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a b s t r a c t

Identifying protein binders is the first step in drug discovery. The combinatorial approach, in which a
library of compounds is subjected to affinity screening against a target protein, is a major way for
identifying protein binders. Oligonucleotide libraries constitute the largest source of material for such
affinity screening. Selecting protein binders from such libraries requires a highly efficient method for
separation of protein-oligonucleotide complexes from the excess of unbound oligonucleotides. Kinetic
Capillary electrophoresis (KCE) is a fast-developing trend in affinity applications. It has the highest re-
ported efficiency of partitioning, but screening oligonucleotide libraries by KCE has many challenges
which must be addressed before KCE can compete with conventional surface-based screening. Here we
provide the critical analysis of advantages and limitations of KCE in screening oligonucleotide libraries.
We identify potential ways of overcoming the limitations in an attempt to direct researchers towards the
most important and urgent tasks in this area.

© 2023 Published by Elsevier B.V.
1. Introduction

Screening combinatorial libraries for protein binders (i.e., com-
pounds capable of strongly and specifically binding target proteins)
is the mainstream approach for identifying hit compounds in drug
discovery [1e3]. Increasing the structural diversity of the library
increases the probability of selecting suitable protein binders from
the library [4]. Libraries in which every compound is synthesized,
stored, and reacted with the target protein separately have limited
diversity of approximately a million compounds [5]. On the other
hand, libraries synthesized via the split-and-mix approach and,
thus, being mixtures of compounds, provide virtually unlimited
diversity [6]. They are the most diverse source of hit compounds
and, accordingly, are the sole subject of this critical review.

The screening of a highly diverse combinatorial library for hits
can be divided into two stages: binder selection and hit verification
[7,8]. In the selection stage, the initial library is reacted with the
target, followed by (i) physical separation of binders (library
members with affinity to a given molecular target) from non-
binders (library members without any appreciable affinity to the
target) and (ii) identification of the putative hits [7e13]. The
inevitably low number of copies of each unique member in such
highly diverse libraries makes the hit identification process
challenging.

Oligonucleotide libraries, such as random-sequence DNA and
RNA libraries and DNA-encoded libraries of small molecules (DEL,
refer to Table 1 for a list of commonly used abbreviations), address
this challenge of identifying binders in low copies [8,11e13]. The
oligonucleotide moieties of the selected compounds from such li-
braries can be amplified by PCR, and their sequences can be iden-
tified via DNA sequencing. For random-sequence DNA and RNA
libraries, the sequence information is used to prepare their replicas
via chemical synthesis of the oligonucleotide sequence [14,15]. For
DEL, decoding the small-molecule structure information through
sequencing the DNA “barcode” can reveal the identities of the pu-
tative hits (e.g., small molecules capable of binding the target
protein). This information is used to synthesize individual com-
pounds without the DNA barcodes [8,12]. After the selection stage,
the hit compounds are proceeded to the verification stage, where
their affinities are assessed by measuring quantitative parameters
of binding to the target, such as the equilibrium dissociation con-
stant (Kd) and the rate constants of association (kon) and dissocia-
tion (koff) [7,8,16e18].

The goal of the selection stage is to eliminate the nonbinders
while retaining the binders so that the library is reduced to a
smaller pool of compounds that can undergo the subsequent
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Table 1
List of commonly used abbreviations.

Abbreviation Meaning

CE capillary electrophoresis
DEL DNA-encoded libraries of small molecules
ECEEM equilibrium capillary electrophoresis of equilibrium mixtures
EOF electroosmotic flow
IFCE ideal filter capillary electrophoresis
ctITP capillary transient isotachophoresis
Kd equilibrium dissociation constant
koff rate constant of dissociation
kon rate constant of association
KCE kinetic capillary electrophoresis
L ligand molecule
[L]eq equilibrium concentration of ligand
MACE microbead-assisted capillary electrophoresis
NECEEM non-equilibrium capillary electrophoresis of equilibrium mixtures
P protein target
[P]eq equilibrium concentration of protein
PectI polymer-enhanced capillary transient isotachophoresis
PL protein�ligand complex
[PL]eq equilibrium concentration of protein-ligand complex
SELEX systematic evolution of ligands by exponential enrichment
nonSELEX Selection of ligands without PCR amplification between rounds of partitioning
SUMET simplified universal method for predicting the electrolyte temperatures
XNAs xeno nucleic acids
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identification and verification steps in a practical manner. It is
widely accepted that for a given target, only a minute fraction of the
library molecules will possess the required affinity and specificity
to be identified as binders, with binder-to-nonbinder ratios being
possibly as low as one per million or even billion. Thus, methods
used for the selection stage must be capable of efficiently elimi-
nating nonbinders, while retaining asmany binders as possible. The
main source of inefficiencies in the elimination of nonbinders is the
non-specific adhesion of library compounds to the surface of the
chromatographic support, filter, magnetic binds, etc. [19]. A com-
mon source of inefficiencies in the retention of binders is the
decreased affinity between the interactants as a result of steric
hindrance effects (e.g., caused by surface immobilization of mo-
lecular targets), or alteration of their conformation (e.g., caused by
chemical derivatization of molecular targets) [20,21]. Thus, to
ensure high efficiency of partitioning binders from nonbinders, an
ideal selection method must be: (i) resistant to non-specific
adhesion of library compounds to surfaces; (ii) immobilization-
free; and (iii) free of requirements for chemical derivatization of the
molecular target.

Today, most methods used for routine screening of oligonucle-
otide libraries do not satisfy any of these requirements. The binder-
selection stage is usually carried out by surface-based techniques,
such as bead-pulldown, affinity chromatography, or filtration
[19,22,23]. Bead-pulldown and affinity chromatography are
hampered by the requirement of surface immobilization of the
molecular target, while filtration and size-exclusion chromatog-
raphy suffer from poor partitioning efficiencies due to the non-
specific adhesion of the library molecules to the surface of the
sieving matrices. In such methods, as much as 15% of the entire
library can adhere to the surfaces non-specifically, necessitating the
selection procedure to be repeated in a number of rounds (typically
10 to 20) [19].

The multi-round selection of binders from oligonucleotide li-
braries has fundamental drawbacks. In multi-round selection of
aptamers from a random oligonucleotide library via the systematic
evolution of ligands by exponential enrichment (SELEX) process
(repetition of partitioning and PCR amplification), the number of
selection rounds is theoretically unlimited [19,24e26]. However,
the large number of selection round can lead to selection failure
due to the accumulation of sequence biases after repetitive PCR
2

cycles between the selection rounds [27e29].
In selection of binders from DEL, due to the inability to PCR-

amplify the binders, the consecutive rounds are conducted
without PCR amplification between rounds in a process which can
be called nonSELEX [8,30e34]. Since there are always unavoidable
losses of binders between selection rounds, the maximum number
of rounds in nonSELEX is typically limited to three while the
resulting pool is still mostly dominated by nonbinders [35]. In
addition to the practical challenges in time and resources, multi-
round selection of binders using the surface-based techniques
associated with poor separation efficiencies arguably creates a
bottleneck in routine screening of oligonucleotide libraries. As a
result of this and other limitations, 70% of selection campaigns fail
to select binders from non-modified random oligonucleotide (or-
dinary DNA and RNA) libraries [36]. Despite the well appreciated
limitations of the surface-based partitioning methods, they still
dominate the field of oligonucleotide library screening due to their
robustness, simplicity, and accessibility.

