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Abstract 

The success of KCE-based aptamer selection relies on three distinct steps of pre-selection 

optimization: (i) preventing protein adsorption to the inner walls of the capillary, (ii) maximizing 

the protein-DNA separation, and (iii) determining an appropriate aptamer-collection window. To 

perform the first step of optimization, we have developed a simple pressure-based approach 

which can qualitatively characterize protein adsorption on capillary walls in CE1
• Conceptually, a 

short plug containing the protein solution is injected into the capillary and carried towards the 

detection point by applying a low pressure. A dual on-column detector is mimicked by repeating 

the experiment using the same capillary but a shortened distance to the detection window. The 

temporal propagation pattern of the protein, at each detection distance, is recorded and the degree 

of adsorption then analyzed by comparing peak areas and symmetry. This process can be 

repeated using different buffer additives2
, dynamic or permanent coatings until optimal 

conditions are established. The remaining two steps of pre-selection optimization can be solved 

by fluorescently labelling the target protein so that its compatibility with KCE separation is 

maintained3
• By labeling the protein with Chromeo P503, we demonstrate that target detection in 

CE is markedly improved without significantly affecting the proteins electrophoretic mobility or 

ability to bind DNA. Thus, Chromeo-labelling can facilitate the accurate identification of both 

the protein and protein-aptamer complex, which is necessary for maximizing protein-DNA 

separation and selecting the aptamer collection window. 

Target-specific considerations must also be optimized prior to commencement ofKCE­

SELEX. Exonuclease targets, such as Exonuclease I (E.coli), recognize the DNA library as a 

substrate to be degraded. As a result, the enzyme must be inactivated while still maintaining its 

native three-dimensional structure during aptamer collection. In addition, non-specific, or 

ii 



unwanted binding at the active site must be avoided, as collection of non-aptamers would limit 

the progress of KCE-SELEX. For Exol, a divalent metal chelating agent was found to 

effectively suppress library degradation through experimental optimization. In addition, a small 

oligonucleotide-based competitive inhibitor was found to bind to the active site with high 

affinity. This effectively eliminates any unwanted binding of the DNA library at the substrate 

binding site. The Exol-inhibitor complex can then serve as a target for aptamer development 

towards an allosteric site of the protein. 
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Chapter 1: Introduction and General Overview 

1.1 Non-covalent Biomolecular Interactions 

Non-covalent molecular interactions are central to all biological systems, where they 

govern fundamental processes necessary for cellular function and viability. All chemical bonding 

exists as an energetically favorable balance between the opposing forces of attraction and 

repulsion at the atomic level. 4 Covalent bonds are strong electrostatic forces generated between a 

pair of electrons and positively charged nuclei, which hold individual atoms together as a 

molecule. 5 They are formed though the direct sharing of electrons and are characterized by fixed 

angles and distances between the bonding atoms. 6 These bonds dictate the structural foundation 

of all biological molecules and function as a potential energy reservoir during cellular 

metabolism. In contrast, non-covalent bonds are much more dynamic and result from a diverse 

set of weak electromagnetic interactions. Non-covalent bonding occurs through a wide range of 

distances, providing the structural flexibility found in all macromolecules, and the specificity 

needed for intermolecular recognition. Although these bonds are individually weak and exist 

only transiently at physiological temperatures, collectively they allow for highly stable and 

specific intermolecular binding, as well as complex three dimensional structure formation. There 

are four major types of non-covalent forces prevalent in biomolecular interactions: (i) ionic 

interactions (ii) van der Waals forces (iii) hydrogen bonding and (iv) the hydrophobic effect. It is 

these basic interactions that control a myriad of cellular events ranging from signal transduction, 

gene regulation, cell recognition, the catalytic activity of enzymes and the immune response.7
'
8 
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1.1.1 Ionic Interactions 

Ionic interactions emanate from a variety of electrostatic forces of attraction or repulsion 

that can exist between charged and partially charged particles. The strength of such forces is 

highly dependent on the distance between the interacting species, which is generally dictated by 

the molecular structure rigidity. Charge-charge interactions occur when ionized particles of 

opposite charge are within close spatial proximity. Forces of this type are relatively strong and 

can occur through the widest range of distances in comparison to all other non-covalent 

electromagnetic interactions. Charged particles can also interact with polarized neutral species if 

they exist as molecular dipoles where the charge density is physically separated within itself. The 

nature of such forces depends on how the dipole is positioned relative to the neighbouring ion as 

alternate orientations result in either an attractive or repulsive force. 9 

1.1.2 Van der Waals Forces 

Two electrically neutral particles may also experience relatively weaker forces of 

attraction and repulsion, known as van der Waals forces, based solely on the polarity or 

polarizability of each molecular partner. These forces are derived though an unequal charge 

distribution where the electron density is shifted towards an atom of greater electronegativity, 

thus forming a molecular dipole. Two molecules with permanent dipole moments may 

experience notable forces of attraction when their mutual spatial orientation is in agreement. 

Although these forces are weaker than the aforementioned ionic interactions, they are still quite 

prevalent in many affinity-based binding. It is also possible for a point charge or permanent 

dipole to induce a dipole in a nearby species with polarizable molecular properties. The induced 

dipole moment would otherwise not exist in the absence of the inducing agent (i.e. the ion or 
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dipole) with which it is interacting. Although the van der Waals force involving inducible 

particles is not necessarily weaker than those found between permanent charges of the same 

type, they exhibit a much greater dependency on the interatomic distances between opposing 

charges. Accordingly, the occurrence of such interactions is often enforced by the three­

dimensional organization of each molecule and their structural complementarities.10 Dispersion 

forces are the weakest type of van der Waals interaction which typically occurs between 

overlapping electron clouds in aromatic molecules. These forces are derived through the mutual 

synchronization of fluctuating electric charges which then leads to the simultaneous production 

of two induced dipoles.11
•
12 

1.1.3 Hydrogen Bonding 

Hydrogen bonding is a specialized type of dipole-dipole interaction which involves a 

hydrogen atom covalently attached to a highly electronegative atom (i.e. N, F, or 0). The 

electron deficient hydrogen atom retains a partial positive charge and serves as a hydrogen donor 

capable of binding to a nearby electron rich acceptor atom. Although the major energetic source 

of the hydrogen bond is electrostatic and dipole-based, the interaction also possesses a significant 

covalent character. The covalent nature of the hydrogen bond is conveyed through its relatively 

short and fixed bond lengths which cannot be explained solely through overlapping van der 

Waals radii. Moreover, hydrogen bonds have a linear directionality and are aligned at predictable 

interatomic orientations, a feature analogous to covalent-based interactions.13 The strength of 

these interactions is intermediary to van der Waals forces and covalent bonds, with molar 

enthalpies ranging from 0.214 to 3915 kcal mor1
• Hydrogen bonding confers the stability found in 

complex macromolecular structures such as the DNA double helix. It also has a fundamental 
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influence on higher-order protein folding and is a crucial element needed for a-helix and ~-sheet 

formation. 16 

1.1.4 Hydrophobic Effect 

Non-polar molecules or molecular residues demonstrate a rather low solubility when 

submerged in an aqueous environment and tend to aggregate together to form clusters. Unlike 

the previously described electromagnetic forces of attraction and repulsion, the hydrophobic 

'interaction' is misleading as it does not involve any true bonding character between 

hydrophobic species. Rather, the mechanism of non-polar molecular ordering is 

thermodynamically driven through the mutual exclusion of the surrounding polar solvent. This 

phenomenon, referred to as the hydrophobic effect, is a spontaneous process determined 

primarily through an entropy based increase in systems overall free energy. The aqueous solution 

found in most biological systems is predominantly composed of liquid water. The structural 

polarity of water molecules results in the assembly of inherently dynamic hydrogen bonding 

networks with neighboring water molecules or other polar species. If the non-polar solute were 

completely hydrated by the solvent, this would disrupt the hydrogen bonding network and reduce 

the configurational space that would otherwise be available for hydrogen bonding. This 

effectively reduces the number of accessible microstates for each water molecule in the system. 

Since water makes up the majority of the solution, this results in a notable entropy increase in the 

system as a whole. As a result, non-polar molecules tend to associate in aqueous solutions in 

order to minimize the surface area exposed to the solvent.17 
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1.2 Reversible Binding Kinetics 

Affinity-based biomolecular bonding generally exists through a variety of non-covalent 

interactions, which collectively define the overall binding strength. When two molecules that 

share a common affinity are combined together in solution and left to equilibrate, a distinct time-

dependent association will exist between the unbound species and the molecular complex. The 

rate of this reversible interaction is concentration dependent and obeys the simple binding 

reaction as follows: 

T+L TL 

Here T refers to a large biomolecule, typically a protein, and L refers to any substance, 

typically a smaller molecule, which binds to the protein to form a binary complex, denoted as 

TL. In this report the binding partners, T and L, are referred to as target and ligand, respectively. 

Since the reaction is reversible, it does not reach completion and a combination of all three 

species (T, L and TL) will exist in solution at any given time. Although the reaction is never 

static, during equilibrium the average concentration of each component is maintained. To fully 

appreciate the dynamic interplay of a given interaction, it is important that the kinetic rates of 

complex formation and dissociation, k0n and k011 , be properly characterized. These kinetic rate 

constants are interconnected with the concentrations of each species and can be mathematically 

defined through the law of mass action (equation 1 ). 

d[TL] 
-;ft= k0n[T][L] - koff [TL] (1) 

(2) 

5 



At chemical equilibrium, the rate of complex formation is equivalent to the rate of its 

dissociation, represented by equation 2, where [T], [L], and [TL] refer to the equilibrium 

concentration of T, L, and TL respectively.18 

1.2.1 Equilibrium Constant of Dissociation 

When investigating the binding kinetics between a given target and ligand, a parameter 

known as the equilibrium constant of dissociation, Kd, is used to quantitatively define the 

strength of such interaction. Mathematically, Kd is defined through equation 3 and is measured 

in units of concentration. If the equilibrium ratio between bound to free target or ligand (i.e. 

either [T] /[TL] or [ L] /[TL]) is measured experimentally with reasonable certainty, the Kd value 

can be calculated. This constant is especially useful in areas of biochemistry and pharmacology 

as it numerically conveys the natural inclination towards complex dissociation under a given set 

of conditions. More specifically, Kd is defined as the ligand concentration at which half of the 

available target molecule is bound. 

kotf [T][L] 
Kd = kon = [TL] (3) 

[L] 
r=---

Kd + [L] 
(4) 

The position of any chemical equilibrium can be shifted by altering the initial concentrations 

of either component; however, the Kd value itself is independent of such considerations. In fact, 

the calculated Kd is contingent solely on external factors such as temperature and reaction 

solvent, making it a very useful parameter for conveying the strength of interaction. The ratio of 

bound target to total target present during equilibrium can be described through a parameter 
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known as fractional occupancy (equation 4), which can be mathematically derived from the 

initial ligand concentration and intrinsic Kd value (see appendix for complete derivation). 19 

By convention, the equilibration time is determined experimentally as the time needed for 

90% of the ligand to bind to the excess target. The Kd is established through several equilibrium 

experiments where the concentration of target is kept constant and that of the ligand is varied 

from well below the target concentration up until complete saturation is achieved. 20
•
21 Generally 

this process is quite lengthy and requires an exhaustive set of experiments to establish a 

numerically accurate Kd· Although saturation experiments remain the classical approach affinity 

analyses, alternative techniques are available with added advantages. Experimental approaches 

may or may not require the separation of free ligand from bound. Although separation-free 

approaches such as spectroscopy, isothermal titration calorimetry and surface plasmon resonance 

are capable of affinity measurements, alternative separation-based techniques, including 

chromatography, membrane filtration, precipitation, surface plasmon resonance and capillary 

electrophoresis are generally preferred as they can also assist in affinity purification22
• Several 

separation-based kinetic methods must take caution to ensure that equilibrium is maintained 

throughout the separation in order to obtain a reliable Kd measurement. In addition, methods 

which require target immobilization must ensure that the attachment process does not lead 

discrepancies in affinity measurements caused by surface adsorption, structural alterations or 

steric hindrance. 23 

1.3 Aptamers as Ligands 

Aptamers are small single stranded (ss) oligonucleotide or peptide-based ligands, which 

adopt specific three-dimensional structures capable of binding a target molecule with high 
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affinity and selectivity.24
'
25 With nucleic acid-based aptamers, secondary structure is largely 

established by their distinctive nucleotide sequences and their corresponding base-pair 

complementarity. It is the unique secondary structure of an aptamer that imparts the binding 

selectivity towards its target. Their molecular recognition capacity has been shown to parallel 

that of antibodies, and as a result, aptamers serve as a viable substitute in therapeutic, diagnostic 

and analytical assays which require such high affinity probes. In addition, aptamers offer 

unequivocal advantages over traditional affinity probes due to their ease of synthesis, low 

production cost, amenability to chemical manipulations, and ability to undergo in vitro 

selection. 26
'
27 Due to their irrefutable versatility, aptamers are now used in several diagnostic and 

therapeutic applications ranging from biosensory affinity probes28 to drug candidates29 and drug 

delivery vehicles. 30 

1.3.1 Systematic Evolution of Ligands by Exponential Enrichment 

In 1990, the laboratories of Jack Szostak and Larry Gold independently developed the first 

artificially selected nucleic acid ligands from large combinatorial libraries in vitro, using an 

iterative procedure now known by the acronym SELEX (systematic evolution of ligands through 

exponential enrichment).31
'
32 Using in vitro selection, aptamers can be isolated from large DNA 

(or RNA) libraries that consist ofroughly 1012 
- 1015 unique sequences of potential target 

binders. Each nucleic acid belonging to the library contains a distinct region of 40 to 80 

randomized nucleotides flanked on each side by two constant regions (""20 nucleotides in length) 

that are intended to serve as binding complements to PCR primers. SELEX begins by briefly 

incubating a target of interest with the DNA (or RNA) library for a fixed time period to ensure 

that the mixture has reached chemical equilibrium. Target-binding sequences are isolated from 

the free DNA in a partitioning step and then used as a template for PCR amplification. The 
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amplified DNA sequences then serve as an aptamer-enriched library from which the subsequent 

round of selection is made. The cycle of incubation, partitioning and amplification is repeated for 

multiple rounds until aptamers with the desired binding parameters are obtained [Figure 1]. 

ssONA library 

• 00°0•. 
+·-~ + ~ 00+ 

( 

Repeat I? • 0~· 
Make aptamer ~.... /' • II 
single stranded .. / 

'II/Jilt 1. Incubation 
Target' •o Protein J .. :. •.o e 2. Partitionin1 

o •o ¥ 

•oo··~e ~o: 
3. Amplification • + • la • ·: 

[Figure 1] Schematic representation of the three steps involved in the iterative SELEX procedure: (i) Incubation (ii) 
Partitioning, and (iii) Amplification.33

•
34 

The partitioning of potential aptamers from non-binding sequences is arguably the most 

crucial step in the SELEX process. Inefficiencies during sequence separation can lead to the 

unwanted collection of non-specific DNA as well as loss of potential high affinity aptamers, both 

of which are highly detrimental to in vitro selection. By convention, nitrocellulose filtration is 

frequently elected for partitioning when working with protein targets. Other common sequence 

partitioning methods include target immobilization approaches such as affinity chromatography 

and immunoprecipitation. The efficiency of partitioning not only determines the number of 

rounds needed to produce high affinity aptamers, but it is also central to the success of aptamer 

development in general. With the advent of SELEX technology, aptamers have been developed 
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towards a diversified set of targets including inorganic ions35
•
36

, small molecules3740
, peptides41

.4
2

, 

proteins43
-
48

, nucleic acids49
, viruses50

-
52 and even whole cells53

-
56

• Still, there are a number of 

limitations with the procedure and, although aptamer development is promising, it is not 

guaranteed, and many potential targets are abandoned due to these shortcomings. 

1.4 Overview of Electrophoresis 

Electrophoresis is a separation technique widely used in clinical chemistry and cell biology 

for the analysis of charged molecular species. Under the application of a uniform electric field, 

ionized particles tend to travel towards the electrode of opposite charge. This basic principle can 

be illustrated in Figure 2A, which represents an arbitrary mixture of ions that vary size and 

charge in the absence of an electric field. An external electric field, E, is produced when an 

electrical potential, V, is passed through fixed distance, d, which is established through the 

separation of two electrodes (equation 5). 

v 
E= -

d 
(5) 

This results in the voltage activated migration of cations towards the cathode and anions towards 

the anode as shown in Figure 2B. 57 

A 

0 
0 oe 

•• o. 

B 

-+- 0 0 e o• 
e • -+ 

[Figure 2]. A contained solution of assorted electrolytes in both the absence (A) and presence (B) of a voltage­

stimulated external electric field. 58 
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1.4.1 Electrophoretic Mobility of Charged Analytes 

The differential migration between charged analytes relative to the surrounding fluid or gel 

matrix provides the basis of separation in electrophoresis. The electrophoretic force, Fep, which 

induces analyte migration, is a function of both the overall molecular charge, q, and electric 

field strength, E (equation 6). As the molecule accelerates, it experiences an additional frictional 

force, F1, which resists the forced electrophoretic migration. The frictional force is defined in 

terms of a frictional coefficient, f, and the particles electrophoretic velocity, Vep based on 

Stokes' law. For a spherical particle, f can be described in terms of the solution viscosity, rJ, 

hydrodynamic radius, rh, and the numerical constant, for (equation 7). Once the system reaches 

mechanical equilibrium and the analyte no longer accelerates, the net force is set to zero and the 

frictional force is said to equal the electrophoretic force (equation 8). Here, the electrophoretic 

velocity, Vep' is constant and its numerical value can be resolved experimentally for any 

detectable analyte. Since Vep is a function of the electric field strength, an additional 

proportionality constant, referred to as the electrophoretic mobility, µep' is used to characterize 

the intrinsic mobility of a given macromolecule, independent of external conditions (equation 

9).59 

Fep = qE (6) 

(7) 

qE = 67r1JTVep (8) 

(9) 
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And so it directly follows, that the electrophoretic mobility strength increases with the 

overall charge magnitude, q, and decreases with a larger hydrodynamic radius, rh or frictional 

coefficient, f. This principle can also be visualized in Figure 2, where similarly charged ions 

appear to travel at different velocities depending on their physical dimension and mass. 

1.4.2 Joule Heating Effects 

Electrophoretic separations are always performed in the presence of a buffer system, which 

supplies the ions necessary to support electrical conductivity and aids in maintaining a stable pH. 

