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Preface

This cumulative dissertation is concerned with the investigation of on-line and off-line enrichment
techniques combined with capillary electromigration separation methods in the analysis of highly
hydrophilic analytes in biological and environmental samples. The dissertation is based on the following
five publications, which are referred to within the text by the Roman numerals I-V. The publications are

reproduced with kind permission from the publishers:

» Publication I: Imidazolium-based ionic liquid-type surfactant as pseudostationary phase in
micellar electrokinetic chromatography of highly hydrophilic urinary nucleosides.
Azza H. Rageh, Ute Pyell,
Journal of Chromatography A, 1316 (2013) 135-146 [doi: 10.1016/j.chroma.2012.09.044].

» Publication ll: Determination of urinary nucleosides via borate complexation capillary
electrophoresis combined with dynamic pH junction-sweeping-large volume sample stacking
as three sequential steps for their on-line enrichment.

Azza H. Rageh, Achim Kaltz, Ute Pyell,
Analytical and Bioanalytical Chemistry, 406 (2014) 5877-5895 [doi: 10.1016/j.chroma.2013.04.069].

* Publication lll: Boronate affinity-assisted MEKC separation of highly hydrophilic urinary
nucleosides using imidazolium-based ionic liquid-type surfactant as pseudostationary phase.
Azza H. Rageh, Ute Pyell,

Electrophoresis, 36 (2015) 784-795 [doi: 10.1002/elps.201400357].

» Publication IV: "Pseudostationary ion-exchanger" sweeping/dynamic pH junction/FASS on-
line enrichment for the determination of nucleosides in urine via micellar electrokinetic
chromatography after solid phase extraction with phenylboronate affinity gel.

Azza H. Rageh, Ute Pyell,
Submitted to: Journal of Chromatography A.

* Publication V: Off-line and on-line enrichment of a-aminocephalosporins for their analysis in
surface water samples using CZE coupled to LIF.
Azza H. Rageh, Karl-Friedrich Klein, Ute Pyell,
Submitted to: Talanta.



In addition, the results of this work were presented as oral and poster presentations in the following

seminars and scientific conferences:

Oral presentations:

* “New strategy for MEKC analysis of highly hydrophilic urinary nucleosides using imidazolium-based
IL-type surfactant” weekly seminar of the research groups of analytical chemistry in the Department

of Chemistry, University of Marburg, Marburg, Germany.

* “Imidazolium-based ionic liquid-type surfactant as pseudostationary phase in micellar electrokinetic
chromatography of highly hydrophilic urinary nucleosides” in 24. Doktorandenseminar des
Arbeitskreises Separation Science der GDCh-Fachgruppe Analytische Chemie 2014 in Hohenroda,

Germany.

o “Off-line and on-line enrichment of a-aminocephalosporins for their analysis in surface water
samples using CZE coupled to LIF’, CE Forum 2014 - Capillary Electromigration Separation
Techniques, Marburg, Germany.

Poster presentations:

» “New strategy for MEKC analysis of highly hydrophilic urinary nucleosides using imidazolium-based
IL-type surfactant”, CE Forum 2012 - Capillary Electromigration Separation Techniques, Aalen,

Germany.

» “Sweeping-large volume sample stacking (LVSS) as two sequential steps for online enrichment of
some cancer biomarkers", HPLC 2013, 39th International Symposium on High Performance Liquid

Phase Separations and Related Techniques, Amsterdam, the Netherlands.

o “Determination of urinary nucleosides by dynamic pH junction-sweeping-LVSS-capillary
electrophoresis”, CE Forum 2013 - Capillary Electromigration Separation Techniques, Jena,

Germany.

» “Boronate affinity-assisted MEKC separation of highly hydrophilic urinary nucleosides using
imidazolium-based ionic liquid-type surfactant as pseudostationary phase’, CE Forum 2014 -

Capillary Electromigration Separation Techniques, Marburg, Germany.
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Introduction

1.1. Principles of capillary electromigration separation techniques

1.1.1. Historical background, current status and application

Electrophoresis is defined as the movement of charged species (ions) upon application of an electric
field. In 1937 Tiselius [1] introduced “electrophoresis” or “moving boundary electrophoresis” as a
separation technique. He found that a mixture of proteins can be separated after placing them between
buffer solutions in a tube and applying an electric field. The limitations associated with this approach,
such as thermal diffusion and convection, initiated the development of other techniques such as gel
electrophoresis. Gels in the slab or tube format have been used primarily for the size-dependent
separation of biological macromolecules, such as nucleic acids and proteins. Although it is one of the
most widely used separation techniques, slab gel electrophoresis generally suffers from long analysis
times, low efficiencies, and difficulties in detection and automation. An alternative to the slab-format is to
perform the electrophoretic separation in narrow-bore open tubes or capillaries. Since narrow capillaries
have a low conductance, they generate only small amounts of heat and are in principle anti-convective.
In an open tube, the use of gel media is therefore not essential for electrophoresis. This allows the
application of free-solution (or capillary) electrophoresis, as well as the use of traditional gel media in the
capillary [2].

In 1967, Hjerten [3] was the first to report free solution electrophoresis, conducted in 3-mm inner
diameter (ID) capillary tubes. The full advantages of this technique could not be realized until methods
to introduce smaller quantities into the capillary tubes were developed to avoid sample overloading. In
addition, the use of narrower bore capillary tubing (25-100 um ID), with greater heat dissipation allows
the use of higher field strengths (up to 900 V cm-") for faster and more efficient separations. In 1981,
these advantages were realized by Jorgenson and Lukacs [4] in what is considered the first report of
modern FSCE (free solution capillary electrophoresis) or capillary zone electrophoresis (CZE) [5]. The
next step in the CE development was the application by Terabe et al. [6], in 1984, of buffered solutions
with the addition of ionic micelles, which contributed to the separation of neutral analytes and
subsequently various modifiers have been used to improve the selectivity of separation [7]. Since then,
other landmark developments have been made including the development of microchip CE and the

development of CEC (capillary electrochromatography) [5].

The potential of capillary electrophoresis (CE) as an analytical technique is demonstrated in many fields
such as: (bio)pharmaceutical, forensics, clinical, foodstuff, environmental, chemical, and biochemical
analysis. Expanded from its original application to the analysis of bio-macromolecules, CE has been

proven to be useful for the separations of compounds such as amino acids, chiral drugs, vitamins,
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pesticides, inorganic ions, organic acids, dyes, surfactants, peptides and proteins, carbohydrates,
oligonucleotides and DNA restriction fragments, and even whole cells and virus particles. The trends in
CE such as coupling of CE with mass spectrometry (CE-MS) and further miniaturization (microfluidic
systems on chips) are strongly dependent on the current and future advances in analytical

methodologies and instrumentation [2].

1.1.2. Instrumentation

One key feature of CE is the overall simplicity of the instrumentation. A diagrammatic representation of
the generic CE instrumentation is shown in Fig. 1 [2]. It consists of a high voltage power supply, two
buffer reservoirs that can accommodate the capillary and the electrodes, a polyimide-coated capillary
with an internal diameter < 100 ym and a length mostly varying between 20 and 100 cm, and a
detector. This basic setup can be equipped with enhanced features such as auto-samplers, multiple
injection devices, sample/capillary temperature control, programmable power supply, multiple detectors,
and computer interfacing [8]. Sample is loaded into the capillary by replacing one of the reservoirs
(usually at the anode) with a sample reservoir and applying either an electric field (electrokinetic
injection) or an external pressure (hydrodynamic injection). After replacing the buffer reservoir, the
electric field is applied and the separation is performed.

Detector

control

reservoir
®

Figure 1: Basic components of CE instrumentation [2].

Optical detection (e.g. photometric or fluorimetric detection), which is the most commonly employed, can
be made at the opposite end, directly through the capillary wall over a short segment of the capillary [2]
in order to avoid instrumental band broadening [9]. The signal is handled by a data handling device and

the output is displayed as an electropherogram, which is a plot of the detector response versus time [9].
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1.1.3. Basic concepts

1.1.3.1. Electrophoresis

The principle of separation by capillary electrophoresis (CE) is based on the fact that charged species
are separated according to differences in their electrophoretic mobility. The electrophoretic mobility piep
of an ionic species migrating through a medium in an electrical field is directly proportional to electrical
forces (Fe) and inversely proportional to frictional forces (F) acting on the ion. In an electrical field, ions
are accelerated by the electrical force Fe, which is a function of field strength, E, and charge of the ion, g
(Eq. 1):

Fe = qE (1)

At the same time, ions in an electric field are retarded by frictional forces. If the accelerating force is
equal to the sum of frictional forces, the steady state is reached, which means that the ion has a
constant velocity. In the most simplified case, only the friction according to Stokes Fr (Stokes Law, ion =
rigid sphere) has to be considered:

Fo=—6mmm (2)
where n is the viscosity of the electrophoretic medium, r is the radius of the solvated species, and v is its
velocity. Friction coefficients for particles of other shapes may be estimated using more complex

equations. Equating Egs. (1) and (2), electrophoretic mobility can be given according to Eq (3):

1 ¢
_ 9 3
Hep IIT (3)

From this equation it is evident that small, highly charged species have high mobilities whereas large,
minimally charged species have low mobilities [10]. Electrophoretic mobility (observed or apparent
electrophoretic mobility) can be defined as the proportionality constant between the electrophoretic
velocity and the applied field strength, E (Eq. 4):

v

Hep = E (4)

Experimentally, p, can be calculated as follows:

L Lt
— et =L 5
Mo =7 U (5)
In capillary electrophoresis, E is calculated by dividing the applied voltage U by the total length of the
capillary Lt and v is calculated by dividing Lest (the effective length of the capillary (length to the

detector)) by ton (migration time of the analyte, which is obtained from the electropherogram).
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1.1.3.2. Electroosmotic flow (EOF) and regulation of EOF

A fundamental constituent of CE operation is the electroosmotic or electroendosmotic flow (EOF). EOF
is the bulk flow of liquid at constant velocity in the capillary as a consequence of the surface charge on

the interior capillary wall [11]. The linear velocity of the EOF v, can be experimentally obtained using

the migration time of a neutral compound (called an electroosmotic flow marker):
v = (6)

where t,, is the electroosmotic hold-up time [11] (time required for a liquid in a capillary to move due

to electroosmosis through the effective length of the capillary, Lef)

The linear velocity of flow divided by field strength is defined as the electroosmotic mobility ( ., ):

v
eo 7
l”l' €0 E ( )

And it can be experimentally calculated as follows:

(8)

To get a better understanding of how the electroosmotic flow is driven by an electric field, we first have
to understand what happens very close to the walls inside the capillary. Fig. 2a shows a schematic
illustration of the electrical double layer [12,13]. There are different models that have described the
structure of the electric double layer such as: Helmholtz double layer model, Gouy-Chapman model,
Stern model, and Grahame model [14]. In the Helmholtz layer model, the solvated ions arrange
themselves along the charged surface but are held away from it by their hydration spheres. The location
of the sheet of ionic charge, which is called the outer Helmholtz plane (OHP), is identified as the plane
running through the solvated ions. This model assumes that the electric potential changes linearly within
the layer confined by the charged surface on one side and the OHP on the other. Since this model
assumes the presence of two rigid planes of charge, one plane is the outer Helmholtz plane (OHP) and
the other plane is the charged capillary wall, it ignores the effect of thermal motion, which tends to break

up and disperse the rigid outer plane of charge.

The Gouy-Chapman model describes a rigid charged surface, with a cloud of oppositely charged ions in
the solution, the concentration of the oppositely charged ions is decreasing with increasing the distance

from the surface. Neither the Helmholtz nor the Gouy—Chapman model is a very good representation of
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the structure of the double layer. The former overemphasizes the rigidity of the local solution; the latter

underemphasizes its structure.

The Stern model is a combination between the first two models, in which the ions closest to the charged
surface forming the Stern layer (which is the same as the rigid Helmholtz plane suggested by the
Helmholtz layer model), while ions located outside that layer are diffused into the bulk solution as in the

Gouy—Chapman model [15].

In the Grahame model an inner Helmholtz plane (IHP) was added to the Stern model. The IHP is
formed by ions that have discarded their solvating molecules and have become attached to the

charged surface by chemical bonds.

(a)
B 00 @
L 00 5 @ O
2 O
° @W
Y00 @
(b)
v, ¢ : : : Plane of shear :
LN
¢ gl } D s
R T ~ X—>®©

distance from the capillary wall

Figure 2: Representation of the electrical double layer at the surface of a fused-silica capillary. (a)
Distribution of charge at the internal wall of a fused-silica capillary. (b) Potential difference (y) at the
internal wall of a fused-silica capillary due to the distribution of charges. 1 the capillary wall, 2 the Stern
layer or the inner Helmholtz plane, 3 the outer Helmholtz plane, 4 the diffuse layer, and 5 the bulk
charge distribution within the capillary, x is the length from the center of charge of the negative wall to a
defined distance, { is the zeta potential modified from [13,16].
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In a buffer-filled fused-silica capillary, the EOF results from the effect of the applied electric field on the
counterion layer adjacent to the charged capillary wall (Fig. 2a). Electroosmosis occurs because the
weakly acidic silanol groups at the surface of the capillary dissociate when in contact with an electrolyte

solution (buffer). The dissociation equilibrium can be given according to Eq. 9 [17]:

SiOH,, = SiO,, +H, 9)

The ionized silanol groups SiO™ of the capillary wall attract cationic species from the buffer (Fig. 2a).
The ionic layer that is formed has a positive charge density that decreases exponentially (according to
the linearized Poisson-Boltzmann equation) as the distance from the wall increases. The double layer
formed closest to the surface is termed the “Inner Helmholtz” or “Stern” layer and, which consist of an
immobilized compact layer of tightly bound cations and it is essentially static. A more diffuse layer
contains hydrated cations, anions, and neutral species, is formed distal to the Stern Layer is termed the
“diffuse layer” or “Gouy layer” (also Gouy-Chapman layer) [16]. The initial part of the diffuse layer, at the

side of the Stern layer, is known as the outer Helmholtz plane [13].

Because of the distribution of charges at the double layer at capillary wall-electrolyte interface a
potential field is generated as shown in Fig. 2b. According to the Stern model, the electric potential at
the surface of the wall Wy decreases linearly within the compact layer, while the potential drop is
exponential within the diffuse layer (according to the linearized Poisson-Boltzmann equation) [13]. The
electric potential at the plane of shear that coincides with the outer Helmholtz plane at the boundary of
the Stern layer (the interface between the compact and diffuse layers) is called electrokinetic potential

or zeta potential . When an electric field is applied, ions in the diffuse layer will start to migrate. The

extent of the migration velocity is determined by the zeta potential. Cations in the diffuse layer move
toward the cathode dragging the rest of the fluid in the capillary that results in a bulk flow of liquid
through the capillary. This phenomenon is called electroosmosis and is physically observed as the EOF.
At the surface of shear (outer Helmholtz plane) the velocity of the EOF rises from a zero value to a
limiting value (electroosmotic velocity: veo) at an infinitive distance from the wall where the distribution of

the cations equals to that of the bulk.

The zeta potential depends on the surface charge density and the double layer thickness&. The

relationship between the C potential and the electroosmotic velocityv, , is described by the

eo’

Helmholtz—Smoluchowski equation [9]:

eCE _g,& CE_
4mn n

V. =

€0

= (10)

€0
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where ¢is the electric permittivity of the surrounding medium, €, is the electric permittivity of vacuum,

g, Is the dielectric constant, and { is the zeta potential, E is the electric field strength, n is the

viscosity of the background electrolyte, and peo is the electroosmotic mobility. Eq. 10 is only valid if
the capillary inner diameter is large compared with the thickness of the electric double layer.
However, this restriction is fulfilled in practice [9]. Due to the extremely small size of the double layer,
the EOF originates close to or almost at the wall of the capillary [13]. As a result, the EOF has a flat
plug-like flow profile, compared to the parabolic profile of hydrodynamic flows. The thickness of the
electric double layer (Debye length &) or its reciprocal (Debye-Hiickel parameter «) is then given by

the following equation [18]:

K=—= (11)

where K is the Debye-Hiickel parameter, & is the double layer thickness (Debye length), c is the

molar concentration of the background electrolyte, F is Faraday constant, and R is the gas constant.

It is important to note that the EOF velocity is independent of the capillary inner diameter, but it depends
upon the surface charge density, the electric field strength, the thickness of the electrical double layer,
ionic strength and the viscosity of the separation medium, which in turn is dependent upon the

temperature [18]. In addition, it is obvious that the v, is strongly dependent on the pH of the BGE, as

the buffer pH will determine the fraction of the silanol groups that will be ionized (Eq. 9). Therefore, the

EOF velocity is negligible at low pH (pH < 4) and very high at high pH (pH > 9) [18].

In addition to the above mentioned parameters that influence the EOF, the EOF can be regulated,
suppressed or even reversed via control of surface charge density. This can be accomplished by either:
(i) static or dynamic coating (= covering the inner wall) [19,20] or (ii) addition of metal cations. The static
coating can be either physically adsorbed or covalently bonded (permanent coating). Covalent
modification strategies of the capillary wall generate new chemical bonds on the surface to change the
chemistry, while adsorbed coatings use either electrostatic or hydrophobic interactions to adsorb a
polymer onto the surface. Dynamic coatings are different in that the coating agent is in the running
buffer and in contact with the surface at all times [21]. Surfactants are the most common species for
dynamic coatings as will be discussed later. Moreover, the EOF can be reduced via (i) addition of
divalent metal cations (e.g. Ca?* or Mg?*) [22]. These cations will be exchanged against the monovalent
cations (e.g. H3O* or Na*), which are the counter ions existing on the negatively charged silica surface

resulting in reduction of the EOF velocity.



Introduction

The overall migration in CE is determined by the combined effect of the effective electrophoretic (due to
electrophoretic migration) and the electroosmotic mobility, therefore the observed electrophoretic
mobility can be calculated as follows:

Mob = Meo * Mepeff (12)

where eo is the electroosmotic mobility and pepetr is the effective electrophoretic mobility. By

subtracting Eq. 8 from Eq. 5, Pepeff can be obtained as follows:

3 Let LT B Let LT
Hep,eff B tob U teo U

Generally, the electrophoretic mobility is positive if the migration is towards the cathode (positively

(13)

charged species), and the electrophoretic mobility is negative if the migration is towards the anode

(negatively charged species).

1.2. CE modes

The separations in capillary electromigration techniques are achieved in narrow capillaries by employing
a high electric field strength. These techniques include capillary electrophoretic techniques and
electrically driven capillary chromatographic techniques, based on different separation principles. In
some cases, these principles overlap [11]. Different modes of capillary electromigration techniques have
been reported such as: capillary zone electrophoresis (CZE), micelllar electrokinetic chromatography
(MEKC), microemulsion electrokinetic chromatography (MEEKC), capillary affinity electrophoresis
(CAE), capillary sieving electrophoresis (CSE), capillary gel electrophoresis (CGE), capillary
isoelectric focusing (CIEF), capillary isotachophoresis (CITP) and capillary electrochromatography
(CEC). Several books and book chapters about CE modes have been published in the literature
[2,8,17,23], however in the following discussion, the first two techniques will be discussed in detail.

1.2.1. Capillary zone electrophoresis (CZE)

CZE is the most commonly employed mode of CE owing to its versatility; the applications of CZE are as
widely varying as the composition of the BGEs. The separation capillary is filled with a predominantly
aqueous buffer solution; additives may be incorporated into the BGE to achieve the desired selectivity
and resolution of separation [5]. The BGE chosen should demonstrate good buffering capacity and low
background current to suppress Joule heating effects. The pH of the BGE can influence both the charge
of the analyte and the fused-silica capillary wall according to their pKa values. Hence the EOF in the
capillary is also influenced. Some buffer additives may influence the solute — capillary wall interactions.
The separation selectivity is based on the difference in effective mobilities between compounds,

resulting in differences in migration velocities. In the normal polarity mode, charged species are
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separated according to their respective charge to-size ratios in an applied electrical field. Cations
migrate by coulombic attraction toward the cathode, with the cation of the highest charge-to-size ratio
migrating fastest. Conversely, anions migrate toward the anode, with those of the highest charge-to-size
ratio migrating fastest. At a sufficient EOF within the capillary, the coulombic attraction of the anions for
the anode will be overcome, and the anions will migrate toward the cathode. Overall, the migration order
in CZE is cations (from high to low charge-to-size ratio), followed by neutral species (unseparated), and

finally anions (from low to high charge-to-size ratio) [5].

1.2.2. Micellar electrokinetic chromatography
1.2.2.1. Separation principle

The term “Electrokinetic chromatography (EKC)” was introduced by Terabe’s research group and is an
analytical separation method which employs the experimental technique of CZE in combination with the
principle of chromatography [24]. In addition to the electrolytic solution used in CZE, a major component
called the pseudostationary phase, PSP (also called separation carrier) is employed. This then satisfies
the definition of chromatography where two phases should exist between which the solute is distributed.
The electrokinetic phenomenon, including both electrophoresis and electroosmosis, is the means of
transporting the pseudostationary phase and solutes inside the capillary. Separation of neutral and
charged anaytes is based on the existing differences in their distribution coefficients between the PSP
and the surrounding aqueous phase. In addition to distribution equlibria, EKC invariably also involves
other types of chemical equilibria, e.g. ion exchange and/or complex formation [9]. A variety of materials
can be used as the pseudostationary phase in EKC such as microemulsions [25,26], charged
cyclodextrins  [27,28], charged polymers [29], proteins [30], nanoparticles [31] and
tetraalkylammonium ions [32,33]. Micellar EKC (MEKC) is the term used when micelles are used as
PSP (Fig. 3) [34]. Comprehensive introductions to MEKC are those reported by Vindevogel and Sandra
[35], Terabe [36] and Khaldi [37]. There is one monograph on elektrokinetic chromatography [38] and a
very large number of review articles on current state of the art in MEKC as those reported by Quirino
and Terabe [39], Terabe [40,41], Pappas et al. [42], Silva [43-46] and EI-Deeb et al. [47,48].

Generally, In EKC, a non-charged solute will be transported either with the velocity of the
electroosmotic flow or with the velocity of the separation carrier. The migration velocity of the
separation carrier is, in general, virtually unaffected by this interaction. The assumption that the
migration velocity of the separation carrier is not altered by the interaction with or incorporation of a
solute molecule is used to define the difference between a pseudostationary phase and a simple

complex-forming agent, which is used in capillary electrophoresis to modify the effective
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electrophoretic mobility of the solutes to be separated. If the solutes to be separated do not possess an
effective electrophoretic mobility without the presence of the separation carrier, the separation carrier

must have an electrophoretic mobility [9].
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Figure 3: Schematic representation of the separation mechanism of micellar electrokinetic
chromatography (MEKC) using anionic micelles. te, = migration time of a neutral, “unretained” analyte
(EOF marker), t; = “retention” time of the analyte in MEKC, tmc = migration time of a micelle marker
modified from [34].

Micellar EKC (MEKC) is a special case of EKC, in which the secondary phase is a micellar phase
dispersed in the capillary. MEKC was first introduced by Terabe et al. in 1985 [49]. The separation of
neutral species by MEKC is accomplished by the use of surfactants in the running buffer at
concentrations above the critical micelle concentration (8 to 9 mmol L' for sodium dodecy! sulfate
(SDS) in water at 25 °C, for example). Micelles are formed from aggregates of surfactant molecules
above critical micelle concentration. The presence of micelles, which act as a separation carrier in the
running buffer, transforms CZE into MEKC with no need to modify the apparatus. Micelles are often
spherical with the hydrophobic tails of the surfactant molecules oriented towards the center, and the
charged heads oriented outside towards the buffer. Charged micelles migrate with a velocity different
from that of the bulk aqueous phase due to their electrophoretic mobility, whereas the bulk solution
migrates with the velocity of the EOF (Fig. 3). As in CZE, even a negatively charged micelle can be
transported toward the cathode in the case of a strong EOF under either neutral or alkaline conditions.

In CZE, neutral analytes cannot be separated and they usually migrate at the same velocity as does the
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bulk solution while in MEKC the separation of neutral analytes differing in their partitioning coefficients

(between the PSP and the surrounding phase) is possible [2].

The separation process in EKC can be described in chromatographic terms. In fact, conventional
chromatography can be regarded as a special case of EKC, where the observed velocity of the
separation carrier is zero [9]. In Fig. 3 the separation mechanism in MEKC for a neutral solute and
a micellar pseudophase of an anionic surfactant is illustrated. In MEKC the micelle acts like the
stationary phase in chromatography. However, the micelle is not immobilized, and hence can have an
observed velocity different from zero. Therefore, the micellar pseudophase in MEKC is termed
pseudostationary phase (PSP). The observed velocity of a solute zone (neutral solute) is the
weighted mean of the velocity of the mobile phase (the surrounding aqueous phase) and of the

observed velocity of the micelles:

tmob trmc 1 k
Vs = Vmob + Vme = Vmob + Vme (14)

B tmob + tme tmob + tme kK+1 k+1

where vs is the observed velocity of the solute zone (neutral solute), tmop is the residence time in the
mobile phase, tmc is the residence time associated with the micellar pseudophase, vmob is the velocity
of the mobile phase, v is the observed velocity of micelles (Vme = Vepme + Veo) and Kk is the retention
factor (trme/tmob) [9].

Fig. 3 shows an electropherogram for the separation of a mixture of an EOF marker, a neutral solute
and a marker of the micelles of an anionic surfactant, which are assumed to be detectable in the UV
region. The neutral analyte free from the micelle migrates only by the EOF, while the analyte totally
incorporated by the micelle migrates at the observed velocity of the micelle (the sum of the
electroosmotic velocity and the electrophoretic velocity of the micelle). The neutral solute zone
migrates at an average velocity between that of the EOF marker and the micelle marker and is
detected between te, and tme, which are the migration times of the EOF marker and the micelle,
respectively. Acetone and thiourea can be employed as an EOF marker, while decanophenone,

Sudan lll, and anthracene [9] can be used as a micelle marker.
1.2.2.2. Mechanism of interaction between the micelles and analyte

According to Terabe [50], three kinds of analyte interaction mechanisms with micelles can be
differentiated, as presented in Fig. 4a. These are: (i) introducing the analyte to the hydrophobic core

of the micelle, (ii) the analyte adsorption on the surface of the micelle by electrostatic or dipole
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interaction, and (iii) implementing the analyte as the co-surfactant by participation in the formation of

S A
i

Figure 4: Schematic illustration of micellar solubilization. (a) lonic micelle and (b) mixed micelle of
ionic and nonionic surfactants interacting (1) with the hydrophobic core, (2) on the surface, (3) as
a cosurfactant, and (4) with nonionic surfactant surface [50].

the micelle.

SN/ 4
N

Highly hydrophobic nonpolar compounds such as aromatic hydrocarbons are introduced to the core
and can be used as a micelle marker. Beside hydrophobic interaction with the core of the micelles, it
is supposed that the majority of analytes interact with micelles through the surface, palisade layer
(term associated with non-ionic surfactant), and polar groups. The effect of the molecular structure of
the surfactant on the separation selectivity differs according to the type of interaction involved. The
hydrophilic, or ionic group, is generally more important in determining the selectivity than the
hydrophobic group due to the interaction of the analytes with the micelle at the surface. Different polar
groups of various surfactants can show different selectivity for analytes, even if the surfactants have
identical alkyl chain groups. Moreover, the separation selectivity can be significantly improved by

applying mixed micelles composed of ionic and non-ionic surfactants (Fig. 4b).

1.2.2.3. Retention factor in MEKC

Similar to chromatography the retention factor k (older term: capacity factor k') in MEKC is defined as
the residence time in the micellar pseudophase (pseudostationary phase) divided by the residence
time in the surrounding liquid phase. If we assume the micelles to be a homogeneous pseudophase,
the separation process can be understood to be due to distribution between two distinct phases

having two different observed mobilities:
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V.
mic 15
v (19)

aq

k =K,

where Kp is the distribution coefficient, Vimic/Vaq is the phase ratio (= volume of micellar phase/volume
of aqueous phase). By replacing the velocities in Eq. (14) with the respective distance-over-time and

rearranging the results, the following equation is obtained:

N e (16)

t, (1—t, /tmc)
where teo = migration time of the EOF marker, t; = migration time of the analyte, tmc = migration time of
the micelle marker.
This equation is valid only in the normal elution mode where the electroosmotic velocity veo and the
velocity of micelles vmc have identical direction and |Veo| > |Vmc|. If tmc approaches infinity, then the
definition of (k) becomes identical to the definition of (k) in conventional chromatography; the solid
pseudo-phase becomes the solid phase. In the normal elution mode the time span (window) in which
a neutral compound can be eluted is restricted to values between teo and tme. Consequently, teo/tme Or
its reciprocal value tmc/teo have been mainly used in the literature to characterize the ratio of the
observable velocities of the two “phases” in EKC. One widely accepted term for this time ratio is

migration (time) window [9].

