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ABSTRACT 

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 rapidly advancing 

technique in affinity applications. It reportedly has superior partitioning efficiency, but screening 

oligonucleotide libraries by KCE has many challenges which must be addressed before KCE can 

compete with conventional surface-based screening. The goal of my research is to transform 

KCE into a versatile technology for screening protein binders from oligonucleotide libraries. To 

overcome the nonbinder background issue in KCE-based partitioning, I introduce Ideal-Filter 

Capillary Electrophoresis (IFCE), where binders and nonbinders travel in opposite directions. 

While successfully implementing IFCE conditions to be compatible with physiological buffers, a 

remarkable partitioning efficiency of 10
9
 is achieved, the highest recorded so far. Further, I 

develop the first quantitative characterization of all KCE-based partitioning modes for a diverse 

range of protein target sizes. This systematic analysis provides guidance for CE users on 

selecting appropriate KCE-based partitioning conditions for a given protein target. Next, I 

conduct the first experimental investigation into the influence of target concentration on binder 

selection, aiding researchers in identifying an appropriate range of target concentrations to 

prevent selection failures. Finally, I gather insights from all these works to demonstrate the first 

highly efficient KCE-based selection of protein binders from DNA-encoded library of small 

molecules (DEL). This pioneering achievement showcases the capabilities of KCE-based 
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partitioning within the context of DEL-based drug discovery, marking a significant advancement 

in the field. 
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CHAPTER 1. INTRODUCTION TO HIGHLY EFFICIENT METHODS OF 

SCREENING OLIGONUCLEOTIDE LIBRARIES 

 

The material presented in Chapter 1 was published previously and reprinted with permission 

from “Le, A.T.H.; Krylova, S.M.; Krylov, S.N. Kinetic capillary electrophoresis in screening 

oligonucleotide libraries for protein binders. TrAC – Trends in Analytical Chemistry 2023, 162, 

117061”. Copyright 2023 Elsevier. All of the adapted text below was written by me personally. 

 

1.1. OVERVIEW OF SCREENING METHODS FOR OLIGONUCLEOTIDE 

LIBRARIES 

Screening combinatorial libraries for protein binders (i.e., compounds capable of strongly 

and specifically binding target proteins) is the mainstream approach for identifying hit 

compounds in drug discovery.
1
 Increasing the structural diversity of the library increases the 

probability of selecting suitable protein binders from the library.
2
 Libraries in which every 

compound is synthesized, stored, and reacted with the target protein separately have limited 

diversity of approximately a million compounds.
3
 On the other hand, libraries synthesized via the 

split-and-mix approach and, thus, being mixtures of compounds, provide virtually unlimited 

diversity.
4
 They are the most diverse source of hit compounds and, accordingly, are the sole 

subject of our study.  

The screening of a highly diverse combinatorial library for hits can be divided into two 

stages: binder selection and hit verification.
5-10

 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 nonbinders (library members without any appreciable affinity to the 
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target) and (ii) identification of the putative hits. 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), address this challenge of identifying binders in low 

copies.
6,9-11

 The oligonucleotide moieties of the selected compounds from such libraries can be 

amplified by PCR, and their sequences can be identified 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.
12

 For DEL, decoding the small-molecule 

structure information through sequencing the DNA “barcode” can reveal the identities of the 

putative hits (e.g., small molecules capable of binding the target protein).
6
 This information is 

used to synthesize individual compounds without the DNA barcodes. 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 

constant (Kd) and the rate constants of association (kon) and dissociation (koff).
5,6,13,14

 

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 

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 exhibit high 

efficiency of partitioning, meaning that it must be capable of efficiently eliminating nonbinders, 

while retaining as many 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 
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chromatographic support, filter, magnetic beads, etc.
15

 A common 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 molecular targets), or alteration of 

their conformation (e.g., caused by chemical derivatization of molecular targets).
16,17

 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 oligonucleotide 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.
12,15,18,19

 Bead-

pulldown and affinity chromatography are hampered by the requirement of surface 

immobilization of the molecular target, while filtration and size-exclusion chromatography 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).
15

 

The multi-round selection of binders from oligonucleotide libraries 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.
20-

22
 However, the large number of selection round can lead to selection failure due to the 

accumulation of sequence biases after repetitive PCR cycles between the selection rounds.
23-25
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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.
6,26-29

 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. 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 (ordinary DNA and 

RNA) libraries.
30

 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.  

Gel-free capillary electrophoresis (CE) is a solution-based separation method and a highly 

promising alternative to surface-based methods for partitioning 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 

capabilities of the method, coining the term kinetic capillary electrophoresis (KCE) for such a 

platform.
31-34

 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.
31,32,35-44
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Some authors call this approach simply CE; for the sake of uniformity and to emphasize the 

importance of kinetics in CE-based partitioning, I will use the term of KCE throughout this 

dissertation.  

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

non-derivatized and non-immobilized target−binder complexes and free oligonucleotide library, 

KCE satisfies all of the three above-stated performance requirements 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 libraries.
31,32,35-44

 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 

conventional surface-based methods by 3 to 6 orders of magnitude.
20,22,31,42

 As a result, KCE 

methods effectively reduce the number of rounds required for completing selection from over 10 

(by surface-based methods) to 1-4. Uniquely, with its kinetic capabilities, KCE has been 

demonstrated to facilitate the selection of “smart” binders with predefined equilibrium and 

kinetic parameters.
34

 In the following sections, I will present a detailed description of KCE 

methodology; discuss the advantages and challenges of using KCE in screening of 

oligonucleotides libraries; provide a critical analysis of the achievements across the community; 

and lastly, explain the directions that I have set out for my research project to effectively advance 

KCE-based screening methodology beyond academic laboratory setting.  
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1.2. KCE INSTRUMENT AND SELECTION METHODOLOGY 

1.2.1. Concept of KCE 

As the name implies, CE is the instrumental platform of KCE. Since the introduction of 

modern CE by Jorgenson 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.
45-47

 In contrast to conventional gel electrophoresis, which 

separate molecules travelling 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 characterized by an unprecedently high resolution due to the use of very 

thin capillaries with inner diameters ranging typically from 50 to 150 µm. 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.
33

 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: 

on

off

P + L PL
k

k
      (1) 

Thermodynamic/kinetic parameters that characterize such reversible intermolecular 

interactions include the equilibrium dissociation constant Kd, which is used to characterise 
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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:  

eq eq off
d

eq on

[P] [L]

[PL]

k
K

k
       (2) 

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 information 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 library, due to the high 

density of the negative charge on the oligonucleotide moiety, CE is capable of separating it from 

other molecules, such as proteins and oligonucleotide–protein complexes, with remarkable 

efficiency.
31,35

 Obviously, the separation 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.
48,49

 In addition, because the information on affinity and kinetics 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).
34

 To put it simply, 

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. 

 

1.2.2. 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 

are mixed together and incubated to approach equilibration of reaction 1, (ii) a short plug of this 
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equilibrium mixture is injected into the capillary, (iii) the free and protein-bound L are separated 

from each other based on the difference in electrophoretic velocities of L and PL, and (iv) the 

separated molecules are detected via a suitable detection module (e.g., absorbance or 

fluorescence detection) as they migrate through the capillary (Figure 1.1).
31-33

 In most instances, 

L is fluorescently labelled for detection, while P is not, resulting in detectable signals from L and 

PL. During the separation, the equilibrium fraction of free L migrates as a distinct zone, while 

the PL undergoes continuous dissociation as a result of the disturbed equilibrium. Thus, a typical 

Figure 1.1. 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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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) which merges 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, in which L and PL move in the same direction. The 

second mode is IFCE, in which L and PL move in the opposite directions.
42

 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”.
50

 

The conversion between different modes can be achieved by varying the mobility of the 

electroosmotic flow (EOF) (Figure 1.2). In complex-first NECEEM, when an uncoated capillary 

Figure 1.2. Illustration of different modes of KCE-based separation: a) “complex-first” 

NECEEM, b) IFCE and c) “complex-last” NECEEM. The top parts show electrophoretic 

mobilities (µ) and observed velocities (v) of the electroosmotic flow (EOF), PL and L. The 

bottom panels schematically depict the nonbinder background profiles originating from the 

nonuniform electrophoretic mobility of L in corresponding modes of KCE-based separation. 
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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 partitioning efficiency will 

approach infinity.
51

 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 (Figure 1.2, bottom panel).
52

 This contamination of binders by 

nonbinders mainly defines the nonbinder background, resulting in lower than theoretically 

expected KCE partitioning efficiency. In IFCE, the nonbinder background is approximately 3 

orders of magnitude lower than in NECEEM.
50

 Between the two submodes of NECEEM, the 

complex-last submode has relatively higher nonbinder background, owning to the additional 

contamination of faster-moving nonbinders at the capillary end. In the complex-first submode, 

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 uncoated 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 10
5
 

and 10
9 

respectively while that of surface-based methods can only reach up to 10
3
, and typically 

below 10
2
.
15,20,22,53

 Despite having the highest partitioning efficiency on record, IFCE is still 

immature and limited to large-size protein only due to its very long separation times for small 
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proteins which leads to dissociation of complexes. Today, the well-established NECEEM still 

remains the most frequently used KCE methods in CE-based selection of binders from 

oligonucleotide libraries. 

 

1.2.3. 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) amplifying the collected 

fraction of oligonucleotides to obtain a binder-enriched library for the next round of 

selection.
18,19

 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).
26,27

 

The post-partitioning process involves PCR amplification and identification of binders from 

the binder-enriched library via either cloning or high-throughput sequencing (HTS).
26,27,54

 In any 

binder-selection procedure, the odds of success depend on two critical conditions.
50

 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 reciprocal fraction of binders in the initial library.
55

 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 
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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 efficiency 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.
52

 This nonbinder background increases in orders of magnitude toward the free DNA peak 

(Figure 1.2, bottom panel).
50

 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 peptides 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 minimize the level of nonbinder 

background and improve the efficiency 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 10
11

–10
12

 molecules, 

which is 3 to 4 orders of magnitude lower than in surface-based methods.
18,19,31,35

 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. 
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The application of KCE to selection of 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.
31,32,35,36,56

 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.
57

 In 2019, IFCE was introduced by the 

Krylov group as the 2
nd

 mode of KCE in binder selection.
42

 So far, various strategies to improve 

the use of KCE selection of binders have been reported.
37-44,58-61

 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 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 selection, 

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 effectively increase the success rate of 

KCE-based selection of binders. 
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1.3. THE PREMIER WORKS ON KCE-BASED BINDER SELECTION 

1.3.1. 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.
35

 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.
62

 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.
36

 

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 affinity were selected after 

three rounds of CE-SELEX using the complex-first submode of NECEEM.
56,63

 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 many more iterative rounds would be required to 

eventually evolve a reasonably 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,
56,63-66

 

some of these reports have not presented electropherograms and, therefore, can hardly be 

critically evaluated. 
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1.3.2. Work by the Krylov group  

In early 2005, the first demonstration of complex-first NECEEM mode in SELEX was 

presented by the Krylov group.
31

 In this proof-of-principle work, high-affinity aptamers for 

protein farnesyltransferase with low-nanomolar affinity were selected in a single round for the 1
st
 

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).
32

 

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.
34

 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. Figure 1.3 schematically illustrates how 

the range of koff and Kd values of collected ligands depends on the position and width of the 

ligand-collection window in complex-first NECEEM and ECEEM respectively. Since the 
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nonbinder 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.
34

 

In 2006, the Krylov group introduced nonSELEX as an alternative to SELEX.
26,27

 As 

mentioned previously, nonSELEX involves repetitive steps of binding and partitioning without 

PCR amplification 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 protein were obtained (with a 10
4
-fold improvement in the binding 

affinity as compared to the initial library) in three rounds of nonSELEX based on complex-first 

NECEEM. Since then, more DNA aptamers for protein targets have been found by means of 

KCE-based nonSELEX, proving the feasibility of the procedure.
60,67,68

 Moreover, nonSELEX is 

the only option for selection of binders from DEL because DEL cannot be amplified by PCR.
6
 

Figure 1.3. Schematic representation of selection of smart 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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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.
26

 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. 

 

1.4. EFFORTS OF SCIENTIFIC COMMUNITY TO ADVANCE KCE SELECTION OF 

BINDERS  

1.4.1. Increasing the input binder quantity (Strategy 1)  

As mentioned above, an obvious limitation of KCE-based selection of binders is the small 

quantity of the injected initial library, which is about three orders of magnitude smaller than in 

surface-based selection (10
12 

molecules in KCE versus 10
15

 molecules in surface-based 

methods).
18,19,31,35

 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 approaches 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 
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Joule heating.
36,67,69

 There were also efforts to increase the number of the fraction collection 

experiments for the first round of selection.
66,70

 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 than non-modified DNA and RNA libraries. In 

2013, the Kuwahara group succeeded in KCE-based aptamer selection using a xeno nucleic acids 

(XNAs) library.
58

 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 motifs and enhanced binding capabilities.
71

 

Using complex-first NECEEM, chemically modified DNA aptamers for human α-thrombin were 

successfully obtained from an XNA library containing 2′-O, 4′-C-methylene-bridged/linked 

bicyclic ribonucleotides (2′, 4′-BNA/LNA) in the primer region and C5-modified thymidine with 

N6-ethyladenine in t he 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 motifs, although the G4 structure is always observed for thrombin-binding 

aptamers selected from non-modified DNA libraries. Later, BNA/2′-deoxy-2′-fluoro-ribonucleic 

acid (FNA) chimeric aptamers for thrombin, exhibiting RNA-like conformations, were obtained 

from a library containing FNA in the randomized region.
59

 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 
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feasibility for further development using more novel classes of modified DNA library, which 

will greatly benefit the area of KCE-based selection of binders. 

Another option to increase the sampled quantity of the initial library is to couple KCE at later 

rounds with surface-based partitioning 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.
60

 In 2016, the Liu group presented a 

similar approach that combined boronate affinity magnetic nanoparticles and KCE-based 

selection.
61

 In this hybrid selection approach, a high input quantity of the initial library (e.g., 10
15

 

unique molecules) is subjected to be screened in the first round of surface-based partitioning, 

thus appreciably reducing nonbinders sequences 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. Pre-screening the 

library with surface-based partitioning is a viable option to produce an improved library with 

higher binder abundance 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 selection. In general, the area of screening oligonucleotide libraries will 

remain more an art than a science until quantitative comparative studies become standard in this 

challenging area.  

 

1.4.2. Increasing the partitioning efficiency (Strategy 2)  

The partitioning efficiency of KCE is limited by the nonbinder background: the result of 

irregularities in electrophoretic mobility of oligonucleotides.
52

 The smaller the mobility shift of 
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target−oligonucleotide complex from that of free DNA, the higher the irregular oligonucleotide 

fraction and, accordingly, the nonbinder background.
50

 Targeting Strategy 2 (i.e., increasing 

partitioning efficiency) requires a larger mobility shift or, in the other words, improved temporal 

resolution between target-oligonucleotide complexes and nonbinders, followed by a quantitative 

assessment of the nonbinder background. Since the nonbinder 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 versus migration time” electropherogram.
52

 Unfortunately, most of the reports dedicated 

to optimizing Strategy 2 were not supported by any measurements of the nonbinder background 

(with the exception of the 2018 IFCE-based selection, which will be discussed in details in 

Chapter 2). Despite having this limitation, these works still constitute a good starting point for 

any future efforts in improving partitioning efficiency in KCE. 

The first illustration of an “ideal” filter in CE, where the complex and DNA migrate 

oppositely was conducted by the Qu group in 2014.
72

 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 affects the stability of both DNA and protein as well as impedes their 

intermolecular interactions. Moreover, any complex formation will mostly be driven by the 

nonspecific electrostatic interaction between negatively charged DNA and positively charged 
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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. 

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.
37

 The authors of this work conducted a mocked selection for human α-thrombin 

from a random DNA library 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.
39,40

 

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.
73

 Secondly, even if both the complex and unbound DNA focused similarly 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 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/saccharomyces-cerevisiae
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the efficiency of partitioning. Thirdly, in KCE-based aptamer selection 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, the mock-

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 10
5
. 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 expected. In our opinion, the use of ITP or 

other stacking techniques can only be beneficial if the separation is insufficient and the 

resolution is poor, e.g., in the case of small molecule targets.  

To improve the partitioning efficiency of KCE-based selection for a small-size target, the 

Yoshimoto group merged bead-based partitioning and NECEEM in a process called microbead-

assisted capillary electrophoresis (MACE)-SELEX.
41

 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.
41

 To eliminate 

any nonspecific adhesion of the library 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 
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microbead as a drag tag can improve the efficiency of partitioning for KCE selection 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-SELEX more convincingly, one needs to apply MACE-SELEX to a small 

molecule target which is unapproachable by NECEEM-SELEX owing to the lack of mobility 

shift upon oligonucleotide complexation to such a target. Conveniently, Yoshimoto and co-

authors had initiated this task by conducting 3 rounds of MACE-SELEX for the small molecule 

drug  methotrexate (454 Da) and obtaining DNA aptamers with the best Kd value of 570 nM.
74

 

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. I hope 

that MACE-SELEX will continue to demonstrate its applicability to more small-molecule 

targets, which could make MACE-SELEX a highly used technique. 

 

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

The optimization of post-partitioning processes (e.g., the analysis of PCR quality and 

sequencing) also plays an important role in improving the performance of KCE-based screening 

of oligonucleotide libraries. The classic PCR amplification protocol (used for amplification of 

homogeneous DNA samples) was found to rapidly generate byproducts and preferentially 

amplify nonbinder sequences when applied to highly-heterogeneous DNA samples.
54,75

 To 
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address this issue, in 2016, Yufa et al. proposed the use of emulsion PCR (ePCR), which is 

known to reduce byproduct formation as well amplification biases, as a PCR mode for coupling 

with KCE-based SELEX.
76

 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 procedure 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.
31,32,35,36,56

 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.
70

 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 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/nucleotide-motif
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challenging. In 2015, the Whelan group performed NECEEM-SELEX/HTS approach to select 

aptamers for the ovarian cancer biomarker HE4.
77

 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 1,000 most 

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.
78

 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 sequences from these groups, and 

finally selected an aptamer with Kd = 405 nM. Recently, more computer-assisted tools to analyze 

HTS data from selection, such as FASTAptamer, AptaCluster, and AptaTrace became 

available.
79-81

 Together, they provide tools to potentially establish a more universal algorithm 

and metrics for selecting binders from large HTS datasets. 

 

1.4.4. 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.
82

 This system was applied to the selection of DNA aptamers 
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against thrombin by collecting fractions into wells on a 96-well 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 analysed by qPCR 

to search for the presence of any complex formation in the collected fractions. The pooled 

contents of the chosen wells were then sequenced 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.
43

 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 α-

thrombin as a model protein target.
44

 In ssCE-SELEX, the entire procedures of KCE-based 

partitioning (sample mixing, incubation, reacting, separation, 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 α-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 partitioning 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. 
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The Krylov group introduced mobility predictor tools to facilitate the rational design of 

KCE-based binder selection; such a design requires the knowledge of the time at which the 

complex exits the capillary.
49,83

 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 indispensable tool in rational selection of the fractions to be blindly collected 

in KCE-based selection. 

 

1.4.5. Challenges in expanding KCE adoption within the scientific community and my 

project goal  

Between the premier work of KCE-based selection and the commencement of my research 

project, the community had made significant contributions aimed at all the aforementioned 

strategies to further advance the practicality of KCE methods. Despite these efforts, KCE-based 

selection has still remained as more of an art form rather than a robust and practical tool in the 

field of ligand selection. It is evident that KCE-based selections have solely been conducted 

within specialized academic laboratories, with no successful integration observed in clinical or 

industrial settings. The reluctance of scientific community toward greater use of KCE-based 

selection can be attributed to the following practical challenges: (i) the limited partitioning 
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efficiency of NECEEM platform, (ii) the restricted use of highly conductive physiological 

buffers and (iii) the absence of an instructive formalism to assist users in determining optimal 

KCE selection conditions tailored to different protein targets.  

At the start of my research project, the consensus held that the partitioning efficiency of KCE 

was limited to approximately 10
5
, primarily due to the exclusive utilization of NECEEM as the 

mode of KCE in binder selection during that period. In comparison to the conventional bead-

based approach, the development of NECEEM resulted in a notable improvement of partitioning 

efficiency by 2 to 3 orders of magnitude and reduced the required selection rounds from over 10 

to just 4.
31

 However, despite being significant, this improvement is worse than anticipated: 

theoretical prediction suggested that NECEEM-based partitioning efficiency would approach 

infinity and successful single-round SELEX could be achieved as long as there is sufficient 

quantity of binders at the input of partitioning.
51

 As mentioned earlier, a study conducted by the 

Krylov lab in 2013 revealed that the higher-than-expected nonbinder background in NECEEM 

was due to the heterogeneity in electrophoretic mobility of oligonucleotides. This phenomenon 

led to an underwhelming partitioning efficiency value in NECEEM.
52

 Thus, our anticipation is 

that the elimination of this nonbinder background in KCE could transform it into a truly 

invaluable technology, increasing its potential to replace the conventional bead-based method. 

This is particularly relevant in the context of DEL-based drug discovery platforms, which rely on 

a nonSELEX approach.
6
 In such a platform, achieving an exceptionally high partitioning 

efficiency with minimal to no background is crucial to attain a pool primarily consisting of 

binders, all within the constraint of a maximum of 3 rounds.  

Another long-standing problem that hinders the adoptation of KCE-based selection is its 

limited compatibility with highly conductive physiological solutions.
31,32,35-44,56,58-61

 Typical 
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NECEEM experiments are constrained to a narrow set of low-ionic strength running buffers due 

to their relatively small degree of Joule heating and slow time of ion depletion. The restricted 

variety of compatible running buffers in NECEEM-based selection is a major drawback, as this 

could yield results that inaccurately mirror the affinity interactions taking place in physiological 

fluid characterized by high ionic strength. Thus, by enabling the use of physiological buffer in 

KCE-based selection, the practical relevance of its outcomes would be notably enhanced, 

rendering the selected binders far more pertinent for potential in vivo applications.  

Last but not least, the slow rate of adoption of KCE in the selection community has to do 

with the lack of a framework for proper usage and optimization of KCE for different protein 

targets. Each mode of KCE is characterized by a set of experimental parameters, which include, 

but are not limited to, ionic strength and pH of the running buffer, strength of the applied electric 

field, length and diameter of the capillary, temperature inside the capillary and coating of the 

inner capillary wall. For a given set of experimental parameters in a particular KCE mode, the 

partitioning efficiencies over a wide range of protein target sizes will greatly vary. It means that 

the chosen conditions in previously successful KCE selection for one protein target might be 

detrimental for another protein of different size. On the other hand, optimizing KCE conditions 

for a given protein target is not an easy task, due to the complex interrelation between various 

experimental factors and their counteracting effects on the produced results (e.g., higher ionic 

strength of the running buffer and longer capillary leads to better temporal resolution but lengthy 

separation time and more complex dissociation). To ensure that KCE-based selection is 

effectively utilized in a broader community, the influence of different experimental conditions on 

the outcome of KCE selection must be examined for a wide range of protein target sizes. Such 

study is pivotal to the rational planning and optimization of KCE-based selection.        
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The purpose of my research project is to resolve the aforementioned practical challenges, 

with the ultimate goal of transforming KCE into a truly disruptive technology for screening 

protein binders from oligonucleotide libraries, particularly in the context of DEL-based screening 

platforms, where KCE methods have not been previously utilized. To prepare KCE for 

successful implementation in DEL platform, I outline the following key objectives: firstly, 

mitigating the restricted partitioning efficiency of KCE-based selection by introducing a novel 

KCE-based partitioning mode devoid of nonbinder background; secondly, enhancing the 

practical relevance of KCE-selected binders by making KCE-based selection compatible with 

physiological buffers; and thirdly, improving the overall applicability of KCE-based selection by 

developing a quantitative characterization of all KCE partitioning modes for a diverse range of 

protein target sizes. The progress made towards accomplishing all three objectives is described in 

Chapter 2 and 3. In Chapter 2, I introduce a new mode of KCE partitioning, in which 

target−binder complexes and nonbinders move in the opposite direction. This unique mode of 

KCE, thus, would function as a real filter, giving it a name of IFCE.
42

 By reducing the nonbinder 

background to under the limit of detection in qPCR, the efficiency of partitioning in IFCE is 

improved by three orders of magnitude as compared to that of NECEEM, reaching 10
9
 – the 

highest value reported so far. Advantageously, the condition of IFCE is achieved when the 

running buffer becomes more physiological, providing greater biological relevance of selected 

protein binders. To address the Joule heating issue associated with the use of physiological 

running buffer in IFCE, I utilize a simplified universal method for predicting the electrolyte 

temperatures (SUMET) to rationally lower the electric field so that the in-capillary temperature 

is kept under a reasonable value during the separation.
84

 I validate the newly developed IFCE 

platform by conducting a successful one-step selection of a high-affinity aptamer pool to a target 



31 
 

protein. Moreover, I also propose a double-passage KCE approach for finding Kd and koff of 

protein binders selected under the physiological conditions of IFCE, and validate the approach 

using an interacting pair of a protein and its previously selected aptamer.
85

 Moving on to 

Chapter 3, I describe a quantitative study investigating the impact of specific critical 

experimental conditions (e.g., composition of running buffer and coating of inner capillary wall) 

on the efficacy of different modes of KCE partitioning.
50

 The study spans a diverse range of 

protein target sizes. A comprehensive guideline is formulated based on this study, enabling the 

identification of appropriate KCE-based partitioning conditions for a given protein target. This 

guideline takes into consideration the complex interrelation between numerous experimental 

parameters, allowing researchers to approach the process in a systematic and rational manner. 

The combined findings from Chapters 2 and 3 successfully fulfill my threefold objectives of 

establishing KCE-based selection as universally applicable and suitable for integration into DEL-

based screening platforms. Prior to transitioning into the utilization of KCE in the DEL platform, 

I explore a pivotal variable known to exert a significant influence on the process of binder 

selection: the total concentration of the target protein. In Chapter 4, I introduce the first 

experimental investigation into the correlation between target concentration and the selection of 

protein binders from oligonucleotide libraries. To facilitate the selection process, I suggest 

employing a straightforward experimental parameter that can be readily determined. This 

parameter serves as a simple tool for researchers to identify an appropriate range of target 

concentration to avoid selection failure. Finally, in Chapter 5, I integrate the insights garnered 

from all our previous works to facilitate the application of KCE in selection of protein binders 

from DEL. By utilizing the KCE and target concentration optimization framework, I present the 

first experimental demonstration of high-efficiency KCE-based selection of small molecule 
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binders for protein target from a hypothetical DEL library — this being the ultimate goal of my 

project. This pioneering achievement showcases the capabilities of KCE-based partitioning 

within the context of DEL-based drug discovery, marking a significant advancement in the field.  
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CHAPTER 2. DEVELOPMENT OF IDEAL-FILTER CAPILLARY 

ELECTROPHORESIS (IFCE): A HIGHLY EFFICIENT PARTITIONING METHOD 

FOR SELECTION OF PROTEIN BINDERS FROM OLIGONUCLEOTIDE LIBRARIES 

 

2.1.  THE PROOF OF PRINCIPLE WORK 

The presented material was published previously and reprinted with permission from “Le, 

A.T.H.; Krylova, S.M.; Kanoatov, M.; Desai, S.; Krylov, S.N. Ideal-filter capillary 

electrophoresis (IFCE) facilitates the one-step selection of aptamers. Angewandte Chemie 

International Edition 2019, 58, 14610 – 14615”. Copyright 2019 John Wiley and Sons. My 

contribution to the article was: (i) planning all experiments, (ii) performing all experiments, (iii) 

interpreting results, (iv) preparing figures and (v) writing the manuscript. 

 

2.1.1. The significance of single-round selection of binders from oligonucleotide libraries   

As previously discussed in Section 1.1., efficient physical partitioning of binders from 

nonbinders constitutes a major challenge for the field of binder selection from oligonucleotide 

libraries. The abundance of binders in a naive (unbiased for a specific target) oligonucleotide 

library may be as low as one suitable binder per million or billion library molecules. Separating 

the few binders from the overwhelming majority of nonbinders in a single partitioning step is 

limited by a nonbinder background.
15,20-22

 Consequently, multiple rounds of partitioning are 

typically used for in vitro selection of binders from oligonucleotide libraries. 

Multiround selection of binders from oligonucleotide libraries has fundamental drawbacks. 

Oligonucleotide aptamers are typically obtained by the SELEX process, which involves iterative 

cycles of binding/partitioning and enrichment by PCR amplification and theoretically enables an 



34 
 

unlimited number of rounds.
20-22

 Remarkably, SELEX fails to select binders in 70% of 

attempts.
30

 This multi-round procedure is prone to failure inherently because PCR preferentially 

amplifies nonbinders, which are less structured oligonucleotides than binders and are, hence, 

more easily accessible to polymerases. 
54,75

 As a result, a large number of rounds may not be able 

to compensate for inefficient partitioning if the sequence bias of PCR toward the amplification of 

nonbinders is greater than the preference of partitioning for the isolation of binders.  

The limited efficiency of partitioning is even more detrimental in the isolation of binders 

from DELs. Binders isolated from DELs cannot be amplified by PCR, while every round of 

partitioning results in binder losses.
6
 Thus, a typical binder selection from a highly diverse DEL 

is limited to three rounds and produces a pool greatly dominated by nonbinders. Secondary 

screening or the hit verification stage, which involves deep DNA sequencing of the enriched 

pool followed by in silico removal of known nonbinders (e.g., binders to the matrix), synthesis of 

selected DNA-free compounds, and testing them in binding assays, is used as a means of 

compensating for the inefficiency of partitioning.
6,28,29,86

 Sequencing large amounts of DNA is 

expensive, and the fact that a significant part of the material processed in DNA sequencing is 

nonbinders makes selection from highly diverse DELs cost inefficient for industrial R&D and 

largely cost prohibitive for academic laboratories. 

An ultimate solution for problems originating from multi-round selection would be a 

partition method that could enrich binders to the required level (e.g., 99% of binders in the 

binder-enriched library) in one step of partitioning. There have been several reports of one-step 

selection of oligonucleotide aptamer; however, they have not been independently confirmed 

raising doubts in method practicality, transferability, and reliability.
31,87-92

 We think there are two 

major reasons for slow progress in creating a practical way of single-step selection of binders 
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from oligonucleotide libraries. The first reason is technological: it is extremely difficult to 

achieve high efficiencies of partitioning, e.g., due to adsorption of nonbinders to surfaces in 

solid-phase selection methods,
15,20-22

 and non-uniform migration of the nonbinders in 

homogeneous capillary electrophoresis-based methods.
52

 The second reason is methodological: 

while high efficiencies of partitioning are the goal, the efficiency of partitioning was not used to 

guide developments or substantiate claims of one-step selection; moreover, it was rarely 

measured.
86-91

 

In this work, we address both the technological and methodological issues. First, we estimate 

theoretically the efficiency of partitioning required for one-step selection to be roughly 10
9
, 

which is at least a million times higher than efficiencies of typical solid-phase methods of 

partitioning, and ten thousand times higher than the efficiency of classical KCE-based selection 

methods. Second, we develop a new partitioning method, Ideal-Filter Capillary Electrophoresis 

(IFCE), in which target−binder complexes and nonbinders move in the opposite directions inside 

the capillary. Third, the efficiency of partitioning was adjusted by changing the ionic strength of 

the running buffer (IRB) to reach the required value of 10
9
. Finally, we demonstrate one-step 

selection of a high-affinity aptamer pool to a protein target (MutS protein) to confirm that the 

estimated efficiency of 10
9
 required for one-step selection is correct. Our work anticipates that 

IFCE partitioning holds great promise as an essential tool for the rapid and robust selection of 

binders from oligonucleotide libraries. 
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2.1.2. Materials and methods 

2.1.2.1. Materials and solutions 

All chemicals were purchased from Sigma-Aldrich (Oakville, ON, Canada) unless otherwise 

stated. Fused-silica capillaries with inner and outer diameters of 75 and 360 μm, respectively, 

were purchased from Molex Polymicro (Phoenix, AZ, USA). Recombinant Thermus aquaticus 

MutS protein (MW  90 kDa, pI 6.0) was expressed and purified as described previously.
93

 All 

DNA molecules were custom synthesized by Integrated DNA Technologies (Coralville, IA, 

USA). Bodipy (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) was purchased from Life 

Technologies Inc. (Burlington, ON, Canada). The running buffer (RB) was 50 mM Tris-HCl 

with NaCl ranging from 0 to 150 mM at pH 7.0. The sample buffer was always identical to RB 

to prevent adverse effects of buffer mismatch. Accordingly, all dilutions of sample components 

used in CE experiments were done by adding the corresponding RB. 