The voltage-generated current that travels through the given separation media conforms to 

Ohm's law of electrical dynamics (equation 10), which relates current, I, to voltage, V, through 

a proportionality constant known as resistance, R. Resistance is defined as a force which acts in 

opposition to the current flow, and is a direct function of the support media and buffers used 

during electrophoretic separation. Consequently, background electrolytes of high ionic strength 

have lower electrical resistance and produce a higher current. 

V =IR 

Q oc p = 12R 

(10) 

(11) 

When an electrical current passes through a resistor, some of the potential energy is 

dissipated within the resistor and released as heat though a phenomenon known as Joule heating. 

The rate at which electrical energy is converted into alternate forms is referred to as electrical 

power, P, which can be expressed mathematically in terms of I and R (equation 11 ). The rate at 

which thermal energy is absorbed by the electrophoretic resistor, Q, is directly proportional to 

the total power distributed across the entire system.60 Joule heating can have detrimental effects 
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on electrophoretic separation ranging from band distortion, excessive diffusion, and sample 

denaturation or dissociation. 

In free solutions, separation is especially limited by the severe thermal convection associated 

with the voltage-induced current flow. Since a well-established current is a fundamental 

requirement in electrophoresis, the associated thermal energy must be efficiently dissipated to 

avoid excessive heat production within the separation media. Therefore, a gel matrix is usually 

employed to improve separation capacity as the increased ratio of surface area to volume allows 

for better heat dissipation. In electrophoresis, shorter separation times are beneficial as this tends 

to result in narrower bands and greater resolution due to the reduced time-dependent sample 

diffusion. In theory, this increased band resolution can be achieved by simply increasing the 

potential difference between electrodes, which would lead to a higher current and shorter 

separation times. Unfortunately, at high voltages the additional thermal energy cannot be entirely 

dissipated through the surface and is instead manifested as excessive sample dispersion and 

uneven temperature gradients which may lead to buffer boiling. This undesirable complication 

places an upper limit on the operating voltage, and subsequent resolving power, associated with 

any electrophoretic separation system. 61
-
63 

1.5 Capillary Electrophoresis 

Capillary electrophoresis (CE) is based on the same theoretical principles as slab 

electrophoresis, yet it is conducted in a narrow-bore (20-300 µm, i.d.) capillary. The small inner 

diameter of the capillary imparts several advantages over traditional electrophoretic separations. 

The much larger surface area to volume ratio leads to highly efficient heat dissipation, thereby 

enabling the use of electric field strengths that are unattainable in conventional electrophoresis. 
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The use of strong electric fields allows for faster separation, and the effective heat removal 

minimizes sample diffusion, which collectively results in improved resolution and analytical 

quality separation. Furthermore, the capillary format offers the added advantages of rapid 

analysis times, smaller sample volume requirements, gel-free separation and method 

automation. 64
'
65 

1.5.1 Basic Instrumental Setup 

The typical instrumental setup used in CE is illustrated in Figure 3. It consists of a few 

basic components: a capillary, two electrodes submerged in buffer reservoirs, a high voltage 

power supply (0-30 kV), a light source, and an on-column detector coupled to an output device. 

The power supply is physically connected to each electrode and prompts the formation of an 

electric field across the entire capillary length, from inlet to outlet. Analytes are then carried 

across the capillary based on their unique migration velocity, and detected as they pass the 

detection window located near the outlet. 59 Some on-column detection modalities commonly 

used in CE include UV-absorbance, laser-induced fluorescence, electrochemical or refractive 

index based approaches. Laser-induced fluorescence (LIF) is the most sensitive mode and is 

generally preferred when the sample can be chemically derivatized with a fluorescent agent. If 

sample modification is undesirable or impractical, UV-absorbance is generally used as less­

sensitive alternative. Information pertaining to the absorbance or emission of luminescence is 

detected with a photomultiplier tube, where the output is then read and transmitted through a 

computer interface. 65
'
66 
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[Figure 3] Schematic representation of the basic capillary electrophoresis instrumental set-up including a high 
voltage power supply, two electrodes, fixed-length capillary, light source and on-column detection system. 

In CE, the sample can be injected into the capillary either hydrodynamically through a 

pressure difference between each end, or electrokinetically by an applied electric field. In each 

method, the sample is introduced by momentarily transferring the capillary inlet from the buffer 

reservoir into the sample containing vial. It is possible to accurately control the amount of 

sample injected at the inlet by adjusting either the voltage or pressure settings of the instrument. 

Separation is then initiated by replacing the capillary inlet into a reservoir filled with the 

electrolytic separation buffer under the influence of an external electric field. As the time 

progresses, the molecular species present within the injected sample plug continue to separate 

according to their differential migration velocities. In free zone electrophoresis, the apparent 

velocity of an individual molecule is a direct function of its size to charge ratio in a given 
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separation buffer. The electrophoretic separation of two negatively charges analytes, denoted as 

A and B, is illustrated in Figure 4.58 

+ 
t= 0 

t = 1 

t= 2 

t= 3 

t=4 

t= 5 

A B 

[Figure 4] The time progression of the electrophoretic separation of a sample plug that contains two unique 
analytes: A and B. The apparent velocity of B is considerably faster than A with complete resolution being achieved 
by t=2. 

1.5.2 The Electrical Double Layer 

Fused-silica is, by far, the most common base material used for capillary fabrication due 

to its inherent flexibility, physical strength and chemical inertness. The outer capillary tubing is 

often coated with synthetic polyimide to provide added mechanical strength and durability. At 

physiological pH, the silanol groups of the inner capillary surface retain a considerable negative 

charge (average pK(SiOH) = 5.3)67
• Therefore, when completely filled with the separation buffer, 

the ions present within the electrolyte experience a strong attraction towards the charged silica 

surface. This leads to the manifestation of two parallel layers with opposing charge at the solid-

liquid interface, known as an electrical double layer (EDL). The first layer corresponds to the 

negatively charged silanol groups which are homogeneously distributed along the capillary 

surface, while the second layer is formed with the counter ions dispersed within the electrolytic 

solution. The aqueous layer can be further sub-divided into two distinct regions: an immobile 

layer and a diffuse layer. The inner region, also termed the immobile or Stem layer, consists of 
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electrostatically adsorbed cations that are firmly affixed to the capillary surface and remain 

motionless in the presence of an electric field. The outer region, termed the diffuse layer, also 

retains a net positive charge but extends out further into the solution and is capable of thermal 

and electrical motion. Although the immobile layer holds a positive charge, its magnitude is 

insufficient to neutralize the negative charge of the capillary, and ions within the diffuse layer are 

needed to completely balance the residual surface charge. 68 

Within the diffuse layer, there exists a hypothetical boundary that separates ions based on 

their gravitational or electrical motion relative to the stationary surface. This boundary is referred 

to as the Shear plane. Any ion beyond this theoretical interface will respond favorably to an 

applied voltage and supply an electrical current across the capillary. The electric potential that 

exists at the surface and along the edge of the immobile layer, are referred to as the surface 

potential, 'P0 , and stem potential, 'P8 , respectively. A more useful parameter is the zeta 

potential,{, which refers to the electric potential along the outer limit of the shear plane69 (see 

Figure 5 for EDL interpretation). The zeta potential numerically describes the potential 

difference between the stationary surface and the mobile dispersion media. In colloidal systems, 

{ is used to infer the stability of the suspension and gauges its propensity to form aggregates. In 

capillaries, {is useful as it provides the energetic basis for the electroosmotic flow (EOF), a 

defining feature of CE. 10 
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[Figure 5 Simplified Stern Model of the electrical double layer formed along a fused-silica surface when an aqueous 

background electrolyte completely permeates the inner capillary. The surface potential decreases linearly with the 

distance from surface until reaching the Stern potential, after which an exponential decay in potential energy is 

observed. l/'0denotes the surface potential of the capillary and the Stern potential, l/'0 , corresponds to the energetic 

potential that exists along the outer limit of the immobile layer. {refers to the potential that exists along the Shear 

plane.70 

1.5.3 The Phenomenon of Electroosmosis 

CE has several advantages compared to other commonly used separation techniques, such as 

chromatography and filtration, all of which are attributed to the phenomena of electroosmosis. 

EOF is produced whenever an aqueous solution, in contact with a charged surface, is placed 

within an electric field. The flow itself is represented as the bulk movement of liquid originating 

from the shear plane interface in any electrophoretic system. Although an EOF exists in all 

electrophoresis-based separations, it is generally insignificant and assumed to be negligible in 

non-capillary formats. It is the high surface-to-volume ratio associated with capillaries that 

significantly contributes to the added electroosmotic velocity found in CE. The electroosmotic 

velocity, Ve 0 , depends on a number of external parameters, and is generally modeled using the 

Smoluchowski approximation71 listed in equation 12. Since the Veo is dependent on the 
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externally applied electric field, E, a parameter referred to as the electroosmotic mobility, µe 0 , is 

preferred when reporting the EOF of an experimental separation (see equation 13). 

E( 
Veo = -4 E 

1rr1 

Veo E( 
µeo = E = 47rrJ 

(12) 

(13) 

(14) 

(15) 

Here £ and 1J refer to the dielectric constant and viscosity of the background electrolyte, 

respectively, and 4rr is a numerical constant. The magnitude of (is a function of the capillary 

surface charge, and is inversely proportional to the valence charge of the counterion and the 

square root of its concentration. In addition, ( is highly pH dependent, given that the capillary 

surface charge is directly coupled to the pKa of fused silica. Ultimately, as the electrolyte pH 

increases, additional silanol groups become ionized creating a more negatively charged surface 

and, thus, a more negative(. In addition to the EOF-dependent mobility, charged analytes also 

exhibit unique electrophoretic motilities based on their size to charge ratio as denoted in 

equation 9. Therefore, in CE, the apparent mobility of a given analyte, µap' is a combination of 

the electroosmotic mobility of the separation buffer, µe 0 , and electrophoretic mobility of the 

analyte in question relative to the bulk solution, µep· Through equation 14, it is evident that 

presence of an EOF allows for the continuous movement of neutral species (µep = 0) across the 

capillary, enabling its detection. An additional benefit of the EOF is the ability to simultaneously 
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separate positive, negative and neutral molecules based on their size to charge ratio - a feat that 

is unattainable with alternative separation methods. 

In CE, the apparent velocity, Vap' of a particular analyte can be measured experimentally 

by dividing the capillary length from the inlet to the detector, Ld, by the time needed for that 

same analyte to reach the detection window (referred to as the migration time), tm. The electric 

field strength is determined by dividing the applied voltage by the total length of the capillary, Lt 

(equation 15). The electroosmotic mobility is easily determined experimentally by the 

monitoring the migration of a detectable neutral marker (µap = µeo). The concept of 

electroosmosis and its relationship with the apparent mobility of charged and neutral species is 

illustrated in Figure 6. 58
'
59

'
65

'
72 
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[Figure 6] Illustrative depiction of the concurrent free zone CE separation of charged and neutral species in the 
presence of an electroosmotic flow. The bulk solution travels towards the cathode at a measureable rate, defined 
through the µeo 
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1.5.3.1 Electroosmotic Flow Profile 

Another element that favors CE separation over pressure-based separations is the flat 

cross-sectional flow profile associated with electroosmotic driven fluid propagation. In methods 

such as liquid chromatography, separation is induced through a uniform pressure application 

across the column inlet. Although the directed pressure is consistent across the capillary 

diameter, the liquid in contact with the surface experiences an additional frictional force, which 

opposes the applied pressure. This then results in a laminar flow profile that is parabolic in 

nature, where the central fluid travels at a considerably faster rate than that located near the 

edges. A parabolic profile is undesirable for analytical separations, as it results in increased band 

broadening and a reduction in the peak resolving capacity of the system. The flat profile 

produced by through electrically driven flow is a key contributor to the remarkable efficiency 

and peak resolution in CE separations. The cations that constitute the aqueous portion of the 

EDL form strong interactions with neighbouring water molecules and exit as closely 

interconnected bonding networks. When a potential difference is introduced across the capillary, 

the solvated cations begin to migrate towards the cathode. Since these counterions are clustered 

mainly along the capillary surface, they tend to drag the bulk solution, including the associated 

anions, in this direction though viscous forces, which then drives the EOF. Since the flow 

originates from the thin cationic layer along the surface, the bulk electrolyte tends to travel at a 

constant rate across the capillary cross-section, and thus, yields inherently flat plug profile (see 

Figure 7 for illustration). 65
'
73 
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[Figure 7] Illustration of the flow-profiles associated with pressure-driven and electrically driven separation 
methods. The parabolic profile linked to pressure-based separation methods results from the discontinuous pressure 
gradient is created by the frictional drag experienced along the capillary edges.65 

1.5.4 Separation Efficiency and Resolution 

In separation sciences, the quality of sample partitioning is generally measured using the 

number of theoretical plates, which numerically defines the maximal efficiency of a given 

separation. This value is quantified using parameters which are characteristic to both the sample 

and its physical surroundings. Conceptually, separation efficiency is linked to the extent of band 

broadening and the subsequent peak variance that occurs across the column. As a result, the 

number of theoretical plates, N, achieved during a separation, is a direct function of two 

parameters (i) the capillary length from inlet to detector, Ld, and (ii) the peak dispersion within 

the sample, a (see equation 16 for relationship). 

L 2 
N = _..!!:__ 

a2 
(16) 

(17) 

(18) 

Ideally, the only source of peak dispersion is the time-dependent longitudinal diffusion 

experienced by a given analyte across the capillary. The relationship between a molecules 

diffusion coefficient, D, the applied voltage, V and N is described through equation 17 (see 

22 



appendix for derivation). Large molecules that experience little diffusivity, are better separated 

in CE and produce a greater N value than small molecules which diffuse readily. Since the total 

amount of diffusion depends on the time given for separation, theoretically, the efficiency can be 

controlled through the applied voltage. Resolution, Rs, describes the quality of separation 

between adjacent peaks, based on their average widths along the baseline. In the presence of an 

EOF, the resolution between peaks can be calculated with equation 18, as first derived by 

Giddings74 and later adapted by Jorgenson75 (see appendix for derivation). Here µ1 and µ2 

represent the electrophoretic mobilities of the two analytes being separated and fl. refers to the 

average mobility of both analytes. Based on this equation, optimal resolution is attained only 

when the electroosmotic mobility and average electrophoretic mobilities are of similar 

magnitude but of opposite direction (i.e. when fl. + µeo approaches zero) 

1.6 CE-Based SELEX 

Efficient partitioning is essential for the development of high-quality aptamers, since 

inadequate separation leads to the contamination of protein-bound sequences with unbound 

DNA. Heterogeneous partitioning methods, such as filtration and affinity chromatography, are 

limited in their ability to separate and collect DNA sequences which display a strong affinity 

towards the target. As a result, multiple rounds of SELEX are required to generate aptamers with 

the desired binding parameters. Moreover, since each partitioning step is characterized by a 

certain amount of aptamer-loss, a greater dependency is placed on PCR amplification, which in 

tum, increases the yield of undesirable products. 76 

The well-controlled high-performance separation ascribed to CE, can facilitate the 

partitioning of aptamers from any non-aptamers present in the equilibrium mixture, and thus, 
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simplify the SELEX process. Since unbound DNA and protein-bound DNA have unique 

electrophoretic velocities, highly efficient aptamer partitioning can be achieved in this approach. 

In 2004, Bowser and Mendosa first introduced CE as a powerful partitioning approach that 

positively compliments aptamer development through SELEX technologies. The free solution 

separation imparted by CE, eliminates complications common in two-phase partitioning such as 

linker bias and non-specific binding to the substrate.77
-
80 In 2005, the Krylov group expanded CE­

based SELEX to include kinetic and equilibrium measurements via kinetic capillary 

electrophoresis (KCE) methods. KCE refers to several separation-based affinity methods that 

function as a platform for the kinetic analysis of non-covalent molecular interactions. 22
•
81 This is 

beneficial during aptamer selection as it enables the comprehensive characterization of binding 

affinity between the protein target and isolated aptamer pools. The ability to elucidate the kinetic 

and equilibrium constants of interaction (k0n, k011, Kd) after each round of selection makes KCE 

methods ideal in SELEX. One to four rounds of KCE-based partitioning is generally sufficient 

to complete the selection process,82
-
85 while other partitioning methods typically require more 

than 10 rounds. The high efficiency of KCE methods allows the intermediary PCR steps to be 

excluded during aptamer selection, by an approach entitled Non-SELEX.86
-
88 In addition, KCE 

methods uniquely allow for the selection of smart aptamers- aptamers with predefined binding 

parameters. 89
•
90 

1.6.1 Non-Equilibrium Capillary Electrophoresis of Equilibrium Mixtures 

Non-equilibrium capillary electrophoresis of equilibrium mixtures (NECEEM) is the 

most widely used KCE method for SELEX partitioning91 and is frequently referred to within this 

report. NECEEM begins by introducing a sample plug containing the equilibrium mixture (EM) 

into the capillary (Figure 8a ). In the case of KCE-SELEX, this EM contains unbound protein, 
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unbound aptamers and protein-aptamer complex, which separate during electrophoresis. When 

the sample undergoes separation, equilibrium is perturbed, prompting complex dissociation. 

Throughout the course of separation, the sample is shifted further from the equilibrium 

conditions, and the complex undergoes further dissociation. The rate of dissociation depends 

largely on the binding affinity an individual aptamer has towards the protein. Aptamers with a 

high affinity will remain bound and be detected as a complex peak, while any aptamers that have 

dissociated will be observed as a decay curve (Figure 8b ). Since the DNA aptamers are 

fluorescently tagged, the CE migration time of unbound aptamer, protein-DNA complex, and 

aptamer that has dissociated from the complex can be visualized in LIF detection modes (Figure 

8c). By integrating the areas of the unbound aptamer (A1), aptamer-protein complex (A2), and 

aptamer dissociated from the complex (A3 ) the equilibrium dissociation constant (Kd) can be 

determined using equation 19, where [P] 0 is the initial concentration of protein and [DNA] 0 is 

the initial concentration of aptamer (see appendix for derivation). NECEEM can also be used to 

establish the first order rate constant of dissociation, k011 by applying equation 20 (see 

appendix for derivation).92
'
93 

(19) 

(20) 
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[Figure 8] Illustration of non-equilibrium capillary electrophoresis of equilibrium mixtures (NECEEM). (a) 
Components of the equilibrium mixture where L represents free ligand (or aptamer), T represents free target (or 

protein) and T · L represents target-ligand complex (or protein-aptamer complex). (b) NECEEM-based separation of 
T, L and T · L during electrophoreses. A short plug of the equilibrium mixture is introduced at time, to, and is the 

subjected to separation by applying a high voltage. In this case, the target/protein mobility is greater than that of the 
ligand while the target-ligand complex is intermediate. Any target or ligand that remained in an unbound state at 
equilibrium will migrate as individual peaks and their mobility is constant during the separation. Since the target­
ligand complex was formed under equilibrium conditions, some dissociation will occur due to the introduction of 
non-equilibrium conditions, shown as the decay curves. Only a fraction of the target-ligand complex remains in the 

bound state at the time of detection. ( c) Illustration of the quantitative parameters used in Kd calculation (equation 
19) (d) Displays the widest window that can be chosen for aptamer selection as it selects for all ligands that were 

bound to the target during equilibrium. 93 

In order to physically isolate aptamers form non-aptamers present in the EM, a well-defined 

window for aptamer collection must be established. Aptamer collection boundaries can be 

optimized by performing pre-selection steps which identify the electrophoretic mobility of the 

protein, DNA library and most importantly, the protein-aptamer complexes. The widest 

collection window that can be chosen for aptamer selection, Figure 8d, spans from the beginning 

of the complex peak up until the region of free DNA. 

