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ABSTRACT

Protein biomarkers in bodily fluids can lead to an indication of the onset of a disease.
Due to low abundance of the biomarker at early stages of the disease and other protein
interferences, detection may be challenging.  Therefore, in order to achieve more selective
protein separations, the development of a novel stationary phase has been investigated.
Moreover, novel methods to apply polysaccharides as stationary phases were developed for
protein separations as well as chiral separations. The initial discussions in this dissertation
commences with the use of novel zwitterionic lysine-based molecular micelles as a coating for
open tubular capillary electrochromatography (OT-CEC) for protein separations. Poly-¢-
sodium-undecanoyl lysinate (poly-e-SUK) was evaluated as a stationary phase by varying
polymer concentration, voltage, and temperature in the separation of six acidic (myoglobulin,
albumin, B-lactoglobulin A, B-lactoglobulin B, a-lactalbumin, deoxyribonuclease 1) and four
basic (a-chymotrypsinogen A, lysozyme, cytochrome c, and ribonuclease A) proteins.
Additionally, NaCl concentration was assessed for enhancement of the separation due to
increased interactions from polymer swelling. Nearly all protein peaks were baseline resolved.
In addition, a separation of proteins in a human serum sample was evaluated under optimized
acidic and basic conditions. Furthermore, a separation of proteins in a human serum sample was
also evaluated under optimized acidic and basic conditions.

This dissertation also addresses chiral separations using polysaccharides derivatives
(cellulose acetate (CA), cellulose acetate phthalate (CAP), and cellulose acetate butyrate (CAB))
for OT-CEC. These hydrophobic polymers were each dissolved in a room temperature ionic
liquid (RTIL), 1-butyl-3-methylimidazolium acetate and deposited into capillaries. Four chiral

analytes (thiopental, sotalol, labetalol, and ephedrine) were evaluated using the coated

XX



capillaries. The system was optimized using pH, polymer concentration, voltage, and
temperature studies. Examination of results indicated baseline resolution for thiopental using
each polysaccharide, while only partial separation was achieved for sotalol, labetalol, and
ephedrine. Lastly, protein separations were evaluated using polysaccharides as coatings for OT-
CEC. Basic proteins, mentioned earlier, were investigated using CA, CAP, and CAB. CA had
the fastest analysis time, and it was further investigated in this study. Polymer concentration,
temperature, and voltage studies were conducted to determine optimized conditions. In addition,
proteins were evaluated using CA nanofibers. Nanofibers were coated at various times onto the

capillary wall for the separation of basic proteins.

XXi



CHAPTER 1
INTRODUCTION

1.1 Protein Biomarkers

Identification of proteins, such as lysozyme C and immunoglobulin, has garnered interest
due to their correlation to diseases, e.g. for determining benign prostate disease versus malignant
prostate disease.'® Proteins are large macromolecules that consist of a tertiary, secondary, and
primary structures. In addition, proteins are composed of amino acids which are covalently
bonded by amide bonds -CONH,— formed by the -COO" carboxyl group of one molecule and
the —NH, amine group of the other amino acid. Proteins are considered to be acidic or basic
proteins depending on the isoelectric point (pl).  The pl is the pH value at which a molecule is
neutral, i.e. containing equal positive and negative charges, in agueous solution. This value is an
average of the pKa values of acidic and basic groups within a molecule. Thus, if the pl value is
below pH 7 the protein is considered to be acidic while above pH 7 it is considered basic.
Moreover, if the pH value of a solution containing a protein is above the pl the protein has an
overall negative charge. If the pH value of the solution is lower than the pl, the protein has an
overall positive charge. A number of protein biomarkers have been sought for analysis from
biological fluids such as human serum, urine, and saliva.* Low detection limits could aid in

early detection of diseases and therefore prevent disease progression.
1.2 Chirality

Separation of chiral molecules has become more valued due to events such as the
infamous thalidomide tragedy. This tragedy occurred because the racemic drug, thalidomide,
was given to expecting mothers to treat morning sickness. The unforeseen side effect of one
enantiomer caused severe birth defects for fetuses or even death. As a result, the Food and Drug

Administration set guidelines for chiral drugs which has led to drugs being sold in single
1



enantiomer purity yielding more of the therapeutic effects.> Chirality refers to a molecule
comprised of enantiomers which are non-superimposable mirror images of each other as shown
in Figure 1.1. A chiral molecule can contain one or more chiral tetrahedral carbon atoms with
four different groups bonded to a carbon for induction of chirality. A molecule can also be chiral
by having an asymmetric plane or axis of symmetry. Enantiomers can be L- or D- stereoisomers.
D- stands for dextrorotary while L- for levorotary. This notation is due to the order of priority of
the groups bonded to the chiral carbon. The order of importance for the groups bonded is —H

being the lowest, with -CR following next, and —X being the highest priority.

@ & 4 ! ‘;-—4

Figure 1.1 Example of chirality in two enantiomers
1.3 Chiral Discriminators

Chiral separations occur by chiral analyte interaction with a chiral selector. Numerous

molecules have been used as chiral selectors including crown ethers,® ” polysaccharides,® °

10, 11 12, 13

cyclodextrins, and polymers. The mechanism of chiral separation by Easson and
Stedman suggests one enantiomer has three interactions or more with a chiral selector while the
other enantiomer has only one or two interactions with the molecules as demonstrated in Figure
1.2 These interactions can be dipole-dipole, steric, or hydrogen bonding.”®> Factors such as

buffer concentration, pH, voltage and temperature play a key role in the discrimination of chiral



molecules. For chromatographic separations, it is well established that the enantiomer with the

greatest interactions will elute after the enantiomer with fewer interactions.

S-enantiomer R1 __________ R']
F{4_———————Af=::;;l|:{2 ---------- FQ;ZI;;;:=§r--""FQ4
X S

F23 ----------- FQ3 “K\

"" :
2 S
Z N
R, Ry

Figure 1.2 Demonstration of the three-point rule for chiral discrimination
1.4 Room Temperature lonic Liquids

1.4.1 Structure and Properties

lonic liquids (ILs) are molten salts with melting points below 100°C.*® These molecules
have lower melting points, compared to other salts, due to asymmetric packing of their anions
and cations. These anions and cations can have varying degrees of hydrophobicity. Figure 1.3
shows typical decreasing relative hydrophobicity with common IL anions and cations.  Room
temperature ionic liquids (RTILs) are molten salts with melting points below 25°C. The first
RTIL reported was ethylammonium nitrate, which has a melting point of 12°C discovered by
Paul Walden in 1914.)" lonic liquids as well as room temperature ionic liquids also have
interesting solubilizing properties.*®
1.4.2 Applications

These low melting salts have use for many applications such as renewable solvents,

16, 19, 20

stationary phases, or as transport media for electrons. These materials have a wide range



Common Cations
R R
R
\ ANE)
| N 0 .
P. N

()

1-alkyl-pyridinium 1-alkyl-imidazolium Tetraalkyl-phosphonium Tetra alkyl-ammonium

R R R

Common Anions

F O
O (0] F o) 0
F F 9@ /
FsC ! N ! CF le:[ < ] \@l/ |
3 3
© PN
[ ° ] i i %
(0] (0] F
bis(trifluoromethylsulfonyl)imide  hexafluorophosphate tetrafluoroborate nitrate
'

Decreasing Hydrophobicity
Figure 1.3 Molecular structures of common cations or anions used to form ILs

of applications due to the numerous compounds that can be formed by changing the cation or the
anion to yield a new compound. It is estimated that RTILs can have up to 10° different
combinations.?* Thus, with the enormous library of ionic liquids to choose from, finding a RTIL
for dissolution is as simple as a cation or anion exchange. Most chiral stationary phases have
limited solubility in most organic and aqueous solvents. However, unique dissolution properties,
as mentioned earlier, with RTILs could prove very useful. This dissertation reports the use of

RTIL for the fabrication of a chiral stationary phase used for chiral separations.



1.5 Surfactants and Micelles

Surfactants are molecules which typically contain a polar head group (e.g. amine, sulfate,
amino acid) and a nonpolar hydrocarbon tail (e.g. octyl, undecyl) as observed in Figure 1.4. In
Figure 1.4 the red circle represents the polar head of the surfactant and the green line is the
nonpolar tail. The term surfactant is an acronym for surface active agent. This name is given
due to the ability of the molecules to change the surface tension of a solution with increasing
concentration of surfactant. Surfactants are known as organized media due to their ability to
form higher ordered structures at a given concentration (i.e. critical micelle concentration,
CMC). When adding these surfactants to a polar solvent before the CMC is reached, these
molecules aggregate on the surface with the polar head group being solvated and the nonpolar
tail extending outward and positioning itself away from the solvent. Once the CMC is reached,
micellar formation is more thermodynamically favored versus having the surface of the solvent
overcrowded with surfactant molecules. One type of structure these molecules can form is a
micelle. These amphiphiles have been employed for applications such as detergents for
cleaning,? fabric softeners,? or templates for nanoparticle synthesis.?* Micelles have been
explored for drug delivery systems due to their ability to solubilize hydrophobic drug molecules

within its core and remain water soluble as a whole.?®

- -

FPolar NMonpolar tail
head

Figure 1.4 Typical surfactant notation



Molecular micelles are surfactant molecules that have been polymerized together via reacting
terminal double bonds on the hydrophobic tails as a linkage. A conventional micelle compared
to a molecular micelle in Figure 1.5. These molecules have an advantage over conventional

micelles by eliminating the dynamic equilibrium between surfactant and micelle.
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Figure 1.5 Conventional micelles versus molecular micelles
1.6 Capillary Electrophoresis

Capillary electrophoresis (CE) is an important analytical separations technique used to

26, 27 28, 29

separate a wide range of analytes including pharmacedical drugs, amino acids,
proteins,®® 3! and DNA.3* # CE has advantages of smaller sample consumption, rapid analysis
times, better analyte peak shape, as well as higher efficiencies.** A diagram of a typical CE

instrument is displayed in Figure 1.6. The instrumentation for CE is composed of a fused-silica

capillary in which the ends are placed into buffer vials to aid in the generation of an electric



field. A high voltage power supply along with the cathode and anode are used to apply a voltage
across the capillary. A sample vial is used for the storage and injection of the sample onto the
capillary. The light source and detector are used for the recognition of analytes as they migrate
through the capillary. Lastly, the instrument is interfaced with a computer for recording and
processing of data. There are six distinctive modes of CE which include capillary zone
electrophoresis (CZE), capillary gel electrophoresis (CGE), capillary isoelectric focusing (CIEF),
capillary isotachophoresis (CITP), micellar electrokinetic chromatography (MEKC), and
capillary electrochromatography (CEC). The most basic and most widely used mode of CE is
CZE which will be explained later in this dissertation. CGE involves the use of a gel to separate
molecules based on size. CIEF is used to separate proteins based on their pl using a pH gradient.
CITP is a technique that separates compounds using fast leading and slow terminating
electrolytes with known mobility. MEKC implements micelles as a pseudostationary phase in
the background electrolyte (BGE) for analytes to partition with as they all migrate across the
capillary. CEC requires a stationary phase to exhibit high selectivity and will be discussed in
greater detail in this dissertation.
1.6.1 Capillary Zone Electrophoresis

In CZE, a bare capillary is typically conditioned with a strong base to expose negatively
charged silanol groups and then rinsed with water. Next, the capillary is filled with background
electrolyte solution. The sample is then injected onto the electrolyte filled capillary by using
pressure or voltage. CZE is performed by applying a voltage to that fused-silica capillary,
simultaneously inducing electrophoretic migration of ionic species and electroosmotic flow

(EOF).*®
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Figure 1.6 Schematic representation of a CE experiment.

The electric force (Fg) of a charged species in a given medium can be calculated by

F. =qE (1.2)
where ¢ is the charge of the ion and E is the electric field of the medium. While the frictional
force (Fg) for a spherical ion is given by the equation

F- =—67nrv (1.2)
where 7 is the viscosity of the medium, r is the radius of the ion, and v is the velocity of the

charged species. Replacing v from equation (1.2) with the relationship from the following

equation
V=, E (1.3)
yields the new equation

I:F = _6m7r:uep E (14)



where uep is the electrophoretic mobility of an ionic species. When the magnitude of equations
(1.1) and (1.4) are equal but in opposite directions, the electrophoretic mobility of an ionic
species can be approximated by combining these equations and solving for pe, gives the

following relationship

__4Gg
6mnr

Hep (1.5)

where the relationship between charge-to-size and electrophoretic mobility is more apparent.

The EOF is the driving force of CZE. This force can allow cationic, neutral, and anionic
species to be detected in a given separation. If the magnitude of the EOF, weo, is greater than the
electrophoretic mobility of a certain molecule then that molecule will migrate in the direction of
the EOF regardless of which electrode molecules are attracted to. EOF is generated by applying
a voltage to the buffer solution within a capillary that contains a charged surface. This charged
surface is either the silanol groups that have been deprotonated yielding a negatively charged
surface or an adsorbed positively charge molecule. In the case of a negatively charge surface, a
positive voltage is applied and cations from the BGE solution are attracted to the negatively
charged silanol groups to form the stern layer. This layer is followed by both anions and cations
from the BGE to form the diffuse layer. The cations within the diffuse layer are then attracted to
the cathode. Hence, bulk flow occurs due to the solvation of the cations with water molecules®
as in Figure 1.7. This mode is called normal mode. The direction of the EOF can be reversed by
coating the capillary wall with positively charged species such as amines and applying a negative
voltage, i.e. reverse mode. Similarly anions from the BGE solution are attracted to the cationic

surface to form the stern layer. The diffuse layer follows after the stern layer with anions being
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Figure 1.7 EOF generation in normal mode (cathodic EOF).
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Figure 1.8 EOF generation in reverse mode (anodic EOF).

attracted to the anode. Therefore, bulk flow occurs in the opposite direction as observed in
Figure 1.8.%'

CE separations can be highly efficient due to the flat flow profile of the EOF which
contrasts with the parabolic flow profile in high performance liquid chromatography (HPLC) as

depicted in Figure 1.9. HPLC uses pressure to generate flow of a mobile phase where the center
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Figure 1.9 Laminar and electrophoretic flow profiles as well as their respective chromatograms

of the parabolic flow would be the fastest movement of the solvent and the solvent against the
column would be slower due to friction. This results in broader analyte peaks. In contrast CE
generates a flat flow profile based on the electric field being generated throughout the capillary
with minor contribution from the capillary wall. Therefore, CE separations are typically highly
efficient with very narrow analyte peaks. The magnitude of the EOF (u¢,) is given by

Ld L'[
Vit

Heo = (1.6)

m
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where L. is the length of the capillary, Lq is the length to the detector, V is the applied electric
field, and t,, is the migration time of the neutral species. The velocity (v;) of a species is a

combination of contributions from the EOF and electrophoretic mobility as is given by

Vi :l"lappE:(Hep +l"leo) (17)

where Happ Is the apparent mobility of species. Analytes migrate to the electrode of opposing
charge (i.e. positively charged molecules are attracted to the cathode while negatively charged
molecules are attracted to the anode). The size of these molecules has an important role in
combination with the amount of charge each molecule has for separations. The ratio of charge-
to-size governs the separation mechanism of analytes. Therefore, smaller more charged particles
will migrate faster than more bulky less charged molecules as can be observed in Figure 1.10.
Neutral molecules have no net charge, and therefore are not attracted to the cathode nor anode;
instead these molecules migrate with the EOF.

Protein separation can be accomplished using CZE; however, there are problems
associated with using the bare capillary. These large macromolecules have hydrophobic as well
as hydrophilic domains along with charged groups which can irreversibly adsorb to the
hydrophobic capillary wall. Such problems associated with protein adsorption may include poor
reproducibility, broad peaks, peak tailing, and also result in unstable baselines. McCormick
separated various proteins using CZE; however, high concentration buffers with low pH were
used.® Increasing to higher buffer concentration leads to joule heating which could denature
proteins and affect the viscosity of the solution.

Chromatography is a widely used separations technique based on resolving analytes
using interactions from their partitioning between the mobile and stationary phases. Techniques

such as HPLC, Gas chromatography (GC), thin layer chromatography (TLC), and supercritical
12
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Figure 1.10 Migration order of analytes in CE

fluid chromatography (SCF) have been assessed for chiral separations.’**! SCF suffers from
high energy usage from heating and cooling of carbon dioxide gas.** Gas chromatography (GC)
is limited to chiral analytes that are volatile or thermally stable.** HPLC is the mostly used
separations technique. In HPLC, mobile phases can be as polar as water or as nonpolar as
hexane. Stationary phases can be as polar as propylamine or as nonpolar as an octyldecyl solid
support.** *> However, based on separation factors such as longer analysis times, large amounts
of organic solvent consumption, and large analyte concentration requirements may make this

d.*® 4" Chromatography can be quantified by how well one analyte is

technique less preferre
separated from the other using a calculated value called resolution (Rs). The calculation for

resolution can be acquired using the following equation

. zz[ar)s—(tr)ﬂ

) Wy +W, (1.8)

where (t)a is the retention time for the first peak of interest, (t)g is the retention time for the

second peak of interest, wp is the width of the first peak, and wg is the width of the second peak.
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The peak efficiency (N) or the number of theoretical plates can be calculated from the following
relationship below where t; is the retention time of the peak of interest and w1/, is the half of the

width of the peak of interest.

