeong et al.”’ for ITP experiments involving fluorescein as
sample, which were performed in a PDMS chip in around 2
min. In 2006, Jung et al.''" reported the preconcentration of an
AF488 sample on the order of a million-fold in a few minutes
using peak-mode ITP performed on a commercially available
glass microchannel. They detected initial sample concen-
trations as low as 100 fM. Later, Jung et al.’** implemented
high-numerical-aperture light collection and a PMT to improve
the sensitivity and reported the detection of an initial AF488
concentration as small as 100 aM. Sample preconcentration
was also, more recently, demonstrated in a nitrocellulose
paper-based microfluidic device by Moghadam et al.”>* The
latter group reported a 900-fold increase in the AF488 sample
concentration in peak-mode ITP in ~2 min (see Figure 29).
Figure 29 also shows that the amount of sample focused in
peak-mode ITP in their device increased linearly with time
(see data for x/L; < 0.6) for constant-current operation (as
discussed in section 5.2). The deviation from linearity for x/L;
> 0.6 was attributed to dispersion due to nonuniform EOF.

Peak-mode ITP has also been used for other microfluidic
applications and assays involving biomolecules such as nucleic
acids and proteins. In such applications, ITP is typically used
to simultaneously purify and preconcentrate target molecules
from background contaminants and ions present in the raw
biological samples, followed by either direct on-chip detection
or downstream analysis (e.g, PCR). For example, Persat et
al.>” purified and preconcentrated nucleic acids from whole
blood using ITP and demonstrated the compatibility of the
extracted volume with downstream PCR. Bercovici et al.*’
reported the preconcentration of nucleic acids in ITP on the
order of 1000 to 10 000-fold. Similarly, Bottenus et al.'** and
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Figure 29. (A) Experimental images of the ITP preconcentration and
focusing of an AF 488 sample in peak-mode ITP implemented on a
nitrocellulose-based paper device. Snapshots taken at (i) 1, (ii) 30,
(iii) 60, (iv) 90, and (v) 140 s after the application of the electric field.
(B) Plot of the sample concentration normalized by the initial sample
concentration (C/C;) and accumulated moles of sample normalized
by the initial moles of sample in the TE reservoir (N/N,) versus the
normalized axial length. Refer to Moghadam et al. for details on the
experimental setup and the device design. The figure was reproduced
with permission from ref 254. Copyright 2014 American Chemical
Society.

Bottenus et al.>*' demonstrated the preconcentration of

proteins in ITP on the order of 10,000-fold prior to on-chip
detection. Refer to Rogacs et al.’' for a comprehensive review
of the applications of microfluidic ITP for nucleic acid
purification. We review such bioassay ITP systems in more
detail in section 11.3. Preconcentration provided by peak-
mode ITP can also be applied to initiate and accelerate
chemical reactions involving molecules that focus in ITP, a
topic we discuss in section 11.4. Lastly, refer to sections 10.2.1,
S, and S2 for discussions around methods to increase trace
analyte focusing rates in ITP and improve the sensitivity.

11.2. Applications of ITP for Separations

Applications of ITP in microfluidics for separations can
broadly be categorized into two types. The first type segregates
(and therefore separates) co-ionic species into plateaus, and
these are detected while the species are still in plateau-mode
ITP. The second type uses ITP as an initial preconcentration
process and then ends or disrupts ITP to effect a capillary
electrophoresis-type separation. In this section, we shall
concentrate on the first type. We summarize the second type
in section 12.

Separation and detection while still in the ITP mode require
that all analytes of interest necessarily form plateau zones.
These zones can be detected either directly (e.g, UV or
fluorescence) or indirectly (e.g., conductivity, fluorescent
markers such as NFT, or temperature) (cf. section 10).
Plateau-mode ITP was among the earliest forms of ITP
separations, starting at least as far back as the 1970s, and has
been extensively used in capillary systems."”'°®*** This
approach has also been implemented in microfluidic ITP

separation processes. For example, Cong et al.”>® and later

Bottenus et al.>>” (cf. Figure 30) demonstrated the separation
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Figure 30. Experimental demonstration of the separation of trivalent
lanthanides using plateau-mode ITP. A graph of the measured
conductivity signals vs time is shown. The distance between the
vertical lines represents the characteristic temporal band length. The
mean conductivity signals for each lanthanide are indicated by
horizontal lines. The figure was reproduced with permission from ref
359. Copyright 2019 John Wiley and Sons.

of lanthanides in microfluidic devices. Similarly, Cui et al.*®
separated and directly detected three fluorescent proteins using
ITP. The indirect detection of plateau-mode analytes can also
be achieved using focusing spacer ions with known mobilities
(which are used as “mobility markers”).'*>'%%%*1322 gych
spacer ions can either be trace or abundant ions, which focus in
either peak- or plateau-mode ITP, respectively, between the
target analytes of interest. In the latter approach, “gaps” in the
signal between the separated markers correspond to the
existence of a plateau-mode analyte with the appropriate
mobility range. Such indirect methods and applications are
reviewed in more detail in section 10. Alternately, peak-mode
ions can also be separated and detected using background
spacer ions (sometimes also in combination with a sieving
matrix). Such approaches have been used to separate unreacted
reactants from products in ITP-aided reactions’ "’ (cf.
section 11.4) and for the size-based selection of target analytes
(e.g., RNA).ZO9

11.3. Bioassay Systems That Leverage ITP

11.3.1. DNA and RNA purification and On-Chip
Assays. ITP has been extensively used in the development
of several DNA- and RNA-based assays over the past
decade ?>?1>9%112202,207,209379 1D NA assays are currently
the most common applications of microfluidic ITP in biology
and biotechnology. Microfluidic ITP applications for NA
analyses can be broadly categorized as either those that use
ITP for NA purification and preconcentration (i.e., sample
prep) prior to downstream analyses (e.g., PCR) or those that
combine ITP-based preconcentration or separation with direct
on-chip target NA detection. NAs are highly soluble, have a
high electrophoretic mobility and a relatively low pK, of ~3,
and are ideally suited for manipulation and focusing using
anionic ITP. These ITP systems are typically buffered near pH
7—9 to ensure that background contaminants (e.g, proteins
and downstream inhibitors) from raw biological samples such
as blood, urine, and plasma do not focus and interfere with
NA-based ITP assays. In all NA-based ITP applications, NAs
are typically detected in peak-mode ITP (e.g., using
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Figure 31. (A) Purification of genomic DNA from whole blood using ITP. The experimental visualization of the ITP peak containing label DNA
(top) and the quantification of the amount of focused DNA (bottom) are shown. The figure was reproduced with permission from ref 32.
Copyright 2009 American Chemical Society. (B) Schematic of an ITP assay for cell lysis and nucleic acid extraction implemented on a printed
circuit board-based device. Purified DNA was extracted into the LE reservoir and used for off-chip PCR analysis for malaria detection. The figure
was reproduced with permission from ref 382. Copyright 2012 American Chemical Society.

fluorescence), since they are usually present in trace quantities
(e.g., nanomolar or lower concentrations) compared to the
buffering ions (e.g, millimolar concentration). Further, the
free-solution electrophoretic mobilities of DNA and RNA are
nearly independent of the length or sequence.’®’ Hence, all
DNA and RNA typically focus into a single concentrated peak
in ITP. For fluorescence detection, nucleic acids are typically
either synthetically prelabeled (e.g., using fluorescence-tagged
oligos) prior to the assay or labeled on-chip using intercalating
fluorescent dyes (e.g, SYBR). We refer to Rogacs et al* fora
comprehensive review on the design, development, and
applications of ITP systems for nucleic acid purification and
sample prep. We also refer to three review articles™*>**' that
discuss in detail ITP applications for NA-based assays.