For measuring the retention factor for charged solutes in MEKC, a different approach is needed. The

calculation is then based on following equation:

k:—‘:j_‘fp:“ (17)

where p = pseudoeffective electrophoretic mobility of the analyte in micellar BGE, peperr = effective
electrophoretic mobility of the analyte in micelle-free BGE, and umc = electrophoretic mobility of the

micelles in micellar BGE.

1.2.2.4. Classes of surfactants

Surfactants can be conveniently categorized by the charge on the head group as (a) anionic, (b)

cationic, (c) nonionic, and (d) zwitterionic:

a- Anionic surfactants

Due to a number of reasons, SDS is the most popular surfactant in MEKC. Among these reasons are
high stability, low absorption in the ultraviolet region, high solubilization capability, and the commercial

availability of the high quality reagent. The reagent CMC amounts to 8 mmol L-! in water; for buffer
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solutions, it is even 3 mmol L-!. In most cases, 10-50 mmol L-* SDS solutions are applied. Still, higher
concentrations, even up to 100 mmol L', give good results provided current intensity does not exceed
50 pA [51].

b- Cationic surfactants
(1) Conventional alkyltrimethylammonium salts

Cationic micelles show substantially different selectivity for neutral and for ionic solutes, as compared
with anionic micelles because of the different polar groups of this surfactant. Most cationic surfactants
have an alkyltrimethylammonium group and their counter ions are halides. Cetyltrimethylammonium
bromide (CTAB) is the most popular cationic surfactant used in CE, mainly to reverse the direction of
EOF due to adsorption of the cationic surfactant on the capillary wall. However, it is not widely used as a
micelle-forming surfactant in MEKC, probably due to its UV absorption in the short wavelength region
and the generation of bromine in the anodic vial during electrophoresis. However, CTAB or the
corresponding chloride (CTAC) shows significantly different selectivity compared to anionic surfactants
while the migration order of analytes still follows the order of increasing distribution constant, as in the
case of anionic micelles. According to studies using the solvation parameter model, CTAB differs
significantly from SDS concerning its hydrogen-bond acidity and basicity [52]. Therefore, the use of a
cationic surfactant instead of SDS is a promising alternative to change the selectivity.

(2) lonic-Liquid based surfactants

lonic liquids (ILs) are known as molten salts with melting points below 100° C. They are a class of ionic
non-molecular solvents with a multitude of physicochemical properties. The most remarkable properties
include their high thermal stability, a low vapour pressure, the miscibility with water and a variety of
organic solvents, notable catalytic properties, as well as good extraction coefficients for various organic
compounds [53]. They are environmentally benign and their non-flammability and low volatility allow
them to gain an increasing interest in the field of green chemistry. ILs are also considered to be semi-
organic salts as they are composed of bulky asymmetric nitrogen- or phosphorous-based organic
cations such as alkyl imidazolium, alkyl pyrrolidinium, alkyl ammonium, alkyl pyridinium and alkyl
phosphonium with associated inorganic (e.g. Br, CI~, PFs , BF4 ) or organic (e.g., [(CFsCO2)] ,
[(CF3S0O2)2N)] ) counter anions (Fig. 5) [54]. The low symmetry and the relatively large size of one or
both ions lead to a lowering of the lattice energy, and hence the melting point of the resulting ionic
liquid. By pairing of different cations and anions, it is possible to create a huge number of different ionic

liquids, each with its specific properties and adapted for a particular task. ILs were a subject of many
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recent review articles, which highlight a variety of applications in many areas of separation science [53-
59].

Common Cations Common Anions
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Figure 5: Typical cations (left) and anions (right) in ionic liquids [60].

It was reported that ILs possessing long hydrophobic alkyl tails with cationic polar headgroups can form
micelles when they are dissolved in water in a concentration above their CMC (critical micelle
concentration). This property enables ILs to emerge as a new class of surfactants, especially because
they possess the properties of cationic surfactants in addition to the restricted number of the classic
cationic surfactants and the growing interest in applications that involve cationic surfactants. It should
also be mentioned that the cation/anion pair forming the ionic liquid does no longer constitute a true
ionic liquid once the ionic liquid is dissolved in water or any organic solvent. Therefore, the term IL-type
surfactant is more appropriate than IL surfactant [53] as suggested in the review article of Pino et al.
[53] . Dong et al. [61] and Vanyur et al. [62] reported that micelles are formed in an aqueous solution of
long-chain ILs C1sMImBr (1-tetradecyl-3-methylimidazolium bromide) and C1sMImBr (1-hexadecyl-3-
methylimidazolium bromide). They found that imidazolium-based ILs are superior to the traditional
cationic alkyltrimethyl ammonium bromides in their ability to form micelles, i.e., their CMC values are
significantly lower than those of the classic cationic surfactants. Alkylimidazolium-based ILs are the
most widely used class of IL-type surfactants in capillary electrophoresis [58]. In addition to their role as
background electrolyte (BGE) modifier in capillary electrophoretic separation techniques [63-66], several
reports have described the utility of long-chain imidazolium-based ILs as pseudostationary phase (PSP)
[67-69] in MEKC. Interest in IL-type surfactants stems from the fact that they offer a high versatility of
interaction types (electrostatic, -1, ion-dipole or hydrogen bonding interactions with the imidazolium
cation head group and hydrophobic interaction due to the long alkyl tail) [70] that give rise to a different

separation selectivity.
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Dynamic coating of the capillary wall:

The presence of cationic surfactants in the BGE can reverse the direction of the EOF thorough dynamic
coating of the capillary wall. Tsuda first reported the use of surfactants (especially
cetyltrimethylammonium bromide (CTAB)) for EOF modification in anion analysis in 1987 [71]. However,
it was the work of Jones and Jandik in 1991 using tetradeyltrimethylammonium bromide (TTAB) that
was the breakthrough in the field of ion analysis by CE. Using 0.5 mmol L-* TTAB in 5 mmol L

chromate (indirect UV probe) at pH 8.0, 30 anions were separated in a span of 89 s [72].

It was reported that at one half to one third the CMC, aggregation of the surfactant monomers at the
surface of the capillary begins [22]. Above this threshold concentration there is a rapid transition from a
normal EOF to a reversed EOF. Once the micellar layer is fully formed at the capillary wall, further

increase in the surfactant concentration does not yield changes in the magnitude of the EOF.

As described by Pino et al. [53], IL-type surfactants are capable of forming hemimicelles and admicelles
when adsorbed onto a solid support. Hemimicelles are defined as a monolayer of surfactant formed on
a solid support, whereas the positively charged head groups are attached to the surface of opposite
charge. On the other hand, admicelles form bilayer arrangements. In contrast to micelles, admicelles
are formed below the CMC. The process in which either hemimicelles or admicelles are formed is called
dynamic coating of the capillary. As the capillary wall under these conditions is positively charged,
dynamic coating reverses the direction of the EOF.

The difference in the coating stability amongst different types of cationic surfactant can be ascribed to a
different aggregate structure of the surfactants at the capillary surface [22]. E.g. Single chain surfactant
monomers (e.g. TTAB or CTAB) form spherical aggregates at the capillary wall. This micellar coating
formed by TTAB or CTAB creates a rather heterogeneous surface in which gaps between the micelle

spheres are evident due to the electrostatic repulsion between adjacent micelles (Fig. 6a).

(b)

Figure 6: Structures previously depicted for surfactant aggregates at the capillary wall. Above the
surface CMC (one half to one third of the CMC) surfactants aggregate at the capillary wall to form either
(a) a micellar layer (as for CTAB and TTAB) or (b) a bilayer (as with DDAB) modified from [22].

18-



Introduction

On the other side, didodecyldimethylammonium bromide (DDAB) aggregates to form a flat bilayer
structure at the capillary surface. The more homogeneous coating and greater surface coverage
provided by DDAB is thought to account for its increased stability compared to that formed by either
TTAB or CTAB (Fig. 6b) [22].

(c) Non-ionic surfactants

Nonionic surfactants themselves do not possess an electrophoretic mobility and cannot be used as
pseudostationary phases in conventional MEKC [73]. However, nonionic surfactant micelles are useful
for the separation of charged compounds, especially for peptides with closely related structures [74].
Nonionic surfactants can also be employed as pseudostationary phases in MEKC with a combination of
ionic surfactants. Most nonionic surfactants have polyoxyethylene groups. Mixed micelles of nonionic
and ionic surfactants with surfaces covered by polyoxyethylene groups, as shown in Fig. 4b, will have
different surface characteristics and hence a different selectivity from that of the ionic surfactant micelle.

Some natural chiral surfactants are uncharged and were used as mixed micelles with SDS.
(d) Zwitterionic surfactants

Zwitterionic surfactants (e.g. 3-(N,N-dimethyltetradecylammonio)-propane-sulfonate) are not widely
used in MEKC. However, zwitterionic surfactants will be interesting if they are used in mixed micelles,
because they should show significantly different selectivity compared to other types of surfactants.

1.3. Detection techniques

The right choice of the detection technique in CZE and EKC depends on the type and concentration of
analytes, on the complexity of the sample and on potential interferences from the sample matrix and on
the limitations imposed by the electromigration separation method used. Commercial availability of the
detector and the cost and ease of operation should also be considered [75]. The detection can be
performed either off-line (off-capillary) or in an on-line (on-capillary, end-capillary, and entire capillary)
arrangement. In the off-capillary arrangement, the detector is not connected directly to the separation
capillary and the separation does not affect the detection as significantly as with on-line detection, so
that the separation conditions can be optimized fairly independently of the detection requirements. An
example is off-line connection of capillary electromigration techniques with MALDI-TOF-MS (matrix-
assisted laser desorption/ionization-time of flight-Mass spectrometry), however, the detection process is

discontinuous.
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On-line detection can be accomplished either directly on a segment of the separation capillary (typically
with UV-spectrophotometric or laser-induced fluorescence detection), or using a detector connected to
the end of the capillary such as with MS detection or electrochemical detection. This type of detector

should be carefully designed to suppress contributions to band broadening.

Optical detection techniques, including UV spectrophotometric and LIF (laser induced fluorescence)
measurements, are widely used in electrophoresis and electrokinetic chromatography. With few
exceptions, only UV or LIF detectors are installed in compact commercial instruments. Other detection
techniques based on the measurement of electrochemical properties of the analytes (conductometry,
amperometry, or potentiometry) are used less often, but their sensitivity is in many cases better than the

sensitivity of UV spectrophotometric detectors [75].

The most common detection technique in electrophoresis and EKC is on-column UV absorbance
detection, which provides a large applicability, as most organic compounds absorb UV radiation. UV
detection is straightforward and easy to implement, and very useful for quantitative purposes. An
important drawback is its rather low concentration sensitivity, caused by the small optical path length
provided by the capillary diameter. The detection limits usually are not lower than 10-°-10-7 mol L,
depending on the molar absorption coefficients of analytes. Moreover, the selectivity of UV detection is
very limited, and it hardly gives structural information on analytes, even when diode-array detection
(DAD) is used.

Fluorescence detection is not a universal detection method and solutes must possess native
fluorescence or must be able to be derivatized to generate a fluorophore. With fluorescence detection,
the limits of detection can be lowered compared to conventional photometric detection by about three
orders of magnitude. This lowering of detection limits is possible, because in fluorescence detection
radiation is measured against a dark background (therefore it is so important to keep stray radiation as
low as possible), while in photometric detection with very small absorbance the ratio of two similar high
intensities has to be determined. With fluorescence detection, it was possible to extend the applicability
of CE into trace analysis. Moreover, fluorescence detection is inherently more selective. Laser-induced
fluorescence (LIF) detection can be regarded as the most sensitive optical detection technique to be
commonly used with capillary electrophoresis (CE), electrokinetic chromatography (EKC) and capillary

electrochromatography (CEC).

The advantage of LIF detection over conventional fluorescence detection is that the spatially coherent

radiation of a laser can be focused very efficiently into the inner volume of a separation capillary via



Introduction

suitable lenses, which minimizes the stray radiation and decreases limits of detection that can be
achieved. However, wavelength selection can be limited with laser light sources, especially in the UV. In
addition high light intensities have to be avoided, because they can cause photodegradation. LIF is
widely used for the analysis of very complex mixtures where the concentration of the analyte of interest
is in the umol L' range and where superb sensitivity and selectivity are needed. As an example, LIF
can be used to detect trace levels of (derivatized) amino acids in biological media using simplified
sample preparation [76]. When LIF detection is used with capillary-format separations, it can detect
nmol L-' or subnanomolar concentrations; this allows for a number of important innovative analytical
methods, such as the simultaneous monitoring of the efflux of neurotransmitters at a frequency of every
10 s in microdialysates from brain tissues [76].

Mass spectrometry (MS) is a highly selective and sensitive spectrometric technique that can be used for
analyte characterization, quantification and identification purposes. Over the years, effective coupling
methodologies based on electrospray ionization (ESI) have been developed to combine CE and MS.
The coupling of EKC with MS clearly would be very beneficial, resulting in a powerful analytical system
combining efficient separation with mass-selective and structure-elucidative detection. However,
common EKC methods frequently involve the use of nonvolatile PSPs and buffer salts, such as sodium
dodecyl sulfate (SDS), cyclodextrins and sodium phosphate, which are (often considered to be)
incompatible with MS detection using electrospray ionization (ESI). These constituents may cause
analyte ion suppression, background signals and contamination of the ion source and optics. In order to
circumvent these compatibility problems, various EKC-MS approaches have been proposed. The most
often applied approach so far is the so-called partial-filling technique, in which the PSP is prevented
from entering the ion source of the mass spectrometer. Other approaches include the use of special

PSPs, like reverse-migrating or high-molecular-weight surfactants, and (semi-)volatile surfactants [77].

1.4. Improvement of the detection sensitivity

CE methods often exhibit detection limits that are one or more orders of magnitude higher than those in
corresponding HPLC methods. This is ascribed to the small detection cell volume (limitation of the inner
diameter of the separation capillary), which has to be chosen to avoid: (i) radial temperature gradient
effects due to Joule heating and (ii) extra-column band broadening (limitation of the length of the
detection cell) [5]. The disadvantages due to the limitations of the detection volume, however, can
possibly be overcome by using of several approaches. These approaches are mainly based on using: (i)
physical methods such as the use of a bubble cell, (i) on-line enrichment techniques via conversion of a

long injected analyte zone into a narrow band inside the capillary utilizing either electrophoretic



Introduction

phenomena and/or chromatographic effects [78]. Other approaches to decrease the detection limits in
CE are to combine its use with (iii) off-line enrichment techniques such as solid phase extraction (SPE),
and/or (iv) highly sensitive detection techniques such as LIF or MS. The last approach was thoroughly
discussed under Section 1.3. On the following discussion, the second and the third approach will be
considered. Although it is possible to work separately with off-line (choromatographic-based methods)
or on-line enrichment techniques (electrophoresis-based methods), the combination between these two
is very demandable in the analysis of samples with complex matrices that requires both sample clean-

up and high preconcentration prior to the analysis.

1.4.1. Off-line enrichment techniques

Chromatography-based preconcentration methods prior to CE enable higher sample volumes
(compared to electrophoresis methods) to be injected because the analytes are adsorbed onto a
stationary phase. Moreover, the sample clean-up in chromatographic methods is effective because the
sample matrix can be removed and only the analytes of interest can be maintained. Another advantage
of chromatography-based preconcentration techniques is that the preconcentration technique can be
performed more selective, since the chromatography is orthogonal to the electrophoresis.
Chromatography-based preconcentration includes solid phase extraction (SPE) and solid-phase
microextraction (SPME) but SPE is the most widely used because it can achieve higher concentration
sensitivity and is versatile. SPE can solve the two main problems in CE; it improves sensitivity and
retains the anlaytes of interest from the sample matrices. Moreover, it can desalt the very saline
samples that might interfere with the electrophoretic process. The sorbent in SPE retains the analyte
from a large volume of sample in a sorbent. These analytes can then be eluted in a lower volume of
elution solvent. Besides, an additional washing step is added between retention and elution of the
compounds when needed. SPE can therefore simultaneously enrich the trace analytes and remove
potentially interfering compounds. Obviously, if there are no losses, the higher the ratio between sample
and elution volumes, the higher the preconcentration factor obtained. However, since injection volumes
suitable for CE are at low-nL levels, generally only a part of the eluted sample from SPE can be injected

into the separation capillary [79].

Different modes of SPE-CE coupling such as off-line, in-line, on-line, at-line have been discussed in the
literature [79,80], however, the off-line combination of SPE and CE is the easiest. It cannot be
considered as a coupling but as a combination of SPE and CE. In short, a high sample volume is
percolated through a SPE cartridge in such a way that the analytes are retained in the sorbent.

Afterwards, the analytes are eluted with a small volume of an appropriate elution solution and can be
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injected into the CE system. Due to the high sample volumes employed, the limits of detection (LODs)
(associated with using off-ine SPE mode) after carrying the CE analysis are in general very low.
Moreover, compared with other SPE-CE modes, further preconcentration can be obtained if the eluted
sample is evaporated to dryness and redissolved in a lower volume. It is very useful for cleaning up
complex matrices before electrophoretic analysis or even before preconcentrating the analytes using
other approaches. Besides, the off-line mode has a considerable potential in determining analytes at

very low concentrations when a large sample volume is available [79].

1.4.2. On-line enrichment techniques

On-line enrichment/On-line zone focusing methods was a topic of intense research in the last decade.
Concomitantly, there are a very large number of review articles covering the field of on-line zone
focusing methods in combination with capillary electromigration techniques [78,81-94]. Different
modes of on-line enrichment procedures such as field-amplified sample stacking (FASS) [95], large
volume sample stacking (LVSS) [96], dynamic pH junction [97,98], and sweeping [99] were reported,

which are the main focus of the following discussion.

1.4.2.1. Stacking

One of the simplest methods for sample preconcentration is to induce “stacking” of analytes by
exploiting the electric conductivity differences between the sample matrix and the BGE [95,96].
Sample stacking is caused by the motion of sample ions across a boundary that is formed between
the sample and the BGE inside the capillary.
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Figure 7: Schematic illustration of field amplified sample stacking of negatively charged analyte showing the
stacking of the sample ions (in yellow) as they exit the low conductivity sample region and enter the high
conductivity regions of the BGE. Modified from [100].
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The sample is prepared in a matrix having an electric conductivity lower than that of the BGE. A long
plug of the sample solution is injected into the capillary. During the application of voltage, the low
conductivity sample zone experiences a higher electric field strength compared with the BGE.
Accordingly, the electrophoretic velocity of the analyte ions in the sample zone is higher than that in
the BGE. The abrupt decrease in the velocity of the analyte ions moving across the boundary
between the sample zone and the BGE results in the narrowing of the analyte zone. The resulting
analyte zones will therefore have concentrations higher than the original concentration in the sample
(Fig. 7). The concentration effect obtainable with this technique is dependent on the ratio between the

electric field strength in the sample zone and in the BGE [95].

1.4.2.1.1. Field-amplified sample stacking and field-amplified sample injection

Being very simple and easily applicable to a range of different analyte types, field amplified sample
stacking (FASS) is considered to be the normal mode for CE applications. In spite of its simplicity and
wide applicability, FASS suffers from the disadvantage of that the maximum sample volume that can
be injected into the capillary is limited to about 5% of the capillary volume [85]. The injection of
volumes higher than this will result in band broadening as explained by Chien and Burgi [96] due to
the mismatch of local electroosmotic flow velocities between the sample and BGE compartment. This
causes a pressure difference resulting in a laminar flow inside the capillary that will broaden the sharp
zone generated by the stacking process and reduce the resolution. This pressure difference is related
to the field strength boundary between the two zones, and hence the difference in conductivity, and
also the magnitude of the EOF throughout the capillary. A sample conductivity 10 times lower than

the BGE was found to produce optimum results [85].

A recent study by Huhn and Pyell [101] examined this realtionship in more detail at low pH such that
there was minimal EOF, with the expectation that this would reduce the significance of the
hydrodynamic flow and would have a higher optimal conductivity difference. They found that
hydrodynamic dispersion was only a minor contribution under low EOF and that the dominant limiting
factor was molecular diffusion arising from elongated migration time that occurs with longer sample
plugs. A sample length of 3% of the capillary is optimum with a conductivity ratio of 10, which
interestingly are approximately the same conditions identified by Chien and Burgi in a high EOF

environment.

While the sample is introduced into the capillary by hydrodynamic flow in the case of FASS, it is
introduced by electrokinetic injection (electromigration injection) in the case of field-amplified sample

injection (FASI). This has the advantage that the analyte ions enter the capillary as a combination of
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electrophoresis and electroosmosis. If the electrophoretic mobility of the analytes is in the opposite
direction to the EOF, then smaller amount of analyte ions will enter the capillary than with a
hydrodynamic injection. However, if the mobility is in the same direction as the EOF, then FASI will
result in greater amount analyte ions being injected [102] than FASS. In this case, assuming the
same volume of sample is introduced (approximately 5% of the capillary volume), the sensitivity is
typically improved by 100-1000-fold in FASI.

1.4.2.1.2. Large volume sample stacking

As mentioned above, FASS is limited by the volume of sample that can be injected into the capillary.
Introduced in the early 1990’s by Chien and Burgi [96], large volume sample stacking (LVSS) involves
the injection of a large volume (up to the entire capillary volume) of low conductivity sample, which
accordingly provides higher concentration sensitivity compared to FASS. LVSS with or without polarity
switching is based on stacking with removal of the sample matrix [88].
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Figure 8: Schematic illustration of the focusing mechanism by LVSS of negatively charged analyte. (a) Low
conductivity sample matrix is injected in to the capillary. (b) Negative voltage is applied with EOF toward the
cathode. The negatively charged sample ions (in yellow) stack at the sample/BGE boundary. (c) The
stacking process is continued, while most of the sample matrix is pumped out from the capillary inlet. (d) The
polarity is reversed and the separation starts.

In LVSS with polarity switching, a large sample volume is injected hydrodynamically into the capillary

(Fig. 8a). A negative voltage is applied to remove the sample matrix plug by pumping it out of the
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capillary using the electroosmotic flow, while simultaneously maintaining the stacked analytes at the
sample/BGE interface, while it moves slowly toward the capillary inlet (Fig. 8b and c). This
methodology of pumping is applicable only for ions that have a negative mobility with respect to the
bulk electroosmotic flow. The polarity of the electrode is reversed at the end of the matrix removal step
when the separation is started (Fig. 8d). To ensure that no fraction of the analyte is lost during the
matrix removal step, the electric current strength is monitored, until it reaches 95% of the electric

current strength measured when the capillary is entirely filled with BGE.

LVSS with polarity switching was recently employed for the online concentration and analysis of flavonoids in
Brassica oleracea (broccoli) [103], natural polyphenols in plant extracts [104], sulfonylurea herbicides in
water and grape samples [105], haloacetic acids in water [106,107], barbiturates in biological samples [107]
and for the characterization and inhibition studies of the nucleoside metabolizing enzymes purine nucleoside
phosphorylase and adenosine deaminase present in the membrane of human 1539 melanoma cells [108].

1.4.2.2. Dynamic pH junction

Dynamic pH junction technique utilizes significant changes in the ionization states of the analytes or
the electrophoretic velocities between different pH values. The name dynamic pH junction was
introduced by Britz-McKibbin and Chen [109], although the use of a discontinuous buffer system was

reported by Aebersold and Morrison previously [110].
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Figure 9: Schematic illustration of the enrichment mechanism using dynamic pH junction. (a)
Hydrodynamic injection of a low pH sample matrix. (b) The analyte ions (yellow) are focused via
dynamic pH junction. (c) The analytes are separated. Modified from [98].
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For example, a weakly acidic analyte dissolved in an acidic matrix is injected as a long plug and the
capillary is filled with an alkaline BGS (Fig. 9a). When a positive voltage is applied at the injection end,
the acidic sample zone is gradually titrated by the hydroxide ion in the alkaline BGE from the cathodic
side and the analyte will be ionized in the neutralized zone (Fig. 9b). The negatively ionized analyte will
migrate toward the anode but if it enters into the acidic sample zone, it will be protonated again to
neutral and stop the electrophoretic migration (Fig. 9b). Thus, the weakly acidic analyte can be focused
at the neutralization boundary during the neutralization of the sample zone. Once the acidic sample
matrix is consumed, the focused analytes are separated (Fig. 9c) based on their electrophoretic

mobilities. The same principle is applied to weakly basic analytes.

A full account of dynamic pH junction including fundamental discussions can be found in recent
reviews by Kazarian et al. [97], Cao et al. [111], and Ptolemy and Britz-McKibbin [112].

1.4.2.3. Sweeping

Sweeping is one of the most important sample preconcentration techniques in MEKC. It is defined as
the accumulation of analyte molecules by the PSP that penetrates the sample zone being void of

PSP [99]. The principle of sweeping is illustrated in Fig. 10.
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Figure 10: Schematic illustration of the sweeping process using negatively charged micelles under
homogeneous electric field and zero EOF conditions. (a) Starting situation: injection of a large volume of
the sample solution prepared in a matrix with an electric conductivity similar to that of the micellar BGE.
(b) Application of voltage (reversed polarity mode) associated with the entrance of micelles into the sample
zone and sweeping of the analyte molecules. (c) Formation of the final swept analyte zone when the
micelles have filled the sample zone. (d) Separation of analytes by MEKC. Modified from [113].
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Based on the concept presented by Terabe and co-workers in 1998 (using neutral analytes dissolved in
matrices (without SDS) having the same electric conductivity as the BGE and employing SDS as
anionic surfactant [99]), the length of the sample zone after sweeping Isweep depends on the initial
sample-plug length linj and on the retention factor in the sample zone ks during sweeping. The
enrichment factor (=linj/lsweep) is then directly proportional to ks:

1
|sweep = H |inj
s

(18)
According to Eq. (18) the highest sweeping efficiency is expected for analytes having very high retention

factors within the sample zone.

More investigations on the sweeping phenomenon (i) for charged analytes [114], (ii) with high EOF
conditions, (iii) under homogeneous and inhomogeneous electric field conditions [115,116], (iv) with
cationic surfactants [117] or (v) using electokinetic injection [118] were carried out. Very recently El-
Awady et al. [113] presented a detailed study of sweeping under inhomogeneous electric field
conditions. They extended the present theory by introduction of a phase ratio shift factor defined as the
ratio between the phase ratio in the sample zone and the phase ratio in the BGE. The derived more
general equations allow the prediction of sweeping efficiency if the electric conductivity of the sample
solution is different from that of the BGE. El-Awady and Pyell have shown both experimentally and
theoretically that the focusing process due to sweeping is not only influenced by the retention factor of
the analyte in the sample zone, but also by the retention factor of the analyte in the BGE [119]. They
have introduced the term retention factor gradient effect (RFGE) that can lead to additional focusing
or defocusing of the swept analyte zone. This effect complements the sweeping process and occurs in
the BGE compartment next to the sample zone. According to [119], Eq. (18) is expanded by introducing
the additional focusing/defocusing factor f. lgraq is used to describe the length of the swept analyte zone
after taking this effect into account [119]:

1

1

|grad = ?1+ks |inj (19)
|

and f= sweep _ :sEBGE::s (20)
grad s '‘BGE BGE

where ksce is the retention factor in the BGE. The diverse applications of sweeping as on-line
enrichment technique (either as a standing alone technique or combined with other off-line and on-line

enrichment methods) for the analysis of biochemical components in herbal and pharmaceutical drugs,
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dyes, pesticides, food contaminants, explosives, protein and phytochemicals were the focal point of
many review articles [46,85,87,88,92,120].