2
t
N =554
(WUZJ (1.9)

1.6.2 Capillary Electrochromatography

CEC is a hybrid separation technique that employs the separation efficiency of CZE with
the selectivity of HPLC. Using CEC allows one to exploit the advantage of high plate numbers
without the high back pressures observed in HPLC. Moreover, with the large variety of
stationary phases that can be implemented onto capillaries, selectivity can be tuned for a
particular analyte. This technique was first established by Pretorius et al. in 1974.*® Later, CEC
became more popular with its application demonstrated by Jorgenson and Lukacs.*® CEC uses
weak interactions such as hydrophobic, electrostatic, hydrogen bonding, dipole-dipole, and n-n
interactions to separate various compounds. There are three main types of CEC: monolith (m-
CEC), packed column capillary electrochromatography (PC-CEC), and open tubular capillary
electrochromatography (OT-CEC). These three techniques have their own advantages, as well as
disadvantages.
1.6.2.1 Monoliths

Monoliths or continuous beds, are stationary phases generated by chemically bonding
molecules to the capillary wall.”® This type of stationary phase affords the use of frits which are
applied on the ends of the capillary to enclose packing material within. These monoliths can be
divided into two categories: rigid organic polymer-based or silica-based columns. Skerikova et

al. synthesized hydrophilic monolithic columns to separate phenolic acids.>*
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Huang et al. prepared zwitterionic moieties to a silica monolith in the separation of
nucleotides.® Monolithic columns contain chemical moieties which have specific interaction
with analytes as they migrate across the capillary. Some monoliths developed without charged
groups such as butyl methacrylate and ethylene dimethacrylate have led to weak EOF generation
in the separation of charged samples as observed by Zhang et al.>® Due to this depletion of the
magnitude of the EOF, some monoliths have charged groups incorporated within them to reduce

analysis times and aid EOF generation as studied by Karenga et al.**

These columns are very
durable; however, can be very rigorous to prepare due to lengthy modification procedures.™
1.6.2.2 Packed Capillary Electrochromatography

Silica particles modified with long hydrocarbon chains have typically been explored for
PC-CEC.*® Using 2-5 um particles packed into a capillary provides larger surface area for
analyte interactions.”® Therefore, separations using PC-CEC can display high theoretical plate
numbers. Smith et al. prepared 3 um octyldecylsilane packed columns to separate diastereomers
as well as other compounds from related impurities.>  Wiedmer et al. used novel
polyethyleneimine-functionalized metal oxide 5 pum particles as packing material to separate
benzoic acid derivates.”® Although PC-CEC have notable advantages, it also has drawbacks that
include difficulties with frit preparation, packing particles within small diameter capillaries, short
term stability of capillaries, and bubble formation during acquisition periods.* >*
1.6.2.3 Open Tubular Capillary Electrochromatography

In OT-CEC, the stationary phase is coated along the capillary wall for interaction with
analytes. Chemical moieties are physically adsorbed onto the capillary wall via weak
interactions, e.g. electrostatic and hydrophobic. Columns are prepared by flushing solutions with

the coating material through the capillary. OT-CEC technique eliminates the use of frits unlike

PC-CEC.°*  Moreover, bubble formation is minimized with OT-CEC. Simple column
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preparation and robustness have made OT-CEC a very attractive technique. Coatings may

1388 or nanoparticles.®* ® Pesek et al. prepared anionic as

consist of surfactants,®* polymers,
well as zwitterionic surfactant coated capillaries for the analysis of small basic compounds.®®
Yang et al. prepared 2-3 nm gold nanoparticle modified columns for the separation of a mixture
of polycyclic aromatic hydrocarbons.®” These coating materials can be composed of positive or
negative charges or both as a zwitterionic species. Negatively charged species have been used in
conjunction with positively charged species to form polyelectrolyte multilayered coating. Luces
et al. separated basic proteins using polyelectrolyte multilayers consisting of cationic linear
polymers and anionic molecular micelles.®® Molecules are attached by way of electrostatic,
hydrophobic, and other weak interactions. Surfactants can be categorized by the type of charge
it possesses.

Non-charged surfactants have no charge (e.g. polyoxyethylene(23)dodecanol, Brij-35,
[C12H25(0C,0,4)2,30H]), whereas cationic surfactants have a positive charge (e.g.
hexadecyltrimethylammonium bromide, CTAB, [CisH33N"(CH3)3Br]). Furthermore, anionic
surfactants have a negative charge (e.g. Sodium tetradecylsulfate, NaTDS, [C14H290S04Na']),
while zwitterionic surfactants can have both positive and negative charges (e.g. N-dodecyl-N, N-
dimethylammonium-3-propane-1-sulfonic acid, sulfobetaine, [Ci2H2sN"(CH3)2(CH2)3S037).
Negatively charged groups can be due to sulfates, sulfonates, and carboxylic acids. The selected
molecules must be in a solution with a pH higher than its pKa to deprotonate the molecule and
expose the negative charge. However, at lower pH values the group becomes neutral.

Positively charged groups are typically due to amines that have a quaternary orientation
due to having a pH lower than the pKa of the amine which in turn protonates the amine.
However, tetra alkyl amines retain positive charge for all pH values. Typically, zwitterionic

molecules contain a quaternary amine with an anionic group that can be protonated. At low pH
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the molecule has a positive charge. However, as the pH is increased, the molecule becomes
more zwitterionic as the negative charges begin to equal the positive charges. It is worthy to
note that at high pH these molecules stay zwitterionic. Other zwitterionic molecules contain two
groups which can both become ionized with changes in pH e.g. amino acids. Similar to amino
acids, these molecules can be more overall negatively charged under acidic conditions, positively
charged under basic conditions, or equal positive and negative charge for the pH value at the pl.

69-71 and

Molecular micelles have proved useful with the separation of chiral analytes,
proteins.®® "> Molecular micelles have advantages over regular micelles such as they can be used
at concentrations lower than the CMC and maintain their shape. Moreover, if a surfactant has a
high CMC value heat generation can become problematic due to high concentration of
monomers being used during CE separations.”® Furthermore, molecular micelles have ridged
structures which can be used for interactions in a stationary phase for OT-CEC.
1.6.2.3.1 Protein Separations Using Capillary Electrochromatography

To minimize protein interactions with the capillary wall, it may be necessary to coat the
capillary wall with a stationary phase. Moreover, one could obtain good selectivity with the use
of various stationary phases. For instance, Zhou et al. modified capillary walls with
carboxymethylchitan for the separation of trypsin ribonuclease A, lysozyme, and cytochrome c.”
Carboxymethylchitan was covalently bonded to the capillary wall via a silane based molecule
intermediate. Protein adsorption to the capillary wall was avoided and good RSD values for
migration times of the peaks were reported. Hsieh et al. coated capillaries with titanium dioxide
nanoparticles for the separation of ovalbumin, conalbumin, apo-transferrin, and bovine serum
albumin.”” The coating also resolved five glycoisoforms of ovalbumin under optimized

conditions. Luces et al. developed a polyelectrolyte multilayer coating for the separation of

basic proteins (lysozyme, ribonuclease A, cytochrome ¢, and a-chymotrypsinogen A).®® The
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multilayer coating consisted of bilayers formed by flushing a cationic polymer through the
capillary followed by an anionic molecular micelle. It was observed that increasing the bilayer
number to a certain extent resulted in higher efficiencies, increased resolution, and better
reproducibility could be achieved. Qu et al. incorporated gold nanoparticles into their
polyelectrolyte multilayer coating for the separation of acidic and basic proteins (ovomucoid,
lysozyme, avidin, ovotransferrin, and ovalbumin).” The coating exhibited excellent RSDs of
less than 1% for run-to-run, day-to-day, and capillary-to capillary reproducibilities. OT-CEC has
proven to be a very versatile technique. Table 1.1 below shows the proteins investigated for
Chapters 2 and 4 of this dissertation.

Table 1.1 Protein analytes

Protein Molecular Weight (kDa) pl
Albumin 69.0 4.7
a-lactalbumin 14.2 4.8
B-lactoglobulin A 36.7 5.1
B-lactoglobulin B 36.6 5.3
Myoglobin 17.0 6.8
a-chymotrypsinogen A 25.0 9.2
ribonuclease A 13.7 9.3
cytochrome ¢ 124 10.2
Lysozyme 14.3 11.1

1.6.2.3.2 Chiral Separations Using Capillary Electrochromatography
There are some basic guidelines for the selection of a chiral selector which include firstly;

the chiral selector of interest must have a wide range of uses. In addition, the chiral selector
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must be a stable compound, insoluble and have the ability to separate compounds in various
buffers used for CEC. Furthermore, the chiral selector should aid the generation of EOF. Using
a charged selector could support faster chiral separations with improvement of the EOF. For
immobilization on the capillary wall, the chiral selector must also possess functional groups
which are compatible for attachment. Moreover, for a chiral selector to be effective it is
important that the diffusion through the stationary phase, interactions with the analyte of interest,
and mass transfer kinetics are favorable. Finally, a mixture of chemoselectivity along with
enantioselectivity would improve the separation ability of the chiral selector. These factors
would aid in the removal of impurities from the desired product.”’

Cationic, anionic, zwitterionic, and nonionic surfactants have been explored for chiral
discrimination for resolving chiral molecules. These separations have been based on using the
surfactants as coating or as a pseudostationary phase in MEKC. Chiral cationic surfactants have
been investigated in the enantioselective separation of chiral acid analytes by Shamsi and
Rizvi.” They synthesized surfactants undecenoxycarbonyl-L-leucinol bromide and
undecenoxycarbonyl-L-pyrrolidinol bromide using L-leucinol and N-methylpryrrolidinol,
respectively, as precursors. To induce the positive charge from the tetraalkylated amine, the
head group precursor was attached to the hydrophobic chain undec-10-enyl-2-
bromoethylcarbamate. The monomer and polymerized monomer forms were compared in the
separation of (£)-2-(2-chlorophenoxy)propanoic acid and (%)-a-bromophenylacetic acid.
Resolutions values greater than 1.5 were obtained for monomer and polymer forms of both chiral
selectors. However, the use monomer undecenoxycarbonyl-L-leucinol bromide and the polymer
form of undecenoxycarbonyl-L-pyrrolidinol bromide resulted in faster analysis times than for
their respective counterpart.  In the separation of (x)-2-(2-chlorophenoxy)propanoic acid the

use of both the monomer and polymer forms of the respective chiral selectors resulted in
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resolutions being the same value. However, both polymers resulted in faster analysis times than
their respective monomer counterpart.

Anionic chiral surfactants have been reported by Wang and Warner using an amino acid
coupled to a hydrophobic tail in the enantioseparation of (+)-1,1°-bi-2-naphthol.”®  Studies
involved the use of the synthesized monomer sodium undecylenyl-L-valine and its polymer form.
The monomer form of sodium undecylenyl-L-valine using concentrations lower than its CMC
could not resolve individual enantiomers of (£)-1,1’-bi-2-naphthol. However, the polymer
counterpart poly(sodium N-undecylenyl-L-valinate) could resolve enantiomers at lower
concentrations, than the CMC of the monomer, due to the polymerized micelle maintaining its
shape. Moreover, there is an optimal value of concentration obtained when using these
polymerized micelles while at concentrations higher than this value results in a decrease in
resolution. This phenomenon can be explained by Wren and Rowe.” Chiral enantiomers of the
same molecule within achiral buffer migrate through the capillary at equal electrophoretic
mobilities. If a chiral selector is added to the buffer, enantiomers could interact with the selector
to form a complex. The assumption is that the complexes formed with the individual
enantiomers will have the equal electrophoretic mobilities. However, if the binding constant of
the individual enantiomers with the chiral selector is different than the electrophoretic mobility
of the complexed and non-complexed enantiomer will be different, thus resulting in a separation.

Zwitterionic chiral surfactants, 3-[(3-cholamidoproply)dimethylammonio]-2-hydroxy-1-
propanesulphonate and 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulphonate, were
evaluated in the separation of chiral enantiomers of (%)-1,1’-binaphthyl-2,2’-diamine and

Troger’s base.®

When using concentrations higher than the CMC of 3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulphonate for MEKC, enantiometric resolution was achieved for

the binaphtyl derivative. They proposed using higher concentrations than the CMC to yield an
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enantioseparation was due to interactions of the micelle with the analyte than the monomer with
the analyte. The hydroxyl modified form of the bile salt was evaluated at the same concentration
yielding similar results. The authors observed an increase in selectivity and longer analysis
times were observed. The separation of Trdger base resulted in similar results obtained as the
separation of the binaphtyl derivative. At a concentration higher than the CMC for 3-[(3-
cholamidopropyl)-dimethylammonio]-1-propanesulphonate, the individual enantiomers were
baseline resolved. The hydroxyl derivative of the bile salt also resulted in baseline resolved
enantiomers with an increase in retention time for the separation as well as increased selectivity.

Nonionic Triton X-100 has been investigated for the separation of amino acids (D,L-
Leucine, D,L-Valine, D,L-Alanine, D,L-Proline, D,L-Glutamic acid, and D,L-Asparagine)
derivatized with a  fluorophore, 4-(3isothiocyanatopyrrolidin-1-yl)-77-nitro-2,1,3-
benzoxadiazole.”® This separation mechanism involves an indirect method of chiral separation
by forming a diastereomertic compound and separations being based on a conventional achiral
system. Triton X-100 shown increases in the sensitivity and enhancements in the fluorescence of
the fluorophore due to interactions of the nonionic micelle interacting with the fluorophore to
reduce the potential of nonradiative decay of the exited state of the molecule.

Previous research reports have observed that higher density of sterogenic centers on
chiral selectors can result in more interactions with certain enantiomers of a chiral species.®*
Thus, providing higher selectivity for chiral separations. Natural biopolymers have saccharide
based monomer units. Saccharides contain multiple chiral centers making the molecule highly
selective for chiral species. Cellulose is a biopolymer which contains D-glucose units linked
together by B-1, 4 glycosidic bonds as shown in Figure 1.11. Each monomer unit contains five
chiral centers making this polymer valuable for chiral separations. Modified cellulose has been

applied as a stationary phase in CEC in the separation of chiral drug enantiomers.®> # These
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previous methods either modify the capillary wall with the cellulose or pack the column with a
slurry. However, coating the capillary wall with cellulose would provide a quick, facile
preparation method for chiral separations. Typically, coatings in OT-CEC are applied by
dissolving chiral selectors in solvent then flushing the capillary thereby allowing the chiral
selector to adsorb to the capillary wall. Cellulose derivatives can be water insoluble and may
require harsh solvents to dissolve them. There are several reports of RTILs used for the
dissolution of polysaccharides.?*® A novel approach to applying these polysaccharides to the
capillary wall can be via dissolution with ionic liquids which will be discussed later in this

dissertation.
1.7 Other Analytical Techniques Used

1.7.1 Tensiometry

Tensiometry is commonly used to measure the CMC of surfactants. This technique
employs a platinum-iridium ring that is dipped into a solution to determine the amount of force
needed to break the interface when withdrawing the ring. A plot is generated of force versus
increasing concentration of surfactant to determine the CMC as indicated by Figure 1.12. The

plot illustrates a relationship that as the concentration increases force should decrease, until the

HO™ OH

Figure 1.11 Polymeric notation of cellulose
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CMC is reached. Then force will remain constant as surfactant concentration is further
increased, which indicates higher order structures are being formed rather than aggregation on
the solution surface.
1.7.2 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a technique which uses a nanosized probe to analyze
materials and provide high resolution views of a sample.?” AFM can be used independently or as
a complimentary technique to gain information such as surface topography, mechanical and
physical properties. Advantages of AFM compared to other microscopy and spectroscopy is the
ability to image samples in air, vacuum, or liquid, and no special pretreatment of the sample such
as staining or labeling is necessary to make measurements. Most impressive is that AFM
instrumentation has the capability of investigating properties of materials from the micron level
down to atomic level. The surface structure of materials can be observed in real time on a scale

from microns down to nanometers.
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Figure 1.12 Determination of CMC
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Components of an AFM include a cantilever, sample specific tip, detector, and a laser. A
diode laser is focus on the backside of the cantilever while changes in the deflection are
monitored in a quadrant photodetector. A schematic is displayed in Figure 1.13. In principle, an
image is generated when the AFM tip is scanned across the material. During the scan, either
attractive or repulsive force between the tip and the sample will cause the cantilever to bending.
As the tip scans the surface it will experience difference in composition of the sample, resulting
in the tip moving in the up and down or left to right direction. The computer used generates a 3-
D digital image of the surface topography by mapping X-Y position of the tip.

There are over 30 different imaging modes of AFM all with the sample basic principle of
operation. The three main modes of AFM are non-contact, intermittent, and contact. The images

that are presented in this chapter of this dissertation were acquired using contact mode- AFM.
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Figure 1.13 Schematic of AFM instrumentation
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For contact mode, a constant force applied between the tip and sample is maintained by the
feedback loop. The purpose of the feedback loop is to in contact mode, is to adjust the voltages
applied to the piezoscanner to maintain the desired tip deflection as it scans the surface. In
contact mode the lateral force image can be simultaneously acquired to give information
regarding homogeneity of the sample and also differences in surface chemistry. Because the tip

IS in continuous contact with the surface high resolution images are obtainable with this mode.
1.8 Scope of Dissertation

The goal of this research is to develop stationary phases or alternate approaches to
applying stationary phases on a capillary column for the separation of protein and chiral analytes
in OT-CEC. The material, poly-e-SUK, used in this study provide dual benefits for the
separation of a wide range of protein biomarkers at acidic and basic pH. Preparing
polysaccharides by dissolution with ionic liquids have advantages such as use of a non-harsh,
environmentally green solvent. This method reduces column preparation time needed compared
to lengthy wall modification synthesis methods which in turn makes the process more time
efficient.