This paper is entirely devoted to a different trend in screening
oligonucleotide libraries, namely, partitioning by gel-free capillary
electrophoresis (CE). CE is a solution-based separation method and
a highly promising alternative to surface-based methods for par-
titioning binders from nonbinders. The separation in CE is based on
difference of electrophoretic mobilities between target�binder
complexes and nonbinders as they migrate along a narrow-bore
capillary. The appreciation of kinetics in early development of CE-
based binder selection significantly enriches the analytical capa-
bilities of the method, coining the term kinetic capillary electro-
phoresis (KCE) for such a platform [37e40]. KCE does not assume
equilibrium between the target and library compounds, simply
because separation disturbs equilibrium; thus, uniquely enabling
kinetic analysis of the interactions and selection of binders with
predefined kinetic parameters. Over the past two decades, KCE has
been gradually developed into a reasonably well-understood, yet
still moderately used, methodological platform for screening of
oligonucleotide libraries [37,38,41e51]. Some authors call this
approach simply CE; for the sake of uniformity and to emphasize
the importance of kinetics in CE-based partitioning, wewill use the
term of KCE throughout this paper.

Being a solution-based separation technique with a superb
partitioning efficiency between non-derivatized and non-



Fig. 1. Schematic representation of KCE separation when L is labeled for detection (as
depicted in bright green color) while P is undetectable (as depicted in fainted gray
color): a) preparation of the equilibrium mixture (EM); b) injection of the equilibrium
mixture into the capillary; c) partitioning of PL from free L; and d) detection of
separated PL and L as they migrate through the capillary into three distinct zones: free
L zone, complex dissociation zone, and intact PL zone. Depending on the mode of KCE
separation, not all three features may be present in the resulting electropherogram.
See text for details.
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immobilized target�binder complexes and free oligonucleotide li-
brary, KCE satisfies all of the three above-stated performance re-
quirements for the selection stage of oligonucleotide library
screening. So far, a variety of KCE methods have been developed
and utilized for the selection of binders from oligonucleotide li-
braries [37,38,41e51]. Despite the apparent differences between
them, all these methods can be classified into 2 major groups: non-
equilibrium capillary electrophoresis of equilibrium mixtures
(NECEEM) and ideal filter capillary electrophoresis (IFCE). The
partitioning efficiency of KCE methods exceeds that of the con-
ventional surface-based methods by 3e6 orders of magnitude
[19,24,26,37,49]. As a result, KCE methods effectively reduce the
number of rounds required for completing selection from over 10
(by surface-based methods) to 1e4. Uniquely, with its kinetic ca-
pabilities, KCE has been demonstrated to facilitate the selection of
“smart” binders with predefined equilibrium and kinetic parame-
ters [40]. In this article, we overview the application of KCE tech-
niques to the screening of oligonucleotides libraries, outline the
remaining challenges, and describe our vision of how these chal-
lenges can be addressed.

2. KCE instrumentation and selection methodology

2.1. Concept of KCE

As the name implies, CE is the instrumental platform of KCE.
Since the introduction of modern CE by Jorgen and Lukacs in 1981,
CE has become a well-established analytical separation technique
with essential roles in protein and nucleic acid characterization as
well as study of biomolecular interactions [52e54]. In contrast to
conventional gel electrophoresis, which separate molecules trav-
elling through a slab gel matrix, CE separates molecules as they
migrate along the bore of the capillary tube filled with a conductive,
liquid buffer (a.k.a., the CE running buffer). CE separation is char-
acterized by an unprecedently high resolution due to the use of
very thin capillaries with inner diameters ranging typically from 50
to 150 mm [55]. The superior heat-dissipation in such narrow-bore
capillaries means that temperature differences across the capillary
are greatly minimized making effects of convection and lateral
diffusion negligible. As a result, high-magnitude electric field can
be used to facilitate fast and high-resolution separation in free
solution.

KCE stands for CE-based separation of molecules which interact
during separation unless fully separated [39]. KCE involves affinity
binding between interacting molecules as the initial stage. In the
context of KCE-based screening of oligonucleotide libraries, we
assign that a protein target (P) and a binder (a.k.a. ligand, L) from
the oligonucleotide library take part in reversible binding event
with the formation of their intermolecular complex (PL); this
binding can be described by the following reaction equation:

Pþ L %
kon

koff
PL (1)

Thermodynamic/kinetic parameters that characterize such revers-
ible intermolecular interactions include the equilibrium dissocia-
tion constant Kd, which is used to characterize complex stability,
and rate constants kon and koff, which characterize the kinetic
properties of complex formation and dissociation, respectively. The
definition of Kd through equilibrium concentrations of P, L, and PL,
as well as its relation to kon and koff is:

Kd ¼
½P�eq½L�eq
½PL�eq

¼ koff
kon

(2)
3

In KCE, the interacting molecules P, L, and their complex PL are
continuously separated from each other based on differences in
their electrophoretic mobilities. The re-equilibration of species in
reaction 1 during their migration, essentially convolutes the in-
formation on Kd, kon, and koff within their migration patterns.
Separation of any two species in CE requires that at least one of
them bares a significant charge. For a random oligonucleotide li-
brary, due to the high density of the negative charge on the oligo-
nucleotide moiety, CE is capable of separating it from other
molecules, such as proteins and oligonucleotideeprotein com-
plexes, with remarkable efficiency [37,41]. Obviously, the separa-
tion of PL from L improves with increasing molecular size of P. As
the electrophoretic properties of DEL are mainly defined by the
oligonucleotide moiety of molecules, high partitioning efficiencies
can be also achieved between protein�DEL complexes and free DEL
[56,57]. In addition, because the information on affinity and ki-
netics of an interaction is embedded in the migration patterns of
molecules, the use of KCE allows the selection of binders with
predefined values of kon, koff, and Kd (smart binders) [40]. To put it
simple, collecting fractions of binders at pre-set migration times
can produce smart binders with desired Kd and/or koff depending
on the mode of KCE.
2.2. Major modes of KCE-based separation used in binder selection

The basic procedure for KCE-based separation involves the
following four steps: (i) P and L aremixed together and incubated to
approach equilibration of reaction 1, (ii) a short plug of this equi-
librium mixture is injected into the capillary, (iii) the free and
protein-bound L are separated from each other based on the dif-
ference in electrophoretic velocities of L and PL, and (iv) the sepa-
rated molecules are detected via a suitable detection module (e.g.
absorbance or fluorescence detection) as they migrate through the
capillary (Fig. 1) [37e39]. During the separation, the equilibrium
fraction of free Lmigrates as a distinct zone, while the PL undergoes
continuous dissociation as a result of the disturbed equilibrium.
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Thus, a typical KCE migration profile contains 3 distinct features: 2
peaks that correspond to the zones of free L and intact PL and a
smear-like region of PL dissociation products (referred to as the
complex dissociation zone) whichmerges with both L and PL peaks.