The studies of Kondratova et al.”** and Kondratova et al
in 2005 were the earliest to report the extraction of DNA from
biological samples such as plasma and serum using ITP. They
demonstrated their method using fairly standard laboratory
equipment (not microfluidics) and agarose gels as a down-
stream step following a series of purification steps. The study
of Schoch et al.''® published in 2009 was likely the first to
demonstrate the extraction of nucleic acids using ITP in
microfluidic channels. They used ITP and a sieving matrix to
selectively extract and preconcentrate small RNAs from the cell
lysate (refer also to Han et al.**” for another recent example of
simultaneous RNA extraction and size selection using ITP).
Subsequently, Persat et al.”> demonstrated the ITP extraction
of DNA from whole blood (Figure 31A) and showed the
compatibility of the extract with PCR. Thereafter, several ITP
systems were developed that combined the ITP extraction of
nucleic acids with downstream nucleic acid amplification. For
example, Marshall et al’” used ITP to extract DNA from
malaria-containing erythrocyte mixtures and then detected and
quantified the extracted pathogenic DNA using off-chip PCR.
A similar assay was later integrated on a printed circuit board
device (Figure 31B).>* As another example, Borysiak et al.”**
used ITP to extract DNA and integrated it with on-chip LAMP
amplification to detect Escherichia coli from whole milk. In a
similar vein, Eid and Santiago377 combined ITP extraction and
downstream recombinase polymerase amplification (RPA) to
detect inactivated Listeria monocytogenes from whole blood.

More recently similar methods have been implemented on
paper-based devices.”****”*% A notable example is the work of
Bender et al,”*° who used a paper-based device for the
simultaneous ITP extraction of DNA and RPA-based target
amplification and demonstrated the detection of HIV-1 DNA
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from whole blood within clinically relevant viral abundances.
As another example, Sullivan et al.>® recently developed a
paper-based microfluidic ITP device for extracting nucleic acid
from whole blood. Notably, their device integrates whole blood
fractionation, plasma protein digestion, and ITP extraction of
nucleic acids on a single device. Such portable paper-based
devices are likely compatible with point-of-care applications.
Research efforts toward rapid point-of-care ITP applications
are currently being pursued, with the main goals of reducing
intermediate manual steps, the on-chip integration of sample
lysis and pre-extraction protocols, improving sensitivity and
assay robustness, and minimizing bulky instrumentation.

These studies have demonstrated that ITP is an attractive
method for NA purification because of its selectivity to NAs
without the use of membranes or toxic chemicals typical of
conventional approaches. Besides, ITP provides high yields of
NAs regardless of the input sample amount and does not incur
losses for small NAs, unlike conventional solid-phase or liquid-
phase extractions methods.” Nucleic acid extraction efficien-
cies of up to 80% have been demonstrated in microfluidic ITP
for DNA sample inputs in the range from 250 pg to 250 ng.**
Using ITP, a similar high efficiency was also demonstrated for
input sample amounts as small as the total RNA from a single
cell.**® ITP-based NA purification has also been shown to be
superior (by over two orders of magnitude) in terms of
extraction efficiency compared to commercially available kits
for small size nucleic acids (e.g., <60 nt).*¥’

We note that most of the ITP-based NA assays described
above require sample lysis (e.g,, using Proteinase K, heat, or a
surfactant) prior to loading the sample on the chip. It is
important that the lysis procedure is compatible with ITP. We
refer to ref 31 for a detailed discussion on this topic, including
different procedures recommended for RNA versus DNA
extraction. Another limitation of ITP is the common
requirement to dilute the raw sample (typically between 1:10
and 1:100 in either the TE or the LE) prior to on-chip loading
. This is typically required because raw biological samples
typically contain overly high salt concentrations (on the order
of ~100 mM strong salts). The ITP processing of such
mixtures can lead to strong variations in pH or challenges
associated with the separation capacity.

Most of the studies mentioned above used ITP as a sample
preparation process prior to downstream target NA detection.
However, ITP systems have also been developed to perform
direct on-chip target NA detection. A common strategy used in
such applications involve ITP-accelerated hybridization re-
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actions between the probe and target NA, which are typically
followed by the on-chip separation of excess unreacted species
from reacted molecules (e.g., in homogeneous reaction assays;
cf. section 11.4) to improve the sensitivity.”””"” We refer to
the discussion in section 11.4 on ITP-based reactions for a
detailed review of such ITP systems (see also the review of Eid
and Santiago™®).

Another mode of application for the direct on-chip detection
and quantification of NAs in ITP is the combination of ITP
with downstream separations, including various forms of on-
chip capillary electrophoresis,”**° for example, for the analysis
of DNA fragments such as PCR amplicons. For example, Liu et
al.**® used transient I'TP to preconcentrate PCR amplicons and
used coupled capillary gel electrophoresis to separate, quantify,
and analyze DNA fragments between ~70 and ~1400 bp.
Similarly, Bahga et al”'' used bidirectional ITP to first
preconcentrate a 1 kbp dsDNA ladder and then separated
fragments using bidirectional ITP-induced zone electro-
phoresis, all in a single straight channel in solution. A couple
other recent examples of direct on-chip target NA detection
are the works of Bender et al.”*® mentioned earlier
(simultaneous ITP and RPA) and the ITP-CRISPR approach
of Ramachandran et al.”* (see section 11.4 for more details).

11.3.2. Protein-Based Assays. Like nucleic acids,
proteins can also be focused, preconcentrated, and separated
in ITP.5%*%%3733% There are , however, generally a smaller
number of applications involving on-chip (microfluidic) ITP
for proteins analyses compared to NA-based systems. This is
likely due to the challenges associated with working with
proteins, including their sometimes-limited solubility and the
fact that they exhibit a wide range of pH- and buffer-dependent
electrophoretic mobilities due to their varied isoelectric points
(pD) and size. Such variability makes it difficult to develop
generally applicable ITP assay designs and chemistries. Despite
these challenges, protein-based systems have been developed
in both cationic’”'””**® and anionic*****°***° ITP formats
depending on the charge of target proteins. Applications of
ITP involving proteins can also be broadly categorized as those
that extract, preconcentrate, or separate target proteins (e.g.,
for direct on-chip detection and quantification) of those that
use ITP to aid chemical reactions involving proteins (e.g, for
immunoassays). We will here only briefly review a few such
applications as illustrations. We refer to a recent article by Han
and Khnouf*® for a detailed review focused on ITP-based
protein systems and applications.

Cui et al.*° used anionic ITP to focus, preconcentrate, and
separate three fluorescent proteins, namely, green fluorescent
protein (GFP), allophycocyanin, and r-phycoerythrin, into
distinct zones. Jacroux et al.”" used a series of two cationic ITP
systems to separate fluorescence-tagged cardiac troponin I
(CTnl) from two other proteins, namely r-phycoerythrin and
albumin, with similar isoelectric points. This study highlighted
that a judicious choice of buffer and separation conditions is
required for protein separations in ITP. Other systems for the
detection of CTnl were later developed, as presented in refs
89, 188, and 256. Another interesting example is the work of
Qu et al,'”” who developed an ITP system to extract proteins
and nucleic acids simultaneously from raw biological samples
using bidirectional ITP (cf. section 12). In this system,
proteins (e.g., albumin) focused in cationic ITP, while nucleic
acids focused in anionic ITP. This method is shown in Figure
32. Briefly, the raw sample is diluted in a mixture containing
TE+ and TE— ions and sandwiched between two zones

Protein elution Bufferin:
reservoir (cathode%
[ ]

(Cationic Sample  Anionic

TP © P ))
@
Buffering ®\ DNAelution 5 mm

(anode) reservoir =

TD RS CTe)

® DD SHSGOW O/ ()
t N @D+ SLANOAN TR
" &%) ot S N00 e°g°

Focused Focused

protems@@ DNA SO
OB (SRR (VD
L e

DNA , TE+ion4 TE-ion &
Proteins # LE+ion ® LE-ion ©

Figure 32. Schematic of an ITP chip (top) and assay (bottom) for the
simultaneous extraction of proteins and nucleic acids from raw
biological samples through the simultaneous use of noninteracting
cationic and anionic ITP, respectively. The cationic and anionic ITP
shock waves start from a common sample reservoir and electromigrate
in opposite directions to the cathode and the anode, respectively. The
figure was reproduced with permission from ref 177. Copyright 2014
American Chemical Society.