In Chapter 2, the synthesis and fabrication of novel poly-¢-sodium-undecanoyl lysinate
(poly-¢-SUK) molecular micelle coated capillaries are discussed. This coating is used for the
analysis of acidic and basic proteins biomarkers at both acidic and basic pH for OT-CEC. The
lysine based coating exhibits an overall positive charge at acidic pH; however, at basic pH the
overall charge is negative. The effect of polymer as well as sodium chloride concentration,
voltage, and temperature were each individually investigated. A sample of human serum was

also investigated using optimized acidic and basic conditions with protein standards. The
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stability of the column was investigated with run-to-run, day-to-day, week-to-week, and
capillary-to-capillary reproducibility using relative standard deviation of the EOF.

In Chapter 3, the use of cellulose derivatives i.e. cellulose acetate (CA), cellulose acetate
phthalate (CAP), and cellulose acetate butyrate (CAB), as stationary phases for chiral separation
is reported. Each cellulose derivative was dissolved in 1-butyl-3-methylimidizolium acetate to
fill capillaries. Due to the ability of some RTIL to dissolve highly hydrophobic cellulose but
remain water soluble, a simple water rinse is used to remove the RTIL leaving biopolymer on the
capillary wall. The chiral selectors were used to analyze four chiral analytes thiopental, sotalol,
labetalol, and ephedrine. During this investigation, a polymer concentration, temperature, and
voltage study was performed to determine the optimum separation conditions. The column
stability was investigated using RSD of the EOF with run-to-run and capillary-to-capillary
studies.

In Chapter 4, the use of polysaccharide-based stationary phases for the separation of
proteins biomarkers are discussed. Cellulose derivatives (CA, CAP, CAB) were used as
stationary phases for the separation of four basic proteins lysozyme, ribonuclease A, cytochrome
¢, and a-chymotrypsinogen A. Polysaccharide CA revealed the best separation of the four basic
proteins and was further optimized using voltage, temperature, and organic solvent type as well
as percent concentration. In addition, CA nanofibers were investigated using optimized
conditions with varying coating time to examine the effect on the separation of the four basic

proteins.
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CHAPTER 2
LYSINE-BASED ZWITTERIONIC MOLECULAR MICELLE FOR
SIMULTANEOUS SEPARATION OF ACIDIC AND BASIC PROTEINS
USING OPEN TUBULAR CAPILLARY
ELECTROCHROMATOGRAPHY™*

2.1 Introduction

Chromatographic separation and quantification of proteins in complex biological mixtures
remains a challenge for many bioanalytical applications including bioprocessing, sensory
devices,? tags in drug delivery,® and medical diagnostics.* Many proteins have been identified as
biomarkers for detection of diseases such as lysozyme for Sjégren’ s syndrome,” ribonuclease A
for ovarian cancer,’ and myoglobin for cardiac injury due to anthrax lethal toxin in mice.’
However, separation of an individual protein from a pool of proteins in a biological fluid or
tissue is a daunting task.

High performance liquid chromatography (HPLC) can be used for protein separation;
however, HPLC analyses often require large sample volumes and relatively high protein
concentrations. In addition, HPLC techniques are typically limited to separation of proteins
based on either their size and/or charge, i.e. size-exclusion and ion-exchange. Recently, polymer
beads grafted with a zwitterionic stationary phase have been applied to HPLC analyses for
separating two acidic and three basic proteins simultaneously.® In contrast, electrophoretic
techniques, such as capillary electrophoresis (CE), can achieve separation of proteins based on
both the size and charge of the protein.

Apart from its use in protein separations, CE is routinely used for separation of a variety of
small organic molecules including drugs,” amino acids,'® and deoxyribonucleic acids.'* Some
advantages of CE over HPLC are higher resolution, higher efficiencies, smaller sample

consumption, and shorter analysis time. However, the use of CE for the separation of

*Reprinted by Permission of 36
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biomolecules such as proteins can be difficult due to analyte-wall adsorption resulting in peak
tailing, unstable baseline, and poor reproducibility.** ** One strategy for minimizing protein-wall
adsorption is to use packed-column capillary electrochromatography (PC-CEC). PC-CEC is a
technique in which the capillary is filled with micron-sized particles modified with chemical
moieties such as octadecyl silica beads.!* Separations are based on the electrophoretic mobilities
of the analytes as well as interactions with the stationary phase. This technique typically yields
highly efficient separations. However, it also requires frits at the ends of the capillary, which
inevitably produce bubbles and affect the performance of the separation.*

Open tubular capillary electrochromatography (OT-CEC), a hybrid of CE and HPLC, is
another mode of chromatography in which a capillary is coated with a stationary phase (e.g.

charged polymers) to facilitate interactions with analytes.'® '

Chen et al. have applied
positively charged amine based polymers as coatings to capillaries in separating peptides and
basic proteins.® Advantages of this approach include low polymer consumption, ease of
preparation, and possible coupling to mass spectrometry.’® Coupling to mass spectrometers can
be accomplished with OT-CEC because the stationary phase is electrostatically bound to the
capillary wall, rather than present in the background electrolyte (BGE) as in micellar
electrokinetic chromatography (MEKC).?’  Capillaries modified with either adsorbed or
covalently attached polyelectrolyte coatings can be used for OT-CEC, which can minimize
electrostatic interactions between the protein and capillary wall.*" %%

Questions yet to be addressed when using molecular micelles as coatings for OT-CEC are
the nature and resilience of individual micellar structures and the thickness of the coatings that

are formed on columns. It is not known if micelles undergo significant structural rearrangements

when interacting with charged surfaces of the silica capillaries, or if the spherical geometries of
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the micelles persist. In this chapter, atomic force microscopy (AFM) is used to image
zwitterionic micelles in order to evaluate the structural persistence, shape, and film thickness
under conditions that simulate buffered conditions within the capillary column. Polished, flat
silicon substrates were used for AFM studies of micelle attachment under conditions that mimic
the buffered media and immersion intervals that were used for OT-CEC with zwitterionic
micelles. Studies using AFM are emerging as a practical strategy for probing mechanisms of
surface adsorption and the integrity of micellar structures. For example, pioneering studies have
been achieved by Manne and Gaub, who first resolved the structure of micelles of quaternary
ammonium surfactants in 1995 in liquid media.”® For their cationic surfactant system, an
adsorbate layer of roughly spherical micelles was observed to form on silicon substrates;
however, surfaces of mica, MoS;, and graphite produced different surface morphologies, ranging
from a flat bilayer to stripes of cylindrical or even hemispherical aggregated structures.

Scanning probe characterizations have also been accomplished for micelles adsorbed at the

2129 nolymers,*® *' and block

solid-liquid interface comprised of cationic surfactants,
copolymers.33 Primary types of surfaces which have been used for such studies include mica,
glass, gold, or graphite. It has been demonstrated that the morphology observed for micelles on
various surfaces is often different from that observed in bulk solution. Thus, the substrate plays
a critical role in determining the micelle surface structure. Surface immobilization of the
micellar structures results from strong electrostatic interactions between the surface and
surfactants. Depending on the surfactant concentration, interactions with highly charged
surfaces have been shown to change micellar structures to form self-assembled layer-like

structures in which surfactant molecules organize and interact with other surfactant molecules

and with the underlying surface. Thus, to achieve molecularly-resolved images of micelle layers,
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in situ AFM protocols were accomplished in liquid solutions to prevent micelles from floating in
solution or from being destroyed by the AFM tip during contact-mode scanning.
Previously, we have demonstrated the effectiveness of several amino acid-based molecular

|39, 40

micelles in MEKC and as coatings in OT-CEC for separation of achira and chiral

41-44

molecules, as well as proteins.’® It has been demonstrated that molecular micelle coated

capillaries provide enhanced separation performance over capillaries coated with conventional

micelles.**#4

The principal advantage of molecular micelles is that they can be used at
concentrations well below the monomer’s critical micelle concentration (CMC) due to covalent
bonds formed between individual monomers. Therefore, this eliminates the dynamic equilibrium
of conventional micelles. Recently, Luces et al. have demonstrated amino acid based molecular
micelles in polyelectrolyte coatings (PEMs) for the separation of four basic proteins.'® These
amino acid based anionic molecular micelles (e.g. sodium poly(N-undecanoyl-L-leucyl-
alaninate), sodium poly(N-undecanoyl-L-leucyl-valinate)) were used in combination with
cationic polymers to form the multilayers. A PEM coating consists of alternating layers of
positively and negatively charged polymers. We hypothesized that a zwitterionic coating would
eliminate the need for multiple layers due to its dual charge property. At acidic pH values the
polymer has a more overall positive charge, while at basic pH values a net negative charge is
achieved. This property allows separation of acidic and basic proteins simultaneously.

The use of conventional zwitterionic micellar coatings for OT-CEC has been reported.?* %
Of the many different types of OT-CEC capillary coatings, zwitterionic systems are of particular
interest because they can provide a means of controlling the ionic characteristics of the capillary

surface and the electroosmotic flow (EOF) as a function of pH.*“*® Herein, we report the

synthesis of a novel lysine-based zwitterionic molecular micelle and its first application to
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protein separations in OT-CEC.
2.2 Experimental

2.2.1 Materials and Reagents

N-hydroxysuccidimide, N, N’-dicyclohexylcarbodiimde (DCC), 10-undecylenic acid,
sodium bicarbonate, and acetone were purchased from Sigma (Milwaukee, WI). N.Boc-L-
lysine, dichloromethane (DCM), trifluoroacetic acid (TFA), ethyl acetate (EtOAc),
tetrahydrofuran (THF), hydrochloric acid, lysozyme (chicken egg white), cytochrome ¢ (bovine
heart), a-chymotrypsinogen A (bovine pancreas), ribonuclease A (bovine pancreas),
deoxyribonuclease | (bovine pancreas), a-lactalbumin (bovine milk), B-lactoglobulin A (bovine
milk), B-lactoglobulin B (bovine milk), myoglobin (equine heart), aloumin (bovine serum),
human sera, and individual human sera proteins (IgG, transferrin, and albumin) were purchased
from Sigma-Aldrich (St. Louis, MO). All proteins were > 85% pure. Sodium phosphate dibasic,
sodium hydroxide, and methanol were purchased from Fisher Scientific (Fair Lawn, NJ). All
materials were used as received without further treatment or purification. The pH of the BGE,
20 mM phosphate buffer, was adjusted using 1 M HCI or 1 M NaOH. The buffer was filtered
using a 0.45 um polypropylene filter (Nalgene, Rochester, NY) and sonicated for 15 minutes
prior to use. Protein stock solutions were prepared at 4 mg/mL in the BGE and diluted to a
working concentration of 0.4 mg/mL.
2.2.2 Synthesis of a Lysine-based Zwitterionic Molecular Micelle

The poly-g-sodium-undecanoyl lysinate (poly-e-SUK) shown in Figure 2.1 was prepared by
use of a modified method reported earlier.?’ The undecylenic acid N-hydroxysuccinimide ester
and e-Boc-lysine were stirred for 48 hrs to form the lysine based surfactant monomer. Sodium

bicarbonate was used to neutralize the carboxylic acid to obtain the sodium salt of the surfactant
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monomer. The mass spectrum as well as *H and **C NMR characterization (in D-O) are shown

in the APPENDIX I (I-A, I-B, and I-C, respectively). Elemental analysis values obtained e-Boc-

SUK, shown in APPENDIX I-D, were in close agreement with theoretical values (C 61.81%, H

9.05%, O 18.41%, N 6.45%).

The polymerization of epsilon-butoxycarbonyl-sodium-

undecenoyl lysinate (e-Boc-SUK) was achieved by y-irradiation of a 0.1 M surfactant solution

using a *°Co source.

The 'H and *C NMR characterization (in D,O) are shown in the

APPENDIX I1 (1I-A and 11-B, respectively). Deprotection of the Boc group from the resulting
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Figure 2.1 Synthesis of poly-g-SUK.
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polymer was accomplished with a 50%TFA/DCM solution.*
2.2.3 Tensiometric Characterization of Micellar Solutions
Surface tension measurements for all micellar solutions were acquired in triplicate at

room temperature using a KSV Sigma 703 Digital Tensiometer. Special care was taken to
thoroughly clean the platinum-iridium ring of the tensiometer with deionized water and acetone
prior to each measurement. The cmc of e&-Boc-SUK surfactant in water (7.78mM) was
determined by measuring the surface tension of the surfactant solution over a range of
concentrations. The resultant plot of surface tension versus e-Boc-SUK concentration is shown
in the APPENDIX I-E. Note that the interception of the two lines indicates the CMC of g-Boc-
SUK. The CMC value obtained for e-Boc-SUK was 9.05 mM.
2.2.4 Atomic Force Microscopy

Images of the poly-e-SUK films were acquired at ambient conditions with a model 5500
scanning probe microscope (SPM) equipped with Picoscan v5.3.3 software (Agilent
Technologies, Inc., Chandler, AZ). Topographic images were acquired using contact mode in
buffer with a scan rate of 3.0 nm/s for 512 lines/frame. The AFM probes used for surface
characterizations were oxide-sharpened silicon nitride tips, MSCT-AUHW (Veeco, Santa
Barbara, CA) with an average force constant of 0.5 N/m. To minimize tip-sample adhesion, the
AFM tips were coated with octadecyltrichlorosilane (OTS) purchased from Gelest, Inc,
(Morrisville, PA).*® To coat the AFM tip, the cantilever was first exposed to UV light (254 nm)
for 1 h, then immersed in a solution of 1 mM OTS in a 7:3 v/v mixture of hexadecane and
chloroform for 1 h. The tips were then rinsed in chloroform, dried in air and stored until needed.
Images were processed using Gwyddion version 2.5, open source software for data visualization

and analysis, supported by the Czech Metrology Institute.>*
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Substrates used for AFM investigations were pieces of polished silicon wafers (Virginia
Semiconductors, Fredericksburg, VA) that were cleaned by immersion in piranha solution for 1
h. Pirahna solution was freshly prepared by mixing sulfuric acid and 30% hydrogen peroxide
(3:1 v/v). Caution should be taken since piranha is highly reactive and corrosive. The surfaces
were then rinsed with copious amounts of deionized water. To simulate the conditioning of a
fused-silica capillary column, the cleaned substrates were sonicated in 1 M NaOH for 30 min and
deionized water for 15 min. To prepare films of poly-e-SUK micelles, clean substrates were
immersed in 0.4% (w/v) solution of poly-e-SUK in 20 mM phosphate buffer pH 3.0 for 20, 90,
and 420 min, respectively. The samples were then analyzed immediately using contact-mode
AFM in 20 mM phosphate buffer, pH 3.

2.2.5 OT-CEC Column Fabrication and Separation Methods

Separations were performed using a Beckman P/ACE MDQ capillary electrophoresis
system equipped with a UV photodiode array detector (Fullerton, CA). Fused-silica capillaries
were purchased from Polymicro Technologies (Phoenix, AZ). Each capillary was 50 cm total
length (40 cm effective length) and had an internal diameter of 50 um for all separations.
Capillaries were conditioned by rinsing with 1 M NaOH for 30 minutes followed by deionized
water for 15 min. The conditioned capillaries were then coated by rinsing with poly-e-SUK
solutions. Coated capillaries were flushed with the corresponding 20 mM sodium phosphate
dibasic buffer. All rinses were performed using a pressure of 20 psi. Separations were
performed under reverse or normal polarity at temperature of 15 to 25°C with an applied voltage
of 10 to 25 kV. Electrokinetic injections were performed by applying +/-5 kV for 5 s.

Electropherograms were collected at 200 nm.
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2.3 Results and Discussion

OT-CEC protein separations are influenced by at least three factors: electrophoretic
mobility, stationary phase interactions, and the EOF. Proteins are separated in CE due to
differences in electrophoretic mobility based on their charge to size ratio. Protein interactions
with the stationary phase are also an important factor to consider in order to provide greater peak
resolution. The EOF is the bulk flow of the solution and a major component of an OT-CEC
method. The EOF is established by the charge of and/or on the capillary wall, an applied electric
field, and attraction of ions of the BGE to the capillary surface charge.®* >* Due to the isoelectric
point of the zwitterionic coating, the overall charge can be more positive if the pH of the BGE is
below the pl of the coating or more negative if above. Thus, peor can be manipulated through
controlled changes in pH.