We define two major modes of KCE-based separation using the
migration directions of L and PL as criteria. The first mode is
NECEEM, inwhich L and PL move in the same direction. The second
mode is IFCE, in which L and PL move in the opposite directions
[37,49]. As a result, NECEEM electropherograms contain all three
features (the two peaks and the complex dissociation zone) while
only the peak of intact PL is present in IFCE electropherograms. We
further divide the NECEEM platform into two submodes: “complex-
first” and “complex-last” [58]. The conversion between different
modes can be achieved by varying the mobility of the electroos-
motic flow (EOF) (Fig. 2). In complex-first NECEEM, when an un-
coated capillary is used, and the strong EOF is present, PL moves
ahead of L. In complex-last NECEEM, EOF is suppressed via a neutral
coating and as a result, L moves ahead of PL. In IFCE, the EOF is
balanced so that PL moves to the capillary outlet while L moves to
the inlet.

If L and PL moved as electrophoretic zone with near-Gaussian
concentration distributions, KCE partitioning efficiency would
approach infinity and there would be no contamination of the
collected PL with the unbound L at the elution end and KCE parti-
tioning efficiency will approach infinity [59]. In reality, there is a
small fraction of unbound L that moves to the elution end with the
mobility close to that of PL due to a phenomenon of nonuniform
migration of DNA in a uniform electric field (Fig. 2, bottom panel)
[60]. This contamination of binders by nonbinders mainly defines
the nonbinder background, resulting in lower than theoretically
expected KCE partitioning efficiency. In IFCE, the non-binder
background is approximately 3 orders of magnitude lower than in
NECEEM [49]. Between the two submodes of NECEEM, the
complex-last submode has relatively higher nonbinder back-
ground, owning to the additional contamination of faster-moving
nonbinders at the capillary end [58]. In the complex-first sub-
mode, the complex exits the capillary before the slower-moving
nonbinders contaminate the capillary end; thus, the nonbinder
background is solely caused by the irregularities in electrophoretic
mobility of DNA. However, the use of complex-last NECEEM is still
beneficial when the adsorption of the target protein onto the un-
coated inner capillary surface is severe; the coating of the walls can
suppress such adsorption, typically, at the expense of suppressing
the EOF as well. Overall, the partitioning efficiencies of NECEEM
and IFCE were estimated to be as high as 105 and 109 respectively
while that of surface-based methods can only reach up to 103, and
typically below 102 [19,24,26,61]. Despite having the highest par-
titioning efficiency on record, IFCE is still immature and limited to
large-size protein only due to its very long separation times for
Fig. 2. Illustration of different modes of KCE-based separation: a) “complex-first” NECEEM, b
and observed velocities (v) of the electroosmotic flow (EOF), PL and L. The bottom panels sch
electrophoretic mobility of L in corresponding modes of KCE-based separation.
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small proteins which leads to dissociation of complexes. Today, the
well-established NECEEM still remains the most frequently used
KCE method in CE-based selection of binders from oligonucleotide
libraries.
2.3. Theoretical considerations in adapting KCE-based separation
techniques to the selection of binders from oligonucleotide libraries

A typical round of binder selection procedure involves the
following three steps: (i) reacting the library (consisting of binders
and nonbinders) with the target to form target�binder complexes,
(ii) partitioning the complexes from nonbinders, and (iii) ampli-
fying the collected fraction of oligonucleotides to obtain a binder-
enriched library for the next round of selection [14,15]. SELEX
consists of many rounds (up to 20) of the above three steps while
nonSELEX is limited to fewer rounds (up to three) of the two initial
steps (reacting and partitioning) [30,31].

The post-partitioning process involves PCR amplification and
identification of binders from the binder-enriched library via either
cloning or high-throughput sequencing (HTS) [14,15,62]. In any
binder-selection procedure, the odds of success depend on two
critical conditions [58]. The first condition is that the partitioning
efficiency must be high enough to enrich the initial library having a
low binder-to-nonbinder ratio (e.g., <10�6) to an acceptable level of
binder purity at the output (e.g., >50%). A single-round selection
can be achieved if partitioning efficiency is higher than the recip-
rocal fraction of binders in the initial library [63]. In most cases, a
successful selection requires multiple rounds due to the limited
partitioning efficiency and the miniscule fraction of high-affinity
binders in the initial library. The second condition is that the
quantity of binders at the input be sufficient for the next rounds of
selection and/or PCR amplification. The quantity of binders at the
output can be simply increased via two means: (i) using a library
with better affinity to the target (i.e., with a larger fraction of
binders) and/or (ii) increasing the quantity of the initial library at
the input of selection. In essence, when developing a selection
procedure, one needs to aim at increasing the partitioning effi-
ciency and/or the fraction of binders in the starting library.

In the context of KCE, the partitioning efficiency is largely
defined by the nonbinder background, which is caused by the
heterogenicity of the electrophoretic velocity of DNA in CE [60].
This nonbinder background increases in orders of magnitude to-
ward the free DNA peak (Fig. 2, bottom panel) [58]. Nonbinder
backgrounds will differ for different target sizes (i.e., molecular
weights of proteins) and, accordingly, different mobility shifts of
DNA upon its binding to the target. Smaller targets (such as pep-
tides and small molecules) experience lesser mobility shifts upon
complexation, resulting in elevated levels of nonbinder background
as well as inefficient partitioning. Therefore, in KCE, the way to
) IFCE and c) “complex-last” NECEEM. The top parts show electrophoretic mobilities (m)
ematically depict the nonbinder background profiles originating from the nonuniform
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minimize the level of nonbinder background and improve the ef-
ficiency of partitioning is to ensure an appreciable mobility shift of
the complex from the free DNA regardless of the target sizes.
Moreover, while KCE efficiency is almost ideal for binder selection
(especially for relatively large target molecules, such as proteins),
KCE has one inherent limitation: the low injection volume (e.g., less
than a microliter). A typical input quantity of the initial library in
KCE is about 1011e1012 molecules, which is 3e4 orders of magni-
tude lower than in surface-based methods [19,22,23]. Despite the
uniquely high partitioning efficiency of KCE, the low input quantity
of the library can lead to failed selection for more challenging, less
“aptagenic” targets, for which the fraction of binders in the initial
library is low. Accordingly, efforts should be made to mitigate this
limitation.

The application of KCE to selection binders from oligonucleotide
libraries began with the development of the NECEEM mode as a
highly efficient separation method for aptamer selection. Between
2004 and 2005, complex-last and complex-first NECEEM modes
were introduced to obtain high affinity aptamers for protein targets
within only one to four rounds of selection by the Bowser group
and Krylov group, respectively [37e39,41,42,64]. Since then, there
have been reports of successful aptamer selection by NECEEM for
more than 30 targets of different classes (e.g., small molecules,
peptide, proteins, and whole cell/bacteria) by numerous research
groups, proving the effectiveness of the KCE approach [65]. In 2019,
IFCE was introduced by the Krylov group as the 2nd mode of KCE in
binder selection [49]. So far, various strategies to improve the use of
KCE selection of binders have been reported [43e51,66e69]. These
strategies can be classified as follows: (i) increasing the input
quantity and/or binder abundance in the initial library, (ii)
increasing the partitioning efficiency, and (iii) optimizing the post-
partitioning process (PCR quality and sequencing analysis). It
should be emphasized that nothing can compensate for the lack of
binders in the initial library and/or insufficient partitioning; thus
Strategies 1 and 2 are key to the development of robust methods for
KCE-based selection of binders from oligonucleotide libraries. Once
binders of sufficient quantity and purity of are collected at the
output of partitioning, Strategy 3 can help to minimize PCR biases
and improve binder identification process; thus, contributing to the
overall success of selection. In the next sections, we provide our
analysis of the achievements in the field of KCE-based binder se-
lection, from the pioneering works by the Bowser and Krylov
groups to the later contributions from other research groups. We
critically analyze all the proposed improvements from the original
KCE selection procedures based on how their strategies can effec-
tively increase the success rate of KCE-based selection of binders.