1.7 Nanopore DNA Sequencing 

DNA sequencing technologies have undergone rapid advancements and the introduction 

next generation sequencing has led to impressive scientific achievements. However, there are 

still a number of challenges that need to be addressed before complete genome analysis can be 

26 



routinely practiced. Current sequencing approaches require multiple copies of the DNA sample 

which are generated through PCR amplification. This step introduces limitations to both the 

speed and quality of genome sequencing as the replication process is time consuming and can 

produce artifacts or errors.94
'
95 Moreover, conventional detection platforms rely on fluorescent 

labeling which requires DNA modifications and add to the overall mechanistic complexity. A 

label-free, single molecule detection system, combined with high-throughput analysis would 

radically simplify genomic sequencing. Nanopore-based DNA sequencing is an emerging 

technology which has the potential to analyze the entire genome in minutes at a relatively low 

cost. A collaborator at Oxford University, Hagan Bayley, has been developing nanopore 

sequencing using a pore-forming protein toxin secreted by Staphylococcus aureus, known as a­

hemolysin (a-HL). In vitro, a-HL spontaneously inserts into artificially synthesized lipid bilayer 

thereby creating a small pore within the membrane. The pore then serves as a channel which 

separates two reservoirs of buffered salt solution. If a voltage bias is applied across the 

membrane, a current can be generated through the pore by the surrounding electrolytic solution. 

When a particle is momentarily drawn through the nanopore, a transient interruption in ion 

conductance can be recorded and quantified electrically.96 Each DNA base is capable of 

generating a characteristic reduction in current as it passes through the pore, allowing for direct 

detection in real time. Since the a-HL pore can harbour 10-15 nucleotides at any given moment, 

the single stranded DNA must first be processed into its individual bases to ensure correct 

identification upon pore entry. 97 

1.7.1 Exonuclease I (E.coli): A Potential Target for KCE-SELEX 

Exonuclease I (Exo 1 ), a protein native to Escherichia coli, processively cleaves single 

stranded DNA from the 3' end resulting in the sequential release of its nucleotide 
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constituents.98
'
99 If Exol is closely connected to a-HL, each individual base can be readily 

delivered through the nanopore in a well-controlled manner.100 The attachment between the two 

proteins should be highly specific, localized and reversible, to allow for optimal orientation and 

easy Exo 1 replacement. Artificially selected aptamers could provide the ideal linkage leading to 

the project's success. If a suitable aptamer can be developed towards Exo 1, nanopore 

sequencing may quickly progress into a reality. However, Exo 1 is a difficult target for aptamer 

selection as the single stranded DNA library will serve as a substrate and will ultimately degrade 

upon incubation with the active protein. There are many factors that need to be considered when 

dealing with this specific target. First, conditions where Exo 1 activity is suppressed need to be 

established. Second the aptamer should be selected towards the proteins native conformation to 

ensure binding to the active form. Thirdly, the aptamer should not bind near the active centre as 

this will lead to enzymatic inhibition. Although the target is complex, by employing the 

appropriate pre-selection optimization, the KCE-SELEX process can be enhanced, even for 

difficult targets. This project will also lay down some general framework for aptamer 

development towards exonuclease targets which may eventually assist in nanopore-based DNA 

sequencing. 
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Chapter 2: Enhancing KCE-SELEX through Protein Labeling 

2.1 Pre-Selection Optimization 

KCE-based aptamer selection can be optimized in three distinct steps: (i) finding 

conditions under which the protein does not interact with the capillary inner wall, (ii) 

maximizing the separation between the target protein and the DNA library, and (iii) determining 

the aptamer-collection window (Figure 9). 3 
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[Figure 9] Schematic illustration of the three steps of optimization in KCE-based aptamer selection: prevention of 
protein adsorption to the inner capillary wall (i), maximizing the protein-DNA separation window (ii), and 

determination of the aptamer collection window (iii).3 

To perform these three steps of pre-selection optimization, both the DNA library and 

protein target or complex must be detected. In the analysis of biomolecules, ultraviolet (UV) 

absorbance and laser induced fluorescence (LIF) are the most widely used CE detection modes. 
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Although LIF is markedly more sensitive, UV absorbance is often used when fluorescent tagging 

is not a possibility due to alterations in analyte structure and CE mobility. 

In KCE methods, DNA can be easily tagged with a fluorescent label while maintaining 

its native electrophoretic properties; therefore, both UV absorption and LIF can be used for 

library detection. As for the protein, earlier studies on fluorescent labeling of proteins had 

resulted peak broadening and a significant shift in CE migration times, making the labeling 

procedure unsuitable for optimizing KCE-based aptamer selection.101 Therefore, only a single 

means of protein detection, light absorption in the UV region of the spectrum, has been used to 

facilitate the selection process. This creates a problem in all three steps of optimization. Since the 

path length across the injected sample is restricted to the small diameter of the capillary, UV 

detection often lacks the sensitivity needed to accurately identify target peaks at low micromolar 

concentrations. Due to the multistep nature of protein purification, the concentration of many 

proteins are below the detection limit for UV absorbance at 280 nm, and at 214 nm the protein 

peak is often indistinguishable from those attributed to buffer components or sample 

contaminants. In these cases, optimization steps 1 and 2 cannot be carried out when using 

detection by light absorbance. 

The inability to detect the protein can also present a challenge in step 3, which typically 

relies on the fluorescently labeled DNA library. Under ideal circumstances, the labeled DNA is 

sufficient to detect both the complex and DNA which will, accordingly, establish the aptamer 

collection window (see Figure 9C). However, if the protein has nuclease activity, as with Exo 1, 

the library may become partially degraded during the incubation period and these products of 

degradation can be mistaken for the complex. 

30 



It is also possible that the complex peak remains undetected during the bulk affinity 

assay even at the highest available target concentrations. In these situations, the mobility of the 

pure protein is used as a reference for boundary determination, which again relies on UV 

absorbance. If not optimized, KCE-based aptamer selection has a much lower chance of success. 

If the target protein can be fluorescently labeled so that it is compatible with KCE-based SELEX, 

aptamer development can be facilitated. 

2.2 Protein Labeling and KCE-SELEX 

Labeling reagents typically react with positively charged E-amine groups on the exposed 

lysine residues and alter the protein's charge upon conjugation. If the proteins charge-to-size 

ratio is affected by the labeling procedure, it corresponding electrophoretic velocity will be 

shifted making the observed migration time unreliable. Some of the best-studied and most widely 

used labeling reagents tend to neutralize the charged residues with which they react. 

Consequently, the migration of the labeled product cannot be used to accurately extrapolate any 

mobility information on the native molecule. Furthermore, conjugation reactions are often 

incomplete and the fluorescently labeled products generally vary in the number of reacted lysine 

residues. Therefore, protein labeling has largely been avoided during the pre-selection 

optimization steps of KCE-SELEX. 

2.2.1 Chromeo P503 as a Labeling Reagent 

Recently, a new series of fluorescent pyrylium dyes, termed Chromeo, have become 

commercially available.102 These dyes can enable fluorogenic labeling without changing the 

proteins charge during the process. Dovichi and coauthors demonstrated that Chromeo dyes can 

be successfully used in capillary isoelectric focusing, as the proteins pl is maintained.103
•
104 
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Ideally, for KCE-SELEX applications, protein labeling should include three specific 

properties. First, it cannot significantly shift the proteins migration with respect to the time-

window chosen for aptamer collection. Second, labeling should not prevent protein-DNA 

binding. Third, the labeling reaction should be compatible with commonly used amino-

containing buffers such as Tris, glycine, etc. Each of these three properties of protein labeling 

was investigated using a dye from the Chromeo family. Chromeo P503 was chosen to test these 

three properties of protein labeling given that its quantum yield increases by a factor of 50 when 

bound to the protein. This feature effectively eliminates any background signal, allowing for 

sensitive detection. Chromeo P503 offers additional advantages over other Chromeo dyes, which 

can be attributed to its unique spectral properties. The excitation wavelength at 503 nm is similar 

to both the FAM and Alexa488-labeled DNA libraries, while its emission is shifted to a much 

longer wavelength [Figure 10]. This would allow both the protein and DNA to be excited 

simultaneously by the same laser source yet detected though different channels by using the 

appropriate band-pass filter. 
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[Figure 10] Spectral properties of the pyrylium dye Chromeo P503 as listed by the manufacturer. The blue lines 
labeled ( 1 abs) and ( 1 em) refer to the absorbance and emission spectrums of the free label prior to protein 
conjugation, respectively. The absorbance and emission spectra of the conjugated dye are represented through the 

pink spectral data labeled (2 abs) and (2 em), respectively.102 
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2.2.2 Limits of Detection for Labeled and Unlabeled Proteins 

First, it was confirmed that the fluorescent labeling of proteins with Chromeo P503 

considerably improved their detection in CE when compared to light absorbance of the native 

protein. Due to the significant variations which exist in the physical-chemical properties of 

proteins, a series of proteins models were analyzed; bovine serum albumin (BSA), human serum 

albumin (HSA), a1- acid glycoprotein (AGP), myoglobin, and a-lactalbumin. This range of 

protein standards secures the reliability of the experimental conclusions and enables a reasonable 

power of prediction. The results, shown in Table 1, suggest that the lower limit of detection 

improves (for the five proteins studied) from an average value of 1620 to 35 nM when switching 

from UV light absorbance of the unlabeled proteins to fluorescence detection of the labeled 

proteins (see supplementary information for details). 

[Table 1] Limits of detection of unlabeled and Chromeo-labeled proteins detected with UV absorbance and 
fluorescence, respectively. 

Protein 
Limit of detection (nM) 

UV Absorbance Fluorescence 
AGP 2600 3 
BSA 500 2 
HSA 400 1 
Myoglobin 3100 120 
a-lactalbumin 1500 60 

This detection limit is suitable for KCE-based aptamer selection since proteins are 

typically available, and often used, at concentrations higher than 35 nM. Thus, for the majority 

of proteins, Chromeo-labeling can facilitate the optimization of aptamer selection provided that 

the label does not influence the proteins electrophoretic mobility to a great extent. 
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2.2.3 Mobility Shift of Chromeo-Labeled Proteins 

In order to quantify the mobility shift attributed to the Chromeo label, we measured the 

difference in the migration times of native and Chromeo-labeled proteins with respect to the 

separation window between the protein and DNA library. These experiments were performed 

using the five previously listed proteins, as they were available at concentrations high enough to 

produce a reliable signal when using UV absorbance for detection. 
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[Figure 11) Effect of Chromeo labeling on protein mobility in CE. Unlabeled proteins were detected by UV 
absorbance at 214 nm using 50 µM fluorescein as a migration standard (blue traces). Chromeo-labeled proteins were 
prepared at the same concentrations which were used for UV absorbance detection. Fluorescence of labeled proteins 
was excited by a 488 nm solid-state laser and detected using a 610 nm filter (red traces). Fluorescence of the 
migration standard, 10 nM fluorescein, and the DNA library were excited using the same 488 nm laser and detected 
through a 520 nm filter (black traces). 
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The top left panel in Figure 11 shows the electrophoretic mobility of the library; the 

remaining panels demonstrate the CE migration of the unlabeled and Chromeo-labeled proteins, 

detected using UV absorbance and LIF, respectively. For each protein tested, only a marginal 

shift in the electrophoretic mobility was observed following the labeling reaction. a-Lactalbumin 

expressed the greatest shift in electrophoretic migration upon labeling, which was found to be 

approximately 10% of the protein-library separation window. Moreover, Chromeo P503 does not 

lead to labeling products with heterogeneous mobility since all labeled proteins migrate as 

individual peaks with widths similar to those of the native proteins, a result which could not be 

obtained by FQ-labeling.101 From these results, we conclude that Chromeo-labeled proteins can 

be used in the first two steps of optimization for KCE-based aptamer selection. 

2.2.4 Labeling Influence on Protein-Aptamer Interactions 

For step 3 of the optimization process (determining the aptamer collection window), the 

labeling process should not significantly perturb protein-DNA binding. Figure 12 illustrates how 

protein labeling influenced aptamer binding by using two proteins for which aptamers were 

readily available: thrombin105 and AlkB106
• NECEEM experiments were performed, to determine 

the equilibrium (Kd) and rate (k011) constants of dissociation for the protein-aptamer 

complex.92
•
101

-
109 With the use of a 520 nm filter, only the fluorescence emitted by the DNA 

library was detected and shown in each trace. 
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[Figure 12] Influence of Chromeo-labeling on aptamer binding and affinity for thrombin (upper panel) and AlkB 
protein (lower panel). NECEEM binding assays were performed by using equilibrium mixtures containing labeled 
aptamer and either labeled (red lines) or unlabeled (black lines) protein. The concentrations of thrombin and its 
aptamer were 0.5 and 0.1 µM, respectively. The concentrations of AlkB protein and its aptamer were 80 and 30 nM, 
respectively. Only DNA is detected when fluorescence is measured at 520 nm. 

We can easily see that the NECEEM electropherograms are similar for both the 

Chromeo-labeled and unlabeled proteins in both aptamer/protein models. This result was 

unexpected but is not counterintuitive. Indeed, while labeling can affect biomolecular 

interactions, the wide use of fluorescently labeled antibodies suggests that when it comes to 

binding other molecules, proteins have a relatively high tolerance toward the labeling of a 

limited number of residues. Our observation certainly does not prove that Chromeo labeling will 

be this inert to all protein-aptamer pairs. However, during step 3 of optimization, which relies on 

the interaction of the protein with the entire library (known as bulk affinity assays), the influence 

of Chromeo-labeling is expected to be negligible for the majority of proteins. The library 
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provides and incredibly large number of DNA structures, and even iflabeling prevents the 

interaction of some structures, it may equally increase the protein's affinity to others. Since the 

bulk affinity assay is done prior to both the collection and amplification steps, the labeled protein 

can be used initially for optimization and predictive purposes while the unlabeled protein is 

subsequently used for aptamer selection. This approach would enhance the selection process and 

ensure that the aptamers will bind tightly to the native protein. Therefore, it is possible to use 

Chromeo-labeled proteins in step 3 of the optimization process. 

2.2.5 Identification of the Protein-Aptamer Complex 

Chromeo-labeling of the protein target can also be used to correctly identify the protein­

DNA complex from other unknown peaks such as library-degradation products. This distinction 

can be made by simultaneously detecting the protein and DNA at two different wavelengths. 

Both the Chromeo-labeled protein and Alexa-labeled DNA can be excited using the same 488 

nm laser line; however, their emission wavelengths are unique, 610 nm for the protein and 520 

nm for the DNA. Thus, with the use of a two channel detection system, the fluorescence emitted 

from both the DNA and protein can be separated into two distinct electropherograms. The 

principle of complex distinction is based on the fact that the protein-DNA complex will fluoresce 

only at a single wavelength, unless bound to the protein. To illustrate this approach, we 

conducted an experiment in which we used either Chromeo-labeled or unlabeled thrombin and 

its Alexa-488 labeled aptamer, with fluorescence detection at both 520 nm and 610 nm. 

NECEEM experiments were performed in which we expect to observe two main peaks: unbound 

aptamer and protein-bound aptamer. 

When the unlabeled protein is used in the equilibrium mixture (upper panels in Figure 

13), only DNA fluoresces and, ideally, we expect to see no signal in the 610 nm channel. 
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However, the channel picks up the spectral tail of Alexa fluorescence from the DNA and records 

a signal similar to that in the 520 run channel but at a much lower intensity. The similarity can be 

confirmed by normalizing the signals from the two channels; the normalized signals are 

identical. The peak located at the right side of each panel in Figure 13 is tentatively assigned to 

the protein-DNA complex but it may potentially be a product of DNA degradation that migrates 

differently from the intact DNA. 

To test whether or not this assigrunent is correct, we used the Chromeo-labeled thrombin 

(lower panels in Figure 13). In this case, the signals at the two wavelengths are not similar; in 

the 610 run channel, the right-hand side peak is higher relative to the left-hand side peak. This 

becomes clearly evident when the signals are normalized. Both the Chromeo label of the protein 

and the Alexa label of the DNA contribute to this peak while the left peak is solely the spectral 

tail of DNA fluorescence. This allows us to accurately conclude that the right-hand side peak is 

the complex and not any other product such as aptamer degradation. This simple model 

experiment proved that Chromeo labeling of the protein can facilitate the simple identification of 

the protein-aptamer complex from all other possible peaks. This distinction is crucial during the 

determination of the aptamer-collection window, step 3 in the optimization process, and 

throughout the course of selection. 
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[Figure 13] Peak identification of the thrombin-aptamer complex through the combined use of Chromeo-labeled 
thrombin and Alexa488 labeled aptamer. Back traces depict fluorescence at 520 nm while the red traces represent 
fluorescence at 610 nm. Upper panels show NECEEM electropherograms obtained with the native thrombin; lower 
panels show NECEEM electropherograms obtained with the Chromeo-labeled thrombin. The left panels show the 
measured signals, while the right panels show the same data with the red electropherograms rescaled to have the 
heights of the left peaks identical for the black and red electropherograms. The concentrations of thrombin and 
aptamer were 0.5 and 0.1 µM, respectively. 