2.3.1 Evaluation of Zwitterionic Character of the Micellar Stationary Phase as a
Function of pH

Tunability of the EOF is an important factor for a zwitterionic coating capable of
separation at both acidic and basic pH values. Control of the EOF is due to protonation of both
the amine and carboxyl groups of the zwitterionic coating, resulting in an overall positive charge
in acidic media. Conversely, deprotonation of the amine and carboxyl groups results in an
overall negative charge. Increased dominance of one of the charged species relates to increased
electroosmotic mobility of the EOF marker, i.e. ugor. In Figure 2.2, the influence of the peor is
demonstrated for pH values ranging from 3.0 to 9.0. To acquire these data, each new coating
was applied to a bare capillary at the corresponding separation pH. The capillary was then
flushed for 2 minutes with the same buffer. The absence of the EOF marker in reverse or normal
mode at pH values near the isoelectric point of the zwitterionic molecular micelle was due to
severely diminished EOF. At pH values approaching the isoelectric point, i.e. approximately pH
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5.5, the zwitterionic molecular micelle had a net charge of zero, and thus no attraction to the
cationic and anionic components in the solution, which caused stagnation of the bulk flow.
Deviations from the isoelectric point yielded an increased peor due to either higher net positive

or net negative charge. Coated capillaries reflected an anodic EOF at low pH and conversely a
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Figure 2.2 Effect of BGE pH on pgor using poly-e-SUK coating. Conditions: Coating
time: 20 min at pH 3; NaCl concentration: 20mM; Background electrolyte:
20mM sodium phosphate dibasic; Applied voltage: 25 kV; Temperature: 15 °C;
Capillary: 50 cm (total length), 40 cm (effective length), 50um i.d.; Analyte
concentration: 0.4 mg/mL; Injection: +/-5 kV for 5 s; Detection: 254 nm.

cathodic EOF at high pH. Such changes cannot be observed in a bare capillary which can only
exhibit a cathodic EOF as has been previously reported by Wang et al.>?
2.3.2 Characterizations of Zwitterionic Micellar Coating on Silicon using AFM

It is expected that increasing the thickness of a stationary phase in OT-CEC will yield

more interactions with analytes.®® >

Nanofabrication with AFM was used to evaluate the
changes in thickness for coatings formed on the silicon surface. Changes in the thickness of

micellar coatings were evaluated at acidic pH, using the conditions optimized for protein
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separation. To prevent the surface from supersaturation at higher concentrations of polymer, a
parallel study using AFM with varying polymer coating times was investigated while holding
concentration constant. As a baseline, AFM topography views of the clean, uncoated silicon
surface are presented side-by-side with the coated substrate in Figure 2.3. Considerable changes
are observed for the AFM topography images of the clean surface of silicon (Figure 2.3A) versus
the film of poly-e-SUK formed after 420 min immersion (Figure 2.3B). The silicon surface has a
local surface roughness measuring 0.75 nm for the 4 x 4 pm? area displayed in Figure 2.3A. The
brighter colors represent taller features, whereas shallow features are darker. The images
displayed are representative of views for many different areas of the sample. The cleaned
surface of silicon exhibits a somewhat irregular and uneven morphology at the nanoscale, with
depressions or pits ranging from 0.3 to 2.9 nm in depth. The silicon surface does not contain
visible contaminants or residues, indicating success of the cleaning procedure. Complete
coverage of the surface with a film of micelles was apparent after 420 min of immersion in poly-
e-SUK solution (Figure 2.3B). The surface is coated with densely packed micelles, which range
in height from 0.8 to 6 nm, corresponding to single and multiple layers. The shapes of the
molecular micelles are nearly spherical, and are consistent with observations gleaned from
previous reports for different types of micelles formed on mica> and silicon.*> The slightly non-
spherical shape of the micelles may be attributed to the shape of the probe, caused by the well-
known tip-surface convolution effects of AFM tip geometry. The holes and roughness of the
underlying substrate are still apparent after forming a coating of poly-e-SUK. The surface
roughness measured for the topography frame in Figure 2.3B measures 1.3 nm. The size of the
micelles is quite uniform and monodisperse, as evident in the topograph and corresponding

histogram of Figure 2.3C. Most of the micelles (52%) measure from 1.6 to 2.4 nm in height,
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with an overall average size of 2.3 £ 1.6 nm. However, the roughness of the bare silicon
substrate (0.75 nm) complicates the precise measurement of the micelle diameter, and the peaks
and valleys of the substrate contribute to the overall dimensions plotted in the histogram.
Nanoshaving was used to evaluate the local thickness of poly-e-SUK coatings deposited onto
silicon substrates. Tip induced displacement of surface films of multilayers of polymeric
micelles was previously demonstrated by Emoto, et al.”® Nanoshaving is accomplished by
applying a sufficiently high force to the AFM tip to remove or “shave” away a small region of
the film in order to expose a bare area of the silicon substrate. The uncovered area then provides
a baseline for measuring the film thickness.>” For the film of adsorbed zwitterionic micelles, the
nanoshaved rectangular area of the silicon surface measures 600 x 900 nm? and is clearly visible
in both the topography and lateral force images of Figures 2.4A and 2.4B, respectively. Note
that the area was swept seven times with an applied set point of 10 nN to ensure complete
removal of poly-e-SUK. Micelle nanostructures are visible throughout the scan area except
within the nanoshaved pattern. The lateral force image (Figure 2.4B) shows that micelles have
been cleanly removed from the substrate, since the exposed polished silicon wafer has a smooth,
homogeneous contrast as compared to the unshaved region. A representative cursor line profile
across the pattern is presented in Figure 2.4C. The local thickness of the film measured 2.4 £ 0.7
nm, in agreement with the height values measured for individual micelles from Figure 2.3. To
better evaluate the film thickness of poly-e-SUK formed under different immersion intervals,
additional nanoshaving experiments were conducted (AFM images not shown). These results
are summarized in Table 2.1 for thickness values obtained from cursor measurements of
nanoshaved patches from several nanoshaving experiments. After only 20 min of immersion,

incomplete surface coverage was observed. As one would expect, as the length of immersion
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Figure 2.3 Changes in surface morphology viewed with contact-mode AFM topographs.
[A] Clean surface of polished silicon; [B] after immersion in 0.4% (w/v) poly-
e-SUK; [C] size distribution for the micelles measured from individual cursor
height profiles.
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Table 2.1 Thickness of micelle layers formed on silicon after different immersion
intervals.

Immersion time (min)  Film thickness (nm)

20 0.98 +0.12
120 1.9+0.38
420 24+0.74

was increased, a thicker layer micelles was observed to form.

In situ AFM characterization of films of lysine-based zwitterionic molecular micelles
demonstrate that uniform and structurally precise micelle structures have been produced, with
regular spherical shapes that persist after adsorption on silicon. The supramolecular assembly of
zwitterionic micelles into multilayered coatings can be controlled by immersion intervals, within
time frames of a few hours. Although micelles have been previously shown to disassemble and
form bilayer coatings on certain substrates, our results with in situ AFM clearly demonstrate that
controlling pH and solvent parameters ensure conditions for robust, persistent molecular micellar
structures.

2.3.3 Simultaneous Acidic and Basic Protein Separation by OT-CEC under Acidic
Conditions

The use of poly-e-SUK as a coating in OT-CEC allowed minimization of protein-wall
adsorption and provided a stationary phase for analyte interaction. Figure 2.5 is a display of the
effect of poly-e-SUK concentration on the simultaneous separation of 10 acidic and basic
proteins (Table 2.2) under cathodic EOF. The polymer concentration ranged from 0.3 to 0.5%
(w/v). At lower concentrations (0.3% wi/v), long migration times were observed, as well as low
separation reproducibility which is likely the result of partial coverage of the polymer on the
capillary wall. Having non-uniform coating allowed protein-wall adsorption which may have

resulted in low peak efficiencies. Correspondingly, not all individual proteins could be
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Figure 2.4 Nanoshaved area produced by increasing the force applied to an AFM tip.
[A] Contact-mode topograph; [B] corresponding friction image; [C] height profile

for the line in A.
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identified. R denotes the resolution between the first and second peaks, Rs, for the second and

third peaks, Rg; for the third and fourth peaks, and so on.

Table 2.2 Protein system selected for OT-CEC separation.

Proteins Source pl MW
a-lactalbumin bovine milk 4.8 14.2
B-lactoglobulin A bovine milk 51 36.7
B-lactoglobulin B bovine milk 5.3 36.6
Albumin bovine serum 4.7 69.0
deoxyribonuclease | bovine pancreas 6.7 31.0
Myoglobin equine heart 6.8 17.0
a-chymotrypsinogen A bovine pancreas 9.2 25.0
ribonuclease A bovine pancreas 9.3 13.7
cytochrome ¢ bovine heart 10.2 124
Lysozyme chicken egg white 111 14.3

Using 0.4% (w/v), 9 protein peaks were resolved (Rs; = 3.42 R, = 1.02 Rg3 = 2.07 Ryy=0
Rss = 1.83 Rg = 5.13 Ry7 = 0.59 Ry = 1.32 Ry = 4.58). Partial separation occurred between f-
lactoglobulin A, and B-lactoglobulin B while a-lactalbumin and ribonuclease A coeluted. All
other peaks were baseline resolved owing to thicker coating which in turn promoted interactions
with the analytes.

As the polymer concentration was increased to 0.5% (w/v) protein migration times
increased and efficiencies decreased, while protein peak migration order was the same as
0.4%(w/v), with 9 protein peaks being resolved (Rs1 = 3.29 Rs; = 0.51 R3 = 0.95 Rgs = 0 Rgs =
1.90 Rgs = 3.16 R7 = 0.41 Rgg = 1.54 Ry = 4.70). Due to increased thickness of the coating,
further increases in elution times produced longer analysis times. Therefore, 0.4% (w/v) was

chosen as the optimal polymer concentration value as a result of this study.
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Figure 2.5 Influence of polymer concentration on separation of 10 acidic and basic

proteins. Conditions: Polymer concentration: (A) 0.5% (B) 0.4% (C) 0.3% (w/v)
poly-e-SUK; Coating time: 20 min; Background electrolyte: 20mM sodium
phosphate dibasic (pH 3); Applied voltage: 25 kV; Temperature: 25 °C;
Capillary: 50 cm (total length), 40 cm (effective length), 50um i.d.; Analyte
concentration: 0.4 mg/mL; Injection: 5 kV for 5s; Detection: 200 nm; Analytes:
1. deoxyribonulease I, 2. a-chymotrypsinogen A, 3. albumin, 4. a-lactalbumin, 5.
ribonuclease A, 6.myoglobin 7. B-lactoglobulin A, 8. B-lactoglobulin B, 9. lysozyme,
10. cytochrome C.

2.3.4 Influence of NaCl Concentration on Protein Separation

Previous studies have demonstrated that the presence of NaCl in capillary coatings
increases the thickness of the coating® *® and in turn increases protein separation resolution.'®**
¥ Figure 2.6 shows the effect of NaCl concentration in poly-e-SUK coatings on the above
protein system in a selected concentration range of 15-25 mM (Table 2.3). When 25 mM NacCl

was used, 8 peaks were observed. Protein peaks 4, 5 (a-lactalbumin and ribonuclease A) and 7,

8 (B-lactoglobulin A and B-lactoglobulin B) were not resolved. Using 20 mM NaCl, all 10
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protein peaks were distinctively resolved. All peaks with the exception of peaks 4, 5 (a-
lactaloumin and ribonuclease A) and 7, 8 (B-lactoglobulin A and B-lactoglobulin B) were
baseline resolved. At 15 mM, 9 protein peaks eluted. Protein peaks 2, 3 (a-chymotrypsinogen A
and albumin) were not resolved while 4, 5 (a-lactalbumin and ribonuclease A) and 7, 8 (B-
lactoglobulin A and B-lactoglobulin B) were partially resolved. Therefore, 20 mM NaCl was
selected as the optimal concentration and adopted for all subsequent separations.

2.3.5 Simultaneous Acidic and Basic Protein Separation by OT-CEC under Basic
Conditions

Due to the zwitterionic properties of the coating, separations performed under cathodic
EOF can be achieved as quickly as under anodic EOF. To examine the performance of this
coating under anodic EOF conditions, the separation was performed at pH 11.5. Figure 2.7
shows the optimized separation of acidic and basic proteins under basic experimental conditions.
The voltage was lowered to 10 kV and the poly-e-SUK coating time was lowered to 15 min in
contrast to the optimized separation at acidic pH. All other variables were held constant (0.4%
(w/v) poly-e-SUK, 20 mM sodium phosphate, 15°C). The EOF was observed at 9.8 minutes and
9 protein peaks were resolved. All resolved protein peaks had at least baseline resolutions, i.e.
greater than 1.5. However, peaks 7 and 8 (B-lactoglobulin A and B-lactoglobulin B) co-eluted
and were not resolved under any variations of voltage, salt concentration, temperature, or other
experimental conditions.

2.3.6 Reproducibility of a Lysine-Based Zwitterionic Molecular Micelle-Coated
Capillary

To determine the stability of the poly-e-SUK coating, run-to-run, day-to-day, and week-
to-week studies were investigated. The reproducibility of the EOF was evaluated by monitoring

the average retention time of the EOF marker and % relative standard deviation (%RSD). The
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Figure 2.6 Effects of NaCl concentration on separation of 10 acidic and basic proteins.
Conditions: Polymer concentration: 0.4%(w/v) poly-e-SUK; Coating time: 20
min; NaCl concentration: (A) 25mM (B) 20mM (C) 15mM; Background
electrolyte: 20mM sodium phosphate dibasic (pH 3); Applied voltage: 25 kV;
Temperature: 15 °C; Capillary: 50 cm (total length), 40 cm (effective length),
50pm i.d.; Analyte concentration: 0.4 mg/mL; Injection: 5 kV for 5 s; Detection:
200 nm; Analytes: 1. deoxyribonulease I, 2. a-chymotrypsinogen A, 3. albumin, 4.
a-lactaloumin, 5. ribonuclease A, 6.myoglobin 7. pB-lactoglobulin A, 8. pB-
lactoglobulin B, 9. lysozyme, 10. cytochrome c.

results of this study are summarized in Table 2.4. Each capillary was prepared according to the
coating procedure previously described for the optimized separation at acidic pH. The run-to-run
reproducibility for the EOF was calculated based on 50 consecutive runs using the same
capillary. The day-to-day reproducibility for the EOF was evaluated based on the use of one

capillary for 5 days with replicate analyses; the week-to-week reproducibility was evaluated
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Figure 2.7 Optimized separation of acidic and basic proteins under basic experimental
conditions. Conditions: Polymer concentration: 0.4%(w/v) poly-e-SUK; Coating
time: 15 min; NaCl concentration: 20mM; Background electrolyte: 20mM
sodium phosphate dibasic (pH11.5); Applied voltage: 10 kV; Temperature: 15 °C;
Capillary: 50 cm (total length), 40 cm (effective length), 50um i.d.; Analyte
concentration: 0.4 mg/mL; Injection: 5 kV for 5 s; Detection: 200 nm; Analytes:
1. deoxyribonulease I, 2. a-chymotrypsinogen A, 3. albumin, 4. a-lactalbumin, 5.

ribonuclease A, 6.myoglobin 7. B-lactoglobulin A, 8. B-lactoglobulin B, 9. lysozyme,
10. cytochrome c.

Table 2.3 Resolutions calculated from protein separations.

R R2 Rs Rsa Rss Rs6 R R Rso

25mM NaCl 3.01 294 0.76 230 0.88 021 1.08 7.80 0
pH 3 20mM NaCl 226 150 255 101 452 196 052 196 13.62
15mM NaCl 117 0.34 0.60 0 1.17 0.92 0 045 4.05

pH 115 20mM NaCl 19.65 4.15 5.53 0 3.10 095 381 225 337

*0.4% (w/v) poly-e-SUK was used for each salt concentration
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based on 5 different capillaries with 3 consecutive runs for each. All measured %RSD were
below 4%, indicative of highly acceptable reproducibilities.

Table 2.4 Reproducibility studies of the poly-e-SUK coating.

Conditions: Polymer concentration: 0.4 %(w/v) poly-e-SUK; Coating time: 20 min; NacCl
concentration: 20mM; Background electrolyte: 20mM sodium phosphate dibasic (pH 3);
Applied voltage: 15 kV; Temperature: 25 °C; Capillary: 50 cm (total length), 40 cm (effective
length), 50pum i.d.; EOF marker: acetone; Injection: 5 kV for 5 s; Detection: 254 nm.

Ave. EOF migration %RSD of EOF
time(min)
Run to Run
(n=50 runs) 3.95 1.24
Day to Day
(n=5 days) 4.08 1.20
Week to Week
(n=3 weeks) 4.19 1.85
Capillary to Capillary
(n=5 capillaries) 4.09 3.15

2.3.7 Investigation of Column Robustness

The column robustness was investigated based on changing one variable (+/-) 10% while
keeping other optimized variables the constant. Variables of interest for column robustness
included: polymer concentration, coating time, and salt concentration. Polymer concentration
values were 0.44 and 0.36% (w/v). Coating time values were varied at 22 and 18 mins. Sodium
chloride concentration values were 22 and 18 mM. Resolution values are calculated in Table 2.5
below.

At a concentration of 0.44% (w/v) poly-e-SUK, only eight peaks were observed in Figure
2.8. Analysis time was increased for higher concentrations of polymer used. Increased
concentration results in increased interactions for protein analytes. Resolution increased for all
protein peaks with the exception of peaks 2 and 3 (a-chymotrypsinogen A and albumin) as well
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as peaks 6 and 7 (myoglobulin and B-lactoglobulin A) which in each case complete coelution of

peaks was observed. A decrease in resolution was observed for other peaks which could be due
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Figure 2.8 Column robustness investigating +/- 10% variations in optimized polymer

concentration. Conditions: Polymer concentration: 0.44%, 0.36% (w/v) p-
e-SUK; Coating time: 20 min; NaCl concentration: 20mM; Background
electrolyte: 20mM sodium phosphate dibasic (pH 3); Applied voltage: 25
kV; Temperature: 15 °C; Capillary: 50 cm (total length), 40 cm (effective
length), 50um i.d.; Analyte concentration: 0.4 mg/mL; Injection: 5 kV for
5 s; Detection: 200 nm; Analytes: 1. deoxyribonuclease I, 2. a-
chymotrypsinogen A, 3. albumin, 4. a-lactaloumin, 5. ribonuclease A, 6.
myoglobin 7. B-lactoglobulin A, 8. B-lactoglobulin B, 9. lysozyme, 10.
cytochrome c.

to band broadening. Decreases in resolution were observed by peaks 5 and 6 (myoglobin/p-

lactoglobulin A and B-lactoglobulin B) as well as lysozyme and cytochrome c. The loss of

resolution can be attributed to band broadening of protein analytes.