3. The premier works on KCE-based binder selection

3.1. Work by the Bowser group

In 2004, Mendonsa and Bowser successfully introduced the use
of KCE as an alternative partitioning method to conventional
surface-based separation in SELEX and named this new approach
CE-SELEX [41]. By using (in essence) the complex-last submode of
NECEEM, they selected DNA aptamers with nanomolar affinities
against IgE protein from a random DNA library in only four rounds
of selection as opposed to 10 rounds in conventional surface-based
SELEX for the same target [70]. They also introduced the use of a
“bulk” dissociation constant of the binder-enriched library after
each round as a quantitative affinity parameter to monitor the
progress of selection. In the following year, the Bowser group
successfully obtained aptamers with picomolar affinity for HIV
reverse transcriptase in 4 rounds of SELEX using the complex-first
NECEEM submode [42].
5

Bowser's team was the first to demonstrate the potential use of
KCE to obtain aptamers for small targets such as peptides and small
molecules. Aptamers against neuropeptide Y and small-molecule
porphyrin targets with high-nanomolar to low-micromolar affin-
ity were selected after three rounds of CE-SELEX using the
complex-first submode of NECEEM [64,71]. However, they noted
the poor resolution between PL and L due to the small mobility shift
of the DNA upon binding to small-sized targets and that manymore
iterative rounds would be required to eventually evolve a reason-
ably pure pool of high-affinity aptamers. The feasibility of the KCE
technology in its application to selection of binders for small targets
is still very limited and so far, there have been only a few reports of
such binders found by KCE-based selection [64,71e74], some of
these reports have not presented electropherograms and, therefore,
can hardly be critically evaluated.

3.2. Work by the Krylov group

In early 2005, the first demonstration of complex-first NECEEM
mode in SELEX was presented by the Krylov group [37]. In this
proof-of-principle work, high-affinity aptamers for protein farne-
syltransferase with low-nanomolar affinity were selected in a sin-
gle round for the 1st time. In the same year, this group introduced a
new variation of the complex-first mode of NECEEM, namely
equilibrium capillary electrophoresis of equilibrium mixtures
(ECEEM) [38]. Conceptually, the only difference between NECEEM
and ECEEM is the presence of the target protein in the running
buffer for ECEEM which supports the state of dynamic quasi-
equilibrium when L, P, and PL migrate through the capillary.

Krylov's group was the first to report the use of KCE to select
smart binders with predefined binding parameters. In both
complex-first NECEEM and ECEEM, different DNA sequences in the
library have similar electrophoretic mobilities and migrate as a
single electrophoretic zone while protein-aptamer complexes,
which have mobilities different from free DNA, move faster and
elute from the capillary earlier. The eluting fractions are collected in
specific time windows to facilitate selection of aptamers with
mathematically-predefined values of binding parameters (koff and
Kd). Since the extents of complex binding and unbinding differ in
NECEEM and ECEEM, they have different accuracy of determining
different binding parameters [40]. In NECEEM, complex unbinding
prevails over complex binding events, making it more “sensitive” to
koff than kon. In ECEEM, the quasi-equilibrium is maintained during
the separation, making it more “sensitive” to Kd. Thus, NECEEM is
used to select ligands with predefined koff, while ECEEM allows
selection of ligands with predefined Kd. Fig. 3 schematically illus-
trates how the range of koff and Kd values of collected ligands de-
pends on the position and width of the ligand-collectionwindow in
complex-first NECEEM and ECEEM respectively. Since the non-
binder background is present in all KCE modes, obtaining smart
binders might require more rounds of selection for narrowing the
range of parameters around the desirable values. To prove the
concept of KCE selection of smart binders, aptamers with pre-
defined ranges of koff and Kd were successfully selected for MutS
protein after four rounds of SELEX based on complex-first NECEEM
and ECEEM, respectively [40].

In 2006, the Krylov group introduced nonSELEX as an alterna-
tive to SELEX [30,31]. As mentioned previously, nonSELEX involves
repetitive steps of binding and partitioning without PCR amplifi-
cation steps in between them; thus, removing the accumulated PCR
biases during SELEX as well as significantly shortening the selection
time. In the proof-of-principle work, DNA aptamers for h-Ras pro-
tein were obtained (with a 104-fold improvement in the binding
affinity as compared to the initial library) in three rounds of non-
SELEX based on complex-first NECEEM. Since then, more DNA



Fig. 3. Schematic representation of selection of small binders with a) predefined koff by NECEEM and b) predefined Kd by ECEEM. Binders collected in the time window t1�t2 (smart
binder-collection window) will have binding parameters defined by the equation in the figure.
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aptamers for protein targets have been found by means of KCE-
based nonSELEX, proving the feasibility of the procedure
[68,75,76]. Moreover, nonSELEX is the only option for selection of
binders from DEL because DEL cannot be amplified by PCR
[8,30e34]. Although nonSELEX seems to provide an excellent
practical alternative to conventional SELEX, the lack of intermediate
PCR amplification step limits the maximum number of rounds to
three and requires more abundant population of binders in the
initial library or highly-aptagenic targets such as DNA-binding
proteins. This requirement is especially crucial for KCE-based
nonSELEX due to the trivial loss of binders at every step of KCE
partitioning. Fraction collection into a vial containing a CE running
buffer leads to binder dilution and the following injection of only a
small part of this diluted solution inevitably results to a loss of
approximately 99% of binder per round [30]. Thus, the adaptation of
KCE-based nonSELEX in selection of aptamers or DEL requires
major efforts in Strategy 1 to compensate for the significant losses
of binders between consecutive rounds of partitioning.
4. Efforts of scientific community to advance KCE selection of
binders

4.1. Increasing the input binder quantity (Strategy 1)

As mentioned above, an obvious limitation of KCE-based selec-
tion of binders is the small quantity of the injected initial library,
which is about three orders of magnitude smaller than in surface-
based selection (1012 molecules in KCE versus 1015 molecules in
surface-based methods) [19,22,23]. To improve the success rate of
KCE-based selection, several research groups have made significant
efforts in Strategy 1: increasing the input quantity and/or binder
abundance in the initial library. The most-straightforward ap-
proaches to Strategy 1 involve simply increasing the concentration
of the initial library, the length of injected sample plug, and the
diameter of the capillary. However, any obvious increase to the
above parameters beyond the current standard setup would result
in deterioration of peak shape, poor resolution, or significant Joule
heating [42,75,77]. There were also efforts to increase the number
of the fraction collection experiments for the first round of selec-
tion [74,78]. However, this approach seems to be impractical since
tens to hundreds of independent fraction collections would have to
be conducted to essentially compensate for the low injection
quantity in KCE-based selection.