2.2.6 Chromeo-labeling with Amine-containing Buffers 

Aptamer selection by KCE methods is often conducted in buffers containing amino-

groups, such as Tris and glycine. Since Chromeo dyes react with primary and terminal amino 

groups present on the proteins, they can potentially react with amino groups present in buffer 

components. The labeled buffer can, in tum, interfere with protein detection. To test this 

potential problem, we performed a labeling reaction using Exo 1, which was stored in a Tris-

containing buffer. By comparing the electropherogram of the labeled protein to that of the 

labeled storage buffer containing the Tris-component, the migration of the pure protein can be 
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inferred. It is evident from Figure 14, that the Tris buffer, which is present at a much higher 

concentration than Exo 1, produced a much smaller peak relative to the protein. This suggests that 

Chromeo-labeling is compatible with amino-containing buffers. 
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[Figure 14] Negligible effect of amino-containing buffer components on fluorescence signal from Chromeo-labeled 
Exo 1 protein. The top trace shows the electropherogram obtained from the Chromeo-labeled Exo 1, which was 
stored in buffer containing 10 mM Tris-HCI. The middle trace is a control illustrating how this Tris buffer reacts 
with the Chromeo dye. The bottom trace is a second control which illustrates the peak obtained from the Chromeo 
dye alone. 

2.3 Experimental 

2.3.1 Materials 

Uncoated fused-silica capillaries with 75 µm inner diameter (375 µm outer diameter) 

were purchased from Polymicro (Phoenix, AZ). Chromeo P503 pyrylium dye was purchased 

from Active Motif (Burlington, ON, Canada). AlkB and Exol, both native to E.coli was 

provided from collaborators at Oxford University and Oxford Nanopores, respectively. Human-
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a-Thrombin was purchased from Haematologic Technologies Inc. (Essex Junction, VT). Bovine 

Serum Albumin (BSA), Human Serum Albumin (HSA), a1-Acid glycoprotein (AGP), 

Myoglobin, a-Lactalbumin and all other chemical reagents were purchased from Sigma Aldrich 

(Oakville, ON, Canada). The HPLC purified fluorescently labeled AlkB aptamer (5' -F AM/TGC 

CTA GCG TTT CAT TGT CCC TTC TTA TTA GGT GAT AAT A-3') and thrombin aptamer 

(5' Alexa488/CGC TTG GTG TGG TTG GAA AAA AAA AAA AAA AAA AAA AAA A-3 ') 

were purchased from Integrated DNA technologies Inc. (Coralville, IA). The DNA was 

dissolved in lOmM Tris-acetate buffer, pH 7.5 to obtain a high stock concentration which was 

then stored at -20°C until use. All other solutions were prepared in deionized water and filtered 

through a 0.22 µm filter (Millipore, Nepean, ON, Canada) 

2.3.2 Instrumentation 

All experiments were conducted using a P/ACE MDQ capillary electrophoresis 

instrument (Beckman-Coulter, Fullerton, CA) equipped with either a photo-diode array (PDA) or 

LIF detector. A 488 nm solid-state laser was used to excite Alexa-488/ FAM labeled DNA and 

Chromeo labeled proteins. A two-channel detection system was implemented in order to detect 

both the protein and DNA simultaneously. A 520 nm filter was used to detect the fluorescently 

labeled DNA through one channel, while a 610 nm filter was used to detect the Chromeo-labeled 

proteins through the second channel. 

2.3.4 Electrophoresis Conditions 

The separation buffer used in all CE experiments was 50 mM Tris-acetate (pH 8.2). Prior 

to each run, the uncoated capillary was conditioned by rinsing with 0.1 M HCl, 0.1 M NaOH, 

ddH20, followed by 50 mM Tris-acetate (pH 8.2) using a pressure of 20 psi for 2 min. The 
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polyvinyl (PV A) coated capillary was rinsed with ddH20 and 50 mM Tris-acetate (pH 8.2) at 10 

psi for 4 min. A total of 50 nL of the sample was introduced into the capillary using a 0.5 psi 

pressure pulse for 1 Os. The cartridge temperature was controlled at l 5°C for each run. 

2.3.5 Protein Labeling using Chromeo P503 

Proteins that were available in lyophilized powder form (BSA, HSA, AGP, Myoglobin 

and a-Lactalbumin) were dissolved in 100 mM NaHC03 (pH 8.3) to a concentration of 4 mg/ml. 

The solution was then divided into two 200 µL aliquots, one of which was labeled with 2 µL 

Chromeo P503 working solution. The protein was left to incubate at room temperature for 30 

min to complete the conjugation reaction, which was observed by a colour change from blue to 

red. Proteins that were already stored in a storage buffer (Exol, AlkB, and Thrombin) were 

labeled by diluting the protein stock in a 1 to 100 mixture of the Chromeo working solution and 

100 mM NaHC03 (pH 8.3), respectively. The final protein concentration present in the labeling 

was greater than 5 µM in each case. The labeling reaction was left to incubate overnight at 4 °C 

to maintain protein structure and activity. The Chromeo-labeled-Tris buffer was prepared in a 

similar manner to Exo 1; however, the storage buffer containing 10 mM Tris-HCI (pH 8.0) was 

used in replace of the protein. 

2.3.6 Migration Shift of Labeled proteins 

50 nL of the unlabeled protein solution and 50 nL of 50 µM fluorescein, diluted in 0.1 M 

NaHC03 (pH 8.3), were co-injected into a 50 cm uncoated capillary (75 µm i.d.). The sample 

was separated using 20 kV, and detected with a PDA detector at 214 nm with the temperature 

controlled at l 5°C. 50 nL of the labeled protein and 50 nL of a 10 nM fluorescein, diluted in 0.1 
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mM NaHC03 (pH 8.3), were co-injected into the same 50 cm capillary, separated using 20 kV 

and detected with LIF through both the 520 run and 610 run channels. 

2 .. 3. 7 NECEEM-Analysis of Protein-Aptamer Interaction 

With the use of a thermal cycler (Eppendorf, Hamburg, Germany), 1 µM of the aptamer 

was heated to 95 °C for 1 min followed by a controlled decrease in temperature at a rate of 0.5°C 

per second until the sample reached 25°C. This temperature treatment, or "annealing", is 

necessary as it promotes the proper folding of the ssDNA aptamers. 

A mixture containing 0.5 µM of labeled/unlabeled thrombin and 0.1 µM thrombin 

aptamer was prepared in a 20 mM Tris-acetate (pH 8.2) buffer supplemented with 5 mM KCl 

and 1 mM MgCh. The mixture was left to incubate for 15 min at room temperature prior to 

separation in a 50 cm PVA coated capillary, which was used to reduce protein adsorption to the 

inner capillary surface. A voltage of 10 kV was used for the first 5 min of the separation in order 

to avoid sample overheating in the uncooled region of the capillary .110
•
111 The voltage was then 

increased to 20 kV for the remainder of the run. 

A mixture containing 80 nM labeled/unlabeled AlkB protein and 30 nM AlkB aptamer 

was prepared in a 50 mM HEPES (pH 7.5) buffer containing 50 mM NaCL Following a 15 min 

incubation, the equilibrium mixture was injected into a 50 cm uncoated capillary. A voltage of 

10 kV was applied for the first 5 min of the run, which was subsequently increased to 20 kV. 

2.4 Conclusions 

The above described protein-labeling approach was shown to assist in the latter two steps 

of pre-selection optimization. The pyrylium dye, Chromeo P503, can facilitate the sensitive 
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detection of the target in CE without significantly affecting its electrophoretic mobility or DNA­

binding capacity. These findings, along with the low reactivity toward amino-groups present in 

common buff er solutions and the ability to correctly identify protein-aptamer complex peaks 

from products of DNA degradation or contaminants, makes Chromeo labeling an useful addition 

to the tool-box ofKCE-based aptamer selection. This opportunity has the potential to 

significantly increase the success-rate in KCE-based aptamer selection, and thereby, contribute 

to the further development of aptamer-based diagnostic and therapeutic tools 

2.5 Supplementary Information 

2.5.1 Establishing the Limit of Detection 

Solutions of labeled and unlabeled BSA, HSA, AGP, myoglobin and a-lactalbumin were 

prepared as serial dilutions in a 100 mM NaHC03 (pH 8.3) dilution buffer. 50 nL of the sample 

was introduced into a 50 cm uncoated capillary (7 5 µm i.d.) and protein migration was induced 

by applying 20 kV. A PDA detector was used to detect the protein at 214 nm, while fluorescence 

emission at 610 nm was used to detect the labeled protein. The standard deviation of the 

background signal height (within the 1to2.5 minutes time frame) was determined for each 

sample. The standard deviation was then multiplied by 5 to determine the LOD in relative 

fluorescence units. This value was converted into units of concentration by normalizing it to the 

protein peak intensity at a known concentration. For each protein, detection limits obtained with 

UV absorbance and fluorescence were averaged and tabulated in Table 1 of the main text. LOD 

experiments are shown in Figures 15,16,17,18 and 19 with fluorescence detection shown in the 

top panel and UV detection shown in the lower panel. 
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[Figure 15] Electropherograms illustrating the improvement in CE detection of BSA by labeling protein with 
Chromeo P503. The top panel shows the data obtained using fluorescence detection while the lower panel illustrates 
the data obtained using UV absorbance detection. The respective concentrations are indicated in the right comers. 
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Chapter 3: Pressure-based Approach for Protein Adsorption 
Analysis 

3.1 Protein Adsorption to Capillary Surfaces in CE 

Protein adsorption to the inner capillary surface creates a major obstacle in all 

applications of capillary electrophoresis involving protein samples. The problem is especially 

severe in KCE methods, such as aptamer selection, which demand near-physiological conditions 

during separation. At pH values greater than 3, the silanol groups of the inner capillary surface 

retain a considerable negative charge. Being amphiphilic molecules, many proteins have locally 

contained regions of net positive charge that experience significant ionic attraction to the 

capillary surface. The multisite protein-capillary interaction obscures the CE separation of free 

aptamer from the protein-aptamer complex and, depending on the protein affinity towards the 

surface, may completely inhibit the selection of aptamers for therapeutically important targets. 

Protein adsorption also creates a challenge in the general KCE analysis of protein-ligand 

interactions and often leads to peak broadening, poor separation efficiency and analyte depletion 

which then complicates accurate kinetic measurements. 112
-
114 Therefore, protein adsorption must 

be eliminated prior to the KCE analysis of the equilibrium mixture, which contains both the 

protein and ligand/aptamer components. 

One approach to reduce the surface interaction is to adjust the pH of the background 

electrolyte to either extremely acidic or extremely basic conditions. Low pH buffers significantly 

reduce the charge of the inner capillary surface and effectively eliminate any electrostatic 

attraction that would otherwise occur with the protein sample.115 
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Alternatively, increasing the pH to a value above the protein's isoelectric point promotes 

the Coulombic repulsion between the protein and the negatively charged capillary surface.116 

Although this presents a relatively simple solution, protein-ligand interactions are highly pH 

sensitive and physiological conditions are necessary to ensure proper protein structure as well as 

suitable ligand binding. 

A more practical approach used to prevent the adsorption of basic proteins is to mask the 

highly dense negative surface charge with dynamic modifiers of permanently bound coatings. 

Since the adsorption of proteins is generally a cooperative process, a reduction in the surface 

charge should yield an exponential decrease in the strength of the protein-capillary 

interactions.117
'
118 When analyzing basic proteins in CE, a common approach is to completely 

reverse the surface charge of the capillary through the use of cationic chemical additives or 

coatings.119
-
123 However, charge reversal becomes problematic in KCE analysis of protein-ligand 

interactions if the ligand is negatively charged at neutral pH. This is exactly the case with DNA 

(or RNA) aptamers, which experience a strong electrostatic attraction to positively charged 

capillary surfaces. Both proteins and ligands vary in their physical-chemical properties, and each 

component will demonstrate a unique interaction with a surface coating at the molecular level. 

As a result, there is no simple and universal solution to prevent analyte adsorption that is 

compatible with KCE studies on biomolecular interactions. Many proteins of therapeutic and 

diagnostic importance tend to adsorb to the inner capillary surface, which prevents both the KCE 

analysis and KCE-based aptamer selection until the proper coating or buffer additive is selected. 

3.2 Protein-Capillary Interactions and KCE Analysis 

Selecting the appropriate coating requires a direct comparison of their antiadhesive 

properties toward the protein (and ligand) of interest. Generally, in CE, the extent of adsorption 
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is monitored indirectly by assessing the separation efficiency during electrophoresis.124 This 

approach is unreliable when it comes to ranking capillary coating effectiveness. Many factors 

influence a proteins electrophoretic migration pattern, the most notable being buffer conductivity 

and capillary surface charge. Both of these elements may be altered with the use of dynamic or 

covalent modifiers and lead to peak broadening and a reduction of the EOF even without the 

added complication of protein adsorption. Proteins themselves have also been shown to alter 

both the EOF and peak width due to high affinity interactions with the capillary surface. The 

experimentally acquired electropherograms, depicted in Figure 20, demonstrate how the varying 

degree of protein adsorption influences the EOF in an untreated fused-silica capillary. Although 

proteins which hold negligible surface affinity are able to maintain the predicted EOF, it 

drastically reduces as the protein-surface interaction intensifies. Hence, electromigration is not a 

reliable approach when it comes to screening a series of coating and buffer additives. 

Although techniques for detecting irreversible capillary adsorption have been developed, 

they cannot be applied to KCE, as information related to the reversible surface interactions are 

neglected.123
-
121 For accurate kinetic measurements, both the reversible and irreversible 

interactions along the capillary wall must be minimal, and thus, a single method is needed to 

detect both types of interaction. 
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[Figure 20] UV absorbance data demonstrating how protein adsorption influences the EOF in an untreated fused­
silica capillary. CE separation was performed at 300 V/cm using 50 mM Tris acetate (pH 8.2) run buffer. In each 
trace, 0.2% DMSO was used as a neutral EOF marker. Trace 1 presents DMSO migration in the absence of any 
protein. The calculated EOF values are shown on the right of each electropherogram. Traces 2-4 present results 
where protein samples of varying adsorptive properties are introduced into the capillary. AGP was selected as an 
example of a nonadsorptive protein (2), conalbumin as a moderately adsorptive representative (3), and cytochrome c 
as a highly adsorptive protein (4). All proteins were diluted to the same final concentration of 4 mg/mL and injected 
into the uncoated capillary together with DMSO. For cytochrome c, no protein peak is visible due to irreversible 
adsorption at the inner capillary surface and the limited detection capabilities of UV absorbance. 

The described difficulties motivated us to develop a simple pressure-based approach for 

the accurate characterization of protein adsorption. Conceptually, a short plug containing the 

protein solution is injected into the capillary and carried to the detector by applying a low 

pressure. The temporal propagation pattern is then analyzed by comparing the peak area and 

symmetry to a nonadsorptive control. To accurately characterize the degree of protein 

adsorption, we combined this pressure propagation technique with a dual-detection approach, 

first described by Towns and Regnier.108 Although the original method uses a modified 

instrument with two on-capillary detectors, we employed a pseudo-dual-detection approach, later 

adapted by Tran et al., 128 which does not require the use of a customized instrument. 
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While the concept of two detection points on a single capillary is well-established, it has 

always been coupled with electromigration to monitor the progress of sample adsorption. Using 

pressure-driven sample propagation, rather than electrophoresis, immediately eliminates any 

complications that may arise from variations in EOF introduced by the coating or additive itself. 

This simple independence ofEOF allows us to draw conclusions directly on the coatings ability 

to prevent protein adsorption. 

By comparing the change in peak areas and shapes at each detection point, we can 

qualitatively assess the coating's antiadhesive properties for the protein and ligand of interest. 

The method can be enhanced if the proteins are fluorescently labeled with Chromeo P503 to 

improve the detection sensitivity.103
•
104 The fluorescent labeling of the proteins enables the use of 

lower protein concentration, which can then more effectively define the protein's surface 

affinity. 

3.2.1 Pressure Propagation and Plug Symmetry 

If the pattern of pressure-driven protein propagation across a capillary is used to rank 

coating efficiency, the applied pressure itself should not significantly influence its peak shape 

and symmetry. When a uniform forward pressure is introduced along the capillary cross-section, 

a parabolic laminar flow profile is produced with each injected plug. If the applied pressure is 

relatively high, the extent of transverse diffusion along the sample interface, with respect to the 

longitudinal propagation, is minimal and the sample will retain a parabolic shape as it reaches the 

detector. 129 This parabolic profile will distort the peak shape of the protein and is undesirable 

given that the migration pattern is used to assess protein adsorption. This peak deformation can 

be reduced to an insignificant level if the buffer velocity is slow enough to maximize the Taylor 
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dispersion during the migration time between the initial and final (at the detector) positions of 

the plug (Figure 21). 
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[Figure 21) Pressure-driven migration profiles of the 100 nM thrombin-binding aptamer by applying either a low or 
high forward pressure. Sample plug schematics were created using COMSOL Multiphysics modeling. The resulting 
parabolic pressure profiles were generated for pressures of0.5 (A) and 5 (B) psi. Experimental electropherograms 
(C,D) are shown below the corresponding schematic representations. Tris acetate (50 mM, pH 8.2) was used as the 
run buffer, and the fluorescent emission was detected at 520 nm. 

The amount of convection-diffusion obtained within the sample plug can be quantified in 

terms of its Peclet number, Pe. Provided that the analyte displays negligible adsorption to the 

capillary, Peclet values of: 

rv Ld 
Pe::-«­

D r 
(21) 

will imply almost complete diffusion (equation 21). Here, Dis the diffusion coefficient, r is the 

capillary radius, v is the average velocity, and Ld is the distance from the injection end of the 

capillary to the detector. To assess how the applied pressure is correlated with the plug 

diffusivity, we chose a representative biomolecule (a thrombin binding DNA aptamer) which had 
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expressed a negligible affinity towards the surface of untreated fused-silica capillaries in the 

chosen run buffer. This allowed us to attribute any peak asymmetries to inadequate sample 

diffusion during the analysis time. By reducing the pressure, and corresponding flow rate, the 

detection time increases, thereby allowing for more effective diffusion. For the thrombin binding 

aptamer, the pressure-induced migration pattern was measured using a range of separation 

pressures to establish an optimal pressure value that guarantees adequate sample diffusion 

(representative results shown in Figure 21). It was found that, at a pressure of 0.5 psi, the DNA 

peaks appeared to be consistently symmetrical, and so, subsequent plug propagation experiments 

were performed at this pressure. 

3.2.2 Semi-quantitative Analysis of Adsorption using Pressure-based 
Approach 

To semi-quantify the irreversible protein adsorption at the capillary surface, we adapted a 

simplified variation of the two-detector approach described by Tran et al.128 This technique can 

accurately estimate the amount of irreversible protein adsorption by performing two experiments 

using the same sample and capillary. First, the sample is injected from the capillary inlet and 

carried toward the detector using a low forward pressure. In the second experiment, the sample is 

injected from the capillary outlet and then travels to the detection window by applying a pressure 

of the same magnitude but in reverse direction. In the commercial instrument used for this study, 

the detection window is located at a fixed position of approximately I 0 cm from the outlet end. 