(located on opposite sides), where one of the zones contains
LE+ and the other contains LE— (Figure 32). Here, + and —
indicate cationic and anionic components, respectively. Upon
the application of an electric field, the cationic and anionic ITP
shock waves originate from the same TE or sample reservoir
and migrate away in opposite directions. We note that this
implementation of bidirectional ITP from Qu et al.'”’ is very
different from the common case of bidirectional ITP where the
cationic and anionic ITP shocks interact’'? (cf. section 12).

Proteins analyses have also been performed by combining
microfluidic transient ITP with zone or gel electrophoresis and
mass spectrometry. Such systems have been developed, for
example, for the analyses of functional proteins in infant
milk,””" urinary proteins,’”> and several other trace-protein
analyses.’””*”* Immunoassays that use simultaneous ITP
preconcentration and reaction acceleration have also been
develoged in various formats, including the bead-based
assay,”">**" paper-based lateral flow devices,”*>**° chips with
antibody surface functionalization,”® and devices with
integrated biosensors that contain binding aptamers®® (cf.
Figure 33A). We review in detail several such homogeneous
and heterogeneous reaction-based ITP assays for proteins in
section 11.4. Lastly, we note that several techniques can be
used to “modify” the mobilities of proteins to enable their
focusing in ITP. Examples include complexing the protein of
interest with specialized aptamers”” (cf. Figure 33B), nucleic
acids,”* or antibodies”*® prior to ITP. Co-focusing proteins and
nucleic acids in ITP can also aid NA-based assays (for e.g,,
RPA and CRISPR),”***® which rely on the enzymatic action of
proteins on DNA and RNA.

11.3.3. Single-Cell Analyses. Single cell analyses have
gained significant interest over the past few years, since they
help explain heterogeneity in cell populations and uncover
gene-level interactions between subcellular components. To
this end, various microfluidic ITP systems have been
developed to study RNA and DNA at the level of single
cells, including subcellular components. In 2014, Shintaku et
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electromigrate but are outpaced by spacer ions. At 5, unreacted SOMAmer molecules focus between the LE and spacer, whereas SOMAmer—target
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Society.

al.%? first developed a microfluidic ITP system that enabled the

selective lysing of single living cells, followed by the ITP
extraction and quantification of cytoplasmic RNA and its
physical separation from the DNA-containing nucleus. In this
method, a brief biphasic electric pulse was first used to
selectively lyse the outer cell membrane while keeping the
nuclear membrane intact. ITP was then used to selectively
focus the cytoplasmic RNA (sans the intact nucleus). On-chip
fluorescence measurements were used to quantify the
heterogeneity in the amounts of DNA and RNA among single
lymphocyte cells from the same mouse. Soon thereafter,
Kuriyama et al.****%* extended the method of Shintaku et al.*®
and developed an integrated microfluidic ITP system for the
fractionation and recovery of the nucleus and cytoplasmic
RNA from single cells (Figure 34). Electric fields (for lysis and
ITP) were used to automatically extract cytoplasmic RNA and
the nucleus from the same cell at two different channel
reservoirs. Downstream RT-qPCR and qPCR were used to
quantify cytoplasmlc RNA and genomic DNA, respectively.
Abdelmoez et al.**° later found that the distinct focusing
kinetics observed during ITP-based NA extraction from single
cells could be used to distinguish soluble RNA molecules from
mitochondrial RNA.

In 2018, Abdelmoez et al.*’ significantly expanded the
aforementioned ITP-based single-cell approaches and studied
correlations of gene expression between nuclear and
cytoplasmic RNA (using off-chip RNA sequencing). Their
chip included an automated protocol to capture single cells
using an integrated hydrodynamic trap. This study was also the
first to integrate ITP-based systems with downstream genomic
sequencing technologies. The ITP-integrated sequencing
approach 3presented in Abdelmoez et al’”’ was termed
SINC-Seq.”” A very recent work by Oguchi et al.””® integrated
SINC-Seq with nanopore sequencing and studied mRNA
isoform diversity within the nucleus and the cytoplasm. As
more applications continue to emerge, it is important to keep
in mind that current ITP systems for single-cell analyses are

limited in throughput (typically limited to one cell per chip/
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Figure 34. Schematic illustration of the single-cell microfluidic assay
of Kuriyama et al.**® (A) A short b-phasic electric pulse is used to
selectively lyse the outer membrane of the cell. (B) ITP is used to
focus and preconcentrate nucleic acids from the cytoplasm. The
nucleus does not focus in ITP but instead electromigrates in the same
direction as the ITP peak. (C) Automated electric field control was
used to collect the cytoplasmic nucleic acids and nucleus into separate
reservoirs. (D and E) Experimental visualizations of the fractionation
process shown in panel C. The figure was reproduced with permission
from ref 386. Copyright 2015 John Wiley and Sons.

channel) compared to several other high- throughgut single cell
systems, for example, those based on droplets.”””**

11.4. Applications of ITP for Accelerating Chemical
Reactions

11.4.1. Applications of Homogeneous Reactions
Using ITP. In 2008, Kawabata et al.**' first demonstrated
the use of on-chip ITP to control chemical reactions. They
used ITP to effect an immunoassay reaction to measure the
amount of a-fetoprotein (AFP), a liver cancer marker in blood.
ITP was used to focus and preconcentrate a DNA-coupled
anti-AFP antibody prior to its reaction with AFP (which did
not focus in ITP) in an adjacent zone on chip. The coupling of
DNA with the antibody increased the mobility of the DNA—
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antibody complex and thus enabled it to focus in ITP.
Kawabata et al.*' used on-chip capillary gel electrophoresis
(CGE) to separate reaction products and quantify the amount
of AFP using LIF. They demonstrated a 140-fold increase in
signal due to the ITP format and a detection sensitivity of 5
pM AFP in 136 s. Kawabata et al.*"" called their assay the
electrokinetic analyte transport assay (EATA), which involved
a homogeneous reaction where only one of the two reactants
was focused and preconcentrated in ITP. Such reactions were
later modeled by Eid et al.>” Later, Park et al.*** presented a
method to improve the sensitivity and reproducibility of the
EATA assay, and Kagebayashi et al.**’ developed a fully
automated microfluidic platform that integrated the EATA
assay.

Nucleic acids have approximately size-independent and
high-magnitude mobilities and are thus attractive for ITP
applications. Thus, most of the existing applications of ITP for
accelerating biochemical reactions also involved some form of
nucleic acid hybridization reactions, including both DNA and
RNA. Such reactions involve the reaction between single-
stranded nucleic acids and their complementary nucleic acid
strand. Goet et al.*** first demonstrated that ITP could be
utilized to control and bring together two samples and focus
them in ITP to initiate chemical reactions. They suggested and
qualitatively showed this approach for DNA hybridization
reactions. Persat and Santiago''” first applied ITP to initiate,
control, and perform hybridization reactions between nucleic
acids that were cofocused in ITP. In their study, Persat and
Santiago''” showed experiments to quantify hybridization
reactions between microRNA (miRNA) and molecular
beacons (functionalized with a fluorophore—quencher pair),
both of which cofocused in peak-mode ITP (Figure 35). Using
this approach, they demonstrated miRNA detection with a 10
pM sensitivity and showed that the ITP reaction was also
specific. Subsequently, Bercovici et al.*>® presented an assay for
the detection of bacterial urinary tract infections using ITP-
enhanced homogeneous hybridization reactions between
bacterial 16S rRNA and complementary molecular beacons.
This study integrated the sample purification of urine samples
and demonstrated a sensitivity of 100 pM pathogenic target
RNA. Later, Bercovici et al.’” developed a comprehensive
model for ITP-enhanced second-order homogeneous reactions
(cf. section 7.1) and experimentally demonstrated that ITP

could accelerate nucleic acid hybridization reactions ~14 000
fold. The latter was the first study to quantitatively
demonstrate the degree of reaction acceleration attributable
specifically to the effects of ITP.