A promising approach to Strategy 1 is the use of chemically
modified oligonucleotide libraries which presumably contain more
binders that non-modified DNA and RNA libraries. In 2013, the
Kuwahara group succeeded in KCE-based aptamer selection using a
xeno nucleic acids (XNAs) library [66]. In addition to their generally
improved chemical and biological stability, XNA decorated with
diverse chemical substituents (e.g., hydrophobic groups) can yield
improved properties and functionalities such as new structural
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motifs and enhanced binding capabilities [79]. Using complex-first
NECEEM, chemically modified DNA aptamers for human a-
thrombin were successfully obtained from an XNA library con-
taining 20-O, 40-C-methylene-bridged/linked bicyclic ribonucleo-
tides (20, 40-BNA/LNA) in the primer region and C5-modified
thymidine with N6-ethyladenine in the randomized region. The
selected modified aptamers showed several-fold improvement in
binding affinity as well as biostability as compared to thrombin
aptamers selected from unmodified library. Interestingly, these
modified DNA aptamers did not contain classic G-quadruplex mo-
tifs, although the G4 structure is always observed for thrombin-
binding aptamers selected from non-modified DNA libraries.
Later, BNA/20-deoxy-20-fluoro-ribonucleic acid (FNA) chimeric
aptamers for thrombin, exhibiting RNA-like conformations, were
obtained from a library containing FNA in the randomized region
[67]. Since thrombin is a commonly used model target protein in
aptamer selection, it would be interesting to see the application of
modified library in KCE selection for “difficult” protein targets
which had repeatedly failed SELEX when using unmodified DNA
libraries. These works by the Kuwahara group suggest the feasi-
bility for further development using more novel classes of modified
DNA library, which will greatly benefit the area of KCE-based se-
lection of binders.

Another option to increase the sampled quantity of the initial
library is to couple KCE at later rounds with surface-based parti-
tioning in the initial rounds. In 2015, Ashley Li and co-authors
proposed a two-step method which incorporated partitioning on
a nitrocellulose membrane filter followed by additional rounds of
KCE-based partitioning [68]. In 2016, the Liu group presented a
similar approach that combined boronate affinity magnetic nano-
particles and KCE-based selection [69]. In this hybrid selection
approach, a high input quantity of the initial library (e.g., 1015 se-
quences) is subjected to be screened in the first round of surface-
based partitioning, thus appreciably reducing nonbinders se-
quences and diversity of the library before additional rounds of
NECEEM-based selection. The Li and Liu groups demonstrated this
new hybrid selection approach on the selection of aptamers for
cholesterol esterase, ribonuclease and alkaline phosphatase and
obtained aptamers with mid-nanomolar affinity [68,69]. Pre-
screening the library with surface-based partitioning is a viable
option to produce an improved library with higher binder abun-
dance for KCE-based selection; however, a comparative study is
required in the future to evaluate the selection outcome between
such hybrid selection approach and the traditional KCE-based se-
lection. In general, the area of screening oligonucleotide libraries
will remain more an art than a science until quantitative compar-
ative studies become standard in this challenging area.
4.2. Increasing the partitioning efficiency (Strategy 2)

The partitioning efficiency of KCE is limited by the nonbinder
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background: the result of irregularities in electrophoretic mobility
of oligonucleotides [60]. The smaller the mobility shift of
target�oligonucleotide complex from that of free DNA, the higher
the irregular oligonucleotide fraction and, accordingly, the non-
binder background [58]. Targeting Strategy 2 (i.e., increasing par-
titioning efficiency) requires a larger mobility shift or, in the other
words, improved temporal resolution between target-
oligonucleotide complexes and nonbinders, followed by a quanti-
tative assessment of the nonbinder background. Since the non-
binder background is under the limit of detection of any optical
system, its measurement requires collection of multiple ~1-min
fractions and quantification of oligonucleotide in every fraction
by qPCR to build a “oligonucleotide quantity versusmigration time”
electropherogram [49,58,60]. Unfortunately, most of the reports
dedicated to optimizing Strategy 2 (with the exception of IFCE-
based selection) were not supported by any measurements of the
nonbinder background. Despite having this limitation, these works
still constitute a good starting point for any future efforts in
improving partitioning efficiency in KCE.

4.2.1. Improving the partitioning efficiency of the current NECEEM
platform

In 2015, a combined effort by the Colyer and Bonin groups led to
the proposal of using capillary transient isotachophoresis (ctITP) to
enhance the partitioning efficiency of KCE-based selection of
aptamers by concentrating both the complex peak and the free DNA
peak into narrower zones [43]. The authors of this work conducted
a mocked selection for human a-thrombin from a random DNA li-
brary containing a known amount of thrombin binding aptamer
using the proposed procedure of ctITP-NECEEM. After a single
round of ctITP-NECEEM, HTS data showed a 40-fold enrichment in
the quantity of thrombin-binding aptamer.

In 2016, the Saito group utilized the same approach to develop
polymer-enhanced ctITP (PectI) via adding polyethyleneoxide
(PEO) to both CE running and sample buffer. The procedure was
reported to facilitate single-round selection of DNA aptamers for
E. coli, S. cerevisiae, and human lung cancer cell line [45,46].

The interpretation of the high efficiency of partitioning, which
facilitated single-round selection, assumed that ctITP improved the
resolution via ITP-based focusing of both the complex zone and the
DNA zone. We view this interpretation with scepticism for the
following reasons. Firstly, none of the above reports provided any
evidence of similar focusing of the zone of target-oligonucleotide
complexes and that of unbound DNA. ITP is not a universal
focusing technique and it is rather unlikely that species with very
different electrophoretic mobilities will focus similarly [80]. Sec-
ondly, even if both the complex and unbound DNA focused simi-
larly under the chosen ctITP conditions, the nonbinder background,
which has the same mobility as the complex, would be focused
together with the complex into a narrow zone resulting in no gain
in the efficiency of partitioning. Thirdly, in KCE-based aptamer se-
lection for cells, enhancing resolution by ITP might be irrelevant
since any complex between DNA and a cell (a large target) must
already experience a significant mobility shift from the free DNA.
Lastly, themock-selection data for one round of ctITP showed only a
40-fold enrichment for the binder sequence while a typical
NECEEM round has the partitioning efficiency of approximately 105.
Clearly, a 40-fold enrichment cannot support the successful single-
round selection claim. The proposed ITP approach neither reduced
the nonbinder background nor increased the peak resolution;
therefore, no improvement in partitioning efficiency can be ex-
pected. In our opinion, the use of ITP or other stacking techniques
can only be beneficial if the separation is insufficient and the res-
olution is poor, e.g., in the case of small molecule targets.