However, the total distance from the inlet to the detector can be varied and is generally 

dependent on the experimental goals. In KCE-based methods such as aptamer screening, the total 

length is typically ~50 cm, leaving a 40 cm propagation distance to the detection point. By 

integrating the peak area obtained at each distance (10 and 40 cm), the amount of protein 
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adsorbed during a 30 cm propagation across the capillary can be calculated. Figure 22 illustrates 

a significant reduction in peak area obtained with a lysozyme sample, which suggests that the 

sample plug had been depleted due to strong irreversible interactions that the protein likely 

experienced at the surface. 
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[Figure 22) (A) Schematic representation of extensive protein adsorption which may occur within the capillary and 
how a reduction in sample concentration can be analyzed by using the two-detector pressure-driven approach. 
Panels Band C show the experimental migration pattern obtained from the 40 and 10 cm propagations of274 µM 
Chromeo-labeled lysozyme, respectively. Protein fluorescence was detected at 610 nm using a 50 mM Tris acetate 
(pH 8.2) run buffer. 

Often the peak shape itself provides some insight into the extent of protein adsorption. 

Proteins that demonstrate high surface adsorption typically produce a wide pressure-driven 

propagation profile with a substantial amount of tailing that occasionally coincides with a 

stepwise increase from the baseline. Therefore, the analysis of the temporal propagation pattern 

may also be used to assess the degree of reversible adsorption. 
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3.2.2.1 Capillary Surface Screening and Antiadhesive Ranking 

To demonstrate the applicability of this technique, we tested five proteins, each 

expressing different physical and chemical surface properties (a1 acid glycoprotein (AGP), 

conalbumin, cytochrome c, thrombin, and lysozyme). Each protein was first injected into an 

uncoated capillary using the dual-detection, pressure-driven propagation method. It was 

determined that conalbumin, cytochrome c, thrombin and lysozyme all experienced a high level 

of capillary adsorption. The protein-capillary interaction for lysozyme, thrombin, and 

cytochrome c was especially severe as they each exhibited complete analyte loss during the 40 

cm propagation, and the 10 cm propagation resulted in extremely broad peaks of negligible or 

low intensity (see Figures 24-28 in the Supplementary Information). 

We then evaluated the antiadhesive properties of three coatings, two permanent and one 

dynamic, toward each of the five model proteins. Dynamic coatings are relatively easy to 

implement as they consist of simple additives which slightly modify the chemical composition of 

the background electrolyte. Dynamic additives range from ionic/non-ionic surfactants to 

polymers and amine-containing molecules, each of which reversibly adsorbs to the negatively 

charged silanols of the inner capillary wall. Since the attachment is based on temporary 

interactions with the capillary surface, the coating agent, present at sufficiently high 

concentrations, tends to out-compete the protein for the available surface binding sites.130 The 

dynamic coating used in this study, CElixir, is a commercially available, double-layer coating 

system which is offered in a range of pH values. The coating is applied by first rinsing the bare 

capillary with a polycationic initiator solution to form a stable positively charged surface. A 

second layer is then introduced by rinsing the capillary with a solution containing a buffered 

polyanion at the selected pH. 
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CElixir was originally developed as a means of achieving a stable and reproducible EOF, 

independent of the buffer pH. This fixed EOF is obtained by adjusting the negative charge 

density along the capillary surface to compensate for the variation in EOF that typically results 

from changes in pH.131
'
132 For KCE methods, physiological pH is required to maintain the 

proteins native conformation, and for this purpose, a pH of 8.2 was selected. 

We found that CElixir helped in suppressing the level of protein adsorbed for all five 

proteins tested. Although this dynamic modifier resulted in a major improvement compared to 

bare silica, it was not an infallible means of preventing protein adsorption as each protein had 

demonstrated its own unique response to the coating. In particular, lysozyme had shown 

significant tailing and substantial loss of the protein sample between the 10 and 40 cm 

propagations (see Figures 24-28 in Supplementary Information). This persistent adsorption is 

likely attributed to the protein interaction with the anionic polymer that is temporarily retained 

along the capillary surface. 

Permanent coatings, based on covalently or physically bound surface modifiers, have 

proven to be quite effective in the elimination of any protein-capillary interactions. Using a 

capillary permanently coated with poly(vinyl alcohol) (PVA) and another which was covalently 

bonded with linear poly(acrylamide) (LPA), we employed the pressure-driven propagation 

method for each of the five representative proteins. It is clear from Figures 24-28 in the 

Supplementary Information, that PV A considerably reduced protein adsorption for 

conalbumin, cytochrome c, thrombin and lysozyme. Lysozyme still displayed a positive 

interaction with the PV A surface; however, there is a notable improvement from both the 

uncoated and dynamically coated capillaries. The capillary coated with LP A did not perform as 

well as the PV A-coated capillary or the capillary coated with the dynamic modifier CElixir, 
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though it still demonstrated an improvement to the bare-silica surface. Covalently bound 

poly( acrylamide) is typically quite efficient at preventing protein adsorption in CE. However, the 

run buffer used in all of the described experiments had a pH value of 8.2, which may have 

prompted LP A hydrolysis and reduced the coatings effectiveness.133 

To rank each coating, the peak shape, width and intensity were first analyzed. If no clear 

visual distinction can be made, then the amount of protein adsorbed was estimated by integrating 

the peak area and then comparing the values obtained between the 10 and 40 cm propagations for 

a given protein and coating. In the case of AGP, both the uncoated capillary and capillary coated 

with CElixir were 100% effective in preventing protein adsorption, and thus, both surface 

chemistries were given equal rankings. 

Due to its anionic properties, AGP (pl= 2.8-3.8) demonstrated minimal interaction with 

the fused-silica surface, and thus, an uncoated capillary suffices for its CE analysis. For 

conalbumin, both PV A and CElixir coatings produced similar results in terms of protein loss 

(each a significant improvement from the uncoated capillary) and were also given equal 

rankings. The results shown in Table 2 suggest that different proteins respond differently to the 

same coating, and there may be no simple and universal solution to prevent protein adsorption at 

neutral pH. Proteins themselves vary in their overall charge and structure and each will 

experience a unique interaction with different wall chemistries. 

[Table 2]: Antiadhesiv nki f '11 ur£ h · tr" "th era ~ o ca_Q_1 ary s ace c em1s 1es w1 t t · d · · d 1 otein samples. re~ec o m 1v1 ua ~ 

Protein 
Capillary Surface 

Si OH CElixir PVA LPA 
AGP 1 1 2 2 
Conalbumin 3 1 1 2 
Cytochrome c 4 1 2 3 
Lysozyme 4 2 1 3 
Thrombin 4 2 1 3 
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3.2.2.2 Method Validity in KCE Applications 

To further verify the advantages of this technique, and demonstrate how a proteins 

temporal propagation pattern can facilitate KCE-based analysis, we performed a set ofNECEEM 

experiments using the thrombin-aptamer binding pair as kinetic model. The kinetic and 

equilibrium parameters were obtained by integrating the areas which correspond to free aptamer 

(A1), aptamer-thrombin complex (A2), and aptamer that has dissociated from the complex during 

separation (A3)
92

•
134 [Figure 23]. We performed consecutive NECEEM experiments using two 

different capillary surfaces, one demonstrating strong thrombin adsorption and the other having 

only a negligible affinity. As indicated in Table 2, the PV A coating ranked the highest in terms 

of its antiadhesive properties while the uncoated capillary ranked lowest with respect to the 

thrombin sample; therefore, these two capillary surfaces were chosen for the NECEEM analysis. 

When using the uncoated capillary and performing separation with the cathode at the 

capillary outlet, we would expect the complex to migrate faster than the free aptamer and, under 

ideal conditions, reach the detector first. However, as seen in Figure 23, the areas of free 

aptamer and aptamer dissociated from complex are indefinable, and no clear complex peak was 

observed. The experiment was then repeated using PVA-coated capillary, with the anode at the 

outlet due to the absence of an EOF. The acquired results were precisely as expected, with the 

aptamer peak reaching the detector first, followed by the aptamer dissociated from the complex 

and finally the intact complex. The areas were easily integratable and enabled accurate kinetic 

analysis of the thrombin-aptamer interaction. These results confirm that the pressure-driven 

protein propagation can be used to improve the quality of KCE analyses that involve adsorptive 

protein samples. 
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[Figure 23] NECEEM electropherograms produced using the thrombin-aptamer binding system in an uncoated 
capillary (top panel) and PVA-coated capillary (lower panel). The equilibrium mixtures consisted of 455 nM 
thrombin and 91 nM TBA and separated using normal polarity in the uncoated capillary and reverse polarity with 
the PV A coating. The areas corresponding to free aptamer (A1), aptamer dissociated from the complex (A3), and 
intact complex (A2) are identified in the electropherogram produced using the PVA-coated capillary. The uncoated 
capillary could not be analyzed as the areas are poorly defined. 

Due to its versatility, the described method can easily be applied for both coating and 

buffer screening. In an additional project, not described in this report, we expanded the pressure-

propagation method to evaluate the effectiveness of a semi-permanent coating135
'
136 in various 

background electrolytes.3 Often, the buffer choice alone can dramatically alter the proteins 

tendency to adsorb, as this surface interaction is connected to many protein-specific factors such 

as pl and the external amino acid composition. The extent of protein adsorption is determined 

collectively by a number of parameters such as electrolyte pH, the electromagnetic interactions 
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with buff er ions, and hydrophobic effects. As a result, it is not possible to generalize coating and 

buffer efficiency, as different proteins will demonstrate a unique response and this must be 

determined empirically. 

3.3 Experimental 

3.3.1 Materials 

Chromeo P503 fluorescent labeling pyrylium dye was purchased from Active Motif 

(Burlington, ON, Canada). The HPLC-purified thrombin-binding aptamer (5' -Alexa488-CGG 

TTG GTG TGG TTG GAA AAA AAA AAA AAA AAA AAA AAA A-3') was obtained from 

Integrated DNA Technologies (Coralville, IA), dissolved to a concentration of 50 µMin 10 mM 

Tris-HCI (pH 7.5), and stored at -20°C until use. 

Lyophilized protein samples (a1 acid glycoprotein, conalbumin, cytochrome c, and 

lysozyme) and all other chemicals were purchased from Sigma-Aldrich (Oakville, ON, Canada), 

while Human-a-Thrombin was acquired from Haematologic Technologies Inc. (Essex Junction, 

VT). Solutions were made with deionized water and passed through a 0.22 µm filter by suction 

(Millipore, Nepean, ON, Canada). Uncoated fused-silica capillaries with an inner diameter of 75 

µm (375 µm outer diameter) were purchased from Polymicro (Phoenix, AZ). Neutral capillaries 

covalently bonded with linear poly(acrylamide) (75 µm i.d., 365 µm o.d.) and the CElixir 

dynamic coating system consisting of initiator and accelerator (pH 8.2) solutions were purchased 

from MicroSolv Technology Corp. (Eatontown, NJ). 
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3.3.2 Instrumentation 

All experiments were performed using a P/ACE MDQ capillary electrophoresis 

instrument (Beckman, Coulter, Fullerton, CA) equipped with either a laser-induced fluorescence 

(LIF) of photodiode array (PDA) detection system. For pressure-driven propagation experiments, 

a continuous 488 nm solid-state laser line was used to excite fluorescence of both the DNA and 

protein samples. Due to the considerable variation in their fluorescence emission spectra, a two­

channel detector was employed to effectively separate the DNA and protein fluorescence into 

two discrete channels. Band-pass filters specific for 520 and 610 nm were used to isolate 

fluorescence signals from Alexa-488 labeled DNA and Chromeo P503-labeled proteins, 

respectively. 

3.3.3 Protein Labeling 

Lyophilized proteins (AGP, conalbumin, cytochrome c, and lysozyme) were dissolved in 

a 0.1 M solution ofNaHC03 (pH 8.3) to a concentration of 4 mg/mL. A working solution of 

Chromeo P503 was added to each protein sample at a 1: 100 ratio of dye to protein. Thrombin 

was labeled by diluting the protein stock in a Chromeo mixture, containing 1 µL of Chromeo 

P503 and 100 µL of 0.1 M NaHC03 (pH 8.3), to obtain a final thrombin concentration of 48 µM. 

All labeling reactions were left to incubate overnight at 4 °C to complete the conjugation. Protein 

solutions were then aliquoted and stored at -20°C until use. All samples were then further diluted 

in 0.1 M NaHC03 (pH 8.3) to obtain the final concentrations. 
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3.3.4 Poly( vinyl alcohol) Coating 

PV A (5%, w/v) was prepared by dissolving the polymer in boiling deionized water. An 

uncoated fused-silica capillary was sequentially flushed with 0.1 M NaOH and deionized water 

for 1 h under a 12 psi flow of nitrogen gas. The pretreated capillary was then flushed with the 

PV A solution for 10 min at 15 psi and emptied using a 10 psi gas flow for 10 min. PV A was 

immobilized on the capillary surface by drying overnight in an oven set at 140°C with the 

continuous flush of low pressure nitrogen. The detection window was made using a fuming 

solution of H2S04 to preserve the integrity of the coating at the detection site.137 

3.3.5 Experimental Conditions 

All experiments were performed using a 50 cm capillary ( 40 cm to the detection 

window). Bare silica capillaries were pretreated by rinsing with methanol for 10 min at 20 psi. 

Prior to each run, the uncoated capillary was rinsed with RNAse AW A Y solution using 20 psi 

for 5 min followed by a sequential rinse with 0.1 M HCl, 0.1 M NaOH, doubly distilled water 

(ddH20), and 50 mM Tris acetate (pH 8.2) at 20 psi for 2 min. Dynamically modified capillaries 

were prepared using the commercial CElixir double-layer system. The capillaries were 

preconditioned by first rinsing with the initiator and accelerator (pH 8.2) solutions at 20 psi for 1 

and 2 min, respectively. This coating procedure was repeated prior to each run. Before each 

experiment, the permanently coated PV A and LP A capillaries were rinsed with ddH20 and 50 

mM Tris acetate (pH 8.2), each at 20 psi for 8 min. 

All samples were introduced into the capillary by applying a 6 s pressure pulse of 0.5 psi. 

Pressure-driven propagation analyses were carried out using a 50 mM Tris acetate (pH 8.2) run 

buffer for both the uncoated and permanently coated capillaries, while the CElixir accelerator 
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solution (pH 8.2) was used in the dynamically modified capillary. A 0.5 psi forward pressure was 

applied for the 40 cm propagation, and a reverse pressure of the same magnitude was used for 

the 10 cm propagation experiments. 

UV absorbance experiments were performed using an uncoated fused-silica capillary. 

Separation was carried out at 300 V /cm with 50 mM Tris acetate (pH 8.2) as the background 

electrolyte. Dimethyl sulfoxide (DMSO; 0.2%) was used as a neutral marker to measure the 

protein influence on the EOF. The electroosmotic mobility values shown in Figure 20 were 

calculated using equation 22: 

(22) 

where Vis the applied voltage, tm is the migration time to the detector, Lt is the total capillary 

length, and Ld is the distance from the capillary inlet to the detector. 

3.3.6 NECEEM Analysis of the Thrombin-Aptamer Interaction 

A 1 µM solution of the thrombin-binding aptamer was heated to 95°C for 1 min using a 

thermal cycler (Eppendorf, Hamburg, Germany) and gradually cooled to 25°C at a rate of 

0.5°C/s to promote proper aptamer folding. An equilibrium mixture consisting of 455 nM 

thrombin and 91 nM aptamer was prepared in a 20 mM Tris acetate (pH 8.2) buffer containing 5 

mM KCl and 1 mM MgCh. The mixture was separated using 10 kV for the first 5 min followed 

by an increase to 20 kV in the uncoated capillary to avoid sample overheating. When using the 

PVA-coated capillary, the same voltages were applied; however, the electric field polarity was 

reversed. The equilibrium dissociation constants were calculated using equation 23: 
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(23) 

where [P] 0 and [DNA] 0 are the initial protein and aptamer concentrations, respectively, and A1 , 

A2 and A3 correspond to the integrated areas of free aptamer, complex and aptamer dissociated 

from complex, respectively. The areas were corrected for differences in the migration velocities 

of free and bound aptamers. 

3.4 Conclusions 

We propose this simple and fast method for screening a series of coatings to help select 

the optimal conditions for KCE methods involving proteins. This method promises to help 

expand the number of biomolecular interactions studies by KCE and assist in KCE-based 

aptamer selection. 

Pressure-driven propagation can be used to screen various capillary coatings and run 

buffers for protein analysis in KCE, and more specifically, in KCE-SELEX. We prove that this 

approach can be readily used to rank the antiadhesive properties of different capillary surfaces 

and buffer types for important protein samples. We illustrate the difficulties associated with the 

KCE studies involving adsorptive proteins and propose a method that will improve their analysis 

by selecting the appropriate capillary coating and buffer. This technique will undoubtedly assist 

in diversifying the number of protein-ligand interactions studied by KCE methods, and improve 

the efficiency of KCE-based aptamer selection 
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3.5 Supplementary Information 

3.5.1 Capillary Surface Chemistry Influence on the Temporal Propagation 
Pattern of Several Proteins 

Protein adsorption was characterized using the dual-detection pressure-driven 

propagation method as described in section 3 .2. Representative proteins, each with unique 

surface properties and charge, were chosen as models to illustrate the applicability of this 

method. Chromeo labeled proteins were diluted in a 0.1 M NaHC03 (pH 8.2) buffer to obtain the 

following concentrations: 9.8 µM a1- acid glycoprotein, 5.3µM conalbumin, 10.1 µM thrombin, 

171 µM cytochrome C, and 137 µM lysozyme. 30 nL of the sample was injected into the 

capillary inlet and carried 40 cm to the detector using a low forward pressure of 0.5 psi to 

guarantee adequate diffusion between the sample and buffer plugs. The 10 cm propagation was 

performed using the same capillary however, the sample was injected from the outlet end and 

each pressure (injection and propagation) was applied in the reversed direction. The 

experimental analysis of protein adsorption was performed using capillaries with four different 

surface chemistries: (i) a bare silica capillary, (ii) a capillary coated with the CElixir dynamic 

modification system, (iii) a capillary with a permanently adsorbed poly(vinyl) alcohol (PV A) 

surface and (iv) a capillary with a covalently bonded linear polyacrylamide (LPA) surface. For 

the uncoated, PV A and LP A capillaries we had employed a run buffer of 50 mM Tris acetate (pH 

8.2). The dynamically coated capillary used the commercially available CElixir accelerator 

solution at pH 8.2 as the run buffer. All experiments were performed in triplicates with less than 

15% standard deviation in the integrated peak areas to ensure reproducibility. Protein adsorption 

was determined by comparing peak height, width and symmetry of each pressure propagation 

profile. In addition, the differences in peak area between the 10-cm and 40-cm propagation were 
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used to assess the degree of protein adsorption by calculating the amount of protein loss during 

the 30-cm migration. Representative results for each coating protein are shown in Figures 24, 

25, 26, 27 and 28. 
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pressure-driven propagations using an uncoated capillary a capillary coated with CElixir dynamic modifier, a 
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[Figure 26] Temporal propagation patterns of 171 µM Chromeo-labeled cytochrome C after 10-cm and 40-cm 

pressure-driven propagations using an uncoated capillary a capillary coated with CElixir dynamic modifier, a 

capillary with a permanently adsorbed PV A coating and a capillary covalently bonded with LP A. 
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[Figure 28] Temporal propagation patterns of 137 µM Chromeo-labeled lysozyme after 10-cm and 40-cm pressure­
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Chapter 4: Target-Specific Optimization: Exonuclease 1 

4.1 Aptamer Development for an Exonuclease 

The previous two chapters described, in detail, novel methods of pre-selection 

optimization that should be implemented in KCE-SELEX for all protein-based aptamer targets. 