All protein peaks were observed using a concentration of 35% (w/v) poly-e-SUK in

Figure 2.8. Separation analysis time was decreased due to fewer interactions with all analytes.

Resolution was decreased for peaks 2 and 3 (a-chymotrypsinogen A and albumin), peaks 6 and 7

(myoglobulin and B-lactoglobulin A), and peaks 9 and 10 (lysozyme and cytochrome c).

However, resolution increased for all other peaks. This increase can be due to having a decrease
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in concentration, which would result in decreased interaction and lesser band broadening to

enhance resolution.

Table 2.5. Resolutions calculated from column robustness experiments using poly-g-SUK.

Ra Re Rs3 Rsa Rss Rse Rs7 Rss Rso

0.44% (w/v) 395 O 355 146 522 O 047 3.02 13.54
0.36% (w/v) 424 119 289 158 704 069 055 3.06 13.34
22 min coat 427 131 272 158 413 120 059 239 1251
18 min coat 351 359 O 149 416 0.74 048 260 10.36
22mM NaCl 416 109 286 140 400 108 0.71 291 11.85
18mM NaCl 387 133 240 081 350 176 054 210 1144

*all other variables were held constant as from Figure 2.7 B unless stated differently above

For coating at 22 mins, separation analysis times were longer due to higher
concentrations of poly-e-SUK on the capillary wall to result in higher interactions in Figure 2.9.
All protein peaks are observed using the 22 min coating time. Higher resolution was observed
for all peaks except peaks 2 and 3 (a-chymotrypsinogen A and albumin), peaks 5 and 6
(ribonuclease A and myogloblin), peaks 6 and 7 (myoglobulin and B-lactoglobulin A), and peaks
9 and 10 (lysozyme and cytochrome c). Lower resolution was observed due to band broadening.

Coating times at 18 mins, separation analysis times were longer in Figure 2.9. Using
decreased coating times may result in less surface coverage of poly-e-SUK. Protein analytes
may have interacted with the capillary wall to result in longer analysis times. When using a
shorter coating time, interactions between protein analytes and the polymer coating should be
decreased. Only 8 protein peaks were observed. Protein peaks 3 and 4 (albumin and a-

lactalbumin) coeluted. A decrease in resolution was observed for all other protein peaks with the
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Figure 2.9 Column robustness investigating +/- 10% variations in optimized polymer coat
time. Conditions: Polymer concentration: 0.4%(w/v) p-e-SUK; Coating
time: 18, 22 min; NaCl concentration: 20mM; Background electrolyte:
20mM sodium phosphate dibasic (pH 3); Applied voltage: 25 kV;
Temperature: 15 °C; Capillary: 50 cm (total length), 40 cm (effective
length), 50um i.d.; Analyte concentration: 0.4 mg/mL; Injection: 5 kV for 5
s; Detection: 200 nm; Analytes: 1. deoxyribonuclease 1, 2. o-
chymotrypsinogen A, 3. albumin, 4. a-lactaloumin, 5. ribonuclease A,
6.myoglobin 7. B-lactoglobulin A, 8. B-lactoglobulin B, 9. lysozyme, 10.
cytochrome c.

exception of peaks 1 and 2 (deoxyribonuclease | and a-chymotrypsinogen A), peaks 2 and 3 (a-
chymotrypsinogen A and albumin), peaks 4 and 5 (a-lactalbumin and ribonuclease A), and peaks
8 and 9 (B-lactoglobulin B and lysozyme). An increase in resolution may be due to having less
band broadening of peaks with lower polymer concentration on the capillary wall.

The salt concentration (NaCl) was varied from 18 to 22 mM in Figure 2.10. All protein
peaks were observed for both changes in salt concentration. The same trend was observed for all
protein peaks except peaks 3 and 4 (albumin and a-lactaloumin) and peaks 4 and 5 (o-
lactalbumin and ribonuclease A). An increase in resolution was observed for higher salt
concentrations while a decrease was observed for lower concentrations. These protein analytes

are more sensitive to polymer swelling for the concentrations observed.
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Figure 2.10 Column robustness investigating +/- 10% variations in optimized NaCl
concentration.

Conditions: Polymer concentration: 0.4%(w/v) p-e-SUK; Coating time: 20
min; NaCl concentration: 18, 22mM; Background electrolyte: 20mM
sodium phosphate dibasic (pH 3); Applied voltage: 25 kV; Temperature: 15
°C; Capillary: 50 cm (total length), 40 cm (effective length), 50um i.d.;
Analyte concentration: 0.4 mg/mL; Injection: 5 kV for 5 s; Detection: 200
nm; Analytes: 1. deoxyribonuclease I, 2. a-chymotrypsinogen A, 3. albumin, 4.
a-lactaloumin, 5. ribonuclease A, 6.myoglobin 7. B-lactoglobulin A, 8. B-
lactoglobulin B, 9. lysozyme, 10. cytochrome c.

2.3.8 Separation of Proteins from a Human Serum Sample using a Lysine-Based
Zwitterionic Molecular Micelle Coating

A sample of human serum, used as received from Sigma Aldrich, was evaluated using the
optimized conditions for both acidic and basic pH values. The results of these studies are
provided in Figure 2.11. For the acidic pH separation, the human serum was diluted with buffer
by a factor of 8. However, under basic conditions a more concentrated mixture with a dilution
factor of 2 was used. Peak areas were observed to correlate with the amount of protein found
from normal human serum samples reported in the literature (IgG 8-18 mg/mL, transferrin 2-3
mg/mL, and albumin 35-50 mg/mL).*" % The separations achieved at acidic and basic pH values

were obtained under the same optimized conditions used in Figures 2.6B and 2.7, respectively.
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Contributions from sample impurities along with degradation products of the three major

proteins may lead to peaks of low efficiencies since protein standards did not exhibit such
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Figure 2.11 Separation of Human Serum Proteins using Zwitterionic Coating.
Conditions: (A) same as Figure 6B, pH 3 (B) same as Figure 7, pH 11.5; Human
Serum: (A) dilution factor of 8, (B) dilution factor of 2; Peaks: I. 1gG 1.
Transferrin, 111. Albumin.
behavior. Both acidic and basic optimized conditions resulted in the same elution order of
proteins. However, separation under basic conditions provided better resolution than under
acidic conditions. Thus, this separation shows the versatility of using lysine-based molecular

micelles for the separation of proteins from human serum with no purification of the sample.

2.3.9 Reproducibility of a Lysine-Based Zwitterionic Molecular Micelle-Coated Capillary
for Proteins in Human Serum

The reproducibility of the poly-e-SUK coating was evaluated using the human serum
sample in Table 2.6. Protein analytes (IgG, transferring, and albumin) were observed on the
same capillary for three consecutive runs. One column was used for acidic pH while the other
was for basic pH. All runs show less than 1% RSD in the migration time of the analyte peak of
interest. The poly-e-SUK coated column exhibited excellent reproducibilities for the human

serum sample.
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Table 2.6 Reproducibility of protein in human serum peak migration times using optimized
acidic and basic conditions.

pH Average

Protein migration time %RSD (n=3)

o IgG 6.29 0.67

Acidic Transferrin 6.80 0.86

Albumin 7.66 0.85

_ IgG 13.27 0.56

Basic Transferrin 15.19 0.49

Albumin 20.37 0.76

2.4 Concluding Remarks

The synthesis, characterization, and application of a lysine-based zwitterionic molecular
micelle (poly-e-SUK) for capillary coatings in OT-CEC are presented in this study. The
versatility of poly-e-SUK is demonstrated through simultaneous separation of acidic and basic
proteins at both low and high pH values. Most of the proteins studied were baseline resolved.
This novel zwitterionic coating also contributed to variations in the peor as a function of
systematic changes in pH. It was found that ugor approached zero as the pH approached the
estimated pl of the zwitterionic molecular micelle (~pH 5.5). High stability of the coating was
demonstrated with up to 50 runs on the same capillary, resulting in an RSD of 1.24%. Views
acquired with AFM demonstrate that regular, robust spherical geometries of micelles are formed
as multilayers on silicon, which retain their structural integrity after surface adsorption. Proteins
from an untreated human serum sample were separated and identified under both acidic and
basic pH conditions to demonstrate the general utility for separation of complex samples. As a

result of these findings, poly-e-SUK is considered a unique coating with great potential for
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simultaneous separation of acidic and basic protein systems.
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CHAPTER 3
FACILE PREPARATION OF CELLULOSE COATED CAPILLARIES
USING A ROOM TEMPERATURE IONIC LIQUID FOR CHIRAL
SEPARATIONS

3.1 Introduction

The separation of chiral compounds is an essential task in the pharmaceutical industry,
mainly due to drug purity. In particular, the Food and Drug Administration and the European
Medicines Agency require single enantiomer drug purity for chiral compounds, whose
enantiomers differ qualitatively or quantitatively in their pharmacological action or toxicological
profile.! Therefore, pharmaceutical industries, in order to enhance drug purity, require more cost
efficient and highly selective stationary phases as well as less column preparation time. Chiral
separations can be achieved by the use of a chiral selector as a pseudostationary phase or a
stationary phase such as native and derivatized cyclodextrins,® ® polymeric surfactants,* °
polymers,® ” and modified nanoparticles® ° have demonstrated great enantioseparation ability for
various chiral compounds. However, many of these stationary phases are costly and/or time
consuming. Hence, the use of a more abundant material should reduce the cost of starting
materials. Moreover, it has been observed that in a chiral selector, an increase in density of
stereogenic centers can result in more interactions, which provides a highly selective stationary.™®
Natural biopolymers such as polysaccharides have a high density of stereogenic centers due to
chiral sugars, which constitute the repeat unit of the macromolecule. For instance, cellulose
contains glucose molecules, each having five chiral centers. Therefore, cellulose is considered
an attractive molecule for chiral separations. In addition, cellulose is the most abundant organic

substance on earth,'* which in turn makes it very cost efficient.
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Even though cellulose and most of its derivatives are water insoluble, there are reports of
water soluble cellulose derivatives, such as cationized hydroxyethylcellulose, which can be
adsorbed to the capillary wall through electrostatic interactions.”> However, these molecules
lose their effectiveness after several runs because the coating is washed away by the background
electrolyte (BGE), mainly due to the hydrophilicity of the molecule. Water insoluble cellulose
derivatives have also garnered considerable attention as stationary phases because of their
effectiveness in capillary electrochromatography (CEC) separations. These stationary phases are
generated via coating polysaccharides to an aminopropyl derivatized silica gel in non-aqueous
CEC™ or packing the column with cellulose acetate fibers,** or chemically modifying the
polysaccharides to the capillary wall.™>*® Although these methods offer effective separations,
the effective separations the column preparation times are long and laborious. An alternative
approach to these methods is the use of polysaccharides as coatings constructed to the capillary
walls in the open-tubular CEC mode. This approach can reduce column preparation time and
decrease the long analysis times that are commonly associated with packed columns.

Some traditional solvents used for the dissolution of cellulose are volatile*®or highly
basic.?> Room temperature ionic liquids (RTILs), on the other hand, are attractive solvents that
can be used for the dissolution of cellulose. RTILs are molten salts with melting points at or
below 100 °C.%? In comparison to other salts, such as NaCl, RTILs have lower melting points
due to the asymmetric packing of their cations and anions. lonic compounds can also have very
unique properties depending on the type of the cation and anion pairing. For instance, an anionic
molecule such as europium can be used for visual detection due to its luminescence.”® In
addition, a RTIL composed of iron (IV) chloride can could be utilized for site specific targeting

via magnetic fields.?* Furthermore, an ionic liquid, which contains 1-butyl-3-methylimidazolium
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[BMIM] cation was used by Tian et al. as a coating, in CEC, and it demonstrated exhibited very
good reproducibilities.”® RTILs can have up to 10° different combinations,?® some of which have
been shown to dissolve cellulose as well as its deriviatives.?”?

In this study, water insoluble cellulose-based polysaccharides were dissolved in order to
provide a RTIL, in order to provide a facile preparation method by way of flushing a coating
onto the capillary wall. Three different cellulose derivatives (cellulose acetate, cellulose acetate
phthalate, and cellulose acetate butyrate) (Figure 3.1) were each investigated as chiral stationary
phases in OT-CEC. Each polysaccharide was dissolved into 1-butyl-3-methylimidazolium
acetate, [BMIM][OAc], (Figure 3.1), and each solution was used to fill the fused-silica
capillaries. The capillaries were then rinsed with water to remove excess cellulose/ionic liquid
solution, thus, leaving a coating on the capillary walls. Finally, the performance of the
constructed stationary phases as chiral media were evaluated by use of thiopental, sotalol,
labetalol, and ephedrine, as chiral analytes (Figure 3.2). We found that the constructed stationary
phases were stable and some separations resulted in fast analysis times, e.g., as low as 2.3

minutes. To the best of our knowledge, this is the first report on the use of cellulose based

polysaccharides dissolved in a RTIL for the separation of chiral molecules.
3.2 Experimental

3.2.1 Materials and Reagents

Sodium phosphate monobasic monohydrate, sodium phosphate dibasic dihydrate, sodium
hydroxide, hydrochloric acid, and methanol were purchased from Fisher Scientific (Fair Lawn,
NJ). Cellulose acetate (CA), cellulose acetate phthalate (CAP), cellulose acetate butyrate (CAB),
rhodamine 6G (R6G), and 1-butyl-3-methylimidazolium acetate [BMIM][OAc] were obtained

from Sigma-Aldrich (Milwaukee, WI, USA). The chiral analytes thiopental, sotalol, labetalol,
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and ephedrine were purchased from Sigma Chemical Company (St. Louis, MO). All materials

were used as received without further treatment or purification.
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3.2.2 Sample and Background Electrolyte Preparation
The chiral analyte stock solutions were prepared at 2mg/mL in methanol and diluted to a

working concentration of 0.2 mg/mL in 50:50 methanol/water. An appropriate amount of a
buffer was dissolved in water to give the appropriate concentration, and the pH of the BGE was
adjusted using 1 M hydrochloric acid (HCI). All BGEs were filtered using a 0.45 um
polypropylene filter (Nalgene, Rochester, NY) and sonicated to ensure proper degassing for 15
minutes prior to use.
3.2.3 Instrumentation and Preparation Procedure for Polysaccharide Coating

A Beckman P/ACE MDQ capillary electrophoresis system was used for CEC separations.
A UV photodiode array (Fullerton, CA) was used for the detection of the analyte molecules.

Separations were performed using fused-silica capillaries purchased from Polymicro
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Technologies (Phoenix, AZ). Each capillary had 50 cm total length (40 cm effective length) and
50um internal diameter. Conditioning of the capillaries was accomplished by flushing with 1 M
NaOH for 30 minutes followed by deionized water for 15 min. Capillaries were dried using
argon gas for a minimum of one hour. The dried capillaries were then filled, using a syringe
pump, which consisted of the polysaccharide of interest dissolved, at various concentrations, in
[BMIM][OACc]. Filled capillaries were flushed with water until aqueous droplets could be
observed on the opposite end. All rinses, using the CE instrument, were performed at a pressure
of 20 psi. The temperature of the capillary cassette ranged from 15 to 25°C and the applied
voltage ranged from 15 to 30 kV. Pressure injections were performed by applying 5 psi for 5 s,
and the separations were conducted under normal polarity. Data obtained was collected at 200
nm.

Capillary images were acquired using a Leica DM-RXA fluorescence microscope with a
20x 0.7 NA objective and a Leica N2.1 (TRITC) filter cube. Data was processed using
slidebook (ver 4.1) imaging software. The capillary was treated with polysaccharide of interest
using the procedure as mentioned earlier. After rinsing the capillary with water, a solution of
10mM R6G was flushed throughout the capillary. The capillary was then dried using a stream of
argon gas. Double sided tape was placed on microscope slide to immobilize the capillary. The
capillary was inverted through the tape on glass slide for imaging.

3.3 Results and Discussion

3.3.1 Characterization of Polysaccharide Coated Capillary Using a Leica DMRXA
Fluorescence Microscope

A visual representation of the coating was taken using fluorescence microscopy for a cross

section of the end of a capillary. A representative image using 2.75% (w/w) CA coated capillary
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with R6G is compared to the bare capillary can be viewed below in Figure 3.3. The ~4um thick

coating is indicated by the image on the left.

S0 L S0 L

Figure 3.3 Cellulose acetate/R6G coated capillary in comparison to the bare capillary.

3.3.2 Optimized Separation Conditions for Thiopental Using Cellulose Acetate, Cellulose
Acetate Phthalate, and Cellulose Acetate Butyrate

The effect of polymer concentration on the separation of four chiral analytes, mentioned
earlier, was investigated by keeping the voltage and the temperature constant at 30 kV and 15°C,
respectively. Polymer concentrations were varied from 0.25% to 3.50% (w/w). In each case,
when the concentration was optimized, other experimental parameters were examined, such as
applied voltage and column temperature.