The DNA aptamer with affinity toward MutS protein was previously selected in our 

laboratory (clone 2-06), and its fluorescein amidite (FAM)-labeled version was used here: 5'-

FAM-CTT CTG CCC GCC TCC TTC CTG GTA AAG TCA TTA ATA GGT GTG GGG TGC 

CGG GCA TTT CGG AGA CGA GAT AGG CGG ACA CT-3'.
34

 For aptamer-selection study, a 

synthetic FAM-labeled DNA library (N40) with a 40-nt random region was used: 5'-FAM-AGC 

CTA ACG CAG AAC AAT GG-(N40)-CGA TGC CAG GTT AAA GCA CT-3'. The following 

primers were used for PCR amplification of the MutS aptamer: forward primer (MutS_uF), 5’-

CTT CTG CCC GCC TCC TTC C-3’; reverse primer (MutS_uR), 5’-AGT GTC CGC CTA TCT 

CGT CTC C-3’. Two sets of primers were used to amplify binders selected from the naïve 

library. The first set of primers was an unlabelled forward primer (N40_uF), 5'-AGC CTA ACG 

CAG AAC AAT GG-3', and an unlabeled reverse primer (N40_uR), 5'-AGT GCT TTA ACC 
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TGG CAT CG-3'. The second set contained a FAM-labeled forward primer (N40-famF), 5'-

FAM-AGC CTA ACG CAG AAC AAT GG-3', and a biotin-labeled reverse primer (N40-

biotinR), 5'-Biotin-TEG-AGT GCT TTA ACC TGG CAT CG-3'. 

 

2.1.2.2. CE instrumentation and fraction collection conditions 

All CE experiments were performed with a P/ACE MDQ apparatus (SCIEX, Concord, ON, 

Canada) equipped with a laser-induced fluorescence (LIF) detection system. Fluorescence was 

excited with a blue line (488 nm) of a solid-state laser and detected at 520 nm using a spectrally-

optimized emission filter system. Uncoated fused-silica capillaries, with a total length of 50 cm 

and a 10.2-cm distance from one of the ends to the detection zone were used. The two capillary 

ends were used as inlets interchangeably in experiments requiring different separation distances. 

The separation distance was defined as defined as the distance in the capillary from the sample 

position at the time of electric field application to the detection point. Prior to every run, the 

capillary was rinsed successively with 0.1 M HCl, 0.1 M NaOH, deionized H2O, and a run buffer 

at 20 psi (138 kPa) for 3 min each. The sample contained 10 M annealed oligonucleotides 

(melted at 90 ºC for 2 min and gradually cooled down to 20 ºC at a rate of 0.5 ºC/sec) and 150 

nM Bodipy (as EOF marker). When specified, the sample also contained 100 nM MutS protein. 

The sample mixture was incubated for 30 min at a room temperature (22−24 C) and then 

injected with a pressure pulse of 0.5 psi (3.5 kPa)  10 s to yield a 10 mm long sample plug. The 

injected sample plug was propagated through the uncooled part of the capillary at the inlet by 

injecting a 5.7 cm long plug of the RB with a pressure pulse of 0.3 (2.2 kPa) psi  90 s. CE was 

carried out at an electric field of 200 V/cm (10 kV over 50 cm). The duration of electrophoretic 

runs without fraction collection was 50 min. The duration of electrophoretic runs with fraction 
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collection was 64 min. Collection vials contained 20 µL of the RB each and were switched every 

2 min of voltage applied; 32 fractions were collected for each run. 

 

2.1.2.3. Quantitative PCR 

DNA in the collected fractions was amplified and quantitated by qPCR using a CFX 

ConnectTM instrument from Bio-rad. q-PCR reagent mixture was prepared by combining IQ 

SYBR Green Supermix from Bio-Rad (Mississauga, ON, Canada) with unlabeled DNA primers 

at final concentrations of 1 SYBR Green Supermix, 100 nM MutS_uF, and 100 nM MutS_uR. 

qPCR reaction mixture was prepared by adding 18 µL of the qPCR reagent mixture to a 2-µL 

aliquot of each fraction immediately before thermocycling. The thermocycling protocol was: 

95 °C for 3 min, 95 °C for 10 s (denaturation), 56 °C for 10 s (annealing), 72 °C for 10 s 

(extension), followed by a plate read at 72 °C and a return to the denaturation step (bypassing the 

95 °C  3 min step) for a total of 43 cycles. All reactions were performed in duplicates. 

 

2.1.2.4. Specifics of single-round aptamer selection 

Fraction collection and qPCR detection were similar to the procedures described in the 

previous two sections with a few modifications specified below. The equilibrium mixture 

contained: 10 μM N40 library, 100 nM MutS protein, and 150 nM Bodipy. For qPCR, 1 SYBR 

Green Supermix and the unlabeled primers for N40 library (100 nM of each N40_uF and 

N40_uR) constituted the qPCR reagent mixture. The fraction which eluted at minute 29 and 

contained the highest amount of MutS−DNA complexes was subjected to preparative PCR. The 

procedure of preparative PCR involved two rounds of amplification. In the first round, the 

fraction was amplified by qPCR in quintuplicates as previously described. An S-shaped 
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amplification curve was plotted, and the PCR product was removed two cycles into the 

exponential phase of the curve. After qPCR, 100 µL of the five combined PCR reactions was 

purified using MinElute
®

 PCR purification kit (QIAGEN, Missisauga, ON, Canada) as per 

manufacturer’s instructions. DNA was then eluted using 20 μL of 50 mM TrisHCl, pH 7.0. Once 

product’s purity was verified by native PAGE, it was subjected to asymmetric PCR. Five μL of 

DNA was added to 45 μL of asymmetric PCR reagent mixture from New England Biolabs Inc. 

(MA, USA). Final concentrations of PCR reagents in the reaction mixture were: 1 Standard Taq 

Reaction Buffer, 1 μM N40-famF, 50 nM N40-biotinR, 2.5 units/μL Taq DNA Polymerase, and 

200 μM dNTPs mix. The reaction was performed in duplicates with the following temperature 

protocol: 94 °C for 30 s (initial denaturation, performed once), 94 °C for 10 s (denaturation), 

56 °C for 10 s (annealing), and 72 °C for 10 s (extension). Seventeen cycles of asymmetric PCR 

were run. Ten μL of MagnaBind
TM

 streptavidin beads suspension (Thermo Scientific, IL, USA) 

was washed three times and resuspended in bead washing/binding buffer (10 mM Tris-HCl, 50 

mM NaCl, 1 mM EDTA pH 8.0). Once amplified, the duplicate PCR reactions were combined 

and incubated with streptavidin magnetic beads for 30 min at room temperature. The beads were 

magnetized, discarded, and the PCR product was then purified using the MinElute
®
 PCR 

purification kit. The final product was eluted using 20 μL of 50 mM TrisHCl, pH 7.0, and 2 μL 

of 1 M NaCl was added to bring NaCl concentration to 100 mM. 

To determine DNA concentration in the enriched library pool, serial dilutions of N40-famF 

(2 µM, 1 µM, 500 nM, 250 nM, 125 nM, 62.5 nM, and 31.25 nM) were prepared to build a 

standard curve by measuring fluorescence intensity at 519 nM with NanoDrop 3300 

Fluorospectrometer (Thermo Scientific, IL, USA). DNA concentration in the enriched library 

pool was found to be 1.2 μM. 



40 
 

For a pressure-aided IFCE-based binding test of the enriched pool (used to determine Kd,app), 

a 47 nL plug of the equilibrium mixture containing 20 nM enriched library and 100 nM MutS in 

50 mM Tris-HCl, 100 mM NaCl, pH 7.0, (default running buffer for IFCE) was injected into 50-

cm-long capillary by a 0.5 psi (3.5 kPa)  10 s pressure pulse. The sample mixture was 

propagated through the non-cooled portion of the capillary by injecting a 5.7-cm-long plug of 

RB with a pressure pulse of 0.3 psi (2.2 kPa)   90 s. CE was carried out at an electric field of 

+200 V/cm at the inlet. In addition to applying voltage, a pressure of 0.20 psi (1.4 kPa) was 

applied to the capillary inlet to supplement the electric field and ensure that the nonbinders reach 

the detector. The pressure-aided IFCE allowed detection of target−binder complexes and 

nonbinders, which is required for determination of Kd,app.
94

 

 

2.1.3. Results and discussion 

2.1.3.1. Efficiency of partitioning required for one-step selection of binders 

If the library contains molecules capable of binding the target protein under the chosen 

selection conditions, then the equilibrium mixture of the library and the target contains target-

bound library molecules (binders) and target-unbound library molecules (nonbinders). The 

selection scheme is depicted in Figure 2.1. The purpose of partitioning in binder selection is to 

separate binders from nonbinders physically. Thus, the partitioning process is conceptually 

filtration that should let binders through and cut nonbinders. To describe partitioning 

quantitatively, we adopt a term of “transmittance” which is used for optical filters. Transmittance 

of partitioning for binders, kB, is the ratio between quantities of binder molecules at the output, 

Bout, and input, Bin, of partitioning, respectively:  

kB = Bout / Bin                   (3) 
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Transmittance of partitioning for nonbinders, kN, is the ratio between the quantities of 

nonbinder molecules at the output, Nout, and input, Nin, of partitioning, respectively:  

kN = Nout / Nin                  (4) 

Note that kN is a fraction of nonbinders that penetrates through the step of partitioning; this 

fraction contaminates binders and creates nonbinder background in the selection process. Thus, 

kN is a quantitative measure of nonbinder background.  

If we chose Bout / Nout  100 as a criterion of completed selection (a criterion of Bout / Nout  1 

is typically considered acceptable), then one step of partitioning is sufficient for completing 

selection when the efficiency of partitioning (defined as kB / kN) relates to the starting binder 

abundance (Bin / Nin) as: 

kB / kN    100 / (Bin / Nin)                                                                                                         (5)                                                                                                

Values of Bin / Nin are hard to estimate in SELEX. Our estimate via binder selection from a 

random-sequence DNA library in three consecutive rounds of partitioning without PCR 

amplification between them gave Bin / Nin ~ 10
7

.
26 

According to Eq. 5, this estimate suggests 

kB / kN ~ 10
9 

as an efficiency of partitioning which should suffice binder selection in one step. 

Assuming that kB  1 (which is typically satisfied), we can conclude that reaching kN  ~ 10
−9 

is 

Figure 2.1. Schematic depiction of one-step partitioning of binders (B) from nonbinders (N) in a 

mixure of oligonucleotide library and protein target. See text for details. 
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sufficient for one-step selection. Further, we use this value as a guide in our development of a 

novel KCE-based partitioning method suitable for one-step selection of binders from 

oligonucleotide libraries. 

 

2.1.3.2. Hypothesis for reducing nonbinder background in KCE-based partitioning 

Partitioning by KCE is based on free-flow separation of protein target−binder complexes 

from nonbinders in an electric field. The main reason for nonbinder background in KCE-based 

partitioning is nonuniform migration of oligonucleotides: there is always a small part of 

nonbinders that tails towards binders and creates nonbinder background in the binder-collection 

time window.
52

 Two known practical modes of KCE-based partitioning differ by voltage polarity 

(namely, complex-first and complex-last NECEEM), but in both of them, nonbinders (denoted as 

unbound DNA) and protein target−binder complexes (denoted as P−DNA) move in the same 

direction (Figure 2.2a, b).
31,35

 These modes do not operate as a physical filter which is supposed 

to let binders through but reject nonbinders. We hypothesized that the kN in KCE-based 

partitioning could be decreased if the target−binder complexes and nonbinders moved in the 

opposite directions (Figure 2.2c) making KCE function as a physical filter (but without the issue 

of non-specific adsorption inherent to real filters) and giving this mode of KCE a name of Ideal-

Filter CE (IFCE).  

IFCE is equivalent to the following relation between the velocity of nonbinders, vDNA, and 

that of binders, vP−DNA: vDNA < 0 < vP−DNA. This relation can be achieved if electrophoretic 

mobilities of the target−binder complex, µP−DNA, and nonbinders, µDNA, relate to the mobility of 

electroosmotic flow (EOF), µEOF, as: |DNA| > |EOF| > |P−DNA|. The latter relation can be 

achieved, in turn, by decreasing |EOF| via increasing the ionic strength of the running buffer, IRB. 
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However, this approach has a limitation:  increasing IRB leads to greater Joule heat generation 

and increased temperature inside the capillary, Tcap, that can lead to dissociation of target−binder 

complexes. Luckily, this limitation can be overcome with a recently introduced simplified 

universal method for predicting electrolyte temperatures (SUMET) which allows adjusting Tcap 

to a desirable value by rationally lowering the electric field strength, E.
84

 Advantageously, 

increasing IRB makes the running buffer more physiological and can allow selection of binders 

intended for use in vivo (e.g., as detection probes, drugs, or drug-delivery vehicles). Therefore, 

we decided to explore varying IRB to test our main hypothesis that achieving vDNA < 0 < vP−DNA 

could reduce the nonbinder background in KCE-based partitioning.  

Figure 2.2. Schematics of KCE-based partitioning of protein target−binder complexes (P−DNA) 

from nonbinders (unbound DNA). Panels (a) and (b) show standard KCE-based partition with 

velocity vectors of complexes and nonbinders directed towards the capillary outlet biased at “−” 

and “+”, respectively. Panel (c) shows IFCE-based partitioning with the velocity vector of 

complexes directed towards the capillary outlet at “−” and with a counter-directed velocity 

vector of nonbinders. 
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In order to solve the nonbinder background problem in the context of our hypothesis, we 

formulated five specific goals. Goal 1 was to find E that could guarantee a suitable range of Tcap 

for IRB ranging from low values typically used in CE to high values approaching physiological. 

Goal 2 was to test whether a condition of IFCE (vDNA < 0 < vP−DNA) could be achieved in CE by 

increasing IRB to near-physiological values while keeping elution time for the target−binder 

complexes under 1 h. Goal 3 was to test if satisfying this condition could drastically reduce the 

nonbinder background (reduce kN to the desired value of ~10
−9

). Goal 4 was to confirm that 

kB  1. Goal 5 was to examine if the obtained kB / kN  1 / kN was sufficient to facilitate selection 

of binders from a naïve oligonucleotide library in one step of IFCE-based partitioning. The 

following sections describes how the five goals were achieved. 

 

2.1.3.3. Electric field to guarantee no overheating 

The value of IRB was changed by introducing NaCl in concentration ranging from 25 to 150 

mM to the running buffer (RB). The value of IRB for 50 mM Tris-HCl is 46 mM and every 

additional 25 mM NaCl adds 25 mM to the IRB value. Accordingly, the values of IRB in our 

experiments ranged from 46 to 196 mM. To place these values in the context of biological 

relevance, note that IRB of phosphate buffered saline is 162 mM. A SCIEX CE instrument 

utilized in our study allowed capillary thermo-stabilization via its contact with a liquid coolant 

stabilized at Tcoolant. The central longest part of the capillary was thermostated by the coolant and 

had temperature Tcooled > Tcoolant; while the two short flanking parts of the capillary were not in 

contact with the coolant and their temperature Tnon-cooled was higher than Tcooled. The goal of this 

part of the study was to find E which guaranteed Tcooled  20 C and Tnon-cooled  42 C at 

Tcoolant = 15 C (20 and 42 C flank the range of vital temperatures of the human body). 
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Our SUMET method was utilized for determination of Tcooled and Tnon-cooled for different 

values of E.
84

 Since the highest IRB corresponds to the greatest Joule heat, it was sufficient for us 

to determine E which satisfied these conditions for RB containing 150 mM NaCl (IRB = 196 

mM); RBs with lower IRB would then automatically satisfy the two conditions. Accordingly, the 

electric current was measured for running buffers containing 150 mM NaCl during 1 min for 

each of six values of applied voltage and for six corresponding values of E: 20, 100, 200, 300, 

400 and 500 V/cm. The collected current-voltage data and the SUMET program were used to 

determine the dependence of Tcooled and Tnon-cooled on E (Figure 2.3a). The highest E satisfying 

both Tcooled  20 C and Tnon-cooled  42 C was 200 V/cm; the sought temperatures were 

Tcooled = 17.5 C and Tnon-cooled = 41.5 °C. 

We then conducted current-voltage measurements at E = 200 V/cm for RBs with lower ionic 

strengths and determined Tcooled and Tnon-cooled as functions of IRB (Figure 2.3b). As expected, all 

Figure 2.3. Determination of E that guarantees no overheating. Panel a shows the dependency of 

Tcooled and Tnon-cooled on E for IRB = 196 mM. The value of E satisfying both Tcooled  20 C and 

Tnon-cooled  42 C was 200 V/cm. Panel b shows the values of Tcooled and Tnon-cooled for different 

IRB at E = 200 V/cm. 
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values of Tcooled were in a range of 15.0−17.5 C and all values of Tnon-cooled were higher than 17.5 

C and lower than 41.5 C. Thus, an electric field of 200 V/cm guaranteed Tcooled  20 C and 

Tnon-cooled  42 C and was used in the rest of this study.  

To avoid sample exposure to higher temperatures in the inlet non-cooled part of the capillary, 

the sample was propagated through this part by pressure at E = 0, and the voltage was applied 

only when the sample was 2 cm inside the cooled part of the capillary. The intact complexes 

were still exposed to the elevated Tnon-cooled  41.5 C while passing through the non-cooled part 

at the capillary outlet.  

 

2.1.3.4. Achieving vP−DNA > 0 > vDNA 

In a set of experiments testing whether vP−DNA > 0 > vDNA could be achieved in KCE by 

increasing IRB, the sample was an equilibrium mixture of MutS (MW  90 kDa, pI  5.2) with its 

previously selected and characterized fluorescently-labeled DNA aptamer.
34

 The equilibrium 

mixture contained the MutS−aptamer (target−binder) complex and an unbound aptamer 

(nonbinder). To be able to detect nonbinders moving with very small velocities, we conducted 

these experiments with a short separation distance of lsep = 4.5 cm and with a long run time of 

t = 50 min. Every equilibrium mixture was run with two CE polarities: “+” at the inlet (Figure 

2.4a) and “−” at the inlet (Figure 2.4b); the second was required to detect nonbinders when 

vDNA < 0. The magnitude of the minimum “detectable” velocity was |vmin| = lsep
 
/
 
t = 0.9 mm/min. 

The peak of the complex was detected only with “+” at the inlet and for all concentrations of 

NaCl suggesting that vP−DNA > 0 for all IRB values tested. The peak of nonbinders was detected 

with “+” at the inlet for [NaCl]  50 mM, and with “−” at the inlet for [NaCl]  100 mM, 

suggesting that vDNA > |vmin| for [NaCl]  50 mM and vDNA < −|vmin| for [NaCl] 100 mM. The 
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peak of nonbinders was not detected with either polarity for [NaCl] = 75 mM suggesting 

|vDNA| < |vmin|. These results prove that vP−DNA > 0 > vDNA can be satisfied by increasing IRB (to IRB 

 150 mM in our case, which corresponds to [NaCl] 100 mM). 

 

2.1.3.5. Lowering nonbinder background via increasing IRB 

We then studied how increasing IRB affected the nonbinder background. The sample was 

DNA without any target. Two-minute fractions were collected and DNA quantities in them were 

determined via quantitative PCR (qPCR). Such experiments were carried out with different IRB, 

and the results were presented as “DNA quantity in a corresponding fraction vs migration time of 

Figure 2.4. The effect of NaCl added to RB on migration pattern of protein−DNA complexes 

and unbound DNA in CE with “+” (a) and “−” (b) at the inlet, respectively. The equilibrium 

mixture contained 100 nM MutS protein, 100 nM fluorescently-labeled DNA aptamer of MutS, 

and 150 nM Bodipy (EOF marker) and was incubated for 30 min at room temperature. No peaks 

were observed after 30 min; therefore, only the first 30 min of 50-min runs are shown. 
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this fraction to the capillary outlet” (Figure 2.5). In agreement with our hypothesis, increasing 

IRB led to decreasing the DNA (nonbinder) background. Remarkably, the background decreased 

down to and below the limit of quantitation (LOQ) of qPCR at [NaCl] 100 mM. The values of 

kN were calculated as integrals under DNA curves within the binder-collection time windows 

(see Appendix A1) divided by the total quantity of DNA sampled into the capillary. The latter 

was calculated as an integral under the DNA curve for [NaCl] = 0 within a 0 to 50 min time 

window. For different concentrations of NaCl in RB we obtained the following values of kN: 

Figure 2.5. The effect of NaCl added to RB on the migration pattern of DNA in CE with “+” at 

the inlet. The sample contained 10 M DNA and 150 nM Bodipy (EOF marker and a reference 

for correct start time of collecting the first fraction). Separation distance was 34 cm. Fractions 

were collected every 2 min and concentrations of DNA in them were determined with qPCR and 

used to calculate DNA quantities in these fractions. These quantities are shown on the y-axis in 

the graph. The double-headed arrows indicate estimated elution windows of the aptamer (see 

Appendix A1). 
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8  10
6

 (0 mM NaCl), 6  10
7

 (25 mM NaCl), 2  10
8

 (50 mM NaCl), 9  10
9

 (75 mM 

NaCl), and 6  10
10

 (100 mM NaCl). Adding 100 mM NaCl to RB resulted in 1.3  10
4
 times 

decrease in kN in comparison to no NaCl in RB. We did not calculate kN for [NaCl]  125 mM as 

the quantity of DNA was well below the LOQ of qPCR. These experiments prove that IFCE (i.e., 

vP−DNA > 0 > vDNA) can drastically decrease the nonbinder background and reach kN ~ 10
9

. In the 

rest of the study, IFCE was conducted with RB containing 100 mM NaCl (IRB  150 mM). 

 

2.1.3.6. Efficiency of binder collection  

So far we assumed that kB  1, and, thus, kB / kN was anticipated to be predominantly defined 

by kN. In principle, kB can be much lower than unity due to binder loss in partitioning. In solid-

phase partitioning, the “best” aptamers can be lost due to the inability to soft-dissociate them 

from the surface-immobilized target. In KCE-based partitioning, aptamers can be lost due to an 

incorrectly-determined binder-collection time window. Here, we proved our assumption of 

kB  1 by (i) determining the quantity of MutS−aptamer (target−binder) complex sampled, 

Bin = (8.9 ± 0.9)  10
8
, (ii) determining the quantity of aptamers (binders) collected in the binder-

collection time window corresponding to the elution time window of the MutS−aptamer 

complex, Bout = (7.3 ± 0.5)  10
8
, and (iii) calculating kB = Bout / Bin = 0.8 ± 0.3  1. See 

Appendix A2 for details. 

 

2.1.3.7. One-step aptamer selection 

To test if the achieved IFCE efficiency of partitioning of kB / kN > 1.7  10
9
 could facilitate 

one-step selection of aptamers we conducted partitioning of MutS binders from a random-

sequence DNA library. To exclude the effect of potential contamination of solutions with traces 
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of the aptamer used to measure kN and kB, the library was designed with PCR-priming regions 

different from those of the aptamer. A sample of the equilibrium mixture containing the library 

(Bin + Nin  2.8  10
11

) and MutS was subjected to IFCE. Two-minute fractions were collected 

and analyzed by qPCR to build a “DNA quantity vs migration time to the capillary outlet” 

electropherogram; the control experiment was similar, but MutS in the equilibrium mixture was 

replaced with RB (Figure 2.6). Bout and Nout were calculated as integrals under the curves within 

the target−binder complex collection time window, 23 to 35 min, in IFCE and control 

experiment, respectively. They were found to be Bout  2.9  10
6
 and Nout  1.1  10

3
, and, 

accordingly, Bout / Nout  2.6  10
3
. Thus, IFCE could support Bout / Nout >> 100, which confirmed 

completed selection using the chosen very strong criterion of selection completion. This 

experiment independently confirmed that kN = Nout/ Nin ~ 10
−9

 can be reached in a real selection 

Figure 2.6. IFCE-based partitioning of DNA binders of MutS protein from the unbound library. 

The sampled equilibrium mixture was 47 nL in volume and contained 10 μM random-sequence 

DNA library and 100 nM MutS protein. Separation distance was 34 cm. The inset shows the 

same data but with a linear ordinate. 
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(from a random-sequence DNA library and in the presence of a protein target). The knowledge 

of the quantity of the sampled nonbinders Nin  Bin + Nin and the quantity of sampled binders 

Bin  Bout (as kB  1) uniquely allowed estimation of the initial binder abundance: 

Bin / Nin  1.0  10
−5

. In other words, approximately 0.001% of the random-sequence library were 

bound to MutS in the equilibrium mixture containing 100 nM MutS and stayed bound for the 

duration of the 1-h long IFCE partitioning run. The initial abundance is obviously not an 

invariant; it depends on the natures of target and library, their concentrations, incubation time, 

etc. IFCE can uniquely facilitate studies which are needed to understand how Bin / Nin depends on 

these parameters.  

As a final step, we amplified a fraction containing the highest quantity of complexes by PCR 

using a fluorescently-labeled primer. After amplifying DNA in this fraction by PCR, we 

performed a pressure-aided IFCE-based binding test with fluorescence detection (see Appendix 

A3). This test revealed an apparent equilibrium dissociation constant of the enriched library of 

Kd, app  40 nM and confirmed successful selection of a high-affinity aptamer pool in one step of 

IFCE partitioning. For comparison, selecting a pool with similar Kd,app by classical KCE-based 

partitioning (complex-first NECEEM mode) required three rounds of SELEX.
34

 This successful 

one-step selection, in turn, confirmed correctness of our estimate that kN ~ 10
−9

 was sufficient for 

one-step selection. Cumulatively, this study proves that our approach of rationally developing a 

partitioning method for one-step selection of binders from oligonucleotide libraries does work. 

 

2.1.4. Conclusions 

To summarize, the condition of IFCE, i.e., the migration of target−binder complexes and 

nonbinders in the opposite directions, was achieved by raising IRB to a physiological value at 
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physiological pH. We demonstrated that IFCE allows reaching uniquely low nonbinder 

background with kN ~ 10
9

. This value is ~10
7
 lower than kN values of practical solid-phase 

partitioning methods. Importantly, such extremely low kN was reached without sacrificing kB 

which was near unity. The resulting kB / kN was sufficient for selection of a potent aptamer pool 

for MutS protein in one step of partitioning. An additional advantage of IFCE is that the very 

high efficiency of partitioning can be achieved by simply increasing the ionic strength of the 

running buffer to a physiological level of 146 mM. This feature makes IFCE suitable for the 

selection of binding molecules intended for in vivo applications. The successful utilization of 

physiological conditions in IFCE has expanded the scope of KCE-based selection to encompass 

the selection of binding molecules under physiological conditions. Previously, only low ionic 

strength running buffers were used for such purposes. 

Note that in IFCE-based binder selection, oligonucleotide amplification by PCR or another 

process is needed only for binder identification; therefore, high-fidelity amplifying enzymes 

(e.g., polymerases) must be used. While the proof of IFCE was done here with a random-

sequence DNA library, we foresee that IFCE will be directly applicable to selection of binders 

from other anionic libraries with a uniform charge. For example, IFCE should greatly benefit 

selection of binders from DNA-encoded libraries to which SELEX is not applicable due to 

inability to PCR-amplify such libraries. 
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2.2. DETERMINATION OF THE EQUILIBRIUM CONSTANT AND RATE CONSTANT 

OF PROTEIN–OLIGONUCLEOTIDE COMPLEX DISSOCIATION UNDER THE 

CONDITIONS OF IDEAL-FILTER CAPILLARY ELECTROPHORESIS 

 

The presented material was published previously and reprinted with permission from “Le, 

A.T.H.; Krylova, S.M.; Krylov, S.N. Determination of the equilibrium constant and rate constant 

of protein–oligonucleotide complex dissociation under the conditions of ideal-filter capillary 

electrophoresis. Analytical Chemistry 2019, 91, 12680−12687.” Copyright 2019 American 

Chemical Society. My contributions to the article were: (i) performing all presented experiments, 

(ii) preparing all figures, (iii) interpreting the results and (iv) writing the manuscript. 

 

2.2.1. Requirement of a KCE method for determining affinity and kinetics of binders 

selected under physiological or IFCE conditions 

In the previous section, we have introduced ideal-filter capillary electrophoresis (IFCE), in 

which protein-bound and unbound oligonucleotides move in the opposite directions inside the 

capillary. The condition of IFCE is achieved when the magnitude of the mobility of 

electroosmotic flow (EOF) is larger than that of protein–oligonucleotide complexes and smaller 

than that of free oligonucleotides while the signs of the latter two mobilities are negative. The 

efficiency of IFCE-based partitioning of binders from nonbinders reaches 10
9
, which is 10

7
 times 

greater than those of solid-phase partitioning methods and 10
4
 times greater than that of classical 

KCE modes (i.e., NECEEM), in which protein-bound and unbound oligonucleotides move in the 

same direction. The classical KCE-based partitioning is carried out at higher-than-physiological 

pH and lower-than-physiological ionic strength of the background electrolyte.
31,32,35-44,56,58-61
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Advantageously, the conditions of IFCE are achieved at near-physiological values of pH and 

ionic strength providing greater biological relevance of selected protein binders and suppressed 

non-specific binding of the protein with the oligonucleotides and with the capillary surface.
42

 

Partitioning by IFCE was shown to facilitate the one-step selection of DNA aptamers, and it 

promises to be applicable to selection of protein binders from DELs.   

The movement of the unbound oligonucleotides away from the detection end of the capillary 

makes impossible their detection in IFCE. This creates a problem for measuring the equilibrium 

constant (Kd) and rate constant (koff) of protein–oligonucleotide complex dissociation by IFCE. 

(It is worth mentioning that this problem does not exist in non-equilibrium capillary 

electrophoresis of equilibrium mixtures, in which protein-bound and unbound oligonucleotides 

move in the same direction.) Here we describe a solution for this problem via double passage of 

the sample through the detection window: the first passage is driven by pressure, and the second 

passage is driven by an electric field. 

The essence of the proposed double-passage approach is the following (Figure 2.7). The 

oligonucleotide is fluorescently labeled allowing for fluorescence detection of both free 

oligonucleotide and protein–oligonucleotide complex. A plug of the protein–oligonucleotide 

mixture at equilibrium is injected into the capillary from its close-to-the-detector end. The plug is 

moved slowly by pressure to and through the detection window and stopped after passing it. 