In this work, the target in question is an active exonuclease capable of degrading any potential 

aptamers which approach the proteins active site. This is problematic, as the entire DNA library 

serves as a substrate for enzymatic degradation by Exo 1. Since Exo 1 is known to be a highly 

processive DNA nuclease, 138 this would certainly lead to the selective degradation of high­

affinity aptamers if activity is not controlled. Therefore, prior to performing any pre-selection 

optimization, conditions must be established where the exonuclease _activity is suppressed. 

Literature indicates that Exol requires a Mg2
+ cofactor for enzymatic activity,98

'
99 therefore, 

chelating agents such as ethylenediaminetetraacetic acid (EDTA), may remove any residual 

Mg2+ from the enzymes active site, and prevent cleavage of the phosphodiester bond. 

4.2 Magnesium-Dependent Nuclease Activity Assay 

Exo 1 activity was assessed using Gel CE as this technique can discriminate between 

DNA that differs in length by only 1 nucleotide (nt). If any significant DNA degradation were to 

occur, it would be clearly seen in the Gel CE electropherograms. A DNA ladder containing 20 

nt, 37 nt, 56 nt and an 80 nt DNA markers was used as a control to assess the length of the DNA 

present in the sample of interest. Figure 29A shows an electropherogram of this DNA ladder. 

The 80 nt marker is useful, since the N40 DNA library (with 40 random nucleotides) is also 80 nt 

in length. By performing a co-injection of the equilibrium mixture and the DNA ladder, 
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degradation can be accurately assessed. If the 80 nt marker and DNA present in the EM co­

elute, it can be confirmed that no DNA degradation has occurred. In order to accurately mimic 

the initial collection conditions in KCE-SELEX, the equilibrium concentration of the library was 

designed to be in great excess of the target (5µM N40 and 100 nM Exol). 

Figure 29B illustrates the extensive DNA degradation that arose after a 15 minute 

incubation with Exo 1, when the equilibrium mixture is supplemented with 5 mM MgCh. It is 

evident from this electropherogram that Mg2
+ does indeed promote an exonuclease activity. 

Figure 29C shows the Gel CE results obtained when Exol and the DNA library were incubated 

for over 1 hour in 50 mM Tris-acetate (pH 8.2), 100 mM NaCl buffer without any metal 

chelating agents. It is clear from this figure, that there is still some slight exonuclease activity, 

although not nearly as extensive as that found when Mg2
+ was added to the buffer. When 5 mM 

EDTA was added to the SOmM Tris-acetate (pH 8.2), 100 mM NaCl incubation buffer, no DNA 

degradation was observed and the DNA library remained intact even after a 60 minute incubation 

(Figure 29D). These results confirm that Mg2
+ promotes enzymatic activity, while EDTA 

suppresses it. 
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containing 100 nM of the 20 nt sequence, 400 nM of the 37 nt sequence, 300 nM of the 56 nt sequence and 200 nM 
of the 80 nt sequence. Panel B shows the electropherogram obtained with a EM containing 100 nM Exo 1 and 5 µM 
N40 DNA library incubated in a 50 mM Tris-acetate (pH 8.2), 100 mM NaCl, 5 mM MgClz buffer for 15 minutes. 
The EM was co-injected with the DNA ladder in order to estimate the extent of DNA degradation. Panel C displays 
the electropherogram obtained with a EM containing 100 nM Exo 1 and 5 µM N40 DNA library incubated in a 50 
mM Tris-acetate (pH 8.2), 100 mM NaCl buffer incubated for 60 minutes and co-injected with the DNA ladder. 
Panel D shows the electropherogram obtained with a EM containing I 00 mM Exo I and 5 µM N40 DNA library 
incubated in a 50 mM Tris-acetate (pH 8.2), 100 mM NaCl, 5 mM EDT A buffer incubated for 60 minutes and co­
injected with the DNA ladder. 

Although this result is somewhat intuitive, it is important to correctly identify the 

nominal concentration of EDT A necessary to avoid any library degradation. If the enzymatic 

suppression is incomplete, and residual exonuclease activity persists, this can result in the 

preferential degradation of high-affinity aptamers, making their collection and amplification 

impossible. From the gel CE results, 5 mM EDT A was found to be the optimal concentration 

required to completely inhibit the nuclease-induced degradation of the DNA library under 

collection conditions. 
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4.3 Bulk Affinity Analysis 

In the classical KCE-SELEX protocol, a general bulk affinity assay is performed in order 

to numerically gauge the overall DNA-binding potential of the selected target. Bulk affinity is 

implemented experimentally through standard NECEEM assays where the equilibrium mixture 

consists of a low concentration of the DNA library and an excess of the target. The areas 

corresponding to any intact complexes, unbound DNA, and the DNA which is dissociated from 

the target can be easily determined through integration. Then, by substituting these areas into 

equation 19, a hypothetical Kd can be calculated to probe the relative abundance oftarget­

binding sequences found within the heterogeneous DNA library. Although this bulk Kd does not 

offer any information on the binding capacity of individual aptamers, it can be used to monitor 

aptamer evolution after each round. 

In order to estimate the general binding affinity Exo 1 has towards the random DNA 

library, NECEEM experiments were conducted in a free solution running buffer (50 mM Tris­

acetate (pH 8.2)). Exonuclease activity was also assessed through free zone CE in both the 

presence and absence of 5 mM EDT A. It can be seen from the results in Figure 30, that Exo 1 

experiences several high-affinity interactions with the heterogeneous DNA sequences in the N40 

library. The left panel illustrates the bulk affinity in the absence of EDT A, while the right panel 

depicts the same experiment in the presence of 5 mM EDT A. In each panel, the black traces 

represent the electropherograms obtained from the equilibrium mixtures and blue traces are the 

N40 library in the absence ofExol. After injection, the EM was subsequently heated to 95°C for 

20 minutes to completely denature Exo 1 and any complexes which had formed. This heating 

step was done to check for degradation products that may have been mistaken for complex 

peaks. The heat denatured EM was then re-run through the capillary using the same method, and 
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the results are illustrated as the red traces in each electropherogram. With an estimated bulk Kd 

value in the nanomolar range, it is clear that Exo 1 recognizes then library as a substrate destined 

for degradation. It is further noted from Figure JOA, that EDT A is an essential component, if 

library degradation is to be avoided. However, in the presence of EDT A, multiple "complex" 

peaks are visible making the NECEEM electropherograms difficult to decipher and integrate 

with reasonable certainty. 
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[Figure 30] NECEEM experiments performed to assess both Exol-DNA affinity and exonuclease activity in the 
presence (b) and absence (a) of 5 mM EDTA. The black traces represent the NECEEM electropherograms of the 
equilibrium mixture. The blue lines show the DNA only control, and the red traces show the heat denatured protein­
DNA mixtures. (a) EM containing 435 nM Exol and 100 nM of Alexa-488 labeled N40 DNA library in a 50 mM 
Tris-acetate (pH 8.2) incubation buffer supplemented with 50 mM KCI. (b) EM containing 435 nM Exol and 100 
nM Alexa-488 labeled N40 DNA library in a 50 mM Tris-acetate (pH 8.2) incubation buffer supplemented with 50 
mM KCI and 5 mM EDT A. In the presence of 5 mM EDT A the bulk ~ was estimated at 259 nM, 
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4.3.1 Complex Identification 

In order to correctly identify the Exol-N40 complex, NECEEM bulk affinity test was 

performed where unlabeled protein is replaced with the Chromeo P503 labeled counterpart. 

Fluorescence emission was detected through two separate channels, to help differentiate between 

the signals produced by Alexa488 and Chromeo P503. The electropherogram depicted in Figure 

31 illustrates the results of the NECEEM binding assay when using the Chromeo-labeled Exol 

and Alexa488-labeled DNA library, as the respective target and ligand. In each panel, the black 

traces depict emission signals acquired following the filtration through the 520 nm channel, 

specific for the Alexa-488-labeled DNA library, and the red traces represents the signal after 

being filtered through the 610 nm channel, specific for the Chromeo P503-labeled Exol. As 

stated earlier, there is considerable fluorescence leakage of the 520 nm emission signal into the 

610 nm channel due to an overlap in the emission spectra of each species. Therefore, the relative 

amount of fluorescence overlap must be accounted for when verifying the complex peak. This is 

done by adjusting the measured fluorescence signal, recorded through the 610 nm channel, so 

that the height of the rightmost peak, representing the unbound DNA library, exactly matches its 

complement detected through the 520 nm channel. Although the re-scaled electropherogram 

produces similar signals through both channels, it assists in recognizing certain complex peaks 

located at the leftmost region of the NECEEM electropherogram. From this result, it is evident 

that complexes exist; however, the mechanism of binding is likely non-sequence specific as the 

bulk Kd is quite strong. Moreover, complex mobility is rather broad and poorly separated from 

the DNA library. Both of these issues must be resolved prior to KCE-SELEX, in order to avoid 

collection contamination with unbound or non-specific DNA sequences. 
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[Figure 31] Peak identification of the Exol-N40 library complex through the combined use of Chromeo P503 
labeled Exo 1 and Alexa-488 labeled N40 DNA library. Black traces depict fluorescence at 520 nm while the red 
traces represent fluorescence through the 610 nm filtered channel. The left panel show the measured signal obtained 
through both channels, while the right panels show the same data with the red electropherograms rescaled so that the 
height of the rightmost peaks are equivalent for both the black and red electropherograms. The concentration of 
Exo 1 and N40 library were 510 and 100 nM, respectively. 

4.4 Short Oligonucleotides as Competitive Inhibitors 

The non-specific binding of Exo 1 to all single stranded DNA sequences, must be avoided 

as it will drastically hinder the entire SELEX process. It has been reported in the literature a free 

3 'hydroxyl group is necessary for exonuclease activity and polynucleotides with 3 '-phosphoryl 

groups act as inhibitors. 98 This suggests that it is possible to generate a small single stranded 

oligonucleotide that can be used as a competitive inhibitor which blocks potential aptamers from 

binding in the active site. If the aptamers can be selected towards the inhibited protein, this 

would ensure that they are not bound to the active site as a substrate. Three polyT inhibitors 

were tested using NECEEM binding analysis [Figure 32]. It is shown, that they do prevent 

DNA degradation even when a small amount of Mg2
+ was remained in the Exo 1 storage buffer. 

This is most evident for the 5 nt inhibitor, which did not experience any degradation after a 15 
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minute incubation in 50 mM Tris-acetate (pH 8.2), 50 mM KCl buffer. Black traces refer to the 

NECEEM binding experiments, blue traces are the inhibitor controls, and red traces are the EM 

following heat denaturation. The 10 nt and 15 nt inhibitors had underwent some degradation in 

the 50 mM Tris-acetate (pH 8.2), 50 mM KCl buffer, however when supplemented with 5 mM 

EDT A, they remained intact. Moreover, the equilibrium dissociation constant calculated for the 

Exol-inhibitor mixtures was lower than those calculated for the DNA library, suggesting 

preferential inhibitor binding. In panel F, it can be seen that no unbound DNA remained 

throughout the course of separation indicating a relatively low dissociation rate. Based on the 

calculated Kd values, the 15 nt inhibitor has the highest affinity towards Exo 1. However, if all 

polyT inhibitors are equally effective at blocking the library from the active site, shorter strands 

may be preferred as they will likely minimize any repulsion of potential aptamers. 
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[Figure 32) NECEEM binding tests using Alexa-64 7 labeled 5nt, 1 Ont, and l 5nt inhibitors as ligands towards Exo 1. 
(A) 5nt DNA inhibitor ins 50 mM Tris-acetate (pH 8.2); 50 mM KCl run buffer. (B) !Ont DNA inhibitor in a 50 
mM Tris-acetate (pH 8.2); 50 mM KCl run buffer. (C) 15nt DNA inhibitor in a 50 mM Tris-acetate (pH 8.2); 50 
mM KCl un buffer. (D) 5nt DNA inhibitor in a 50 mM Tris-acetate (pH 8.2); 50 mM KCl; 5 mM EDTA run buffer. 
(E) !Ont DNA inhibitor in a 50 mM Tris-acetate (pH 8.2); 50 mM KCl; 5 mM EDTA run buffer. (F) 15nt DNA 
inhibitor in a 50 mM Tris-acetate (pH 8.2); 50 mM KCl; 5 mM EDTA run buffer. Black traces represent NECEEM 
electropherograms of the EM, blue traces illustrate the inhibitor controls, and red traces depict heat denatured 
equilibrium mixtures. 

4.4.1 Ligand Competition Assay 

Although the NECEEM binding assays indicate high-affinity binding with all three 

oligonucleotide sequences, their inhibitory properties are not guaranteed. In order to evaluate 

how effective each sequence is at blocking the enzymes active site, and thus, inhibiting any non-

specific binding of the DNA library, a competition experiment was performed. The competition 
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assay was treated in a similar approach to all other single-ligand NECEEM experiments 

previously discussed. However, the equilibrium mixture consisted of the Exo 1 and two potential 

ligands, the N40 DNA library and one of the polyT inhibitors. Since the DNA library is 

fluorescently labeled with Alexa-488, and the inhibitor with Alexa-64 7, synchronized excitation 

and detection is possible by using two distinct laser lines coupled with the appropriate dual­

channel filtration. In Figure 33, all green traces represent fluorescence emission from the DNA 

library, while all black traces illustrate the signal obtained from the respective inhibitor as listed 

on the figure headings. Initially, an equimolar concentration of all three species (Exol, library 

and inhibitor) was used to directly compare the enzymes relative affinity to each ligand. The 

electropherograms presented in panels A, B, and C of Figure 33, depict the result of the 

competition assay using a library concentration equal to that of the 5 nt, 10 nt and 15nt 

inhibitors, respectively. Panel D, represents the results from a competition assay where the 15nt 

inhibitor was present in a 3-fold excess to both the DNA library and Exol. Panels E, D, G, and F 

illustrate the electropherogram acquired after heating the specified EM, displayed in the above 

panel, for 20 min at 95°C to inactivate and denature the enzyme. This denaturation step was 

performed in order to correctly identify any observed peaks as complexes (or dissociated 

complexes) as opposed to products of enzymatic degradation. The controls, depicted in panels I, 

J, K and L are shown in order to compare migration times of each ligand in the absence of Exo 1. 

From Figure 33A, it is clear that in the presence of the 5 nt polyT sequence, Exol still exhibits a 

strong preference for the DNA library, and therefore, this is an ill-suited inhibitor. The 10 nt 

polyT sequence displayed a greater affinity to the active site and, slightly reduced Exo 1 's library 

binding capacity, as illustrated in Figure 33B. However, from Figure 33C, it is evident that the 

15nt polyT sequence is a much more potent inhibitor, as the library binding is significantly 
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reduced in its presence. When used in excess, this inhibitor can completely out-compete the 

library for active-site binding [Figure 33D]. This result agrees with previous research, reporting 

an active site capable of harbouring - 13 nucleotides through two distinct domains.139
•
140 The first 

domain is capable of binding up to 7 nucleotides, while the second binds nucleotides from 

positions 9 through 13.The 15 nucleotide inhibitor can exploit all possible binding sites and, 

accordingly, demonstrates maximal affinity towards Exol. 

Since nanopore DNA sequencing requires an unoccupied active site, the 15 nt inhibitor 

can assist in blocking this site during KCE-SELEX. Therefore, the Exo 1-15nt inhibitor complex 

will serve as the target to which potential aptamers can bind. The introduction of an inhibitor is 

especially useful as it avoids any non-specific binding of the DNA library, and occupies the 

active site to promote aptamer binding elsewhere. 
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[Figure 33) Two substrate competition assays investigated through NECEEM. Exol was incubated with the Alexa-
488 labeled N40 DNA library and either the 5 nt, 10 nt or 15 nt inhibitors, each labeled with the Alexa-647 
fluorophore. Fluorescence emission at 520 nm and 655 nm were detected simultaneously using a two channel 
filtration system. Green traces correspond to Alexa-488 emission after separation through a 520 nm band-pass filter. 
Black traces correspond to Alexa-647 emission following the separation through a 655 nm band-pass filter. The top 
panels illustrate results of the competition assay after the 15 min incubation with both substrates. The middle panels 
illustrate the same equilibrium mixtures following complex denaturation through heat-induced Exol deactivation. 
The lower panels depict the controls where Exo 1 was excluded from the EM. All experiments were performed in a 
50 mM Tris-acetate (pH 8.2); 50 mM KCl; 5 mM EDTA incubation buffer and a 50 mM Tris-acetate (pH 8.2) run 
buffer (A) 96.7 nM Exol, 100 nM N40 and 100 nM 5 nt inhibitor (B) 96.7 nM Exol, 100 nM N40 and 100 nM 10 
nt inhibitor (C) 96. 7 nM Exo 1, 100 nM N40 and 100 nM 15 nt inhibitor (D) 96. 7 nM Exo 1, 100 nM N40 and 300 
nM 5 nt inhibitor (E) 96.7 nM Exol, 100 nM N40 and 100 nM 5 nt inhibitor after heating at 95°C for 20 min (F) 
96.7 nM Exol, 100 nM N40 and 100 nM 10 nt inhibitor after heating at 95°C for 20 min. (G) 96.7 nM Exol, 100 
nM N40 and 100 nM 15 nt inhibitor after heating at 95°C for 20 min. (H) 96.7 nM Exol, 100 nM N40 and 300 nM 
15 nt inhibitor after heating at 95°C for 20 min. (I) 100 nM N40 and 100 nM 5 nt inhibitor (J) 100 nM N40 and 100 
nM 10 nt inhibitor (K) 100 nM N40 and 100 nM 15 nt inhibitor (L) 100 nM N40 and 300 nM 15 nt inhibitor. 
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4.4.2 Exo1 Interaction with the 15 Nucleotide Inhibitor 

Due to its high affinity for Exo 1 and its powerful inhibitory capabilities, the 15 polyT 

sequence was selected for use in KCE-SELEX, with the target being the Exo 1-inhibitor complex. 