1.5. Biological and environmental applications of capillary electromigration techniques

The clinical/biological field and the pharmaceutical research and production are the main areas that are
benefiting most from the application of capillary electromigration techniques. Biological components
vary in nature. They consist of simple cationic/anionic entities, amino acids, peptides, proteins, nucleic
acids or even whole cells. Most of the clinical tests can be performed by CE as well as other techniques,
such as high-performance liquid chromatography (HPLC) or slab gel electrophoresis (SGE). However,
CE offers certain advantages for clinical and biological analyses. The main advantage of the CE in
clinical and biological analysis is the flexibility of the separation selectivity. It is simple to add different
additives to the separation buffer to induce a selective change in the migration velocity. The principle of
separation can be changed from free solution CE to any other mode of CE to suit a particular group of
compounds. For example, many steroids cannot be separated in free zone electrophoresis. Many of
these are neutral or weakly charged compounds and migrate with the EOF. With neutral solutes
separation is obtainable by the addition of SDS to achieve separation by MEKC. The second important
advantage is the high separation efficiency, a characteristic that is important when dealing with complex
samples containing numerous compounds such as serum or urine. The use of an open tubular capillary
improves resolution relative to that of packed HPLC columns by eliminating the multiple path term and
the resistance to mass transfer term in Van Deemter equation, making (in the ideal case) longitudinal
diffusion term the only contributor to band broadening in CE. In addition, CE offers rapid analysis time
and a low cost with full automation. A third feature is the ability to perform separations without the need
to use large volumes of organic solvents. Organic solvents, which are used often in HPLC, are
becoming more expensive to purchase and more difficult, under many state laws, to store and dispose

of. This eventually may require shifting of many separations from HPLC to the CE [121].

On the other hand, CE suffers from several problems. Unlike HPLC, CE is greatly affected by sample
matrix (i.e., salts and proteins), which are very high in biological samples. Another major problem in
clinical analysis is the suboptimal detection sensitivity [121]. The suboptimal detection sensitivity was
one of the most important motivations of the present study. The third problem is sample interaction
with the capillary walls. To utilize CE successfully for practical separation of clinical samples it is
important to understand how these factors affect separations and how strategies can be developed to

overcome them. Many comprehensive review articles report the utility of capillary electromigration
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techniques in the analysis of a variety of biomolecules after their preconcentration and separation from
biological matrices [83,84,86,89,91,93].

Besides their applicability to the analysis of different compounds of interest in biological matrices,
capillary electromigration separation techniques have been successfully applied to the analysis of
environmental samples. The Inherently trace-level concentration of pollutants in different environmental
compartments necessitates the involvement of on-line preconcentration techniques in CE to improve the
detection sensitivity and permits the analysis of these compounds at the low ng L' level. Further
detector improvement to achieve low-concentration limits of detection is highly demandable, which
constitutes one of the main motivations of the current work. In addition, the complexity of sample
matrices requires the use of off-line extraction procedures for sample clean-up and enrichment prior to
the analysis. Significant progress is continually being made, widening the applicability of capillary
electromigration methods, mostly CZE, MEKC, and CEC, to the analysis of real environmental samples
[122). Different off-line and on-line preconcentration strategies can be employed in CE with respect to
the analysis of different pollutants in many types of environmental samples [84]. The studied analytes
include: inorganic pollutants, toxicants, pesticides, polycyclic aromatic, hydrocarbons, phenols, amines,
carboxylic acids, explosives, pharmaceuticals, organometallic compounds, and organic compounds

typically encountered in industrial manufacturing [84].
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2. Motivations and Objectives

The main motivation to carry out the current study is to overcome difficulties associated with the
analysis of highly hydrophilic analytes when using capillary electromigration separation techniques.
Following problems are encountered: (i) High surfactant concentrations (with related drawbacks) are
needed for the separation of these compounds as neutral species. (i) Low limits of detection are
required for their analysis either in biological fluids or environmental samples. (i) There is a poor
extraction recovery of polar compounds from environmental samples. Moreover, (iv) there is a strong
need for new pseudostationary phases (PSPs) that interact more strongly with polar anaytes than
those PSPs, which are used traditionally. It is also important (v) that with the new PSPs the retention
factors of these analytes need to be adjustable to avoid any interferences from the matrix
constituents. For the current study, urinary nucleosides and a-aminocephalosporins are selected as

model examples of highly polar analytes.

The aim of the present work is to separate highly hydrophilic urinary nucleosides with enhanced
resolution using a low concentration of the pseudostationary phase (PSP) in the background
electrolyte (BGE) (as an alternative strategy to those previously existing) while maintaining short and
reproducible migration times. In this regard, it is investigated, whether imidazolium based ionic-liquid-
type surfactants can be employed as novel cationic PSPs in micellar electrokinetic chromatography
(MEKQC) for the analysis of highly polar compounds (here: urinary nucleosides) as charged species.
The performance of this type of surfactant is compared to that of the traditional tetraalkylammonium
salt cationic surfactants regarding both separation selectivity and reproducibility of the migration
times. Besides, those factors are studied that have a major impact on the interaction of the
nucleosides with the oppositely charged PSP such as buffer co-ion concentration, pH (and
consequently the degree of ionization), and the degree of complexation with tetrahydroxyborate
and/or alkyl/aryl boronate. The outcomes of these studies which are related to the fundamental
aspects underlying the separation of nucleosides by capillary electromigration separation methods,
are intended to be integrated in the development and validation of new capillary zone electrophoresis
(CZE) and MEKC methods for the identification and quantification of these compounds in urine
samples. The developed separation methods are complemented with fine-tuned on-line zone focusing
methods (based on different principles) in addition to the selective extraction and clean-up of the
nucleosides from urine using a commercially available phenylboronate affinity gel. Those factors that
influence the on-line and off-line enrichment efficiency are to be studied.

The field of application of the strategies developed in the first part of the thesis will be further

extended to the analysis of very polar a-aminocephalosporins in surface water with the intention to
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develop and validate a highly sensitive and robust analysis method for this type of antibiotics in
environmental samples based on separation by CZE. This approach is intended to combine selective
derivatization, electrophoretic separation, laser-induced fluorescence (LIF) detection, and both off-line
and on-line enrichment strategies. Those parameters are to be studied which have an impact on the
derivatization yield, the obtained separation (resolution), the detection sensitivity, and the extraction

yield.

Besides aiming at a better understanding of fundamental principles involved in on-line focusing and
separation mechanisms, the undertaken studies are also directed towards showing that methods
based on capillary electromigration separation can be fully validated and employed in trace (and
ultratrace) analysis provided that they are combined with suitable off-line and on-line extraction and

enrichment steps.



Summary

3. Summary

The current work investigates capillary electromigration separation methods as alternative strategies to the
existing methodologies for the analysis of highly hydrophilic analytes. Combined with different on-line and
off-line enrichment techniques, the applicability of the developed approaches is demonstrated in either
biological fluids or environmental samples. Urinary nucleosides and a-aminocephalosporins are selected

as model analytes for the current study.

Nucleosides possess a cis-diol moiety that enables them to form negatively charged complexes with
tetrahydroxyborate under alkaline pH conditions. From the effective electrophoretic mobility data, it is
shown that the degree of complexation is close to one even at very low tetraborate concentration (2.5 mmol
L. Insufficient resolution of the studied nucleosides using capillary zone electrophoresis (CZE) as a
standing alone technique (in the presence of tetraborate buffer as a background electrolyte (BGE))
necessitates using alternative approaches which are: (i) another CE mode or (i) buffer additives that can
provide a different separation selectivity to permit the complete separation of the studied analytes. Following
the first approach, a micellar electrokinetic chromatographic method (MEKC) is developed for the
separation of urinary nucleosides in their ionic form using the ionic liquid-type surfactant 1-tetradecyl-3-
methylimidazolium bromide (C14MImBr) as a cationic surfactant in the presence of tetrahydroxyborate. A
complete separation of these hydrophilic metabolites is realized using a low concentration of C1sMImBr (20
mmol L) in the BGE (5 mmol L' tetraborate, pH 9.38). Fundamental aspects underlying the separation of
urinary nucleosides using C14MImBr are studied including the mode of interaction of these compounds with
C14MImBr and regulation of the retention factors with respect to the oppositely charged PSP. It is proven
that the negatively charged complexed nucleosides interact mainly with the C1.MImBr micelles by
electrostatic interaction, while hydrophobic interaction can be considered to be negligible. Moreover, it is
demonstrated that the retention factors are increased with decreasing borate concentration and
increasing pH of the BGE. Employing the conditions that maximize the interaction between the nucleosides
and the C14MImBr micelles (quantified via the associated equilibrium constants), a fully optimized and
validated MEKC method combined with different on-line enrichment techniques is successfully developed
for the identification and quantification of nucleosides in urine samples. It is shown that
‘pseudostationary ion-exchanger” sweeping is the major contributor to the overall enrichment process.
However, due to the low retention factors encountered for the nucleosides adenosine (Ado) and cytidine
(Cyd), C1sMImBr cannot be effectively employed for the sweeping of these analytes. In addition, these
two nucleosides comigrate with urinary matrix constituents. As an alternative, SDS is investigated for

the analysis of Ado and Cyd as positively charged species (under acidic pH conditions) together with



Summary

‘pseudostationary ion-exchanger” sweeping as on-line enrichment principle, which is applied
successfully to the analysis of the two nucleosides in urine samples. Moreover, it is established that with
a BGE containing the combination of an alkyl/aryl boronate and C14MImBr, the retention factors of all the
studied nucleosides are significantly increased. The shift in the retention factors to higher values is
attributed to the additional hydrophobic interaction sites introduced by the alkyl/aryl group of the boronate
that forms a complex with the cis-diol group of the nucleoside. It is shown that these optimization
strategies result in validated methods, which permit the successful analysis of the studied nucleosides in

urine samples with limits of detection in the range of 0.1-0.2 mg L.

Following the second approach, 2-hydroxypropyl-B-cyclodextrin (2-HP-B-CD) is used as buffer additive in
the presence of tetraborate buffer, which permits the modification of the separation selectivity and enables a
complete separation of the investigated nucleosides via CZE. Taking advantage of the high complex
formation constant between the nucleosides and tetrahydroxyborate and employing 2-HP-B-CD as
selectivity-tuning additive, a highly sensitive CZE method is developed based on a highly efficient on-line
focusing procedure comprising three steps, which are dynamic pH junction, borate sweeping, and large
volume sample stacking (LVSS). Limits of detection as low as 10-40 pg L' are achieved. The proposed
method is validated according to ICH guidelines and is successfully applied to the analysis of the
nucleosides under investigation in blank and spiked urine samples. The outcomes of the second approach
are successfully transferred to the analysis of selected a-aminocephalosporins in surface water samples.
Together with the use of a highly sensitive detection method such as laser-induced fluorescence (LIF)
detection, CZE with LVSS-sweeping is applied successfully to the analysis of cefalexin and cefadroxil in
spiked Lahn water samples reaching limits of detection as low as 5-8 ng L.
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4, Zusammenfassung

In der vorliegenden Arbeit werden kapillarelektromigrative Trennmethoden als alternative Strategien zu
existierenden Verfahren zur Bestimmung extrem hydrophiler Analyte untersucht. Es wird gezeigt, dass die
entwickelte Methodik (unter Einschluss unterschiedlicher on-line und off-line Anreicherungstechniken) sich
sowohl zur Analyse von biologischen Flissigkeiten als auch zur Analyse von Umweltproben eignet. Fiir
diese Studie wurden daher als polare Analyte im Urin enthaltene Nukleoside und als mogliche

Umweltkontaminanten diskutierte a-Aminocephalosporine als Modell-Analyte gewahlt.

Nukleoside verfiigen (iber eine cis-Diol-Struktureinheit, die es ihnen bei alkalischem pH ermdglicht,
negativ geladene Komplexe mit Tetrahydroxyborat-lonen zu bilden. Uber die effektive elektrophoretische
Mobilitat wird gezeigt, dass der Komplexierungsgrad sogar bei sehr geringer Tetraborat-Konzentration (2,5
mmol L') nahe 1 liegt. Weil die fiir die untersuchten Nukleoside mit Kapillarzonenelektrophorese (CZE)
unter Verwendung eines Borat-Borsaure-Puffers erreichbare Auflosung nicht ausreichend ist, sind zur
vollstandigen Trennung der untersuchten Nukleoside alternative Herangehensweisen erforderlich: (i) ein
anderer Trennmodus oder (i) Pufferadditive, die eine veranderte Trennselektivitdt ermdglichen. In einem
ersten Schritt wird daher zunachst ein Verfahren entwickelt, welches mizellare elektrokinetische
Chromatographie (MEKC) mit dem kationischen Tensid 1-Tetradecyl-3-methylimidazoliumbromid
(C14MImBr) in Gegenwart von Tetrahydroxyborat zur Trennung von in Urin enthaltenen Nukleosiden (nach
Konversion in eine ionische Spezies) nutzt. Eine vollstandige Trennung der hydrophilen Metabolite ist
bereits bei geringer Konzentration des kationischen Tensids CisMImBr (20 mmol L") méglich
(Hintergrundelektrolyt 5 mmol L' Dinatriumtetraborat, pH 9,38). Es wird untersucht, welche
Gleichgewichte bei Verwendung von C14MImBr als kationischem Tensid flir die Trennung der im Urin
enthaltenen Nukleoside und die Steuerung des Retentionsfaktors (entgegengesetzt geladene PSP)
verantwortlich sind. Es wird gezeigt, dass die negativ geladenen komplexierten Nukleoside mit den
C1MImBr Mizellen hauptséchlich elektrostatische Wechselwirkungen eingehen, wahrend hydrophobe
Wechselwirkungen als vernachlassigbar betrachtet werden konnen. Diesem Ergebnis entspricht, dass
erhohte Retentionsfaktoren sowohl mit reduzierter Borat-Konzentration als auch mit heraufgesetztem pH-
Wert erhalten werden. Unter Bedingungen maximaler Nukleosid-Mizell-Wechselwirkung (quantifiziert
durch Ermittlung der Gleichgewichtskonstanten) wird unter Ruckgriff auf kombinierte on-line
Anreicherungstechniken ein optimiertes und vollstandig validiertes MEKC Verfahren zur Identifizierung
und Quantifizierung von Nukleosiden in Urin-Proben entwickelt. Es wird gezeigt, dass “pseudostationary
ion-exchanger” sweeping hauptsachlich fir den beobachteten Anreicherungsprozess verantwortlich ist.
C14MImBr kann jedoch aufgrund der niedrigen Retentionsfaktoren fiir Adenosin (Ado) and Cytidin (Cyd)

nicht effizient fir das Sweeping dieser Analyte eingesetzt werden. Auferdem komigrieren diese
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Nukleoside mit Bestandteilen der Urin-Matrix. Daher wurde zusatzlich das anionische Tensid SDS fir ein
Alternativverfahren zur Bestimmung von Ado und Cyd nach Uberfiihrung in kationische Spezies (unter
sauren pH-Bedingungen) unter Verwendung von “pseudostationary ion-exchanger” sweeping als on-line
Anreicherungsprinzip herangezogen. Dieses Alternativverfahren wurde erfolgreich angewendet, um Ado
und Cyd in Urinproben zu bestimmen. Ergdnzend wurde nachgewiesen dass mit einem
Hintergrundelektrolyten, der ein Alkyl- oder Arylboronat zusétzlich zu Cu4MImBr enthalt, die
Retentionsfaktoren aller untersuchten Nukleoside signifikant erhoht sind. Diese Verschiebung der
Retentionsfaktoren zu hdheren Werten wird der Wechselwirkung mit der zusatzlich Gber die Alkyl/Aryl-
Gruppe des Boronats eingefiihrten hydrophoben Struktureinheit zugeschrieben (Komplexbildung des
Boronats mit der cis-Diol-Gruppe des Nukleosids). Es wird gezeigt, dass die entwickelten
Optimierungsstrategien in validierten Verfahren genutzt werden kénnen, die eine Identifizierung und
Quantifizierung der untersuchten Nukleoside in Urin-Proben ermoglichen (Nachweisgrenzen im Bereich
von 0,1-0,2 mg L).

In einem zweiten Schritt wird 2-Hydroxypropyl--cyclodextrin (2-HP-B-CD) als Puffer-Additiv in einem
Borat-Borsaure-Puffer verwendet. Dieses Additiv ermoglicht eine Modifizierung der Trennselektivitat und
eine vollstandige Trennung der untersuchten Nukleoside via CZE. Unter Nutzung der sehr hohen
Komplexbildungskonstante zwischen Nukleosid und Tetrahydroxyborat unter gleichzeitiger Verwendung
des selektivitditsmodifizierenden Additivs 2-HP-B-CD wird ein sehr empfindliches CZE-Verfahren
entwickelt, dessen Nachweisgrenzen 10-40 ug L=' erreichen. Dieses Verfahren stitzt sich auf eine
mehrstufige on-line Anreicherung unter Einbeziehung von dynamic pH junction, borate sweeping und
large volume sample stacking (LVSS). Eine Validierung wird gemaf den Leitlinien der ICH durchgefihrt.
Das validierte Verfahren wird erfolgreich auf die Identifizierung und Quantifizierung von Nukleosiden in
gespiktem und ungespiktem Urin angewandt. Die Ergebnisse dieses Teils der Untersuchungen werden
nachfolgend auf die Analyse ausgewahlter a-Aminocephalosporine in Oberflachenwasser Ubertragen.
Unter Hinzuziehung einer hochempfindlichen Detektionsmethode (Laser-induzierte Fluoreszenz (LIF)
Detektion) wird CZE mit LVSS-sweeping zur Analyse von Cefalexin und Cefadroxil in gespiktem

Lahnwasser genutzt (Nachweisgrenzen 5-8 ng L-1).



5. Cumulative Part
(Publications)






5.1. Publication |

Imidazolium-based ionic liquid-type surfactant as pseudostationary
phase in micellar electrokinetic chromatography of highly hydrophilic

urinary nucleosides

Azza H. Rageh, Ute Pyell

Journal of Chromatography A, 1316 (2013) 135-146
d0i:10.1016/j.chroma.2013.09.079







Publication I: Summary and discussion

5.1.1. Summary and discussion

In this publication, we investigate the MEKC analysis of the highly hydrophilic urinary nucleosides as
negatively charged metabolites under alkaline pH conditions using the imidazolium-based ionic liquid-type
surfactant 1-tetradecyl-3-methylimidazolium bromide (C14MImBr). The investigated analytes are adenosine
(Ado), cytidine (Cyd), uridine (Urd), 5-methyluridine (5MeUrd), guanoisne (Guo), inosine (Ino), and
xanthosine (Xao). The negative charge of the nucleosides is acquired due to complexation with
tetrahydroxyborate and/or dissociation of the amidic group (Fig. 1). The effective electrophoretic mobility
data show that complexation between these nucleosides and tetrahydroxyborate occurs with a high

degree of complexation even at very low borate concentration (2.5 mmol L-" disodium tetraborate).
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Figure 1: Suggested retention mechanism for the nucleosides using C14MImBr micelles.

The performance of C14MImBr in nucleoside separation is compared to either (i) the commonly used anionic
surfactant sodium dodecyl sulfate SDS or (ii) the conventional tetralkylammonium salt cationic surfactant
tetradecyltrimethylammonium bromide (TTAB). It is shown that the separation of the investigated
nucleosides is achieved with good resolution using a low concentration of C14MImBr in the background
electrolyte (BGE). The separation of seven urinary nucleosides is successfully achieved using 20 mmol
L-" C44MImBr in 5 mmol L-' borate buffer, pH 9.38. This approach avoids the use of high SDS
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concentrations typically associated with the analysis of these highly hydrophilic metabolites as neutral

species, which is frequently accompanied by high electric current, Joule heating and long analysis time.

Moreover, C1sMImBr provides a selectivity, which is different from that of TTAB due to the versatility of the
interaction sites provided by the imidazolium head group. Besides electrostatic interaction (that is also
existing with TTAB), the imidazolium head group offers additional types of intermolecular interactions
(m— m, ion-dipole, and hydrogen-bonding interactions). The stronger interaction of C1sMImBr with the
nucleosides is reflected by higher values of the pseudoeffective electrophoretic mobility compared to that
obtained using TTAB. The higher repeatability of the migration times accompanied with the use of
C14MImBr compared to TTAB is attributed by us to the efficiency by which C14MImBr dynamically coats the

inner capillary wall.

It is proven that the negatively charged nucleosides interact mainly with the oppositely charged PSP by
electrostatic (Coulomb) forces, while hydrophobic interaction can be considered to be negligible (Fig. 1).
The dependency of the retention factor of the nucleosides on the concentration of borate (buffering,
complexing and competing ion) and on the pH of the BGE is determined, being the highest at the lowest
borate concentration and at the pH that enables a full deprotonation of the nucleosides under investigation.
Based on the classical theory of ion-exchange chromatography, C1sMImBr can be regarded as a
pseudostationary ion-exchanger that provides a fixed concentration of the ion-exchange sites and
enables the regulation of the retention factors by proper adjustment of the concentration of the
competing buffer ion or the pH of the BGE. Compared to hydrophilic interaction chromatography
(HILIC), our new MEKC strategy provides a faster, a more efficient, a highly reproducible and a highly

selective method for the analysis of the highly hydrophilic nucleosides.
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5.1.2. Author contribution
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ABSTRACT

Ionic liquid (IL)-type surfactants have been shown to interact more strongly with polar compounds than
traditionally used quaternary ammonium cationic surfactants. The aim of this study is to provide an alter-
native micellar electrokinetic chromatographic method (MEKC) for the analysis of urinary nucleosides in
their ionic form at low surfactant concentration. This approach could overcome the use of high surfactant
concentrations typically associated with the analysis of these highly hydrophilic metabolites as neutral
species, which is frequently accompanied by high electric current, Joule heating and long analysis time.
The investigated IL-type surfactant; 1-tetradecyl-3-methylimidazolium bromide (C;4MImBr) is similar
to the commonly employed cationic surfactant; tetradecyltrimethylammonium bromide (TTAB) but it
provides a different separation selectivity. We employed C;4MImBr micelles for the MEKC analysis of
seven urinary nucleosides. The studied analytes possess a negative charge at pH 9.38 (exceptions are
adenosine and cytidine which are neutral at this pH value). Borate imparts an additional negative charge
to these compounds after complexation with the cis-diol functionality of the ribose unit, which in turn
enables them to interact with the oppositely charged C;4MImBr micelles via electrostatic (Coulomb)
forces. The effect of the concentration of borate (the complexing, competing and buffering ion) on the
effective electrophoretic mobilities and on the retention factors was investigated. The effective elec-
trophoretic mobility data show that complexation between these nucleosides and borate occurs with
high degree of complexation even at very low borate concentration (2.5 mmol L~! disodium tetraborate).
In addition, we found that the retention factors are strongly dependent on the borate concentration being
the highest when using the lowest borate concentration and they can be regulated by variation of either
tetraborate concentration or the pH of the background electrolyte using only 20 mmol L-! C;4,MImBr. We
confirmed also that the main mode of interaction between these analytes and the C;4MImBr micelles is
electrostatic interaction. Our experimental results reveal that the cationic surfactant C;4MImBr exhibits
superior selectivity and higher reproducibility relative to that of TTAB, which makes this surfactant a
promising cationic surfactant for the MEKC separation of other hydrophilic polar analytes.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

istry. The low symmetry and the relatively large size of the ions
constituting the ILs lead to a lowering of the lattice energy, and

Ionic liquids (ILs) are known as molten salts with melting
points below 100°C. They are a class of ionic non-molecular sol-
vents with a multitude of physicochemical properties. The most
remarkable properties include their high thermal stability, a low
vapour pressure, the miscibility with water and a variety of organic
solvents, notable catalytic properties, as well as good extraction
coefficients for various organic compounds [1]. They are envi-
ronmentally benign and their non-flammability and low volatility
allow them to gain an increasing interest in the field of green chem-

* Corresponding author. Tel.: +49 6421 2822192; fax: +49 6421 2822124.
E-mail address: pyellu@staff.uni-marburg.de (U. Pyell).

0021-9673/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.chroma.2013.09.079

hence the melting point of the resulting ionic liquid. ILs were a
subject of many recent review articles, which highlight a variety of
applications in many areas of separation science [1-4].

It was reported that ILs possessing long hydrophobic alkyl tails
with cationic polar headgroups can form micelles when they are
dissolved in water in a concentration above their CMC (critical
micelle concentration). This property enables ILs to emerge as a
new class of surfactants, especially because they possess the prop-
erties of cationic surfactants in addition to the restricted number
of the classic cationic surfactants and the growing interest in appli-
cations that involve cationic surfactants. As recently pointed out in
the review article of Pino et al. [1], it is more adequate to employ
the term ionic liquid-based surfactants rather than IL surfactants as
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the cation/anion pair forming the ionic liquid does no longer con-
stitute a true ionic liquid once the ionic liquid is dissolved in water
or any organic solvent [1].

Dong et al. [5] and Vanyur et al. [6] reported that micelles
are formed in an aqueous solution of long-chain ILs; namely
1-tetradecyl-3-methylimidazolium bromide (Ci4MImBr) and 1-
hexadecyl-3-methylimidazolium bromide (C;MImBr). They found
that imidazolium-based ILs are superior to the traditional cationic
alkyltrimethyl ammonium bromides in their ability to form
micelles, i.e. their CMC values are significantly lower than those
of the classic cationic surfactants with comparable alkyl chain
length. Alkylimidazolium-based ILs are the most widely used class
of IL-type surfactants in capillary electrophoresis [3]. In addition
to their role as background electrolyte (BGE) modifier in capillary
electromigration separation techniques [7-10], few reports have
described the MEKC utility of long-chain imidazolium-based ILs as
pseudostationary phase (PSP) [11-13] in MEKC. Interest in IL-type
surfactants stems from the fact that they offer a high versatility
of interaction types (electrostatic, -, ion-dipole or hydrogen
bonding interactions with the imidazolium cation head group and
hydrophobic interaction due to the long alkyl tail) [14].

Metabolomics has acquired a special focus and increased pop-
ularity in life science over the last decade [15,16]. The change in
the concentration of specific metabolites in urine reflects a certain
physiological or pathological state in the human body, therefore
the identification of metabolite profiles is one of the main goals
of metabolomics [17]. Nucleosides are metabolites of either RNA'’s
turnover or oxidative damage of DNA. Normal or unmodified nucle-
osides, e.g. uridine and guanosine, can be either reutilized to form
nucleotide triphosphates or further degraded to form uric acid and
[3-alanine. Modified nucleosides, which mostly exist in the transfer
RNA (tRNA) and are formed during posttranscriptional modifica-
tion by numerous modification enzymes [ 18], cannot be reutilized
or degraded, but are circulated unchanged in the blood stream
and are excreted intact in the urine. Abnormal levels of modified
nucleosides can indicate degradation of RNA. Therefore, urinary
nucleosides, especially modified ones, can be used as a useful bio-
logic marker of cancer. Such a marker reflects the presence of cancer
or indicates changes in the tumour mass and can be useful in fol-
lowing up chemotherapy [19].

Nucleosides have been separated using different analyti-
cal techniques such as reversed phase high-performance liquid
chromatography (RP-HPLC) [20-22], hydrophilic interaction chro-
matography (HILIC) (due to their highly hydrophilic nature)
[23-25], immunoassay [26] and capillary electromigration sepa-
ration techniques including capillary zone electrophoresis (CZE)
[27], capillary electrochromatography (CEC) [28,29] and MEKC
[17,21,30-32]. Capillary electromigration separation techniques
for nucleoside analysis compared to HPLC offer high resolution
and separation efficiency, short analysis time, low sample volume
(nL), environmental compatibility, relatively low costs and suit-
ability for the analysis of large series of urine samples which is
highly desirable in the clinical laboratory [15]. Nucleoside analysis
using capillary electromigration separation techniques is usually
performed in two subsequent steps. The first step involves the
extraction of the nucleosides from urine using phenylboronate
affinity gel as solid phase extraction (SPE) stationary phase [19].
This extraction medium provides a unique means for the selective
enrichment of cis-diol containing metabolites. It forms cyclic esters
with the vicinal hydroxyl groups of the ribose unit of nucleosides
under basic pH conditions. While maintaining the basic conditions,
the analytes can be purified from interferences without any loss.
When the pH is switched to acidic conditions, the analytes are
eluted and after evaporating the extract to dryness, the extract is
dissolved in water and analyzed further. The second step is the
analysis step, which is commonly performed by MEKC with the

nucleosides in their neutral form and to a lesser extent when they
are charged by using either MEKC or CZE.