Since the protein-bound oligonucleotide is not separated from the unbound oligonucleotide in a 

slow pressure-driven flow, both contribute to the area of the first recorded peak. The voltage is 

then applied with a negative polarity being at the injection end of the capillary, and the protein-

bound oligonucleotide moves back to the detector while the unbound oligonucleotide moves 

further away from the detector. Only the protein-bound oligonucleotide passes through the 
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detector the second time and contributes to the area of the second recorded peak. The two peak 

areas are corrected for different velocities of pressure-driven migration and electric-field-driven 

migration. The relative quantum yield of the fluorescent label within the protein-bound 

oligonucleotide with respect to that of unbound oligonucleotide can be determined as a ratio of 

first-passage peak areas for pure oligonucleotide and near-pure complex that exists in the 

equilibrium mixture with protein concentration much greater than the value of Kd. Finally, the 

areas corrected for different velocities, different quantum yields, and also label photobleaching 

(if significant) are used to calculate accurate values of Kd and koff.  

Figure 2.7. Schematic of the double-passage approach for finding Kd (left) and koff (right) 

under the IFCE conditions. The pressure-driven step is identical for the left and right parts. See 

text for details. 
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In this work, general procedures for finding Kd and koff are summarized, and the theory of the 

double-passage approach in the context of these general procedures is presented. Selection of 

suitable conditions for the pressure-driven stage is discussed. Good recoveries of peak areas and 

a fraction of unbound oligonucleotide were demonstrated using a model system of non-

interacting green fluorescent protein (GFP) and a fluorescently-labeled oligonucleotide mixed at 

different ratios. Finally, the double-passage approach was utilized to find Kd and koff values for 

an affinity complex between MutS protein and its DNA aptamer. The double-passage approach 

provides a solution for accurate determination of Kd and koff of protein−oligonucleotide 

complexes under the near physiological conditions of IFCE. This kind of measurements is 

impossible in regular KCE mode, such as NECEEM, which is carried out at higher-than-

physiological pH and lower-than-physiological ionic strength. The double-passage approach for 

finding Kd and koff of protein–oligonucleotide complexes under IFCE conditions is a perfect 

complement for IFCE-based one-step partitioning of protein binders from oligonucleotide 

libraries. 

 

2.2.2. Materials and methods 

2.2.2.1. Materials and solutions  

All chemicals and buffer components were purchased from Sigma-Aldrich (Oakville, ON, 

Canada) unless otherwise stated. Fused-silica capillaries with inner and outer diameters of 75 and 

360 μm, respectively, were purchased from Molex Polymicro (Phoenix, AZ, USA). Recombinant 

A. victoria GFP protein (MW  27 kDa, pI 5.7) was obtained from Abcam (Cambridge, UK). 

Recombinant T. aquaticus MutS protein (MW  90 kDa, pI 6.0) was expressed and purified as 

described previously.
93

 All DNA molecules were custom synthesized by Integrated DNA 
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Technologies (Coralville, IA, USA). To study the recovery of R, a synthetic FAM-labeled DNA 

library (N40) with a 40-nt random region was used: 5'-FAM-CT ACG GTA AAT CGG CAG 

TCA -N40- AT CTG AAG CAT AGT CCA GGC. To determine Kd and koff of a protein–aptamer 

pair, the DNA aptamer with affinity toward MutS protein was previously selected in our 

laboratory (clone 2-06),
34

 and its Alexa Fluor 488-labeled version was used here: 5'-

AlexaFluor488-CTT CTG CCC GCC TCC TTC CTG GTA AAG TCA TTA ATA GGT GTG 

GGG TGC CGG GCA TTT CGG AGA CGA GAT AGG CGG ACA CT-3'. A NanoDrop-1000 

spectrometer (Thermo Scientific, Wilmington, DE) was used to determine concentrations of 

protein and DNA stock solutions by measuring light absorbance at 280 and 260 nm, respectively, 

and dividing the absorbance by the corresponding molar extinction coefficients. A solution of 

5% bovine serum albumin was used to coat all the sample vials to minimize absorption of DNA 

and protein onto the reservoir walls. The running buffer was 50 mM Tris-HCl pH 7.0 

supplemented with 100 mM NaCl. The sample buffer was always identical to the running buffer 

to prevent adverse effects of buffer mismatch. Accordingly, all dilutions of sample components 

used in CE experiments were done by adding the running buffer. 

2.2.2.2. CE instrumentation and default conditions 

Our default experimental parameters were: d = 10.2 cm, r = 37.5 µm, l = 1.09 cm, pressure 

for carrying out the first passage = 0.30 psi, total capillary length = 50 cm, and the electric field 

for carrying out the second passage E = 200 V/cm. These default experimental parameters were 

used for all experiments in this work except for measurements of koff in which we also used a 

lower electric field strength of E’ = 120 V/cm. Under our experimental conditions, magnitudes of 

electrophoretic mobilities of EOF, protein−oligonucleotide complex, and oligonucleotide were: 

µEOF = 20, µPL = 13, and µL = 23 mm
2
/(kVs). 
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All experiments were performed with a P/ACE MDQ apparatus (SCIEX, Concord, ON, 

Canada) capable of applying both pressure and electric field and equipped with a laser-induced 

fluorescence detection system. Fluorescence was excited with a blue line (488 nm) of a solid-

state laser and detected at 520 nm using a spectrally-optimized emission filter system. An 

uncoated fused-silica capillary, with a total length of 50 cm and a 10.2-cm distance from one of 

the ends to the detection window was used. The temperature of the capillary coolant was set to 

15°C. Prior to every run, the capillary was rinsed successively with 0.1 M HCl, 0.1 M NaOH, 

deionized H2O, and a running buffer for 3 min each under a pressure of 20 psi. 

Mixtures of various concentration combinations were prepared, as described in the results 

and discussion section. Prior to the mixing, the DNA stock solution was incubated at 90 ºC for 

2 min and gradually cooled down to 20 ºC at a rate of 0.5 ºC/s. For double-passage experiments 

with GFP–DNA mixtures, the concentration of GFP was 250 nM while the concentration of 

DNA ranged from 20 to 1000 nM (20, 50, 100, 200, 400, 600, and 1000). For experiments with 

MutS and its aptamers, the mixture was incubated at room temperature for 1 h. The prepared 

samples were injected into the capillary by a 0.3 psi  17 s pressure pulse to yield a 1.09-cm-long 

sample plug inside the capillary. The injected sample plug was moved by pressure at 0.3 psi for 

3.5 min. The pressure was then stopped, and either 10 or 6 kV was applied to the capillary ends 

(cathode at the injection end) resulting in the electric field strengths of 200 or 120 V/cm, 

respectively. Peak areas and migration times were obtained by analyzing electropherograms with 

32 Karat Software. 

 

2.2.3. Results and discussion 

2.2.3.1. General procedures for finding Kd and koff 
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At its basic level, the study of an interacting molecular system, such as the one represented in 

Eq. 1, involves the measurement of its equilibrium dissociation constant (Kd), which 

characterizes the binding affinity the two molecules (i.e., P and L), and the rate constants of the 

association (kon) and dissociation (koff), respectively. The definition of Kd, through the the 

equilibrium concentrations of P ([P]eq), L ([L]eq) and PL ([PL]eq), as well as its relationship with 

kon and koff, is illustrated in Eq. 2. In general, finding Kd requires the determination of a fraction 

R of unbound L in a mixture of L and P in the state of equilibrium with the initial concentrations 

[L]0 and [P]0: 

 eq

0

[L]

[L]
R  (6) 

Kd can then be calculated using the following expression: 

 0 0
d

[P] [L] (1 )

1/ 1

 




R
K

R
 (7) 

Finding Kd is associated with a systematic error that is minimal when the following relationships 

are satisfied
95

:  

  

 

d0

d0

L  /    1 

P  /    1 





K

K
 (8) 

Since Kd is not known a priori, accurate determination of Kd may require measurement of R at 

different [P]0 and fitting the R vs [P]0 binding isotherm with their theoretical relationship while 

using Kd as a variable: 

 2

d 0 0 d 0 0 d

0 0 0

[P] [L] [P] [L]

2[L] 2[L] [L]

    
    

 

K K K
R  (9) 

Further, if the determined Kd does not satisfy the first inequality in Eq. 8, measurements should 

be repeated at a lower [L]0.
95
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The determination koff requires inducing complex dissociation by physical separation of PL 

from L and P and measuring R as a function of time. The experimental dependence of 

(1  R(t))/(1  Rt = 0) on time should then be fitted with the theoretical dependence: 

 
off

0

1 ( )

1










k t

t

R t
e

R
 (10) 

while using koff as a fitting parameter. The complex-dissociation experiments should be 

conducted under conditions that minimize the rebinding reaction during the separation process. 

The rebinding can be neglected if a characteristic separation time of PL from the unbound L and 

P is much shorter than a characteristic rebinding time: 

 
sep rebindt t  (11) 

When separation is carried out by KCE, the characteristic separation time is defined via a plug 

length l, and velocity vectors vPL, vL, and vP for PL, L, and P, respectively: 

 

 sep
PL L PL Pmax ,


 v v v v

l
t  (12) 

For conditions of IFCE, |vPL  vL| > |vPL  vP| and |vPL  vL| = vPL + vL, where vPL and vL are 

magnitudes (positive values) of the corresponding velocities. Thus, for the conditions of IFCE, 

Eq. 12 can be further simplified: 

          
sep

PL L




l
t

v v
 (13) 

The rate at which the rebinding reaction between P and L occurs during the separation process is 

directly proportional to the binding rate constant kon and the concentration of unbound protein at 

equilibrium [P]eq; the latter can be assumed to be approximately equal to [P]0 for a typical 

condition of [L]0 << [P]0 used when finding koff. The characteristic time of rebinding, trebind, thus, 

can be defined as: 
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 rebind on eq on 01/ ( [P] ) 1/ ( [P] ) t k k  (14) 

Thus, minimizing rebinding of L formed from complex dissociation calls for minimizing 

[P]0. On the other hand, a condition of [P]0 >> [L]0 should still be satisfied, and the dynamic 

range of R should be sufficient for accurately measuring the kinetics of R increase upon complex 

dissociation. As a rule of thumb, [P]0 = Kd can be used for the determination of koff. In such a 

case, Rt = 0 = ½, and the dynamic range of R is from ½ to 1. In general, it is practical to determine 

Kd first, which can require varying [P]0, and, then, determine koff at a single concentration of 

[P]0 = Kd.  

 

2.2.3.2. Theory of the double-passage approach 

The double-passage approach for finding Kd and koff of protein–oligonucleotide complexes 

under the ICFE conditions is schematically illustrated in Figure 2.7. The equilibrium mixture 

(EM) of the protein (P) and the oligonucleotide that it binds (L) is prepared outside the capillary 

in the IFCE running buffer. A plug of EM of length l is injected into the capillary by pressure at 

a low flow velocity vav to minimize plug elongation due to Taylor dispersion. The running buffer 

is then injected by pressure into the capillary at the same vav to move the plug of EM through the 

detection window. Since the PL and L are not separated from each other in a slow pressure-

driven flow, the area of the first recorded peak will represent a sum of equilibrium concentrations 

of PL and L: 

1 eq eq av( [PL] [L] ) / A a v   (15) 

where a is a coefficient of proportionality between the peak area and the concentration of the 

fluorescent oligonucleotide, and  is a relative quantum yield of a fluorescent label within the 

protein–oligonucleotide complex with respect to that of the free oligonucleotide. The value of a 
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is constant for the fixed geometry of the detection system, constant intensity of fluorescence-

excitation light, and constant sensitivity of the photodetector. The value of  is not expected to 

be much less than unity as the fluorophore is not involved in the protein–oligonucleotide binding 

reaction. The value of  can be determined as a ratio between A1 found for pure oligonucleotide 

([P]0 = 0) and A1 for near-pure complex (the same [L]0, but [P]0 >> Kd). The value of vav can be 

calculated as: 

 
av

1

/ 2d l
v

t


  (16) 

where d is the distance from the capillary inlet to the center of the detection window, and t1 is 

time span from the beginning of EM plug propagation to the time when the plug’s center reaches 

the center of the detection window. 

The pressure-driven flow is stopped when the plug passes the detection window. The time 

span from the plug center’s passing the center of detection window to the end of plug 

propagation is t2, and the distance between the center of the stopped plug and the center of the 

detection window is: 

 1 av 2d v t  (17) 

The voltage is then applied with a negative polarity being at the injection end of the capillary. 

Under the conditions of IFCE, the protein-bound oligonucleotide moves back to the detector 

while the unbound oligonucleotide moves in the opposite direction, i.e., further away from the 

detector. Only PL passes through the detector the second time and contributes to the area of the 

second recorded peak. In the assumption of negligible complex dissociation during the second 

passage the area of the second peak is: 

 
2 eq PL[PL] /A a v  (18) 
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where vPL is the electrophoretic velocity of PL which can be determined as: 

 1
PL

3


d

v
t

 (19) 

Here t3 is time from the beginning of electrophoresis to the moment when the center of the plug 

of PL reaches the center of the detection window. 

If the two peak areas are measured and vav, vPL, and  are determined as described above, 

then the value of R can be calculated as (see Appendix B1 for derivation): 

 eq 1 av 2 PL

0 2 PL 1 av 2 PL

[L]

[L] /


 

 

A v A v
R

A v A v A v
 (20) 

and used to determine Kd with Eq. 7. If the found value of Kd does not satisfy the first inequality 

in Eq. 8, the experiments should be repeated at a lower value of [L]0.  

The value of koff can be determined in a series of experiments with [P]0 and [L]0 satisfying 

both inequalities in Eq. 8 and for varying t3 = vPLd1 via changing either vPL or d1. The value of 

vPL can be changed by changing the magnitude of vector E of the electric field. The value of vPL 

is a scalar product of this vector and a sum of electrophoretic mobility vectors of PL, µPL, and 

EOF, µEOF, respectively: 

 
PL PL EOF( )  E μ μv  (21) 

The value of d1 can be changed by propagating the plug of EM further from the detector during 

the first passage. A two-point approach (with two different times of electrophoretic propagation: 

t3 < t3’) can be used for a simple assessment of koff (see Appendix B2 for derivation): 
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(22) 
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The found value of koff should be used to assess if the rebinding could be neglected, i.e., if the 

inequality in Eq. 11 is satisfied. First, the value of kon should be calculated with the found values 

of koff and Kd by re-arranging Eq. 2: 

 on off d/k k K  (23) 

This value of kon should be used to calculate the characteristic rebinding time using Eq. 14. The 

value of vL should be determined in a classical way by injecting a plug of pure L and propagating 

it to the detector by an electric field with a cathode at the injection end of the capillary and the 

magnitude of the electric field identical to that used in experiments utilized for finding Kd. If the 

migration time of the center of the plug of L to the center of the detector is t4 then: 

 L 4    /v d t  (24) 

If the found values of tsep and trebind do not satisfy the inequality in Eq. 11, the experiments 

should be repeated with faster separation (smaller tsep) which can be achieved by shortening the 

length l of the plug of EM and/or by increasing the differential velocity (vPL + vL) via increasing 

the electric field strength E, taking into account the proportionality of the differential velocity to 

E: 

 vPL + vL = E(µPL + µL) (25) 

where µPL and µL are magnitudes (positive values) of electrophoretic mobilities of PL and L, 

respectively.  

 

2.2.3.3. Conditions for the first passage.  

During the first, pressure-driven, propagation of the plug of EM to and through the detection 

window, equilibrium in the reversible binding reaction shown in Eq. 1 should not be perturbed 

significantly. In the other words, the amounts of PL, L, and P should not change significantly 
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during the pressure-driven propagation. The equilibrium will not be perturbed if the propagation 

time, which is defined in Eq. 16, is much shorter than the characteristic time of complex 

dissociation: 

 
1 off1/t k  (26) 

Since we do not know koff a priori, it appears natural to use as small t1 as can be achieved; 

however, small t1 requires high vav which inevitably leads to sample dilution due to Taylor 

dispersion and, thus, perturbed equilibrium. The dilution effect of Taylor dispersion becomes 

significant when: 

 
av 2 /


l
v

r D
 (27) 

where r is capillary radius and D is the diffusion coefficient of the largest-size analyte, which is 

PL in our case (r
2 

/
 
D is the characteristic time of transverse diffusion of this analyte across the 

capillary). Too high a value of vav may even lead to transient incomplete separation (TIS) of L 

from PL, which produces a two-peak profile.
96,97

 In addition to complicating data interpretation, 

TIS can potentially affect accuracy of quantitation due to radial non-uniformity of signal readout. 

Thus, while no simple quantitative instruction can be given for an a priori choice of vav, we 

suggest that TIS be avoided and satisfying Eq. 26 be tested when koff is determined.
96

  

 

2.2.3.4. Recovery of peak areas 

The double-passage approach measures velocity-corrected areas A1vav and A2vPL (see Eq. 20), 

where A1 and A2 are peak areas determined for “signal vs time” coordinates. The goal of this part 

of our study was to confirm that A1vav and A2vPL could be accurately determined using the 

approach for determination of vav and vPL described in Section 2.2.3.2. We used 1 µM GFP as an 

analyte mimicking PL in terms of electrophoretic mobility and the following default 
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experimental parameters: d = 10.2 cm, r = 37.5 µm, l = 1.09 cm, pressure equal to 0.30 psi, total 

capillary length equal to 50 cm, and the electric field for carrying out the second passage being 

E = 200 V/cm. These default experimental parameters were used for all experiments in this work 

except for determination of koff in which E’ = 120 V/cm (see Figure 2.7, right) was used along 

with E = 200 V/cm.  

The results of the peak-area recovery experiment are shown in Figure 2.8. The following 

five parameters were directly found from this time dependence: t1 = 171 s, t2 = 56.0 s, t3 = 201 s, 

A1 = 8.69×10
7
 a.u., and A2 = 3.11×10

8
 a.u. Then, the value of vav = 0.565 mm/s was found with 

Eq. 16; the value of d1 = 3.16 cm was found with Eq. 17; the value of vPL = 0.0157 mm/s was 

found with Eq. 19. The ratio between the velocity-corrected areas was found to be 

A1vav/(A2vPL) = 1.01 for the results shown in Figure 2.8. The experiment was repeated 10 times 

and the average value was found to be A1vav/(A2vPL) = 1.00  0.01 (see Appendix B3) suggesting 

perfect recovery of the velocity-corrected peak areas. It is important to emphasize that this ratio 

Figure 2.8. Experimental determination of velocity-corrected peak areas via double-passage 

experiment. The sample mixtures contained 1 μM GFP in 50 mM Tris-HCl pH 7.0, 100 mM 

NaCl.  
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may be greater that unity in case of significant photobleaching of the fluorophore during the first 

passage. GFP is photostable and its photobleaching under our illumination conditions was 

negligible. 

 

2.2.3.5. Recovery of R 

To prove the recovery of R experimentally, we modelled equilibrium mixtures of a protein–

oligonucleotide binding pair by mixing GFP and a fluorescently-labeled DNA at known values 

of [DNA]/[GFP] ranging from 0.08 to 4. The quantum yield of GFP with respect to that of DNA 

was determined by identically injecting and pressure-propagating identical-length plugs of 

equimolar solutions of GFP and DNA, measuring peak areas AGFP and ADNA, and finding their 

ratio in 10 repetitions (Appendix B4): 

 
GFP DNA/ 0.11 0.01  A A  (28) 

A double-passage experiment with GFP–DNA mixtures was carried out using the default 

experimental parameters. Time dependencies of the fluorescence signal are shown in 

Figure 2.9a. The values of t1, t2, t3, A1, and A2 were found directly from these time dependencies 

(Appendix B4). The values of secondary parameters vav, d1, and vPL were calculated with 

Eqs. 16, 17 and 19, respectively (Appendix B4). The found values of , A1, A2, vav, and vPL were 

used in Eq. 20 to calculate the values of R which were plotted against the actual values of R 

(Figure 2.9b). The recovery of R proved to be satisfactory for the whole its range. The lower 

recovery at low concentrations of DNA were due to DNA adsorption on the walls of sample 

tubes.
98
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2.2.3.6. Experimental determination of Kd and koff of protein–aptamer complex  

In the final demonstration of analytical utility of the double-passage approach, we used an 

interacting pair of a protein (MutS) and its previously selected and characterized DNA 

aptamer.
34,95

 An equilibrium mixture of MutS and the aptamer was prepared by mixing 

[MutS]0 = 0.50 nM with [aptamer]0 = 0.20 nM and incubating the mixture for 1 h. The mixture 

was sampled for the double-passage experiment using the above-defined default experimental 

parameters. A typical time dependence of the fluorescence signal is shown in Figure 2.10, right. 

The experiment was repeated 3 times and the values of t1, t2, t3, A1, and A2 were found directly 

from these time dependences (Appendix B5). The values of vav, d1, and vPL were then calculated 

with Eqs. 16, 17 and 19, respectively (Appendix B5). The found values of A1, A2, vav, and vPL 

were used in Eq. 20 to calculate R = 0.53 ± 0.01 under an assumption of  = 1. The value of 

Figure 2.9. Recovery of R for double-passage experiments of GFP–DNA mixtures with 

[DNA]/[GFP] ranging from 0.08 to 4. Panel a shows time dependencies of fluorescence signal 

for different [DNA]/[GFP]. Panel b shows the comparison between the experimental and the 

actual values of R.  
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Kd = 0.47 ± 0.03 nM was then calculated with Eq. 7. The value of  = 0.80 ± 0.01 was further 

calculated as a ratio between A1 determined for near-pure complex and A1 determined for pure 

aptamer (Appendix B5). A more accurate value of R = 0.48 ± 0.01 was calculated with Eq. 20 

using  = 0.80. A -corrected value of Kd = 0.36 ± 0.02 nM was calculated by using R = 0.48 in 

Eq. 7.  

The value of koff was determined by using varying t3 via changing the electric field strength. 

Along with the default value of E = 200 V/cm we used a lower value of E’ = 120 V/cm 

(Figure 2.10). Three experiments were carried out to find the values of t3 = 225 ± 13 s for 

E = 200 V/cm and t3’ = 375 ± 17 s for E’ = 120 V/cm. The value of koff = (1.1 ± 0.5) × 10
−3

 s
1

 

was calculated with Eq. 22. 

 

Figure 2.10. Double-passage experiment with a mixture of MutS protein and its aptamer under 

different electric field strengths: 200 and 120 V/cm. The sample mixture contained 0.50 nM 

MutS and 0.20 nM aptamer. The experiment was carrying out under using the default 

experimental parameters (see Section 2.2.2.2. CE instrumentation and conditions). 
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We then carried out a quick test for our experiment’s satisfying the inequality of Eq. 11. The 

value of vL = 0.059 mm/s was determined by electrophoretically running a plug of pure L with a 

cathode at the inlet (Appendix B6) and using Eq. 24. The value of tsep = 54 s was calculated with 

Eq. 13. The value of kon = (3.0 ± 1.2) × 10
6
 M

1
s
1

 was calculated with Eq. 23 by using the 

determined values of koff and Kd. Finally, the value of trebind = 670 s was estimated with Eq. 14. 

Comparing tsep and trebind suggests that the inequality of Eq. 11 was satisfied under our 

experimental conditions (54 << 670) and, thus, the rebinding did not affect our determination of 

koff. 

Knowing koff allowed us to make the final adjustment of Kd by taking into account the 

dissociation of PL during its electrophoretic migration to and through the detection window. 

Peak area A2,t = 0 corrected for this dissociation is: 

 off 3

32, 0 2, 
k t

t tA A e  (29) 

Using the corrected value of A2 founds from Eq. 29 in Eq. 20 for finding R and subsequently 

using the corrected R in Eq. 7 we found Kd = 0.20 ± 0.02 nM corrected for complex dissociation 

during the electrophoretic migration of PL to and through the detection window. The values of 

Kd = 0.20 nM and koff = 1.1 × 10
−3

 s
1

 determined by us under the IFCE conditions (ionic 

strength of 150 mM and pH 7.0) are very close to those determined for the same binding pair but 

at a much lower ionic strength of 13 mM and higher pH of 8.5: Kd = 0.1 nM and 

koff = 0.4 × 10
−3

 s
1

.
34,95

 This similarity suggests relative insensitivity of MutS−aptamer binding 

to ionic strength and pH. 
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2.2.4. Conclusions 

To conclude, we developed the double-passage approach for determination of Kd and koff of 

protein–oligonucleotide complex under the IFCE conditions (near-physiological ionic strength 

and pH). This approach is needed for assessing stability of protein–oligonucleotide complexes 

selected by IFCE. It will also be useful for assessing stability under the near-physiological 

conditions of protein–oligonucleotide complexes selected by NECEEM under non-physiological 

conditions. 
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CHAPTER 3. QUANTITATIVE CHARACTERIZATION OF PARTITIONING IN 

SELECTION OF BINDERS FOR PROTEIN TARGETS FROM OLIGONUCLEOTIDE 

LIBRARY BY CAPILLARY ELECTROPHORESIS 

 

The presented material was published previously and reprinted with permission from “Le, 

A.T.H.; Wang, T.Y.; Krylova, S.M.; Beloborodov, S.S.; Krylov, S.N. Quantitative 

Characterization of Partitioning in Selection of DNA Aptamers for Protein Targets by Capillary 

Electrophoresis. Analytical Chemistry 2022, 94, 2578–2588”. Copyright 2022 American 

Chemical Society. My contributions to the article were: (i) performing all presented experiments, 

(ii) preparing all figures, (iii) interpreting the results and (iv) writing the manuscript. 

 

3.1. IMPORTANCE OF DERTERMINING THE APPROPRIATE KCE-BASED 

PARTITIONING METHOD IN BINDER SELECTION  

In the preceding chapter, we introduced IFCE into the KCE-based partitioning toolbox 

alongside the two known NECEEM-based partitioning modes: complex-first NECEEM and 

complex-last NECEEM. Each of these methods exhibits unique characteristics, defined by two 

well-established partitioning parameters: the transmittance for protein-bound DNA (binders) and 

the transmittance for unbound DNA (nonbinders). Understanding the distinctions in these 

fundamental partitioning parameters among different KCE methods is critical for effective 

planning and control of selection processes. The lack of such studies is arguably the major reason 

for KCE-based selection still being more an art than science. Here, by combining a theoretical 

model and experimental data, we present the first comprehensive study demonstrating the 

variation of these fundamental partitioning parameters across different KCE methods, regarding 
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different protein targets. This study aims to provide guidance to KCE users in selecting the most 

appropriate partitioning methods and conditions for successful binder selection from 

oligonucleotide libraries. 

Partitioning is evidently a key step in binder selection — increasing the efficiency of 

partitioning allows completion of binder selection in fewer rounds and can help avoid selection 

failures.
55

 In Chapter 2, we quantitatively described partitioning using the term “transmittance”, 

originally employed in spectrophotometry to characterize spectral filters, but can be generalized 

to any filter. In general, the transmittance of partitioning for binders (B), kB, is defined as the 

ratio between quantities of binders at the output, Bout, and input, Bin, of partitioning (see Eq. 3). 

Accordingly, transmittance of partitioning for nonbinders (N), kN, is defined as the ratio between 

the quantities of nonbinders at the output, Nout, and input, Nin, of partitioning (see Eq. 4).  

Both values theoretically range between 0 and 1, and kB must be greater than kN. Ideal 

partitioning is the one with kB = 1 and kN = 0, while in reality kB < 1 and kN > 0. The passage of 

nonbinders through partitioning creates the nonbinder background in the selection process and 

contaminates binders at the exit of partitioning. The value of kN can be used as a quantitative 

measure of the nonbinder background. Collectively, the values of kB and kN are sufficient to 

characterize partitioning quantitatively. Their ratio, kB/kN, is the efficiency of partitioning which 

ranges between 0 and ∞ and links the binder-to-nonbinder ratio at the output of partitioning to 

that at the input of partitioning: 

 
out in B

out in N


B B k

N N k
 (30) 

When optimizing partitioning, one needs to minimize kN without proportionally decreasing 

kB. Knowing how kN and kB depend on multiple experimental parameters for a specific method of 

partitioning is, therefore, pivotal to planning efficient aptamer selection and to controlling it. 
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Surprisingly, there is a lack of quantitative studies dedicated to the factors affecting kN and kB. 

This work results from our effort to initiate such studies and make quantitative characterization 

of partitioning a foundation for technological advancement of aptamer selection. The efficiency 

and versatility of KCE-based partitioning make it a prime subject for the first comprehensive 

study on quantitative partitioning characterization in binder selection. We employ a combination 

of theoretical modeling and experimentation to understand the underlying concept and obtain 

empirical information required for this study to be instructive for practical users. 

In essence, here we study the dependence of kN and kB on the molecular weight of protein 

target for varying pH and ionic strength of the running buffer. For a given protein size, the 

optimal running buffer conditions should guarantee low kN and high kB for a higher chance of 

successful selection. When the running buffer has lower than physiological ionic strength and/or 

higher than physiological pH, the target–binder complexes and nonbinders move in the same 

direction; this mode of partitioning is known as nonequilibrium capillary electrophoresis of 

equilibrium mixtures (NECEEM).
31

 We found that in NECEEM, kN increases by several orders 

of magnitude while kB remains close to unity when the molecular weight of the protein target 

decreases. When the running buffer has both ionic strength and pH near physiological, the 

target–binder complexes and nonbinders move in the opposite directions. Such conditions 

facilitate so-called ideal-filter capillary electrophoresis (IFCE).
42

 IFCE is characterized by the 

lowest kN values on record (10
–9

) achieved at the expense of large decrease in kB. With 

decreasing molecular weight of the protein target, kN does not change much while kB decreases 

by as much as orders of magnitude in IFCE. The decrease in kB discourages from using IFCE 

conditions for small-size protein targets. Our results suggest that IFCE conditions are most 

suitable for large-size protein targets to obtain high affinity binders in a minimal number of 
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partitioning rounds. When the non-SELEX approach is used, losses of binders are significant 

between partitioning rounds, and these losses cannot be compensated as there is no PCR 

amplification in between the rounds.
26

 Therefore, in non-SELEX, NECEEM (in which kB is close 

to unity) is preferred over IFCE to retain a sufficient quantity of binders for the next rounds of 

partitioning and the concluding PCR amplification. 

 

3.2. MATERIALS AND METHODS 

3.2.1. Materials and solutions 

All chemicals were from Sigma-Aldrich (Oakville, ON, Canada) unless otherwise stated. 

Fused-silica capillaries with inner and outer diameters of 75 and 360 μm, respectively, were 

obtained from Molex Polymicro (Phoenix, AZ, USA). All DNA molecules were custom 

synthesized by Integrated DNA Technologies (Coralville, IA, USA). Bodipy (4,4-difluoro-4-

bora-3a,4a-diaza-s-indacene) was purchased from Life Technologies Inc. (Burlington, ON, 

Canada). 

The CE running buffers were 50 mM Tris-Acetate at pH 8.2 without NaCl for NECEEM and 

50 mM Tris-HCl at pH 7.0 supplemented with 100 mM NaCl for IFCE, resulting in ionic 

strength of the running buffer (IRB) of 25 and 146 mM, respectively. The sample buffer was 

always the same as the running buffer to prevent adverse effects of buffer mismatch. 

Accordingly, all dilutions of sample components used in CE experiments were done by adding 

the corresponding buffer. 