The aforementioned studies of nucleic acid hybridization
utilized molecular beacon reporters to detect a fluorescence
signal upon reaction. In their native unreacted state, these
reporters have a hairpin structure with quenched fluorescence;
this structure disrupted upon hybridization, increasing the
fluorescence. An important limitation of such strategies is the
finite fluorescence signal of the quenched state, which limits
the dynamic range of the signal increase (typically less than
two orders of magnitude).

A few studies have addressed the aforementioned limitation
of quenched reporters by effecting physical separations of
reacted and unreacted species after ITP focusing. Bahga et
al.*® integrated ITP-enhanced DNA hybridization and
capillary zone electrophoresis in-solution using a novel
bidirectional ITP scheme. In their approach, anionic ITP was
used to speed up the DNA hybridization reaction of the target
with a complementary molecular beacon. After a sufficient
reaction time, the anionic ITP front interacted with a counter-
migrating cationic ITP front, which disrupted the ITP peak
and initiated zone electrophoresis that separated the hybrid
products from the unreacted beacons. They demonstrated a 5
pM detection sensitivity and an assay time of 3 min and
showed that the approach could be used to detect multiple-
length ssDNA targets. A limitation of the bidirectional ITP
approach is the complexity of buffer design to effect efficient
focusing and separation. See Bahga et al.”'' for detailed
principles of bidirectional ITP and procedures to choose
appropriate buffers. Later, Garcia-Schwarz and Santiago****”
developed an alternate strategy wherein the unreacted
molecular beacons were captured (and removed from a
moving ITP zone) after the reaction using photopatterned,
DNA-functionalized hydrogels. In their multistage assay,
Garcia-Schwarz and Santiago”****” used ITP to first enable a
rapid reaction between miRNA and molecular beacons in
solution, which was followed by an on-chip separation stage. In
the separation stage, the ITP peak migrated into a region of the
hydrogel functionalized with probe molecules to capture
unreacted beacons. Note that the latter separation stage used
a heterogeneous reaction involving immobilized capture
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Figure 36. Schematic of the ITP—spacer assay of Eid et al.”

Their assay included three on-chip stages: (1) The reaction between the probe and the

target DNA in peak-mode ITP in free solution. In this step, spacer ions electromigrate slower than DNA. (2) The ITP peak electromigrates into a
1.8% HEC sieving matrix region where the spacer molecules outpace the target molecules and probe—target hybrids. (3) The reaction products are
fully separated from the unreacted probe, and the molecules are refocused among the two ITP interfaces. The figure was reproduced with

permission from ref 95. Copyright 2013 The Royal Society of Chemistry.

probes in the hydrogel, and we will discuss such heterogeneous
reactions in the next subsection. The ITP peak that migrated
beyond the functionalized hydrogel region consisted only of
the hybrid product (i.e., was devoid of unreacted molecular
beacons) and was used for detection. Their assay achieved a
~1 pM detection limit and exhibited a four orders of
magnitude dynamic range in detection. Eid et al.”> developed
another multistage strategy to separate reaction products from
unreacted molecules on-chip using ionic spacers and a sieving
matrix (Figure 36). In their assay, the spacer ion had a mobility
between those of the LE and the TE and formed a plateau
between the LE and TE zones in ITP. The reactants focused in
peak-mode ITP in solution between the spacer ion an the d LE
zone during the first stage of their assay. After the reaction, the
ITP peak (and spacer zone) migrated into a region with a
sieving matrix (Eid et al.”® used 1.8% hydroxyethyl cellulose,
HEC, although polyvinylpyrrolidone is another choice''”),
where the spacer ion migrated faster than the reaction products
but slower than the unreacted probes, thus effecting separation.
After a sufficient separation time (~40 s), the reaction
products and unreacted species were refocused among the
two ITP interfaces, followed by detection (Figure 36). Using
this approach, Eid et al.” obtained a 220 fM ssDNA target
detection sensitivity in 10 min and a ~3.5 orders of magnitude
dynamic range. The sieving matrix approach of Eid et al.”
requires a well-tailored choice of the sieving matrix and spacer
ions depending on the application, which can limit its
applicability.

A more recent single-step approach to eliminating free
probes in ITP-aided reaction assays involves the use of
synthetic nucleic acid analogues with weakly charged back-
bones, such as peptide nucleic acid (PNA) or morpholino, as
reaction probes. Assays that rely on PNA and morpholino
probes make use of the significantly lower electrophoretic
mobilities of probes in solution compared to the higher
mobility of the probe-target hybrid. In such assays, a significant
excess of probes is typically mixed with the target ssDNA in
the TE reservoir to enable rapid target—probe binding prior to
the application of electric field. Furthermore, a TE ion is
chosen so as to focus only probes that hybridize to the target
focus. Ostromohov et al.""” utilized PNA probes and an ITP-
based “focus upon hybridization” approach and demonstrated
a ssDNA detection sensitivity of 100 fM with a dynamic range
of five orders of magnitude. See Ostromohov et al.*"’ for the
model and theory associated with the approach. Morpholino
probes are more soluble than PNA,*® which reduces the

adsorbance to surfaces and enables the design of longer probe
sequences (for example, Ostromohov et al."”” used 14 nt PNA
probes, whereas Rosenfeld and Bercovici’® used 25 nt
morpholino probes). Zeidman-Kalman et al.”*" demonstrated
a similar assay based on morpholino probes and used it to
develop a method to measure the dissociation kinetics of
hybridization. Later, Rosenfeld and Bercovici” implemented
an assay based on Morpholino probes in a microfluidic paper-
based analytical device (uPAD) to detect ssDNA with a
sensitivity of S pM in 10 min. The “focus upon hybridization”
approach has advantages over excess probe elimination using
gel separation or a sieving matrix, as it is a single-step assay and
uses simple buffer chemistry.

Unlike DNA and RNA, proteins are large molecules with
low mobilities and highly variable ionic charges in solution
(due to a wide range of isoelectric points). Electrophoretic
mobility depends on the local pH, the ionic strength, and the
temperature. For this reason, designing ITP-aided reactions
that involve protein focusing is typically more difficult than
designing those for nucleic acids. Eid et al.”” presented an ITP
assay where modified aptamers called SOMAmers (slow off-
rate modified aptamer) were used to bind to typically
nonfocusing C-reactive protein (CRP) and enable its focusing
and preconcentration in ITP. In this assay, only SOMAmers
focused in ITP; native CRP did not focus in ITP but instead
remained as a background ion in the LE. As the focused ITP
peak swept past the LE, CRP reacted with the preconcentrated
SOMAmers and was recruited into the ITP peak. Similar to
Eid et al,”® Eid et al.”” used a multistage assay with an ionic
spacer and a sieving matrix to separate unreacted SOMAmers
from the SOMAmer—protein complex prior to detection to
improve the sensitivity. More recently, Ramachandran et al.”*
demonstrated the use of ITP to control and enhance a reaction
involving clustered regularly interspaced short palindromic
repeats (CRISPR)-associated enzyme, Casl2 (Figure 37).
They showed that the complex comprised of the enzyme and
target-specific RNA (guide RNA or gRNA) cofocused in ITP
along with free nucleic acids. In their assay, the CRISPR—
gRNA first recognized the target nucleic acid via sequence
complementarity, then the CRISPR enzyme became activated
and cleaved reporter molecules, which released fluorescence.
The cofocusing of the CRISPR—gRNA complex together with
target and reporter nucleic acids accelerated enzymatic activity
and enabled them to develop a rapid, 35 min assay to detect
the RNA of SARS-CoV-2 (the virus that causes COVID-19).
The ITP-controlled, CRISPR enzyme reaction process in this
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Figure 37. ITP—CRISPR enzymatic assay from Ramachandran et
al.”* for nucleic acid detection. ITP co-focuses the CRISPR—Cas12—
gRNA complex along with the target and reporter nucleic acids.
Recognition of the target DNA by the enzyme complex activates the
enzyme. Upon activation, the enzyme cleaves ssDNA reporter
molecules, resulting in an increase in the fluorescence signal of the
ITP peak. The scale bar represents 0.5 mm. The figure was
reproduced with permission from ref 94. Copyright 2020 National
Academy of Sciences.