Terabe and co-workers [33] were the first who reported the
MEKC analysis of nucleosides. They used a BGE composed of
200 mmol L-1 SDS, 25 mmol L~ sodium tetraborate, 50 mmol L~!
sodium dihydrogen phosphate, pH 7 for the separation of 4 nucleo-
sides and one deoxynucleoside. This buffer composition was widely
adopted by many authors for the MEKC analysis of urinary nucle-
osides with slight modifications in the concentrations of SDS,
phosphate and borate buffers [17,21,30-32]. The use of a high con-
centration of the PSP reflects the highly hydrophilic nature of the
nucleosides which results in low retention factors. These high con-
centrations of SDS are typically associated with bubble formation,
migration time irreproducibility, noisy baseline [34], high electric
current and Joule heating. Working under low applied voltage (to
avoid such problems) results in long analysis times [18,31]. Hence,
the employment of a new pseudostationary phase that interacts
more strongly with these polar anaytes and can be used at a lower
concentration compared to the concentration needed for SDS is
highly desirable.

Jiang and Ma [34] reported a fast MEKC method for the anal-
ysis of urinary nucleosides (as charged species) in which they
used a borate-phosphate buffer, pH 9.5 containing 25 mmol L~!
cetyltrimethylammonium bromide (CTAB) as BGE. Unfortunately,
there is no emphasis in this work about the role of borate complex-
ation in enhancing the interaction between the nucleosides and
the PSP. In addition, there is no explanation for the effect of the
bufferionic strength on the retention factor of these analytes and no
clarification why most of the investigated analytes are eluted even
before the EOF (electro-osmotic flow) marker, which according to
our assumption may be attributed to the low interaction between
the nucleosides and the CTAB micelles. This low interaction con-
firms the need for new surfactants that are capable of interacting
more strongly with these highly hydrophilic analytes, which may
enhance their resolution while maintaining a short run time. Poor
reproducibility of EOF and migration times was also reported for
the use of tetraalkylammonium ions as a PSP [35]. Therefore, it is
also required to employ new cationic surfactants that provide a
stable dynamic coating and a reproducible EOF velocity resulting
in reproducible migration times.

According to the best of our knowledge, the MEKC analy-
sis of urinary nucleosides employing IL-type surfactants has not
been reported so far. In this work, we employ C;4MImBr as PSP
for the MEKC separation of six unmodified nucleosides and one
methylated nucleoside, based on the assumption that the main
mode of interaction between the nucleosides and the micelles
formed by C;4MImBr is electrostatic interaction, while regarding
the C14MImBr micelles to be a pseudostationary ion-exchanger. In
addition, we investigate the optimum borate concentration that
enhances the interaction of urinary nucleosides (as charged ana-
lytes) with the positively charged pseudostationary ion-exchanger.
The effect of the buffer type, the buffer pH and the buffer ionic
strength on the retention factors of the investigated analytes is
studied. The performance parameters for C{4MImBr are compared
to those exhibited by a conventional cationic surfactant (TTAB) in
terms of resolution, selectivity, and migration time reproducibil-
ity. Moreover, the selectivity of the developed method regarding
the separation of nucleosides from nucleic bases and uric acid is
compared to that reported for HILIC.

2. Experimental
2.1. Chemicals and background electrolytes

Nucleoside standards cytidine (Cyd), adenosine (Ado), 5-
methyluridine (5MeUrd), uridine (Urd), guanosine (Guo), inosine
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(Ino), xanthosine (Xao) were purchased from Sigma-Aldrich, Stein-
heim, Germany; their chemical structures are presented in Fig.
S1 (supplementary data). Tetradecyltrimethylammonium bromide
(TTAB), uric acid, xanthine (Xan), cytosine (Cyt), adenine (Ade),
3-(N,N-dimethyltetradecylammonio)-propanesulfonate (ZS), 1-
bromotetradecane (98%), 1-methylimidazole (99%), hexanophe-
none, heptanophenone, octanophenone, decanophenone, dode-
canophenone and phosphorous pentoxide were from Sigma-
Aldrich, Steinheim, Germany. Uracil (Ura), thymine (Thy), guanine
(Gua), sodium dodecyl sulphate (SDS), hydrochloric acid, phos-
phoric acid and sodium hydroxide were from Fluka, Buchs,
Switzerland. Disodium tetraborate decahydrate (borax), sodium
dihydrogen phosphate monohydrate, disodium hydrogen phos-
phate dihydrate was from Merck, Darmstadt, Germany. Thiourea
was from Riedel-de Haén, Seelze, Germany. Sodium hydrogen
carbonate and sodium sulphate anhydrous were from Griissing,
Filsum, Germany. Methanol, HPLC grade was from VWR-BDH-
Prolabo, Leuven, Belgium. Ethyl acetate and toluene were available
at the department of chemistry, Marburg, Germany. d-Chloroform
was from Deutero, Kastellaun, Germany. All single analyte stock
solutions (800 mg L~ of Ado, Cyd, Urd, 5MeUrd, Ino, 400 mg L~ of
Xao, Guo, Gua, 100mgL-1 of Cyt, Ura, Thy, Ade, 36 mgL~! of Xan
and 530mgL-1 of uric acid) were prepared in water except Gua
and uric acid stock solutions which were prepared in 20 mmol L~!
NaOH. Stock solutions of the nucleoside standards are stored in the
refrigerator and are used within one month. The working standard
solutions were prepared daily in which the concentration of each
of the studied nucleosides in the sample solution mixture was
20mgL-1, unless otherwise specified. Thiourea stock solution was
1000 mg L~! in water. A stock solution of decanophenone was pre-
pared in methanol (300mgL-1). Refer to the supplementary data
for the synthesis and characterization of C;4MImBr (Table S1, Figs.
S2-S5).

Stock solutions of borate buffer, phosphate buffer, and sodium
bicarbonate were prepared and further diluted for the prepara-
tion of the background electrolytes. Stock disodium tetraborate
buffer (100 mmol L-1, pH 9.48) was prepared by dissolving 9.5342 g
disodium tetraborate decahydrate in 200 mL water and diluting
to 250 mL with water. Stock phosphate buffer (40 mmolL-!, pH
7.85)was prepared by dissolving 0.1435 g (4.2 mmol L-1) of sodium
dihydrogen phosphate monohydrate and 1.5942 g (35.8 mmol L~ 1)
of disodium hydrogen phosphate dihydrate in 200mL water
and diluting to 250 mL with water. Stock sodium bicarbonate
solution (100mmoLL~!, pH 8.65) was prepared by dissolving
1.6802¢g of sodium bicarbonate in 100 mL water and diluting
to 200mL with water. Phosphate buffer (50 mmolL-!, pH 6.86)
for MEKC experiments using either SDS or TTAB was prepared
by mixing 25 mL of sodium dihydrogen phosphate monohydrate
(250mmol L) and 25 mL of disodium hydrogen phosphate dihy-
drate (250 mmol L-1) in 250 mL volumetric flask and diluting with
water to 250 mL.

The micellar BGEs were either (i) 2.5, 5, 10, 15, 20, 30 or
40 mmol L1 borate buffer containing 20 mmol L~! C;4,MImBr, pH
9.38 (without any adjustment) or (ii) 10 mmol L~ carbonate buffer
containing 20 mmol L~ C;4MImBr, pH 9.38 (pH was adjusted using
0.2molL-! NaOH) or (iii) 20mmolL-! borate buffer containing
either 20, 40, 60, 80 or 100mmolL-! TTAB, pH 9.38 or (iv)
20 mmol L1 borate buffer containing either 20, 40 or 60 mmol L~!
C14MImBr, pH 9.38 or (v) 2.5mmolL-! borate buffer containing
20mmol L-1 C14MImBr adjusted to pH 8.49, 9.02, 9.38, 9.60, 9.84,
10.09, 10.41 (using either 0.2 mol L~1 HCl or 0.2 molL~! NaOH).

The non-micellar BGEs were either 2.5, 5, 10, 15, 20, 30 or
40 mmol L~ borate buffer adjusted to pH 9.38 (using 0.2 mol L~!
HCl) or 2.5 mmol L~ borate buffer adjusted to pH 8.51, 9.03, 9.38,
9.6, 9.86, 10.11, 10.43 (using either 0.2 mol L~! HCl or 0.2 mol L~!
NaOH) or 20 mmol L~ phosphate buffer adjusted to pH 7.05, 7.97,
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8.35, 8.63, 9.07, 9.37, 9.55, 9.84, 10.43, 11.30 (using either phos-
phoric acid or 1molL~! NaOH).

The pH of the micellar BGEs containing C14MImBr is lower than
the corresponding non-micellar BGEs containing no C14MImBr by
about 0.05 pH units due to the slight acidity of the imidazolium
cation, therefore the pH of the non-micellar BGEs must be adjusted
to be exactly the same as the pH of the micellar BGEs containing
C14MImBr using 0.2 mol L-1 HCL

All buffer solutions were filtered prior to use through a 0.45 wm
nylon membrane filter (WICOM, Heppenheim, Germany). BGEs
were replaced after every four runs.

2.2. Instrumentation

All measurements were done using the ATI Unicam CE System,
Crystal 300 Series, Model 310 equipped with UV/vis detector Spec-
tra 100 (with deuterium lamp) from Thermo Separation Products,
San Jose, USA, set to a wavelength of 257 nm. Oven temperature
was kept at 35°C. Data acquisition was done using an AD-
converter (USB-1280FS, Measurement Computing, Middleborough,
USA). Data were recorded using CE-Kapillarelektrophorese soft-
ware (development of the electronic workshop of the Department
of Chemistry, University of Marburg based on Delphi). Data analy-
sis was performed with Origin 8.5 software (OriginLab Corporation,
Northhampton, USA). Fused silica-capillaries (50 pm L.D., 360 pm
0.D.) were obtained from Polymicro Technologies (Phoenix, AZ,
USA), with a total length of 649 mm and a length to the detec-
tor of 502 mm (if not stated otherwise). Blue Ribbon 589/3 ashless
quantitative filter paper (Schleicher & Schuell, Dassel, Germany)
with a diameter of 125 mm and 2 pm retention was used for filtra-
tion. InoLab pH 720 (WTW, Weilheim, Germany) was used for pH
measurements. 'H NMR, 13C NMR and IR measurements were car-
ried out on Avance 300 or Tensor 37 spectrometer (Bruker GmbH,
Germany), respectively.

New capillaries were conditioned by flushing them first with
NaOH solution (1 molL-1) 60 min, water 30 min, and BGE 5 min
using an applied pressure of 800 mbar. Between runs the capillar-
ies were rinsed with methanol 2 min, HCl (1 molL-1) 2 min, water
2min, NaOH solution (1 molL~1) 2 min, water 2 min and finally
with BGE for 2 min using an applied pressure of 800 mbar. The sep-
arations were performed with the micellar and non-micellar BGE
under an applied voltage of —10 or +10 kV, respectively, unless oth-
erwise specified. The samples were pressure-injected at 30 mbar
for 12s.

The electroosmotic hold-up time t; [36] and the elution time
of the micellar phase tyc were determined using thiourea and
decanophenone, respectively, as neutral markers. Electrophoretic
mobilities were determined from electropherograms containing a
peak of the hold-up time marker. Peak identities were confirmed
by spiking.

3. Results and discussion

3.1. Chemical structures and physical properties of the studied
analytes

Nucleosides are glycosylamines consisting of a nucleobase
linked to a D-ribose sugar unit via beta-glycosidic linkage. The
presence of a ribose sugar unit in the nucleoside structure imparts
them a highly hydrophilic nature as reflected by low Ig Pow values
(Fig. S1, supplementary data). The seven investigated nucleosides
namely; Ado, Cyd, Urd, 5MeUrd, Guo, Ino and Xao (abbreviations
according to IUPAC-IUB commission on biochemical nomencla-
ture [37]) were selected as model examples to test our new MEKC
strategy. These compounds can be considered to be the most
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problematic ones due to their highly hydrophilic nature and weak
interaction with the pseudostationary phase. However, it must be
emphasized that urine might contain a larger number of modi-
fied nucleosides. Beside the non-availability of many nucleoside
standards [27], many of the modified nucleosides such as N!-
methyladenosine, N6-methyladenosine, N2-methylguanosine and
N2 ,N2-dimethylguanosine are more hydrophobic than the investi-
gated analytes as indicated by analysis via MEKC using either CTAB
[34] or SDS [17] as PSP. It can be expected that their separation
can be achieved with a lower surfactant concentration than that
needed for the separation of those analytes, which are investigated
in the present study. Therefore, our main focus will be directed to
the most hydrophilic species.

Five of the studied compounds; namely Urd, 5MeUrd, Ino, Guo
and Xao have pK; values between 8.80 and 9.70 (except Xao with
pK;=5.70) due to the presence of an amidic group; therefore these
compounds are considered to be weak acids. Ado, Guo and Cyd are
considered to be weak bases as they can be protonated on one of
the ring nitrogen atoms, which act as proton acceptors, rather than
on the exocyclic amino group [38] and this —NH; group shares
the positive charge of the cation by resonance. Xao and Ino can
be protonated on one of the ring nitrogen atoms and can also act
as a weak base. Owing to the presence of vicinal diol moieties
(pKa ~12.5) on the ribose unit, these compounds are capable of
forming reversible complexes with the borate anion under alka-
line pH conditions which enables them to acquire an additional
negative charge in addition to the negative charge gained due to
dissociation (with exception of Ado and Cyd that acquire their neg-
ative charge only due to borate complexation). We calculated the
pK, values for Ino, Urd, Guo and 5MeUrd in 20 mmol L~ phosphate
buffer from migration data and obtained 8.80, 9.27, 9.18 and 9.47
for Ino, Urd, Guo and 5MeUrd, respectively (Fig. S6A, supplemen-
tary data) that are in good agreement with those values found in the
literature (Fig. S1, supplementary data). As shown in Fig. S6B (sup-
plementary data), the absolute effective electrophoretic mobilites
of all studied analytes are higher in borate buffer than in phosphate
buffer.

It is noteworthy to mention that the effective electrophoretic
mobilites of Ado, Cyd and Xao are not dependent on the pH in case
of using phosphate buffer (Fig. S6A, supplementary data) as these
compounds are either neutral or fully dissociated in the investi-
gated pH range. In case of borate buffer, a significant increase in pegf
is observed for all analytes in the pH range from 8.51 to 9.38 (Fig.
S6B, supplementary data) that is attributed to either an increase
in the degree of dissociation (in case of 5MeUrd, Urd, Guo and
Ino) or to an enhanced degree of complexation. The effective elec-
trophoretic mobilities of Ado, Cyd and Xao are slightly increased
in borate buffer at pH >9.38 although the pK; value of boric acid
is 9.24. A possible explanation for this observation is that borate
under alkaline pH condition (above its pK;) and in the presence
of polyhydroxy organic compounds such as mannitol, glycerol or
nucleosides, acts as a much stronger acid (e.g. for the mannitol
borate complex, pK; is 3.80 [39]) and its pK, is lowered. There-
fore, in case of Ado, Cyd and Xao any further increase in the pH
value above 9.38 will have a very small effect on jtqf. We deduce
from these data that in presence of borate at pH > 9.38, the effective
charge number is increased to —2 in case of Xao and to —1 in case
of Ado and Cyd. The observed increase in g for the other analytes
is due to an increase in the degree of dissociation (effective charge
number between —1 and —2).

3.2. Separation by CZE
As nucleosides under alkaline pH conditions are negatively

charged either due to the dissociation of the amidic group or due
to complexation with borate, their separation by CZE is possible.
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Fig. 1. Electropherogram obtained from a standard solution mixture of 20 mgL~!
of each of the investigated nucleosides and 25 mgL-! thiourea in water. CE condi-
tions: 10mmolL~! sodium tetraborate (pH 9.38) as BGE; applied voltage +10kV;
pressure injection 30 mbar for 12 s. Peak designation: 1= cytidine, 2 = uridine, 3=5-
methyluridine, 4 =guanosine, 5 =xanthosine, 6 =adenosine, 7 =inosine.

As shown in Fig. 1, some of the nucleosides investigated can be
separated when using 10 mmol L~! borate buffer as BGE. A closer
inspection of the electropherogram in Fig. 1 demonstrates that Ado
and Cyd (that are neutral with zero electrophoretic mobility in
phosphate buffer, see Fig. S6A, supplementary data), migrate after
thiourea in the presence of borate buffer due to the charge gained
by borate complexation. The migration order for the other nucle-
osides is in accordance with their acid-dissociation constants (Fig.
S1, supplementary data). However, under the conditions employed
Ado and Cyd comigrate and it is very difficult to separate these ana-
lytes without adding further additives. No better separation was
achieved for this peak pair by increasing the borate concentration
up to 40 mmol L~ (Fig. S7, supplementary data). The resolution can
be improved for other nucleosides (Fig. S8A, supplementary data),
although increasing the borate concentration in the BGE does not
alter the overall selectivity of the separation. The observed increase
in migration times is due to the decrease in the electroosmotic
mobility with increasing ionic strength. The enhancement of the
peak efficiency and the peak height at higher borate concentra-
tion (Fig. S7, supplementary data) can be attributed to the on-line
zone focusing by stacking, which is dependent on the conductivity
difference between the sample matrix (water) and the BGE.

From plotting (¢ against pH (see Fig. S8B, supplementary data),
pH 9.38 was selected as optimum value offering the best selectiv-
ity within the investigated range. The degree of complex formation
is dependent on the concentration of the complexing ion borate.
For a fixed pH (9.38) the borate concentration was varied from
2.5 up to 40 mmol L~! borax (Fig. S7, supplementary data). Plotting
e against the concentration of borate (Fig. S8B, supplementary
data), reveals that uef is independent of the borax concentration
within the studied range. This implies that the degree of complexa-
tion is close to one at very low borate concentration (2.5 mmol L~!
tetraborate) which gives an indication about the very high complex
formation constants of the formed complexes. It was not possible
to inverstigate lower borax concentrations<2.5mmolL~! due to
the low buffer capacity associated and the very low electric current
strength generated.

3.3. Separation by MEKC
3.3.1. Separation of nucleosides as neutral compounds

We started our investigation by employing SDS as anionic
surfactant for the MEKC separation of nucleosides as neutral
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Fig. 2. Suggested retention mechanism for the nucleosides using C;4sMImBr micelles.

compounds. After preliminary trials, a BGE composed of
200mmol L-! SDS in 50 mmol L1 phosphate buffer, pH 6.86 was
successful in separating the seven nucleosides (Fig. S9, supplemen-
tary data) within 30 min. This optimized BGE composition is quite
similar to those found in the literature for the analysis of urinary
nucleosides [33,40]. The high concentration of the PSP reflects the
low partitioning constants between the micellar phase and the
aqueous phase. However under these conditions migration times
proved to be irreproducible either for intra- or inter-day conditions,
which can be attributed in part to the high electric conductivity of
this buffer, which is associated with a high current strength and
significant Joule heating (see Fig. S10, supplementary data).

It was previously reported that SDS forms mixed micelles
with zwitterionic surfactants [41]. This combination increases
the micelle radius and reduces the surface charge density
relative to pure SDS micelles which will have an impact
on the partitioning coefficients of hydrophilic analytes [41].
Based on these considerations, we tested a BGE containing
mixed micelles formed by SDS and the zwitterionic surfac-
tant; 3-(N,N-dimethyltetradecylammonio)propanesulfonate (ZS):
(i) 25mmolL-1 SDS and 15mmolL-! ZS, (ii) 50 mmolL~1 SDS
and 5mmol L-1 ZS, (iii) 75 mmol L-! SDS and 10 mmol L-! ZS and
(iv) 100mmol L~ SDS and 10 mmolL-! ZS in 50 mmol L~ phos-
phate buffer, pH 6.86. There is, however, no improvement with
regard to a BGE containg 200 mmolL~! SDS (results not shown).
Higher concentrations of SDS (>100mmol L) result in long and
irreproducible migration times. Trials to use a higher concen-
tration of the zwitterionic surfactant (>15mmolL-1) result in a
highly viscous solution that cannot be introduced into the cap-
illary. We obtained similar results (data not shown) with the
cationic surfactant tetradecyltrimethylammonium bromide (TTAB)
either without ZS (200 mmol L-! TTAB) or in combination with ZS
(100mmolL-! TTAB and 50 mmolL~! ZS) in 50 mmolL~! phos-
phate buffer pH 6.86. It can be generally stated that the tested
nucleosides are highly hydrophilic and another mode of interac-
tion (other than hydrophobic interaction) is strongly needed, if a
reduction of the PSP concentration is required.

3.3.2. Separation of nucleosides as charged compounds

3.3.2.1. Retention of charged analytes. In the presence of borate the
studied analytes are negatively charged within the investigated pH
range. Their separation in electrokinetic chromatography is con-
sequently based on chromatographic as well as electrophoretic
principles. The overall retention factor will be the sum of the
retention factors for all species present (for more details, see the
supplementary data). As shown in Fig. 2, the nucleosides can inter-
act with the positively charged PSP by electrostatic interaction
due to the negative charges acquired by dissociation and/or com-
plexation. As listed in Table 1, in aqueous solution, the described
dissociation (Eq. (1a)), compexation (Eq. (1b) and Eq. (1c)) and
association (Egs. (1d)-(1g)) equilibria have to be taken into con-
sideration. In case of Ado and Cyd, the equilibria described by Eqs.
(1b), (1d) and (1f) in Table 1 have to be considered, while in case of
Urd, 5MeUrd, Guo, Ino and Xao, all these equilibria (Egs. (1a)-(1g))
are involved. In this case, the overall retention factor k of the nucleo-
side is the weighted average of the retention factors for four species
present in aqueous solution as given by Eq. (2) in Table 1. In case
of Ado and Cyd the second and the fourth term can be deleted as
they are not deprotonated within the investigated pH range. Due to
the high complex formation constant between borate and nucleo-
side, we can assume that at pH > 9.38 the association between the
neutral nucleosides or the charged uncomplexed nucleoside and
the positively charged PSP is negligible (Eqs. (1d) and (1e)). Con-
sequently, association can be ascribed to the complexed neutral or
deprotonated form of the nucleoside (Egs. (1f) and (1g)). The over-
all retention factor k of the nucleoside can then be approximated
to be the weighted average for only two species present in aqueous
solution (Eq. (3) in Table 1). In case of Ado and Cyd, caq(BN—0~)?~
is negligible and Eq. (3) can be further simplified.

It can be predicted that for anionic PSP kggy)- and k(BN_O*)Z*
will be very small (electrostatic repulsion). Therefore SDS can-
not be employed as PSP for the MEKC separation of nucleosides
as charged compounds. For a cationic PSP, however, strong elec-
trostatic interaction of the charged complexed nucleosides with
the oppositely charged PSP is expected. Both C;4,MImBr and TTAB
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Table 1

Equations describing (i) dissociation, comlpexation and association equilibria of the nucleosides, nucleosides with borate and nucleosides with the charged PSP, respectively,
(ii) dissociation of borax in water and (iii) the dependency of the retention factor on the competing ion concentration.

Eq. no. Equation Description of the symbols and letters
la N=N-0O-+H* N =nucleoside
1b N+B~ =[BN]~ B~ =tetrahydroxyborate anion, [BN] =complexed form of the nucleoside
1c N-O +B  =[BN-0" ]2’ N—O" =deprotonated form of the nucleoside, [BN—O ]*~ =complexed
deprotonated form of the nucleoside
1d N+ M = |NM** M** = micelle.
1e N—0~ +M* =[(N= 0" )M*]
1f [BN]- +M** = [(BN)~M~*]
1g [BN-O " + M = [(BN — 0" )* M*']
K Cag(N) K Caq(N) is the molar concentration of the neutral form in the mobile phase.
= N SN . . .
Caq(N) & Cag(N = O7) + Caq(BN)™ + Caq(BN — 07)2— Cag(N—07)is t{le_ molar concentration o_f the deprotonated form m_the mobile
- | « La
Cag(N=0") phase. caq(BN)" is the molar concentration of the complexed form in the
+ - - o k(N—O’) mobile phase. c;q(BN—0~ )2~ is the molar concentration of the complexed
2 Caq(N) + Cag(N = 07) + Caq(BN,) +Caq(BN - 07) deprotonated form in the mobile phase.
Caq(BN) . ;
+ 5 k(BN), kn is the retention factor of protonated form.
Caq(N) + Cag(N — O7) + Caq(BN)™ + Caq(BN—-07)" ken-o-) is the retention factor of deprotonated form.
. Cag(BN — O’)Z’ K kgny— is the retention factor of the complexed form.
- e Za -
Caq(N) + Cag(N — O )+ Caq(BN) + Caq(BN — O~ )2 (BN-0~) kn—07)?" is the retention factor of the complexed deprotonated form.
P Caq(BN)~
<= - 2= KNy~
3 Cag(BN)™ + caq(lgN -07)
GaBN-0)
—\2
Caq(BN)™ + Cag(BN — 07 )*~ N0
4 Na;B407 + 7H,0 — 2H3BO3 + 2B(OH), + 2Na™*
5 k=const-c(C) Y x is the effective charge number of the analyte, y is the effective charge number
of the competing ion, c(C) is the molar concentration of the competing ion.
6 Ig k = const — ;lg[c(C)]

can be regarded to be pseudostationary ion-exchangers provid-
ing a fixed concentration of ion-exchange sites. In the present
study, we investigate C;4MImBr and TTAB as positively charged
micelle-forming surfactants for the MEKC separation of the nega-
tively charged nucleosides. C;4;MImBr has a CMC of 2.5 mmol L~!
in water at 25°C (calculated by conductmetric measurements)
[6,42]. This value is lower than the CMC of tetradecyltrimethy-
lammonium bromide (CMC=3.6 mmolL-! in water at 25°C) [43].
As described by Pino et al. [1], IL-type surfactants are capable
of forming hemimicelles and admicelles when adsorbed onto a
solid support. Hemimicelles are defined as a monolayer of surfac-
tant formed on a solid support, whereas the positively charged
head groups are attracted to the surface of opposite charge. On
the other hand, admicelles form bilayer arrangements. In con-
trast to micelles, admicelles are formed below the CMC [44]. The
process in which either hemimicelles or admicelles are formed is
called dynamic coating of the capillary. As the capillary wall under
these conditions is positively charged, dynamic coating reverses
the direction of EOF.

As discussed before, the studied analytes are highly hydrophilic
and therefore the contribution of hydrophobic interaction with the
cationic micelles to the overall retention factors will be considered
to be very small or even negligible. Consequently, following buffer
parameters were taken into subsequent optimization studies: the
surfactant concentration, the buffer concentration, the buffer pH
and the buffer type. In addition, the sample matrix was selected to
be pure water as we imitated the extraction procedure of nucle-
osides from urine using a phenylboronate-based affinity gel [18],
i.e. dissolving the nucleoside standards in water mimics the pres-
ence of nucleosides in a urine sample extracted by phenyboronate
affinity gel and dissolved in water after evaporating the extract to
dryness. This assumption is based on the observation that elec-
tropherograms (in previously published papers [27,34]) recorded
for nucleosides extracted with phenylboronate affinity gel con-
tain only nucleosides without any interference from the matrix

due to the high selectivity of this extraction medium for cis-diol
metabolites. In addition, we have not used phenylboronate affinity
gel as the extraction by such a medium has been described exten-
sively in the literature and in the present work, we have therefore
focused on those factors affecting the separation and retention
of nucleosides, which have to be taken into account during real
sample applications. Only in those experiments, in which the cal-
culation of the retention factors was needed, the sample matrix was
composed of BGE/water/methanol (50:40:10, v/v/v) in order to sol-
ubilize decanophenone, the micelle marker. The temperature was
maintained at 35 °C because it allows a high EOF velocity and short
migration times. In all runs the generated electric current strength
was lower than 40 WA (applied voltage —20kV).

3.3.2.2. Optimization of the surfactant concentration. In order to
optimize the separation employing either C;4MImBr or TTAB as
a cationic surfactant, following starting conditions were selected:
20 mmol L1 borate buffer with varied concentration of C;4;MImBr
or TTAB at pH 9.38. As shown in Fig. 3A and B, a plateau curve is
obtained for each of the investigated nucleosides when plotting the
pseudoeffective electrophoretic mobility i against c(C;4MImBr) or
c(TTAB). All u values are positive relative to j.g measured in BGE
without surfactant due to the interaction of the negatively charged
analytes with the positively charged micelle. This plateau curve
confirms that the main mode of interaction between the negatively
charged nucleosides and the positively charged PSP is electro-
static interaction. These results are completely different from those
reported in case of neutral analytes [35] or charged analytes with
hydrophobic domain in which an increase in @ with increasing PSP
concentration is obtained.