We used a synthetic FAM-labeled DNA library (N40) with a 40-nt random region: 5'-FAM-

CT ACG GTA AAT CGG CAG TCA-(N40)-AT CTG AAG CAT AGT CCA GGC-3'. The 

nucleotide sequence of the forward primer was 5’-CTA CGG TAA ATC GGC AGT CA-3’, and 
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the sequence of the reverse primer was 5’-GCC TGG ACT ATG CTT CAG AT-3’. All solutions 

were prepared in deionized water filtered through a 0.22-μm Milipore filter membrane (Nepean, 

ON). 

 

3.2.2. CE instrumentations and conditions 

All CE experiments were performed with a P/ACE MDQ apparatus (SCIEX, Concord, ON, 

Canada) equipped with a laser-induced fluorescence (LIF) detection system. Fluorescence was 

excited with a blue line (488 nm) of a solid-state laser and detected at 520 nm using a spectrally 

optimized emission filter system. All capillaries were 50-cm long (40 cm to the detector) and had 

an inner diameter of 75 µm and an outer diameter of 360 µm. The poly(vinyl alcohol) (PVA)-

coated capillary was prepared as described elsewhere.
99

 Prior to every fraction-collection 

experiment, a new capillary was installed and conditioned successively with MeOH at 20 psi for 

10 min, 0.1 M HCl at 20 psi for 3 min, 0.1 M NaOH at 10 psi for 6 min, water at 20 psi for 3 min 

and a running buffer at 40 psi for 40 min. Prior to every run, the capillary was rinsed 

successively with 0.1 M HCl, 0.1 M NaOH, deionized H2O, and a running buffer for 3 min each. 

Conditioning steps were not required for PVA-coated capillaries; such capillaries were rinsed 

with the running buffer only at 20 psi for 10 min prior to the fraction-collection experiment. 

The sample contained 10 μM annealed oligonucleotides (melted at 90 °C for 2 min and 

gradually cooled down to 20 °C at a rate of 0.5 ºC/s) and 150 nM Bodipy (an electrically neutral 

molecule, EOF marker). The sample mixture was injected with a pressure pulse of 

0.5 psi (~3.5 kPa) ×10 s to yield a 10-mm long sample plug. The injected sample plug was 

propagated through the uncooled part of the capillary at the inlet by injecting a 5.7-cm long plug 

of the buffer with a pressure pulse of 0.3 psi (~2.1 kPa) × 90 s.  
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CE was carried out at an electric field of 200 V/cm (10 kV over 50 cm). CE-run duration was 

34 min for NECEEM conditions and 128 min for IFCE. For uncoated capillaries, CE was carried 

out with the positive electrode at the injection end of the capillary; for PVA-coated capillaries, 

the polarity was reversed. Collection vials contained 20 μL of the running buffer each and were 

switched every 4 min for IFCE and every 1 min for NECEEM. 

 

3.2.3. Quantitative PCR 

DNA in the collected fractions was amplified and quantitated by qPCR using a CFX Connect 

instrument from Bio-Rad (Mississauga, ON, Canada). A qPCR reagent mixture was prepared by 

combining IQ SYBR Green Supermix from Bio-Rad with unlabeled DNA primers at final 

concentrations of 1 × SYBR Green Supermix, 100 nM forward primer, and 100 nM reverse 

primer. A qPCR reaction mixture was prepared by adding 2-μL aliquot of each fraction into 

18 μL of the qPCR reagent mixture immediately before thermocycling. The thermocycling 

protocol was: 95 °C (initialization) for 3 min, 95 °C for 10 s (denaturation), 56 °C for 10 s 

(annealing), 72 °C for 10 s (extension), followed by a plate read at 72 °C and a return to the 

denaturation step (bypassing the 95 °C × 3 min initialization step) for a total of 43 cycles. All 

qPCR reactions were performed in duplicates. 

 

3.3. THEORETICAL AND EXPERIMENTAL CONSIDERATIONS 

3.3.1. Dependence of number of partitioning rounds on kN & kB 

This analysis is general and does not depend on the type of partitioning method. Let us 

consider major conditions to be satisfied to ensure successful selection. PCR amplification of 

collected DNA is always used as a final step of binder selection before DNA sequencing. If 
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selection is done in a single round, then the quantity of binders at the output of partitioning, Bout, 

must exceed the level of PCR noise (NPCR), produced during the PCR amplification of the 

selected binders, by a set number Q1 > 1: 

Pout 1 CRQ NB  (31) 

Another condition is that the partitioning supports the removal of nonbinders sufficiently well to 

exceed a certain level of binder purity Q2 which depends on the specifics of selection and would 

usually be set at or near unity (e.g., 0.1, 1, 10): 

out ou 2t/ B N Q  (32) 

A single round of selection is rarely sufficient to satisfy the inequality in Eq. 32. If multiple 

consecutive rounds of selection are conducted without PCR amplification between them 

(applicable to non-SELEX), then the number of rounds m should, in turn, satisfy two conditions. 

Firstly, m should be not too high to prevent the excessive loss of binders, i.e., satisfy inequality 

in Eq. 31: 

in1 PCR

B

)log( /

log( )

 
  
 

BN
m

Q

k
 (33) 

where x represent a mathematical function that rounds x down to the nearest integer (see 

Appendix C1 for derivation of Eq. 33). Secondly, m should be high enough to satisfy inequality 

in Eq. 32: 

 

 
2 in in

B N

log
 

log

/

/

 
  
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Q N B
m

k k
 (34) 

where x represent a mathematical function that rounds x up to the nearest integer (see 

Appendix C1 for derivation of Eq. 34). The last two inequalities establish the range of 

acceptable values of m: 
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The values of Q1 and Q2 may be set taking into account secondary considerations; for Q2 it may 

be, for instance, the cost of post-selection screening.
55

 The values of kB and kN depend on the 

partitioning method of choice and can be estimated or determined experimentally. The values of 

Bin and Nin are not known for real selections (unlike mock selections in which known binders are 

spiked controllably into known nonbinders), but different scenarios can be considered for them 

conclusively when analyzing any specific selection case. 

In the case of classic aptamer selection by SELEX, PCR is used between the consecutive rounds 

to maintain the quantity of binders. Therefore, m does not have an upper limit, but there is still a 

lower limit of m: 

 

  
2 in in

B N B N

/

/

log
 

log ( / )

 
 
 
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n

Q N B
m

k k Z Z
 (36) 

where ZB and ZN are the bases of the exponent describing PCR amplification of binders and 

nonbinders, respectively. In an unbiased amplification, binders and nonbinders are amplified 

with the same efficiency, i.e., ZB = ZN. It is likely, however, that ZB < ZN (due to the more folded 

structure of aptamers), which imposes an upper limit for the number of PCR cycles: 
23-25
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 (37) 

Thus, for SELEX, there is a lower limit for the number of selection rounds and upper limit for 

the number of PCR cycles in a single round. 

Accurately assessing the limits for m and n using Eqs. 35, 36, and 37 a priori is impossible 

due to the uncertainties in Bin, Nin, ZB, and ZN. However, some quantitative analysis of these 
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limits can be conducted upon reasonable assumptions for the values of Bin, Nin, ZB, and ZN, and 

instructive conclusions can be made. 

 

3.3.2. Key differences within the binder-collection windows in different KCE-based 

partitioning methods  

In KCE-based partitioning, the zone of the protein–binder complexes (also denoted as P–

DNA) is separated from the zone of the nonbinders (also denoted as unbound DNA) based on the 

difference between electrophoretic mobility of P–DNA (µP–DNA) and that of DNA (µDNA). If the 

running buffer does not contain the protein, then P–DNA starts dissociating as soon as it has 

been separated from the zone of unbound DNA (in a matter of seconds). Accordingly, there are 

three features in a CE separation profile: 1) a peak corresponding to intact P–DNA (contains 

binders), 2) a peak corresponding to DNA that was unbound in the equilibrium mixture (contains 

nonbinders), and 3) a “bridge” between the two peaks that corresponds to DNA dissociating 

from the complexes during CE separation (contains binders). 

In both NECEEM sub-modes, the electropherograms contain all three features (the two peaks 

and the bridge between them); only the order of the peaks and the direction of the bridge change 

(Figure 3.1a, c). In IFCE, P–DNA moves towards the collection end of the capillary while all 

unbound DNA (including binders dissociated from P–DNA during partitioning) moves in the 

opposite direction resulting in an electropherogram which contains only the peak of intact 

complex (Figure 3.1b). 

The purpose of partitioning is to collect binders and reject nonbinders. In KCE-based 

partitioning, this is achieved by collecting a sample fraction at the capillary outlet in a specific 

binder-collection window. In NECEEM, the binder-collection window can cover both intact P–
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DNA and DNA dissociated from P–DNA during CE separation (see Figure 3.1a, c). In IFCE, 

the binder-collection window can only cover the intact P–DNA (see Figure 3.1b) as the bridge 

moves along with the peak of nonbinders towards the injection end of the capillary.  

The binder-collection window in NECEEM includes a tail of the unbound DNA peak which 

constitutes the nonbinder background (DNA background). In contrast, IFCE appears to be free of 

this effect based on the fundamentals of CE separation. In reality, both NECEEM and IFCE 

partitioning always have DNA background in the binder-collection window due to a 

phenomenon of non-uniform migration of DNA in a uniform electric field.
52

 The phenomenon is 

hypothetically caused by the effect of the electric field on very stable complexes of DNA with 

counterions. There is no quantitative theory of this effect that could help to predict the level of 

the DNA background in KCE-based partitioning; therefore, this background should be studied 

empirically. 

Figure 3.1. Schematic representation of the binder-collection window in different modes of 

KCE-based partitioning: a) “complex first” NECEEM, b) IFCE and c) “complex last” 

NECEEM. The EOF bar indicates migration time of an EOF marker (a neutral molecule). See 

text for details. 
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Sequential transition from complex-first NECEEM to IFCE and then to complex-last 

NECEEM is achieved by reducing the mobility of the electroosmotic flow (EOF, µEOF). The top 

part of Figure 3.1 schematically shows directions of velocities of P–DNA and DNA along with 

relations between µP–DNA, µDNA, and µEOF for these three cases. The value of µEOF for a bare 

fused-silica capillary depends on pH of the running buffer and its ionic strength IRB: lowering pH 

and/or increasing IRB of the running buffer lead to decreasing µEOF. Coating the inner wall of the 

capillary with a non-ionizable layer supresses EOF and can lead to µEOF << µP–DNA, µDNA and, 

thus, to complex-last NECEEM for a broad spectrum of values of running buffer pH and IRB. The 

following two sections consider what kN and kB depend on in KCE-based partitioning. The sole 

purpose of this consideration is to assist in rationally designing our empirical study.  

 

3.3.3. Parameters influencing kN and kB in KCE-based partitioning  

The value of kN is a function of analytical resolution Rs of the peaks of P–DNA and DNA (kN 

decreases with increasing Rs).
51

 The value of Rs, in turn, depends on µP–DNA, µDNA, and time of 

separation (or elution time) t. The value of µP–DNA greatly depends on 1) the size of the protein, 

which is linked with its molecular weight (MWP), 2) the length of DNA (LDNA), which is the 

same for binders and nonbinders, and 3) pH and ionic strength IRB of the running buffer. 

Notably, the dependence of µP–DNA on the charge of the protein is negligible in the first 

approximation because of the much higher charge density on DNA.
83

 The value of µDNA depends 

on IRB, and slightly depends on LDNA in gel-free CE.
100

 As we described in the previous section, 

the value of kN is greatly influenced by the nonbinder background (DNA background) caused by 

the nonuniform mobility of DNA in KCE.
52

 The background itself depends (directly or 
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indirectly) on pH, IRB, MWP, and t. Cumulatively, the value of kN is a function of five 

parameters: 

 N s P–DNA DNA P DNA RB( ) ( , , ) (MW , , ,pH, )k F R F μ μ t F L t I    (38) 

There may be some cross-influence of the parameters, e.g., the choice of t may depend on MWP, 

but such nuances do not affect the essence of Eq. 38, and, therefore, are not a subject of this 

conceptual consideration.  

The value of kB depends on whether the aptamer-collection window covers the entire span of 

binders in the profile (Figure 3.1). NECEEM and IFCE are radically different with regards to kB. 

In theory, kB decreases with time exponentially with a rate constant koff of dissociation of P–

DNA complexes. In NECEEM, both intact P–DNA complexes and DNA dissociated from P–

DNA during CE migrate in the same direction. Therefore, nearly all binders can be collected, and 

kB in NECEEM can be assumed to be close to unity: Bout  Bin. In IFCE, P–DNA moves towards 

the collection end of the capillary, but the unbound DNA migrates in the opposite direction. As a 

result, only the intact complexes are collected while binders dissociated from the complexes 

during CE are not. P–DNA dissociates following the monomolecular decay: Bout=Bine
-kofft. The 

time t during which P–DNA is allowed to dissociate before elution (i.e., elution time) is defined 

by µP–DNA and, thus, depends on MWP and LDNA. A mixture of binders with different koff values 

is not characterized by a specific koff value; therefore, we use koff here as a loose term. Thus, we 

can write for kB in NECEEM and IFCE, respectively: 

B NECEEM

B IFCE off P DNA RB

, 1

, ( ,MW , ,pH, , )

k const

k F k L I t

 


 (39) 

As seen from Eq. 38 and 39, kN and kB in KCE-based partitioning are defined by a total of 6 

parameters: MWP, LDNA, koff, t, pH, and IRB. Rational design of KCE-based aptamer selection, 
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thus, requires an experimental study that would lead to understanding how these parameters 

affect kN and kB.  

 

3.3.4. Rationale for experimental design 

Studying experimentally the influence of all five parameters on kN and all six parameters on 

kB is not needed as these parameters have different roles and not all of them need to be varied. In 

all of our studies, LDNA is typically 80-nt long (a 40-nt long random region flanked by 20-nt long 

PCR primer regions). The value of koff is only defined for one aptamer and cannot be defined for 

a heterogeneous pool of aptamers. Moreover, it is a parameter that cannot be controlled, and, 

therefore, it is also a parameter not to be changed in this study. A hypothetical bulk value of koff 

can still be considered for qualitative characterization of selection provided that no attempts are 

made to derive solid quantitative guidance from such consideration. MWP is a parameter which 

is imposed by the target and is a major parameter for which selection conditions, i.e., pH and IRB 

of the running buffer, should be selected rationally to achieve the highest efficiency of selection. 

Therefore, the characterization of KCE-based partitioning can be reduced to studying how MWP 

affects the values of kN and kB for varying values of pH and IRB.  

Advantageously, the study of how MWP affects the values of kN and kB for varying pH and 

IRB can be conducted without using proteins as there is a recently published empirical function 

that links the mobility of the protein–DNA complex with the molecular weight of the complex 

(MWP–DNA):
83

  

 
0.68 1/3

P–DNA DNA DNA P–DNAMW  A B L   (40) 

where electrophoretic mobilities are expressed in mm
2
/(kVs), LDNA is expressed in the number of 

nucleotides, MWP–DNA is expressed in kDa, while A and B are empirical constants. For a running 
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buffer with IRB < 50 mM, these constants are A = −9.95 mm
2
kV

−1
s

−1
 and B = 0.0929 kDa

1/3
. For 

a running buffer with IRB = 146 mM, the constants are A = 10.225 mm
2
kV

−1
s

−1
 and B = 0.2365 

kDa
1/3

 (see Appendix C2). As MWP–DNA = MWP + MWDNA, the predicted mobility values 

obtained with Eq. 40 are used to estimate the associated velocity and the elution time of protein–

DNA complex for given value of MWP (see Appendix C3).  

 

3.4. RESULTS AND DISCUSSION 

3.4.1. Migration profiles of DNA in different modes of KCE-based partitioning  

To evaluate DNA background in the binder-collection window, we experimentally obtained 

DNA migration profiles in different modes of KCE-based partitioning: both sub-modes of 

NECEEM and IFCE. The high value of EOF required for complex-first NECEEM can be 

achieved in the buffer system with low IRB and/or high pH (typical IRB < 50 mM) in a bare fused-

silica capillary. In IFCE, the EOF is reduced by using buffer with high I and/or low pH (typical 

IRB > 100 mM) in a bare fused-silica capillary. For complex-last NECEEM, the EOF is 

suppressed via coating the inner wall of capillary (e.g., with PVA). In this study, we chose two 

previously published NECEEM and IFCE running buffers to generate qualitatively distinct 

migration profiles of DNA.
31,42

 The first buffer was 50 mM Tris-Acetate pH 8.2 (IRB = 21 mM), 

corresponding to NECEEM, in which P–DNA and DNA move in the same direction towards the 

capillary outlet. For consistency, we used the same buffer for both complex-first NECEEM in a 

bare-silica capillary and complex-last NECEEM in a PVA-coated capillary. The second buffer 

was 50 mM Tris-HCl pH 7.0 (IRB = 146 mM), corresponding to IFCE, in which P–DNA moves 

to the outlet while DNA moves to the inlet in a bare-silica capillary. 
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The sample of 2.8 × 10
11 

molecules of 80-nt DNA was subjected to both NECEEM and 

IFCE. One- and four-minute fractions were collected for NECEEM and IFCE, respectively; all 

collected fractions were analyzed by qPCR to build a “DNA quantity versus migration time to 

the capillary outlet” electropherogram. The results are shown in Figure 3.2. 

Figure 3.2. DNA background profiles under conditions of NECEEM (a and b) and IFCE (c). A 

sample of 2.8 × 10
11

 molecules of 80-nt DNA was subjected to KCE-based partitioning. 

Fractions were collected every 1 min in NECEEM and every 4 min in IFCE. Concentration of 

DNA in every fraction was quantitated using qPCR, and these quantities are shown on the y-axis 

in the graph. The double-arrow indicates the appropriate zone of binder-collection windows in 

corresponding mode of CE-based partitioning. 
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In complex-first NECEEM, the main DNA peak eluted in 23 min after the start of CE 

(Figure 3.2a). A small part of DNA sample migrated in front of the main DNA peak and created 

the nonbinder background of a total of approximately 10
7
 molecules in the zone of NECEEM 

binder-collection windows. As IRB increased to reach the IFCE condition, the migration direction 

of the main DNA peak switched from the direction towards the outlet end of the capillary to the 

opposite direction (towards the inlet end) while the nonbinder background became stretched out. 

In IFCE, the nonbinder background was reduced to below the limit of detection of qPCR for a 2-

h binder-collection window (Figure 3.2c). In complex-last NECEEM, the main DNA peak 

moved ahead of the binder-collection window and eluted in 17 min, while the nonbinder 

background of a total of approximately 10
7
 molecules tailed behind the main DNA zone in the 

binder-collection window (Figure 3.2b).  

Although the quantities of background DNA were similar (10
7
) in the two sub-modes of 

NECEEM, their background profiles were quantitatively different. In complex-first NECEEM, 

the nonbinder background was solely caused by the heterogeneity of electrophoretic velocity of 

DNA. This DNA background emerged above the LOQ in PCR along with the EOF marker and 

increased drastically (multiple orders of magnitude) within the zone of binder-collection 

windows with time progressing to that of elution of the main DNA peak. In complex-last 

NECEEM, the zone of binder-collection windows was behind the main DNA peak: in addition to 

the nonbinder background induced by the nonuniform electrophoretic mobility of DNA, the 

collection of protein–DNA complex also suffered from the contamination of residual DNA on 

the inner capillary wall and the outer surface of capillary outlet after the elution of the main 

DNA peak. In complex-first NECEEM, the nonbinder background decreased drastically (as low 

as 10
3
 molecules) when the binder-collection window was located further away from the main 
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DNA peak (the left boundary of the zone of binder-collection windows for complex-first sub-

mode). However, in complex-last NECEEM, the nonbinder background in the regions away 

from the main DNA peak still remained relatively high at more than 10
6
 molecules (the right 

boundary of the zone of binder-collection windows for complex-last NECEEM). As such, the 

associated nonbinder background values for protein–DNA complexes with different MWP in 

complex-last NECEEM are expected to be quantitatively higher than those in complex-first 

NECEEM. A detailed analysis of the effect of MWP on the nonbinder background for all modes 

of KCE-based partitioning will be presented in the next section.  

 

3.4.2. Influence of MWP on kN  

Knowing the predicted mobility of protein–DNA complex (Eq 40) allows one to calculate 

the binder-collection window in which P–DNA should elute from the capillary (see Appendix 

C3). Knowing this time window, in turn, allows the determination of the transmittance of 

partitioning for nonbinders kN. The value of kN was calculated based on Eq. 4 as the total number 

of background DNA (Nout) collected within the binder-collection window divided by the total 

number of DNA injected into the capillary (Nin).  

The resulting dependence of kN on MWP ranging between 25 to 150 kDa is shown in 

Figure 3.3. In both NECEEM sub-modes, as MWP decreased from 150 to 25 kDa, kN increases 

approximately 3 orders of magnitude. As expected, kN values for complex-last NECEEM are 

higher than those for complex-first NECEEM due to the elevated DNA background in complex-

last NECEEM (Figure 3.2). In IFCE, the background profile is stable with kN remaining near 

10
−9

 throughout the 2-h run; thus, kN is similar for target proteins with different MWP. In general, 

the IFCE running buffer with higher ionic strength and/or lower pH leads to lower kN values as 
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well as weaker dependence of kN on MWP. However, the low EOF obtained with such a running 

buffer increases the predicted complex migration time to over 3 h for smaller proteins with 

MWP < 25 kDa (see Appendix C4). Note that the effect of MWP on kN cannot be measured 

experimentally for target–binder complexes with MWP < 25 kDa under IFCE conditions due to 

an unreasonably long CE run. Given such a high stringency of partitioning (very long 

separation), dissociation of protein–DNA complex might reduce the level of intact complex to 

below the noise of PCR. Therefore, one has to adjust stringency of partitioning to achieve 

reasonably low DNA background while maintaining a sufficient quantity of intact protein–DNA 

complexes. The extent of P–DNA dissociation in different KCE-based partitioning modes will be 

evaluated in the next section. 

Figure 3.3. The effect of the molecular weight of protein (MWP) on the transmittance of KCE-

based partitioning for nonbinders (kN) under the conditions of NECEEM (colored lines) and 

IFCE (black line). 
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3.4.3. Influence of MWP on kB 

During KCE-based partitioning, protein–DNA complexes dissociate at a certain rate; thus, in 

principle, kB is governed mainly by the dissociation rate constant koff of protein–DNA complexes 

and elution time t: 

off
offout in

B
in in




  
k t

k tB B e
k e

B B
 (41) 

The values of t as well as the binder-collection windows for complexes of 80-nt DNA and 

protein targets of different MWP were estimated using the predicted mobility values of protein–

DNA complexes obtained with Eq. 40. The transmittance of partitioning for binders as defined 

by Eq. 41 was estimated for two values of koff, 10
−3

 and 10
−4

 s
−1

, for which the characteristic 

complex-dissociation times ( = 1/koff) are 20 min and ~3 h, respectively. The values of koff 

outside of the 10
−4

−10
−3

 s
−1

 range are more likely to be unpreferred for therapeutic targets since 

the complex either dissociate too quickly ( = 1 min for koff = 10
−2

 s
−1

) or remain stable for too 

long ( = 28 h for koff = 10
−5

 s
−1

).
101

  

The predicted dependence of kB on MWP is shown in Figure 3.4. For koff = 10
−3

 s
−1

, 

decreasing MWP from 150 to 25 kDa leads to decreasing the value of kB by up to 3 orders of 

magnitude in IFCE. In contrast, in NECEEM, kB is not affected by changing MWP. Notably, in 

IFCE, kB is predicted to be lower than 10
–3

 when MWP < 30 kDa, meaning that less than 0.1% of 

the total quantity of protein–DNA complex in the equilibrium mixture would survive separation 

until elution. 

For koff = 10
−4

 s
−1

, the decrease in kB is much less pronounced for both IFCE and NECEEM. 

In both NECEEM sub-modes, kB remains relatively stable over the specified range of MWP with 

more than 80% of protein–DNA complexes reaching the capillary end intact. This finding agrees 
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with Eq. 39, in which the kB value in NECEEM is assumed to be constant. In IFCE, our 

prediction shows that up to 60% of protein–DNA complexes would dissociate as the values of 

MWP decrease to 25 kDa. Overall, the dissociation of protein–DNA complexes is much less 

pronounced in NECEEM than in IFCE over the specified range of MWP. On the other hand, kN 

value in IFCE is orders of magnitudes lower than in NECEEM. A balance between kB and kN 

must be achieved in order to obtain a target level of binder purity Q2 after partitioning.  

Figure 3.4. The dependency of the transmittance of KCE-based partitioning for binders (kB) on 

the molecular weight of target protein (MWP) under the conditions of NECEEM (colored lines) 

and IFCE (black lines). The value of kB was estimated based on two koff values: 10
−3

 s
−1

 and 

10
−4

 s
−1

. In the graph with koff of 10
−4

 s
−1

, the inset shows the same data but with a linear y-scale 

for kB.  
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3.4.4. Influence of MWP on the number of partitioning rounds  

The odds of successful selections depend on two major conditions. The first condition is a 

high value of efficiency of partitioning (kB/kN) to enrich the initial library with a low level of 

binder abundance (Bin/Nin) to a desirable level of binder purity at the output (Bout/Nout > Q2). The 

second condition is a sufficient quantity of binders at the input (Bin) so that the output quantity of 

binder (Bout) can exceed the PCR noise. The efficiency of partitioning for IFCE and NECEEM 

can be derived from the kN and kB values for the two preferred koff values considered above: 10
−3

 

and 10
−4

 s
−1

. To estimate Bin/Nin, we hypothesized different scenarios for aptamer selection based 

on the affinity of random DNA library to the target protein: (i) high abundance of binders 

(Bin/Nin = 10
−5

 or approximately 1 binder per 10
5
 nonbinders), (ii) moderate abundance of binders 

(Bin/Nin = 10
−6.5 

or ~1 binder per 3×10
6
 nonbinders), and (iii) low abundance of binders 

(Bin/Nin < 10
−8

 or less than 1 binder per 10
8
 nonbinders).  

We then estimated the range of required partitioning rounds (m) to obtain a binder-enriched 

pool at the output of non-SELEX (without PCR amplification of the collected pools between the 

rounds) with each of NECEEM sub-modes and IFCE. The upper limit of m (mmax) and the lower 

limit of m (mmin) were calculated using Eqs. 33 and 34, respectively, for Q1 = 100 (i.e., Bout 

exceeds PCR noise of 120 molecules of DNA by a factor of 100) and Q2 = 1 (i.e., binders 

constitute 50% of the final DNA pool). In principle, a high value of mmax indicates a low level of 

binder losses throughout the selection process; therefore, many rounds of partitioning can be 

conducted to further enrich the pool without detrimental losses of binders. On the other hand, a 

low value of mmin is preferable to minimize the number of partitioning rounds required to reach a 

target level of binder purity in the resulting pool.  
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In the case of classic aptamer selection by SELEX, the estimation of mmin requires the 

knowledge of PCR bias (ZB/ZN) and the number of PCR cycles in a single round (Eq. 36). These 

two parameters vary greatly depending on which type of PCR method is used and how well the 

PCR procedure is done. Optimal PCR conditions (e.g., when ZB/ZN is close to 1) can be achieved 

by using an unbiased PCR procedure (e.g., emulsion PCR) with an optimal number of PCR 

Figure 3.5. The dependence of required (mmin) and allowed (mmax) numbers of partitioning 

rounds on the molecular weight of target protein in non-SELEX selection of aptamers using 

different modes of KCE-based partitioning for 3 different values of binder abundance in the 

initial library: (a) higher binder abundance of ~1 binder per 10
5
 nonbinders, (b) moderate binder 

abundance of ~1 binder per 3×10
6 

nonbinders, and (c) lower binder abundance of < 1 binder per 

10
8
 nonbinders). Shaded regions indicate molecular weight ranges for which aptamer selection 

fails. See text for details. 
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cycles.
25

 Values of mmin for non-SELEX presented in this section are also applicable to SELEX 

under optimal PCR conditions. Note that when there is a PCR bias, mmin in SELEX will be 

higher than in non-SELEX.  

Figure 3.5 shows the predicted dependence of acceptable numbers of partitioning rounds in 

IFCE and NECEEM (both sub-modes) on MWP for 3 different values of binder abundance in the 

initial library (Bin/Nin). Suitability of the partitioning method for selection can be assessed based 

on the following criteria: (i) a range of m is wide (mmax and mmin points are far apart on the 

graph), (ii) mmax is greater than mmin (mmax point is not lower than mmin point on the graph) and 

(iii) mmax is not smaller than 1 (the otherwise case indicates insufficient quantity of binders at the 

output). Based on Figure 3.5, KCE-based selection of aptamers can be successful in the 

following scenarios: (i) the input library has high binder abundance (~10
−5

) or (ii) the input 

library has moderate binder abundance (>10
−8

) with a bulk value of koff ≤ 10
−4

. In these 

scenarios, as MWP increases from 25 to 150 kDa, the range of m increases in IFCE and complex-

first NECEEM. This means that the extent of binder losses is smaller (higher mmax) and fewer 

partitioning rounds are required (smaller mmin) for larger protein targets in IFCE and complex-

first NECEEM. On the other hand, in complex-last NECEEM, both mmax and mmin decrease as 

MWP increases from 25 to 150 kDa. In complex-last NECEEM, the elution time of protein–DNA 

complex increases with increasing MWP; thus, the extent of binder losses is higher while fewer 

partitioning rounds are allowed for larger protein targets. Moreover, as both NECEEM sub-

modes have higher range of kN values (Figure 3.5), their range of mmin values is also higher than 

that in IFCE. This relation means that more partitioning rounds in NECEEM would be required 

to enrich the pool to a certain level of binder purity as compared to IFCE (particularly, complex-
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last NECEEM with the highest range of mmin values requires more partitioning rounds than 

complex-first NECEEM).  

Despite the low value of kB for small protein targets, the extremely low kN values in IFCE 

suggest that IFCE could support the enrichment of binders in a single step of partitioning (50% 

binders in the resulting pool) over the whole range of MWP. However, in IFCE, low values of 

mmax were observed for small-size protein targets, indicating that excessive losses of binders can 

potentially hinder the success of IFCE-based selection of aptamers for such targets. In some 

cases, the mmax value in IFCE were unacceptable (mmax ≤ mmin and/or mmax ≤ 1) for protein targets 

with the following ranges of molecular weights: (i) MWP < 60 kDa for the input library with 

high binder abundance and koff = 10
−3

 s
−1

, and (ii) MWP < 20 kDa for the input library with 

higher binder abundance and koff = 10
−4

 s
−1

 and (iii) MWP < 25 kDa for the input library with 

moderate binder abundance and koff = 10
−4

 s
−1

. The latter two were extrapolated by assuming a 

constant kN in the range of 10
−9

 for protein–DNA complex with MWP ranging from 15 to 25 kDa 

in IFCE (see Appendix C5). 