assay was completed in 5 min. Unlike the assay of Eid et al.,”"

the CRISPR assay of Ramachandran et al.”* involved the ITP
preconcentration and focusing of all reactants, including
protein enzymes and nucleic acids.

11.4.2. Applications of Heterogeneous Reactions
Using ITP. In 2014, Karsenty et al.””” first demonstrated the
control and enhancement of surface reactions using ITP. They
studied nucleic acid hybridization aided by ITP, wherein the
target molecules focused in ITP and the probes were
immobilized on a surface of the microchannel. The reactive
surface was formed within a microchannel by fabricating a
trench on one of the channel wall, then prefilling the trench
with probe-functionalized paramagnetic beads and immobiliz-
ing them. The nucleic acid probes were biotinylated and bound
to streptavidin-coated magnetic beads prior to on-chip loading.
As the ITP peak passed over the reaction surfaces,
fluorescence-labeled target molecules from the ITP peak
reacted with surface probes, and the probe—target hybrids
were immobilized on the beads, enabling detection. A
limitation of this simple pass-over approach (cf. section 7.2)
of Karsenty et al.”*” is the short incubation time of the target
molecules in ITP with surface probes for reaction; this value is
limited by the finite residence time of the ITP zone. Despite
this, Karsenty et al.”"> demonstrated ~100-fold improvements
in the signal and LOD for a 3 min assay compared to standard
flow-through assay.

Also in 2014, Han et al.*** demonstrated that ITP could be
used to improve the speed and sensitivity of traditional
microarray-based assays involving nucleic acid hybridization
(Figure 38). Notably, Han et al*** were the first study to
demonstrate multiplexed DNA hybridization reactions using
ITP. The study involved reactions between 20 probe and target
pairs across 60 microarray spots, with the probes immobilized
on the spots and the targets focused in ITP. They developed
an operation scheme where a high electric field was applied to
rapidly focus nucleic acids, then turned off to allow the ITP
peak to diffuse and homogenize within a narrow channel cross-
section. ITP focusing and electromigration was then reinitiated
at a slower migration velocity over the microarray spots for
efficient hybridization. They demonstrated a 30-fold decrease
in assay time compared to conventional 15 h microarray assays
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Figure 38. Schematic of the multiplexed microarray heterogeneous
reaction system of Han et al.”** (A) ITP is used to focus target DNA
in peak-mode ITP. When the ITP peak reaches the constriction, the
electric field is briefly turned off to allow the ITP peak to homogenize
prior to downstream hybridization. A low electric field is used for the
latter hybridization step to maintain a homogeneous ITP peak across
the channel width. (B) Experimental images showing the increase in
the fluorescence of the microarray spots when the immobilized probes
hybridize with fluorescent DNA target molecules. The figure was
reproduced with permission from ref 204. Copyright 2014 The Royal
Society of Chemistry.

and simultaneously improved the sensitivity by an order of
magnitude without sacrificing specificity.

In 2014, Khnouf et al.”® demonstrated a proof-of-concept
method for the ITP-based enhancement of the sensitivities of
immunoassays involving heterogeneous reactions. They
presented two methods that involved the reaction of a target
model protein (BSA) with surface-immobilized antibody
probes. In the first method, they used antibody-coated
magnetic beads that were initially loaded in the LE buffer
and then immobilized on chip using an external magnet to
create a reactive surface prior to ITP. In the second approach,
they directly bound capture antibodies to the surface a PMMA
microchannel using a chemical treatment. In both methods,
electrokinetic injection was used to introduce a fixed amount
of the target protein. The target was focused and
preconcentrated in ITP in solution and then reacted with
the probes when the ITP zone passed over the reactive surface
region. The ITP-based immunoassay achieved a 100-fold
preconcentration of the protein and a LOD in the picomolar
range.

In 2017, Paratore et a significantly expanded on the
surface-reaction method of Karsenty et al.””> by designing an
ITP-based surface immunoassay and demonstrating the
detection of enhanced green fluorescent protein. Paratore et
al?® used paramagnetic streptavidin beads, which were
functionalized with biotinylated capture antibodies off-chip
(prior to ITP) and then immobilized within a trench in the
microchannel. Notably, this study explored the use of
counterflow ITP (CF mode; cf. section 8.2) and the stop-
and-diffuse mode (SD mode; cf. section 8.2) to enhance the
reaction efficiency. The SD mode is advantageous for low-
diffusivity target molecules and a high-viscosity medium. The
SD mode provided a 10-fold better LOD of 300 fM compared
to that of the simple PO mode (LOD of 3 pM). The SD mode
is a useful approach when the location of the ITP peak is
tractable in real-time (e.g., using current or voltage monitoring
or optical methods). The CF mode performed better than the
SD mode and lowered the LOD to 220 M, but it required a
more complicated experimental setup involving accurate flow
control. For this reason, the CF mode is recommended only
for applications that require extremely low levels of detection.
Under optimal assay conditions, Paratore et al.”*’ demon-
strated a 1300-fold improvement in the LOD compared to that
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of a standard immunoassay in 6 min. The study further noted
that the sensitivity of the ITP-based immunoassay is strongly
influenced by the pH and salt concentration, factors that
require careful optimization depending on the protein target.

We next review applications involving an ITP-focused
reactant and an immobilized reactant in a gel or porous
column. Garcia-Schwarz et al.”* first demonstrated volumetric
heterogeneous reactions in ITP. In their multistage assay for
miRNA detection, Garcia-Schwarz et al.”’® first performed
homogeneous ITP reaction between target miRNA and
(excess) complementary molecular beacons. In the next stage
of their assay, excess unreacted beacons were removed from
ITP prior to detection using an in-line capture region that
consisted of a hydrogel functionalized with capture probes
complementary to the reporters. This approach decreased the
background signal from molecular beacons in ITP and
improved the assay sensitivity. Later, Garcia-Schwarz et al.**’
adopted this approach and developed a highly specific ITP
assay with single-nucleotide specificity for miRNA detection.
In particular, they demonstrated the enrichment and specific
detection of let-7a miRNA from a mixture of eight miRNAs of
the let-7 miRNA family, which differed by a single to a few
nucleotides. Their 15 min assay was 1000-fold more sensitive
than Northern Blotting and 10-fold faster than RT-PCR.

Another application of ITP to enhance a volumetric
heterogeneous reaction is the work of Shkolnikov and
Santiago.”*>**” They developed a method that coupled in-
line ITP and affinity chromatography (AC) and applied it to
the detection and separation of sequence-specific nucleic acids.
The affinity substrate was poly(glycidyl methacrylate-co-
ethylene dimethacrylate) porous polymer monolith (GMA-
EDMA PPM), which allowed for the easy immobilization of
affinity probes. Moreover, the affinity column had negligible
nonspecific binding and, unlike gels, the affinity column was
nonsieving. Shkolnikov and Santiago™*>**” used ITP to first
preconcentrate all nucleic acids from the sample in free
solution. The ITP peak then electromigrated to the affinity-
based column region to capture target DNA molecules. They
demonstrated the capture of target DNA from a 10 000-fold
higher abundance of background DNA, starting from 200 L
of the sample in a column with a length less than 1 mm in <10
min. They also developed and experimentally validated a
model to predict the spatiotemporal behavior of the coupled
ITP and AC process, including figures of merit such as the
capture efficiency and the capture length.