Prior to aptamer selection, the binding affinity was further investigated in order to accurately 

measure both the equilibrium and unimolecular dissociation constants (Kd and k011 ). The results 

are illustrated in Figure 34, with reported Kd and k011 values of 51nMand1.8 *10-2 s-1, 

respectively. In the lower panel, the black trace corresponds to the NECEEM electropherogram 

where the EM consisted of 131 nM of Exo 1 and 50 nM of the 15 nt inhibitor. The red trace 

represent the EM following a heat treatment at 95°C for 20 min, and the blue trace is the control. 

The top panel is an enlarged image of the EM emphasizing the complex, unbound inhibitor and 

decay region. 
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[Figure 34] NECEEM binding tests using Alexa-647 labeled 15nt PolyT DNA sequence an Exol inhibitor. The 
concentration of Exo 1 and the l 5nt inhibitor were 131 nM and 50 nM, respectively. Black traces represent 
NECEEM electropherograms of the EM, blue traces illustrate the inhibitor controls, and red traces depict heat 
denatured equilibrium mixtures. The top figure is a magnified image illustrating the Exo I-inhibitor interaction, 
highlighting the decay. Under these conditions, Kdwas estimated at 51 nM and k011 at1.8 •10·2 s-1
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As evident from Figure 32F, Exol is capable of binding all of the available inhibitor 

after a 15 min equilibration time. In order to further investigate the speed of complex formation, 

the incubation time was shortened to 5 min for comparison. During aptamer collection, all 

available Exo 1 active sites should, ideally, be occupied with the inhibitor. Therefore, a pre-

incubation step with the inhibitor must be performed prior to the incubation with the DNA 

library. The results shown in Figure 35 highlight the apparent similarities between the 15 min 

and 5 min incubation times. This implies that a 5 min pre-incubation of Exo 1 with the 15 nt 

inhibitor is suffice for maximal active site occupation,. 
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[Figure 35) NECEEM binding tests using Alexa-647 labeled 15nt PolyT inhibitor after 5 min and 15 min incubation 
times, shown in the right and left panels, respectively .. The concentration ofExol and the 15nt inhibitor were 435 
nM and 100 nM, respectively. Black traces represent NECEEM electropherograms of the EM, blue traces illustrate 
the inhibitor controls, and red traces depict heat denatured equilibrium mixtures. 

4.5 Pressure-based Propagation and Exo1 Surface Adsorption 

It is known that target adsorption to the capillary surface can greatly hinder aptamer 

selection through KCE methods, and thus, should be minimized prior to commencement. From 

Figure 14 in Chapter 2 of this report, the tailing of the Chromeo-labeled Exol peak, implies 
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protein interaction the inner wall of the capillary. The fluorescence signal eventually returns to 

the baseline, which suggests a weaker reversible interaction. 

Although many buff er additives and coating techniques have proven to be effective in 

reducing the surface adsorption of protein analytes, the majority are poorly suited for kinetic­

based applications such as binding analysis and aptamer selection due to apparent 

incompatibilities with the fundamental KCE requirements. A buffer, together with any additive 

or coating, must satisfy three conditions in order to study biomolecular interactions by CE: (i) 

complex formation must not be inhibited (ii) the adhesion of aptamer target and the DNA library 

must be suppressed, and (iii) the EOF should be sufficiently strong to ensure that both detectable 

components (ligand and complex) are carried past the detector, while still maintaining an ideal 

separation distance. The number of coatings compatible with KCE-SELEX is rather limited. 

While several dynamic additives such as amine-containing molecules, polymers and surfactants 

may satisfy the three requirements, they often lack the efficiency associated with more 

permanent coatings. Since their attachment is based on temporary interactions with the capillary, 

dynamic modifies tend to compete with the protein for surface binding sites, and thus, introduce 

an additional level of interaction. This will undoubtedly complicate both the kinetic analysis and 

aptamer selection, and should generally be avoided. Furthermore, only a selected number of 

covalently bound coatings are suitable for KCE, and often, these coatings require complex 

synthesis and lengthy derivatization processes.141
-
143 Moreover the alteration in EOF can likely 

decrease the separation distance between the complex and unbound DNA, and thus, narrow the 

collection window. As a result, both the advantages and disadvantages must be carefully 

considered prior to coating and buffer selection. 
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The pressure propagation method was then applied to screen potential coatings and 

buffers for optimizing Exol aptamer selection. First, 5.1 µM of Exol was fluorescently labeled 

using Chromeo P503, and then pressure propagated in a bare silica capillary across both a 10 and 

40 cm distance [Figure 36]. The electrolyte used for sample propagation was 50 mM Tris-

acetate (pH 8.2) for the first 40 min of the experiment. A 100 mM NaOH rinse was then 

introduced in order to wash off the protein that remained adsorbed to the surface. The results 

shown in Figure 36 confirm the adsorptive nature of Exo 1 in an uncoated capillary surface. 
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[Figure 36] Temporal propagation patterns of 5.1 µM Chromeo-labeled Exo 1 after 10-cm and 40-cm pressure­
driven propagations using an uncoated capillary and 50 mM Tris acetate (pH 8.2) as the run buffer for the first 40 
min of the experiment. After the 40 min time point, 100 mM NaOH was introduced to strip off any adsorbed protein. 

Several coatings and buffer additives were then tested to determine whether protein 

adsorption can be eliminated prior to aptamer selection. The pressure-driven propagation method 

was tested using (i) PVA coated capillary, (ii) Ultratrol semi-permanent coating, and (iii) an 

uncoated surface using a buffer of 50 mM Tris acetate (pH 8.2) supplemented with 0.015% 

Triton-X 100. All three of these attempts resulted in a reduced level of protein adsorption. 

However, in both the PV A and Ultratrol coated capillaries, the electrophoretic separation of free 
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inhibitor form ExoI-inhbitor complex was narrowed in comparison to untreated silica due to the 

highly reduced or absent EOF. In the case where O.OI5% Triton X-IOO was introduced into the 

run buffer, the EOF became rather unpredictable and this option was then abandoned. 

4.5.1 Pressure-Propagation and Exo1-Inhibitor Complex Adsorption 

When performing NECEEM experiments using an equilibrium mixture that contained 

Exol and the oligonucleotide inhibitor, the complex peak appeared to be well defined and 

demonstrated the characteristics of a typical NECEEM electropherogram (refer to panels D,E 

and F of Figure 32). These results imply that, although Exo 1 on its own adsorbs to the fused­

silica surface, the Exo I-inhibitor complex does not. In order to confirm this hypothesis, the 

pressure-driven propagation method was performed using the Exo I-inhibitor complex as a 

sample. First, an equilibrium mixture was prepared using 437 nM unlabeled Exol and 100 nM of 

the Alexa647-labeled 15 nucleotide inhibitor. Under these conditions, all of the inhibitor remains 

bound to the protein, and the rate of dissociation was found to be quite slow. The equilibrium 

mixture was then injected into the capillary outlet and pressure propagated well past the 

detection window using a reversed pressure of 0.5 psi. After 6 min of pressure propagation, an 

electric field of 400 V /cm was applied, in order to separate any unbound inhibitor from the 

Exo I-inhibitor complex (see black trace in Figure 37). The electrophoretic separation is 

necessary in order to verify that the peak obtained through the pressure propagation, is that of the 

complex rather than that of the unbound or dissociated inhibitor. The equilibrium mixture was 

then heated at 95°C for 20 min, in order to denature ExoI and rupture the Exol-inhibitor 

complex. The heat-denatured sample was then injected into the capillary and the experiment was 

then repeated (see red trace in Figure 37). By comparing these results to a control containing 

only the inhibitor without any Exo 1 (blue trace in Figure 37), we can conclude that the pressure-
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driven propagation peak is indeed that of the Exo I-inhibitor complex rather the unbound 

inhibitor. 
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[Figure 37]: Pressure-induced propagation patterns are shown up until the 6 min migration time mark. An electric 
field of 400 V/cm was introduced after the 6 min pressure propagation and maintained throughout the remainder of 
the experiment. Black traces represent temporal propagation pattem/electropherograms of the equilibrium mixture 
containing 437 nM ofExol and 100 nM of the 15 nucleotide inhibitor. Blue traces illustrate the temporal 
propagation pattem/electropherogram of the inhibitor controls, and red traces depict pressure 
propagation/electropherogram of the heat denatured equilibrium mixture. 

As a result, the pressure-based propagation analysis of analyte adsorption can be applied 

towards the protein-ligand complex as well as the free protein. It can be seen from Figure 38, 

that the Exo I-inhibitor complex expresses a negligible interaction with the fused-silica surface, 

and therefore, an uncoated capillary will be suffice when performing aptamer selection on this 

target. 
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[Figure 38] Temporal propagation patterns of the Exo 1-15 nucleotide inhibitor complex after 10-cm and 40-cm 
pressure-driven propagations using an uncoated capillary using a 50 mM Tris acetate (pH 8.2) run buffer. The 
equilibrium mixture containing 437 nM Exol and the 100 nM 15 nucleotide inhibitor was prepared to ensure 
complete binding and propagation of the pure complex peak. 

The significant differences in adsorption between the Exo I-inhibitor complex and the 

free Exo 1 agree with previously reported structural research on the protein.144 The highly 

processive nuclease activity occurs after the enzyme experiences a conformational change, which 

allows it to completely enclose its substrate. The active site likely contains a number of 

positively charged amino acid residues in order to interact with the negative DNA substrate. 

Once the active site is blocked, the positive charges are masked and no longer capable of 

interacting with the capillary surface. 

4.6 Separation Efficiency and Peak Resolution of the Exot-Inhibitor 
Complex from the DNA Library 

Prior to KCE-SELEX, and the first round of aptamer collection, the separation window 

between the target (Exol-inhibitor complex) and N40 DNA library must be maximized. During 

selection, the capillary length should be 80 cm or larger, as this will maximize peak separation 
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and improve the resolution. Superior separation leads to greater collection efficiency and less 

contamination with undesirable DNA sequences. 

To accurately assess the separation efficiency and resolution of the Exol-inhibitor-library 

mixture, a competition assay was performed in a 102 cm capillary. First, Exol was incubated 

with the 15 nt inhibitor for 5 min in an incubation buffer of 50 mM Tris-acetate supplemented 

with 50 mM KCl and 5 mM EDT A. Due to its high affinity for the active site and relatively rapid 

rate of association, this short incubation time is enough to enable the maximal binding of the 

inhibitor. Then, the library was introduced to the Exol-inhibitor EM, and an additional 

incubation was executed for 15 min. After reaching equilibrium, the mixture was separated in the 

102 cm capillary and fluorescence was detected via simultaneous excitation with two laser 

sources at 488 nm and 63 7 nm, and the corresponding emission signals were detected using 520 

nm and 655 nm band-pass filters in two distinct channels. The results of this competition assay 

are illustrated in Figure 39. Again, the green traces represent fluorescence emission at 520 nm 

and the black traces signify the signal recorded at 655 nm. Figures 39A and B portray the results 

of the competition assay with equimolar and a 3-fold excess of the inhibitor, respectively. Panels 

C and D are the magnified images of the overhead competition assays, highlighting the 

inefficient separation and resolution between the Exo I-inhibitor complex peak and the N40 DNA 

library. 
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[Figure 39] Two substrate competition assays investigated in a 102 cm capillary. Exo 1 was incubated with the 
Alexa-488 labeled N40 DNA library and the Alexa-647 labeled 15 nt inhibitor. Fluorescence emission at 520 nm 
and 655 nm were detected simultaneously using a two channel filtration system. Green traces correspond to Alexa-
488 emission after separation through a 520 nm band-pass filter. Black traces correspond to Alexa-647 emission 
following the separation through a 655 nm band-pass filter. The top panels illustrate results of the competition assay 
after the 5 min incubation with the inhibitor followed by a subsequent 15 min incubation with both substrates. All 
experiments were performed in a 50 mM Tris-acetate (pH 8.2); 50 mM KCI; 5 mM EDTA incubation buffer and a 
50 mM Tris-acetate (pH 8.2) run buffer. (A) 96.7 nM Exol; 100 nM 15 nt inhibitor; 100 nM N40 library. (B) 
Magnified image of panel A illustrating poor peak resolution. (C) 96.7 nM Exol; 300 nM 15 nt inhibitor; 100 nM 
N40 library. (B) Magnified image of panel B illustrating poor peak resolution. 

Since the triple complex (Exol-Inhibitor-N40 library) would have a migration 

intermediary to the Exol-Inhibitor complex and the unbound DNA library, the separation 

distance between these peaks must be improved prior to selection. Since resolution is maximized 

through µeo (see equation 18), the designated separation buffer should produce a µeo value 

similar in magnitude but opposite in direction to the µep of each analyte (i.e. the Exo I-inhibitor 

complex, N40 library and 15 nt polyT inhibitor). 
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Moreover, under these experimental conditions, the peak widths are broad due to 

differences in the ionic strengths of the incubation and run buffers. Since the incubation buff er 

contains significantly more salts than does the run buffer, anti-stacking effects tend to decrease 

the separation efficiency between peaks. This can easily be corrected in future work by 

implementing identical incubation and separation buffers 

4. 7 Experimental 

4. 7 .1 Materials 

Uncoated fused-silica capillaries with 75µm inner diameter (375 µm outer diameter) and 

101.0 µm inner diameters (i.d.) (357 µm o.d.) were purchased from Polymicro (Phoenix, AZ). 

An Oligel ssDNA/ssRNA gel Package for ssDNA separation was purchased from Advanced 

Analytical (Orangeville, ON, Canada) and the Chromeo P503 pyrylium dye was purchased from 

Active Motif (Burlington, ON, Canada). Purified Exol was provided by collaborators from 

Oxford and the HPLC purified fluorescently labeled DNA library, N40,(5' -Alexa-488/CTC CTC 

TGA CTG TAA CCA CG(N)40 GCA TAG GTA GTC CAG AAG CC-3'), 5 nucleotide Exol 

inhibitor (5'-Alexa647/TTT TT/P04-3'), 10 nucleotide Exol inhibitor (5'-Alexa647/TTT TTT 

TTT T/P04-3') and 15 nucleotide Exol inhibitor (5'-Alexa647/TTT TTT TTT TTT TTT/P04-3') 

were each purchased from Integrated DNA technologies Inc. (Coralville, IA). All DNA was 

dissolved in 1 OmM Tris-acetate buffer (pH 7 .5) to obtain a high stock concentration which was 

then stored at -20°C. All other chemicals were purchased from Sigma Aldrich (Oakville, ON, 

Canada), 
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4. 7 .2 Instrumentation 

All experiments were conducted using a P/ACE MDQ capillary electrophoresis 

instrument (Beckman-Coulter, Fullerton, CA) equipped an LIF detector. A 63 7 run solid-state 

laser was used to excite all Alexa-64 7 labeled polyT inhibitors. A 488 run argon-ion laser was 

used for fluorescence excitation in Gel CE experiments, while a 488 run solid-state laser was 

used in all other experiments to excite Alexa-488 labeled DNA and Chromeo labeled proteins. A 

two-channel detection system was used to analyze both the protein and DNA library or DNA 

library and inhibitor simultaneously. A 520 run filter was used to detect the fluorescently labeled 

DNA through one channel, while a 610 run filter was used to detect the Chromeo-labeled 

proteins through the second channel. A 655 run band pass filter was used to detect fluorescence 

emission of all Alexa-647 labeled DNA inhibitor sequences. 

4. 7 .3 Gel CE for Exo 1 Activity Analysis 

All Gel CE experiments were performed using a 101 µm inner diameter capillary with a 

total length of 60 cm (50 cm to detection window) with the temperature controlled at 20°C. The 

capillary was first rinsed with the capillary conditioning solution placed at the inlet end for 15 

min using a forward pressure of 60 psi. 0.1 mL of the Oligel ssDNA/ssRNA gel was transferred 

to a 0.2 mL PCR tube, placed at the outlet end and injected into the capillary using a reverse 

pressure of 100 psi for 60 min. Once the capillary was filled, a 40 min pre-run at -15 kV was 

performed using the ssDNA Oligel buffer in the inlet vial and Oligel ssDNA/ssRNA gel as the 

outlet vial. A DNA ladder was prepared in a 50 mM Tris-acetate (pH 8.2); 100 mM NaCl buffer 

using fluorescently labeled DNA of different lengths that were readily available in the lab. The 

composition of the DNA ladder is as follows: 100 nM of a 20 nucleotide (nt) sequence, 400 nM 
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of a 37 nt sequence, 300 nM of a 56 nt sequence, and 200 nM of an 80 nt sequence. The DNA 

ladder was injected electrokinetically using -5 kV for 13 seconds and CE separation was 

performed at -12 kV for 80 minutes. Three different incubation buffers were used to characterize 

Exo 1 activity: (i) 50 mM Tris-acetate (pH 8.2); 100 mM NaCl (ii) 50 mM Tris-acetate (pH 8.2); 

100 mM NaCl; 5mM MgCh and (iii) 50 mM Tris-acetate (pH 8.2); 100 mM NaCl; 5 mM 

ethylenediaminetetraacetic acid (EDT A). Equilibrium mixtures containing 100 nM Exo 1 and 5 

µM N40 Library were prepared in one of the respective buffers. Mixtures were incubated for 

over 60 minutes in buffers (i) and (iii), while only 15 min incubation was tested for buff er (ii). 

The DNA ladder and the respective equilibrium mixture were co-injected into the capillary using 

-5 kV for 13 seconds with a water dip between each injection. Samples were then separated 

using -12 kV for 80 minutes. 