To ensure the collection of a sufficient quantity of binders at the output, NECEEM is the 

method of choice for selection of binders for small-size protein targets. This statement is 

especially true in non-SELEX, in which no PCR amplification is used between the rounds of 

partitioning to compensate for the dilution-induced losses of binders between the rounds. Our 

results suggest that IFCE is not preferred for small-size protein targets due to the excessive 

binder losses within every round of partitioning owing to complex dissociation. However, IFCE 

is the most suitable method for large-size protein targets to obtain high affinity binders in a 

minimal number of partitioning rounds (as few as a single round as our data suggest). Our 

previous selection of aptamers for a large-size protein target (MWP  90 kDa) showed that a 
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high-affinity pool of the enriched library could be obtained after a single round of IFCE or 3 

rounds of complex-first NECEEM.
34,42

 Based on Figure 3.5 and given the value of binder 

abundance of 10
−5

 (estimated from a single-round IFCE) and the value of koff = 10
−4

 s
−1

, the 

predicted m values for KCE-based selection of aptamer for this protein are as follows: mmin,IFCE = 

1 and mmax,IFCE = 25 while mmin,complex-first NECEEM = 2 and mmax,complex-first NECEEM = 52. This 

prediction means that both IFCE and complex-first NECEEM could be used to select aptamers 

for a 90-kDa protein from this random-sequence DNA library with binder abundance  10
−5

. The 

predicted minimum number of partitioning rounds depends on the mode of partitioning. A single 

round is required in IFCE and two rounds are required in NECEEM, which agrees with the 

results of experimental selection: a single round in IFCE and 3 rounds in complex-first 

NECEEM. Another important conclusion from data shown in Figure 3.5 is that both NECEEM 

and IFCE fail to retain a sufficient quantity of binders after one round of partitioning when the 

binder abundance in the initial library is as low as 10
−8

 or 1 binder per one hundred million 

nonbinders (mmax < 1 in all cases in Figure 3.5c). When the bulk value of koff is high 

(koff = 10
−3

 s
−1

), this lower limit of binder abundance in the initial library for successful KCE-

based selection increases to 10
−6.5 

or ~3 × 10
−7 

(mmax ≤ mmin in all cases with koff = 10
−3

 s
−1 

in 

Figure 3.5b). 

Single-round IFCE-based selection and multi-round NECEEM-based selection will certainly 

fail when there is not enough Bin for PCR to reliably detect and amplify Bout. Thus, for less 

“aptagenic” target proteins, efforts must be made to increase Bin via using an initial library with 

higher binder abundance and/or increasing the input quantity of the initial library. The latter is 

limited by the maximum concentration of DNA library and the length of the injected sample 

plug. In our CE experiments, we used the highest possible concentration of DNA library in the 
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final equilibrium mixture with the sample plug length of 1 cm. Our preliminary data suggest that 

increasing the sample-plug length by an order of magnitude (from 1 to 10 cm) increases kN by 

multiple orders of magnitude, resulting in insufficient separation of DNA nonbinders from P–

DNA complexes. Due to such an inherent limitation on the size of the injected sample in KCE-

based partitioning, the ultimate solution to improve the success rate of aptamer selection for less 

aptagenic target proteins is to use DNA libraries with higher binder abundance, such as modified 

oligonucleotide libraries with functionalized protein-like groups.
30,102-104

 Selection of aptamers 

from modified DNA libraries have yielded high-affinity aptamers to many difficult-to-select-for 

proteins that had repeatedly failed SELEX with unmodified DNA libraries.
30

 Application of 

KCE-based partitioning to selection of aptamers from modified oligonucleotide libraries is a 

promising direction of further development of this partitioning approach. 

 

3.5. CONCLUSIONS 

This work clearly demonstrates high productivity of our simple formalism based on 

considering partitioning as a filter with differential transmittance for binders and nonbinders. Not 

only does this formalism simplify and help to understand the bases of partitioning but also the 

application of this formalism to a specific mode of partitioning can lead to practical 

recommendations for the users. Below, we summarize recommendations derived in this work for 

KCE-based partitioning (Figure 3.6).  The size of protein target dictates the choice of the mode 

of KCE-based partitioning in aptamer selection. In NECEEM, as the size of protein target 

decreases, kN increases by several orders of magnitude while the kB is relatively stable and close 

to unity. On the other hand, IFCE improves kN values (which are as low as 10
−9

 and do not 

change much with varying size of protein target) at the expense of sacrificing kB. The kB values 
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in IFCE decrease drastically when the size of protein target decreases, thus, hindering the 

collection of sufficient quantity of intact complexes for small-size protein targets. To ensure 

obtaining a pool of binder of sufficient purity and quantity, one must find a balance between kN 

and kB to determine the most suitable mode of KCE-based partitioning and corresponding 

running buffer. For large-size protein targets, IFCE is preferred in order to obtain high affinity 

aptamers in fewer rounds of partitioning (single-round selection could be possible as our data 

suggest). We recommend that NECEEM be used in selection of aptamers for small-size protein 

targets, especially in non-SELEX, in which there is no PCR amplification of the collected pools 

between the rounds of partitioning. Between the two sub-modes of NECEEM, the complex-first 

sub-mode is proven to facilitate selection of aptamer in fewer rounds due to lower kN values. 

However, the use of complex-last NECEEM is still beneficial when the adsorption of some 

protein targets to the uncoated inner capillary surface is severe and detrimental for the selection; 

Figure 3.6. Choice of KCE-based partitioning according to the characteristics of protein targets. 
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the coating of the walls can suppress such adsorption. For more difficult protein targets (e.g., 

those that had repeatedly failed SELEX), KCE-based selection fails when the binder abundance 

in the initial library is as low as 10
−8

. Under such circumstances, using a better library, such as 

chemically modified DNA library with a greater abundance of binders, could be a promising 

direction for future development in the field of highly efficient CE-based aptamer selection.
30,102-

104
  

While this study considers only two characteristic sets of pH and IRB values of the running 

buffer to illustrate the two modes of KCE-based partitioning (NECEEM and IFCE), these modes 

can be achieved with three types of conditions. Complex-first NECEEM can be achieved using a 

running buffer with low IRB and/or high pH values in a bare fused-silica capillary. IFCE can be 

achieved using a running buffer with high I and/or low pH values in a bare fused-silica capillary. 

Complex-last NECEEM can be achieved using a running buffer with broad ranges of pH and IRB 

values in a coated capillary with suppressed EOF. Since the analytical resolution Rs is a function 

of µP–DNA, µDNA, and time of separation t, the value of Rs can be fine-tuned (to achieve desired 

outcomes of selection) by modulating t or varying the running buffer composition within the 

acceptable ranges of pH and IRB for each mode of KCE-based partitioning. For example, the 

stringency of selection can be increased to drive the selection process towards obtaining 

aptamers with low Kd and/or low koff values. Aptamers with low Kd can be obtained by using a 

lower target concentration for preparation of the equilibrium mixture, while aptamers with low 

koff can be obtained by increasing the separation time. The latter can be achieved via several 

practical means, such as (i) decreasing pH and/or increasing IRB (ii) decreasing the applied 

voltage, (iii) increasing the capillary length and (iv) decreasing the running buffer temperature. 

The means of (ii), (iii) and (iv) are applicable for all modes of KCE-based partitioning, while (i) 
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is only applicable for complex-first NECEEM and IFCE. It should be noted that while increasing 

the selection stringency favours stronger and more stable binders, too high a stringency can be 

detrimental for the selection. As such, when optimizing the experimental conditions, one must 

balance kB and kN carefully to ensure the collection of binders of sufficient purity and quantity. 

This balancing can be done in a rational way using our formalism. 
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CHAPTER 4. INFLUENCE OF TARGET CONCENTRATION ON BINDER 

SELECTION: AN EXPERIMENTAL STUDY 

 

The presented material was submitted to Angewandte Chemie International Edition 2023 

(currently under review): Le, A.T.H.; Teclemichael, E.; Krylova, S.M.; Krylov, S.N. Influence 

of target concentration on aptamer selection: the experimental study. My contributions to this 

manuscript were: (i) performing the thrombin selection experiments, (ii) preparing all figures, 

(iii) interpreting the results and (iv) writing the manuscript. My colleague, Eden Teclemichael, 

conducted the MutS selection portion of the study.  

 

4.1. CRITICAL ROLE OF TARGET CONCENTRATION IN SELEX 

The combined findings from Chapters 2 and 3 successfully achieve the three objectives 

outlined in Chapter 1: (i) improving the partitioning efficiency of KCE, (ii) adapting the 

conditions of KCE-based partitioning to be physiologically relevant for potential in vivo 

applications, and (iii) providing a comprehensive formalism for the proper implementation of all 

KCE-based partitioning methods. Before transition into the utilization of KCE within the DEL 

platform, in this chapter, I aim to explore a crucial variable that significantly influences the 

binder selection process: the concentration of the target protein. This chapter marks the 

introduction of the first experimental investigation into the relationship between target 

concentration and the selection of protein binders from oligonucleotide libraries. 

Target concentration is a key variable in SELEX for any given target and library, and it is 

broadly accepted that SELEX performance (e.g., round-to-round progress in binder enrichment) 

depends on target concentration.
20,22,105,106

 However, the effect of target concentration on 
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quantitative parameters of selection has never been studied experimentally owing to the 

complexity of such a study. While being conceptually simple, SELEX is very cumbersome and 

fails to select binders from non-modified oligonucleotide libraries in approximately 70% of 

attempts.
30

 Completing one successful selection, i.e., obtaining aptamers, is an achievement on 

its own. Completing multiple successful selections for systematically varied target 

concentrations is objectively very difficult. Doing this for multiple targets would further multiply 

the difficulty. Performing such a study quantitatively, so that conclusive results could be 

obtained for the influence of target concentration on the quantitative characteristics of SELEX, is 

the ultimate leap. Here, we report on performing such a study. 

Whereas there are no experimental studies, there are multiple theoretical works on the effect 

of target concentration on aptamer selection.
20,22,105,106

 However, all theoretical works (including 

our own investigation conducted before this experimental study) unavoidably utilize hard-to-

prove assumptions and fundamentally-unknown parameters thus leading to non-instructive and 

impossible-to-test conclusions. Our analysis of the literature on experimental SELEX suggests 

that experimenters always choose target concentration arbitrarily — in this respect, SELEX is 

still more an art than a science. Here we present the first experimental study of the effect of 

target concentration on aptamer selection. Aptamers were selected for two protein targets at 

varying target concentrations for each. The results suggest that selection fails if target 

concentration is below a certain threshold value and succeeds if it is above this value. The 

threshold value depends on target nature as well as efficiencies of partitioning and PCR 

amplification. We propose a single experimental parameter which is easily determinable and 

indicative of target concentration being above or below the threshold: a quantity of DNA after 

partitioning in the presence of target relative to that in the absence of target (q). Our results lead 
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to a simple instructive conclusion: to avoid selection failure, experimentalists must use target 

concentrations which result in values of q statistically significantly greater than unity. 

 

4.2. MATERIALS AND METHODS 

4.2.1. Materials and solutions 

All chemicals were purchased from Sigma-Aldrich (Oakville, ON, Canada) unless otherwise 

stated. Fused-silica capillaries with inner and outer diameters of 75 and 360 μm, respectively, 

were purchased from Molex Polymicro (Phoenix, AZ, USA). Recombinant His-tagged MutS 

protein (MW  90 kDa, pI 6.0) was purchased from Prospec Protein Specialist (Ness Ziona, 

Israel). Recombinant human alpha-thrombin protein (MW  36.7 kDa, pI 6.4–7.6) was 

purchased from Fisher Scientific (Mississauga, ON, Canada). All DNA molecules were custom 

synthesized by Integrated DNA Technologies (Coralville, IA, USA). CE running buffers were 50 

mM Tris-HCl pH 8.0 and 50 mM Tris-acetate pH 8.2 for MutS and thrombin selections, 

respectively. The sample buffer was always identical to the running buffer to avoid the adverse 

effects of buffer mismatch. Accordingly, all dilutions of sample components in CE experiments 

were done by adding the corresponding running buffer. 

All DNA stock solutions were subjected to annealing by incubation at 90 °C for 2 min before 

being cooled to 20 °C at a rate of 0.5 °C/s, prior to the dilution and preparation of the equilibrium 

mixtures. To avoid cross-contamination between the selections for two different protein targets, 

distinct synthetic fluorescein amidite (FAM)-labeled, 40-nt random DNA libraries (referred to as 

N40) with unique primer regions were used as follows: (i) for MutS: 5′-FAM-CTC CTC TGA 

CTG TAA CCA CG-N40-GC ATA GGT AGT CCA GAA GCC-3′, and (ii) for thrombin: 5′-

FAM-CTA CGG TAA ATC GGC AGT CA-(N40)-AT CTG AAG CAT AGT CCA GGC-3′.  
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Two sets of primers were used to amplify binders selected from the starting library. The primers 

in the first set were unlabeled and employed for quantitative PCR (qPCR). These primers had the 

following sequences: (i) for MutS: 5′-CTC CTC TGA CTG TAA CCA CG-3′(forward) and 5′-

GGC TTC TGG ACT ACC TAT GC-3′(reverse), and (ii) for thrombin: 5′-CTA CGG TAA ATC 

GGC AGT CA-3′ (forward) and 5′-GCC TGG ACT ATG CTT CAG AT-3′(reverse). For 

asymmetric PCR (aPCR), the second set of primers included a fluorescently labeled version of 

the forward primer and a biotin-labeled version of the reverse primer: (i) for MutS: 5′-Alexa 

Fluor488-CTC CTC TGA CTG TAA CCA CG-3′(forward) and 5′-Biotin-TEG-GGC TTC TGG 

ACT ACC TAT GC (reverse), and (ii) for thrombin: 5′-Alexa Fluor488-CTA CGG TAA ATC 

GGC AGT CA-3′ (forward) and 5′-Biotin-TEG-GCC TGG ACT ATG CTT CAG AT-

3′(reverse).  

 

4.2.2. CE instrumentations and default conditions 

All CE experiments were performed with a P/ACE MDQ apparatus (SCIEX, Concord, ON, 

Canada) equipped with a laser-induced fluorescence (LIF) detection system. Fluorescence was 

excited with a blue line (488 nm) of a solid-state laser and detected at 520 nm using a spectrally-

optimized emission filter system. The poly(vinyl alcohol) (PVA)-coated capillaries were 

prepared as described elsewhere.
99

 The total length of the capillary was 80 cm for most of the 

experiments, except for the bulk affinity tests conducted for MutS selection, where the capillary 

length was 50 cm. In all cases, the detection window was positioned 10 cm away from the outlet 

of the capillary. Prior to every run, the PVA-coated capillary was rinsed with the running buffer 

at 20 psi (138 kPa) for 8 min. The coolant temperature was set at 15 °C. 
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4.2.3. Specifics of CE-based fraction collection 

In Round 1, the equilibrium mixture contained the annealed starting library of 10 µM and the 

protein target of chosen concentration; 330 nM binder-enriched library was used for Rounds 2 

and 3 instead of 10 µM. The target concentration in the equilibrium mixture was kept constant 

throughout the three rounds of selection. The equilibrium mixtures were incubated at room 

temperature (21 °C) for 1 h to approach chemical equilibrium in the binding reaction. The 

equilibrium mixture was injected into the capillary by a pressure pulse of 1 psi (6.9 kPa) × 28 s, 

resulting in a sample plug of 3.7 cm in length. The sample plug was propagated by a pressure 

pulse of 0.9 psi (6.2 kPa) × 45 s (to yield a 5.4 cm-long buffer plug) to pass the uncooled region 

of the capillary before applying the electric field. Partitioning was carried out using reversed 

polarity (anode at the outlet) at 25 kV for 26 and 20 min for MutS and thrombin selections, 

respectively. After KCE-based partitioning, elution of the target−binder complex was facilitated 

by pressure at 5 psi (34.5 kPa) for 1 min into a fraction-collection vial containing 20 μL of the 

running buffer.  

 

4.2.4. PCR procedures and generation of binder-enriched library 

The eluted binder-enriched library was amplified and quantitated by two rounds of 

quantitative PCR (qPCR) using CFX Connect instrument (Bio-Rad, ON, Canada). The qPCR 

reagent mixture was prepared to obtain final concentrations of 1×Q5 High-Fidelity 2×Master 

Mix (New England BioLabs, Whitby, ON, Canada), 1×SYBR Green (Fisher Scientific, 

Mississauga, ON, Canada), 500 nM unlabeled forward primer, and 500 nM unlabeled reverse 

primer. Before thermocycling, the qPCR reaction mixture was prepared by adding a 2 μL aliquot 

of the eluted fraction to 18 μL of the qPCR reagent mixture. The PCR thermocycling protocol 
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was as follows: 98 °C for 30 s (initialization, performed once), 98 °C for 10 s (denaturation), 

65 °C for 20 s (annealing), and 72 °C for 20 s (extension), followed by a plate read at 72 °C and 

a return to the denaturation step for a total of 40 cycles. All qPCR reactions were performed in 

duplicate. In the first round of qPCR, the eluted fraction was quantitated using an eight-point 

calibration curve. An S-shaped amplification curve was then plotted for the eluted fraction. In the 

second round of the qPCR, the qPCR product of the eluted fraction was removed when it was 

two cycles into the exponential phase of the previously plotted amplification curve. After qPCR, 

100 μL of the qPCR product was later purified using the MinElute
®

 PCR purification kit 

(QIAGEN, Missisauga, ON, Canada) as per manufacturer’s instructions. Once product’s purity 

was verified by native PAGE, it was subjected to asymmetric PCR (aPCR). Five μL of DNA was 

added to 45 μL of aPCR reagent mixture from New England Biolabs Inc. (Whitby, ON, Canada). 

Final concentrations of PCR reagents in the reaction mixture were: 1Q5
®
 Reaction Buffer, 

1 μM fluorescently labeled forward primer, 50 nM biotin-labeled reverse primer, 0.02 units/μL 

Q5
®
 High-Fidelity DNA Polymerase, and 200 μM dNTPs mix. The reaction was performed in 

duplicates with the following temperature protocol: 98 °C for 30 s (initial denaturation, 

performed once), 98 °C for 10 s (denaturation), 65 °C for 20 s (annealing), and 72 °C for 20 s 

(extension). Eighteen cycles of aPCR were run. Ten μL of MagnaBind
TM

 streptavidin beads 

suspension (Fisher Scientific, Mississauga, ON, Canada) was washed three times and 

resuspended in bead washing/binding buffer (10 mM Tris-HCl, 50 mM NaCl, 1 mM EDTA 

pH 8.0). Once amplified, the duplicate PCR reactions were combined and incubated with 

streptavidin magnetic beads for 30 min at a room temperature (23 ± 1 °C). The beads were 

magnetized, discarded, and the PCR product was then purified using the MinElute
®
 PCR 

purification kit as per manufacturer’s instructions.  
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To quantitate the DNA concentration in the binder-enriched library, serial dilutions of the 

fluorescently labelled forward primer (2 µM, 1 µM, 500 nM, 250 nM, 125 nM, 62.5 nM, and 

31.25 nM) were prepared to build a standard curve by measuring fluorescence intensity at 

519 nm with NanoDrop 3300 Fluorospectrometer (Fisher Scientific, Mississauga, ON, Canada). 

The purified binder-enriched library was then ready for the next round of selection.  

 

4.2.5. Specifics of bulk affinity test  

Equilibrium mixtures of either the starting library or the binder-enriched library and varying 

target concentrations were prepared and incubated at room temperature for 1 h prior to injection 

into the capillary. Throughout all the bulk affinity tests, the concentrations of the starting library 

or the binder-enriched library remained constant (i.e., 1 nM for MutS selection and 20 nM for 

thrombin selection). In case of MutS bulk affinity tests, a 50-cm capillary was used to shorten the 

separation time while still ensuring the desired resolution between the unbound library and the 

target−binder complex. As such, the conditions for MutS bulk affinity tests were readjusted as 

follows: (i) sample injection at 0.5 psi (3.4 kPa) × 20 s to create a 2.1 cm-long sample plug, 

(ii) buffer propagation at 0.9 psi (6.2 kPa) × 30 s to yield a 5.8 cm-long buffer plug and pass the 

uncooled capillary region and (iii) separation at 25 kV with reversed polarity (anode at the 

capillary outlet) for a duration of 15 min. Due to the poor resolution in thrombin selections, the 

bulk affinity tests were continued to be conducted using an 80-cm capillary. The conditions for 

thrombin bulk affinity tests were the same as conditions used in the binder selection with the 

total separation time of 25 min. 
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4.3. THEORETICAL AND EXPERIMENTAL CONSIDERATIONS IN THE STUDY OF 

EFFECTS OF TARGET CONCENTRATION IN SELEX 

To be successful and instructive, an experimental study of the influence of target 

concentration on aptamer selection by SELEX requires several right choices to be made. First, 

such a study requires a highly efficient partitioning method so that the chances of failure are 

minimized, and the timescale of the study is kept reasonable (months rather than years). We 

chose partitioning by KCE, which reliably supports partitioning efficiency of 10
4
–10

9
 (orders of 

magnitude higher than that of surface-based partitioning).
31,35,36,42,107,108

 Partitioning by KCE 

typically facilitates aptamer selection in less than five rounds of SELEX. Second, an objective 

comparison of the SELEX results for different target concentrations requires a reliable bulk 

affinity assay. We used our recently-published bulk-affinity workflow relying on optimized 

measurements of the fraction of unbound library (R).
109

 We chose four target concentrations 

covering two orders of magnitude to work with: 500, 100, 10, and 1 nM. Accordingly, we 

planned for conducting four selections with constant target concentrations (500, 100, 10, and 1 

nM). Finally, such a study requires well understood and confirmed targets for aptamer selection 

by SELEX. We chose two proteins, His-tagged MutS (93 kDa) and non-tagged thrombin 

(35 kDa) for which successful aptamer selections were performed several times.
32,34,110,111

  

Our first task was to determine suitable modes of KCE-based partitioning for the two protein 

targets: His-tagged MutS and non-tagged thrombin. We found that both proteins excessively 

adhered to the inner fused silica capillary wall, while coating the wall with polyvinyl alcohol 

(PVA) suppressed this adsorption along with suppressing the electroosmotic flow.
99,112

 The 

suppressed electroosmotic flow forced us to use the “complex-last” mode of NECEEM-based 

partitioning in which the unbound DNA (nonbinders) moves inside the capillary faster than the 



109 
 

protein֪−DNA (target−binder) complexes.
50

 For each target concentration, we conducted 3 

rounds of selection, as typical for a NECEEM-based selection routine.  

We then conducted the NECEEM-based selections of binders for MutS and thrombin from a 

DNA library with 40 randomly positioned nucleotides. In Step 1, the target was mixed with the 

library, and the mixture was incubated for 1 h to allow the formation of target−binder complexes, 

serving as a positive control. As a negative control, we used a mixture of the library with target 

matrix void of the target. In Step 2, a small volume of the mixture was injected inside the 

capillary (the length of the resulting sample plug was approximately 5% of the capillary length), 

and target−binder complexes were separated from the unbound library by electrophoresis. A 

fraction was collected in a pre-determined time window, where binders should elute (see 

Appendix D1 for the determination of the binder-elution window). In Step 3, the collected 

Figure 4.1. Schematic representation of efficient partitioning of binders (B) from nonbinders (N) 

in a mixture of oligonucleotide library and protein target. At the input of partitioning, the binder-

to-nonbinder ratio (Bin/Nin) is typically << 1. At the output of partitioning, with transmittance 

equal to kB and kN for binder and nonbinder, respectively, the binder-enriched library is expected 

to have binder-to-nonbinder ratio (Bout/Nout) > Bin/Nin, with the relative yield of DNA, q > 1. In 

this study, we utilized two experimental parameters, kN and q to draw a conclusion about the 

choice of target concentration for selection. 
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fraction was subjected to a two-stage PCR amplification — quantitative PCR (qPCR) followed 

by asymmetric PCR (aPCR) — to produce the binder-enriched library for the next round of 

SELEX. The bulk-affinity assay was performed for the starting library and for each of the 

bender-enriched libraries, and its results were used to judge the progress of selection. qPCR was 

used to obtain two quantitative parameters (Figure 4.1): (i) a transmittance of partitioning for 

nonbinders (kN), often referred to as the nonbinder background 
42,50

, and (ii) a relative yield of 

DNA (q). The transmittance is defined as the ratio between the quantities of nonbinders at the 

output (Nout) and input (Nin) of partitioning, in the absence of the target (negative control) (see 

Eq. 4).   

In the presence of the target and, thus, when target−binder complexes are formed, the output 

quantity of the library (LT) is a sum of the output quantity of binders (Bout) and nonbinders (Nout). 

We define the relative yield of DNA (q) as a ratio between the output quantity of the library in 

the presence of the target (LT) and the output quantity of nonbinders (Nout).  

q = LT/Nout = (Bout + Nout)/Nout = 1 + (Bout/Nout)                                                                  (42) 

For the selection to be productive, Bout, must not only be larger than zero but also exceed the 

limit of detection in PCR (typically ranging from 10 to 100 DNA molecules). Therefore, q must 

be statistically significantly greater than unity for the selection to proceed. To assess the 

experimental errors associated with calculation of q, multiple sets of positive-control and 

negative-control experiments for one constant target concentration were conducted to determine 

LT and Nout, respectively. The mean value of q and its relative standard deviation (RSD) were 

then estimated (Appendix D2).  
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4.4. RESULTS AND DISCUSSION 

We completed three-round selections for both MutS and thrombin with four constant (round-

to-round) target concentrations. We followed the established bulk affinity workflow, as 

previously published,
109

 to evaluate the bulk affinity of the binder-enriched libraries to the 

protein target after each round. For consistency across selections, we used a constant 10-µM 

concentration of the 80-nt starting library in Round 1. Subsequently, we employed a 330-nM 

binder-enriched library for later rounds. To confirm the robustness and the reproducibility of the 

results of selections, we repeated two of the four selections for thrombin, particularly the 

selections for 10-nM and 500-nM target concentrations. 

After every round of selection, kN and q values were determined via qPCR using an above-

outlined procedure; a detailed summary of kN and q values can be found in Appendix D2. 

Notably, the kN values were found to be in the range of 10
−4

 to 10
−3

 and 10
−6

 to 10
−5

 for 

NECEEM-based selection for thrombin and MutS, respectively. While the kN value for MutS 

selection was typical of NECEEM-based partitioning, the kN for thrombin selection was higher 

than expected.
50

 This variance in kN values was attributed to different resolutions of the 

proteins−DNA complexes from the DNA nonbinders between the two protein targets of different 

sizes (thrombin is smaller than MutS). In essence, thrombin selections were performed with an 

approximately 100 times higher nonbinder background than MutS selections. Considering that q 

is inversely proportional to the nonbinder background (Eqs. 4 and 42), it is expected that the 

theoretical range of q values in MutS selection would be approximately two orders of magnitude 

higher than in thrombin selection, given the same target concentration and input quantity of 

library molecules. Indeed, the experimental values of q in MutS selections were consistently 

within 1 to 2 orders of magnitude higher than in thrombin selections for the same target 
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concentrations (Figure 4.2a). In addition to the nonbinder background, variations in 

experimental q values could arise from the following factors. First, the uncertainty associated 

with the qPCR-determined LT and Nout values can lead to potential variations of up to ~15% 

under the same experimental conditions (see calculations of RSD in Appendix D2). Second, the 

nature of the target, specifically its aptagenicity or affinity to oligonucleotide binders, played a 

pivotal role in dictating the binder abundance in the starting library and setting the upper 

theoretical limit of LT. Intuitively, an ideal selection would have a high binder abundance in the 

starting library (high LT) and low nonbinder background (low kN or Nout), leading to a high q 

value much greater than unity.  

A consistent trend observed in the q values for both targets was a decrease in q with 

decreasing target concentration, ultimately reaching q  1 (Figure 4.2a). This trend was 

expected; at higher target concentration, more target molecules will be available to bind DNA 

molecules, increasing LT and q. On the opposite, when the target is in deficiency, only the most 

tightly bound binders remain bound to target and are collected at the output of partitioning, 

resulting in lower LT and q values. For thrombin selection, the q value decreased to near unity 

when the target concentration reached (on the way down) 10 nM. Since MutS selection 

experienced a lower nonbinder background, the q value was close to unity at a lower target 

concentration of 1 nM. Another important observation from Figure 4.2a was that when q value 

in Round 1 was near unity (as seen in the 1-nM and 10-nM selections for Thrombin, as well as 

the 1-nM selection for MutS), there was no subsequent increase in the q value between rounds 

for a given target concentration. However, when q value in Round 1 was significantly greater 

than 1, q consistently increased from round to round, peaking in Round 3 (e.g., 100-nM and 500-

nM thrombin selections; and 10-nM, 100-nM, and 500-nM MutS selections). This increase in q 
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between rounds for such target concentrations means that the yield of DNA binders was enriched 

throughout the selection process, possibly indicating a positive selection outcome (which will be 

discussed in detail below).  

Figure 4.2. Comparison of q values (a) and bulk affinities represented by R values (b) to 

evaluate the selection outcomes for MutS and thrombin under four different constant (throughout 

the rounds of selection) target concentrations. In (b), the measurements of R in each selection 

followed a previously established workflow for assessment of bulk affinity, starting with a 

protein concentration of 1 µM. To ensure that R remained within the desired range, we 

systematically adjusted the target concentration in the bulk affinity workflow in a stepwise 

manner. The vertical arrow connecting points on the graph indicates a 10-fold decrease in target 

concentration for the same selection round, which was implemented to maintain R within the 

desired range. 
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To accurately evaluate and compare the selection outcomes across different target 

concentrations, we conducted a previously published bulk affinity workflow for every binder-

enriched library obtained in the selections for both targets.
109

 The results of bulk affinity assays 

are summarized in Figure 4.2b, where R is plotted against the selection round for every target 

concentration, with Round 0 being the starting library prior to the selection (see Appendix D3 

for the electropherograms and calculations of R values). R, representing the fraction of unbound 

library obtained in the bulk affinity test, serves as an indicator of enrichment progress: lower R 

values indicate improved affinity to the target. It is expected that R > 0 is typically observed for 

Round 0 while enrichment progressively reduces R for subsequent rounds. To mitigate poor 

accuracy associated with R measurement close to its limits (0–1), we systematically adjusted the 

protein concentration in the bulk affinity test in a stepwise fashion to maintain R within the 

desired range of 0.3 to 0.7 (as indicated by the vertical arrow between the points in Figure 

4.2b).
109

  

In the case of thrombin selection, the improvement (decrease) of R throughout the selection 

was observed for 100-nM and 500-nM target concentrations while R value remained unchanged 

when the target concentration decreased down to 10 nM — corresponding to the point where q 

reached near unity. A similar trend was seen in MutS selection: the progression of R eventually 

ceased at a target concentration of 1 nM, where q was close to unity. Overall, successful 

selections with increasing binder enrichment were achieved for those target concentrations for 

which q values in Round 1 exceeded unity. 

The combined results from qPCR measurements of DNA quantity and bulk affinity assays 

allow us to draw the following key conclusions. First, selection outcomes are contingent upon a 

critical “threshold” target concentration; selection fails below this threshold but proceeds when 
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target concentration exceeds it. Second, as target concentration decreases, q value is getting 

smaller until it gets closer to unity (i.e., q = 1 + nσ, where σ is the standard deviation of q at 

q = 1, which was ~0.15 in our assay, as detailed in Appendix D2) at the “threshold” target 

concentration. Therefore, we recommend employing target concentrations that yield q values 

statistically significantly greater than unity (i.e., q > 1 + nσ) for a successful selection with 

enrichment of binders. In practical terms, this means setting n at a minimum of 3, indicating that 

q must be at least 3 standard deviations above unity to achieve a positive selection outcome. 