ITP has also been implemented on paper-based microfluidic
devices to improve the sensitivity of lateral flow assays (LFA).
Moghadam et al.”** demonstrated ITP sample extraction on a
nitrocellulose-based paper microfluidic device and showed that
ITP could preconcentrate sample by 900-fold, achieving about
a 60% sample recovery efficiency. Later, Moghadam et al.”>®
integrated ITP extraction in a later-flow immunoassay format
and demonstrated both fluorescent (using AF488 dye) and
colorimetric (using gold nanoparticles) readouts. IgG secon-
dary antibodies were used as the target and capture reagents.
ITP was used to focus target analytes into a thin band and
transport them via electromigration to the LFA capture line.
The preconcentration of the target prior to the reaction with
the capture probes on the LFA capture line dramatically
increased the reaction rate associated with the slow reaction
kinetics of surface binding in LFA (Figure 39). They
demonstrated a 400-fold improvement in the LOD for a 90
s assay time compare to conventional LFA. They estimated the
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Figure 39. Improvement in the sensitivity of lateral flow assays with
ITP. Qualitative estimation of the LOD of an ITP-enhanced assay vs a
conventional lateral flow assay (LFA). Here, goat antimouse IgG
labeled with 40 nm colloidal gold was used as the target, and the assay
time was S min. Qualitatively, no signal was observed in the
conventional LFA for target concentrations below 10 mg/L, whereas
the ITP-enhanced assay detected target concentrations as low as 0.1
mg/L. The figure was reproduced with permission from ref 25S.
Copyright 2015 American Chemical Society.

gain factor in the LOD in terms of the fraction of bound probe
in ITP-LFA versus conventional LFA formats scales as pkgtirp.
Here, p is the effective focusing ratio, kg is the reaction off-
rate, and fpp is the ITP residence time. Importantly, they
found that the LOD gain factor due to ITP is independent of
the dissociation constant, Kp. The gain can be tuned by
controlling applied current, which in turn governs the focusing
ratio and the ITP residence time. In a similar approach, Guo et
al."'* devised a novel approach to alter the electrophoretic
mobility of proteins by immunobinding the target proteins to
primary and secondary antibodies and showed that BSA
(negatively charged protein) focused in cationic ITP in a
fiberglass paper-based microfluidic device. Guo et al.**°
expanded on the work of Guo et al.*'’ and developed an
ITP-LFA assay for the simultaneous detection of two cardiac
makers (¢TnT and cTnl) from human serum. Similar to
Moghadam et al,**® Guo et al.”>® utilized ITP (specifically
cationic ITP) to preconcentrate target cardiac protein markers
prior to the LFA capture line and to enhance the reaction of
the target with monoclonal antibody (mAb) probes on the
LFA capture line.

11.4.3. ITP Reactions Involving Molecules and
Particles or Cells. We here discuss ITP reaction assays that
involve particles such as cells and functionalized micrometer-
sized beads that either focus in peak-mode ITP or are involved
in a reaction with focused small molecules. For small particles,
the particle number density multiplied by the number of
reactive sites per particle can be treated as an effective
volumetric concentration affected by ITP focusing. For
sufficiently small particle-to-particle distances, we can ignore
diffusion to and from particle surfaces and treat the particle-
bound reactant in a manner very similar to a dissolved species
(this results in a pseudo-homogeneous ITP reaction). If the
particle diameter is on the order of or significantly larger than
the axial length of the ITP zone, we can treat the particle as a
finite immobilized surface.
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Figure 40. Three example ITP systems involving reactions among molecules and particles or cells. (A) Bead-based hybridization assay from
Shintaku et al.”**> Beads functionalized with probe DNA co-focus with target nucleic acids in ITP. This co-focusing and preconcentration
accelerates the reaction between the probe and the target. The figure was reproduced with permission from ref 225. Copyright 2014 John Wiley

and Sons. (B) ITP-based in situ fluorescence hybridization assay

of intact bacterial cells from Phung et al*"! Intact cells co-focus and

preconcentrate along with 16s RNA probes in ITP. The figure was reproduced with permission from ref 411. Copyright 2017 American Chemical
Society. (C) Microfluidic assay for continuous bacteria detection from Schwartz et al.>*” The ITP peak, which contains focused antimicrobial
peptides, is held stationary using a counterflow, while bacterial cells flow through the channel via pressure-driven flow. As the cells flow though the
ITP peak, they are labeled and detected downstream. The figure was reproduced with permission from ref 247. Copyright 2014 American Chemical

Society.

Goet et al.”** first demonstrated that micrometer-sized
beads can focus in ITP and presented an analysis of focusing
conditions. Later, Shintaku et al.”** developed a multiplexed
bead-based assay to speed up nucleic acid hybridization
reactions (Figure 40A). In their work, Shintaku et al.”* used
commercially available ~6.5 ym magnetic beads (Luminex,
Austin, TX) functionalized with 10 different ssDNA probe
sequences complementary to various targets in the sample.
Upon the application of the electric field, both beads and target
DNA focused and preconcentrated in peak-mode ITP,
enabling the acceleration of the reaction kinetics. They applied
moderate-to-high voltages to induce instabilities in the ITP
peak to promote the mixing of the beads with the target. The
assay was operated in a regime where the probes (via focused
beads) were in excess and the rate of product formation was
limited by the influx of the target into the ITP peak. They
demonstrated a 60-fold reduction in the reaction time due to
the bead-based ITP reaction, achieving the same level of
sensitivity and specificity as a well-stirred standard reaction.

Schwartz et al.** first demonstrated that ITP could be used
for the in-line labeling of bacterial cells (Figure 40C). They
used a stationary cationic ITP peak (electromigration
countered by a pressure-driven flow) to preconcentrate and
focus fluorescence-labeled antimicrobial peptides (AMP).
Bacterial cells were continuously flowed through the LE, but
they did not focus in ITP. As the cells flowed through the ITP
peak, they rapidly reacted with the AMPs and were labeled
prior to inline downstream quantification. In this case, to
achieve efficient labeling, the reaction time scale must be short
compared to the advection time scale of the cells across the
ITP peak. This provides a physical limit on the maximum
electric field and the throughput of the system. The work of
Schwartz et al.>*” used AMPs that nonspecifically bound to the

12961

negatively charged outer membrane of bacteria and thus
provided the ability to selectivity detect bacteria. However, the
method was not able to distinguish between different bacteria.
To overcome this limitation, Phung et al ! developed a two-
stage ITP assay for the in-line fluorescence in situ hybridization
(FISH) labeling of bacterial cells (Figure 40B). Specificity in
FISH was obtained by designing appropriate FISH probes for
target bacterial cells in the sample. The FISH probes and
bacterial cells were simultaneously focused into a small volume
and reacted in ITP, and a counter-pressure-driven flow was
used to increase the hybridization time. Similar to Eid et al,”
unhybridized probes were then separated from cells in-line
using a sieving matrix and spacer ion prior to detection. Phung
et al.""" compared their ITP-based FISH to off-line standard
FISH and reported a decrease in total assay time from 2.5 h to
30 min.

12. MISCELLANEOUS CONFIGURATIONS OF
MICROFLUIDIC ITP

This section briefly reviews miscellaneous configurations used
for ITP processes and analyses. Our intent is not to provide an
extensive review but instead to present illustrative examples of
(and some references for) the wide variety of configurations
possible.