A possible explanation for the results obtained in our case is
that by increasing the concentration of C14MImBr or TTAB, a subse-
quentincrease in the concentration of the counterion; bromide also
occurs which competes with the nucleosides on the ion-exchange
sites present on the pseudostationary ion exchangers (Fig. 2). It is
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Fig. 3. Effect of concentration of (A) C;4sMImBr or (B) TTAB in 20 mmol L~! borax, pH
9.38 on the pseudoeffective mobility. CE conditions: capillary 649(500) mm x 50 wm
1.D.; applied voltage —10kV; pressure injection 30 mbar for 12s. Each data point is
the average of at least three measurements, standard deviation represented as error
bar. For assignment of symbols, see Fig. 1.

clear also from Fig. 3, that the resolution between different analytes
is much better in the case of C;4MImBr as PSP than in the case of
TTAB, which can be ascribed to the versatility of interaction sites
provided by the imidazolium cation. Apart from hydrophobic inter-
action with the long alkyl tail, it was reported [14] that in addition
to the electrostatic interaction exerted by the imidazolium cation,
which is comparable to that exerted by the ammonium group, the
imidazolium moiety can interact with polar compounds by ion-
dipole interactions. Moreover hydrogen bonding is possible with
the C-2 hydrogen of the imidazolium ring [14].

The reproducibility of migration times (Fig. 4A and B) was
greatly improved when replacing TTAB with C14MImBr. For all the
investigated nucleosides, RSD of the retention times ranged from
0.915 to 1.429% in the case of TTAB and from 0.046% to 0.074% in
the case of C;4MImBr. This improvement can be attributed to the
micelle structure by which C;4MImBr dynamically coats the cap-
illary. It was reported that the lower homologue C;,MImBr forms
multilayer aggregates on the silica surface at a concentration equal
to or above 3 times its CMC [45], whereas TTAB forms spherical
micelle aggregates on the silica surface at concentration 2 times its
CMC [46]. This micellar coating formed by TTAB creates a rather
heterogeneous surface in which gaps between the micelle spheres
are evident due to the electrostatic repulsion between adjacent
micelles [47]. These irregularities may result in the observed non-
reproducible EOF velocity.
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Fig. 4. Electropherograms obtained from a standard solution mixture of 20 mgL~!
of each of the studied analytes and 25 mgL~' thiourea in water. CE conditions:
(A) 20mmol L-! C;4MImBr in 20 mmol L~ sodium tetraborate, pH 9.38 as BGE (B)
20mmolL~! TTAB in 20 mmol L-! sodium tetraborate, pH 9.38 as a BGE; capillary
649(500) mm x 50 wm I.D.; applied voltage —10kV; pressure injection 30 mbar for
12s. Peak designation: see Fig. 1.

3.3.2.3. Effectofthe buffer concentration. Inborate buffer, the borate
ions compete with the bromide ions and with the negatively
charged nucleosides (Fig. 2) with regard to the ion-exchange sites
on the pseudostationary ion-exchanger. At a fixed concentration of
C14MImBr and accordingly at a fixed concentration of bromide, the
retention factors of the nucleosides investigated are highly depend-
ent on the concentration of the competing ion borate. From this
observation we draw the conclusion that MEKC with Cq4MImBr
represents an analogy to ion-exchange chromatography (IEC) [48].

The retention factors were calculated according to Eq. S-2 (sup-
plementary data). At each borate concentration, two experiments
were performed subsequently. The first experiment was conducted
in the CZE mode to calculate u.¢ of each of the studied nucleosides
at a given concentration of borax (for more details, see Table S2
and Fig. S7, supplementary data). The second one was conducted
in the MEKC mode using 20 mmol L' C;4,MImBr to calculate x and
Jmc (the electrophoretic mobility of the micelles) under exactly
the same conditions as the experiment performed in the CZE mode
(Table S3 and Fig. S11, supplementary data).

In order to select a suitable micelle marker to calculate
Mmc, the migration times of a homologues series of alkylphe-
nones were studied. As illustrated in Fig. 5, decanophenone
has exactly the same migration time as dodecanophenone.
Accordingly, decanophenone and dodecanophenone are suitable
micelle markers. The use of decanophenone reduces the problems
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Fig. 5. Electropherogram obtained from a standard solution mixture of 20 mgL~!
of three of the investigated nucleosides and 28 mgL-! of all phenones (except
56mgL-! in case of octanophenone) in BGE/water/methanol mixture (50:40:10,
v/v/v). CE conditions: 20 mmolL~! C;4MImBr in 10 mmol L' sodium tetraborate,
PH 9.38 as BGE; applied voltage -10KkV; pressure injection 30 mbar for 12s. Peak
designation: see Fig. 1.

associated with using dodecanopheone such as strong adsorption
on the capillary wall and high methanolic content needed in the
sample solution [48] (decanophonone needs only 10% methanol in
the sample matrix (micellar BGE/water/methanol, 50:40:10, v/v/v)
to be solubilized).

As shown in Fig. 6A, a complete separation of the studied ana-
lytes was achieved by using only 20mmolL~! Ci4MImrBr in the
presence of 10mmol L~ tetraborate, pH 9.38. Under these condi-
tions, it is possible to separate Ado and Cyd, which are difficult to
be separated in the CZE mode. The reproducibility of the migration
times was excellent (Fig. 6B) with RSD <0.270%. In the follow-
ing discussion, it should be taken into consideration that borax,
when dissolved in water, hydrolyses to form a boric acid-borate
ion solution as shown in Eq. 4 (Table 1). Therefore, at pH=pKj, of
the weak acid, two molecules of boric acid remain unionized and
the other two exist as borate ions, therefore we have multiplied
the concentration of borax by the factor two to obtain the actual
concentration of the competing ion borate. Plotting the retention
factors for the analytes investigated against the concentration of
the competing ion borate reveals that the retention factors are
substantially decreased (Fig. 7A) with increasing borate concen-
tration. The decrease in the retention factor is non-linear and the
obtained curves converge to a limiting value. This decrease inreten-
tion factors is reflected by a decrease in relative migration times
(migration time of analyte/migration time of EOF marker) (see elec-
tropherograms shown in Fig. S11, supplementary data). Fig. S12
(supplementary data) shows that for Ado and Cyd u is still neg-
ative because these compounds have only one negative charge,
which is acquired by borate complexation, which explains their
weak interaction with the C;4MImBr micelles. In contrast, Xao has
an effective charge number of —2 due to deprotonation in addi-
tion to the charge gained by borate complexation. Therefore, u is
positive corresponding to the higher retention factor.

It is now interesting to see that at high borate concentration
Xao comigrates with Ino, which is in agreement with our hypoth-
esis that the retention of the nucleoside borate complexes on
the oppositely charged micelles can be modelled as ion-exchange
interaction. As we will show below, the extent to which the reten-
tion factor is influenced by the competing ion concentration is
dependent on the charge of the solute. It is also noticeable that the
migration order for Urd and 5MeUrd is reversed so that 5MeUrd
elutes after to Urd at c(tetraborate)>20 mmol L1,
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Fig. 6. (A) Electropherogram obtained from a standard solution mixture of
20mgL-! of each of the studied nucleosides, 25 mgL-! thiourea and 30 mgL~!
decanophenone in BGE/water/methanol mixture (50:40:10, v/v/v). CE conditions:
20 mmol L~! C;4MImBr in 10 mmol L~ sodium tetraborate, pH 9.38 as BGE; applied
voltage —10kV; pressure injection 30 mbar for 12 s. Peak designation: see Fig. 1. (B)
Electropherograms showing six reproducible runs from the same experiment.

Itis noteworthy to mention that the resolution between 5MeUrd
and Urd equals 1.52 (Fig. S11E, supplementary data) when using
10mmol L~ tetraborate in the BGE. This value can be improved by
lowering the tetraborate concentration. A resolution equal to 2.96
between 5MeUrd and Urd was achieved when using 5mmol L~!
tetraborate (Fig. S11F, supplementary data). It can be concluded
that the retention factors and accordingly the resolution between
nucleosides can be easily regulated by suitable adjustment of
the buffer ion concentration. A suitable buffer composition is
20 mmol L~! C;4MImBrin 5 mmol L~ borate buffer, pH 9.38. Under
these conditions and by using an applied voltage of —20KkV, the
generated current was only —9.9 pA.

According to the obtained results, we can deduce that the con-
centration of borate has a dramatic effect on the retention factors
of nucleosides in a manner exactly corresponding to what is typ-
ically observed in ion-exchange chromatography (IEC). In analogy
to IEC, from the simple stoichiometric model of retention (in which
the exchange process is described by the mass action law) simpli-
fied equations can be deduced (Egs. (5) and (6), Table 1) for low
analyte concentration under conditions in which only the concen-
tration of the competing ion is varied [48]. A linear decrease of
lg k with increasing competing ion concentration is expected when
plotting Ig k against Ig[c(C)] with a slope of the regression line cor-
responding to —x/y. In order to evaluate the validity of Eq. (6), 1g(k)
was plotted against Ig(c(borate)) (Fig. 7B). There is a clear deviation
from linearity, which can be ascribed to the presence of a second
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Fig. 7. (A) Retention factors dependent on the concentration of borate in
the BGE (c(C14MImBr)=20mmolL-!, pH 9.38). (B) Double logarithmic plot
of retention factors dependent on the concentration of borate in the BGE
(c(C14MImBr)=20mmol L-!, pH 9.38); the area marked with the black-lined box
illustrates the range of Ig(c(borate)) used to construct the regression lines (Table 2).
For assignment of symbols, see Fig. 3.

competing ion, the bromide ion, which is responsible for decreased
values of Ig(k) at low borate concentration. Due to the influence
of this second competing ion, a transition of the regression line
from a constant plateau value (at low c(borate)) to a region of lin-
ear decrease (at high c(borate)) can be expected. This observation
is in accordance with previously reported results [48]. Therefore,
only for c(borate) >20mmolL~!, the correlation coefficient r and
the slope of the regression line (plotting lg k against Ig(c(borate)))
were calculated (Table 2). As shown in Fig. 7B, a linear plot (r ranged
from 0.9929 in the case of Add to 0.9975 in the case of 5MeUrd)
with a negative slope is obtained. For Cyd no linear range was
reached which might be due to the imprecision of the determi-
nation of the retention factor for solutes with very low retention
factor. A comparison of the calculated slope with these values
expected from effective charge numbers shows that the stoichio-
metric model does not quantitatively fully describe the retention
behaviour observed. The determined values only reflect the trend
which would be expected from a comparison of pK, values. As
expected the slope is higher for Urd than for 5MeUrd. The higher
is the expected effective charge number of the solute, the higher
is the determined slope. This retention behaviour is expected if
retention is only due to Coulomb interactions (which might be
assisted by another type of interaction taking place simultaneously
e.g. by hydrophobic forces) and independent hydrophobic or other
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Table 2
Correlation

coefficients

and regression line

lg(c(borate)/mmol L-1)) for the investigated nucleosides.

143

slopes (lgk against

Nucleoside r (correlation Slope of the regression
coefficient) line (—x/y)?
Ado 0.9929 -0.53
Urd 0.9960 -0.73
5MeUrd 0.9976 -0.61
Guo 0.9963 —-0.67
Ino 0.9955 -0.70
Xao 0.9952 -0.82

2 xis the effective charge of the analyte, y is the effective charge of the competing
ion.

interactions (e.g. coordinative interaction with the neutral solute)
can be neglected [49].

To further confirm our hypothesis that exclusively Coulomb
interactions (possibly hydrophobically assisted) are responsible for
the observed retention, k was plotted against c(borate)=* (val-
ues of —x/y taken from Table 2). Here the slope is dependent on
the volume ratio of the two phases involved, on the ion-exchange
equilibrium constant, on the ion-exchange capacity of the pseu-
dostationary phase and on the retention due to hydrophobical
assistance [48-50]. This plot can be used to analyze retention
data (in which ion-exchange is involved) for a second independent
retention mechanism. At a competing ion concentration raised to
the power —x/y extrapolated to zero, Coulomb interactions can be
expected to be effectively suppressed. Therefore, the intercept of
such a plot must be zero if exclusively (or hydrophobically assisted)
Coulomb interactions are responsible for the observed retention. If
k is the sum of two independent processes (k=ky +k;) this plot
will have a significant y-axis intercept [49]. In addition, in the
second case a large slope relative to the intercept indicates that
ion-exchange interactions predominate over other types of inter-
action.

When plotting k against c(borate)=* (see Fig. 8) straight lines
with positive slopes are obtained. The intercepts of this plot are
very close to zero for all investigated nucleosides. Regarding the
statistical significance of the y-axis intercept, we applied t-test. The
t-values were calculated and the highest calculated t was found to
be 0.91 at df=3, which is smaller than the tabulated t value (3.18
at df=3 and P=0.05). We can conclude that at the specified sig-
nificance level, the intercepts are not significantly different from
zero. This result is in accord with the assumption that the reten-
tion of the charged nucleosides on a cationic PSP can be modelled

5
y(Xao) = 53.237x+0.1282
4
(Ino) = 27.553x+0.0812
34
X
21 y(Guo) = 13.412x+0.0263
14 y(Urd) = 8.212x+0.0187
y(5MeUrd) = 4.747x+0.0127
N L
0 . - = . :

) T T
0.00 0.05 0.10 0.15 0.20

c(borate)™/(mmol L)™

Fig. 8. k vs. [borate] " for the tested nucleosides. For analyte abbreviations refer
to the experimental part.
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8 Table 3
1 Retention factors in presence and absence of borax.?
74 Analyte k (10mmol L1 k(10 mmol L1
borax) carbonate buffer)
6 Ado 0.26 0.00
Cyd 0.11 0.00
5 Urd 0.92 0.14
Guo 1.78 0.35
x 4 Ino 3.34 0.58
Xao 4.58 0.64
3 5MeUrd 0.77 0.13
2 For experimental details see Figs. 6A and S16 (supplementary data).
2 -
1 3.3.2.5. Effect of the buffer type. In order to highlight the impor-
| tance of borate complexation in adjusting the interaction between
0 - ] . : i ] : : : : the nucleosides and the positively charged PSP, a BGE composed of
8.4 8.8 9.2 9.6 10.0 104 20mmolL~1 C{4MImBr in 10 mmol L-! carbonate buffer, pH 9.38

pH

Fig. 9. Retention factors dependent on the pH of the BGE
(c(C14MImBr)=20mmolL-! in 2.5mmolL-! sodium tetraborate). For assignment
of symbols, see Fig. 3.

by the retention of anions on a pseudostationary anion-exchanger,
which additionally confirms the validity of Eq. (3), i.e. interaction
of the PSP with the neutral uncomplexed form of the solute can be
neglected. Electrostatic interactions have to be considered to be the
dominant mode of interaction. The observed variation in selectivity
(variation in migration order) with increasing borate concentration
can be fully understood on the basis on the classical IEC theory.

3.3.2.4. Effect of the buffer pH. The retention factors of the nucle-
osides investigated are strongly dependent on the pH of the BGE
within the range of 8.49-10.41 (Fig. 9). In this study ¢(C;4MImBr)
was fixed at 20mmol L1 and c(borax) at 2.5 mmol L~!. This con-
centration of borax was selected to reach the highest possible
retention factors. At each pH value, two experiments were done
subsequently. The first experiment was performed in the CZE mode
to calculate pef of each of the studied nucleosides at a given pH
value (for more details see Table S4, Figs. S6B and S13, supple-
mentary data) and the second one was conducted in the MEKC
mode using 20 mmol L~! C;4MImBr to calculate x under exactly
the same conditions as the experiment in the CZE mode (Table S5,
Figs. S14 and S15, supplementary data). As illustrated in Fig. S13
(supplementary data), in the CZE mode there is insufficient reso-
lution for the analytes investigated within the pH range studied.
Fig. S14 (supplementary data) shows that in the MEKC mode at
pH >9.38, the relative migration times of the nucleosides (except
for Ado, Cyd and Xao) are increased by increasing the pH of the
BGE due to the induced increase in the effective charge number.
The migration order was changed by variation of the pH in the
case of Urd, 5MeUrd and Ino, Xao. This change in migration order
can be attributed to differences in the pK, values of the formed
borate complexes. Fig. S15 (supplementary data) illustrates that
the electrophoretic mobility of the micelles is independent of the
pH of the BGE. Adequate resolution between all studied analytes
was achieved at pH 9.38 (Fig. S11G, supplementary data). There-
fore, the optimum pH value was selected to be pH 9.38. Under
these conditions Ado coelutes with thiourea. As illustrated in Fig.
S11F (supplementary data), a complete separation between Ado
and thiourea can be obtained using 20mmolL~! C;4,MImBr in
5mmol L~! tetraborate, therefore this BGE composition was finally
selected as optimum.

was also tested for the separation of the investigated nucleosides.
Under these conditions and in the absence of borate, Ado and Cyd
are neutral. Therefore, they cannot be separated using this BGE and
they are coeluted with thiourea (Fig. S16, supplementary data). In
addition, Urd, 5MeUrd, Guo and Ino which have a degree of dissocia-
tion lower than one migrate very close to/with the EOF marker. Xao,
which has an effective charge number of —1, comigrates with Guo.
We calculated the retention factors of the investigated compounds
by performing a CZE experiment using 10mmolL-! carbonate
buffer, pH 9.38 as BGE. Then a subsequent MEKC experiment using
20mmol L~! C;4MImBr in 10 mmolL-! carbonate buffer, pH 9.38
as BGE (decanophenone was used as a micelle marker) (Fig. S16,
supplementary data) was carried out. As expected, the retention
factors in borate buffer are higher than those in carbonate buffer
(Table 3) in accord with the increase in effective charge number
due to complexation with borate. This result further confirms our
hypothesis that the retention of the charged hydrophilic nucle-
osides by oppositely charged IL-type surfactant micelles can be
modelled as retention of charged solutes by a pseudostationary ion-
exchanger. Borate complexation and the negative charge gained
due to such a complex plays a significant role in enhancing the
interaction between the nucleosides and the positively charged
micelles. In addition, we can conclude that neither CZE using borate
buffer nor MEKC using C14MImBr in carbonate buffer enable the
separation of all studied nucleosides within the parameter range
studied. Only a combination of borate complexation and interac-
tion with the C;4MImBr micelles is successful for the separation of
the investigated analytes.

3.3.3. Selectivity of the developed MEKC method compared to
that exhibited by HILIC

The employment of C;4MImBr in combination with borate in
the separation buffer can be used for the selective separation of
nucleosides from nucleobases and uric acid. Fig. 10 shows the
electropherogram of a sample solution containing nucleosides,
nucleobases and uric acid. There is a comigration for thiourea and
Cyt and for Thy and Xan. For Ado and Ura and for 5MeUrd and
Uric acid, there is no baseline separation. All other nucleosides are
baseline separated.

The separation of the very similar nucleosides and nucleobases
is possible because of the combination of borate complexation and
the use of C;4,MImBr as a PSP. As mentioned in Section 3.3.2.3,
the higher is the negative charge of the analyte, the stronger is
the electrostatic interaction with the positively charged Cq4MImBr
micelles, which results in longer migration times. In contrast to
the nucleobases, nucleosides acquire an additional negative charge
by complexation with borate because of their cis-diol groups. The
nucleobases possess their negative charge only due to the disso-
ciation of the amidic group, therefore they show a much weaker
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Fig. 10. Electropherogram obtained from a standard solution mixture of 20 mgL~!
of each of the studied nucleosides, 10mgL-! of Cyt, Gua, Thy, Ura, Ade, 7.2 mgL~!
of Xan, 13.3mgL-! of uric acid and 25mgL-! thiourea in water. CE conditions:
20 mmol L~ C;4MImBr in 5mmol L~ sodium tetraborate, pH 9.38 as BGE; capil-
lary 647(502) mm x 50 wm L.D.; applied voltage —20kV; current —9.9 nA; pressure
injection 30 mbar for 12 s. For analyte abbreviations refer to the experimental part.

interaction with the positively charged micelles and elute earlier
(Fig. 10). On the other hand, uric acid elutes later relative to the
nucelobases because uric acid, a product of the metabolic break-
down of purine nucleotides, is a diprotic acid (pK; =5.4, 10.3) [51].
Therefore, under the experimental conditions employed (Fig. 10),
it has an effective charge number higher than —1. Those nucle-
osides having an effective charge number between —1 and -2
(Urd, 5MeUrd, Guo, Ino and Xao) are eluted after the nucleobases,
whereas Cyd and Ado having an effective charge number of —1 have
migration times within those of the nucleobases.

Due to their highly hydrophilic nature, nucleosides were the
target analytes of many articles that investigate HILIC for their sep-
aration [23]. The primary retention mechanism of HILIC stationary
phases is to bind water on their surfaces. The retention of the ana-
lytes can be ascribed due to the partition of the solute between the
organic and the aqueous phase or due to the adsorption of the ana-
lyte on the stationary phase. Secondary interactions (dipole-dipole
and ionic attractive/repulsive forces between the solute and the
stationary phase active groups) are also possible for retention by
HILIC [23], therefore most HILIC mobile phases are prepared includ-
ing a significant concentration of a salt to supress these secondary
interactions [23]. Compared to our developed MEKC strategy, HILIC
provides a completely different selectivity. Based on this retention
mechanism, it is expected that nucleobases that are less hydrophilic
than the corresponding nucleosides (Lg Py values are —0.71, —2.29,
—-0.12, —0.09, —0.91 for Ura, Cyt, Thy, Ade, and Gua; respectively
[23]) will elute earlier than the nucleosides. A closer inspection
of the chromatogram shown in Ref. [23] illustrates that for every
nucleobase/nucleoside pair, the nucleobase elutes before its cor-
responding nucleoside. In our developed method, Cyd and Ado
migrate before Cyt and Ade because of the weak interaction with
the PSP and the interplay of separation by differences in the elec-
trophoretic mobility and by differences in the retention factor. Cyt
is neutral at pH 9.38 and comigrates with the EOF marker. Ade
with pK; =9.8, has a charge number < —1. Urd, Guo and Xao migrate
after Ura, Gua and Xan as they have negative effective charge num-
bers higher than the corresponding nucleobases due to dissociation
and complexation. With the exception of Ado and Cyd, there is a
group separation of the nucleosides from the corresponding nucle-
obases. This group separation is not given in the presented HILIC
method. Adding to this, the run time using HILIC is relatively long
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(>50min) [23] if compared to our developed MEKC method (total
run time <6 min) (Fig. 10). Moreover, peak efficiencies are much
better using MEKC with C;4MImBr micelles. Although separation by
HILIC might be seen as the state of art for the determination of the
highly hydrophilic nucleosides, our new MEKC strategy provides
a faster, more efficient, highly reproducible and highly selective
method for the analysis of these hydrophilic metabolites.

4. Conclusions

The separation of seven urinary nucleosides can be successfully
achieved using 20 mmol L~1 C;4MImBrin 5 mmol L~ borate buffer.
C14MImBr can be regarded as a pseudostationary ion-exchanger,
which interacts with the analytes predominantly by electrostatic
interaction. Retention factors of the analytes can be regulated by
proper adjustment of the concentration of the competing buffer
ion or the pH of the BGE. The employment of an IL-type surfactant
as cationic pseudosationary phase has the advantage of improved
repeatability over the use of an alkytrimethyl ammonium bromide
as PSP. MEKC using an IL-type surfactant can provide a potential
alternative to HILIC in the analysis of highly hydrophilic urinary
nucleosides.
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Supplementary data

Chemical structures, pKa and Ig Pow values of the investigated nucleosides.

» Synthesis and Characterization of C14MImBr.

» Effect of tetraborate concentration on the migration times and on the effective
electrophoretic mobility of the studied nucleosides in the CZE mode.

» MEKC separation of the studied nucleosides as neutral compounds using SDS as a
pseudostationary phase.

» Calculation of the retention factors of the nucleosides (as charged complexed
compounds) under variation of buffer ion concentration or buffer pH using C1sMImBr as
a PSP.

» Electropherograms illustrating the separation of nucleosides under variation of borate
buffer concentration or pH in either CZE mode or MEKC mode.

» Figures illustrating the effect of borax concentration or pH on the pseudoeffective
electrophoretic mobility.

» Carbonate buffer instead of borate buffer in MEKC separation of the nucleosides using
C14MImBr as a PSP.
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Figure S1: Structural formulas, pKa [1] and Ig Pow [2] of the investigated nucleosides. * Values
of pKa are those of the cationic protonated conjugate acid form. Red and blue colours are used

to mark the protonation and dissociation sites, respectively. pKa values of cis-diol moieties
(marked with the green colour) are ~12.5 [1].
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Synthesis of 1-tetradecyl-3-methylimidazolium bromide (C14sMIimBr)

C14MImBr was synthesised according to the procedure reported by Vanyur et al. [3] with slight
modifications. In a three-necked round-bottomed flask fitted with a reflux condenser 1-
methylimidazole (0.05 mol) was dissolved in toluene (30 mL) and then a slight excess of 1-
bromotetradecane (0.06 mol) was used to assure complete consumption of 1-methylimidazole.
1-Bromotetradecane was added dropwise to the reaction mixture while stirring (using a
magnetic stirrer). Afterwards the reaction mixture was stirred and heated at 80°C for 24 h. The
resulting viscous liquid was allowed to cool to room temperature, then the formed white
crystalline salt was filtered off and washed six times with 300 mL portions of ethyl acetate
(previously dried for 2 days over sodium sulphate and filtered). The white powder obtained was
dried in a vacuum desiccator (over phosphorous pentoxide) for 3 days prior to use. The
synthesized C14MImBr was characterized using 'H NMR and 13C NMR spectroscopy, IR
spectroscopy, determination of the melting point and elemental analysis. The chemical
structure is shown in Fig. S2. The obtained data (Table S1, Figs. S3-S5) are in excellent
agreement with those found in the literature [4-9].
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Figure S2: Structural formula of 1-tetradecyl-3-methylimidazolium bromide (C1sMImBr)

Table S1. Characterization of the synthesised C14MImBr [C1gH3sBrN2-H20 (377.4 g/mol)]

Tool of characterization

Peak interpretation/results

H-NMR (300 K, 300 MHz, CDCls) 6/ppm
See Fig. S2

0.84 (3H, t, J = 6.60 Hz, CHa), 1.18-1.26 (22H, m,
CHz), 1.88 (2H, qi, J=7.20 Hz, NCH.CH), 4.07
(3H, s, NCHa), 4.25 (2H, t, J = 7.50, NCHy) , 7.28
(1H, 18, J=150Hz, C(2)H), 7.41 (1H fta
J=1.50Hz, C(3)H), 10.29 (1H, bs, C(1)H). s:
singlet, bs: broad singlet, t: triblet, gi: quintet and
m: multiplet.

13C-NMR (300 K, 75.4 MHz, CDCl3) 6/ppm
See Fig. S3

13.99 (CHas), 22.55 (CHz), 26.18 (CHz), 28.92
(CHa), 29.22 (CHo), 29.29 (CHz), 29.41 (CHy),
29.49 (CHp), 29.52 (2 x CH), 29.56 (CHz), 30.23
(CHz), 31.79 (CHz), 36.69 (NCHs), 50.04 (NCHy),
122,01 (C2), 123.82 (C3), 137.05 (C1)

MIR (500-4000 cm!, KBr pellet) v /cm-
See Fig. S4

3574 (w), 3476 (s), 3428 (s):v (O-H)b; 3142 (w),
3082 (s), 3062 (s):v (aromatic =C-H); 2949
(m):v,(CHs); 2914 (s):v(CH2); 2870
(m): v,(CHs); 2849 (s):v,(CHz); 1666 (w), 1629
(m), 1572 (s): symmetric ring stretch; 1472 (s):
(C-H scissoring); 1426 (m); 1381(w): (C-H rock);
1337 (w); 1314 (w); 1282 (w); 1176 (s); 862 (m);
792 (s); 741 (m); 715 (s): (C-H rock); 662 (m); 622
(s). s: singlet, m: medium, w: weak, v,
asymmetrical ~ stretching  v,;:  symmetrical
stretching.