Should experimentalists aim to increase the selection stringency by utilizing a lower target 

concentration to drive the selection towards selecting binders with higher affinity, it is crucial to 

ensure that the resulting q value remains above unity. In certain cases, it may be necessary to 

expand the q range. When the range of q is expanded for a given target, the threshold target 

concentration at which q reaches unity decreases, facilitating binder enrichment at lower target 

concentrations. In essence, a more reliable selection with higher chance of success, even at low 

target concentrations, is characterized by high q values. While the range of q may be largely 

influenced by the nature of protein target, increasing q can be achieved by decreasing the 

nonbinder background (kN) of the partitioning method or increasing LT through the means of a 

more superior starting library, such as a chemically modified DNA library with greater affinity to 

the target.
30,102-104

 

 

4.5. CONCLUSIONS 

To conclude, our data further underscores the critical role of target concentration in the 

performance of SELEX. In particular, we have established that SELEX succeeds when the target 

concentration surpasses a specific threshold value and halts when the concentration falls below 
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this threshold. This threshold value varies depending on several factors, including the nature of 

the target, the nonbinder background, and the quality of PCR; however, it can be readily 

identified on a case-to-case basis using a simple quantitative parameter: the relative yield of 

DNA after partitioning (q) which is defined as the ratio between the quantity of collected DNA 

in the presence the target and the absence of the target. We encourage experimentalists to choose 

the target concentration that results in q values statistically significantly greater than unity. The 

use of this straightforward parameter will prove invaluable in rational determination of the target 

concentration, ultimately enhancing the prospect of success within the SELEX community.  
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CHAPTER 5. CAPILLARY ELECTROPHORESIS-BASED SELECTION FROM 

DNA-ENCODED LIBRARIES OF SMALL MOLECULES: THE PROOF OF 

PRINCIPLE STUDY 

 

My contributions to this study were: (i) performing all the presented experiments (unless 

otherwise specified), (ii) preparing all figures and (iii) interpreting the results.   

 

5.1. AN INTRODUCTION TO DNA-ENCODED LIBRARIES OF SMALL MOLECULES 

AND THE PROSPECTIVE ROLE OF KCE-BASED PARTITIONING IN DEL 

PLATFORM 

In Chapter 3, I have established a formalism for determining the appropriate CE conditions 

for selecting oligonucleotide binders for a given protein target. This formalism includes a 

detailed characterization of KCE-based partitioning methodology as well as guidance on 

choosing different KCE-based partitioning modes, namely, complex-first NECEEM, complex-

last NECEEM and IFCE. Additionally, in Chapter 4, I developed practical guidelines to 

evaluate the choice of target concentration in SELEX to prevent selection failure. In this final 

chapter of my thesis, I gathered the insights from these two preceding chapters to conduct the 

first-ever KCE-based selection of small molecule binders from DNA-encoded libraries of small 

molecules (DELs).  

Discovering specific ligands that interact with pharmaceutical-relevant targets is the primary 

step in the modern drug development.
113-115

 Traditional approaches to discover such therapeutic 

ligands have heavily relied on high-throughput screening (HTS) of large compound libraries 

against specific drug targets.
113

 However, the resource-intensive and time-consuming nature of 
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these approaches, combined with limitations in chemical diversity and target specificity, have led 

researchers to explore new frontiers in drug discovery. One such frontier that has emerged as a 

game-changer in the field is the use of DNA-encoded libraries of small molecules (DELs).
116,117

 

DELs provide a solution for the main dilemma of selecting ligands from highly diverse 

combinatorial libraries of molecules. According to probability rules, an increased structural 

diversity in the library results in a greater number of suitable ligands.
2
 However, greater diversity 

reduces the number of unique molecule copies, making binder identification more challenging. 

In DELs, each small molecule's structure is encoded within its DNA tag, enabling identification 

through tag amplification and sequencing. The efficiency of polymerase chain reaction (PCR) 

and DNA sequencing is so high that selecting a few copies of each ligand from a DEL is 

sufficient for structure identification.
118

 Unlike traditional drug discovery methods that rely 

solely on physically screening individual compounds, DELs allow for the simultaneous 

screening of millions to billions of compounds in a single experiment, providing an 

unprecedented level of diversity and efficiency in drug discovery.
119

  

The concept of using DNA to encode a combinatorial chemistry library was first introduced 

by Brenner and Lerner in 1992,
117

 and since then, various approaches to DEL synthesis have 

been developed and employed.
6,120-125

 These approaches fall into two general categories: “DNA-

directed chemistry”, where the oligonucleotide strand both identifies and directs the synthesis of 

each library member, and “DNA-recorded chemistry”, where the oligonucleotide strand serves as 

an identification tag for corresponding chemical moieties (Figure 5.1).
126,127

 In principle, DNA-

directed approaches allow the application of an evolution process to small molecule selection 

through alternating rounds of selection, PCR amplification, and translation, in a complete 

analogy to biological display systems.
120-123

 To regenerate small molecules between selection 
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rounds through a PCR-amplified genetic code (scaffold codon), prior conjugation of a large set 

of chemical building blocks to DNA oligonucleotides before library assembly is necessary. 

However, this preparatory step can be time-consuming and labor-intensive process, potentially 

limiting its application in a fast-paced industrial setting.  

The “DNA-recorded” approaches, developed by researchers at Praecis Pharmaceuticals (now 

owned by GlaxoSmithKline) and the Neri group at the Institute of Pharmaceutical Science in 

Zurich, Switzerland, have collectively overcome the complexity associated with  library 

generation seen in “DNA-directed” chemistry.
6,124,125

 In this approach, oligonucleotides carrying 

distinct short sequences serving as identification barcodes for the corresponding chemical 

moieties are ligated to a DNA scaffold in each cycle of chemical synthesis. The encoded 

compounds are combined and split into aliquots for the subsequent synthesis stage, involving 

different sets of chemical building blocks and the ligation of the corresponding oligonucleotide 

Figure 5.1. Schematic representation of two general assembly pathways for DELs. Building 

blocks of the small-molecule head and DNA fragments encoding them are shown by the same 

color. The end product in this illustration is a DEL comprising three building blocks, obtained 

from three cycles of building block synthesis. Potentially, more cycles can be introduced to 

create a library with greater number of building blocks. 
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codes. This process efficiently generates a remarkable level of library diversity over iterative 

cycles of division, synthesis, and pooling in a “split-and-pool” manner. Unlike DNA-directed 

libraries, DNA-recorded libraries cannot be regenerated and, thus, they are not subject to 

iterative rounds of selection or evolution principles. Nonetheless, DNA-recorded approaches 

offer significant advantages over DNA-directed approaches, including the use of off-the-shelf 

reagents, ease of library synthesis, and the ability to use any encoding DNA sequences that may 

not be compatible with DNA-directed library synthesis methods. These features have enabled 

GlaxoSmithKline to construct DNA-recorded libraries containing up to 800 million individual 

library members, the largest DNA-encoded small-molecule library reported to date, with just 

four rounds of DNA ligation and chemical synthesis on a triazine scaffold.  

Given their prominence in the industrial setting and the accessibility from our collaborators, 

our study will focus exclusively on the DEL platform based on DNA-recorded chemistry. 

As previously detailed in Section 1.1, the selection of ligands from DELs involves three 

major steps: (i) mixing the protein target with DELs, (ii) partitioning the target-bound ligands 

(binders) from the target-unbound ligands (nonbinders), and (iii) identifying the binders through 

sequencing of the DNA tags. The efficiency of the partitioning step is crucial for the successful 

selection from DELs since binders selected from DELs cannot be amplified or regenerated via 

molecular biology tools, and each round of partitioning results in binder losses.
6
 Consequently, a 

typical binder selection from a highly diverse DEL is limited to three rounds and necessitates 

highly efficient partitioning. Unfortunately, surface-based techniques with poor partitioning 

efficiency, particularly those involving protein-immobilized magnetic beads, are typically used 

for the partitioning step in DEL.
128

 The limited partitioning efficiency of such techniques 

primarily stems from the nonspecific adhesion of DEL molecules to the expansive surface area 
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of the bead matrices. To address this limitation, binding-induced hybridization/ligation-based 

techniques, such as interaction-dependent PCR, have been actively developed for DEL-based 

screening platforms and have shown promise.
129,130

 However, these techniques require the 

attachment of complex DNA constructs to the target molecule, which may interfere with 

intermolecular interactions. Additionally, practical challenges related to assembling and 

attaching DNA constructs to the target molecule create bottlenecks in screening a large number 

of target/library combinations; thus, these methods are still confined to a relatively small number 

of specialized laboratories. Consequently, despite their limited partitioning efficiency, bead-

based techniques continue to dominate DEL screening due to their robustness, simplicity, and 

accessibility. 

In this context, we propose the use of KCE as an innovation, solution-based alternative to the 

traditional surface-based methods for separating binders from nonbinders in DEL-based 

screening platforms. KCE is renowned for its exceptional partitioning efficiency and has been 

utilized successfully in the selection of binders from random oligonucleotide library. As a result, 

we anticipate that KCE holds great promise as a highly efficient method for selecting ligands 

from DELs. Our rationale for this proposal is as follows: 

In DELs, the DNA tag is significantly larger and carries a greater charge than the small 

molecule head. Consequently, the physical properties of DELs, including size and charge, are 

primarily determined by their DNA tags.
49

 Each DEL has a single structure of DNA tags, 

resulting in their migration in KCE as a single zone. Protein−DEL complexes will also migrate 

as a single zone with a mobility intermediate between that of the protein and the DELs. Figure 

5.2 illustrates the migration patterns of DELs, proteins, and protein−DEL complexes in different 

modes of KCE-based partitioning: complex-first NECEEM, complex-last NECEEM, and IFCE. 
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The positions of these zones are similar to those observed in KCE-based aptamer selection from 

random oligonucleotide libraries (Figure 5.2).  

In this proof-of-principle study, we utilized the interaction between several DEL ligands and 

their respective protein targets to identify suitable KCE modes for partitioning based on our prior 

knowledge of KCE-based partitioning regarding specific protein target characteristics. To 

experimentally validate that KCE methodology can indeed achieve highly efficient selection of 

small-molecule ligands from DELs, we created hypothetical DELs using the known DEL 

ligands. We then conducted mock selections for DEL binders corresponding to chosen protein 

targets, employing different KCE-based partitioning modes. When compared to the partitioning 

performance of bead-based techniques for hypothetical DELs, KCE-based partitioning 

significantly outperforms in both binder recovery and nonbinder background levels. Following 

the results of the mock selections, we performed the selection of binders from a real DEL library 

targeting one of the protein targets chosen in the mock selections. We applied the previously 

Figure 5.2. Conceptual depiction of migration patterns of DEL, protein (P) and protein−DEL 

complex (P−DEL) in different KCE-based partitioning modes. The positions of the three 

corresponding electrophoretic zones are similar to those observed in KCE-based aptamer 

selection from random oligonucleotide libraries. See text for details.  
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identified KCE-based partitioning conditions from the mock selection and achieved a successful 

binder selection outcome, as confirmed through high throughput sequencing (HTS) data analysis 

of the binder-enriched library. Collectively, these results affirm that KCE can be employed with 

remarkable efficiency in the selection of small-molecule ligands from DELs, surpassing 

conventional bead-based techniques. This advancement paves the way for the use of such 

libraries in identifying drug leads and diagnostic probes, marking a significant step forward in 

this field. 

 

5.2. MATERIALS AND METHODS 

5.2.1. Materials and solutions 

All chemicals were purchased from Sigma-Aldrich (Oakville, ON, Canada) unless otherwise 

stated. Fused-silica capillaries with inner and outer diameters of 75 and 360 μm, respectively, 

were obtained from Molex Polymicro (Phoenix, AZ, USA). Bodipy (4,4-difluoro-4-bora-3a,4a-

diaza-s-indacene) was purchased from Life Technologies Inc. (Burlington, ON, Canada). 

Recombinant streptavidin (SA) protein (MW = 52 kDa, pI 6.8) was purchased from Sigma-

Aldrich (Oakville, ON, Canada). Recombinant soluble epoxide hydrolase (sEH) protein (MW = 

63 kDa, pI 5.9) was produced and purified by Nurix Therapeutics (San Francisco, ON, Canada). 

All DNA primers were custom synthesized by Integrated DNA Technologies (Coralville, IA, 

USA).  The CE running buffers were 50 mM Tris-HCl pH 8.0, 40 mM NaCl for complex-first 

NECEEM experiments and 50 mM Tris-HCl pH 7.5, 100 mM NaCl with addition of 0.1% 

Tween 20 for complex-last NECEEM experiments. The sample buffer was the same as the 

running buffer to prevent adverse effects of buffer mismatch.  
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In this study, DEL ligands for SA were supplied by GlaxoSmithKline, while DEL ligands for 

sEH were provided by Nurix Therapeutics. The DEL ligands for SA consisted of biotin and Gly-

(l)Leu-4-carboxybenzene sulfonamide (GLCBS-l-leucine) as the SM heads of the binder and 

nonbinder, respectively.
131

 In case of sEH, (1R,3S)-N-(4-cyano-2-(trifluoromethyl)benzyl)-3-((4-

methyl-6-(methylamino)-1,3,5-triazin-2-yl)amino)cyclohexane-1-carboxamide (a.k.a, GSK-

2256294) and benzoic acid served as SM heads of the binder and nonbinder, respectively.
53,132

  

Detailed synthetic procedures for the SA ligands were previously described, with a 

modification of the closing primer ligation method.
6
 In this modified approach, Klenow 

polymerization was omitted, and the longer oligo strand was positioned at the top, leaving a 35-

nucleotide 3′ overhang to provide a noncompetitive priming site for more efficient PCR 

amplification.  The detailed structures of the DNA tags of SA ligands can be found in Figure 

5.3. The structures and sequence information of the DNA tags of sEH ligands were kept 

confidential by Nurix Therapeutics and are not disclosed here. It is worth noting that all DNA 

tags for the DEL ligands were fluorescently labeled for detection.  

 For DEL ligands specific to SA, two sets of specific primers were used to quantitate the 

binder and nonbinder separately: (i) for binder: 5′-GCC TCC CTC GCG CCA-3′ (forward) and 

Figure 5.3. Structure details of the DNA tags used in the DEL ligands for SA. The annealing 

sites of qPCR primers were also included.  
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5′-TGA CTC CCA AAT CGA-3′ (reverse), and (ii) for nonbinder: 5′-AAA TGG GCG GTA 

GGC-3′ (forward) and 5′-CAG GAA ACA GCT ATG AC-3′ (reverse). For DEL ligands for 

sEH, both binder and nonbinder shared a universal primer set: 5′-TGA CTC CCG ACC GAA 

GG-3′ (forward) and 5′-GGT TAG GCA GGG ATG AGA GA-3′ (reverse). 

 

5.2.2. CE instrumentation and default conditions 

All CE experiments were performed with a P/ACE MDQ apparatus (SCIEX, Concord, ON, 

Canada) equipped with a laser-induced fluorescence (LIF) detection system. The fluorescence 

was excited with a blue line (488 nm) of a solid-state laser and detected at 520 nm using a 

spectrally optimized emission filter system. All capillaries were 50-cm long (40 cm to the 

detector) and had an inner diameter of 75 µm and an outer diameter of 360 µm. The detection 

window was positioned 10 cm away from the outlet of the capillary. The poly(vinyl alcohol) 

(PVA)-coated capillary was prepared as described elsewhere.
99

 New capillary was conditioned 

successively with MeOH at 20 psi (138 kPa) for 10 min, 0.1 M HCl at 20 psi for 3 min, 0.1 M 

NaOH at 10 psi (7 kPa) for 6 min, water at 20 psi for 3 min and a running buffer at 40 psi (276 

kPa) for 40 min. Prior to every run, the capillary was rinsed successively with 0.1 M HCl, 0.1 M 

NaOH, deionized H2O, and a running buffer at 20 psi for 3 min each. Conditioning steps were 

not required for PVA-coated capillaries; such capillaries were rinsed with the running buffer 

only at 20 psi for 10 min prior to every run. In all cases, the coolant temperature was set at 

15 °C.  

Equilibrium mixtures of protein targets and DEL ligands were incubated at room temperature 

(21 °C) for 1 h to approach chemical equilibrium. When specified, 500 nM of Bodipy (a neutral 

molecule) was added to the equilibrium mixture to monitor the electroosmotic flow (EOF). In 
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case of negative control experiment, the protein target was omitted from the equilibrium mixture. 

In the binding tests for the protein targets and their DEL ligands, the equilibrium mixtures were 

consisted of 100 nM DEL ligand (either binders or nonbinders) and 1 µM protein target. In the 

mock selection, the equilibrium mixtures contained 1 nM binders, 1 µM nonbinders and 1 µM of 

the corresponding protein target. In all instances, the equilibrium mixture was injected into the 

capillary by a pressure pulse of 0.5 psi (3.5 kPa) × 10 s, resulting in a sample plug of 1 cm in 

length. The sample plug was propagated by a pressure pulse of 0.9 psi (6.2 kPa) × 45 s (to yield a 

5.4 cm-long buffer plug) to pass the uncooled region of the capillary before applying the electric 

field. In this study, two modes of NECEEM-based partitioning were conducted. For complex-

first NECEEM (used for SA-DEL ligand pair), CE was carried out at an electric field of 

400 V/cm (20 kV over 50 cm), with the positive electrode located at the injection end of the 

capillary. For complex-last NECEEM (used for the sEH-DEL ligand pair), CE was performed at 

an electric field of 240 V/cm (12 kV over 50 cm), with the negative electrode placed at the 

injection end of the capillary. When specifying fraction collection, we collected fractions within 

predefined time windows, where the protein target−DEL complex was expected to elute. For  

SA-DEL ligand pair, the fraction was collected between 15 and 25 minutes of partitioning using 

complex-first NECEEM. For sEH-DEL ligand pair, the fraction was collected by applying 

pressure at 4 psi (28 kPa) for 1 min after 26 minutes of partitioning using complex-last 

NECEEM. Collection vials contained 20 μL of the corresponding running buffer.  

 

5.2.3. Quantitative PCR  

DNA tags of DEL molecules in the collected fractions were amplified and quantitated by 

qPCR using a CFX Connect instrument from Bio-Rad (Mississauga, ON, Canada). The qPCR 
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reagent mixture was prepared to obtain final concentrations of 1×Q5 High-Fidelity 2×Master 

Mix (New England BioLabs, Whitby, ON, Canada), 1×SYBR Green (Fisher Scientific, 

Mississauga, ON, Canada), 500 nM forward primer, and 500 nM reverse primer. 

In the case of SA mock selection, we prepared different qPCR reagent mixtures with primer 

sets specific for binders and nonbinders to quantitate them separately. For sEH, a universal set of 

primers was used to quantitate both binders and nonbinders. Before thermocycling, the qPCR 

reaction mixture was prepared by adding a 2 μL aliquot of the collected fraction to 18 μL of the 

qPCR reagent mixture. The PCR thermocycling protocol was as follows: 98 °C for 30 s 

(initialization, performed once), 98 °C for 10 s (denaturation), 65 °C for 20 s (annealing), and 

72 °C for 20 s (extension), followed by a plate read at 72 °C and a return to the denaturation step 

for a total of 40 cycles. All qPCR reactions were performed in duplicate. 

 

5.2.4. Specifics of KCE-based selection of SM ligands for sEH from a pre-screened DEL 

library 

A DEL library with a diversity of 4.74 billion compounds was produced and subjected to 2 

rounds of pre-screening, using target-immobilized magnetic bead-based partitioning by our 

collaborator, Nurix Therapeutics. This pre-screened library was then subjected to a single round 

of complex-last NECEEM-based selection of SM ligands for sEH. The conditions for fraction 

collection and qPCR detection were similar to the procedures described in the previous two 

sections, with a few modifications specified below.  

The equilibrium mixture consisted of 10 nM pre-screened library, 1 µM sEH and 1 nM sEH 

nonbinders. Since this DEL library was unlabeled, the inclusion of 1 nM sEH nonbinders (a 

fluorescently-labelled DEL ligand with a known DNA tag sequence) served to precisely monitor 
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and ensure that both unbound DEL and the pre-determined binder elution window were in their 

expected positions during CE. To maximize the screening and collection efficiency of the DEL 

library molecules, a total of seven repetitions of complex-last NECEEM experiments were 

conducted over a 10-hour period, using the same equilibrium mixture. The collected fractions 

were subsequently subjected to qPCR, pooled, and sent to Nurix Therapeutics for next-

generation sequencing (NGS) and further analysis. 

 

5.3. THEORETICAL AND EXPERIMENTAL CONSIDERATIONS IN DESIGNING 

AND PROVING HIGHLY EFFICIENT KCE-BASED SELECTION OF SMALL 

MOLECULE LIGANDS FROM DELS 

In order to demonstrate the efficiency of KCE in selecting small molecule (SM) ligands from 

DELs, it is crucial to design a study that allows for a quantitative and conclusive comparison 

with traditional surface-based techniques. To achieve this, we have adopted a universal 

framework, based on published guidelines for the development and validation of high-efficiency 

ligand selection from oligonucleotide libraries, to structure our comparative study.
55

  

To set the stage for a meaningful comparison, the first step is to choose a target-DEL pair. 

This pair must include: a binder, which is a DEL ligand containing a SM head with high affinity 

for the target, and a nonbinder, which is a DEL ligand containing a SM head with minimum to 

no affinity for the target. These SM heads should either be well-documented in the literature to 

exhibit the desired affinity to the target or must have been previously selected against the target 

from actual DELs.  

Once the appropriate target, binder, and nonbinder have been identified, the next step is to 

determine the optimal KCE conditions to effectively separate the target−DEL complexes from 
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unbound DELs. This is based on prior research regarding suitable KCE conditions for selecting 

binders from oligonucleotide libraries (as detailed in Chapter 3).
50

 Under these chosen 

experimental conditions, our objective is to ensure that the complex of the binder with the target 

can be readily formed and detected in CE, while the nonbinder should not exhibit any affinity to 

the target. After establishing the optimal KCE-based separation conditions, the partitioning 

performance of KCE in DEL selection can be quantitatively assessed. This involves the 

following steps: (i) assembling a hypothetical DEL with known input quantities of binders (Bin) 

and nonbinders (Nin), (ii) conducting KCE-based partitioning using the hypothetical DEL and 

(iii) determining the quantities of binders (Bout) and nonbinders (Nout) at the output of partitioning 

by quantitative PCR (qPCR). 

To ensure an accurate characterization of partitioning by qPCR, it is essential that the 

amplification of binders and nonbinders is highly specific and free from any cross-amplification 

biases between them. The qPCR-determined quantities of binders and nonbinders at both the 

input and output of KCE-based partitioning allow us to characterize the quality of partitioning 

and compare it to the results obtained using surface-based techniques. Specifically, this data 

enables the calculation of the transmittance of partitioning of binders (kB), often referred to as the 

binder recovery, by determining the ratio of Bout to Bin (see Eq. 3). Similarly, the transmittance of 

partitioning of nonbinders (kN), commonly known as the binder recovery, is calculated by 

establishing the ratio of Nout to Nin (see Eq. 4). 

Furthermore, adhering to the previously described guidelines for evaluating the choice of 

target concentration to avoid any selection failure (refer to Chapter 4), we will assess the choice 

of target concentrations utilized in our selections. This assessment involves the determination of 

the relative yield of library molecules, denoted as the q value. The q value is derived by 
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calculating the ratio of total library molecules in the presence of the target (LT) to that in the 

absence of the target (Nout) (see Eq. 42). A q value significantly greater than unity indicates a 

positive selection outcome with an enrichment of binders. 

In the following sections, we will experimentally demonstrate KCE-based selection of SM 

ligands from DELs, using the established quantitative criteria, while carefully addressing the 

experimental considerations outlined throughout the process. 

 

5.4. RESULTS AND DISCUSSION 

5.4.1. Identification of suitable KCE conditions to separate target−DEL complexes from 

unbound DEL 

In this proof-of-principle study, we employed two model systems, each consisting of a 

protein target and its DEL ligands featuring DNA tag structures identical to those found in a 

typical DEL. The selected protein targets were untagged streptavidin (SA) with a molecular 

weight (MW) of 52 kDa and isoelectric point (pI) of 6.8, as well as His-tagged soluble epoxide 

hydrolase (sEH) with a MW of 63 kDa and a pI of 5.9. For each protein target, we employed a 

set of DEL ligands, including a binder and a nonbinder, featuring similar DNA tag structures but 

distinct small molecule heads. Notably, all DNA tags were fluorescently labelled, enabling the 

detection of DEL ligands through laser-induced fluorescence (LIF) module at 520 nm.  

For SA, the SM head of the DEL binder was biotin, a well-known high-affinity binding 

partner for streptavidin. In contrast, the SM head of the DEL nonbinder was Gly-(l)Leu-4-

carboxybenzene sulfonamide (GLCBS-l-leucine), a compound recognized as a SM binder for 

carbonic anhydrase II and not expected to exhibit affinity for SA.
131

 The second protein target, 

sEH, is a member of  the α,β-hydrolase-fold family of epoxide hydrolases and represents a 
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therapeutic target for chronic obstructive pulmonary disease (COPD). For sEH, the SM head of 

the DEL binder was GSK2256294, a SM drug candidate developed by GlaxoSmithKline against 

sEH.
53,132

 On the other hand, the nonbinder for sEH featured only a benzoic acid functional 

group as its SM head. All the DEL ligands used in this study were synthesized and provided by 

our collaborators: GlaxoSmithKline supplied the DEL ligands designed for SA, while Nurix 

Therapeutics provided the DEL ligands intended for sEH.  

Our initial task in determining the appropriate mode of KCE-based partitioning for non-

tagged SA and His-tagged sEH was to assess the adsorption of these target proteins to the inner 

surface of the fused silica capillary. We found that non-tagged SA exhibited minimal adsorption 

to the silica capillary wall, whereas His-tagged sEH displayed a significant degree of adsorption. 

Consequently, for the selection to yield productive results, mitigating the high level of sEH 

adsorption to the silica capillary wall required the use of a capillary with a neutrally coated inner 

surface.
99,112

 In contrast, the selection for SA could be performed in a regular, uncoated capillary.  

For SA, the use of an uncoated capillary allowed us to employ either the “complex-first” 

mode of NECEEM-based partitioning or IFCE-based partitioning for the selection process. 

Given the size of SA, which is 52 kDa, the most suitable partitioning mode was the “complex-

first” NECEEM since IFCE primarily benefits very large protein targets in the range of 

approximately 100 kDa and above (refer to Chapter 3 for quantitative characterization of KCE-

based selection of binders from an oligonucleotide library).
50

 Consequently, we opted for the 

“complex-first” NECEEM mode for SA, wherein the protein target−DEL complex migrates 

faster than the unbound DEL. To facilitate “complex-first” NECEEM mode, we used a 

sample/running buffer consisting of 50 mM TrisHCl at pH 8.0, with an additional 40 mM NaCl 

to reduce the electroosmotic flow (EOF) and enhance the resolution between SA−DEL complex 
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and the unbound DEL peak without compromising significantly on the total separation time.  SA, 

being a homotetramer capable of binding up to four biotin-containing DEL ligands, exhibited 

multiple SA−DEL complex peaks with different binding stoichiometries when introduced at a 

relatively high concentration in the micromolar range (Figure 5.4a, red trace). In our case, the 

primary focus was the 1:1 stoichiometry complex, which eluted at around 20 minutes. Notably, 

this 1:1 complex peak was effectively separated from the unbound DEL peak, which eluted at 

approximately 33 minutes (Figure 5.4a, black trace). In contrast, when the nonbinder for SA was 

subjected to complex-first NECEEM under similar conditions, no complex formation was 

observed (Figure 5.4b). Thus, under the chosen complex-first NECEEM-based partitioning 

conditions, we identified a suitable pair of binder and nonbinder for SA, forming the basis to 

generate a hypothetical library targeting SA in the mock selection.  

Figure 5.4. Complex-first NECEEM-based binding analysis of SA and its DEL ligands, (a) 

binder and (b) nonbinder. Multiple peaks of SA−DEL complexes were formed between SA and 

its biotin-containing ligand (binder). The 1:1 stoichiometry complex peak was indicated in (a) as 

“1:1 binding”.  

 



133 
 

For sEH and its ligands, a more challenging target-DEL ligand pair than SA and biotin-

containing DEL ligand, we introduced a neutral coating, specifically polyvinyl alcohol (PVA), to 

minimize protein adhesion to the capillary wall. This neutral coating resulted in the suppression 

of EOF, necessitating the use of the “complex-last” mode of NECEEM-based partitioning. In 

this mode, the unbound DEL moves faster than the protein−DEL complex and elutes from the 

capillary prior to the complex. Since the condition of complex-last NECEEM is compatible with 

a wide range of running buffer pH and ionic strength (IRB),
50

 we opted for a sample/running 

buffer similar to the selection buffer used in the original DEL screening to discover 

GSK2256294, the SM head of the binder for sEH in our study. The chosen buffer consisted of 50 

mM TrisHCl at pH 7.5, 100 mM NaCl,
53

 with the addition of 0.1% Tween 20 to further 

minimize adsorption of sEH to the capillary wall and the inner surface of the sample-containing 

vial. This buffer had a higher ionic strength than conventional CE buffers, resulting in increased 

Joule heat generation and temperature inside the capillary. To address this, we employed 

SUMET to predict and adjust electrolyte temperatures by rationally reducing the electric field 

strength.
84

  

With the suitable KCE conditions identified, we conducted complex-last NECEEM to 

evaluate the binding affinity of DEL ligands to sEH. The DEL binder exhibited sub-micromolar 

range affinity, with over 40% of the unbound DEL peak remaining in the presence of 1 µM sEH. 

However, due to the substantial adsorption of His-tagged sEH, the complex peak extended from 

approximately 25 to 45 minutes, with a dissociation bridge to the unbound DEL peak (Figure 

5.5a, upper panel). In the case of the nonbinder, some binding was also observed, as the unbound 

DEL peak decreased by about 30% when 1 µM of sEH was added (Figure 5.5b, upper panel). 

This scenario, where there is not a significant discrepancy between the affinities of the binder 
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and nonbinder for the protein target, is not ideal for the mock selection, as it would adversely 

impact the selection performance parameters. In such a case, a substantial quantity of nonbinders 

would be eluted alongside the binders, as both would form complexes with the protein. Later, we 

discovered that sEH exhibited affinity to the oligonucleotide strands of DEL, as evidenced by the 

Figure 5.5.  Complex-last NECEEM-based binding analysis of sEH and its DEL ligands, (a) 

binder and (b) nonbinder. In (a) and (b), the top panel represents the data without any blocking 

DNA in the sample, while the bottom panel corresponds to the data when 1 mg/ml of salmon 

sperm DNA was introduced. 
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same level of nonspecific binding of sEH to a standard, random oligonucleotide library (without 

any SM moiety) (data not shown).  

To address this issue, we introduced a high concentration of blocking DNA (specifically, 1 

mg/ml salmon sperm DNA) to minimize the nonspecific binding of sEH to the DNA strands of 

DEL. The addition of blocking DNA not only had no adverse impact on the binding of the 

binders to sEH (Figure 5.5a, lower panel) but also significantly reduced the unwanted binding of 

the nonbinder to sEH (Figure 5.5b, lowel panel). With the inclusion of blocking DNA in the 

sample, the binder and nonbinder for sEH, under the chosen complex-last NECEEM partitioning 

conditions, were now considered suitable for the creation of a hypothetical library for the mock 

selection.  

The utilization of distinct KCE-based partitioning modes for SA (complex-first NECEEM) 

and sEH (complex-last NECEEM) is expected to yield different partitioning performance 

parameters for these two protein targets, which will be discussed further in Section 5.4.2. 