12.1. ITP Preconcentration Followed by Electrophoretic
Separation

Capillary electrophoresis (CE) typically provides the best
separation performance of any electrokinetic separation
method.” This is due to CE’s capability for analyte mobility
resolution and peak capacity (the number of separated species
in one experiment), among other figures of merit. In the
plateau mode, ITP offers some separation capacity. However,
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compared to CE, ITP’s clear advantage is a superior sensitivity
due to its strong capability for, and highly selective, analyte
focusing (i.e., increase of the concentration). In the peak
mode, ITP also offers the ability to achieve highly focused and
spatially resolved peaks containing multiple species. An
excellent way to combine the separation power of CE and
the focusing capabilities of ITP is to couple ITP preconcentra-
tion with subsequent capillary electrophoresis. Bahga and
Santiago24 cover in detail methods, configurations, chemistries,
advantages, and disadvantages of such couplings. In this
section, we review just a couple of these many coupling
strategies.

The most common and easiest to implement method to
couple ITP and CE (and even mass spectrometry) is t-ITP.**
Figure 41 shows an example t-ITP chip layout that uses a

ITP preconcentration
(@) North

S2
West Separation Channel
[ e

NS—— ..
— Prcg‘?nccmrauon East
= hannel

Switching channels

(b)

Switch Channel

2
Electromigration

Figure 41. Schematic of an example column-coupling configuration
for t-ITP/CZE implemented in a microfluidic chip. The west reservoir
is loaded with the TE and the sample, and the remaining channel
(including the main channel and the north and east reservoirs) is
loaded with the LE. (A) ITP preconcentration of the sample is
initiated by the application of an electric field between the east and
west reservoirs. (B) As the ITP zone passes the branched section, the
applied electric field is switched and applied between the east and
north reservoirs. (C) Disruption of ITP and the initiation of CZE
separation. The figure was reproduced with permission from ref 24.

Copyright 2013 The Royal Society of Chemistry.

column-coupled configuration (essentially a T-junction) for
coupling ITP with downstream zone electrophoresis.”* In this
configuration, the sample is mixed with the TE and placed in
the west reservoir, while the rest of channels, including the
north and east reservoirs, are filled with the LE. In the first
step, an electric field is applied from east to west (i.e., from the
LE to TE reservoirs) to focus and preconcentrate the target
analytes in (peak- or plateau-mode or a combination thereof)
ITP. The second step is initiated once the ITP peak migrates
past the T-junction. Here, an electric field is applied from the
north to east reservoirs (both of which are LE reservoirs). The
latter step introduces LE ions behind the TE ions. LE ions
outpace the TE ions, eventually exposing the analytes locally
only to LE ions, hence disrupting ITP and commencing
capillary zone electrophoresis-type separation. Various other
chip designs (including simple straight channels) and loading
configurations can be used for t-ITP.”* Recently, changes in
temperature have been used to effect t-ITP using thermally

responsive gels, which can be used to strongly vary micromolar
analyte mobility."'” t-ITP is likely most effective when
preconcentration is achieved in the peak mode. By far the
biggest disadvantage of t-ITP is the high degree of electro-
migration dispersion imparted on the analyte ions as LE ions
are used to displace TE ions (or vice versa). This dispersion
limits the resolution that can be achieved by CE as it increases
the effective injection sample width at the start of CE. We refer
to the ref 24 for a detailed review on coupling t-ITP with zone
electrophoresis and refs 29, 96, 109, 111, 304, 306, 324, and
413—41S5 for various applications of t-ITP in microfluidics.
Bidirectional ITP offers a way to preserve and leverage the
initial high spatial resolution and sample concentration of a
peak-mode ITP process while also coupling CE separation. In
bidirectional ITP, counter-migrating cationic and anionic ITP
processes are established in the same channel. As shown in
Figure 42, the cationic and anionic ITP shock waves typically
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Figure 42. Schematic depicting ITP/CZE achieved using bidirec-
tional ITP in a straight channel. Sample ions focus and preconcentrate
in anionic ITP prior to the interaction of the anionic ITP shock wave
with a countermigrating cationic ITP shock wave. Upon the
interaction of these shock waves, ITP is disrupted and electrophoretic
separation is initiated via the formation of a new “background” zone
composed of TE* and "E— ions. The figure was reproduced with
permission from ref 24. Copyright 2013 The Royal Society of
Chemistry.

originate in the two end-channel reservoirs and migrate toward
each other. This is achieved using two sets of LE and TE ions,
namely, cations LE+ and TE+ for cationic ITP and anions
LE— and TE— for anionic ITP. LE+ and TE— ions are loaded
in the cathodic reservoir, TE+ and LE— ions are loaded in the
anodic reservoir, and the main channel is filled with a mixture
containing LE+ and LE—. Upon the application of an electric
field, the cationic shock wave migrates from the anodic
reservoir toward the cathode, and the anionic shock wave
migrates from the cathodic reservoir toward the anode. At an
intermediate time, these two countermigrating shock waves
interact with each other and disrupt the ITP process, resulting
in the formation of a new (background) zone composed of TE
+ and TE—, wherein analyte ions undergo CE-type separation.
This configuration was used by Bahga et al.”'" and Bahga et
al.* to preconcentrate and subsequently separate DNA
molecules, including a 1 kbp DNA ladder and hybridized
DNA products, from unhybridized ssDNA. We refer to refs
416—423 for detailed discussions around theory, simulations,
and applications of bidirectional ITP. A disadvantage of the
bidirectional ITP method is that the design of assay
chemistries can be complex (requiring two sets of carefully
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Figure 43. Schematic of counterflow ITP. In step i, the sample is mixed with the TE, and the mixture is loaded via semi-infinite injection. In step ii,
the electric field is applied and ITP is initiated. A counterflow is also applied using a hydrodynamic pressure head to balance the electromigration.
In step iii, the sample accumulates in the stationary ITP zone over time. In step iv, the counterflow is turned off, and the ITP peak migrates
downstream for detection. The shape of the LE-to-TE interface is idealized, as the pressure-driven flow tends to disperse this interface. The figure
was reproduced with permission from Phung et al.**® Copyright 2015 Springer Nature.
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Figure 44. Gradien- elution ITP. (a) Schematic of the experimental setup used by Shackman and Ross.”*” (b) A combination of EOF and
hydrodynamic flow is used to focus and accumulate analyte ions between the LE and TE interface at the entrance of the capillary or channel. After
this initial focusing, the counterflow is regulated to control the release of analyte species in to the main channel based on the species mobility
values. (c—f) Experimental images showing the controlled injection of carboxyfluorescein (FAM) and fluorescein (F) I to the channel for applied
pressures of 1800, 850, 730, and (f) 590 Pa, respectively. (g) Electropherogram showing the separation of F and FAM using gradient-elution ITP.
The figure was reproduced with permission from ref 429. Copyright 2007 American Chemical Society.

chosen and compatible LEs and TEs), which can limit the
possible range of analyte mobilities that can be separated.

12.2. Cascade ITP

Recall from section 6 that the concentration of plateau zones in
ITP scale proportionally with the LE ion concentration.
Additionally, the plateau-mode concentration is determined by
the LE ion concentration, the LE ion mobility, and the plateau
species mobility. Cascade ITP leverages these features using a
sequence of LE zones with varied LE ion concentrations to
improve the detection sensitivity. In one approach, analytes are
initially focused behind one LE zone with a high concentration,
enabling strong sample focusing and a high separation capacity.
Subsequently, the focused zone electromigrates into a

downstream region formerly occupied by a LE with a lower
ionic strength. The local electric field is higher in the latter
zone, which can be used to raise the concentration of a peak-
mode analyte distribution. The approach was first introduced
by Botek et al.**® for capillary ITP systems, who used it to
demonstrate the complete separation of ions that typically
formed mixed zones in ITP. Cascade ITP was later introduced
in microfluidic ITP by Kaniansky et al.”** using a column-
coupled configuration to load electrolytes. More recently,
Bahga et al.”'> adapted bidirectional ITP to achieve a cascade
of LE concentrations and used it to demonstrated cascade ITP
in a single straight channel chip. See also Guo et al.”*° for an
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example of cascade ITP implemented on a paper-based
microfluidic device.