Elemental analysis (CHN)¢

(%) Calcd for C1gHasBrN2-H20: C 57.28, H 9.88, N
742, Br 21.17;, found (average of two
measurements): C 57.23, H 9.94, N 7.35, Br
20.96

Melting point determination

56-57 °C

a |n principle the NMR signals for C(2)H) and C(3)H) should appear as quartets or doublet of
doublet, but they are reduced to triplets because of the similarity in the values of 3Jcn).c@EH),

Yepm.cm), *emH,.cem [4].

bThe presence of an O-H stretching band is indicative of the presence of water in the sample.

¢ Elemental analysis shows that the synthesised salt contains one mole of water. Water can be
removed during the synthesis and extraction steps but due to the highly hygroscopic nature of
C14MImBr, it readily absorbs atmospheric moisture to form stable monohydrates that can be

stored in air [5].
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Figure S7: Electropherograms showing the separation of the studied nucleosides using
different borax concentration at pH 9.38. CE conditions: capillary 649(502) mm x 50 ym I.D.;
voltage +10 kV; pressure injection 30 mbar for 12 s. Sample solution is 20 mg L' of each of the
studied analytes and 25 mg L thiourea in water. Peak designation: see Fig. 1.
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Figure S8: Effect of borax concentration on migration times (A) and on the effective
electrophoretic mobility (B). CE conditions: capillary 649(502) mm x 50 ym |.D.; voltage +10
kV; pressure injection 30 mbar for 12 s. Sample solution is 20 mg L' of each of the studied
analytes and 25 mg L' thiourea in water. For analyte abbreviations refer to the experimental
part. In Fig. S8B, each data point is the average of at least five measurements, standard
deviation represented as error bar.
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Figure S9: Electropherogram obtained from a mixture of 25 mg L of each of the studied
nucleosides and 50 mg L thiourea in 4 mmol L' phosphate buffer pH 6.86. CE conditions: 200
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um L.D.; voltage +10 kV; pressure injection 30 mbar for 12 s; 35 °C. Peak designation: see Fig.
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Calculation of the retention factors of the nucleosides as charged analytes

To calculate the retention factor for a weak acid, the following equation can be employed [10-
13]:

_1 Lk
k+17e T Tk

u Hrc (8-1)

where | is the pseudoeffective electrophoretic mobility of the analyte in micellar BGE, k is the
overall retention factor of the analyte, et is the effective electrophoretic mobility of the analyte
in micelle-free BGE, and pwc is the electrophoretic mobility of the micelles in micellar BGE. From
Eq. (S-1) following expression can be derived, which allows to calculate the true retention
factor k in MEKC from the mobilities Y, per, and pmc [10], which have to be determined in
separate measurements with a separation electrolyte containing surfactant (4 and pwc) and
with a separation electrolyte containing no surfactant (J ef):

H = He

Hye = H

Several assumptions have to be made: the influence of the pseudostationary phase on the

k = (S-2)

ionic strength, viscosity, and dielectric constant of the BGE must be assumed to be very low,
interaction of the analyte either with the capillary wall (solute-admicelle interaction) and with
surfactant monomers is neglected. Regarding the last point, it was reported in a previous study
[14] that per in the presence of surfactant monomers is not significantly different from the
values obtained in absence of such monomers i.e. ion pair formation can be neglected. It must
be emphasized that analytes used in that study are hydrophilic, a situation which is quite similar
to our case (highly hydrophilic nucleosides).
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Table S2. Effective electrophoretic mobilities (mean value + standard deviation, N = number of runs)
determined under variation of the concentration of borax, pH = 9.38, capillary 649(502) mm x 50 ym
I.D.; voltage +10 kV; pressure injection 30 mbar for 12 s; 1 = cytidine, 2 = uridine, 3 = 5-
methyluridine, 4 = guanosine, 5 = xanthosine, 6 = adenosine, 7 = inosine.

OO | i (V| bl @ | P OF | Hog O | P OF | bl O | g 7V
mmo cm?kV-1s | em2kV-1s! | em2kV-1s! | cm2kV-1s! | cm2kV-1s! | cm2kV-1s! | cm2kV-1s™!
2.5 -0.166 -0.219 -0.188 -0.211 -0.326 -0.166 -0.255
+0.00120 | £0.00137 | £0.00134 | £0.00160 | £0.00164 | £0.00120 | £0.00153
N=6 N=6 N=6 N=6 N=6 N=6 N=6
5 -0.173 -0.226 -0.193 -0.218 -0.327 -0.173 -0.260
+(0.00092 | +0.00097 | +0.00087 | +£0.00091 | £0.00131 | £0.00092 | +0.00104
N=6 N=6 N=6 N=6 N=6 N=6 N=6
10 -0.172 -0.225 -0.192 -0.217 -0.323 -0.172 -0.259
+0.00149 | +0.00175 | +0.00168 | £0.00173 | £0.00236 | £0.00149 | +0.00194
N=5 N=5 N=5 N=5 N=5 N=5 N=5
15 -0.171 -0.223 -0.190 -0.215 -0.317 -0.171 -0.256
+0.00202 | +0.00128 | +0.00155 | £0.00123 | £0.00276 | £0.00202 | +0.00127
N=6 N=6 N=6 N=6 N=6 N=6 N=6
20 -0.169 -0.223 -0.189 -0.215 -0.314 -0.169 -0.255
+(0.00049 | £0.00077 | £0.00057 | +£0.00073 | £0.00081 | £0.00049 | +0.00085
N=8 N=8 N=8 N=8 N=8 N=8 N=8
30 -0.164 -0.218 -0.184 -0.211 -0.303 -0.164 -0.250
+0.00123 | £0.00206 | +0.00162 | +£0.00201 | £0.00233 | £0.00123 | £0.00231
N=10 N=10 N=10 N=10 N=10 N=10 N=10
40 -0.158 -0.213 -0.180 -0.206 -0.291 -0.158 -0.244
+0.00104 | +0.00147 | +0.00123 | £0.00140 | £0.00192 | £0.00104 | £0.00170
N=6 N=6 N=6 N=6 N=6 N=6 N=6
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Table S3. Pseudoeffective electrophoretic mobilities (mean value + standard deviation, N = number of runs)
determined under variation of the concentration of borax with ¢(C14MImBr) = 20 mmol L', pH = 9.38; capillary
649(502) mm x 50 ym 1.D.; voltage -10 kV; pressure injection 30 mbar for 12 s; 1 = cytidine, 2 = uridine, 3 = 5-

methyluridine, 4 = guanosine, 5 = xanthosine, 6 = adenosine, 7 = inosine, 8 = decanophenone.

cloor@)l | pg (V| e @1 | MG @ | pa V| e O | GO | pa OV | 8

mmo cmkV-1st | em2kV-1s' | cmkV-1st | em2kV-1s' | em2kV-1s! | em2kV-1s! | em2kV-1s! | cm2kV-1s1

25 0062 | 0176 0.153 0.265 0.345 0.000 0.325 0.444
£0.00042 | £0.00088 | +0.00102 | +0.00074 | +0.00067 £0.00074 | +0.00007
N=4 N=4 N=4 N=4 N=4 N=4 N=4 N=2

5 0088 |0.138 0.120 0.234 0.317 0026 | 0.296 0.421
+0.00023 | +0.00086 | +0.00062 | +0.00062 | +0.00072 | +0.00017 | +0.00054 | +0.00009
N=5 N=5 N=5 N=5 N=5 N=5 N=5 N=2

10 0114 [0.075 0.067 0.180 0.272 0055 | 0.251 0.403
+0.00005 | +0.00030 | £0.00010 | +0.00030 | +0.00031 | +0.00011 | +0.00004 | +0.00058
N=3 N=3 N=3 N=3 N=3 N=3 N=3 N=2

15 0125 | 0032 0.032 0.140 0.235 0070 | 0215 0.389
£0.00021 | +0.00059 | +0.00059 | +0.00034 | +0.00012 | £0.00004 | +0.00021 | +0.00028
N=5 N=6 N=6 N=5 N=5 N=5 N=6 N=2

20 0132 | 0.003 0.010 0.106 0.200 -0.081 0.183 0.379
£0.00022 | £0.00060 | +0.00084 | +0.00134 | +0.00148 | £0.00002 | +0.00152 | +0.00206
N=4 N=4 N=4 N=4 N=4 N=4 N=4 N=2

30 0139 |-0.048 |-0026 |0.053 0.136 0095 | 0.127 0.367
£0.00164 | £0.00125 | +0.00436 | +0.00194 | +0.00286 | +0.00009 | +0.00386 | extrapolated
N=4 N=5 N=5 N=4 N=5 N=4 N=4 value

40 0143 |-0068 |-0.045 |0.030 0.100 -0.101 0.100 0.358
+0.00093 | +0.00055 | +0.00062 | +0.00112 | +0.00262 | +0.00056 | +0.00164 | extrapolated
N=4 N=5 N=5 N=5 N=5 N=4 N=5 valve
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Table S4. Effective electrophoretic mobilities (mean value + standard deviation, N = number of runs)
determined under variation of pH with ¢(Na2B4O7) = 2.5 mmol L-*; capillary 649(501) mm x 50 ym I.D.,;
voltage +20 kV; pressure injection 30 mbar for 12 s; 1 = cytidine, 2 = uridine, 3 = 5-methyluridine, 4 =

guanosine, 5 = xanthosine, 6 = adenosine, 7 = inosine.

pH P O | Mg @ | U OV | e WY | fg BV | Pl B | Ml (O
cm2kV-1s' | ecm2kV-'s' | cm2kV-1's?' | cm2kV-1s' | cm2kV-1s' | cm2kV-'s! | cm2kV-1s!
8.51 -0.113 -0.125 -0.113 -0.125 -0.276 -0.113 -0.152
+0.00107 | £0.00095 | £0.00110 | £0.00095 | £0.00097 | £0.00107 | £0.00060
N=5 N=5 N=5 N=5 N=5 N=5 N=5
9.03 -0.146 -0.177 -0.161 -0.177 -0.306 -0.146 -0.214
+0.00121 | £0.00110 | +0.00118 | £0.00110 | £0.00170 | £0.00121 | £0.00120
N=5 N=5 N=5 N=5 N=5 N=5 N=5
9.38 -0.166 -0.219 -0.188 -0.211 -0.326 -0.166 -0.255
+0.00120 | +0.00137 | +0.00134 | £0.00160 | £0.00164 | £0.00120 | £0.00153
N=6 N=6 N=6 N=6 N=6 N=6 N=6
9.60 -0.167 -0.235 -0.197 -0.228 -0.328 -0.167 -0.273
+(0.00060 | +0.00060 | +0.00049 | +£0.00075 | £0.00145 | £0.00060 | +0.00084
N=6 N=6 N=6 N=6 N=6 N=6 N=6
9.86 -0.173 -0.265 -0.219 -0.257 -0.337 -0.173 -0.300
+(0.00064 | £0.00072 | £0.00178 | +£0.00038 | £0.00075 | £0.00064 | +0.00052
N=6 N=6 N=6 N=6 N=6 N=6 N=6
10.11 -0.175 -0.290 -0.242 -0.281 -0.339 -0.175 -0.317
+(0.00080 | £0.00082 | +0.00043 | +£0.00067 | +£0.00081 | £0.00080 | +0.00078
N=6 N=6 N=6 N=6 N=6 N=6 N=6
10.43 -0.176 -0.312 -0.268 -0.301 -0.339 -0.176 -0.327
+(0.00039 | +0.00106 | +0.00088 | +0.00104 | +£0.00086 | +0.00039 | +0.00064
N=5 N=5 N=5 N=5 N=5 N=5 N=5
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Table S5. Pseudoeffective electrophoretic mobilities (mean value + standard deviation, N = number of runs)
determined under variation of pH with ¢(C14MImBr) = 20 mmol L', ¢(Na2BsO7) = 2.5 mmol L', capillary
649(503) mm x 50 pym I.D.; voltage -20 kV; pressure injection 30 mbar for 12 s; 1 = cytidine, 2 = uridine, 3 =
5-methyluridine, 4 = guanosine, 5 = xanthosine, 6 = adenosine, 7 = inosine, 8 = decanophenone.

L 7. ) 7 v R Yot ) 7, U i (R 7o (R W7 1 TR i )
cm?kV-1s! | emkV-'s! | ecm2kV-1s! | cm2kV-'s?' | cm2kV-'s' | cm2kV-1's' | cm2kV-1s' | cm2kV-1s
8.49 |-0.050 0.000 0.000 0.088 0.291 -0.016 0.174 0.446
+0.00074 +(0.00063 | +0.00013 | +0.00117 | £0.00180 | +£0.00070
N=4 N=4 N=4 N=4 N=4 N=4 N=4 N=4
9.02 |-0.063 0.094 0.078 0.187 0.325 -0.017 0.275 0.447
+0.00016 | +0.00062 | +0.00103 | +0.00040 | +£0.00034 | £0.00067 | +0.00032 | +0.00563
N=3 N=3 N=3 N=3 N=3 N=3 N=3 N=3
9.38 | -0.062 0.176 0.153 0.265 0.345 0.000 0.325 0.444
+0.00042 | +0.00088 | +0.00102 | +0.00074 | +0.00067 +(0.00074 | +0.00007
N=4 N=4 N=4 N=4 N=4 N=4 N=4 N=2
9.60 |-0.070 0.204 0.191 0.287 0.340 -0.014 0.332 0.439
+0.00077 | £0.00234 | +0.00272 | +0.00240 | +£0.00235 | £0.00116 | £0.00214 | +0.00261
N=6 N=6 N=6 N=6 N=6 N=6 N=6 N=6
9.84 |-0.079 0.222 0.222 0.302 0.337 -0.017 0.337 0.443
+0.00124 | +0.00088 | +0.00088 | +0.00112 | £0.00156 | £0.00092 | +0.00156 | +0.00218
N=4 N=4 N=4 N=4 N=4 N=4 N=4 N=4
10.09 | -0.083 0.231 0.243 0.304 0.327 -0.024 0.330 0.429
+0.00183 | £0.00250 | +0.00324 | £0.00191 | £0.00225 | £0.00116 | £0.00244 | +0.00515
N=4 N=4 N=4 N=4 N=4 N=4 N=4 N=4
10.41 | -0.087 0.242 0.265 0.311 0.323 -0.027 0.331 0.431
+0.00054 | +0.00043 | +0.00008 | +0.00053 | +£0.00075 | £0.00006 | +0.00086 | +0.00105
N=2 N=2 N=2 N=2 N=2 N=2 N=2 N=2
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Figure S11: Electropherograms showing the separation of the studied nucleosides using 20
mmol L' Ci4sMImBr at different concentration of borax, pH 9.38. CE conditions: capillary
649(502) mm x 50 ym 1.D.; voltage -10 kV; pressure injection 30 mbar for 12 s. Sample
solution is 25 mg L' of all studied nucleosides and 25 mg L thiourea in water. Peak

desig

nation: see Fig. 1.
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Figure S12: Effect of concentration of borax on the pseudoeffective mobility. For experimental
details refer to Fig. S11. Each data point is the average of at least two measurements; standard
deviation represented as error bar.
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Figure S$13: Electropherograms showing the separation of the studied nucleosides using 2.5
mmol L' borax at different pH values. CE conditions: capillary 649(502) mm x 50 ym 1.D.;
voltage +20 kV; pressure injection 30 mbar for 12 s. Sample solution is 20 mg L' of each of the
studied nucleosides and 25 mg L thiourea in water. Peak designation: see Fig. 1. For pH 9.38,
see Fig. S7G.
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Figure S14: Electropherograms showing the separation of the studied nucleosides using 20
mmol L' CisMImBr in 2.5 mmol L' borax at different pH values. CE conditions: capillary
649(503) mm x 50 ym 1.D.; voltage -20 kV; pressure injection 30 mbar for 12 s. Sample
solution is 20 mg L' of each of the investigated nucleosides and 25 mg L' thiourea in
BGE/water/methanol mixture (50:40:10, v/v/v). Peak designation: see Fig. 1. For pH 9.38, see

Fig. S11G.
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5.2.1. Summary and discussion

In this publication, a highly sensitive CZE method is developed for the determination of urinary nucleosides
in real urine samples accompanied with three consecutive on-line enrichment techniques for nucleoside
focusing prior to their analysis. These techniques are dynamic pH junction, sweeping and large volume
sample stacking (LVSS). To fulfill the requirements for nucleoside focusing by these techniques, a low
conductivity aqueous sample matrix free from borate with a pH different from that of the BGE is employed.
The BGE composed of 42.0 mg L' 2-hydroxypropyl-B-cyclodextrin (2-HP-B-CD) in 40 mmol L-' sodium
tetraborate, pH 9.25. 2-HP-B-CD is an additive added to the BGE to permit the baseline separation of
the critical peak pair adenosine (Ado) and cytidine (Cyd). By varying the concentration of 2-HP-B-CD in
the BGE and after normalization of the viscosity changes of the tested BGEs, it is shown that 2-HP-3-CD
interacts more strongly with Ado than Cyd, which permits their separation.

Application of negative voltage

B - N B— B
—~ OH OH N N N —~
N A N N N
B op— N N B B

+—EOF
Start of dynamic pH junction step

oy B B OH NO—— N N B B B
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Figure 2: Schematic presentation of the developed three-step focusing mechanism (combining dynamic
pH junction, sweeping using borate complexation, and LVSS).

A schematic illustration for the suggested mechanism of the whole focusing procedure is given in Fig. 2.
Method optimization is carried out by studying the factors that influence the separation and focusing
efficiency such as pH and composition of the BGE and the sample matrix, sample injection volume,
concentration of borax, concentration of 2-HP-3-CD in the BGE, oven temperature and applied voltage.
The charge of the nucleoside, the formation constant of the formed tetrahydroxyborate nucleoside
complex, and the electric conductivity and the pH of the sample matrix and the BGE are identified to be
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the key parameters determining the focusing efficiency. The enrichment efficiency is shown to be highly
dependent on the electrophoretic mobility of the nucleosides, i.e. the higher is the mobility, the higher is the
sensitivity enhancement factor (SEF). Method validation is performed for the standard nucleosides
(dissolved in water) both without and after their extraction with the commercially available phenylboronate
affinity gel (PBA). The extraction procedure has a positive impact on the method detection limits. This is
because the ionic constituents remaining in the reconstituted sample after extraction reduce the initial loss
of the analyte at the beginning of the negative voltage application. The proposed method is validated
according to ICH guidelines and is successfully applied to the analysis of the nucleosides under

investigation in blank and spiked urine samples.
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Abstract The combination of dynamic pH junction, sweep-
ing (using borate complexation), and large volume sample
stacking (LVSS) is investigated as three consecutive steps
for on-line focusing in the sensitive quantitation of urinary
nucleosides by CE-UVD. A low conductivity aqueous sample
matrix free from borate and a high conductivity BGE (con-
taining borate, pH 9.25) are needed to fulfill the required
conditions for dynamic pH junction, LVSS, and sweeping.
Parameters affecting the separation and the enrichment effi-
ciency are studied such as buffer concentration, separation
voltage, capillary temperature, sample composition, and sam-
ple injection volume. Prerequisite for the developed strategy is
the extraction of the nucleosides from urine using a
phenylboronate affinity gel, which is described to be a unique
means for the selective enrichment of cis-diol metabolites
under alkaline conditions. The impact of ionic constituents
remaining in the eluate after extraction on focusing efficiency
and resolution is investigated. The developed method is ap-
plied to the analysis of blank and spiked urine samples.
Fundamental aspects underlying the proposed enrichment
procedure are discussed. A detection limit as low as
10 ng mL™" is achieved. To the best of our knowledge, this
LOD represents the lowest LOD reported so far for the anal-
ysis of nucleosides using CE with UV detection and provides
a comparable sensitivity to CE/MS. Because of the high
sensitivity, the proposed method shows a great potential for

Electronic supplementary material The online version of this article
(doi:10.1007/s00216-014-8022-2) contains supplementary material,
which is available to authorized users.

A. H. Rageh - A. Kaltz - U. Pyell (P<)
Department of Chemistry, University of Marburg,
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the analysis of nucleosides in human urine and other types of
biological fluids.

Keywords Dynamic pH junction - Sweeping via borate
complexation - Large volume sample stacking - Urinary
nucleosides - Polarity switching - Phenylboronate affinity gel

Introduction

Nucleosides are metabolites of either RNA’s turnover or oxi-
dative damage of DNA. Based on the literature data, nucleo-
sides are a group of potential markers for predicting cancer.
This group is composed of unmodified nucleosides such as
uridine, cytidine, adenosine, guanosine and their modified
derivatives: methylated (5-methyluridine), acetylated (N4-
acetylcytidine) or reduced (dihydrouridine) nucleosides [1].
Modified nucleosides mostly exist in transfer RNA (tRNA)
and they are formed during posttranscriptional modification
by numerous modification enzymes [2]. Modified nucleo-
sides, in contrast to unmodified nucleosides, cannot be
reutilized or degraded, but are circulated unchanged in the
blood stream and are excreted intact in the urine. Therefore,
elevated urinary levels of modified nucleosides are associated
with an increased turnover of RNA, which occurs under
pathological conditions such as inflammation and cancer.
The increasing interest in metabolomics and the diagnostic
value of urinary nucleosides highlight the need for appropriate
analytical techniques, which should achieve good selectivity,
sensitivity, and reproducibility for the determination of these
important metabolites.

Nucleosides have been separated and determined using
different analytical techniques such as reversed-phase high-
performance liquid chromatography (RP-HPLC) [3], hydro-
philic interaction chromatography (HILIC) (due to their

@ Springer
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highly hydrophilic nature) [4], immunoassay [5], and
capillary electromigration separation techniques includ-
ing capillary zone electrophoresis (CZE) [6], capillary
electrochromatography (CEC) [7, 8] and micellar electroki-
netic chromatography (MEKC) [9-14]. MS-coupled tech-
niques such as CE-MS [15] were also reported. Although
CE shows a high sensitivity in terms of absolute amounts even
with absorbance detectors, e.g., down to fg-levels; its concen-
tration sensitivity is not very high, e.g., down to the micromo-
lar level, which is attributed mainly to the small volume of
sample injected (<1 % of the capillary length) and the short
optical path length [16]. To circumvent the poor concentration
sensitivity, several approaches have been reported. One possi-
bility is to utilize on-line sample preconcentration techniques
such as sweeping, field-enhanced (amplified) sample stacking
(FASS), transient isotachophoresis (t-ITP) or dynamic pH
junction [16].

Sweeping is an on-line sample concentration technique for
neutral and charged analytes [17]. The mechanism relies on
the interaction between an additive in the BGE (e.g., the
pseudostationary phase (PSP) or a complexing agent) and
the analyte in a sample matrix that does not contain this
additive [18]. The degree of focusing is dependent on the
strength of the interaction involved [18]. Sweeping by borate
complexation was reported for the on-line focusing of neutral
analytes that possess a cis-diol moiety (e.g., catechols, carbo-
hydrates, flavonoid glycosides, nucleosides [19], and cate-
chins [20]). Borate ions interact with the cis-diol groups to
form anionic or zwitterionic complexes (depending on the
charge of the analyte) and hence alter the analyte electro-
phoretic mobility. The main difference between borate as
a sweeping carrier and a separation carrier (also called
pseudostationary phase), is that the migration velocity of a
separation carrier is virtually unaffected by the interaction
with the dissolved solutes [21], whereas the electropho-
retic mobility of the borate complex is very different from
that of the borate ion.

It is noteworthy to mention that the concentration mecha-
nism with a dynamic pH junction [22] assisted by borate
complexation is partly the same as that for sweeping of vicinal
diols with borate complexation [23]. In sweeping, the sample
solution is void of borate. Here on-line enrichment is accom-
plished by complexation with borate that enters the sample
zone. The difference in pH between the sample zone and the
BGE is not essential from the viewpoint of sweeping and the
term sweeping can be used for any system where interaction
between the analyte and the sweeping carrier is the major
mechanism of focusing [23]. However, focusing by dynamic
pH junction occurs when the difference in pH between the
sample zone and the BGE is essential for narrowing the
sample zone (irrespective of the borate content in the sample
solution). However, in the present case, both pH difference
and difference in the borate concentration (with respect to
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sample zone and the BGE compartment) will contribute to
the change in the effective electrophoretic mobility of the
analyte.

Large volume sample staking (LVSS) with or without
polarity switching is based on stacking with removal of the
sample matrix. In LVSS with polarity switching, a large
sample volume is injected hydrodynamically into the capil-
lary. A negative voltage is applied to remove the sample
matrix plug by pumping it out of the capillary using the
electroosmotic flow, while simultaneously maintaining the
stacked analytes at the sample/BGE interface, while it moves
slowly toward the capillary inlet. This methodology of
pumping is applicable only for ions that have a negative
mobility with respect to the bulk electroosmotic flow. The
polarity of the electrode is reversed at the end of the matrix
removal step when the separation is started. To ensure that no
analyte is lost during the matrix removal step, the electric
current strength is monitored until it reaches 90-99 % of the
electric current strength measured when the capillary is en-
tirely filled with BGE.

A summary of the medically relevant concentrations of the
studied nucleosides normalized by the concentration of creat-
inine can be found in [9] and also in the human metabolome
data base. The limits of detection (LOD) for CE methods with
UV detection for the analysis of urinary nucleosides are re-
ported to be from 3.1 to 74 umol L' (Zheng et al. [13]), from
0.17 to 2.3 umol L' (Szymanska et al. [9]), from 2.0 to
61 pumol L' (Liebich et al. [24]), and from 5.4 to
65 pumol L' [25]. Jiang et al. [26] also reported a fast CE
method for the separation of ten different nucleosides present
in urine samples employing cetyltrimethyl ammonium bro-
mide as PSP. The achieved LOD ranged from 0.55 to
1.67 umol L™". But according to Igbal et al. [27], limits of
detection reported so far for the determination of nucleosides
by capillary electromigration separation techniques with UV
detection are not sufficient for clinical studies. Therefore,
trials to increase the concentration sensitivity for these metab-
olites especially for the modified ones are of a major concern
up to date [28]. The LODs reported in [28] are in the range of
40-170 ng mL™" (using CE/MS). Britz-McKibbin et al. [29]
developed a CE-UV method based on the focusing of nucle-
otides and nucleosides using a dynamic pH junction assisted
by borate complexation. This focusing mechanism generates
(even for the late-migrating analytes such as uridine) a short
analyte zone (when passing the detector: 0.64 cm) after intro-
duction of an injection plug having a length of 4.0 cm. How-
ever, there is no record for the limit of detection [29]. In
contrast to the present case, the sample matrix in [29] contains
both borate (160 mmol L") and a high content of sodium
chloride (150 mmol L™).

Recently, Igbal et al. [27] reported a sensitive CE-UV
method for the monitoring of nucleoside metabolizing en-
zymes, whose products are nucleobases or nucleosides. The
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employed BGE is 100 mmol L' SDS in 50 mmol L™ borate
buffer with a pH of 9.1. However, negatively charged nucle-
osides (highly hydrophilic metabolites) have a negligible in-
teraction with SDS micelles. Even under experimental condi-
tions, at which they are neutral, they have a very low interac-
tion with the micelles formed by SDS and a high concentra-
tion of SDS (200 mmol L") is required for their separation
[14]. Igbal et al. [27] have stated that “the achieved LOD
represents the highest sensitivity for nucleoside and
nucleobase analysis using CE with UV detection reported so
far”. They have used reversed-electrode polarity switching
mode-MEKC (REPSM-MEKC) in a 75 um 1.D fused-silica
capillary. An about ten-fold enhancement in sensitivity was
achieved when compared with CE without stacking [27].
Limits of detection as low as 60 nmol L™ were obtained.
As borate is highly selective for cis-diol complexation, it
can be used for the on-line focusing of nucleosides by
borate sweeping [19] especially because the complex for-
mation constant between tetrahydroxyborate and nucleo-
sides is very high [14].

Urinary nucleoside analysis using capillary
electromigration separation techniques is usually performed
in two subsequent steps. The first step involves the extraction
of the nucleosides from the urine using a phenylboronate
affinity gel (PBA) as solid phase extraction (SPE) stationary
phase. The second step is the analysis step, which is common-
ly performed by MEKC when the nucleosides are in their
neutral form and to a lesser extent when they are charged by
using either MEKC or CZE. In the present paper, we develop
a highly sensitive method for the determination of urinary
nucleosides based on this two-step-principle, whereas we
performed the extraction according to the procedure described
in detail by Gehrke et al. [30]. The phenylboronate-based
affinity gel used provides a unique means for the selective
enrichment of cis-diol containing metabolites. It forms cyclic
esters with the vicinal hydroxyl groups of the ribose unit of
nucleosides under basic pH conditions. While maintaining
the basic conditions, the analytes can be purified from
interferences without any loss. When the pH is switched
to acidic conditions (by applying an acidic eluent), the
analytes are eluted and after evaporating the extract to
dryness, the extract can be dissolved in water and analyzed
further.