 

5.4.2. Selection of small-molecule binders from hypothetical DEL libraries: a comparative 

evaluation of KCE-based and bead-based partitioning methods 

In this section, we performed the mock selection for SA and sEH using the established KCE-

based partitioning conditions outlined in the previous section. To create a hypothetical library, 

we spiked a known quantity of binders into nonbinders at a Bin/Nin ratio of 1 to 1000. This 

hypothetical library was then mixed with 1 µM of the target protein, and the mixture was 

subjected to the chosen KCE-based partitioning method for the respective protein target: 

complex-first NECEEM for SA and complex-last NECEEM for sEH. 
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We collected a fraction within a pre-determined time window, where binders should elute. 

For SA, we collected the fraction between 15 and 25 minutes of partitioning using complex-first 

NECEEM. For sEH, we eluted the target−binder complex by pressure after 26 minutes of 

partitioning with complex-last NECEEM. To evaluate the partitioning performance, both the 

input library and the collected (output) fraction were subjected to qPCR to estimate the input and 

output quantities of binders (Bin and Bout) and nonbinders (Nin and Nout). For SA, we employed 

two sets of primers specific to binder and nonbinder to quantify them separately. We tested the 

quality of qPCR by building different calibration curves with serial dilutions of binders, 

nonbinders, and their combinations, ensuring proper efficiency and no cross-amplification. In the 

case of sEH, the DNA tags of both binder and nonbinder were originally designed to be 

amplified by the same primer set. Therefore, we performed complex-last NECEEM separately 

for binder and nonbinder using the same concentrations in the hypothetical library to estimate the 

quantities of binders and nonbinders for calculation of kB and kN. We then compared the 

quantities of binders and nonbinders collected in individual experiments with the quantity of 

DEL molecules collected using the hypothetical library to ensure consistency. All the data used 

to assess the quality of PCR procedures in mock selections were included in Appendix E1.  

Figure 5.6 illustrated the mock selection results for SA and sEH, with qPCR-determined 

quantities of binders and nonbinders in the input library and the collected (output) fraction, both 

in the presence and absence of the protein target. For SA and sEH mock selections, the relative 

yield of library molecules after partitioning, represented as the q value (indicating the suitability 

of protein concentration to prevent selection failure), significantly exceeded unity. Notably, q 

values were 34 and 4 for SA and sEH mock selections respectively. This suggests that the chosen 
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target concentrations for these mock selections were appropriate and would likely lead to a 

positive selection outcome with an enrichment of DEL binders for both targets. 

As we observed in Figure 5.6a, for SA, after a single round of complex-first NECEEM, the 

quantity of nonbinders decreased by approximately 5 orders of magnitude (kN, SA = 2.1×10
−5

),   

while most of the binders were recovered (kB, SA = 0.7). For sEH, after a single round of 

complex-last NECEEM, the quantity of nonbinders decreased by about 4 orders of magnitude 

(kN, sEH = 1.7×10
−4

), and approximately 15% of binders were recovered after partitioning (kB, sEH 

= 0.16) (Figure 5.6b).  

Figure 5.6. Evaluation of partitioning performance of (a) complex-first NECEEM and (b) 

complex-last NECEEM in mock selections of SM binder from hypothetical DELs for SA and 

sEH respectively.  See text for more details. 
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The levels of nonbinder background observed in SA and sEH mock selections using different 

KCE-based partitioning modes were typical and aligned with our previously published 

quantitative characterization of partitioning in KCE (Chapter 3).
50

 Typically, nonbinder 

background values ranges in the range of 10
−5 

to 10
−3

 for complex-last NECEEM and 10
−6 

to 

10
−4

 for complex-first NECEEM. In complex-last mode, the nonbinder background is relatively 

higher, primarily due to contamination by faster-moving nonbinders at the capillary end before 

the complex elutes from the capillary end. As such, the sEH mock selection using complex-last 

NECEEM experienced approximately 10 times higher nonbinder background than the SA mock 

selection when complex-first NECEEM was used. Another important observation regarding the 

nonbinder background in the sEH mock selection is that significantly more nonbinder was 

collected in the presence of the protein target compared to its absence (kN, sEH = 1.7×10
−4

 and 

6.7×10
−4

 with and without protein, respectively). This indicates that, even with the addition of a 

high concentration of blocking DNA, some protein binding to the nonbinder still occurred. This 

binding was not observable under LIF detection in CE and required qPCR for detection, leading 

to a higher nonbinder background when the protein was present.  

Regarding the binder recovery after partitioning, sEH mock selection showed lower binder 

recovery compared to SA selection (kB, sEH = 0.16 versus kB, SA = 0.7). This difference might be 

attributed to the loss of complexes involving the sticky His-tagged sEH, despite the use of a 

PVA-coated capillary and the addition of Tween 20 to the buffer to minimize adsorption. Given 

the low quantity of binder in the hypothetical library, this phenomenon was challenging to 

completely eliminate.  

Finally, we quantitatively compared the partitioning performance of KCE-based selection to 

bead-based selection. Table 5.1 summarizes the partitioning parameter values obtained for 
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selection of binders from DEL using bead-based partitioning and KCE-based partitioning, 

particularly complex-first NECEEM and complex-last NECEEM modes of KCE. The data for 

bead-based selection was obtained from a previously published mock selection for sEH by 

GlaxoSmithKline researchers, where magnetic beads were used for partitioning binders from a 

hypothetical library with a similar binder-to-nonbinder ratio of 1:1000.
53

 Compared to bead-

based selection, KCE-based selection demonstrated significantly lower nonbinder background, 

ranging from one to several orders of magnitude lower, depending on the chosen CE partitioning 

mode. As for binder recovery, KCE-based selection also outperformed bead-based selection by 

up to a few folds. This value can vary greatly in KCE and depend on the koff  value of the selected 

binders as well as the nature of the protein, particularly its degree of adsorption to the inner 

capillary wall. In general, KCE-based selection for DEL consistently excelled over bead-based 

selection in terms of nonbinder background and binder recovery with the most notable 

improvement seen in the level of background binding.  

Table 5.1. Comparison of KCE-based and bead-based partitioning performance in the 

selection of SM ligands from DEL.   

*Values for magnetic bead-based partitioning were obtained from Ref [53]  
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5.4.3. Proposed KCE-based selection of DEL binders for a therapeutic protein target from 

a real DEL library 

Following our quantitative assessment of KCE-based partitioning for selecting binders from 

a hypothetical DEL library, we moved on to the final phase of our study, where we applied KCE-

based partitioning to select binders from a real DEL library. Our chosen protein target was sEH, 

a therapeutic target for chronic obstructive pulmonary disease (COPD) and one of the protein 

targets we used in our previous mock selection study to characterize KCE-based partitioning for 

DEL selection. To ensure consistency, we employed the exact KCE-based partitioning 

conditions (i.e., complex-last NECEEM) used in the mock selection for this real selection. 

One of the major practical challenges of KCE-based selection, as outlined in the Chapter 1 

and published guidelines for KCE-based partitioning (Chapter 3) is its limitation in injection 

volumes, which restricts the quantity of the input library that can be injected into the capillary. 

Despite the high efficiency in KCE-based partitioning, this limitation can lead to a pool of 

binders with insufficient quantity for downstream processes like PCR amplification and 

sequencing. To address this issue, we decided to enhance the abundance of binders in the input 

library by utilizing a pre-screened DEL library, obtained after two rounds of magnetic bead-

based partitioning, as the input library for our KCE-based partitioning. The DEL library for this 

selection was synthesized and provided by our collaborator, Nurix Therapeutics. Initially, 

approximately 5.1×10
15

 molecules from the library were used as input for pre-screening by 2 

rounds of magnetic bead-based partitioning. Following the pre-screening process, about 5.8×10
10

 

molecules were obtained, which were then divided into two equivalent samples, each containing 

2.9×10
10 

molecules. One of these samples was used for an additional round of bead-based 

partitioning, while the other was subjected to one round of complex-last NECEEM-based 
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partitioning. The two binder-enriched pools, one obtained exclusively from 3 rounds of bead-

based partitioning and the other from 2 pre-screened rounds of bead-based and 1 final round of 

complex-last NECEEM-based partitioning, were subjected to qPCR to quantitate the number of 

collected DEL molecules and later underwent high-throughput sequencing (HTS) to decode the 

DNA tags of the collected DEL molecules. As part of our collaborative efforts, the bead-based 

partitioning was conducted by Nurix Therapeutics, while we performed the KCE-based 

partitioning procedures.  

Figure 5.7 provides a summary of the qPCR-determined quantities of DEL obtained before 

(input) and after the final round of partitioning (output) for both bead-based and complex-last 

NECEEM-based partitioning. It can be observed that input library quantity in the final round of 

bead-based partitioning was about an order of magnitude higher than that of complex-last 

NECEEM-based partitioning. As previously explained, CE-based partitioning suffers from a 

limited injection amount, allowing only a very small fraction of the pre-screened library to be 

used as the input library in this selection. To mitigate this limitation, we conducted multiple 

repetitions of complex-last NECEEM-based partitioning from the same input library and pooled 

all the output fractions from these repetitions to maximize the quantity of DEL molecules that 

could be screened and collected. In this study, a total of seven repetitions of complex-last 

NECEEM experiments were conducted for the same input sample. This resulted in a total input 

quantity of 2.3×10
9
 library molecules being screened in one round of KCE-based partitioning, 

which is about 8% of the total DEL molecules in the pre-screened input library.  
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To assess whether the amount of protein used in both selections (i.e., 1 µM sEH) was 

sufficient, we followed the previously developed guidelines for target concentration evaluation. 

We obtained q values significantly larger than unity for both selections, with approximately 58 

for complex-last NECEEM and 11 for bead. These q values indicate a positive selection outcome 

with the enrichment of DEL binders for both selections. Since q represents the yield of library 

molecules in the presence of target relative to that in the absence of target, it could be interpreted 

that complex-last NECEEM-based partitioning exhibited a higher (~5-fold) protein-dependent 

filtration compared to bead-based partitioning. Moreover, when evaluating the quality of 

Figure 5.7. Evaluation of partitioning quality of complex-last NECEEM and magnetic bead-

based selection of SM ligands from a real DEL library for sEH. See text for more details.  
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partitioning in the final round of selection for bead-based and KCE-based partitioning, we 

observed that KCE-based partitioning was more stringent. This stringency was evident from the 

measured nonbinder background, which was about two orders of magnitude lower for complex-

last NECEEM-based partitioning (kN, complex-last NECEEM = 1.7×10
−3

) compared to bead-based 

partitioning (kN, bead = 1.8×10
−1

). 

Based on Nurix's sequencing analysis of the output pools obtained in the final round of 

selection, positive selection outcomes were indeed observed for both bead-based and complex-

last NECEEM-based partitioning (Appendix E2). In the input library used in both selections, a 

group of DEL controls with variable affinity to the protein target was integrated prior to 

partitioning. By monitoring the counts of these controls in binder-enriched pool obtained from 

bead-based and KCE-based selections, a strong correlation was found in the two HTS datasets. 

Specifically, the affinity of DEL controls highly correlated with their quantity in the final round 

of both selections, indicating that tighter ligands were enriched over weaker ones in both 

selections. Overall, qPCR data combined with HTS analysis suggests that both bead-based and 

KCE-based selection of SM ligands for sEH from a real DEL library were successful in 

enriching SM ligands for sEH from DEL, with KCE-based partitioning exhibiting more stringent 

partitioning performance (i.e., significantly lower nonbinder background). In the future, it is 

necessary to conduct a comprehensive analysis of HTS data to compare the binder-enriched 

pools obtained through KCE-based and bead-based selections. Additionally, a thorough 

evaluation of the affinity and kinetic characteristics of the selected DEL ligands is required to 

gain a deeper understanding of the potential advantages of DEL molecules selected via KCE in 

comparison to bead-based methods. 
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5.5. CONCLUSIONS  

In conclusion, for the first time, we have demonstrated a step-by-step experimental 

development of KCE-based selection of SM ligands from a DEL library. This involved 

determining the appropriate KCE mode for partitioning for different protein targets, optimizing 

experimental conditions to separate target−DEL complexes from unbound DEL, and 

quantitatively evaluating KCE-based partitioning performance using a well-established mock 

selection protocol. We have successfully demonstrated that, in comparison to the traditional 

bead-based techniques, KCE-based partitioning excels in every aspect of selection performance, 

achieving significantly lower nonbinder background and higher binder recovery. Furthermore, 

we have successfully conducted the selection of SM ligands for sEH, a therapeutic target for 

COPD, from a real DEL library. It is also worth to note that the HTS data from the selected pool 

has revealed different classes of DEL ligands, some favoring bead-based partitioning and others 

favoring KCE-based partitioning. Further study is needed to compare the HTS data sets from 

both KCE-based and bead-based selections, which will provide insights into the potential 

practical applications of DEL compounds selected by KCE-based partitioning versus bead-based 

partitioning. By establishing a novel and highly efficient KCE-based partitioning platform for 

selecting SM ligands from DEL, this accomplishment highlights the potential of KCE-based 

partitioning methodology and is expected to promote its adoption in the field of DEL-based drug 

discovery. 
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LIMITATIONS AND FUTURE DIRECTIONS 

Despite the significant advances in the development of KCE, the following challenges still 

remain in using the KCE technology in routine screening of oligonucleotide libraries: firstly, the 

low screening capacity due to the inherent limitation on the sample injection volume; secondly, 

the poor efficiency of KCE in separating molecules with a small difference in size-to-charge 

ratio (this issue is particularly noticeable when working with small target proteins.); and thirdly, 

restricted use of physiological buffers. (While there has been great progress in the compatibility 

of physiological buffers in KCE-based separations, these adaptations come at the cost of long 

separation time and increased complex dissociation.) 

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 selection. To address this issue, some strategies have been 

proposed. One approach involves using modified oligonucleotide libraries with improved target 

binding affinity.
58,59

 This approach aims to maximize the fraction of binders in the sampled 

library and ease the inherent issue of the greatly limited quantity of input library. Another 

approach is the pre-screening of a large quantity of the starting library using surface-based 

partitioning.
60,61

 This step generates a binder-enriched library prior to KCE-based selection, an 

approach that was employed in our selection of SM ligands from a real DEL for sEH (see 

Section 5.4.3). While this hybrid selection approach yielded positive outcomes, it also revealed 

certain limitations. One significant drawback is that, in the case of binder selection from DEL, 

the pre-screened library obtained by surface-based partitioning cannot be amplified by PCR. 

After pre-screening procedures, its quantity is significantly reduced to several orders of 

magnitude less than that of a regular, un-screened (naïve) library. Even with efforts to 
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concentrate this pre-screened library, its concentration remains much lower than the typical 

concentration of a naïve library used in KCE. Consequently, the injected quantity of the pre-

screened library is vastly lower than the typical input quantity of a naïve library in KCE. This, in 

turn, can diminish the advantage of having a binder-enriched library, as it becomes challenging 

to collect a sufficient quantity of DEL binders at the output of KCE-based partitioning. In our 

specific case for sEH selection, we sought to maximize the input quantity of pre-screened 

libraries by conducting multiple repetitions of KCE-based partitioning using the same sample 

mixture (i.e., 7 repetitions over a 10-hour period). However, this approach may not be 

sustainable in other cases, especially considering that not all complexes can survive for such 

extended durations. Even with this approach, only 7% of the pre-screened library was sampled in 

KCE, in contrast to 100% coverage achieved by bead-based methods. For more challenging 

targets with lower affinity to the DEL library than sEH, this limitation becomes more 

pronounced, requiring a significantly larger input quantity to isolate binders. Consequently, 

while the hybrid selection approach holds promise for regular KCE-based SELEX from random 

oligonucleotide libraries, the non-SELEX feature of DEL-based platform necessitates a different 

approach to overcome the limitation of poor input quantity in KCE-based selection. 

In this context, IFCE platform can potentially offer a great 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; 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, 
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(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 kinetic parameters are continuously 

fed into the capillary via electrokinetic 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 separation time.
50

 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 (refer to Chapter 3 for a comprehensive characterization of KCE-based partitioning for 

different target sizes). The mobility of target–binder complexes for small-size targets differs little 

from the mobility of nonbinders. Accordingly, the efficiency of partitioning in NECEEM for 

such targets will be low while IFCE will require exceptionally long time of such complexes to 

elute.
50

 Indeed, we found that the condition of IFCE leads to a drastic decrease in the output 

quantity of binders when the size of the protein target decreases. 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 quantity of intact complex. On the other hand, under the IFCE 

conditions, target–oligonucleotide complexes for large-size target proteins elute faster and are 
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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 (Chapter 2), 

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). For comparison, selecting a pool with similar 

affinity to MutS by NECEEM-based partitioning required three rounds of SELEX. Recently, 

Martinez Roque et al. successfully obtained DNA aptamers for SARS-CoV-2 spike glycoprotein 

(130 kDa) with Kd = 90 nM after only two rounds of IFCE-SELEX.
107

 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. 

To resolve the limitation of KCE-based selection when dealing with small sized targets, 

valuable effort in the community have been directed towards increasing the effective size of 

these targets by  coupling them to beads, leading to a drastic increase in the mobility shift upon 

complexation with bead-immobilized targets.
41

 However, the immobilization of target on a large 

scaffold (e.g., magnetic beads) undoubtedly introduces steric hindrances 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 associated with 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 
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green fluorescent 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.
133

 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 

experimental efforts to generate a well-designed fusion protein system for every protein target of 

interest.  

In addition to the above methodology-related challenges, the main practical consideration 

that remain partially unresolved in the adoptation 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 

20−50 mM ionic strength being the most common. The choice of these buffers can be justified 

by their resulting in low Joule heating and slow time of ion depletion under the condition of 

strong electric field in complex-first NECEEM. In the course of developing IFCE (as discussed 

in Chapter 2), we effectively addressed the issue of Joule heating associated with the use of 

physiological running buffers. We achieved this by employing SUMET, an in-capillary 

temperature determination method, to determine an appropriate electric field strength that would 

yield the desired in-capillary temperature during the separation process.
84

 This innovative 

technique allowed for the utilization of high ionic strength buffers in complex-last NECEEM 

(see Section 5.4.1).  However, it comes with a certain compromise. Under relatively low electric 

field strengths, both IFCE and complex-last NECEEM suffers from lengthy separation time and, 

thus, extensive complex dissociation. To expedite the separation process and maintain the 

integrity of complexes, a constant pressure-driven hydrodynamic flow can be employed during 
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electrophoresis.
94

 However, this approach  introduces an undesirable increase in peak 

broadening, particularly for the separation of nonbinders from target−binder complexes in the 

case of small-sized targets. While the Joule heating problem can be solved conveniently by 

systematic adjustment of the applied electric field using SUMET, the extended 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. 
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CONCLUDING STATEMENTS 

Two decades since its inception, KCE has emerged as a feasible partitioning platform for 

screening oligonucleotide libraries to identify 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 inefficiencies associated with surface 

immobilization, chemical labelling, and non-specific surface adhesion of the interacting 

molecules. Despite its remarkable efficiency, screening oligonucleotide libraries using KCE was 

initially regarded as more art than science, presenting numerous challenges that needed 

resolution before KCE could rival conventional surface-based methods. 

Over the course of my research journey, I have transformed KCE into a well-understood and 

quantitative methodological platform for screening of oligonucleotide libraries. My primary 

achievements can be summarized as follows:  

(i) Minimized nonbinder background: I successfully addressed the issue of nonbinder 

background and further improved the partitioning efficiency in KCE by introducing 

IFCE, a novel KCE-based partitioning method conducted using physiological buffers. 

With IFCE, partitioning efficiency can reach up to 10
9
, a thousand times higher than 

conventional KCE-based methods and a million times higher than typical surface-based 

techniques, enabling single-round selection of high-affinity binders. To complement 

IFCE, I also introduced double-passage KCE approach, uniquely allowing the 

measurement of affinity and kinetics of target−binder complexes selected under 

physiological or IFCE conditions. 

(ii) Enhanced compatibility with physiological buffers: I resolved the problem of KCE-based 

selection's compatibility with physiological buffers by utilizing SUMET, an in-capillary 
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temperature determination method, to rationalize the choice of the electric field strength 

during separation. This breakthrough allows for the seamless performance of KCE-based 

partitioning in high ionic strength buffers, as demonstrated in IFCE and certain cases of 

complex-last NECEEM (see Section 5.4.1 for optimizing the KCE conditions to study 

binding of sEH and its DEL ligands). 

(iii) Quantitative characterization: I provided a comprehensive and quantitative 

characterization of all the KCE-based partitioning methods, guiding CE users on how to 

identify and optimize appropriate KCE-based partitioning conditions for a given protein 

target. 

(iv) Optimized target concentration: To reduce the uncertainty in the general procedures of 

binder selection, I introduced a quantitative experimental parameter that can be readily 

determined to identify an appropriate range of target concentration, avoiding selection 

failures. 

While some challenges remain (e.g.,  low input capacity, limited mobility shift for complexes 

of oligonucleotide binders and small-size protein targets, and compromised separation time and 

binder loss when using physiological buffers), the observed  results from proposed 

improvements in KCE-based selections still outweigh the limitations in many proven 

cases.
41,42,58-60,107

 With further advances in the screening capacity, KCE has the potential to 

become more universal and robust. While the past 20 years of KCE-based selection has been 

mainly devoted to generating aptamers from random-sequence oligonucleotide libraries, our 

successful demonstration of highly efficient KCE-based selection of protein binders from DNA-

encoded library of small molecules marks a significant entry for KCE-based partitioning 

methodology into the field of pharmaceutical drug discovery and development platform. 
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APPENDICES 

APPENDIX A. SUPPORTING INFORMATION FOR IDEAL-FILTER CAPILLARY 

ELECTROPHORESIS (PROOF-OF-PRINCIPLE WORK) 

A1. Determination of elution windows of the MutS−aptamer complex 

Aptamer-collection time windows were determined as widths of the bases of peaks of 

MutS−aptamer complexes in CE experiments performed with NaCl-free RB and fluorescence 

detection (Figure A1).  

Figure A1. Determination of time windows for MutS−aptamer complex collection for RBs based 

on 50 mM Tris-HCl pH 7.0 and containing concentrations of NaCl varying from 0 to 100 mM. 

The equilibrium mixture contained 100 nM MutS, 100 nM fluorescently-labeled aptamer, and 

150 nM Bodipy (EOF marker). Electrophoresis was carried out with an electric field of 200 

V/cm, “+” at the capillary inlet, and a separation distance of 34 cm. The double-headed arrows 

indicate estimated elution windows of the MutS−aptamer complex. 
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A2. Details on the determination of efficiency of binder collection 

We found kB experimentally as kB = Bout / Bin, where Bin is the number of target−binder 

complexes sampled and Bout is the number of binders collected in the binder-collection time 

window corresponding to the elution time window of the target−binder complexes. We first used 

NaCl-free RB in which the target−binder complexes and nonbinders migrate in the same 

direction (complex-first NECEEM) allowing for very accurate determination of Bin by using 

fluorescence detection. A known volume of the equilibrium mixture containing MutS and its 

DNA aptamer was sampled for a CE run, in which both fluorescence and qPCR detections were 

used leading to two electropherograms for each CE run (Figure A2a, b). 

The value of Bin = (8.9 ± 0.9)  10
8
 was found from an electropherogram with fluorescence 

detection shown in Figure A2a as the multiplication product of (i) the total concentration of 

aptamer in the equilibrium mixture, (ii) the volume of the sampled equilibrium mixture, and 

(iii) a relative amount of aptamer that was bound to MutS in the equilibrium mixture (relative to 

the total sampled amount of aptamer). We made no correction for complex dissociation during 

CE as less than 1% of the MutS−aptamer complex dissociated during complex migration to the 

capillary exit. The degree of complex dissociation during KCE-based partitioning of 

MutS−aptamer complex from the unbound aptamer was assessed via determination of the value 

of the rate constant of complex dissociation (koff):   

 
 C D C 1

off
detection

ln ( ) /
0.003 min

A A A
k

t


   

where AD and AC are areas under the electropherograms segments (Figure A2a) corresponding to 

complex decay and the intact complex at the time of its detection, tdetection, respectively. The 

quantity of intact complex at the capillary outlet (Bout) was calculated as:  
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  8

out detected off out detectionexp ( ) 8.8 10B B k t t    
 

Here, Bdetected is the amount of complex that was intact at the time of its passing the detector 

(Bdetected = 8.9  10
8
) and tout is the time when the complex reached the capillary outlet. The value 

of (tout − tdetection) was found to be 4 min. Thus, less than 1% of the complex dissociated during 

complex migration to the outlet from the detector.  

The value of Bout = (9.2 ± 0.4)  10
8
 was then determined from the electropherogram with 

qPCR detection shown in Figure A2b by calculating an integral under the DNA curve within the 

binder-collection time window of 15 to 23 min. Knowing Bout and Bin allowed us to calculate 

kB ≡ Bout / Bin = 1.0  0.1. 

We then conducted an IFCE experiment (with RB containing 100 mM NaCl) and found 

Bout = (7.3 ± 0.5)  10
8
, which is slightly lower than the value of (9.2 ± 0.4)  10

8
 obtained for 

NaCl-free RB. The difference was presumably due to additional ions’ in IFCE affecting the 

strength of ionic bonds in protein−DNA complexes. These experiments demonstrated that by 

choosing a proper binder-collection time window we are able to satisfy our assumption of kB  1. 
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Figure A2. Determination of Bin (a) and Bout (b) for IFCE-based partitioning of MutS-bound 

aptamer and the unbound aptamer. A known volume, V = 47 nL, of the equilibrium mixture 

containing 200 nM MutS and 50 nM fluorescently-labeled aptamer ([Apt]0 = 50 nM) was 

injected and CE was carried out with an electric field of 200 V/cm with a separation distance of 

34 cm. Fluorescence detection was used to obtain an ordinary electropherogram shown in Panel 

a. Two-min fractions were collected and the number of aptamer copies was determined in each 

fraction by qPCR to produce an electropherograms in Panel b. A relative amount of MutS-bound 

aptamer (f) was found from the shaded areas in Panel a, and Bin was determined with formulas 

shown within the panel. Bout was calculated as an integral under the curve in Panel b within the 

binder-collection time window t1 – t2. 
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A3. Evaluation of binding affinity of aptamer pool selected for MutS 

The equilibrium mixture of the enriched DNA library with 100 nM MutS was subjected to 

pressure-aided IFCE with fluorescent detection. A distinct peak corresponding to MutS−DNA 

complexes was observed in a time window of 7 to 9 min followed by a smaller peak of unbound 

DNA with a maximum at 11 min. The apparent equilibrium dissociation constant of 

Kd,app  40 nM for the interaction of the enriched library with MutS protein was found from 

Figure A3. 

 

 

 

 

Figure A3. Pressure-aided IFCE separation of the components of equilibrium mixture containing 

20 nM fluorescently labeled enriched DNA library and 100 nM MutS. The running buffer was 50 

mM TrisHCl pH 7.0, 100 mM NaCl. CE was carried out with an electric field of 200 V/cm 

(“+”at the inlet) with a pressure supplement of 0.2 psi. The separation distance was 34 cm. 
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APPENDIX B. SUPPORTING INFORMATION FOR DOUBLE-PASSAGE APPROACH 

 

B1. Calculating R from the velocity-corrected peak areas via double-passage approach 

eq eq eq eq eq

0 eq eq eq eq eq eq

1 av 2 PL 1 av 2 PL

2 PL 1 av 2 PL 2 PL 1 av 2 PL

[L] [L] ( [PL] [L] ) [PL]
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/ /
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B2. Calculating koff by varying E during the second passage 

The value of koff can be determined by using varying t3 via changing the electric field 

strength (E’ < E). A two-point approach (with two different values of t3: t3 < t3
’
) can be used for a 

simple assessment of koff: 
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B3. Recovery of peak areas  

In order to evaluate the recovery of velocity-corrected peak areas via the double-passage 

approach, we used 1 μM GFP as an analyte mimicking PL in terms of electrophoretic mobility. 

The experiment was repeated 10 times using the default conditions: d = 10.2 cm, r = 37.5 µm, 

l = 1.09 cm, pressure equal to 0.30 psi, total capillary length = 50 cm, E = 200 V/cm (Figure 

B1). Detailed calculation for recovery of peaks areas can be found from Table B1.  
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Table B1. Recovery of peak areas for double-passage experiment with 1 μM GFP. 

 

Figure A1 A2 
t1 

min 

vav 

cm/min 

t2 

min 

d1 

cm 

t3 

min 

vPL 

cm/min 
(A1vav)/(A2vPL) 

B1, 

trace a 
8.70 × 107 3.11 × 108 2.85 3.39 0.933 3.16 3.36 0.941 1.01 

B1, 

trace b 
8.43 × 107 2.91 × 108 2.85 3.39 0.933 3.16 3.28 0.963 1.02 

B1, 

trace c 
8.44 × 107 2.92 × 108 2.87 3.36 0.913 3.07 3.16 0.971 1.00 

B1, 

trace d 
8.60 × 107 2.92 × 108 2.88 3.35 0.900 3.01 3.11 0.969 1.02 

B1, 

trace e 
8.65 × 107 2.98 × 108 2.86 3.37 0.921 3.11 3.20 0.972 1.01 

B1, 

trace f 
8.41 × 107 2.92 × 108 2.88 3.35 0.900 3.01 3.14 0.959 1.01 

B1, 

trace g 
8.38 × 107 2.95 × 108 2.88 3.35 0.900 3.01 3.12 0.967 0.98 

B1, 

trace h 
8.48 × 107 2.89 × 108 2.88 3.36 0.908 3.05 3.11 0.981 1.00 

B1, 

trace i 
8.41 × 107 2.84 × 108 2.89 3.34 0.896 3.00 3.05 0.984 1.01 

B1, 

trace j 
8.40 × 107 2.92 × 108 2.85 3.38 0.929 3.14 3.21 0.980 0.99 

 

 

 

Figure B1. Double-passage experiment performed with 1 μM GFP in IFCE running buffer 

(50 mM Tris-HCl pH 7.0, 100 mM NaCl). Ten repetitions were done to determine the average 

velocity-corrected areas and to assess the error.  
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B4. Recovery of R 

 

 

 
 

Figure B2. Determination of   for GFP–DNA mixture. Areas of peaks of GFP and DNA yield a 

ratio of 0.11. Each set of experiments was performed 10 times.  
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Figure B3.  Double-passage experiments of GFP–DNA mixtures with [DNA]/[GFP] ratios 

ranging from 0.08 to 4. Each set of experiments was performed in triplicates. 
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Table B2. Recovery of R for double-passage experiment of GFP–DNA mixtures. 
 