The concentration of CA for the enantiomeric separation of thiopental was varied
between 1.25 and 1.75% (w/w) in figure 3.4. A concentration of 1.50% (w/w) resulted in

baseline resolution (Rs > 1.5) of the enantiomers of thiopental. An increasing or decreasing of
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Figure 3.4 Effect of CA concentration on the separation of thiopental. Conditions: Polymer
concentration: 1.25, 1.50, 1.75% (w/w) CA in [BMIM][OAc]; Background electrolyte: 50
mM Phosphate pH 7.2; Applied voltage: 30 kV; Temperature: 15 °C; Capillary: 50 cm
(total length), 40 cm (effective length), 50 um i.d.; Analyte concentration: 0.2 mg/mL;

Injection: 0.5 psi for 5 s; Detection: 200 nm.
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Effect of temperature on the separation of thiopental using the CA coating. Conditions:
Polymer concentration: 1.50% (w/w) CA in [BMIM][OAc]; Background electrolyte: 50
mM Phosphate pH 7.2; Applied voltage: 30 kV; Temperature: 15, 20, 25°C; Capillary: 50
cm (total length), 40 cm (effective length), 50 um i.d.; Analyte concentration: 0.2 mg/mL;
Injection: 0.5 psi for 5 s; Detection: 200 nm.

Figure 3.5
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the polymer concentration resulted in higher resolution; however, longer migration times of the
analyte. Therefore, 1.50% (w/w) was chosen as the optimal CA concentration.

Further optimization studies were performed by varying the temperature in Figure 3.5.
When the temperature was increased to 25°C in Figure 3.5, the enantiomeric separation was
performed in a very short analysis times (2.6 mins). However, due to low peak efficiency, a
temperature of 20°C was chosen for further studies. The effect of voltage on the enantiomeric
separation of thiopental was also investigated. A decrease in the voltage from 30 kV to 15 kV
did not have a major impact on resolution. Therefore, an applied voltage of 30 kV was chosen as
the optimum. An applied voltage of 30kV with a temperature of 20°C were chosen as optimized
as optimized conditions for the separation of thiopental enantiomers (Rs = 6.27) when CA was
used as a stationary phase.

The second cellulose derivative that was investigated as a stationary phase was CAP.
The examined CAP concentration ranged from 0.50 to 1.00% (w/w) in Figure 3.6. When the
concentration was 0.75% (w/w), thiopental enantiomers were baseline resolved in 3.5 mins.
Polymer concentrations that deviated from 0.75% (w/w) resulted in longer analysis times,
probably due to the non-charged polysaccharide coating covering the charged silanol groups on
the capillary wall. When the column temperature increased in Figure 3.7, resolution increased
from 5.60 to 7.31. Optimized conditions were achieved using a voltage of 30 kV and a
temperature of 25°C to result in Ry = 7.31 by use of a CAP-modified capillary.

As far as the CAB-modified capillary column is concerned, a concentration range of
1.25-1.75% (w/w) CAB was selected for the separation of thiopental. A concentration of 1.50%

(w/w) CAB resulted in a baseline separation (Rs =5.40) within just 3.1 mins. In addition, a
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Figure 3.6

Figure 3.7
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Effect of CAP concentration on the separation of thiopental. Conditions: Polymer
concentration: 0.75, 1.00, 1.25% (w/w) CAP in [BMIM][OAc]; Background
electrolyte: 50 mM Phosphate pH 7.2; Applied voltage: 30 kV; Temperature:
15°C; Capillary: 50 cm (total length), 40 cm (effective length), 50 um i.d.; Analyte
concentration: 0.2 mg/mL; Injection: 0.5 psi for 5 s; Detection: 200 nm.
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Effect of temperature on the separation of thiopental using the CAP coating. Conditions:
Polymer concentration: 1.00% (w/w) CAP in [BMIM][OACc]; Background electrolyte: 50
mM Phosphate pH 7.2; Applied voltage: 30 kV; Temperature: 15, 20, 25°C; Capillary:
50 c¢cm (total length), 40 cm (effective length), 50 um i.d.; Analyte concentration: 0.2
mg/mL; Injection: 0.5 psi for 5 s; Detection: 200 nm.
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temperature of 25 °C and an applied voltage of 30 kV provided the best results, in regard to

resolution, efficiency, and analysis time Figure 3.9.
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Figure 3.8 Effect of CAB concentration on the separation of thiopental. Conditions: Polymer
concentration: 1.25, 1.50, 1.75% (w/w) CAB in [BMIM][OAc]; Background electrolyte:
50 mM Phosphate pH 7.2; Applied voltage: 30 kV; Temperature: 15°C; Capillary: 50
cm (total length), 40 cm (effective length), 50 pum i.d.; Analyte concentration: 0.2
mg/mL; Injection: 0.5 psi for 5 s; Detection: 200 nm.
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Figure 3.9 Effect of temperature on the separation of thiopental using the CAB Coating. Conditions:
Polymer concentration: 1.25, 1.50% (w/w) CAB in [BMIM][OACc]; Background
electrolyte: 50 mM Phosphate pH 7.2; Applied voltage: 30 kV; Temperature: 15, 20,
25°C; Capillary: 50 cm (total length), 40 cm (effective length), 50 um i.d.; Analyte
concentration: 0.2 mg/mL; Injection: 0.5 psi for 5 s; Detection: 200 nm.
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In conclusion, resolutions greater than baseline resolution were achieved for the
separation of thiopental enantiomers using each one of the cellulose derivatives. Voltage was
held constant at 30 kV and not varied due to already achieving baseline resolution as decreasing
voltage would result in longer analysis times. As a result of high voltages being used, increasing
the temperature of the systems decreased analysis times. Thus, fast and efficient separations
were observed.

3.3.3 Optimized Separation Conditions for Sotalol Using Cellulose Acetate, Cellulose
Acetate Phthalate, and Cellulose Acetate Butyrate.

The influence of each of the three cellulose derivatives on the enantiomeric separation of
sotalol was also investigated. The electropherograms obtained by use of each cellulose
derivative are demonstrated in Figures 3.10 — 3.15. The concentration of CA was varied from
2.25 — 2.75% (w/w) in Figure 3.10. When the coating was constructed by using 2.50% (w/w)
CA, only partial separation was attained for sotalol (Rs = 0.56) in a migration time of 2.7 min.
When the CA concentration was increased from 2.25 to 2.50% (w/w) the resolution slightly
increased, while when the concentration increased to 2.75% (w/w) no separation was achieved.
In addition, a decrease in resolution was observed by increasing the column temperature in
Figure 3.11, while the electroosmotic mobility increased, likely due to a decrease in electrolyte
viscosity. Voltages lower than 30 kV resulted in no separation of the enantiomers of sotalol in
Figure 3.12. There was a decrease in resolution when temperature was increased.

The separation of sotalol enantiomers was then examined by using the CAP as coating.
No separation was observed for CAP concentration study at lower temperatures. However, using
a concentration of 1.25% at higher voltages resulted in partial separation of enantiomers as

demonstrated in Figure 3.13. Loss of resolution was observed when temperatures were
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Figure 3.10

Figure 3.11
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Effect of CA concentration on the separation of sotalol. Conditions: Polymer
concentration: 2.25, 2.50, 2.75% (w/w) CA in [BMIM][OAc]; Background electrolyte:
50 mM Phosphate pH 8.2; Applied voltage: 30 kV; Temperature: 15°C; Capillary: 50
cm (total length), 40 cm (effective length), 50 um i.d.; Analyte concentration: 0.2
mg/mL; Injection: 0.5 psi for 5 s; Detection: 200 nm.
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Effect of voltage on the separation of sotalol using the CA coating. Conditions: Polymer
concentration: 2.50% (w/w) CA in [BMIM][OAc]; Background electrolyte: 50 mM
Phosphate pH 8.2; Applied voltage: 30, 25, 20 kV; Temperature: 15°C; Capillary: 50
cm (total length), 40 cm (effective length), 50 pm i.d.; Analyte concentration: 0.2
mg/mL; Injection: 0.5 psi for 5 s; Detection: 200 nm.
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Figure 3.12 Effect of temperature on the separation of sotalol using the CA coating. Conditions:
Polymer concentration: 2.50% (w/w) CA in [BMIM][OACc]; Background electrolyte:
50 mM Phosphate pH 8.2; Applied voltage: 30 kV; Temperature: 15, 20, 25°C;

Capillary: 50 cm (total length), 40 cm (effective length), 50 pum i.d.; Analyte
concentration: 0.2 mg/mL; Injection: 0.5 psi for 5 s; Detection: 200 nm.
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Figure 3.13 Effect of voltage on the separation of sotalol using the CAP coating. Conditions: Polymer
concentration: 1.25% (w/w) CAP in [BMIM][OAc]; Background electrolyte: 50mM
Phosphate pH 8.2; Applied voltage: 20, 25, 30 kV; Temperature: 15 °C; Capillary: 50

cm (total length), 40 cm (effective length), 50 um i.d.; Analyte concentration: 0.2 mg/mL;
Injection: 0.5 psi for 5 s; Detection: 200 nm.
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Figure 3.14 Effect of temperature on the separation of sotalol using the CAP coating. Conditions:

AU

Polymer concentration: 1.25% (w/w) CAP in [BMIM][OACc]; Background electrolyte:
50 mM Phosphate pH 8.2; Applied voltage: 30 kV; Temperature: 15, 20, 25 °C;
Capillary: 50 cm (total length), 40 cm (effective length), 50 pum i.d.; Analyte
concentration: 0.2 mg/mL; Injection: 0.5 psi for 5 s; Detection: 200 nm.
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Figure 3.15 Effect of CAB concentration on the separation of sotalol. Conditions: Polymer

concentration: 2.25, 250, 2.75% (w/w) CAB in [BMIM][OAc]; Background
electrolyte: 50 mM Phosphate pH 8.2; Applied voltage: 30 kV; Temperature: 15°C;
Capillary: 50 cm (total length), 40 cm (effective length), 50 pum i.d.; Analyte
concentration: 0.2 mg/mL; Injection: 0.5 psi for 5 s; Detection: 200 nm.
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Figure 3.16 Effect of voltage on the separation of sotalol using the CAB coating. Conditions: Polymer
concentration: 2.50% (w/w) CAB in [BMIM][OAc]; Background electrolyte: 50 mM
Phosphate pH 8.2; Applied voltage: 15, 20, 25 kV; Temperature: 15°C; Capillary: 50 cm
(total length), 40 cm (effective length), 50 um i.d.; Analyte concentration: 0.2 mg/mL;
Injection: 0.5 psi for 5 s; Detection: 200 nm.
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Figure 3.17 Effect of temperature on the separation of sotalol using the CAB coating. Conditions:
Polymer concentration: 2.50% (w/w) CAB in [BMIM][OACc]; Background electrolyte:
50 mM Phosphate pH 8.2; Applied voltage: kV; Temperature: 15, 20, 25°C; Capillary:
50 cm (total length), 40 cm (effective length), 50 um i.d.; Analyte concentration: 0.2
mg/mL; Injection: 0.5 psi for 5 s; Detection: 200 nm.

increased as in Figure 3.14. When CAB, and particularly a concentration of 2.50% (w/w) was

used as a separation medium, sotalol enantiomers were partially separated, with a resolution
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value of 0.66 (Figure 3.15). Another observation with the CAP-and the CAB-modified capillary
columns was the decrease in resolution by decreasing the applied voltage or by increasing the
column temperature in Figure 3.16 and Figure 3.17, respectively. In addition, the
electropherograms involving sotalol indicate that efficiency of the second enantiomeric peak is
low. As reported elsewhere for the beta blockers® this is probably due to increased interactions
of the second enantiomer with the stationary phase.

3.3.4 Optimized Separation Conditions for Ephedrine Using Cellulose Acetate, Cellulose
Acetate Phthalate, and Cellulose Acetate Butyrate

Ephedrine is a molecule with two asymmetric centers resulting in four diastereomeric
compounds [(+)-ephedrine, (-)-ephedrine, (+)-pseudoephedrine, and (-)-pseudoephedrine].
Ephedrine is another analyte that was used for the evaluation of the performance of each

cellulose-modified capillary column.
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Figure 3.18 Effect CA concentration on the separation of ephedrine. Conditions: Polymer
concentration: 1.50, 1.75, 2.00% (w/w) CA in [BMIM][OAc]; Background electrolyte:
50 mM Phosphate pH 8.2; Applied voltage: 30 kV; Temperature: 15°C; Capillary: 50
cm (total length), 40 cm (effective length), 50 um i.d.; Analyte concentration: 0.2
mg/mL; Injection: 0.5 psi for 5 s; Detection: 200 nm.
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In this study, the concentration of CA was varied from 1.50 - 2.00% (w/w) in Figure
3.18. A resolution of 1.07 and elution times of 1.97 and 2.05 were obtained when the
concentration was 1.75% (w/w) CA. Each elution time corresponded to the peaks with a
resolution of 1.39 with one peak elution time at 1.97 min while the other was at 2.05 min. The
two peaks were composed of (x)-pseudoephedrine and (z)-ephedrine, respectively. A further

increase in polymer concentration resulted in a slight increase in resolution and analysis time.
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Figure 3.19 Effect of voltage on the separation of ephedrine using the CA coating. Conditions:
Polymer concentration: 1.75% (w/w) CA in [BMIM][OAc]; Background electrolyte:
50 mM Phosphate pH 8.2; Applied voltage: 15, 20, 25 kV; Temperature: 15°C;
Capillary: 50 cm (total length), 40 cm (effective length), 50 pum i.d.; Analyte
concentration: 0.2 mg/mL; Injection: 0.5 psi for 5 s; Detection: 200 nm.

When the applied voltage and column temperature was decreased from 30 kV to 15 kV,
resolution increased as demonstrated in Figure 3.19. However, in Figure 3.20 as temperature
increased from 15°C to 25°C, resolution decreased significantly due to the analyte staying on the
column a shorter analysis time and acquiring a lower amount of interactions with the stationary

phase.
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Figure 3.20 Effect of temperature on the separation of ephedrine using the CA coating. Conditions:
Polymer concentration: 1.75% (w/w) CA in [BMIM][OAc]; Background electrolyte: 50
mM Phosphate pH 8.2; Applied voltage: 15 kV; Temperature: 15, 20, 25°C; Capillary:
50 cm (total length), 40 cm (effective length), 50 um i.d.; Analyte concentration: 0.2
mg/mL; Injection: 0.5 psi for 5 s; Detection: 200 nm.
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Figure 3.21 Effect CAP concentration on the separation of ephedrine. Conditions: Polymer
concentration:  0.75, 1.00, 1.25% (w/w) CAP in [BMIM][OAc]; Background
electrolyte: 50 mM Phosphate pH 8.2; Applied voltage: 30 kV; Temperature: 15°C;
Capillary: 50 cm (total length), 40 cm (effective length), 50 um i.d.; Analyte
concentration: 0.2 mg/mL; Injection: 0.5 psi for 5 s; Detection: 200 nm.
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The polymer concentration range using CAP was 0.50 — 1.00% (w/w) in Figure 3.21,

while the range using CAB was 1.50 — 2.00% (w/w) in Figure 3.24. Concentration of 0.75%
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Figure 3.22 Effect of voltage on the separation of ephedrine using the CAP coating. Conditions:
Polymer concentration: 1.00% (w/w) CAP in [BMIM][OACc]; Background electrolyte:
50 mM Phosphate pH 9.7; Applied voltage: 15, 20, 25 kV; Temperature: 15 °C;
Capillary: 50 cm (total length), 40 cm (effective length), 50 um i.d.; Analyte
concentration: 0.2 mg/mL; Injection: 0.5 psi for 5 s; Detection: 200 nm.

R=0.87 |25°C

R.=0.85 20°C

AU

R=0.91 |15°C

26 28 3.0 3.2 3.4 3.6 3.8 4.0 42 44 4.6 4.8 5.0 5.2 54 56 5.8 6.0 6.2
Minutes

Figure 3.23 Effect of temperature on the separation of ephedrine using the CAP coating. Conditions:
Polymer concentration: 1.00 % (w/w) CAP in [BMIM][OAc]; Background electrolyte:
50 mM Phosphate pH 9.7; Applied voltage: 30 kV; Temperature: 15, 20, 25°C; Capillary:
50 cm (total length), 40 cm (effective length), 50 um i.d.; Analyte concentration: 0.2
mg/mL; Injection: 0.5 psi for 5 s; Detection: 200 nm.
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Figure 3.24 Effect of CAB concentration on the separation of ephedrine. Conditions: Polymer
concentration: 1.50, 1.75, 2.00% (w/w) CAB in [BMIM][OAc]; Background electrolyte:
50mM Phosphate pH 9.7; Applied voltage: 30 kV; Temperature: 15 °C; Capillary: 50
cm (total length), 40 cm (effective length), 50 um i.d.; Analyte concentration: 0.2 mg/mL;
Injection: 0.5 psi for 5 s; Detection: 200 nm.