In this paper, we investigate those factors, which influence
the focusing efficiency when applying a combination of
dynamic pH junction, sweeping with borate complexa-
tion and large volume sample stacking. Together with
developing a robust reproducible procedure for this type
of three-step on-line focusing we optimize the separa-
tion conditions including composition of the BGE (bo-
rax concentration, concentration of 2-hydroxypropyl-{3-
cyclodextrin, pH), applied voltage, and capillary tem-
perature. The developed method is validated according

to the ICH guidelines [31]. The sensitivity enhancement
factors achieved are determined following a procedure
published in a [32]. With several blank and spiked
urine samples, we demonstrate the applicability of the
proposed strategy.

Experimental
Chemicals and background electrolytes

Nucleoside standards cytidine (Cyd), adenosine (Ado), 5-
methyluridine (5MeUrd), uridine (Urd), guanosine (Guo),
inosine (Ino), xanthosine (Xao) were purchased from Sigma-
Aldrich, Steinheim, Germany; their chemical structures are
presented in Fig. S1 (Electronic Supplementary Material).
Sodium hydroxide was from Fluka, Buchs, Switzerland.
Disodium tetraborate decahydrate (borax) and ammonium
acetate were from Merck, Darmstadt, Germany. f3-
Cyclodextrin (97 %), formic acid (98—100 %), sodium chlo-
ride and ammonium hydroxide (25 %) were from Sigma-
Aldrich, Steinheim, Germany. 2-Hydroxypropyl-{3-cyclodex-
trin (97 %) was from Acros Organics, Geel, Belgium with a
degree of substitution of 2 to 6 (located mainly at O(2)
position) and the water content is 7.5 % max. Thiourea was
from Riedel-de Haén, Seelze, Germany. Thiourea stock
solution was 1000 mg L' in water. The Affi-gel 601,
used as the stationary phase for the extraction of nucleo-
sides from urine, was purchased from Bio-Rad (Hercules,
CA, USA). Methanol, HPLC grade was from VWR-BDH-
Prolabo, Leuven, Belgium. Ammonium acetate
(0.25 mol L', pH 8.80) was prepared by dissolving
9.6350 g in 400 mL water and then it was adjusted with
concentrated ammonium hydroxide (25 %) to pH 8.80 and
then diluting to 500 mL with water.

Stock disodium tetraborate (borax) buffer (100 mmol L™,
pH 9.30) was prepared by dissolving 3.8138 g disodium
tetraborate decahydrate in 70 mL water and diluting to
100 mL with water. Lower concentrations of borax buffer
were prepared by further dilution with water. 16.4 mg mL™
B-cyclodextrin (3-CD) in 40 mmol L™ borax buffer, pH 9.25
was prepared by dissolving 0.8201 g of 3-CD in 30 mL of
40 mmol L™ borax buffer and diluting with the same buffer to
50 mL. Different concentrations of 2-hydroxylpropyl-f-cy-
clodextrin (2-HP-p-CD) solutions; 15.0, 30.0, 35.0,
42.0 mg mL™" of 2-HP-B-CD in 40 mmol L' borax buffer,
pH 9.25 were prepared by dissolving 0.7500, 1.5000, 1.7500
and 2.1000 g, respectively in 30 mL of 40 mmol L™ borax
buffer and diluting with the same buffer to 50 mL. All buffer
solutions were filtered prior to use through a 0.45 um nylon
membrane filter (WICOM, Heppenheim, Germany). To avoid
buffer depletion, the BGEs in the inlet and the outlet vials
were replaced after every four runs [33].
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Instrumentation

All measurements were done using the ATI Unicam CE
System, Crystal 300 Series, Model 310 equipped with a UV/
vis detector Spectra 100 (with deuterium lamp) from Thermo
Separation Products, San Jose, USA, set to a wavelength of
257 nm (optimized wavelength). Unless otherwise specified
the oven temperature was kept at 35 °C. Data acquisition was
done using an AD-converter (USB-1280FS, Measurement
Computing, Middleborough, USA). Data were recorded using
CE-Kapillarelektrophorese software (development of the elec-
tronics workshop of the Department of Chemistry, University
of Marburg based on Delphi). Data analysis was performed
with Origin 8.5 software (OriginLab Corporation,
Northhampton, USA). Fused silica-capillaries (50.2 pm LD,
362 um O.D.) were obtained from Polymicro Technologies
(Phoenix, AZ, USA), with a total length of 648 mm and a
length to the detector of 500 mm. InoLab pH720 (WTW,
Weilheim, Germany) was used for pH measurements. Solid-
phase extractions were performed on a vacuum manifold
column processor (J.T. Baker, Griesheim, Germany). The
flow rate during sample loading and elution is 0.5 mL/min.
The eluate obtained after the extraction procedure was lyoph-
ilized in a Christ Alpha 2—4 LSC Freeze Dryer (Martin Christ,
Osterode am Harz, Germany).

New capillaries were conditioned by flushing them first
with NaOH solution (1 mol Lfl) 25 min, water 25 min, and
BGE 5 min using an applied pressure of 800 mbar. At the
beginning of each day, the capillaries were rinsed with NaOH
solution (0.1 mol Lfl) 20 min, water 20 min, and BGE 5 min.
Between runs the capillaries were rinsed with BGE for 2 min.
Because of the acidity of the reconstituted sample matrix after
redissolving the lyophilized eluate in water there is a subse-
quent partial deactivation of the negatively charged silanol
groups of the inner capillary wall. Therefore, in the case of the
analysis of a sample after elution from a PBA column, the
capillaries were rinsed between runs subsequently for 2 min
with an aqueous solution of NaOH (1 mol L"), water 2 min,
and BGE 2 min to ensure the reproducibility of the migration
times . The separations were performed under an applied
voltage of +20 kV, unless otherwise specified. The samples
were pressure-injected at 120 mbar for 300 s, unless otherwise
mentioned. The electroosmotic hold-up time 7, [34] was de-
termined using thiourea as neutral marker. Electrophoretic
mobilities were determined from electropherograms contain-
ing a peak of the hold-up time marker. Peak identities are
confirmed by spiking.

Preparation of standard solutions and calibration curves
All single analyte stock solutions (800.0 mg L™ of Ado, Cyd,

Urd, 5MeUrd, Ino, 400.0 mg L ! of Xao, Guo) were prepared
in water and stored in the refrigerator (stock solutions of
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nucleoside standards are used within one month). The work-
ing standard solutions were prepared daily (concentration of
each of the studied nucleosides in the sample solution mixture
20 mg L', unless otherwise specified).

The tested analytes are endogenously present in urine.
Therefore, urine is unsuitable for the preparation of the refer-
ence samples [35]. As the studied analytes are highly polar,
distilled water was used as a surrogate or artificial matrix
for the preparation of the standard solutions [9]. The
concentration ranges for the investigated analytes are
listed in Table 1 for direct injection, and in Table S2
(Electronic Supplementary Material) for injection after
extraction with a PBA column. Following optimized
method parameters were used: BGE 42.0 mg mL™' 2-
HP-B-CD in 40 mmol L™ borax buffer, pH 9.25, capil-
lary 647(499)mmx=50.2 um L.D., applied voltage during
dynamic pH junction/sweeping/LVSS/sample matrix re-
moval —20 kV, separation voltage +20 kV, capillary
temperature 35 °C, pressure injection 120 mbar for
5 min or 600 mbar for 1 min, detection 257 nm. After
having filled the capillary with BGE by application of
pressure (800 mbar) and before sample injection, the
capillary is dipped into a vial containing water (10 mbar
for 0.02 min). Calibration curves are constructed by
plotting either peak height, peak area, or corrected peak
area against the corresponding concentration in pg per mL.

Urine samples and extraction conditions

Samples of human urine were obtained from a female
27-year old healthy volunteer and were collected in
100 mL plastic bottles and frozen immediately until
analysis. Before use, the samples were thawed at room
temperature. For the study of spiked or blank urine
samples, sample preparation was performed with a
PBA column. The extraction conditions are selected
according to previously reported methods [2, 9, 30,
36]. A brief description of the extraction procedure is
given in the Electronic Supplementary Material.

Results and discussion
Mechanism of dynamic pH junction-sweeping-LVSS

Nucleosides are glycosylamines consisting of a nucleobase
linked to a D-ribose sugar unit via beta-glycosidic linkage. The
seven investigated nucleosides Ado, Cyd, Urd, SMeUrd, Guo,
Ino, and Xao (abbreviations according to IUPAC-IUB com-
mission on biochemical nomenclature [37]) were selected as
model compounds for the development and optimization of
the presented on-line focusing strategy. Five of the studied
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Table 1 Linear regression parameters of the developed method for calibration standards injected directly without SPE
No. of calib. Linearity ~ Intercept Slope SSE® S, S Confidence Confidence 12 Mandel’s
standards (1) range (a) = SD? b) £ SDP interval interval test value"
(ng mL™) of (a)" of (b)*
Ado
PH' 0.53-21.3  —0.102+0.112 0.392+0.010 0.260  0.208 0.530 +0.417 +0.037 0.9981 2.96
PA! 8 0.53-21.3  —1.180+0.859 2.205+0.077 15253 1.594 0.723 43.185 +0.284 0.9964 12.63
Corr. PA* 8 0.53-21.3  —0.130+£0.101 0.264+0.009 0210  0.187 0.709 +0.374 +0.034 0.9965 11.00
Cyd
PH 7 1.02-20.4  —0.123+£0.106 0.226+0.009 0.142  0.168 0.744 +0.428 +0.038 0.9958 15.31
PA 7 1.02-20.4  —0.698+0.536 1.169+£0.047 3.620  0.851 0.728 +2.163 +0.188 0.9960 21.11
Corr. PA 1.02-20.4  -0.074+0.061 0.135+0.005 0.047  0.097 0.716 =+0.246 +0.022 0.9961 19.75
5MeUrd
PH 9 0.40-20.2 0.177+0.101  0.410+£0.010  0.315 0.212 0.518 +0.355 +0.035 09979 5.12
PA 9 0.40-20.2  0.149+0.393  1.968+0.039 4752  0.824 0419 +1.377 +0.138 0.9986 0.04
Corr. PA 0.40-20.2  0.024+0.043  0.210+£0.004 0.057  0.090 0.429 =0.151 +0.016 0.9985 0.00
Guo
PH 8 0.21-12.48 0.102+0.153  1.064+0.027  0.641 0.327 0.307 =+0.566 +0.101 0.9980 13.58
PA 10 0.21-20.80 1.107+1.142  4.536+0.117 56.131 2946 0.584 =+3.831 +0.392 0.9974 3.16
Corr. PA 10 0.21-20.80 0.123+0.118  0.448+0.012 0.604 0275 0.614 +0.398 +0.041 09971 3.47
Urd
PH 8 0.20-12.12 0.162+0.138  0.918+0.026  0.527  0.296 0.323 +0.513 +0.094 0.9977 13.61
PA 10 0.20-20.20 1.3194+0.991 4.070+0.104 42311 2300 0.565 +3.327 +0.350 09974 3.79
Corr. PA 10 0.20-20.20 0.135+0.097  0.385+0.010  0.403 0.225 0.583 +0.325 +0.034 0.9972 4.00
Ino
PH 8 0.10-12.30 0.219+0.268  1.917+£0.049  1.983 0.575 0300 =+0.992 +0.181 09981 11.52
PA 10 0.10-20.50 4.799+3.011  8.928+0.312 391293 6.994 0.783 +10.103 +1.048 0.9951 12.00
Corr. PA 10 0.10-20.50 0.430+£0.264 0.766+0.027 2989  0.613 0.800 =+0.886 +0.092 0.9949 11.52
Xao
PH 7 0.054.00 0.007+£0.169  3.828+0.097  0.583 0.342 0.089 =+0.682 +0.391 0.9984 191
PA 7 0.054.00 —0.451+0.882 25.523+0.506 15.856 1.781 0.070 =+3.557 +2.038 0.9990 0.38
Com. PA 7 0.054.00 —0.029+0.071 1.844+0.040 0.101 0.142 0.077 +0.285 +0.164 0.9988 0.67

#Standard deviation of the intercept

® Standard deviation of the slope

¢ Sum of square errors

9 Residual standard deviation (standard error of estimate (SEE))
¢ Method standard deviation (=S,./b)

fConfidence interval calculated at P=0.99

2y is the correlation coefficient

" Tabulated fvalues at P=0.99 are 12.24, 13.74. 16.25, 21.19 at (dfl (1), df2 (n—3)=(1,7), (1,6), (1,5), (1,4), respectively

I Peak height
i Peak area

¥ Corrected peak area

compounds (Ino, Urd, Guo, Xao, and 5SMeUrd) have a pK,
between 8.80 and 9.70 (except Xao with pK,=5.70) [38] due
to the presence of an amidic group. Therefore, these com-
pounds are weak acids. Owing to the presence of a vicinal diol
moiety (pK,~12.5) on the ribose unit, these compounds are
also capable of forming reversibly complexes with the

tetrahydroxyborate anion under alkaline pH conditions, which
enables them to acquire an additional negative charge in
addition to the negative charge gained due to dissociation. In
contrast to these weak acids, the nucleosides Ado and Cyd
acquire a negative charge only by borate complexation. In the
following discussion, we will describe borate as a sweeping
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carrier. Borate is not a pseudostationary phase, because its
electrophoretic mobility is considerably lowered by complex-
ation with a nucleoside.

The focusing mechanism shown in Fig. 1 is given for a
nucleoside having a deprotonation site (e.g., Urd). After filling
the capillary with a high-conductivity BGE (42.0 mg L™ 2-
HP-B-CD in 40 mmol L' sodium tetraborate, pH 9.25), a
large volume of a sample with low electric conductivity (nu-
cleosides are neutral when dissolved in water except Xao) is
injected hydrodynamically (Fig. 1a). A significant increase in
the detector signal can be observed when the sample/BGE
boundary passes the detection window during sample injec-
tion. The inlet vial is then replaced by a vial containing the
BGE and a negative voltage is applied, whereas the electric
current strength is very low due to the increase in resistivity
caused by the sample matrix (—0.4 pA). At this moment, the
direction of the EOF is toward the inlet end and borate and
hydroxide ions from the inlet vial migrate toward the outlet
end (Fig. 1b). As the sample matrix is an unbuffered solution,
hydroxide ions are faster than borate ions. This is very impor-
tant to permit the presence of borate as tetrahydroxyborate
(not boric acid), which is needed for the subsequent sweeping
of the nucleosides. Neutral nucleosides are transported togeth-
er with the sample matrix toward the injection end. Due to the
migration of the hydroxide ions, nucleosides (with exception
of Cyd and Ado) in the first titrated segment of the capillary
acquire a negative charge via dissociation of their amidic
group (Fig. 1c, N>N-O"). Accordingly, nucleosides start
migrating in the direction toward the detection end, which
results in their focusing by dynamic pH junction. With a lower
electrophoretic velocity than hydroxide, borate migrates into
the sample zone and starts sweeping the (neutral or negatively
charged) nucleosides (Fig. 1d). Borate complexation imparts
an additional negative charge due to the formation of a very
stable nucleoside-tetrahydroxyborate complex BN-O
(Fig. 1d). The focusing by dynamic pH junction ends when
the hydroxide ions reach the sample matrix/BGE boundary
(Fig. le). Simultaneously, the stacking process commences
once the deprotonated nucleosides reach sample/BGE bound-
ary. The complexed (neutral or deprotonated) nucleosides
migrate across the stacking boundary, where they slow down
because of the reduced electric field strength in the BGE zone
(Fig. 1f). By completion of the sweeping and stacking pro-
cesses (Fig. 1g), the sample matrix is almost completely
pumped out from the injection end of the capillary. In this
moment, the polarity of the applied voltage is reversed
(Fig. 1h). This is possible, because the electric current strength
had been monitored during matrix removal. The electrode
polarity is reversed and the separation starts in the normal
polarity mode using an applied voltage of +20 kV, when the
electric current strength reaches approximately 95 % of
its original value (the electric current strength observed
when the whole capillary is filled with BGE). We
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describe the resulting combined on-line focusing proce-
dure as a three-step focusing process (focusing with
three sequential steps) because firstly the dynamic pH
junction step starts, is assisted and accompanied subse-
quently by sweeping and finally continued by field-amplified
stacking.

Experimentally, the polarity is switched when the absolute
electric current strength reaches 34.5+0.3 pA (which repre-
sents 95 % of the original electric current strength at 20 kV).
The time elapsed between the application of the negative
voltage (=20 kV) and the application of the positive voltage
(+20 kV) is approximately 2.1 min (in case of calibration
standards injected directly) or 3.5 min (in case of calibration
standards injected after extraction with PBA column). Figure 2
shows electropherograms recorded under optimized separa-
tion conditions after (Fig. 2a) and without (Fig. 2b) having
carried out a polarity switching step. Without polarity
switching, the average bulk electroosmotic velocity is
increased and dominated by the low ionic strength sam-
ple plug, while the electric field strength in the BGE is
strongly reduced. Moreover, the length of the separation
compartment becomes very short, whereas the negatively
charged nucleosides are stacked at the boundary sample
zone/separation compartment. All analytes are recorded
close to the end of the sample zone with very low
resolution (Fig. 2b).

Method optimization
Borax concentration

The effect of the borax concentration (pH=9.25) was investi-
gated with regard to the separation of the nucleosides investi-
gated in a range from 20 to 100 mmol L™". The electrophero-
grams shown in Fig. S2 (Electronic Supplementary Material)
illustrate that there is an increase in migration time and reso-
lution with increasing borax concentration. If c(borax)>
60 mmol L', there is a high electric current strength
(>80 nA) with associated unfavorable Joule heating. At c(bo-
rax)=20 mmol L', Urd and Guo are not base-line separated.
At c(borax)=60 mmol L', the efficiency of the separation
was not further improved with regard to the results obtained
with c(borax)=40 mmol L' at the expense of longer migra-
tion times. Therefore, 40 mmol L™ was selected as optimum
borax concentration. At this concentration, the separation of
Ado from Cyd is not possible. Here, the use of a secondary
complex equilibrium is required as will be discussed later.
Moreover, BGEs composed of 40 mmol L' borax with
different pH values: 9.25, 9.53, and 9.86 (adjusted using
sodium hydroxide) were tested. Because of the adjustment
procedure, the electric current strength increased from 41 pA
(in case of pH 9.25) to 67.5 HA (in case of pH 9.86). This
increase in ionic strength results in a decrease of the

-100-
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Fig. 1 Schematic presentation of
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electroosmotic mobility having an unfavorable impact on
migration times and efficiency (results are not shown). Based
on these observations, a pH of 9.25, which corresponds to the
pH reached by the hydrolysis of dissolved borax, was selected
as optimum pH.

Sample matrix
Focusing by LVSS requires to inject a low conductivity sam-

ple into the capillary. We compared the results obtained with
water (Condition 1) and with 2.5 mmol L™ borax (pH 9.25)
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Fig. 2 Electropherograms
obtained with (a) or without (b)
polarity switching step. Sample:
nucleosides dissolved in water
(5.0 mg L ™" of each of the studied
analytes and 25.0 mg L' thio-
urea). CE conditions: 42.0 mg L™
2-HP-B-CD in 40 mmol L™ so-
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(Condition 2) as sample matrix with the aim to highlight the
significant role of dynamic pH junction and sweeping by
borate complexation in addition to the degree of focusing
resulting from FASS. As can be seen in Fig. 3a, the presence
of borate in the sample matrix has a detrimental effect on the
peak shape, because under these conditions there is no analyte
focusing due to dynamic pH junction and sweeping, while
focusing due to FASS is maintained. The significant improve-
ment in efficiency visible in Fig. 3b can be directly attributed

Fig. 3 Electropherograms

to an improved focusing by a combination of three sequential
focusing steps: dynamic pH junction, borate sweeping, and
LVSS.

At the beginning of the application of the negative voltage
(Condition 1, water as sample matrix (Fig. 3b)), the electric
field enhancement will be the lowest because only a small
segment of the capillary is filled with BGE. These conditions
result in a partial loss of analyte at the start of the focusing
process especially of the first migrating nucleosides (Cyd and

50
obtained under identical injection i
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Ado). As the high-concentration BGE continuously replaces
the sample matrix inside the capillary, the electric field
strength in the sample zone increases gradually associated
with an enhancement of the electrophoretic velocity (toward
the detection end) of the (complexed) analytes. Under Condi-
tion 2, the presence of borate in the sample zone causes the
migration of the nucleosides toward the stacking boundary
already at the start of the focusing process, so that there will be
no analyte loss in the beginning of the on-line enrichment
procedure, which can be confirmed by comparing the record-
ed peak areas (Fig. 3a). However, focusing by dynamic pH
junction and sweeping are not existing under these conditions,
reflected by broadened peaks due to volume overload. It
should be emphasized that, although the concentration of
borate within the sweeping step is very low (Condition 1,
water as sample matrix), the degree of borate complexation
will be very high. We have confirmed in a previously pub-
lished work that the complex formation constant between the
tetrahydroxyborate ion and the nucleosides is very high [14]
so that there will be a high sweeping efficiency even at low
borate concentration.

Injection volume, applied voltage, and capillary temperature

Different injection parameters were tested in order to define the
optimum injection volume. As shown in Fig. S3 (Electronic
Supplementary Material), filling of almost the whole capillary,
i.e. 94 % of the capillary volume, improves the concentration
sensitivity for all the investigated nucleosides when compared
to that of filling only 16 or 57 % of the capillary (refer to
Electronic Supplementary Material for calculation of the
injected sample volume and the sample plug length). There-
fore, 120 mbar for 5 min were selected as optimum injection
parameters. To reduce the analysis time 600 mbar for 1 min
are applied in the analysis of the spiked urine samples. Sepa-
ration voltage and oven temperature are set to 20 kVand 35 °C
(optimization of these parameters with regard to resolution
and efficiency, data not shown).

Concentration of 2-hydroxypropyl-3-cyclodextrin

[3-CD was previously reported to form an inclusion complex
with adenine (the nucleobase of adenosine), which can be
used to separate adenine from thymine [39]. Moreover, the
complex formation constant between Ado and (3-CD or its
hydroxyalkylated derivative was reported to be higher than
that of «-CD [40]. This difference might be attributed to the
small cavity size of a-CD and the good size matching between
adenosine and the cavity of 3-CD. Another study performed
by Kawamura [41] indicates that the complexation of adeno-
sine nucleotides with (3-CD is stronger than that with x-CD or
v-CD. Tadey and Purdy [42] separated a mixture of 12
monophosphorylated nucleotides using a buffer containing

20 mmol L™ borate-10 mmol L' 3-CD. Chen and co-
workers [43] have employed [3-CD as additive to separate
Ado from Cyd.

Because of the low solubility of 3-CD in water
(18.0 mg mL™' at 25 °C), the used concentration of
16.4 mgmL™" (employed when optimizing the sample injection
volume, see Fig. S3, Electronic Supplementary Material) rep-
resents the highest possible concentration. At this concentration
of 3-CD, there is no baseline separation of the critical peak pair
(Ado and Cyd) under dynamic pH junction-sweeping-LVSS
conditions. The developed focusing strategy imposes higher
demands on the separation than methods without a focusing
step [39, 41-43]. Because of its higher solubility in water
(330.0 mg mL™" at 25 °C), we have selected 2-HP-B-CD as
complex forming additive in further experiments. As depicted
in Fig. 4a, a BGE containing 42.0 mg mL ' 2-HP-3-CD in
40 mmol L' borax buffer, pH 9.25 permitted the complete
baseline separation of Ado and Cyd also under dynamic pH
junction-sweeping-LVSS conditions.

The charge-to-size ratio after the complexation of Ado with
2-HP-$3-CD is reduced (with respect to Ado), which accounts
for the lower electrophoretic mobility and shorter migration
time of this compound when compared to experiments done
without using 2-HP-{3-CD. The effect of different concentra-
tions of 2-HP-3-CD on the effective electrophoretic mobility
Lesr of the nucleosides is depicted in Fig. 4a. The decrease of
terr Of the tested nucleosides is due to the formation of an
inclusion complex in addition to the increase in the viscosity of
the BGE with increasing 2-HP-3-CD concentration. In order to
demonstrate the effect of buffer viscosity on pi., (i) the effective
electrophoretic mobility of all nucleosides is first calculated
without taking into account the viscosity change and (ii) in a
second step fr is calculated while taking into account the
viscosity change induced by adding 2-HP-{3-CD to the BGE.

The viscosity correction factor is calculated from the mi-
gration time of a non-interacting marker, which is assumed to
be equally affected as the analyte by the altered viscosity of
the BGE [44]. We also assume that the dielectric constant of
the BGE is not significantly affected by the addition of 2-
HP-{3-CD [45]. Employing thiourea as non-interacting marker
(not incorporated into the cavity of 2-HP-3-CD), the viscosity
correction factor can be obtained by dividing the observed
mobility of thiourea (which is equal to the electroosmotic
mobility) at ¢(2-HP-B-CD)=0 mmol L' by the observed
mobility of thiourea at each concentration of 2-HP-f3-CD.
This factor is then multiplied with p.s measured in (i).
Figure 4a, b show the calculated mobility before (Fig. 4a)
and after using (Fig. 4b) the viscosity correction factor. After
normalization on the viscosity effects, it is now clear from
Fig. 4b that the observed decrease in the mobility of Ado by
increasing the 2-HP-3-CD concentration is due to the influ-
ence on the degree of complexation. There is also a slight
improvement in the resolution between Urd and Guo, which
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Fig. 4 Effect of the concentration of 2-HP-3-CD on the effective elec-
trophoretic mobility without (a) or with (b) taking into account the
viscosity correction factor. Each data point is the average of at least four
measurements (standard deviation represented as error bar). The standard
deviations in b are calculated from the corresponding standard errors by
applying the rules for error propagation [55]. Sample solution is
20.0 mg L™ of each of the investigated nucleosides and 25.0 mg L'
thiourea in water. CE conditions: as in Fig. 2a. For analyte abbreviations,
refer to the “Experimental” section

can be ascribed to the inclusion of Guo into the cavity of 2-
HP-{3-CD. These findings are in agreement with what was
previously published regarding the interaction between de-
oxyribonucleotides and 2-HP-{3-CD [45]. According to [42,
45], the complexation of CD is stronger with purine nucleo-
tides than pyrimidine nucleotides as pyrimidine nucleotides
are smaller in size. Ado and Guo are examples of purine
nucleosides and Cyd and Urd are examples of pyrimidine
nucleosides.

Extraction of nucleosides using a phenylboronate affinity gel

After extraction of the nucleosides from either blank or spiked
urine samples with a phenylboronate affinity gel (for

@ Springer

description of extraction and elution procedure, see Electronic
Supplementary Material), the eluate after freeze drying was
reconstituted in 2 mL water (the same volume as the starting
urine sample volume). In our case, extraction constitutes only
a clean-up step. It was not employed for off-line sample
concentration. Redissolving the eluate after lyophilization in
0.2 mL water (sample extract is then 10 times concentrated
compared to the starting urine sample volume) results in a
matrix with a conductivity approximately half of that of the
BGE, a situation that contradicts the prerequisite of the devel-
oped enrichment strategy. In addition, trials to avoid the
lyophilization step (with the aim to reduce the total analysis
time) by employing only vacuum drying showed that this is
impossible because of the high concentration of formic acid,
which remains in the final extract. Even with the lyophiliza-
tion step, it was impossible to remove completely formic acid
from the eluate.

The remaining formic acid (in the dried extract after lyoph-
ilization) results in an acidic sample matrix (pH 4.44-5.90).
However, this has no measurable influence on the enrichment
efficiency which we confirmed by comparing the results ob-
tained with synthetic sample solutions containing different
formic acid concentrations (040 pmol L™"). In all cases, the
electric current strength was very low (—0.4 1A) at the start of
the enrichment procedure.