12.3. Counterflow and Gradient-Elution ITP

One approach for increasing the processing capacity of an ITP
system while minimizing the sample length is to apply the flow
of the bulk liquid in a direction opposed to the direction of the
ITP. The flow can be achieved using an externally applied
pressure gradient’”* or the inherent electro-osmotic mobility
of the channels.*** In either case, the effect is to enable a
longer duration of ITP in a relatively short channel. Figure 43
shows an example implementation of counterflow ITP from
the work of Phung et al.”® In step i, the sample is diluted in
the TE and loaded in a semi-infinite injection mode. In step ii,
a constant pressure-driven flow is applied to approximately
balance the electrophoretic motion of the ITP peak. Between
steps ii and iii, sample ions continuously focus at the stationary
ITP interface. Finally, in step iv, the pressure-driven flow is
stopped and the peak is allowed to electromigrate to a detector
placed downstream. Phung et al.**® used this setup to detect
bacterial cells in ITP and showed that the counterflow
improved the LOD by a factor of four compared to the case
with no flow. See refs 60, 180, 328, 379, 427, and 428 for
various other studies and applications that use counterflow in
ITP.

Another implementation of counterflow in ITP is so-called
gradient elution ITP, first shown by Shackman and Ross.*” In
a first step, the effect of the applied electric field and a
(dominant) counter-flow (EOF or pressure-driven flow) lead
to a configuration where LE anions fill the entire length of a
free-standing capillary connected to a reservoir filled with the
TE buffer and anionic analyte species, as shown in Figure 44.
In this configuration, analyte ions focus at the LE—TE interface
near the channel entrance, as indicated in the figure. After
sufficient analyte focusing, the counterflow is controlled to
permit analyte ions to enter in an order indicative of the
effective mobility of the analytes. We know of no quantitative
analysis of this process, but the operation is reportedly robust
and has been applied to the ITP separation and controlled
elution of amino acids and DNA."*°~*** Disadvantages of the
technique include a requirement for precise pressure-driven
flow control and repeatable and controllable EOF channel
mobility.

12.4. Free-Flow ITP

Free-flow ITP is a two-dimensional process that couples bulk
flow and ITP electromigration in perpendicular directions. The
system configuration is similar to that of so-called free-flow
electrophoresis.”****>**® Figure 45 shows experimental visual-
izations of free-flow ITP from Janasek et al.”** In the figure,
pressure-driven flow is established along the axial direction of a
channel (downward) with a relatively shallow depth (into the
image) and a relatively large spanwise width (horizontal).
Along the left and right spanwise (vertical) edges of the
chamber are trenches of TE and LE buffers integrated with
linear electrodes, which establish a horizontal electric field
directed from right to left. Sample ions introduced at the
entrance (top) undergo ITP-type focusing as they flow
downward. Free-flow ITP allows for continuous focusing and
spatial separation (e.g,, if focused to the point of plateau-mode
ITP). Refer to Turgeon et al.*** and Novo and Janasek*” for
detailed reviews around the theory and applications of
microfluidic free-flow ITP.

Bt s

Fi§qre 4S. Experimental demonstration of free-flow ITP by Janasek et
al.”** A heatmap of the fluorescence intensity in x (horizontal) vs ¢
(vertical) is shown, where red and blue represent the highest and
lowest fluorescence intensities, respectively. Here, 5 uM fluorescein
was preconcentrated and focused in free-flow ITP under an applied
electric field of 525 V/cm. The flow was directed from the top to the
bottom at a velocity of 10 yL/min. Figure was adapted with
permission from ref 245. Copyright 2006 American Chemical Society.

13. OUTLOOK FOR ITP IN MICROFLUIDICS

Microfluidic ITP has been pursued with increased interest and
shown significant developments over the last two decades.
New applications for the use of ITP in microfluidics continue
to emerge, especially in fields of biological science, including
molecular biology and diagnostics, chemical analysis, and food
and plant sciences. These applications include the use of ITP
as both an analytical tool and an intermediate preparatory tool
for downstream analyses. We here offer comments around
several areas of microfluidic ITP that would benefit from
improvements and improved understanding.

Although microfluidic ITP technologies were initially
developed (and are easily suited) to handle small sample
volumes (typically a few microliters), many emerging
technologies, particularly in the field of molecular diagnostics
and trace analyte identification, require the processing of large
sample volumes—as much as several hundreds of microliters
to one or more milliliters—to achieve sufficient sensitivity. To
the best of our knowledge, the commercial microfluidic ITP
system of Purigen Biosystems, Inc. (IONIC ITP system)
currently processes the highest sample input volumes, around
200 L in under an hour. Key impediments to scaling up ITP
channels are Joule heating and the buoyancy effects associated
with larger volume systems. The requirement to mitigate Joule
heating effects can significantly influence chip and system
design and limit the minimum assay time. For example, Joule
heating can drive the material, fabrication method, and
geometry of system. Buoyancy effects in ITP systems with
relatively large cross-sections can arise due to differences in the
mass densities of various ITP zones (e.g, the adjusted TE and
the LE), which can create an important orientation depend-
ence.

Microfluidic ITP technologies can also strongly benefit from
the development of more (or fully) integrated and automated
systems and workflows. This is of particular interest for
molecular diagnostic systems that seek to provide automated
and rapid raw sample-to-answer solutions. One example is
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nucleic acid detection and identification technologies,
including the integration of on-chip sample lysis, ITP-based
purification, focusing, mixing, and chemical reactions (such as
enzymatic amplification), followed by sensitive on-chip
detection (e.g., via fluorescence). Typical challenges associated
with such integrated assay systems that use ITP include
developing optimized buffer chemistries compatible with the
various phases of the assay, optimizing channel designs for ease
of use and interfacing various steps, and operation schemes
that, in either open- or closed-loop, control and regulate the
entire assay. Further, reproducible sample and buffer loading
configurations (e.g,, that use automatic pressure valves) within
the reservoirs and channels are important to ensure the
robustness of assays.

Another area for improvement is to better leverage the
preconcentration ability of ITP to improve the performance
(particularly the sensitivity but also the resolution) of
downstream separation systems. As we have discussed, such
efforts have been ongoing for decades, but it is the opinion of
the current authors that ITP is nevertheless under-utilized as a
preconcentration technique prior to separation and identi-
fication methods such as capillary electrophoresis, chromatog-
raphy (including electrochromatography), and mass spectros-
copy. In our experience, ITP can often be integrated as a
preconcentration method using existing hardware by carefully
designing the chemistries and the initial configuration of the
sample versus buffers. Another related and emerging research
area is the development and integration of hybrid matrix
systems for ITP, for example, those involving liquid- and gel-
based matrices, including functionalized gels and matrices for
specific heterogeneous assay and processing steps (including
separations). Such systems should enable new modalities and
functionalities.

Lastly, we recommend that easy-to-use modeling and
simulation tools be developed (or existing ones expanded) to
enable simple assay design and the optimization of buffer
chemistries and geometries. Current simulation tools are
limited to testing ideas based on ad-hoc user inputs for
chemistry and geometry and preclude an easy approach to
optimization. We suggest research into the development of
“inverse problem” approaches and simulation tools for ITP
wherein the user provides target performance requirements
and constraints (e.g., estimates of analyte mobilities and pK,
values) as inputs to the simulation and the simulation outputs
suggested possible design solutions ranked by performance
metrics.
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