(w/w) CAP and 1.75% (w/w) CAP and CAB, respectively, were able to separate (%)-
pseudoephedrine from (x)-ephedrine was observed. Decreases in voltage resulted in lower
resolution values of both CAP and CAB in Figures 2.22 and 2.25, respectively. Similarly,
decreases in temperatures resulted in lower resolution values of CAP and CAB in Figures 2.23
and 3.26, respectively. In the case of CAB, after optimizing temperature, the best resolution
achieved was 2.03. In addition, according to the last figure, a third peak was observed with
optimized conditions indicating the separation of diastereomers of (z)-pseudoephedrine. The
elution order for the two peaks observed was (z)-pseudoephedrine followed by (+)-ephedrine
with each biopolymer. Two peaks were observed using CA and CAP. However, there was the
appearance of a third peak indicating the partial separation of chiral analytes (+)-

pseudoephedrine and (-)-pseudoephedrine using CAB as a stationary phase.
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Figure 3.25 Effect of voltage on the separation of ephedrine using the CAB coating. Conditions:
Polymer concentration: 1.75% (w/w) CAB in [BMIM][OACc]; Background electrolyte:
50 mM Phosphate pH 9.7; Applied voltage: 15, 20, 25 kV; Temperature: 25 °C;
Capillary: 50 cm (total length), 40 cm (effective length), 50 um i.d.; Analyte
concentration: 0.2 mg/mL,; Injection: 0.5 psi for 5 s; Detection: 200 nm.
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Figure 3.26 Effect of temperature on the separation of ephedrine using the CAB coating. Conditions:
Polymer concentration: 1.75% (w/w) CAB in [BMIM][OACc]; Background electrolyte:
50 mM Phosphate pH 9.7; Applied voltage: 15 kV; Temperature: 15, 20, 25 °C;
Capillary: 50 cm (total length), 40 cm (effective length), 50 pm i.d.; Analyte
concentration: 0.2 mg/mL; Injection: 0.5 psi for 5 s; Detection: 200 nm.
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3.3.5 Optimized Separation Conditions for Labetalol Using Cellulose Acetate, Cellulose
Acetate Phthalate, and Cellulose Acetate Butyrate

Labetalol is a betablocker that has two asymmetric centers as mentioned earlier for
ephedrine. Due to the lack of pure optically standards of labetalol, diastereomer peaks could not
be identified. The examined polymer concentration range using CA was 1.50 — 2.00% (w/w) in
Figure 3.27. Only two of the four analyte peaks of interest were observed. There was a loss of
resolution in varying the polymer concentration. Thus, 1.75% (w/w) was chosen as the optimal
polymer concentration.  An increase in the voltage led to an increased resolution in Figure 3.28.
Moreover, as temperature was increased from 15°C to 25°C resolution was increased in Figure

3.29.
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Figure 3.27 Effect of CA concentration on the separation of labetalol. Conditions: Polymer
concentration: 1.50, 1.75, 2.00% (w/w) CA in [BMIM][OAc]; Background electrolyte:
50 mM Phosphate pH 9.7; Applied voltage: 30 kV; Temperature: 15 °C; Capillary: 50
cm (total length), 40 cm (effective length), 50 um i.d.; Analyte concentration: 0.2
mg/mL; Injection: 0.5 psi for 5 s; Detection: 200 nm.
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Figure 3.28 Effect of voltage on the separation of labetalol using the CA coating. Conditions: Polymer
concentration: 1.75% (w/w) CA in [BMIM][OAc]; Background electrolyte: 50 mM
Phosphate pH 9.7; Applied voltage: 15, 20, 25 kV; Temperature: 15 °C; Capillary: 50
cm (total length), 40 cm (effective length), 50 um i.d.; Analyte concentration: 0.2 mg/mL;
Injection: 0.5 psi for 5 s; Detection: 200 nm.
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Figure 3.29 Effect of temperature on the separation of labetalol using the CA coating. Conditions:
Polymer concentration: 1.75% (w/w) CA in [BMIM][OAc]; Background electrolyte: 50
mM Phosphate pH 9.7; Applied voltage: 15, 20, 25 kV; Temperature: 15 °C; Capillary:
50 cm (total length), 40 cm (effective length), 50 um i.d.; Analyte concentration: 0.2
mg/mL; Injection: 0.5 psi for 5 s; Detection: 200 nm.

The polymer concentration range of CAP was 0.75 — 1.25% (w/w) in Figure 3.30. The

separation of labetalol using 1.00% (w/w) CAP also results in a partial separation. At a
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concentration of 1.00% (w/w) CAP two peaks are observed while variations in polymer
concentration result in no separation or a loss in resolution. When the voltage was decreased
from 30 kV to 15 kV, resolution increased in Figure 3.31. Similarly, it was observed when

temperatures were lowered from 25°C to 15°C resolution increased in Figure 3.32.
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Figure 3.30 Effect of CAP concentration on the separation of labetalol. Conditions: Polymer
concentration: 0.75, 1.00, 1.25% (w/w) CAP in [BMIM][OAc]; Background
electrolyte: 50 mM Phosphate pH 9.7; Applied voltage: 30 kV; Temperature: 15 °C;
Capillary: 50 cm (total length), 40 cm (effective length), 50 um i.d.; Analyte
concentration: 0.2 mg/mL; Injection: 0.5 psi for 5 s; Detection: 200 nm.

A polymer concentration range of 1.50 — 2.00% (w/w) CAB was used to evaluate
labetalol in Figure 3.33.  Using a concentration of 1.75% (w/w) CAB resulted in two peaks for
the separation of labetalol. Variations in polymer concentration using CAB led to either no
separation or a loss in resolution. When the voltage was decreased from 30 kV to 15kV,
resolution increased in Figure 3.34. Similarly as temperature was decreased resolution also
increased in Figure 3.35.

Only two peaks were observed using each one of the biopolymer as a coating. Partial

separation with the highest resolution and most efficient peaks were accomplished using CAB.
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Figure 3.31 Effect of voltage on the separation of labetalol using the CAP coating. Conditions:
Polymer concentration: 1.75% (w/w) CAP in [BMIM][OACc]; Background electrolyte:
50 mM Phosphate pH 9.7; Applied voltage: 15, 20, 25 kV; Temperature: 15 °C;
Capillary: 50 cm (total length), 40 cm (effective length), 50 um i.d.; Analyte
concentration: 0.2 mg/mL; Injection: 0.5 psi for 5 s; Detection: 200 nm.
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Figure 3.32 Effect of temperature on the separation of labetalol using the CAP coating. Conditions:
Polymer concentration: 1.75% (w/w) CAP in [BMIM][OAc]; Background electrolyte:
50 mM Phosphate pH 9.7; Applied voltage: 25 kV; Temperature: 15, 20, 25 °C;
Capillary: 50 cm (total length), 40 cm (effective length), 50 pm i.d.; Analyte
concentration: 0.2 mg/mL; Injection: 0.5 psi for 5 s; Detection: 200 nm.
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Figure 3.33 Effect of CAB concentration on the separation of labetalol. Conditions: Polymer
concentration: 150, 1.75, 2.00% (w/w) CAB in [BMIM][OAc]; Background
electrolyte: 50 mM Phosphate pH 9.7; Applied voltage: 30 kV; Temperature: 15 °C;
Capillary: 50 cm (total length), 40 cm (effective length), 50 pum i.d.; Analyte
concentration: 0.2 mg/mL; Injection: 0.5 psi for 5 s; Detection: 200 nm.
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Figure 3.34 Effect of voltage on the separation of labetalol using the CAB coating. Conditions:
Polymer concentration: 1.75% (w/w) CAB in [BMIM][OAc]; Background electrolyte:
50 mM Phosphate pH 9.7; Applied voltage: 15, 20, 25kV; Temperature: 15 °C;
Capillary: 50 cm (total length), 40 cm (effective length), 50 pum i.d.; Analyte
concentration: 0.2 mg/mL; Injection: 0.5 psi for 5 s; Detection: 200 nm.
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Figure 3.35 Effect of temperature on the separation of labetalol using the CAB coating. Conditions:
Polymer concentration: 1.75% (w/w) cellulose acetate butyrate in [BMIM][OACc];
Background electrolyte: 50 mM Phosphate pH 9.7; Applied voltage: 15 KkV;
Temperature: 15, 20, 25 °C; Capillary: 50 cm (total length), 40 cm (effective length), 50
um i.d.; Analyte concentration: 0.2 mg/mL; Injection: 0.5 psi for 5 s; Detection: 200 nm.

Moreover, these separations occurred in less than 8 mins. Analysis times using CAB were
longer due to more interactions with the stationary phase.
3.3.6 Reproducibility of Polysaccharide Coated Capillaries

An important factor to consider when cellulose-coated capillaries are used is the
reproducibility The stability of the cellulose-based coatings were evaluated using run-to-run and
capillary-to-capillary studies in Table 3.1. Each polysaccharide was evaluated using conditions
similar to that with the separation of thiopental. EOF was monitored via the methanol marker.
Run-to-run studies were based on 50 consecutive runs on the same capillary. Capillary-to-
capillary studies were based on four capillaries with replicate analyses. Studies show less than

7% RSD of the EOF for each coating.
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Table 3.1 Reproducibility studies of the polysaccharide coatings. Conditions: Polymer concentration:
1.5% (w/w) cellulose acetate, 0.75% (w/w) cellulose acetate phthalate, or 1.5% (w/w)
cellulose acetate butyrate in [BMIM][OAC]; Background electrolyte: 50 mM Phosphate pH
7.2; Applied voltage: 30 kV; Temperature: 15 °C; Capillary: 50 cm (total length), 40 cm
(effective length), 50 um i.d.; EOF marker: methanol; Injection: 0.5 psi for 5 s; Detection:

254 nm.
Ave. EOF migration time %RSD of EOF
(min)
Run to Run
(n=50 runs)
Cellulose Acetate 3.35 2.52
Cellulose Acetate Phthalate 2.88 3.68
Cellulose Acetate Butyrate 3.17 6.04
Capillary to Capillary
(n=5 capillaries)
Cellulose Acetate 3.18 6.94
Cellulose Acetate Phthalate 3.02 3.34
Cellulose Acetate Butyrate 3.00 3.57

3.4 Concluding Remarks

A simple and facile method of preparing cellulose based stationary phases used for OT-
CEC chiral separations has been applied. RTIL, [BMIM][OACc], facilitated the cellulose
stationary phase fabrication due to its solubility with the cellulose. Removal of the
[BMIM][OACc] was accomplished with a simple rinse due to the miscibility of the RTIL
with water. The separation of chiral drugs was evaluated using commercially available cellulose
derivatives. Baseline resolution was received using the cellulose derivatives for the separation

of thiopental, while only partial separation could be achieved for the separation of sotalol.
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Similarly, partial separation was observed for the diastereomers of labetalol. However, baseline

resolution was achieved for ephedrine diastereomers. It is worth noting the appearance of a third

peak indicates the separation of (+)-pseudoephedrine and (-)-pseudoephedrine. Column stability

was good with RSD less than 7% of the EOF with 50 consecutive runs with each of the cellulose

derivatives. With the high density of stereogenic chiral centers in cellulose based compounds,

the addition of more hydrophobic groups may increase chiral selection. With a copious library

of RTILs to choose from, the dissolution of cellulose derivatives should relatively

straightforward. This method may be applied towards many hydrophobic chiral selectors for

separations in OT-CEC.
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CHAPTER 4
PROTEIN SEPARATIONS USING POLYSACCHARIDE-BASED
COATED CAPILLARIES

4.1 Introduction

Cancer is the second leading cause of death in the world.> Early treatment could
increase survival rates. Therefore, early detection of various types of cancer could lead to
rapid and more effective treatment of the disease. Protein biomarkers can be analyzed as
an indicator for the various types of cancer such as ribonuclease A for ovarian cancer.’
However, in early development stages these biomarkers can be in low abundance.
Therefore, the use of sensitive instruments for the detection of disease-related biomarkers
is highly required. Detection techniques such as high performance liquid
chromatography (HPLC) cannot be used for the detection of small volume samples (i.e.
nano- or picoliter) and capillary electrophoresis (CE) suffers from analytes adsorbing to

the capillary wall® *

A hybrid technique of interest is open tubular capillary
electrochromatography (OT-CEC), which applies the selectivity of HPLC and efficiency
of CE.>" OT-CEC can use sample volumes being as a low as the nanoliter scale and
reduce adsorption of protein analytes to the capillary wall due to the applied stationary
phase.*® There are many stationary phases used for OT-CEC; however, most have high
cost associated due to synthesis procedures to form the stationary phase. Thus, the use of
more abundant materials would prove to be beneficial.

Cellulose is a highly hydrophobic polysaccharide and the most abundant organic
mass on the planet which makes it cost efficient. The use of cellulose has garnered much

1

interest in separation science due to its effectiveness as a stationary phase.”** For

instance, water  soluble  hydroxyethylcellulose-graft-poly(2(dimethylamino)ethyl
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methacrylate was applied as a physically adsorbed coating for the separation of basic
proteins by Cao et al."”* Results show that manipulating the grafting ratio of poly(2-(-
(dimethyamino)ethyl methacrylate) grafts can affect the charge of the capillary wall and
allow the possible analysis of acidic and basic proteins on the same column.  However,
hitherto, the use of cellulose in OT-CEC have required chemical modification to the
capillary wall or the use of harsh solvents.** ** Furthermore, the dissolution of cellulose
could become a troublesome even with the addition of hydrophobic groups (e.g.,
benzene) which may improve the selectivity.’> Therefore, the use of a solvent to dissolve
many derivatives of cellulose would be highly resourceful. One such solvent with the
ability to have a wide range of hydrophobicities for the dissolution of compounds is room
temperature ionic liquids (RTILs).

RTILs are solvents composed of anions and cations with melting points near room
temperature.’® RTILs have many unique properties such as low volatility and the ability
to dissolve highly hydrophobic material while remaining water soluble.*” *® The latter
property has been exploited in the preparation of cellulose coated capillaries for OT-
CEC. The dissolution of cellulose into RTILs has been previously reported.'’?°

In this study, cellulose-based derivatives were dissolved into 1-butyl-3-
methylimidazolium acetate [BMIM][OAc] and filled into the capillary. A water rinse was
then applied to remove [BMIM][OACc] leaving the capillary wall coated with the
polysaccharide. The best resolution values, in combination with rapid analysis times,
were obtained using CA. Nanoparticles of chitosan have been investigated recently and
results show higher resolution achieved versus a non-nanoparticle based stationary

phase.?> ? Modified gold nanoparticles have also been employed as stationary phases.?*
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2> Nilsson et al. found nanoparticles containing certain surface-to-volume proportions
can provide interactions for an effective stationary phase.?® Therefore, nanoparticles of

the polysaccharide CA were synthesized and compared to the wall coating of CA.
4.2 Experimental

4.2.1 Materials and Reagents

Cellulose acetate (CA), cellulose acetate phthalate (CAP), cellulose acetate butyrate
(CAB) and 1-butyl-3-methylimidazolium acetate [BMIM][OACc] in Figure 4.1 as well as
lysozyme, ribonuclease A, cytochrome c, and a-chymotrypsinogen A were purchased
from Sigma-Aldrich (Milwaukee, WI, USA). Acetone, sodium phosphate dibasic
dihydrate, hydrochloric acid, and methanol were obtained from Fisher Scientific (Fair
Lawn, NJ). All materials were used as received without further treatment or purification.
Background electrolyte (BGE), 20 mM phosphate dibasic buffer, was adjusted from pH
3.51t0 2.5 using 1 M HCI. The buffer was filtered using a 0.45 um polypropylene filter
(Nalgene, Rochester, NY) and sonicated for 15 minutes prior to use. Protein analytes
were prepared at 2 mg/mL concentration stock solutions in water and diluted to a
concentration of 0.4 mg/mL.
4.2.2 Cellulose Acetate Nanoparticle Preparation

Nanofibers were prepared by dissolving 1 mM cellulose acetate in 100 pL of
acetone. The solution was then added to 5 mL of water and sonicated using a probe
sonicator for 10 mins. A sample was placed on a grid for imaging, using a JEOL 100-CX
transmission electron microscope (TEM), shown in Figure 4.7. The solution was then

centrifuged at 14,000 rpm for 15 minutes. After centrifugation, the supernatant was
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removed and nanofibers were allowed to dry overnight at ambient conditions. Fibers
were then resuspended into phosphate buffer at pH 3.
4.2.3 Instrumentation and Preparation Procedure for Polysaccharide Coating

The protein separation was conducted on a Beckman P/ACE MDQ capillary
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Figure 4.1 Structures of cellulose derivatives and ionic liquid.
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electrophoresis system for CEC separations. Protein analytes were detected at 200 nm
using a UV photodiode array (Fullerton, CA). Separations were performed using fused-
silica capillaries purchased from Polymicro Technologies (Phoenix, AZ). Each capillary
had a total length of 50 cm (40 cm effective length) and an internal diameter of 50 pm.
Conditioning of capillaries was accomplished by flushing with 1 M NaOH for 30 minutes
followed by deionized water for 15 min. Capillaries were dried using argon gas for at
least one hour. The dried capillaries were then filled with a solution of the
polysaccharide of interest dissolved at various concentrations in [BMIM][OAc] using a
Harvard apparatus 22 syringe pump. Filled capillaries were flushed with water until
aqueous droplets could be observed on the opposite end. Capillaries were then placed
into the CE instrument and rinsed with the corresponding separation buffer for 20 mins.
For the preparation of cellulose acetate nanofiber coatings, capillaries were rinsed with
buffer for four minutes then nanofiber solutions were flushed through the capillary at
appropriate coating times. All rinses using the CE instrument were performed at a
pressure of 20 psi. Separations were conducted under normal polarity at temperature of
15 to 25°C with an applied voltage of 20 to 30 kV. Electrokinetic injections were
performed by applying 5 kV for 5 s. Resolutions are shown for example as Rg; to denote
the resolution between peaks 1 and 2, followed by Rs, for peaks 2, and 3 and so on.
Capillary images were acquired using a Leica DM-RXA fluorescence microscope
with a 20x 0.7 NA objective and a Leica N2.1 (TRITC) filter cube. Data was processed
using slidebook (ver 4.1) imaging software.  The capillary was treated with
polysaccharide of interest using the procedure as mentioned earlier. After rinsing the

capillary with water, a solution of 10mM rhodamine 6G (R6G) was flushed throughout
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the capillary. The capillary was then dried using a stream of argon gas. An image was
taken along the length of the capillary to observe the uniformity of the coating throughout
the capillary.
4.3 Results and Discussion
4.3.1 Separation of Basic Proteins with Varying Buffer pH