To improve the partitioning efficiency of KCE-based selection for
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a small-size target, the Yoshimoto group merged bead-based par-
titioning and NECEEM in a process called microbead-assisted
capillary electrophoresis (MACE)-SELEX [47]. During MACE, an
equilibrium mixture of target-coupled microbeads and DNA library
is directly introduced into a capillary and subjected to NECEEM. The
binding of the target-coupled microbead to DNA library results in a
large mobility shift of the complex from the free DNA, effectively
eluting the complex together with the unbound target-coupled
microbeads. Thus, MACE-SELEX is applicable to any type of bead-
bound targets whereas KCE-SELEX is limited to only targets that
exhibit a significant mobility shift upon binding to DNA. In the
proof-of-principle work, thrombin binding aptamer with low
nanomolar affinity was successfully obtained in three rounds of
MACE-SELEX [47]. To eliminate any nonspecific adhesion of the li-
brary to the bead surface, negatively charged beads possessing
carboxylic acid groups were used and the PCR product of the non-
specifically adsorbed amount of DNA on the thrombin-free beads
was virtually undetectable. In principle, introducing a microbead as
a drag tag can improve the efficiency of partitioning for KCE se-
lection of aptamers for small-size targets. However, it appears to be
a contradictory approach to the immobilization-free feature of KCE.
In MACE-SELEX, surface immobilization of such small-size target
might result in more pronounced steric hindrance effects,
decreasing the affinity between the target molecule and the library
and ultimately lowering the success rate of selection. As a result,
there is a trade-off between immobilization-free characteristic of
KCE-SELEX and the bead-induced mobility shift enhancement of
MACE-SELEX. To demonstrate the advantages of MACE-SELEX over
KCE-SELEXmore convincingly, one needs to applyMACE-SELEX to a
small molecule target which is unapproachable by NECEEM-SELEX
owing to the lack of mobility shift upon oligonucleotide complex-
ation to such a target. Conveniently, Yoshimoto and co-authors has
initiated this task by conducting 3 rounds of MACE-SELEX for a
small molecule drug called methotrexate (454 Da) and obtaining
DNA aptamers with the best Kd value of 570 nM [81]. Despite
having some inherent limitations for small molecule targets,
MACE-SELEX still contributes to facilitate the use of KCE technique
to a much broader range of target sizes. We hope that MACE-SELEX
will continue to demonstrate its applicability to more small-
molecule targets, which could make MACE-SELEX a highly used
technique.

4.2.2. Increasing the partitioning efficiency with IFCE platform
4.2.2.1. Work of the Qu group. The first illustration of an “ideal”
filter in CE, where the complex and DNA migrate oppositely was
conducted by the Qu group in 2014 [48]. Using CE running buffer at
pH 2.6 in an uncoated capillary, they proposed low pH CE-SELEX
(LpH-CE-SELEX), in which the EOF is suppressed to drive the
migration of complex and DNA to the opposite directions. In this
proof-of-concept study, the low-pH partitioning was demonstrated
for three different mixtures of model proteins (transferrin, bovine
serum albumin, and cytochrome c) and a DNA library. Although the
idea was novel, the proposed low-pH selection approach is
fundamentally problematic, and the validity of the presented data
is questionable. The medium at such low pH values drastically af-
fects the stability of both DNA and protein as well as impedes their
intermolecular interactions [82,83]. Moreover, any complex for-
mation will mostly be driven by the nonspecific electrostatic
interaction between negatively charged DNA and positively
charged protein at pH 2.6. In the absence of basic understanding of
the fundamentals, there is no room for further discussion on the
feasibility of LpH-CE-SELEX and/or its contribution to the area of
KCE-based selection.

4.2.2.2. Work of the Krylov group. In 2019, the Krylov lab
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introduced the IFCE platform for selection of oligonucleotide
binders as a means to overcome the limited partitioning efficiency
of NECEEM [49]. By reducing the nonbinder background to under
the limit of detection in qPCR, the development of IFCE was aimed
to target Strategy 2: improving the partitioning efficiency. The
nonbinder background in KCE was hypothesized to be drastically
decreased if the target-binder complexes and nonbinders moved in
the opposite directions. In other words, KCE would function as a
real filter giving it a name of IFCE. To reach the conditions of IFCE in
an uncoated capillary, the typically strong EOF associated with
complex-first NECEEM was reduced to a desired value by gradually
increasing the ionic strength of the CE running buffer (IRB) while
monitoring the increase in Joule heating generation and tempera-
ture inside the capillary. To minimize the effect of Joule heating, the
electric field strength was rationally lowered and the temperature
of the capillary was kept under a reasonable value via a simplified
universal method for predicting the electrolyte temperatures
(SUMET) [84]. Advantageously, the condition of IFCE was achieved
when the running buffer became more physiological (50 mM
TrisHCl pH 7.0, IRB ¼ 146 mM). As IRB increased to reach the IFCE
condition, the migration direction of the main DNA peak switched
from the direction toward the outlet end of the capillary to the
opposite direction (toward the inlet end) while the nonbinder
background became stretched out to below the limit of detection of
qPCR. Under the IFCE condition, the efficiency of partitioning was
improved by three orders of magnitude as compared to that of
NECEEM, reaching 109 e the highest value reported so far.

The very high partitioning efficiency of IFCE comes at the
expense of a lengthy separation which leads to binder loss caused
by complex dissociation. Unlike NECEEM, IFCE does not allow the
collection of binders dissociated during the separation because
such binders will move to the capillary inlet. A recent quantitative
study of KCE partitioning showed that the condition of IFCE leads to
a drastic decrease in the output quantity of binders when the size of
the protein target decreases [58]. Thus, IFCE-based selection of
binders for small-size protein target will certainly fail due to the
excessive binder loss and the inability to collect a sufficient quan-
tity of intact complex. On the other hand, under the IFCE conditions,
targeteoligonucleotide complexes for large-size target proteins
elute faster and are subject to lesser extent of dissociation, and, in
turn, lesser loss of binders. It is recommended that IFCE be used
only in selection of binders for large-size targets in order to obtain
high-affinity binders in a minimal number of partitioning rounds.
In the proof-of-principle work, the feasibility of IFCE was proven by
a successful one-step selection of a high-affinity aptamer pool to a
large target protein, MutS (90 kDa) [49]. For comparison, selecting a
pool with similar affinity to MutS by NECEEM-based partitioning
required three rounds of SELEX [40]. Recently, Martinez Roque et al.
successfully obtained DNA aptamers for SARS-CoV-2 spike glyco-
protein (130 kDa) with Kd ¼ 90 nM after only two rounds of IFCE-
SELEX [85]. Being the newest separation mode in the field of
KCE-based screening of oligonucleotide libraries, IFCE is still to find
considerable confirmation of its effectiveness. However, with its
ability to facilitate highly efficient KCE selection of binders, more
adaptations and uses are certainly anticipated for IFCE.

4.3. Improving the post-partitioning process (Strategy 3)

The optimization of post-partitioning processes (e.g., the anal-
ysis of PCR quality and sequencing) also plays an important role in
improving the performance of KCE-based screening of oligonucle-
otide libraries. The classic PCR amplification protocol (used for
amplification of homogeneous DNA samples) was found to rapidly
generate byproducts and preferentially amplify nonbinder se-
quences when applied to highly-heterogeneous DNA samples
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[62,86]. To address this issue, in 2016, Yufa et al. proposed the use of
emulsion PCR (ePCR), which is known to reduce byproduct for-
mation as well amplification biases, as a PCR mode for coupling
with KCE-based SELEX [87]. The effectiveness of ePCR was
demonstrated by successful aptamer selection for the DNA repair
enzyme ABH2, for which aptamers could not be obtained by
NECEEM-based SELEX using conventional PCR. The results of this
work emphasize the importance of having an optimized PCR pro-
cedure in binder selection and the necessity of monitoring the
quality of PCR products throughout the entire selection process.