[DNA]

[GFP]
 Figure A1 A2 

t1 

min 

vav 

cm/min 

t2 

min 

d1 

cm 

t3 

min 

vPL 

cm/min 
R Mean R ± SD 

4 

B3-a, 1 7.88×108 5.18×107 2.85 3.39 0.937 3.18 2.52 1.26 0.814 

0.813 ± 0.003 B3-a, 2 7.84×108 4.93×107 2.88 3.36 0.908 3.05 2.34 1.30 0.815 

B3-a, 3 7.79×108 5.44×107 2.83 3.41 0.954 3.26 2.64 1.23 0.810 

2.4 

B3-b, 1 4.15×108 5.70×107 2.86 3.37 0.921 3.11 2.54 1.22 0.677 

0.672 ± 0.005 B3-b, 2 4.00×108 5.65×107 2.89 3.34 0.896 3.00 2.43 1.23 0.667 

B3-b, 3 3.93×108 5.59×107 2.83 3.41 0.950 3.24 2.64 1.23 0.671 

1.6 

B3-c, 1 2.56×108 5.15×107 2.87 3.37 0.917 3.09 2.55 1.21 0.585 

0.582 ± 0.003 B3-c, 2 2.56×108 5.40×107 2.88 3.35 0.900 3.01 2.58 1.17 0.580 

B3-c, 3 2.51×108 5.23×107 2.90 3.34 0.888 2.96 2.52 1.18 0.581 

0.8 

B3-d, 1 1.27×108 5.13×107 2.85 3.39 0.933 3.16 2.76 1.15 0.411 

0.423 ± 0.011 B3-d, 2 1.33×108 5.13×107 2.85 3.39 0.937 3.18 2.79 1.14 0.424 

B3-d, 3 1.30×108 4.84×107 2.90 3.34 0.888 2.96 2.62 1.13 0.433 

0.4 

B3-e, 1 6.90×107 5.80×107 2.86 3.37 0.921 3.11 2.78 1.12 0.222 

0.225 ± 0.013 B3-e, 2 7.00×107 7.03×107 2.85 3.38 0.929 3.14 3.23 0.97 0.213 

B3-e, 3 6.71×107 5.97×107 2.89 3.34 0.896 3.00 3.08 0.97 0.240 

0.2 

B3-f, 1 4.06×107 6.12×107 2.88 3.35 0.900 3.01 2.85 1.06 0.108 

0.114 ± 0.005 B3-f, 2 4.10×107 5.69×107 2.86 3.37 0.919 3.10 2.83 1.10 0.118 

B3-f, 3 4.08×107 5.85×107 2.87 3.36 0.913 3.07 2.87 1.07 0.116 

0.08 

B3-g, 1 2.41×107 5.64×107 2.84 3.40 0.942 3.20 3.05 1.05 0.041 

0.042 ± 0.001 B3-g, 2 2.43×107 5.73×107 2.86 3.38 0.925 3.12 3.03 1.03 0.041 

B3-g, 3 2.48×107 5.85×107 2.88 3.35 0.900 3.01 2.99 1.01 0.043 
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B5. Experimental determination of Kd and koff of protein–aptamer complex 
 

 

 

Figure B4.  Determination of   for MutS–aptamer mixture. Areas of peaks PL and L, at full 

complex saturation and at absence of target protein yield a ratio of 0.80. Each set of 

experiments was performed in triplicates.  

 

Figure B5.  Double-passage experiment with mixture of MutS protein and its aptamer under 

different electric field strengths: (a) 200 V/cm, and (b) 120 V/cm. Each set of experiments was 

performed in triplicates. The sample mixture contained 0.50 nM MutS and 0.20 nM aptamer. 
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Table B3. Experimental determination of Kd of MutS–aptamer complex. 
 

Figure 
E 

V/cm 
A1 A2 

t1  

min 

vav 

cm/min 

t2  

min 

d1  

cm 

t3  

min 

vPL 

cm/min 
R = 1 R = 0.80 

Kd = 1 

nM 

Kd = 0.80 

nM 

B5-a, 1 

200 

4.44 × 105 8.17 × 105 2.89 3.34 0.892 2.98 3.54 0.842 0.536 0.480 0.470 0.366 

B5-a, 2 4.57 × 105 9.07 × 105 2.82 3.43 0.967 3.32 3.99 0.831 0.519 0.464 0.437 0.340 

B5-a, 3 4.79 × 105 8.78 × 105 2.85 3.38 0.929 3.14 3.74 0.840 0.545 0.489 0.489 0.381 

B5-b, 1 

120 

4.71 × 105 1.21 × 106 2.87 3.37 0.917 3.09 6.31 0.489 0.626 0.573 0.713 0.556 

B5-b, 2 4.82 × 105 1.28 × 106 2.83 3.41 0.950 3.24 5.93 0.546 0.574 0.519 0.559 0.435 

B5-b, 3 4.64 × 105 1.15 × 106 2.81 3.43 0.971 3.33 6.50 0.513 0.630 0.577 0.726 0.566 

 

 

B6. Determination of vL 

The value of vL was determined by electrophoretically running a plug of pure L (MutS 

aptamer) with a cathode at the inlet using the following conditions: d = 4.4 cm, r = 37.5 µm, 

l = 1.09 cm, pressure equal to 0.30 psi, total capillary length = 50 cm, E = 200 V/cm (Figure 

B6). To achieve faster detection time of pure L under standard IFCE condition, the sample plug 

was propagated by injecting a 5.8 cm long plug of the run buffer with a pressure pulse of 0.3 psi 

 90 s, resulting in a shorter d (4.4 cm). The value of t4 was found directly from the 

electropherogram in Figure B6: t4 = 714 s. The, the value of vL = 0.006 cm/s was found with Eq. 

24 in the main text.  

 

 

 

 

 

 

 
Figure B6. Determination of vL. Concentration of L (MutS aptamer) was 50 nM. 
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APPENDIX C. SUPPORTING INFORMATION FOR QUANTITATIVE 

CHARACTERIZATION OF KCE-BASED PARTITIONING 

C1. Dependence of number of partitioning rounds on kN & kB 

Multi-round selection without PCR amplification (non-SELEX):  

 

out in B

1 PCR

in B 1 PCR

B 1

out

in

in

in in

in

out o

PCR

B 1 PCR

B 1 PCR B 1 PCR

1 PCR

B

2

out in B out in N

n B in

ut

i

/

log( ) log( /

1and ( / log( ) 0 and log( / 0

log( /

log( )

and

/ (

)

) 1; )

)

/



















 





m

m

m

m m

m

B

B

B

B B

B
m

B

B B k

Q N

B k Q N

k Q N

m k Q N

k Q N k Q N

Q N

k

N Q

B B k N N k

B k N kN 2

B N 2 in in

B N 2 in in

B N 2 in in B N 2 in in

2 in in

B N

)

( / ) /

log( / ) log( /

/ 1and / 1; log( / ) 0 and log( / 0

log( /

lo

)

)

)

g( / )





   



m

m

Q

k k Q N B

m k k Q N B

k k Q N B k k Q N B

Q N B
m

k k

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



179 
 

Multi-round selection with PCR amplification (SELEX): 
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C2. Empirical mathematical model to predict the electrophoretic mobility of protein–DNA 

complexes 

The mobility of the protein–DNA complex is linked with the molecular weight of the 

complex (MWP–DNA) based on the Eq. 42 (Beloborodov, S. S.; Krylova, S. M.; Krylov, S. N. 

Spherical-Shape Assumption for Protein–Aptamer Complexes Facilitates Prediction of Their 

Electrophoretic Mobility. Analytical Chemistry 2019, 91, 12680−12687) in the main-text:  

 0.68 1/3
P–DNA DNA DNA P–DNAMW  A B L                                                           (42)                      

where electrophoretic mobilities are expressed in mm
2
kV

−1
s

−1
, LDNA is expressed in the number 

of nucleotides, MWP–DNA (sum of MWP and MWDNA) is expressed in kDa, while A and B are 

empirical constants. The constant A and B for running buffer with IRB < 50 mM were published 

previously: A = −9.95 mm
2
kV

−1
s

−1
 and B = 0.0929 kDa

1/3
. 

Since µDNA is dependent on IRB, the new empirical constants A and B were re-established for 

running buffer with IRB = 146 mM. Linear fitting of experimental mobility data for six protein–

DNA complexes with Eq. C1 resulted in A = 10.225 mm
2
kV

−1
s

−1
 and B = 0.2365 kDa

1/3 
with a 

correlation coefficient (R
2
) of 0.946 (Figure C1). 
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Figure C1. Line of the best fit for the electrophoretic mobility of protein−ssDNA complex as a 

function of X: μP−DNA = A + BX, where X = μP−DNALDNA
0.68 

MWP−DNA
−1/3

. Calculated values for A 

and B were 10.225 mm
2
kV

−1
s

−1
 and 0.2365, respectively. The correlation coefficient was R

2 
= 

0.946. 
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C3. Determination of elution time of protein–DNA complex, the binder-collection window, 

and kN for a given value of MWP 

The time of separation (or elution time) of protein−DNA complex (t) for a given value of 

MWP was estimated using the mobilities value obtained from Eq. 42 (main-text). For both 

NECEEM sub-modes (IRB < 50 mM), the A and B constants are −9.95 mm
2
kV

−1
s

−1
 and 0.0929 

kDa
1/3

 respectively. For IFCE (IRB = 146 mM), the A and B constants are 10.225 mm
2
kV

−1
s

−1
 and 

0.2365 kDa
1/3

, respectively. The binder-collection time window for a given value of MWP was 

calculated as the elution time ± 5%. An example of determining the binder-collection time 

window for protein−DNA complex with MWP = 150 kDa in complex-first NECEEM is given 

below (Figure C2).  
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Figure C2. An example of binder-collection time window for protein−DNA complex with 

MWP = 150 kDa in complex-first NECEEM. The black trace indicates the DNA background 

profile (DNA quantity versus elution time under qPCR detection) in complex-first NECEEM. 

The predicted elution time (predicted t) for protein−DNA complex with MWP = 150 kDa in 

complex-first NECEEM was estimated to be 16.5 min. The binder-collection window was 

defined as (16.5 ± 5%) min or 15.7 to 17.3 min. The double-headed arrow indicates the defined 

binder-collection window for protein−DNA complex with MWP = 150 kDa in complex-first 

NECEEM. The associated kN for this protein−DNA complex was calculated as the integral under 

the DNA-background-profile curve within the binder-collection time window divided by the total 

quantity of DNA sampled into the capillary. 
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C4. The predicted elution time of protein−DNA complex with MWP ranging from 15 to 150 

kDa in KCE-based partitioning 

The predicted elution times of protein−DNA complexes with MWP ranging from 15 to 150 

kDa are shown in Figure C3. For both NECEEM sub-modes, the predicted elution times of 

protein−DNA complexes are within 25 min over the whole specified range of MWP. For IFCE, 

the elution times of the complexes are highly sensitive to the variation in MWP. When 

MWP < 25 kDa, the predicted elution time of protein−DNA complexes is beyond 3 h in IFCE.  

 

 

  

Figure C3. The predicted elution time for the proteinDNA complex as a function of MWP 

under conditions of NECEEM and IFCE. 
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Note C5. The dependence of mmin and mmax on MWP ranging from 15 to 150 kDa in IFCE 

for DNA library with moderate to high binder abundance and bulk koff = 10
−4

 s
−1

 

The values of mmin and mmax were calculated using Eqs. 33 and 34 in the main-text, 

respectively, for Q1 = 100 (i.e., Bout exceeds PCR noise of 120 molecules of DNA by a factor of 

100) and Q2 = 1. As kN cannot be measured experimentally for target–binder complexes with 

MWP < 25 kDa under IFCE conditions due to an unreasonably long CE run, the values of kN for 

15 kDa < MWP < 25 kDa were assumed to be constant (in the range of 10
−9

) and equal to the 

experimental kN value obtained for protein−DNA complex with MWP = 25 kDa. 

 

 

 
 

 

 

Figure C4.  The dependence of mmin and mmax on MWP in IFCE for DNA library with moderate 

(a) and high binder abundance (b). The values of kB were estimated based on a bulk koff 

of 10
−4

 s
−1

. 
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APPENDIX D. SUPPORTING INFORMATION FOR PROTEIN                     

CONCENTRATION STUDY 

D1. Determination of the binder-elution window 

To determine the binder-elution window, NECEEM-based partitioning was conducted using 

a mixture of the starting DNA library (100 nM) and a relatively high concentration of the target 

(1 µM). Peaks of protein−DNA complexes were detected for both protein targets at such high 

concentrations, allowing us to identify binder-elution windows to be used in aptamer selection. It 

is noted that in the case of thrombin, the resolution between target−binder complexes and DNA 

nonbinders was poorer than in the MutS case, primarily due to the smaller size of thrombin. As 

such, the partitioning in thrombin selections experienced a much higher nonbinder background 

(10
−4

–10
−3

 for thrombin versus 10
−6

–10
−5

 for MutS).  
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Figure D1.  Determination of binder-elution window for NECEEM-based selection for MutS (a) and 

thrombin (b). Based on the migration profile of DNA nonbinders and target−binder complexes, elution of 

target−binder complexes was conducted using pressure after NECEEM-based partitioning for 26 min and 

20 min for MutS and thrombin selections, respectively. In this complex-last NECEEM mode, the first 

peak (from the left) corresponds to the unbound library while the second peak corresponds to the 

target−binder complex.  
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D2. Summary of nonbinder background (kN) and relative yield of DNA (q) values obtained 

in MutS and thrombin selections 
 

D2.1. Estimation of relative standard deviation of q 

We conducted 5 sets of positive control (presence of target) and negative control (absence of 

target) using 10 µM DNA library and 500 nM thrombin; 5 sets of LT and Nout values were 

obtained respectively. 

The mean value of q ( q ) was calculated from mean values of LT ( TL ) and Nout ( outN ) (n = 5):  

T out/q L N                

Subsequently, the standard deviation (σ) of q was estimated by applying the error-propagation 

rule for noncorrelated standard deviations of LT and Nout: 

outT

22

T out

  
       

   

NLq

q L N


               

The relative standard deviation (RSD) of q could then be calculated:  

RSD 
q

q
q


               

The results of calculations re shown in Table D1 below.  

 

 

Table D1. Relative standard deviation of q. Five sets of positive and negative controls were 

conducted using 10 µM DNA library and 500 nM thrombin to find LT and Nout, respectively. 

Parameters Quantity (number of DNA molecules) Mean σ q
 RSDq 

LT 7.1×109 5.9×109 7.5×109 6.9×109 6.9×109 6.9×109 5.9×108 
15 

0.14 or 

14% Nout 4.3×108 4.0×108 5.4×108 4.6×108 4.7×108 4.6×108 5.3×107 
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D2.2. Summary of kN and q values obtained in MutS selections 

We conducted three-round SELEX for His-tagged MutS with four constant round-to-round 

target concentrations: 1, 10, 100 and 500 nM. Each round involved a set of positive controls (in 

the presence of target) and negative controls (in the absence of target) to determine LT and Nout, 

respectively. After every round, DNA was quantitated with qPCR and kN and q values were 

estimated. The results are shown in Table D2 below.  

 

Table D2. Summary of kN and q values obtained in MutS selections. The values in the Table 

were presented as (Round 1, Round 2, Round 3).  

Target 

concentration  
Nin Nout LT 

kN  

(=Nout/Nin) 
q  

(=LT/ Nout) 

1 nM 
(9.94 × 1011,  

3.28 × 1010,  

3.28 × 1010) 

(6.90 × 107,  

2.67 × 106, 

1.29 × 106) 

(5.73 × 107, 

2.80 × 106, 

1.42 × 106) 

(6.94 × 10−5,  

8.14 × 10−5,  

3.94 × 10−5) 
(0.83,1.05, 1.1) 

10 nM 
(9.94 × 1011,  

3.28 × 1010,  

3.28 × 1010) 

(5.61 ×107,  

7.04 × 105, 

2.77 ×106) 

(3.76 × 108, 

5.91 × 106, 

6.37 × 107) 

(5.65 × 10−5,  

2.15 × 10−5, 

8.44 × 10−5 ) 
(6.7, 8.4, 23) 

100 nM 
(9.94 × 1011,  

3.28 × 1010,  

3.28 × 1010) 

(6.90 ×106,  

8.68 × 105, 

1.43 ×105) 

(4.94 × 108, 

2.77 × 108, 

3.55 × 108) 

(6.94 × 10−6,  

2.65 × 10−5,  

4.36 × 10−6) 
(71.6, 319, 2480) 

500 nM 
(9.94 × 1011,  

3.28 × 1010,  

3.28 × 1010) 

(5.23 ×106,  

7.69 × 105, 

1.86 × 106) 

(3.05 × 109, 

5.08 × 109, 

1.36 × 1010) 

(5.26 × 10−6,  

2.35 × 10−5,  

5.67 × 10−5) 
(583, 6610, 7300) 
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D2.3. Summary of kN and q values obtained in thrombin selections 

Similar to MutS selection procedures, we completed three-round SELEX for thrombin with 

four constant round-to-round target concentrations and estimated kN and q values for every round 

after DNA quantitation with qPCR. We repeated two of four selections for thrombin to ensure 

the reproducibility of the results (10 nM and 500 nM selections). The data are shown in Table 

D3 below.  

 

Table D3. Summary of kN and q values obtained in thrombin selections. The values are 

presented as (Round 1, Round 2, Round 3). 

Target 

concentration  
Nin Nout LT 

kN  

(=Nout/Nin) 
q  

(=LT/ Nout) 

1 nM 
(9.94 × 1011, 

3.28 × 1010, 

3.28 × 1010) 

(5.17 × 108,  

2.12 × 107,  

2.24 × 107) 

(4.48 × 108, 

2.00 × 107, 

2.36 × 107) 

(5.20 × 10−4,  

6.45 × 10−4,  

6.83 × 10−4) 
(0.87, 0.94, 1.1) 

10 nM 
(9.94 × 1011, 

3.28 × 1010, 

3.28 × 1010) 

(4.86 × 108,  

9.61 × 106,  

1.36 × 107) 

(4.69 × 108, 

1.01 × 107, 

1.27 × 107) 

(4.89 × 10−4,  

2.93 × 10−4,  

4.14 × 10−4) 
(0.97, 1.1, 0.93) 

10 nM (repetition) 
(9.94 × 1011, 

3.28 × 1010, 

3.28 × 1010) 

(4.61 × 108,  

1.22 × 107, 

 2.11 × 107) 

(4.23 × 108, 

1.35 × 107, 

1.89 × 107) 

(4.64 × 10−4,  

3.73 × 10−4,  

6.44 × 10−4) 
(0.92, 1.1, 0.90) 

100 nM  
(9.94 × 1011, 

3.28 × 1010, 

3.28×1010) 

(5.02 × 108,  

1.69 × 107,  

1.13 × 107) 

(1.00 × 109, 

4.21 × 108, 

7.39 × 109) 

(5.05 × 10−4,  

5.15 × 10−4,  

3.44 × 10−4) 
(2, 25, 66) 

500 nM 
(9.94 × 1011, 

3.28 × 1010, 

3.28 × 1010) 

(4.25 × 108,  

1.57 × 107,  

2.17 × 107) 

(7.11 × 109, 

7.99 × 109, 

1.56 × 1010) 

(4.27 × 10−4,  

4.78 × 10−4,  

6.61 × 10−4) 
(17, 510, 720) 

500 nM (repetition) 
(9.94 × 1011, 

3.28 × 1010, 

3.28 × 1010) 

(3.96 × 108,  

1.60 × 107,  

1.85 × 107) 

(5.90 × 109, 

6.88 × 109, 

1.48 × 1010) 

(3.98 × 10−4,  

4.87 × 10−4,  

5.63 × 10−4) 
(15, 430, 800) 
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D3. Data analysis for bulk affinity assays 

D3.1. Electropherograms and calculation of R for MutS selection 

We used a previously published bulk affinity workflow to evaluate the progress of selection 

for MutS selection at four different target concentrations (Teclemichael, E.; Le, A. T. H.; 

Krylova, S. M.; Wang, T. Y.; Krylov, S. N. Bulk Affinity Assays in Aptamer Selection: 

Challenges, Theory, and Workflow. Analytical Chemistry 2022, 94, 15183-15188). The bulk 

affinity assay was conducted using a constant DNA concentration of 1 nM and a starting target 

concentration of 1 µM (Figure D2). The target concentration in the bulk affinity assay was 

subsequently decreased in a stepwise fashion (i.e., 1 µM → 100 nM → 10 nM) to ensure that R 

value (fraction of unbound library) stays within its desired range of 0.3–0.7. 
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Figure D2. Bulk affinity tests of the starting library and the binder-enriched libraries obtained in 

MutS selections at four different target concentrations using the published bulk affinity 

workflow. Black, red, blue, and magenta traces represent selections using 1, 10, 100, and 500 nM 

MutS, respectively. The experiments were conducted in triplicates and only the representative 

electropherograms are shown here. The dashed line indicates the position of the target−binder 

complex in each electropherogram while the leftmost peak corresponds to the unbound DNA 

library. 
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The R value in the bulk affinity test was then estimated from the ratio of the peak area of 

unbound DNA library to the total peak area of unbound library and target−binder complex in the 

corresponding electropherograms using the NAAP program (Kanoatov, M.; Galievsky, V. A.; 

Krylova, S. M.; Cherney, L. T.; Jankowski, H. K.; Krylov, S. N. Using Nonequilibrium Capillary 

Electrophoresis of Equilibrium Mixtures (NECEEM) for Simultaneous Determination of 

Concentration and Equilibrium Constant. Analytical Chemistry 2015, 87, 3099-3106). The 

results are shown in Table D4 below.  

 

Table D4. Summary of R values for the starting library (Round 0) and binder-enriched libraries 

(Round 1–3) obtained in MutS selections at 4 different target concentration schemes: 1, 10, 100 

and 500 nM MutS. Note that R values for Round 0 were the same for all selections. 

 

Selection Round 
Target concentration used in the 

affinity test 

R values for 

triplicate runs 
Mean R ± standard 

deviation 

 0 1 µM 0.802, 0.845, 0.857 0.835 ± 0.024 

1 nM MutS 

1 1 µM 0.822, 0.791, 0.791 0.801 ± 0.015 

2 1 µM 0.790, 0.865, 0.721 0.792 ± 0.059 

3 1 µM 0.763, 0.759, 0.823 0.782 ± 0.029 

10 nM MutS 

1 1µM 0.643, 0.700, 0.731 0.691 ± 0.036 

2 1 µM 0.324, 0.296, 0.346 0.322 ± 0.021 

2 100 nM 0.531, 0.537, 0.535 0.534 ± 0.003 

2 10 nM 0.850, 0.871, 0.833 0.851 ± 0.016 

3 10 nM 0.634, 0.700, 0.719 0.684 ± 0.037 

100 nM MutS 

1 1 µM 0.411, 0.443, 0.451 0.435 ± 0.018 

2 1 µM 0.214, 0.231, 0.151 0.198 ± 0.035 

2 100 nM 0.376, 0.445, 0.304 0.375 ± 0.058 

2 10 nM 0.625, 0.709, 0.707 0.680 ± 0.039 

3 10 nM 0.637, 0.570, 0.542 0.583 ± 0.400 

500 nM MutS 

1 1µM 0.511, 0.482, 0.544 0.512 ± 0.025 

2 1 µM 0.164, 0.159, 0.151 0.158 ± 0.006 

2 100 nM 0.325, 0.260, 0.274 0.286 ± 0.028 

2 10 nM 0.646, 0.633, 0.613 0.631 ±0.014 

3 10 nM 0.508, 0.569, 0.528 0.535 ± 0.025 
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D3.2. Electropherograms and calculation of R for thrombin selections 

Similar to our treatment of MutS selection results, we applied the bulk affinity workflow to 

assess the progress of selection for thrombin across four different target concentrations. The 

workflow maintained a constant DNA concentration of 20 nM and began with a target 

concentration of 1 µM (Figure D3). At 1 µM target concentration, significant binding of the 

starting library to thrombin was observed as the corresponding R value was below 0.3. 

Consequently, the target concentration was reduced by 10 folds from 1 µM to 100 nM. This 

adjustment was made to elevate the R value of the starting library (Round 0) to a level within the 

desired range (0.3–0.7); this target concentration (100 nM) remained fixed for later rounds.  

 

Figure D3. Bulk affinity tests of the starting library and binder-enriched libraries obtained from 

thrombin selections at four different target concentrations using the published bulk affinity 

workflow. Black, red, blue, and magenta traces represent selections using 1, 10, 100, and 500 nM 

thrombin, respectively. The affinity test for every round was conducted in triplicates and only the 

representative electropherograms are shown here. The dashed lines indicate positions of the 

target−binder complexes while the leftmost peak corresponds to the unbound DNA library.  
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In thrombin selections, the resolution between the unbound library and the target−binder 

complex was relatively poor (Figure D3), leading to challenges in calculating R based on 

distinct peak areas of the unbound library and target−binder complex. Therefore, for the 

thrombin case, we determined R value by utilizing the peak height ratio of unbound library in the 

presence of target to that in its absence. The peak heights and migration times were obtained 

with 32 Karat Software. The results can be found in Table D5 below.  

 

Table D5. Summary of R values for the starting library (Round 0) and binder-enriched libraries 

(Round 1–3) obtained in thrombin selections at four different target concentrations: 1, 10, 100 

and 500 nM thrombin. Note, R values for Round 0 were the same for all selections.  

Selection Round 
Target concentration used in the 

affinity test 

R values for 

triplicate runs 

Mean R ± 

standard 

deviation 

_ 0 1 µM 0.261, 0.266, 0.268 0.265 ± 0.004 

0 100 nM 0.640, 0.636, 0.644 0.640 ± 0.004 

1 nM thrombin 

1 100 nM 0.660, 0.663, 0.682 0.669 ± 0.012 

2 100 nM 0.644, 0.656, 0.665 0.655 ± 0.011 

3 100 nM 0.635, 0.627, 0.630 0.631 ± 0.004 

10 nM thrombin 

1 100 nM 0.649, 0.654, 0.662 0.655 ± 0.007 

2 100 nM 0.627, 0.635, 0.640 0.634 ± 0.007 

3 100 nM 0.653, 0.660, 0.651 0.655 ± 0.005 

10 nM thrombin 

(repetition) 

1 100 nM 0.683, 0.685, 0.682 0.684 ± 0.002 

2 100 nM 0.671, 0.671, 0.674 0.672 ± 0.002 

3 100 nM 0.640, 0.651, 0.653 0.648 ± 0.007 

 

100 nM thrombin 

 

1 100 nM 0.453, 0.429, 0.427 0.436 ± 0.015 

2 100 nM 0.403, 0.411, 0.435 0.416 ± 0.016 

3 100 nM 0.322, 0.320, 0.296 0.313 ± 0.015 

500 nM thrombin  

1 100 nM 0.474, 0.490, 0.515 0.493 ± 0.021 

2 100 nM 0.403, 0.470, 0.420 0.431 ± 0.035 

3 100 nM 0.341, 0.350, 0.313 0.335 ± 0.020 

500 nM thrombin 

(repetition)  

1 100 nM 0.489, 0.502, 0.501 0.497 ± 0.008 

2 100 nM 0.402, 0.427, 0.443 0.424 ± 0.020 

3 100 nM 0.349, 0.337, 0.338 0.341 ± 0.007 
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APPENDIX E. SUPPORTING INFORMATION FOR KCE-BASED                        

SELECTION FROM DEL 

E1. Quality assessment of q-PCR determined data used in mock selection for SA and sEH 

For the SA mock selection, we employed two distinct sets of primers, one for binders and 

another for nonbinders, allowing us to quantitate them separately. To ensure the efficiency and 

specificity of these qPCR primer sets, we conducted thorough testing by constructing various 

calibration curves. These curves covered a range of serial dilution standards, from 10
−17

 to 10
−10

 

M, consisting of binders, nonbinders, and their combination. This rigorous testing ensured proper 

amplification efficiency and confirmed the absence of cross-amplification. 

Specifically, we used the binder-specific primer set to establish calibration curves for binders 

and their combinations, as illustrated in Figure E1a below. Similarly, the nonbinder-specific 

primer set was used to construct calibration curves for nonbinders and their combinations, as 

displayed in Figure E1b below. In both figures, the calibration curves for either binders or 

nonbinders alone and for the combination of both were nearly identical. These results indicate 

that the presence of either binders or nonbinders did not affect the efficiency of amplification of 

the other. Furthermore, the amplification of binders and nonbinders using their respective primer 

sets demonstrated high specificity, with no observed amplification of either binders or 

nonbinders using the primer set that was specific for the other.  
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Figure E1. Calibration curves for binders and nonbinders using binder-specific (a) and 

nonbinder-specific (b) primer sets, respectively.  Mixture standards, combining both binder and 

nonbinder standards, were also incorporated to assess the potential for cross-amplification.   
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For the sEH mock selection, the DNA tags for both binders and nonbinders were originally 

designed to be amplified using the same primer set. To estimate the quantities of binders and 

nonbinders when mixture of binders and nonbinders was used, as in the hypothetical library, we 

conducted complex-last NECEEM experiments for binders and nonbinders separately, using 

concentrations similar to those in the mixture. Subsequently, we compared the quantities of 

binders and nonbinders obtained in these individual experiments with the quantity of DEL 

molecules obtained from experiment with the mixture (the hypothetical library) to ensure that the 

numbers matched. The summarized results are presented in Table E1 below, demonstrating that 

the quantities of DEL molecules obtained when using the mixture of binders and nonbinders 

were in agreement with the combined quantities obtained from individual experiments using 

either binders or nonbinders (less than 5% differences).  

 

 

   

 

 

 

 

 

 

 

Table E1. Quantification of DEL molecules at the input and output of partitioning for sEH mock 

selection using q-PCR analysis. 

 

 
Nonbinder 

only 

Binder 

only 

Sum from individual 

experiments 

Mixture of binder and 

nonbinder 

Input 1.2×1010 1.1×107 1.2×1010 1.3×1010 

No target control 

(output) 
1.9×106 2.5×103 1.9×106 2.1×106 

1 µM sEH 

(output) 
7.6×106 1.8×106 9.4×106 9.2×106 
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E2. Initial analysis of binder-enriched pool obtained from bead-based and KCE-based 

selection of SM ligands for sEH 

The output pools from the final round of bead-based and KCE-based selection of SM ligands 

for sEH were PCR amplified, sequenced, translated into chemical structures and analyzed using 

TIBCO Spotfire software as described previously (Clark, M. A. et al. Design, synthesis and 

selection of DNA-encoded small-molecule libraries. Nature Chemical Biology 2009, 5, 647-

654). A group of 23 DEL ligand controls with known literature affinities to sEH were spiked into 

the initial input library (control molecules/library molecules = 2×10
−9

) prior to the selections. 

Subsequently, we monitored and quantified the presence of these controls in the output pool after 

the selections via HTS. In Figure E2a below, the counts per control in the bead-based selection 

were plotted against the counts for the same control in the KCE-based selection. It’s worth 

noting that the count numbers in the KCE-based selection were lower (given that less than 10% 

of the input library was screened using KCE compared to bead-based selection). However, a 

strong correlation emerged in terms of the control abundance between the two datasets. For 

instance, the most abundant control in the bead-based selection was also the most abundant 

control in the KCE-based selection. 

To further assess the data, we normalized the count numbers of all the controls relative to the 

count numbers of the most abundant control. We then plotted the normalized counts per control 

against their literature IC50 values for both the bead-based and KCE-based selections. This 

analysis revealed a strong correlation between the affinity of controls and their quantities in both 

selections, suggesting that both methods effectively enriched tighter ligands over weaker ones 

(Figure E2b). 



200 
 

Lastly, when we plotted the counts of all the selected molecules in the bead-based selection 

against their counts in the KCE-based selection, distinct patterns emerged. Some classes of DEL 

ligands favored bead-based partitioning, while others exhibited a preference for KCE-based 

partitioning (Figure E3).  
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Figure E2. Correlation between a set of controls detected in bead-based and KCE-based 

selections.  In (a), the counts per control from the bead dataset were plotted against the counts 

for the same control from the CE dataset. In (b), the counts per control (normalized to the most 

abundant control) were plotted against their respective literature IC50 values for both bead-based 

and KCE-based selections. 
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Figure E3. Preference of selected DEL ligands for bead-based or KCE-based partitioning. The 

green or yellow data are ≥ 4σ favoring bead-based and KCE-based selection respectively.  

 