4.7.4 Labeling of Exol with Chromeo P503 

The Chromeo P503 working solution was prepared by dissolving 1 mg of the lyophilized 

product 100 µL of dimethylformamide as recommended by the manufacturer. A 100 fold 

dilution of the working solution was then produced in a 0.1 M NaHC03 (pH 8.3) buffer. 5.1 µM 

ofExol was reacted with the 100-fold diluted Chromeo P503 solution and left to incubate 

overnight at 4 °C to allow complete conjugation of the active protein. Reaction completion was 

observed visually as a colour change from blue to a faint pink. All experiments involving the 

labeled Exo 1 protein were performed within 3 days of the conjugation reaction as to preserve the 

proteins native structural state. 
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4.7.5 NECEEM-based Analysis of Protein-DNA Interactions 

All protein-DNA equilibrium mixtures that were analyzed using NECEEM are indicated 

in Table 3. Uncoated fused-silica capillaries were first rinsed with (i) 0.1 M HCl, (ii) O.lM 

NaOH,(iii) ddH20, and (iv) 50 mM Tris-acetate (pH 8.2) with a pressure of 20 psi for 5 minutes. 

The DNA library was annealed by heating at 95°C for 1 min in a thermal cycler (Eppendorf, 

Hamburg, Germany) with a calculated cooling of 0.5°C/s, until a temperature of 25°C was 

achieved. The EM was prepared in the respective incubation buffer at the concentrations 

indicated in Table 3 of the Appendix and left to incubate as tabulated. For all capillaries with 50 

cm total length, 50 nL of the EM was then introduced into the inlet using a 0.5 psi pressure 

injection for 7 seconds. For capillaries with a 102 cm total length, 150 nL was injected in the 

inlet by applying a pressure of 1 psi for 33 s. The sample was the separated using the voltages 

listed in Table 3 with at controlled temperature of 15°C. For all experiments, the EM was 

heated to 95°C for 20 minutes in order to denature the protein and any complex that may have 

formed. This heat-denatured EM was re-run on the CE using the same method, and the resultant 

electropherogram was assessed for DNA degradation 

4. 7 .6 Pressure Propagation Adsorption Analysis 

A bare fused-silica capillary was rinsed sequentially with 0.1 M HCl, 0.1 M NaOH, 

ddH20 and 50 mM Tris-acetate (pH 8.2) each at a pressure of 20 psi for 2 min. All pressure 

propagation experiments intended for Exo 1 adsorption analysis were performed with the labeled 

protein as described in Chapter 3. To investigate adsorption of the Exo I-Inhibitor complex, an 

equilibrium mixture containing 435 nM of the unlabeled Exol and 100 nM of the Alexa-647 

labeled 15 nt inhibitor was prepared in an incubation buffer consisting of 50 mM Tris-acetate 

97 



(pH 82), 50 mM KCl and 5 mJ\1 EDTA. After a 15 min incubation, all of the inhibitor is bound 

to the excess protein (see Figure 34). The EM was then injected into the uncoated capillary 

outlet using a reverse pressure of 0.5 psi for 7 s, and propagated past the detector using a 

pressure of the same magnitude and direction for 6 min. At this point, the pressure was 

immediately stopped and a potential difference of 20 kV was the applied across the 50 cm 

capillary to induce separation in the EM. This procedure was repeated for the control as well as 

the heat-denatured sample, which consisted of the EM after a 20 min exposure at a temperature 

of 95°C. Once the pressure peak had been accurately identified as the complex, the pressure­

driven propagation of the EM was repeated from the capillary inlet. 

4.8 Conclusions 

Four main conclusions can be made from this work (i) 5 mM EDTA suppresses DNA 

degradation and (ii) a 15 nucleotide polyT inhibitor with a 3' Po/- can be utilized as a powerful 

competitive inhibitor in order to suppress non-specific binding (iii) the Exo I-Inhibitor complex 

does not adsorb to the uncoated capillary surface and (iv) the separation efficiency and peak 

resolution must be improved prior to the commencement of KCE-SELEX. Although a number of 

target-specific complications have been resolved, separation between the target and DNA library 

must be maximized in order to determine an appropriate collection window. This can be done 

through slight alterations of the composition of the run buffer, incubation buffer or both. 

Moreover, the anti-stacking effect should be eliminated to generate more narrow and distinct 

peaks. This can be done by reducing the salt concentration in the incubation buffer, or increasing 

the ionic strength of the background electrolyte, provided that the extent of Joule heating is 

controlled. 
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Appendix 

[Table 3] NECEEM experiments performed throughout chapter 4 of this report. Target concentration, ligand 
concentration, incubation time, incubation buffer, capillary and applied voltage are indicated for each experiment. 

Target Ligand Incubation Incubation Capillary Voltage 
concentration concentration time buffer 
435nM 100 nM Alexa- 15 min 50mM Tris- Uncoated 10 kV/5 
unlabeled 488 labeled acetate (pH 8.2); 50 cm (75 min then 
Exol N40 Library lOOmMKCl µmid) increased to 

20kV 
435nM 100 nM Alexa- 15 min 50mMTris- Uncoated 10 kV/5 
unlabeled 488 labeled acetate (pH 8.2); 50 cm (75 min then 
Exol N40 Library 100 mM KCl; 5 µmid) increased to 

mMEDTA 20kV 
510nM 100 nM Alexa- 15 min 50 mM Tris- Uncoated 10 kV for 5 
Chromeo- 488 labeled acetate (pH 8.2); 50 cm (75 min then 
labeled Exo 1 N40 Library 50mMKCl; 5 µmid) increased to 

mMEDTA 20kV 
435nM 100 nM Alexa- 15 min 50 mM Tris- Uncoated 10 kV for 5 
unlabeled 64 7 labeled 5nt acetate (pH 8.2); 50 cm (75 min then 
Exol inhibitor lOOmMKCl µmid) increased to 

20kV 
435nM 100 nM Alexa- 15 min 50mM Tris- Uncoated 10 kV for 5 
unlabeled 64 7 labeled 5nt acetate (pH 8.2); 50 cm (75 min then 
Exol inhibitor 50mMKCl; 5 µmid) increased to 

mMEDTA 20kV 
435nM 100 nM Alexa- 15 min 50 mM Tris- Uncoated 10 kV for 5 
unlabeled 647 labeled acetate (pH 8.2); 50 cm (75 min then 
Exol 1 Ont inhibitor lOOmMKCl µmid) increased to 

20kV 
435nM 100 nM Alexa- 15 min 50 mM Tris- Uncoated 10 kV for 5 
unlabeled 647 labeled acetate (pH 8.2); 50 cm (75 min then 
Exol 1 Ont inhibitor lOOmMKCl; 5 µmid) increased to 

mMEDTA 20kV 
435nM 100 nM Alexa- 15 min 50 mM Tris- Uncoated 10 kV for 5 
unlabeled 647 labeled acetate (pH 8.2); 50 cm (75 min then 
Exol 15nt inhibitor lOOmMKCl µmid) increased to 

20kV 
435nM 100 nM Alexa- 15 min 50mM Tris- Uncoated 10 kV for 5 
unlabeled 647 labeled acetate (pH 8.2); 50 cm (75 min then 
Exol 15nt inhibitor lOOmMKCl; 5 µmid) increased to 

mMEDTA 20kV 
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Target Ligand Incubation Incubation Capillary Voltage 
concentration concentration time buffer 
435nM 100 nM Alexa- 5 min 50 mM Tris- Uncoated 10 kV for 5 
unlabeled 647 labeled acetate (pH 8.2); 50 cm (75 min then 
Exol 15nt inhibitor lOOmMKCl µmid) increased to 

20kV 
96.7 nM 1. 100 nM 15 min 50 mM Tris- Uncoated 10 kV for 5 
unlabeled Alexa-647 acetate (pH 8.2); 50 cm (75 min then 
Exol labeled 5nt 100 mM KCl; 5 µmid) increased to 

inhibitor mMEDTA 20kV 
2. 100 nM 
Alexa-488 
labeled N40 
library 

96.7 nM 1. lOOnM 15 min 50 mM Tris- Uncoated 10 kV for 5 
unlabeled Alexa-647 acetate (pH 8.2); 50 cm (75 min then 
Exol labeled 1 Ont 100 mM KCl; 5 µmid) increased to 

inhibitor mMEDTA 20kV 
2. 100 nM 
Alexa-488 
labeled N40 
library 

96.7 nM 1. 100 nM 15 min 50mMTris- Uncoated 10 kV for 5 
unlabeled Alexa-647 acetate (pH 8.2); 50 cm (75 min then 
Exol labeled 15nt 100 mM KCl; 5 µmid) increased to 

inhibitor mMEDTA 20kV 
2. lOOnM 
Alexa-488 
labeled N40 
library 

96.7nM 1. 300 nM 15 min 50 mM Tris- Uncoated 10 kV for 5 
unlabeled Alexa-647 acetate (pH 8.2); 50 cm (75 min then 
Exol labeled 15nt 100 mM KCl; 5 µmid) increased to 

inhibitor mMEDTA 20kV 
2. 100 nM 
Alexa-488 
labeled N40 
library 

131 nM 50 nM Alexa- 15 min 50 mM Tris- Uncoated 10 kV for 5 
unlabeled 64 7 labeled 15 acetate (pH 8.2); 50 cm (75 min then 
Exol nt inhibitor 100 mM KCl; 5 µmid) increased to 

mMEDTA 20kV 
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Target Ligand Incubation Incubation Capillary Voltage 
concentration concentration time buffer 
96.7 nM 1. 100 nM 1. 5 min 50 mM Tris- Uncoated 30kV 
unlabeled Alexa-647 with acetate (pH 8.2); 102 cm 
Exol labeled 15nt inhibitor 100 mM KCl; 5 (75 µmid) 

inhibitor mMEDTA 
2. 100 nM 2. 15 min · 
Alexa-488 with 
labeled N40 inhibitor+ 
library library 

96.7 nM 1. 300 nM 1. 5 min 50 mM Tris- Uncoated 30kV 
unlabeled Alexa-647 with acetate (pH 8.2); 102 cm 
Exol labeled 1 Snt inhibitor 100 mM KCl; 5 (75 µmid) 

inhibitor mMEDTA 
2. 100 nM 2. 15 min 
Alexa-488 with 
labeled N40 inhibitor+ 
library lib~ 
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Mathematical Relationship between Kd and [L] 

The equilibrium association constant, Ka, is the mathematical inverse of the equilibrium 

dissociation constant (explained fully on page 6 of main text) and can be defined through 

equation (ii). The fractional amount of ligand-bound target can be easily expressed though the 

fractional occupancy equation (ii). 

1 [TL] 
Ka= Kd = [T][L] 

[TL] 
r= ----

[T] + [TL] 

[TL] = Ka[T][L] 

(i) 

(ii) 

(iii) 

Here r is the fractional concentration ratio of bound target to total target at equilibrium. 

Rearranging equation (i) allows for [TL] to be solved for in terms of [T], [L], and Kd (equation 

(iii)) which can then be substituted into equation (ii) to yield the following expression (iv): 

Ka[T][L] 
r= -----= 

[T] + Ka[T][L] 
(iv) 

Dividing both the numerator and denominator by Ka leads to a simplified equation (v), which 

describes the fractional saturation of target in terms of initial ligand concentration and Kd value. 

[L] 
r=---

Kd + [L] 
(v) 
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When the fractional occupancy is plotted graphically against ligand concentration, equation ( v) 

conforms to a rectangular hyperbola where the horizontal asymptote corresponds to the complete 

saturation of target. When the fractional occupancy is equal to 0.5, the ligand concentration is 

equal to the Kd value as illustrated in equations (vi) through (viii) 

(vi) 

(vii) 

(viii) 
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Separation Efficiency in CE 

In analytical separations, it is useful to quantify the efficiency of an individual separation 

numerically. In CE, this can be achieved experimentally by evaluating a few basic parameters 

associated with the time-dependent molecular diffusion acquired during a separation. The 

apparent velocity, Vap' for a given analyte refers to the speed at which the sample travels from 

the capillary inlet to the detector and can be measured experimentally using equation (ix), where 

Ld is the capillary length to the detection point. Since Vap is a function of the electric field 

strength, E, and thus the applied voltage, V, a parameter termed apparent mobility, µap' 

(equation (x)) is introduced to express the intrinsic analyte mobility 

(ix) 

(x) 

The efficiency of any system is defined numerically through the maximal number of theoretical 

plates achieved across the column. Giddings applied this principle to CE, where the number of 

theoretical plates, N, is expressed as a function of two parameters (i) the capillary length from 

inlet to detector, Ld, and (ii) the spatial variance of the sample zone, a (see equation (xi) for 

relationship). 

L 2 
N = __.!!:.__ 

(]2 
(xi) 

(xii) 
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(xiii) 

Ideally, the only source of zone dispersion is the time-dependent longitudinal diffusion 

experienced by a given analyte upon detection. As a result, (J
2

, can be defined through the 

Einstein equation (equation (xii)) where D, is the analyte diffusion coefficient in the given 

separation buffer. Through the appropriate substitutions, equation (xiii) is produced which then 

defines N, in terms of measurable parameters. 
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Peak Resolution in CE 

In CE, the resolution between two peaks, as derived by Giddings, can be quantified using 

equation (xiv), where R5 is the resolution and 11v /iJ is the relative velocity difference between 

the two zones being separated. In the presence of an electroosmotic flow, 11v /iJ can be related to 

relative motilities through equation (xv), where µ1 , µ2 , and represent the mobility of species 1 

and 2 that are being separated, fi. refers to the average mobility of each species (fi. = 

1/2 (µ 1 + µ2)) and µeo is the electroosmotic mobility. Then by substituting equation (xv) into 

equation (xiv), the final expression relating the peak resolution to the systems efficiency 

(..JN/ 4) and relative mobility between analyes is produced (equation (xvi)). 

1 11v 
R =-VN-

s 4 iJ 
(xiv) 

(xv) 

(xvi) 

As indicated through equation (xvi), the maximal resolution occurs when fi. + µeo approaches 

zero. Hence, it is desirable for µeo and fi. to be similar in magnitude but opposite in direction. 
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Derivation of Kd Expression through Quantifiable Parameters 
determined with NECEEM. 

The equilibrium dissociation constant is mathematically defined through equation (xvii), where 

[T] eq, [ L] eq, and [TL] eq refer to the equilibrium concentrations of target, ligand and complex, 

respectively. 

Kd = [T]eq [L]eq 
[TL]eq 

(xvii) 

Since the ligand is experimentally detectable in typical CE-based aptamer selection, a NECEEM 

electropherogram can provide information pertaining to the ratio of unbound to free ligand which 

exists at equilibrium. This information along with the initial concentrations of target and ligand 

makes it possible to determine the equilibrium concentration of each species, and thus, Kd. 

The area denoted as A1is directly proportional to [L]eq' and [TL]eq corresponds to the sum of 

areas A2 and A3 . When fluorescence emission is used as the detection method, variations in the 

quantum yield of each detectable species must be accounted for. This adjustment is presented in 

equations (xviii) and (xix) through the parameters <fJL and <fJn, which refers to the fluorescence 

quantum yield of the ligand and target-ligand complex, respectively. 

(xviii) 

(xix) 

An additional parameter, R, is defined in equation (xx) as fractional amount of unbound ligand 

at equilibrium to the total ligand which is measured through the detectable areas of the 

electropherogram. 
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Ai 
R = [L]eq = <fJL = Ai 

[L]o Ai + Az + A3 Ai + A2 <fJL + A3 m 
<fJL <fJTL <fJL 't'Tl 

(xx) 

Rearranging equation (xx) produces equation (xxi), which can be subsitutued into: 

[L]eq = R[L]o (xxi) 

The total amount of ligand within the equilibrium mixture does not change, and so according to 

the law of mass balance, the complex concentration at equilibrium is defined 

[TL]eq = [L]o - [L]eq (xx ii) 

[TL]eq = [L]o - R[L]o = [L]o(1 - R) (xxiii) 

Similarly, the equilibrium concentrations of the target can be established through the simple 

mass balance law with the appropriate substitutions. Conceptually, the amount of unbound target 

present during equilibrium is equivalent to the total amount of target in the sample subtracted by 

the equilibrium amount target-ligand complex ligand. 

[T]eq = [T]0 - [TL]eq (xxiv) 

[T]eq = [T]o - [L]o(l - R) (xxv) 

The equations (xxi), (xxiii), and (xxv) express the required equilibrium concentration of each 

species in through measurable variables. By substituting the equations (xxi), (xxiii), and (xxv), 

into the generalized Kd expression equation (xvii), equation (xxvi) is produced. 

([T] 0 - [L] 0 (1 - R) )R[L]0 ([T] 0 - [L] 0 (1 - R) )R 
Kd = [L]

0
(1-R) = -'-----1---R--- (xxvi) 
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By dividing the numerator and denominator by R, and substituting R through equation (xx), 

equations (xxvii) and (xxviii) are formed. 

[T] 0 - [L] 0 (1 - R) 
Kd= 1/R-1 (xxvii) 

(xxviii) 

Assuming that the fluorescence quantum yield values of the pure ligand and complex are 

comparable, the ratio can be approximated to 1, and equation (xxviii) simplifies to equation 

(xxix). 

(xxix) 
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Derivation of the Intrinsic Rate of Dissociation, k011 using NECEEM 

The unimolecular rate constant of complex dissociation, k011 can be easily derived using 

classical reaction kinetics and rate laws (equation (xxx) ). When the re-association of target and 

ligand is not possible, the rate of complex dissociation can be derived as the change in complex 

concentration over time (equation (xxxi)). By integrating both sides (equation (xxxii)), 

equation (xxxiii) is produced where ln[TL] 0 describes the initial equilibrium conditions, and 

ln[TL]t refers to the detection conditions at a time, t, after initiating complex dissociation. After 

rearranging and solving for k011 equation (xxxv) is produced which relates the rate constant to 

the initial and final complex concentrations ([TL] 0and [TL]t, respectively) at time, t. 

Reaction rate = k0 tt[TL] 

d[TL] 
-(it= k0 tt[TL] 

lt 1 lt 
0 

[TL] d[TL] = -
0 

k011dt 

In[TL]t - ln[TL] 0 = -k0ttt 

1 [TL] 0 
kotf = t In [TL]t 

(xxx) 

(xxxi) 

(xxxii) 

(xxxiii) 

(xxxv) 

The relative complex concentration, at time= 0 and time= t, can determined be from the 

relative areas under the NECEEM electropherogram as shown in equation (xxxvi). Here, [TL] 0 

refers to the equilibrium concentration of the complex and corresponds to the sum of area A2 and 

A3 of the electropherogram. The complex concentration upon detection, [TL] t corresponds 

exclusively to the area of intact complex, A2 at tP•DNA. 
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