Sequencing of the selected nucleotide binders is an important
stage in the screening process. Originally, the enriched binder pools
obtained by KCE-based selection were cloned into a plasmid, and
only a few (typically tens) individual clones were sequenced and
tested for affinity to the target in the binder-verification stage
[37,38,41,42,64]. Later, the applicability of the HTS technology in the
identification of binders from the binder-enriched libraries after
KCE-based selection has been evaluated by some research groups.
In 2013, Jing and Bowser explored the use of HTS to analyze the
evolution process of KCE-based selection [78]. The study revealed
the unique characteristics of the binder-enriched libraries obtained
in CE-based selection: (i) the library remains highly heterogenous
after four rounds of selection, (ii) there is no prevailing motifs, and
(iii)there is no statistically-significant difference in affinity between
randomly chosen sequences from the binder-enriched libraries.
This work proves that KCE-based selection produces uniquely
heterogeneous pools of high-affinity aptamers, providing more
options for the secondary screening stage beyond the several
binding motifs typically obtained in surface-based selection.

Since the enriched sequences or highly abundant nucleotide
motifs are rarely observed in KCE-SELEX, identifying binders from
the massive HTS sequences data become very challenging. In 2015,
the Whelan group performed NECEEM-SELEX/HTS approach to
select aptamers for the ovarian cancer biomarker HE4 [88]. After
five rounds of selection, the HTS sequencing data was analyzed
using a bioinformatics pipeline. The aptamer sequences with quite
high Kd values ranging from 300 to 780 nM were discovered by
clustering the top 1000most enriched sequences using the CD-HIT-
EST program. In 2016, the Gmeiner group employed HTS to identify
sequences in a binder-enriched library obtained after three rounds
of ctITP-NECEEM-based aptamer selection for vitronectin protein
[89]. Seven top-populous sequences were first chosen out of
143,845 unique sequences and used an 8-base reading frames to
determine all of the aptamers that contained any of these reading
frames from the data. These sequences were clustered into families
using the Clustal software. A phylogenetic tree was then used to
differentiate the families, compared top ten most abundant se-
quences from these groups, and finally selected an aptamer with
Kd ¼ 405 nM. Recently, more computer-assisted tools to analyze
HTS data from selection, such as FASTAptamer, AptaCluster, and
AptaTrace became available [90e92]. Together, they provide tools
to potentially establish a more universal algorithm and metrics for
selecting binders from large HTS datasets.

4.4. Additional tools to assist KCE selection of binders

There are a few reports where the authors aimed to enhance the
automaticity and convenience of KCE-based aptamer-selection
procedures. Although these reports do not contribute directly to
the success rate of the selection, they can potentially be useful
additional tools to assist the users if utilized properly.

In 2013, the Dovichi group reported a flexible and low-cost
automated fraction collection system for KCE-based selection
[93]. This system was applied to the selection of DNA aptamers
against thrombin by collecting fractions into wells on a 96-well
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microtiter plate at a 4-s time interval. To simplify subsequent
analysis, qPCR reagents were employed as the sheath liquid of the
fraction collector. After fraction collection, the 96-well plate was
directly analyzed by qPCR to search for the presence of any complex
formation in the collected fractions. The pooled contents of the
chosen wells were then submitted for sequencing to identify the
binder sequences. In 2015, the Zhang group undertook a very
similar approach, called FCE-SELEX, in which the expected zone of
complex was collected in 12 fractions containing oil-sealed qPCR
mixture at 30-s time interval [50]. The authors claimed that FCE-
SELEX can facilitate selection of aptamer in a single round. This is
an unjustified statement since multiple-fraction collection
approach can only assist in identifying fractions with higher output
quantity of DNA and, thus, will not compensate for the lack of
binders or insufficient efficiency of partitioning.

With the goal of improving the procedure of KCE-based aptamer
selection, the Qu group proposed an online reaction-based, single-
step CE-SELEX, called ssCE-SELEX using human a-thrombin as a
model protein target [51]. In ssCE-SELEX, the entire procedures of
KCE-based partitioning (sample mixing, incubation, reacting, sep-
aration, detection, and collection) are performed in a single CE run
by on-capillary mixing of library and protein targets. By using ssCE-
SELEX, aptamers for human a-thrombin and bovine lactoferrin
were obtained within only two rounds with the best Kd values of 56
and 20 nM, respectively; leading to the conclusion that the parti-
tioning efficiency of ssCE-SELEX was higher than that of regular
KCE-SELEX. Clearly, there is no ground for this conclusion while
there are justified benefits of using an online mode of KCE-based
selection: (i) lower sample consumption, (ii) easer handling, and,
(iii)decrease in experimental time.

The Krylov group introduced mobility predictor tools to facili-
tate the rational design of KCE-based binder selection; such a
design requires the knowledge of the time at which the complex
exits the capillary [57,94]. In many cases, due to the low binder
abundance in the initial library, finding this time experimentally is
very difficult because the concentration of complex might be below
the limit of detection, even for highly sensitive fluorescence
detection. To resolve this dilemma, mathematical models have
been developed for predicting the mobility of protein�aptamer
complexes and protein�DEL complexes with less than 5% and
11% deviations from the experimentally determined values,
respectively. The a priori knowledge of complex mobility will allow
accurate blind setting of the time window for complex collection.
Although having a mobility predictor does not contribute directly
to improving the selection performance, it will serve as an indis-
pensable tool in rational selection of the fractions to be blindly
collected in KCE-based selection.

5. Remaining challenges of KCE in screening oligonucleotide
libraries

Despite all the recent advances in the development of KCE, some
critical challenges still remain in using the KCE technology in
routine screening of oligonucleotide libraries. Conventional KCE-
based selection suffers greatly from low injection volume, which
decreases the total number of screened library molecules by at least
3 orders of magnitude as compared to that of surface-based se-
lection [19,22,23]. The use of modified oligonucleotide libraries
with improved target binding affinity (e.g., XNAs libraries) has been
proposed as a plausible option to maximize the fraction of binders
in the sampled library and ease the inherent issue of the greatly
limited quantity of input library [66,67]. Alternatively, pre-
screening a large quantity of the starting library using surface-
based partitioning has also been used to generate a binder-
enriched library before CE-based selection [68,69]. However, such
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hybrid selection approach might not be applicable to selection of
binders from DEL since the binder-enriched library obtained from
surface-based partitioning steps cannot be amplified by PCR. In this
case, the benefit of having a binder-enriched library might be fully
diminished by the inability to collect sufficient quantity of DEL
binders at the output of KCE-based partitioning.