Proteins analytes were evaluated under acidic conditions using pH values of 2.5
through 3.5 in Figure 4.2. Electroosmotic flow was decreased in separations due to the

reduction in surface charge by having the neutral polysaccharide coating.?” The highest
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Figure 4.2 Effect of pH on the separation of four basic proteins using cellulose acetate
coating. Conditions: Polymer concentration: 2.75% (w/v) cellulose
acetate in [BMIM][OAc]; Background electrolyte: 20 mM Sodium
Phosphate dibasic pH (A) 3.5, (B) 3.0, (C) 2.5; Applied voltage: 25 kV;
Temperature: 25 °C; Capillary: 50 cm (total length), 40 cm (effective
length), 50 um i.d.; Analyte concentration: 0.4 mg/mL; Injection: 5 kV
for 5 s; Detection: 200 nm; Analytes: 1. lysozyme, 2. ribonuclease A, 3.
cytochrome c, 4. a-chymotrypsinogen A.
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resolution obtained was for pH 3 where resolution values were at least baseline resolved,
Rs = 1.5, (Rs1 = 2.56, Rs; = 3.48, Rgz = 2.75). While at pH 2.5 peak intensities were
decreased as well as resolution (Rs1 = 2.36, Rs; = 2.52, Rg3 = 1.12). At pH 3.5 peak
intensities were greater; however, there was a loss of resolution between protein peaks
lysozyme and ribonuclease A (Rs; = 0.85, Rsy = 2.21, Rg3 = 1.59). There were very small
noticeable differences in the individual migration times of protein analytes with varying
pH. Differences in resolution can be attributed to multiple factors such as BGE viscosity
and interactions of analytes with the stationary phase.
4.3.2 Effect of CA Concentration on the Separation of Four Basic Proteins

Polymer concentration was varied from 2.50 — 3.00% (w/w) as shown in Figure
4.3. The optimal polymer concentration was observed at 2.75% (w/w) CA with
resolution values of (Rs; = 2.56, Rs; = 3.48, Ry3 = 2.75). Analysis time was faster than
other concentrations possibly due to having a sufficient amount of coating on the
capillary wall for interactions to occur. At 3.00% (w/w) all proteins were baseline
resolved or greater (Rs1 = 1.59, Rs» = 5.12, Rs3 = 3.95); however, peaks were wider and
the analysis time were longer, which indicated more interactions with a thicker CA
coating. As polymer concentration was lowered to 2.50% (w/w) peaks became less
efficient and reproducibility was reduced. Resolutions between ribonuclease A,
cytochrome ¢, and a-chymotrypsinogen A being reduced (Rs; = 2.80, Rs; = 2.68, and Rg3
= 1.18), respectively. Reproducibility may be due to not having enough coverage of the

polysaccharide stationary phase to reduce protein adsorption to the capillary wall.
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4.3.3 Investigation of Polymer Variation on the Separation of Four Basic Proteins
Polysaccharides CAP and CAB were optimized by polymer concentration for the
best separation of the basic protein sample. Most separations occurred using 2.00%
(w/w) of CAP and CAB, respectively, with the results being compared to using the
optimized concentration of CA coating in Figure 4.3. Using the CAP polymer coating
resulted with resolutions being the lowest (Rs; = 1.81, Rs; = 1.97, Rg3 = 0.92) of the three
polymers. CAB and CA had resolutions that were similar (Rs; = 2.56, Rs; = 3.26, Rg3 =

2.68) and (Rs1 = 2.56, Rs; = 3.48, Rg3 = 2.75), respectively. However, CA had a shorter
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Figure 4.3 Effect of polymer concentration on the separation of four basic proteins

using CA. Conditions: Polymer concentration: (A) 3.00% (w/w) (B)
2.75% (wiw) (C) 2.5% (w/w) cellulose acetate in [BMIM][OACc];
Background electrolyte: 20mM Sodium Phosphate dibasic pH 3.0;
Applied voltage: 25 kV; Temperature: 25 °C; Capillary: 50 cm (total
length), 40 cm (effective length), 50 um i.d.; Analyte concentration: 0.4
mg/mL; Injection: 5 kV for 5 s; Detection: 200 nm; Analytes: 1. lysozyme,
2. ribonuclease A, 3. cytochrome c, 4. a-chymotrypsinogen A.
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analysis time and was chosen as the polymer of interest for the rest of the experiments.
4.3.4 Effect of Voltage on the Separation of Four Basic Proteins Using CA Coating
The voltage was varied from 30 to 20 kV which can be observed in Figure 4.5.
Resolution increased as voltages were decreased due to allowing analytes more time to
interact with the stationary phase. However, at lower voltages 25 kV and 20 kV analysis
time increased with increasing resolution (Rs; = 2.03, Rs; = 2.69, Rgz = 1.78) and (Rq;
=243, Ry, =2.96, Rg3 = 1.96), respectively. Since all protein peaks were at least baseline
resolved (Rs = 1.98, Rs = 2.57, R = 1.60) for the highest voltage, 30 kV was selected for

the swiftest separation.
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Figure 4.4 Effect of polymer variation on the separation of 4 basic proteins.
Conditions: Polymer concentration: (A) 2.00% CAP (B) 2.00% (w/v)
CAB (C) 2.75% (w/w) CA in [BMIM][OACc]; Background electrolyte: 20
mM Sodium Phosphate dibasic pH 3.0; Applied voltage: 25 kV;
Temperature: 25 °C; Capillary: 50 cm (total length), 40 cm (effective
length), 50 um i.d.; Analyte concentration: 0.4 mg/mL; Injection: 5 kV
for 5 s; Detection: 200 nm; Analytes: 1. lysozyme, 2. ribonuclease A, 3.
cytochrome c, 4. a-chymotrypsinogen A.
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4.3.5 Effect of Temperature on the Separation of Four Basic Proteins Using CA
Coating

The effect of temperature (15-25°C) on protein separations was investigated in
this study shown in Figure 4.6. Having a similar trend as the voltage, using lower
temperatures allowed analytes to interact longer with the stationary phase to result in
higher resolutions. The lowest temperature, 15°C, resulted with the highest resolution
values (Rs1 = 2.68, Rs; = 2.90, Rgz = 1.60); however, analysis times increased. At 20°C

resolution decreased (Rs; = 2.23, Rs2 = 2.86, Rg3 = 1.58) with faster analysis times. The
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Figure 4.5 Effect of voltage on the separation of four basic proteins using CA coating.
Conditions: Polymer concentration: 2.75% (w/v) cellulose acetate in
[BMIM][OACc]; Background electrolyte: 20mM Sodium Phosphate dibasic
pH 3.0; Applied voltage: (A) 30 kV (B) 25 kV (C) 20kV; Temperature: 25
°C; Capillary: 50 cm (total length), 40 cm (effective length), 50 pum i.d,;
Analyte concentration: 0.4 mg/mL; Injection: 5 kV for 5 s; Detection: 200
nm; Analytes: 1. lysozyme, 2. ribonuclease A, 3. cytochrome c, 4. a-
chymotrypsinogen A.
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optimized temperature was chosen to be 25°C from the previous voltage study due to
having the fastest analysis time, while maintaining baseline resolution.

4.3.6 Effect of Using CA Nanofibers with Varying Coating Time on the Separation
of Four Basic Proteins

Nanofibers of CA (Figure 4.7A) were suspended in 20 mM sodium phosphate
dibasic buffer pH 3 for the analysis of the basic protein biomarkers under previous
conditions in Figure 4.8. The suspended solution was flushed through the capillary at 5,
10, and 15 min coat times. Results show that using a 5 min coat time resulted in proteins

were not fully resolved (Rs; = 1.18, Ry, = 1.14, Rg3 = 0.66) with low reproducibility. This
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Figure 4.6 Effect of temperature variation on the separation of four basic proteins using
CA coating. Conditions: Polymer concentration: 2.75% (w/v) cellulose
acetate in [BMIM][OAc]; Background electrolyte: 20mM Sodium
Phosphate dibasic pH 3.0; Applied voltage: 30 kV; Temperature: (A) 25
°C (B) 20°C (C) 15°C; Capillary: 50 cm (total length), 40 cm (effective
length), 50 um i.d.; Analyte concentration: 0.4 mg/mL; Injection: 5 kV
for 5 s; Detection: 200 nm; Analytes: 1. lysozyme, 2. ribonuclease A, 3.
cytochrome c, 4. a-chymotrypsinogen A.
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Figure 4.7 (A) TEM image of CA nanofibers. (B) Fluorescence microscope image of
nanofibers coated on the capillary wall.
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Figure 4.8 Effect of coating time on the separation of four basic proteins using cellulose
acetate nanofibers. Conditions: Polymer: cellulose acetate; Coating Time:
(A) 15 min (B) 10 min (C) 5 min; Background electrolyte: 20mM Sodium
Phosphate dibasic pH 3.0; Applied voltage: 30 kV; Temperature: 25 °C;
Capillary: 50 cm (total length), 40 cm (effective length), 50 um i.d,;
Analyte concentration: 0.4 mg/mL; Injection: 5 kV for 5 s; Detection: 200
nm; Analytes: 1. lysozyme, 2. ribonuclease A, 3. cytochrome c, 4. a-
chymotrypsinogen A.
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may be due to not having full coverage of the capillary wall resulting in the protein
analytes adsorbing to the capillary wall. As the coating time was increased to 10 min,
protein separations were more reproducible and resolution was increased (Rs; = 2.83, Ry,

= 4.14, Rg = 2.43) with better peak efficiency. Although resolution increased (Rs1 =
3.56, Ry» = 2.73, Rs3 = 2.59) for 15 min coating time, peak efficiency had decreased due
to increased interactions with the stationary phase. Moreover, analysis time was
increased for longer coating times. The CA coating and nanofibers baseline resolved all
protein peaks. However, analyte peaks eluted slower for the nanofibers than for the CA
coating possibly due to increased adsorption of the proteins to the silanol groups from the
capillary wall. Non-uniform coverage, of the CA nanofibers coated at 10 minutes on the
capillary wall, is indicated by the darker shades of the fluorescence image of the internal
diameter of the capillary (Figure 4.8B). Having more uniform coverage would result in

better reproducibilities obtained for the nanofiber coating.
4.4 Concluding Remarks

Cellulose-based polysaccharides stationary phases have been used for the
separation of basic proteins in OT-CEC. Coatings were applied to capillary walls using
simple preparation methods with commercially available materials rather than lengthy
organic synthesis for polysaccharides covalently bonded to the capillary wall. Proteins
separations were fast (< 10mins) and the majority of the separations resulted in baseline
resolved peaks. The use of CA nanofibers was explored as a stationary phase for OT-
CEC in which baseline resolution was also acheived for all protein peaks. These findings
show promising results for protein analysis using polysaccharide stationary phases in OT-

CEC.
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CHAPTER 5
SUMMARY OF RESULTS AND FUTURE STUDIES

In this dissertation, various stationary phases were evaluated for the separation of protein
analytes as well as chiral drug molecules using OT-CEC. Novel micelles were used as coatings
for the simultaneous separation of acidic and basic proteins under acidic and basic conditions.
An alternate approach to applying polysaccharides to capillary walls by using a room
temperature ionic liquid was used for the separation of chiral drugs and protein analytes in OT-
CEC, respectively.  This chapter summarizes the studies conducted in this dissertation and
provides recommendations for potential future studies.

Chapter 1 of this dissertation gives a review of background information relevant to the
research presented. In Chapter 2, novel lysine-based molecular micelles, poly-e-SUK, were
synthesized and applied as a stationary phase in OT-CEC. Ten protein analytes, 6 acidic and 4
basic, were chosen as a model system for separations. Due to the zwitterionic nature of the
lysine-based molecular micelles, the analytes were evaluated under cathodic and anodic EOF.
Under optimized acidic conditions, anodic EOF, all ten proteins were successfully separated.
When using cathodic EOF, basic conditions, two proteins could not be separated and co-eluted as
one peak. However, other protein peaks had resolution values of 0.95 or greater. A human
serum sample was also evaluated to assess the applicability of the molecular micelle coating
towards a real sample. Three major protein peaks, with no purification of the sample, were
observed under acidic and basic conditions. Reproducibility studies also show high stability of
the column with 50 consecutive runs yielding 1.24% RSD of the EOF. Future studies involve
the synthesis of the novel molecular micelle poly-a-SUK and its use as a coating for the

separation of protein analytes. The pH sensitive amine would be the a-amino group rather than
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the e-amine. This molecular micelle may provide insight on types of interactions occurring
throughout the capillary. Moreover, various chiral separations will also be performed using both
poly-e-SUK and poly-a-SUK to determine the effect of the chiral center placement, within the
chiral selector, on the separation of chiral compounds.

In Chapter 3, the use of polysaccharide adsorbed stationary phases for the analysis of
chiral drug analytes was evaluated. A polysaccharide of choice (i.e., cellulose acetate, cellulose
acetate phthalate, or cellulose acetate butyrate) was dissolved into 1-butyl-3-methylimidazolium
acetate and then filled into a capillary using a syringe pump. The capillary was then rinsed with
water to remove the water soluble ionic liquid leaving the water insoluble polysaccharide
stationary phase for use in OT-CEC. During this study, the chiral drug analytes thiopental,
sotalol, ephedrine, and labetalol were investigated. While thiopental was baseline resolved for
all three cellulose derivatives, sotalol was only partially separated. Labetalol and ephedrine are
diastereomeric compounds. Only two major peaks were observed with labetalol and partial
separation could be achieved using each one of the chiral selectors. For the separation of
ephedrine only two peaks were observed using chiral selectors cellulose acetate and cellulose
acetate phthalate; however, the appearance of a third peak, using cellulose acetate butyrate,
indicated the enantiomeric separation of (x)-psuedoephedrine. Each of the polysaccharide
coatings were used for stability studies and exhibited between 2.52 through 7% RSD of the EOF.
Future investigations include the use of amylose, another highly hydrophobic polysaccharide,
and its modified forms for the separation of chiral analytes. These experiments would prove the
usefulness of the method developed for coating cellulose derivatives on the capillary wall as
discussed in Chapter 3. Higher chiral selectivity should be expected due to helical structure of

amylase based on previous literature.
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Chapter 4 involves the use of cellulose derivatives being applied to capillary walls as in
Chapter 3. This stationary phase was evaluated in the separation of basic proteins in OT-CEC.
Protein separations were optimized using polymer concentration, temperature, voltage, and
buffer pH. Nanofibers were also formed using CA and applied as a stationary phase. These
alternate approaches of applying chiral polysaccharide stationary phases are more rapid than
covalently modifying the polymers to the capillary wall. Thus, column preparation time is
decreased. Future work involves the use of human serum samples to determine if the

polysaccharide coating could be used to distinguish protein biomarkers found in clinical samples.
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APPENDIX |
CHARACTERIZATION OF THE LYSINE-BASED SURFACTANT
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Appendix I-A. Electrospray lonization mass spectrum of e-Boc-SUK. The peak at 435 amu is
representative of e-Boc-SUK.
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Appendix I-B. *H NMR spectrum of e-Boc-SUK. Peaks at 4.8 ppm and 7.2 ppm are
representative of the terminal double bond.
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APPENDIX 1-C. *C NMR spectrum of e-Boc-SUK. The carboxyl group of the Boc group is

at 158 ppm. The double bond is observed at 114 and 138 ppm. The other
two carboxyls are at 178 and 180 ppm, respectively.

DATE 11/5/07
CHETUMER #:

LAB# 195837
P.0. SEE BELOW
LABORA'I'.OR‘I’E_S”, INC BT K
no 'u 'l”"-;x ny-.. Streel ¢ Coloen G153 HONL |
ane L3000 2 TAALLS e PAX IMGS|AY

AMALTSIS REPONLT

LUONASD MOORE
LOUTHTAMA STATE UNIV
132 OHOPPIN HALL
DATON ROUGE LA TOEBCI

#.0. ¥
#gRguUENCE/S ol
SAMPLE ID E (EFPSILON)
Carbon---«=--% - - 59.83 - =
Hydrogan --~*< * - 9.03~ -
Yitrogen-----=-% - - £E.03« =~
Oxycen-----~--¥ - IR. 85~ ~

$ T 5 2 to
8 le WI(EPSILON) was dried under vacuwe at 10§ degree=s C foxr 2 hours prior
anniyain and o reported oo & drisd ssmple basis.

APPENDIX 1-D. Elemental analysis of e-Boc-SUK
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APPENDIX 1-E. Determination of e-Boc-SUK CMC using Tensiometry.
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APPENDIX 11
CHARACTERIZATION OF THE LYSINE-BASED MOLECULAR MICELLE
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Appendix 11-A. *H NMR spectrum of poly-Boc-e-SUK. The double bond peaks were not
observed after polymerization.

T T T
200 150 100 50 o
ppm (f1)

APPENDIX I1-B. **C NMR spectrum of poly-Boc-e-SUK. Peaks at 114 and 138 ppm shift not
observed indicating the polymerization of the double bond.
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