The recently developed IFCE platform can potentially offer a
general solution to increase the sampled quantity of the library in
KCE-based partitioning without compromising peak resolution for
selections of binders from both random oligonucleotide library and
DEL. In IFCE, the complexes and nonbinders move in the opposite
directions and only the complexes will be eluted at the output of
partitioning (Fig. 2); thus, decreasing interferences due to the poor
peak shape of nonbinders. Increasing the sampled quantity in IFCE
could be done via each of the following means or a combination of
them: (i) using higher concentration of the starting library, (ii)
injecting a longer sample plug (the maximum sample plug length
must be smaller than the length of the capillary) and (iii) applying a
continuous electrokinetic injection approach. The above means can
be utilized in any round of IFCE-based partitioning to maximize the
quantity of collected binders and help to reduce the level of binder
loss associated with the long separation time in IFCE. The last
approach may provide a theoretically unlimited quantity of binders
collected at the output as long as the complexes with suitable ki-
netic parameters are continuously fed into the capillary via elec-
trokinetic injection while the nonbinders never enter the capillary.
It is important to keep in mind that the odds of success in IFCE
becomes slim for small-size protein target due to hours-long sep-
aration time [58]. Since the occurrence of highly stable complexes
that survive such long separation is extremely low in most cases, it
will be very interesting to see if the application of electrokinetic
injection or any of the above means to increase the sampled
quantity can improve the performance of IFCE for smaller protein
targets.

Regardless of the modes, the success of KCE-based selection
depends greatly on the size of target molecules: the larger targets
have a greater chance to support successful selection of binders.
The mobility of targetebinder complexes for small-size targets
differs little from the mobility nonbinders. Accordingly, the effi-
ciency of partitioning in NECEEM for such targets will be low while
IFCE will require exceptionally long time of such complexes to elute
[58]. Valuable effort has been made to increase the size of target
molecules by coupling them to beads, leading to a drastic increase
in the mobility shift upon complexation with bead-immobilized
targets [47]. However, the immobilization of target on a large
scaffold (e.g., magnetic beads) undoubtedly introduces steric hin-
drances for binding of library molecules to the target. The use of
smaller drag tag, such as fusing another protein of relatively
moderate size to the target protein, can be very alluring to induce
an appreciable mobility shift while eliminating any pronounced
steric effects associatedwith the use of magnetic beads. The protein
tag must be inert, meaning that it does not interfere with the
binding of the library molecules to the protein target of interest. In
such fusion-protein system, the linker region should be long
enough to minimize the steric hindrance between the tag and the
protein of interest. One good candidate to act as a protein drag tag
in selection of binders from random DNA libraries is green fluo-
rescent protein (GFP, 27 kDa), which has been demonstrated to be
inert in binding to DNA due to its acidic isoelectric point and
smooth surface topography [95]. Moreover, the use of fluorescent
protein tag like GFP also bring in an additional benefit of providing
a means of fluorescently detecting the complexes without the need
to fluorescently-label the DNA library. The major challenge in this
approach is that it requires a different set of expertise and experi-
mental efforts to generate a well-designed fusion protein system
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for every protein target of interest.
In addition to the above methodology-related challenges, the

main practical consideration that remain partially unresolved in the
adaptation of KCE-based selection is the restricted variety of KCE
compatible buffers. Complex-first NECEEM experiments are limited
to a narrow set of low ionic strength and low ionic mobility running
buffers, with Tris and tetraborate solutions of 20e50 mM ionic
strength being the most common
[37,38,42e48,50,51,64,66e69,71,87,96]. The choice of these buffers
can be justified by their relatively low degree of Joule heating and
slow time of ion depletion under the condition of strong electric
field in complex-first NECEEM. The preference for low-conductivity
running buffers is a major drawback since affinity interactions (e.g.,
between DNA and proteins) in biological system occur in physio-
logical fluids, characterized by high ionic strengths. Affinity in-
teractions are sensitive to the properties of their environments,
such as the ionic strength, pH, temperature, and various co-factors.
Thus, an optimal composition of the incubation buffer should be
similar to those of the natural or intended environments for such
interactions. To prevent any adverse effect of buffer mismatch (e.g.,
severe peak broadening due to anti-stacking), the running buffer in
CE separation should be similar to the incubation buffer, e.g.,
phosphate buffered saline (PBS), the most common physiological
buffer in biology and medicine.

To address the Joule heating issue associated with the use of
physiological running buffer, in-capillary temperature determina-
tion method, i.e., SUMET, was used to select a suitable value of the
electric field to yield the desired in-capillary temperature during
the separation [84]. This technique enabled the development of
IFCE and allowed the use of high ionic strength buffer in complex-
last NECEEM and pressure-assisted NECEEM. Under relatively low
electric field strengths, both IFCE and complex-last NECEEM suffers
from lengthy separation time and, thus, extensive complex disso-
ciation [58]. A constant pressure-driven hydrodynamic flow was
used during electrophoresis to reduce the separation time and
preserve complex integrity [97]. However, this pressure-assisted
modification of NECEEM comes with a compromise in partition-
ing efficiency owning to the elevated peak broadening, especially
for separation of nonbinders from target-binder complexes for
small-sized targets. In general, to strengthen the relevance of
binders selected from KCEmethod, partitioning must be performed
in their intended environments that enable the molecules of in-
terest to assume appropriate conformation for the interaction.
Although the Joule heating problem can be solved conveniently by
systematic adjustment of the applied electric field via SUMET, long
separation time and high degree of binder loss still pose a challenge
to the use of physiological running buffer in KCE and limit the
choice of targets to large proteins.

6. Concluding remarks

Since its inception two decades ago, KCE has been proven to be a
feasible partitioning platform for screening of oligonucleotide li-
braries for protein binders. Compared to the conventional surface-
based techniques, KCE allows the interaction and separation to take
place in free solution; thus, eliminating all the sources of in-
efficiencies associated with surface immobilization, chemical
labelling, and non-specific surface adhesion of the interacting
molecules. The partitioning efficiency of KCE can reach up to 109 in
the IFCE mode, which is a million times higher than that of typical
surface-based partitioning, enabling selection of high-affinity
binders in one to four rounds (versus over ten by surface-based
method) [49]. Moreover, the kinetic capabilities of KCE make it
possible to collect additional information about binding processes
by extracting kon and koff values from the shape of the migration
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zone and facilitate selection of smart binders with predefining
binding parameters [40]. However, in the phase of KCE develop-
ment, some challenges have concerned researchers and users. The
application of KCE in routine selection of binders from oligonu-
cleotide libraries is hindered partly by some unsatisfactory results,
which mainly arise from low screening capacity (i.e., low input
quantity), higher-than-expected nonbinder background (i.e., little-
to-no mobility shift for complexes of oligonucleotide with small-
size targets) and low biological relevance of KCE-selected binders
(i.e., limited compatibility of KCE running buffers with physiological
buffers). Promising strategies have been suggested to circumvent
the above challenges, including the use of modified oligonucleotide
libraries with enhanced target binding, hybrid bead-KCE selection
approach, increased drag tag for the protein target, and
temperature-governed development of IFCE [47,49,66e69].
Although the proposed strategies comewith certain trade-offs (e.g.,
potential steric hindrances and lengthy separation time resulting in
loss of binders), their benefits might outweigh the limitations in
many proven cases [47,49,66e69,85,98]. We believe that with
further advances in the screening capacity, KCE could becomemore
universal and robust. That would make it more suitable for the
pharmaceutical industry as a highly efficient approach to selection
of drug candidates and affinity probes. While the past 20 years of
KCE-based selection has been mainly devoted to generating
aptamers from random-sequence oligonucleotide libraries, it is
now time to expand the use of the KCE platform for the discovery of
small-molecules protein binders from DEL and open new frontiers
in the development of new drugs and more efficient molecular
probes.
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