It is important to note that we have observed that ions
remaining in the sample extract after the lyophilization step
(these ions can be either the ions present in urine or brought in
by the washing solutions such as sodium (Na"), potassium
(K™, chloride (C1"), magnesium (Mg>"), calcium (Ca*"), am-
monium (NH,"), sulfates (SO4>"), phosphates (e.g., PO4>)
and urates) have a positive effect on the enrichment efficiency,
especially on that of the first migrating nucleosides (Ado,
Cyd, SMeUrd). Congruent with the developed scheme of the
three-step enrichment procedure (see Fig. 1), we assume fol-
lowing reason: the reduction in the EOF velocity due to the
increase in the ionic strength in the sample compartment
decreases the initial loss of these analytes in the initial period
of the matrix removal process. In addition, there will be some
improvement in the stacking efficiency in the presence of a
low salt concentration in the sample zone associated with the
reduced difference in the electroosmotic velocities (which is
causing a partial laminar flow due to intersegmental pressure
differences). In Fig. 5, electropherograms obtained with a
sample solution containing the studied nucleosides dissolved
in water and injected directly into the capillary (current at start
of matrix removal is —0.4 pA (Fig. 5b)) are compared to those
electropherograms, which have been obtained after extraction
with a PBA column and reconstitution after lyophilization in
water with a sample containing the nucleosides at identical
concentration (current at the start of matrix removal is
—1.9 pA (Fig. 5a)). From Fig. 5, it can be deduced that there
is an improvement in the concentration sensitivity by
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Fig. 5 Electropherograms obtained under dynamic pH junction/sweep-
ing/LVSS conditions using (a) nucleosides extracted on PBA column and
reconstituted in water or (b) nucleosides dissolved in water and injected in
CE directly. Sample solution is 8.0 mg L' of Ado and 5MeUrd,
16.1 mg L' Cyd, 4.1 mg L' Guo, 4.0 mg L' Urd, 2.0 mg L' Ino,
1.0 mg L™! Xao. CE conditions: 42.0 mg L™' 2-HP-B-CD in 40 mmol L™

comparing the peak areas of the nucleosides in Figs. 5a, b.
Xao is the only compound that is negatively affected by ionic
constituents in the sample matrix as will be discussed in detail
later.

In order to confirm this observation, we have imitated the
conditions resulting in the electropherograms shown in Fig. 5a
and prepared samples with different concentration of sodium

sodium tetraborate, pH 9.25 as BGE, capillary 648(500) mmx=50.2 um
L.D., applied voltage during dynamic pH junction/sweeping/LVSS/sam-
ple matrix removal —20 kV, separation voltage +20 kV, pressure injection
600 mbar for 1 min, oven temperature 35 °C. Peak designation: see
Fig. 2 *impurity.

chloride to imitate the presence of ionic constituents in the
sample extract. The resulting electropherograms are given in
Fig. 6. The comparison clearly shows that there is an improve-
ment of the peak area and peak height for all of the investi-
gated nucleosides (with the exception of Xao) at ¢(Cl )=
1.25 mmol L™ (Fig. 6b) relative to pure water (Fig. 6a), which
can be ascribed to the improvement of the stacking efficiency.

Fig. 6 Electropherograms 80
obtained at different 4
concentrations of sodium chloride 70
in the sample solutions with the

values of the current at the start of

1(€) 5.00 mmol L™ NaCl, -7.2 pA 8

the matrix removal step at each 60
concentration level. Nucleosides
concentrations are 4.0 mg L™' of
Ado, 8.0 mg L ! 5MeUrd,

50 -(d) 3.75 mmol L NaCl, -6.2 pa /\/ U _M_A |

A

161 mgL™" Cyd, 4.1 mg L™
Guo, 4.0mg L' Urd, 2.0 mg L'
Ino, 1.0 mg L' Xao. CE
conditions and peak designation:

40

1(c) 2.50 mmol L™ NaCl, -4.4 pA

see Fig. 5 30 +

Absorbance/mAU

20 (b) 1.25 mmol L' NaCl, -2.5 uA

10

1(a) Pure water, -0.4 uA

0 1

Time/min
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By increasing ¢(C1") to 2.50 mmol L ™" (Fig. 6¢), there is some
further increase in the peak heights and areas for SMeUrd,
Urd, Guo, and no further improvement for Ino, while there is a
considerable improvement for Ado and Cyd as these com-
pounds are those, which are most subjected to loss during
matrix removal. With ¢(C17)=3.75 and 5.00 mmol L'
(Fig. 6d, e) there is still an increase in the peak height and
area for Ado and Cyd, but because of additional band broad-
ening the resolution for this peak pair is decreased, while there
is decrease in the peak efficiency for all of the investigated
analytes.

It is important to state that the developed three step on-line
focusing technique tolerates a variation in the electric current
strength at the start of the matrix removal process (related to a
varied electric conductivity of the injected pre-treated sample)
in the range of —1.4 to —5.1 pA without having an impact on
the quantitative result. This was confirmed by a separate
experiment conducted with artificial samples (nucleosides in
water), which were extracted with PBA column. We have
observed an excellent linearity of the calibration func-
tion for all analytes investigated (as will be shown in
detail later), although the recorded electric current
strength at the start of the matrix removal was differing
between —1.4 and —5.1 pA.

Analytical performance characteristics of the developed
method

Assessment of linearity

The developed method was validated according to the Inter-
national Conference on Harmonisation (ICH) guidelines on
the validation of analytical methods [31]. In order to deter-
mine the linearity of the developed method, five to nine
calibration standards of the studied nucleosides (four repli-
cates each) were taken to construct the calibration curves.
Peak height, peak area or corrected peak area (peak
area/migration time) are used as the response factors to obtain
the calibration curves. As stated by the ICH guidelines [31],
the correlation coefficient r, the y-intercept a, the slope of the
regression line b, and the sum of squared errors SSE are
required for the evaluation of linearity. The previously men-
tioned parameters in addition to the linearity range, the stan-
dard deviation of the intercept and the slope, the standard
deviation of the residuals S,,, the confidence interval of the
slope and the intercept, and the method standard deviation S,
are listed in Table 1 and Table S2 (Electronic Supplementary
Material). The correlation coefficient r of the calibration curve
is higher in all cases than 0.9944. Despite the widespread use
of the correlation coefficient as a measurement of linearity, its
use for the assessment of linearity may be misleading or even
discouraged [46—48]. Therefore, beside the determination of
correlation coefficients, the linearity was assessed by carrying

@ Springer

out Mandel’s fitting test [49]. Mandel’s test needs at least
seven calibration levels to be applied [49]. By applying
Mandel’s test at P=0.99, all Mandel’s test values are lower
than the critical F values (Table 1 and Table S2 (Electronic
Supplementary Material)), which indicates that the cho-
sen linear regression model adequately fits the data. As
recommended by the ICH guidelines [31], plots of the
calibration data in addition to plots of the residuals are
included in the Electronic Supplementary Material
(Figs. S4 and S5).

The residuals were examined visually by inspection of their
plot against x (independent variable) and by carrying out a
David [49] and a Neumann test [49]. As shown in Figs. S4b
and S5b (Electronic Supplementary Material), the residuals
are randomly distributed within a horizontal band. All test
values are inside the boundaries of the David table at P=0.99
(residuals are normally distributed) and all test values are
larger than the critical limits tabulated by Neumann (no trend).
Suspicious outliers in the residual plot are subjected to an F'
test (P=0.99) [49]. None of the test values exceeds the critical
F value, so that all data points have to be included in the
calibration data set.

As shown in Table 1 and Table S2 (Electronic Supplemen-
tary Material), the linearity range in most cases is wider
(higher upper limit of the linearity range) when using the peak
area or the corrected peak area compared to that when using
the peak height. The reason is that the use of the peak
height leads to nonlinear calibration functions (can be
well approximated by a parabolic function) because of
overload (electrophoretic dispersion) at higher sample
concentration [48, 50]. It should also be mentioned that
the use of the corrected peak area (to counteract the
variation in observed velocity) is not providing a sig-
nificant improvement with regard to the uncorrected
peak area (decision based on a comparison of correla-
tion coefficients, see Table 1 and Table S2 (Electronic
Supplementary Material)). This result can be attributed to the
high reproducibility of the migration times and the very good
precision of the injection system.

Limits of detection and limits of quantitation

The signal-to-noise ratio is calculated (according to the Euro-
pean Pharmacopoeia [51]) using the following expression:

2
S / N=T (1)
where H is the height of the peak, related to the average base
signal (base line) calculated from the distance between the
maximum of the peak to the extrapolated base line of the
signal observed over a distance equal to twenty times the
width at half-height (w s). %, is the maximum spread of the
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base line signal observed over a distance equal to 20 times the
width at half-height of the peak.

Limits of detection and limits of quantitation are then
defined as the concentration, which guarantees a signal to
noise ratio (S/N) of 3 or 10, respectively. As listed in Table 2,
the limits of detection and quantitation for the nucleoside
standards injected directly (without SPE) are in the range from
0.017 to 0.255 ug mL™" and 0.050-1.020 pug mL ', respec-
tively. These values are further lowered after extraction of the
nucleosides with the PBA column due to the ionic constituents
of the sample matrix as explained before (LOD and LOQ are
then in the range of 0.010-0.040 pg mL ™' and 0.041—
0.161 pg mL™', respectively). Cyd has the highest LOD as
for this compound the chosen wavelength is not at the
optimum (selected wavelength is a compromise between
the absorbance maxima of the analytes). A lower LOD
could be obtained for Cyd, if the wavelength would be
adjusted to 272 nm [38]. The achieved LODs of the
developed method (including sample pretreatment by
SPE) are up to more than two orders of magnitude lower
than those obtained by previously published methods [6,
9, 13, 24-28] (see Table S3, Electronic Supplementary
Material). Those values listed in Table 2 represent the
lowest LODs and LOQs reported so far for the analysis
of nucleosides using CE with UV detection. In Fig. 7,
electropherograms are presented which are obtained from
synthetic samples (solutes dissolved in water) with analyte
concentrations near the LOD either (a) injected directly (in-
strumental LOD) or (b) after sample pretreatment by SPE
(method LOD).

Table 2 Limit of detection and limit of quantitation

Precision

The repeatability of migration times, peak heights and peak
areas (intra-day variation) were measured for the developed
optimized method with nine replicate injections of a sample
containing 12.8, 12.2, 12.1, 8.3, 8.1, 6.2, 2.0 mg L' of Ado,
Cyd, 5MeUrd, Guo, Urd, Ino, and Xao, respectively. The
inter-day variation was evaluated by analyzing the same sam-
ple over a period of 3 days. Precision was expressed as RSD
(%).

As given in Table 3, the repeatability of the migration times
for all nucleosides is <0.73 and 0.93 % for intra- and inter-day
precision, respectively. The highest values for RSD (%) of the
peak height and peak area (intra-day precision) are 2.1 and
2.8 %, respectively. For inter-day precision, all RSD (%)
values are lower than 4.7 and 4.6 % for the peak height and
the peak area, respectively, which indicates a good reproduc-
ibility of the proposed enrichment procedure. Rinsing the
outer wall of the capillary (after BGE injection and before
sample injection) by immersing the inlet-end into a vial con-
taining water is an important step to maintain the reproduc-
ibility and the stacking efficiency (especially with extremely
diluted samples). Without this step RSD values up to 14.9 %
(Cyd), 15.2 % (Ado), and 1.4 % (Xao) for intra-day variation
of peak height, peak area, and migration time, respectively
were obtained. This effect can be explained by the observation
that buffer adhering to the outer wall of the capillary might
contaminate the sample solution during the injection step [52].
Moreover, to ensure reproducible results, the BGE should be
replenished every two to four runs.

M. wt LOD? LOD? LOQ" LOQ° LOD® LOD® LOQ? LOQ! Improvement in
(g mol ) (ng mL™")  (umol L) (g mL™")  (umol L") (ng mL™")  (umol L) (ng mL™") (umol L") concentration
sensitivity based
on PA ratio in
Fig. 5¢
Ado 267.24 0.107 0.40 0.530 1.98 0.020 0.07 0.080 0.30 4.5
Cyd 24322 0.255 1.05 1.020 4.19 0.040 0.16 0.161 0.66 4.6
5MeUrd 258.23 0.101 0.39 0.404 1.56 0.020 0.08 0.080 0.31 2.8
Guo 283.24 0.052 0.18 0.208 0.73 0.010 0.04 0.041 0.14 1.8
Urd 244.20 0.051 0.21 0.202 0.83 0.010 0.04 0.040 0.16 1.8
Ino 268.23 0.025 0.09 0.103 0.38 0.010 0.04 0.040 0.15 1.2
Xao 284.23 0.017 0.06 0.050 0.18 0.021 0.07 0.103 0.36 -11f

# Limit of detection of the developed method without applying the calibration standards (dissolved in water) to the PBA column

®Limit of quantitation of the developed method without applying the calibration standards (dissolved in water) to the PBA column

¢ Limit of detection of the developed method after extracting the calibration standards with PBA column and reconstitution in water

4 Limit of quantitation of the developed method after extracting the calibration standards with PBA column and reconstitution in water

It was difficult to calculate the improvement in detection sensitivity based on LOD ratio due to the lamp exchange and different base line noises (see

Fig. 7), therefore the peak area ratio in Fig. 5 was used for comparison

"The negative sign indicates no improvement in the LOD for Xao and it implies that the LOD is reduced by a factor equal to 1.1
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Application to human urine samples

The proposed extraction—enrichment procedure was applied
to the analysis of nucleosides in urine from a healthy volun-
teer. If the urine sample is reconstituted after extraction in
2 mL water, the electric current strength at the start of the
matrix removal is above —5 pA, which results in an incom-
plete resolution for Ado and Cyd. By reconstitution of the
lyophilized eluate in a larger volume of water, the electric
current strength at the start of matrix removal step can be
reduced to a value between —1.4 pA and —5.1 pA. As dem-
onstrated in Fig. 8a, the proposed enrichment strategy can then
be applied successfully for the determination of nucleosides in
urine. Here, the eluate (after extraction) was diluted two times
relative to the original urine sample volume (sample was
reconstituted in 4 mL water), so that the current at the start
of the matrix removal step was —3.1 pA. Figure 8b shows an
electropherogram with the same eluate which was off-line
concentrated ten-fold to the original urine sample volume
(sample was reconstituted in 0.2 mL water). Consequently,
the nucleoside concentration in the injected sample in Fig. 8b
is 20-fold higher than that in Fig. 8a. This comparison clearly
demonstrates that the proposed on-line enrichment procedure
surpasses the off-line pre-treatment procedure with regard to
provided concentration efficiency even under the most unfa-
vorable conditions. Based on a previous report [9], we assume
that the peak marked with (?) can be ascribed to
pseudouridine, which is the most predominant modified nu-
cleoside in tRNA.

With the aim to show that the enrichment procedure devel-
oped is applicable to the analysis of real urine samples, three
different blank unspiked urine samples were analyzed. These

Q

Fig. 7 Electropherograms
obtained close to the LOQ/LOQ
under dynamic pH junction/
sweeping/LVSS conditions using
(a) nucleosides dissolved in water
and injected in CE directly or (b)
nucleosides extracted on PBA
column and reconstituted in wa-
ter. Sample solution in (a) is

0.20 pg mL " of all of the inves-

Absorbance/mAU

Table 3 Intra- and Inter-day precision of the developed method

Intra-day precision
(n=9), RSD* (%)

Inter-day precision, 3 days
(n=26), RSD (%)

MT® PH® PAY MT PH PA
Ado 063 2.1 1.6 0.86 2.7 25
Cyd 064 20 2.8 0.87 32 3.0
5MeUrd 068 14 097  0.89 43 3.6
Guo 070 076 095  0.90 26 24
Urd 073 052 093 092 47 45
Ino 070 058 1.1 0.89 44 46
Xao 063 15 2.0 0.82 3.9 3.0

Relative standard deviation
® Migration time

¢ Peak height

9Peak area

extracted samples were reconstituted in three different vol-
umes of water (relative to the original urine sample volume)
prior to their analysis by CE. The electropherograms given in
Fig. 9 (absorbance scale is not identical) demonstrate that the
proposed enrichment strategy can be successfully applied to
the analysis of nucleosides in urine if the extracts from the
PBA columns are diluted appropriately. In Fig. 9a, an electro-
pherogram is shown for an extract that was reconstituted in
2 mL water (resulting in a concentration identical to that of the
original urine sample). With this sample, the current at the
start of the matrix removal step was —13.5 pA. These unfa-
vorable conditions preclude a good resolution between Ado
and Cyd. However, other analytes are focused and can be

0.8 8
0.6
0.4
0.2 a1 7 6
| 23 L
0.0 e ey
T I T I T I T T T I T I T I T

tigated nucleosides and in (b) 5 6 7 8 9 10 11 12 13 14 15
0.16 ug mL™" Ado and 5 MeUrd, Time/min
0.32 ugmL ' Cyd, 0.08 ug mL™" b i
Guo and Urd, 0.04 pg mL™" Ino. 0.4
Xao conc. in (b) is below the 3 -
LOD. Other CE conditions and g 0.2-
peak designation as in Fig. 5. *- E 1 .
unidentified peak S 0.0+ *
g £
o -0.24
2 ]
< 044
T — 1 T 1 ~ T * 1T * T * 1T ' 1
5 6 7 8 9 10 11 12 13 14 15
Time/min
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Fig. 8 Electropherograms of a spiked urine sample obtained under a
dynamic pH junction/sweeping/LVSS conditions or b conventional in-
jection conditions. Concentration of nucleosides in the injected sample in
a is 20-fold less than that in b. Nucleoside concentrations added are
0.8 pg mL™" Ado, Cyd and 5MeUrd, 0.40 pg mL™" Urd and Guo, 0.20
Ino and Xao pg mL". CE conditions: 42.0 mg L' 2-HP--CD in

determined with excellent sensitivity: Guo, pseudouridine,
Ino, and Xao. The modified nucleoside 5SMeUrd has a con-
centration below the detection limit. Its presence is associated

40 mmol L™' sodium tetraborate, pH 9.25 as BGE, capillary 648(500)
mmx50.2 um 1.D., separation voltage +20 kV, pressure injection
600 mbar for 1 min (a) or 30 mbar for 0.2 min (b), oven temperature
35 °C. In case of a applied voltage during dynamic pH junction/sweep-
ing/LVSS/sample matrix removal —20 kV. Peak designation: see Fig. 2.
*unidentified peak, ?pseudouridine

with an increasing RNA’s turnover. The concentration of
Xao is already in the overload region and its peak starts
to split.

Fig. 9 Analysis of blank 15 A
unspiked urine samples using the E
developed enrichment procedure. 10
Urine samples are reconstituted 1
after extraction with the PBA 5
columnina2mL,b4mL,¢8mL 1
water. For experimental details, 04— T~ T T T T " T T " T " T " T " T " T T " T "1 "1
CE conditions, and peak 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18
designation: see Fig. 8a.
*unidentified peak, 2 6 b
?pseudouridine g
3
S 5| A ¢
8
< LA L L B B B B B B B B B B B
1 2 3 4 7 8 9 10 11 12 13 14 15 16 17 18
35, C 1 *
3.0—_ **& e
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2.0 4
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Figure 9b shows the electropherogram obtained for another
urine sample. Here, after extraction with a PBA column, the
extract was reconstituted in 4 mL water (two-fold dilution
relative to the original concentration). The current at the start
of the matrix removal step was —8.5 pA. The resolution
between Ado and Cyd is improved and Xao can be easily
quantified (without splitting). For Fig. 9c, the extract from the
PBA column was reconstituted in 8 mL water (four-fold
dilution relative to the original concentration). Here, the cur-
rent at the start of the matrix removal step was —1.4 pA. This
electropherogram shows the ability of the enrichment proce-
dure to quantify selected nucleosides and to detect all of the
studied nucleosides (including Urd). As expected, the sample
does not contain a detectable quantity of SMeUrd. For clinical
studies, the resulting nucleoside concentration must be nor-
malized on the creatinine concentration, which has to be
determined simultaneously in the same urine sample.

Sensitivity enhancement factor

To allow a better understanding of the enrichment procedure,
the following investigations were made with standards dis-
solved in water. In Fig. S6 (Electronic Supplementary Mate-
rial) two electropherograms are compared: (a) obtained under
dynamic pH junction-sweeping-LVSS conditions and (b) ob-
tained with conventional injection conditions. However, the
determination of the sensitivity enrichment factor by simply
calculating the ratio of the peak height obtained under sample
enrichment conditions to that obtained under conventional
injection conditions multiplied with the dilution factor is
inherently somewhat arbitrary [53], as it is difficult to define
exactly “conventional injection conditions” [54].

Therefore, we employed the approach developed by
El-Awady et al. [32]. According to this approach, the
sweeping efficiency corresponds to the ratio of the peak
heights (in the volume overload region) obtained under
sweeping and under conventional injection conditions.
In the subsequent discussion, we will use the term sensitivity
enhancement factor (SEF) to express the enrichment efficien-
cy as we have combined three different enrichment principles:
dynamic pH junction, sweeping, and LVSS:

SEF = hy / I (2)

where /; is the limiting peak height in the plateau region under
non-focusing conditions (analytes are dissolved in BGE), and
hy is the limiting peak height in the plateau region under
focusing conditions (analytes are dissolved in low conductiv-
ity matrix void of borate). The value of either /4, or A, was
determined by plotting the peak height vs. the product of the
injection pressure multiplied with the injection time. Via non-
linear regression the parameters of the equation y=a(1—e )

@ Springer

are determined, where the parameter a is the limiting peak
height (height in the plateau region of the curve) [32].

However, with the developed enrichment method, it is
impossible to reach the volume overload region. Therefore,
h, was considered as the peak height obtained for a given
concentration of the nucleoside. On the other hand, /4, was
calculated (using the same nucleoside concentration) by non-
linear regression (see Fig. S7, Electronic Supplementary Ma-
terial). The SEF values calculated via this procedure are given
in Table 4. The corresponding electropherograms are shown
in Fig. S8 (Electronic Supplementary Material). Therefore, the
obtained SEF values shown in Table 4 are “worst case” values
and higher values of SEF (1.5 times) would be obtained by
dividing h, by the peak height obtained under “conventional
injection conditions”.

An approach (analogous to the equation derived by Quirino
et al. [17] for the calculation of the length of the focused
analyte zone after sweeping with a charged PSP) was adopted
by the same authors [19] for calculating the length of the
focused analyte zone Iyeep(complex) after sweeping with
borate:

(3)

b _ *
lsweep(complex) — linj (W)

Hep(D)

where f1.p(b) and pi¢,(a) are the electrophoretic mobility of the
tetrahydroxyborate ion and the effective electrophoretic mo-
bility of the neutral solute after complexation, respectively.

Jep(a) is given by:

1 K[b]

/‘L:p(a) = T[qb]uep(a) + T]qb]lu’ep(ab) (4)

Table 4 Values of the sensitivity enhancement factors (SEF), 41, /,, and
hs

Nucleoside — /;,* h? SEF (ho/hy)  hs© SEF (hs/h3)
Ado 0.993 6.474 0.762 9
Cyd 0.555 3.460 0.421 8
SMeUrd 0.511 6.516 13 0.367 18
Guo 0.205 4972 24 0.143 35
Urd 0.164 4151 25 0.108 38
Ino 0.236 8.817 37 0.162 54
Xao 0.180 15.074 84 0.119 127

* hy equals the coefficient “a” obtained from non-linear regression fitting.
For experimental details, see Fig. S8 (Electronic supplementary material)
®h, is the peak height obtained (under dynamic pH junction-sweeping-
LVSS) from the same concentration of nucleosides that was used in
Fig. S8 (Electronic supplementary material)

s is the peak height obtained using conventional injection parameter
(30 mbar for 0.1 min)
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where K is the formation constant, [b] is the molar concentra-
tion of tetrahydroxyborate ion, and zi.p(a) and fiep(ab) are the
electrophoretic mobility of the analyte and the analyte-borate
complex, respectively. For neutral analytes, fip(a)=0 and
Eq. (4) can be further simplified [19].

Taking into consideration that the value of jic,(b) is always
larger than i55(a), narrower zones can be obtained when -
ep (@) approaches [iey(b). As described by Eqgs. (4-6), this can
be achieved by: (i) a high complex formation constant K
(between analyte and tetrahydroxyborate), (ii) a high concen-
tration of tetrahydroxyborate, (iii) alkaline pH conditions with
pH>9.24 (9.24=pK,; of boric acid), and (iv) an increased
electrophoretic mobility of the analyte-tetrahydroxyborate
complex. These four factors are the essential parameters to
reduce the length of the swept analyte zone to a minimum.

The complex formation constant between the nucleosides
and tetrahydroxyborate is given by:

D ®)

where [n] is the molar concentration of the nucleoside
and [nb] is the molar concentration of the nucleoside-
tetrahydroxyborate complex. In our previous work, we
have confirmed that under alkaline pH conditions (pH>9.24,
tetrahydroxyborate is the dominant species), the degree of
complexation between nucleoside and tetrahydroxyborate is
very high and can be approximated by one even at a low
tetrahydroxyborate concentration [14]. If tetrahydroxyborate
is present in a high concentration, the fraction which is con-
sumed by complexation can be neglected. By substituting
KIb], prep(d) and pigy(a) in Eq. (4) by [nb]/[n], prep(n) and
Hep(nb), respectively, the following equation can be obtained:

! (inb] /101)

Hep(") = 1+ ([nb} / [n]) Heol0) ¥ 1+ ([nb] / [n]) H (1)
(6)

AtpH 9.25 and due to the high complex formation constant
between the nucleosides and tetrahydroxyborate, we can as-
sume that [n] becomes infinitesimally small and all the tested
nucleosides are in their complexed form. Therefore, the first
term in Eq. (6) can be deleted and /:¢,(a) equals fie,(nb). Ado
and Cyd acquire their charge only due to complexation with
borate. Therefore, these two compounds are not focused due
to dynamic pH junction, as their uncomplexed species are
neutral.

In case of SMeUrd, Guo, Urd, Ino and Xao, the analytes
possess an additional charge due to the dissociation of the
amidic group. In separation buffer their mobility increases in
the order 5SMeUrd<Guo<Urd<Ino<Xao, corresponding to
the pK, of the nucleoside. When substituting sic,(a) in

Eq. (3) by pep(nb), it can be expected that the narrowest zone
will be obtained for Xao. This highlights the importance of the
additional negative charge acquired by the dissociated amidic
group. Moreover, the value of yi.,(nb) is dependent on the
charge to size ratio of the complex formed; therefore smaller
molecules are more efficiently focused than larger ones. The
comparison of the SEF obtained for Guo and Urd (see Table 4)
clearly manifests this observation, because Urd and Guo, have
equal pK, values (equal charge) but Guo is larger than Urd.

It is noteworthy to mention that (shortly after the negative
voltage is applied) Xao, in contrast to other nucleosides and
before complexation with borate, migrates toward the anode.
Xao is negatively charged in the water sample matrix (pK,=
5.7) causing an initial narrowing of its zone, followed by the
steps described in Fig. 1. From the SEF data (see Table 4), it is
clear that for this compound a higher SEF can be reached than
for the other nucleosides, which cannot be explained solely
with the complete dissociation of the amidic group at pH=
9.25. It must be attributed also to this initial focusing step that
occurs before complexation with borate takes place.

As indicated in Table 4, we can conclude that the enrich-
ment efficiency is highly dependent on the electrophoretic
mobility of the nucleosides, i.e. the higher is the mobility,
the higher is the SEF. Fig. 10 demonstrates the dependency of
the SEF on . of the nucleosides. Assuming an equal degree
of focusing caused by both dynamic pH junction (with
the exception of Ado and Cyd) and stacking, Eq. 3
predicts a linear relationship between the length of the
swept zone and the electrophoretic mobility of the
nucleoside-tetrahydroxyborate complex. The length of
the swept zone is inversely proportional to the SEF.
However, there is a nonlinear relationship between the SEF
and the electrophoretic mobility of complexed nucleoside,
because Xao encounters an additional (initial) focusing step
(Fig. 10).

90
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Fig. 10 SEF dependent on nucleoside mobility. For analyte numbering,
refer to Fig. 2
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When nucleosides are extracted using the PBA column
(due to the higher ion concentration in the reconstituted sam-
ple relative to that of pure water), the initial focusing step for
Xao is no longer present, as its electrophoretic velocity will be
reduced (relative to that in pure water). Therefore, we observe
a reduction in the peak area and peak height if the results for
pre-treated real samples are compared with those obtained for
pure standard solutions (see Figs. 5 and 6). If we use the ratio
of the peak heights recorded for Xao in Figs. 5a, b as a
quantitative measure for the associated reduction in the en-
richment efficiency, we obtain a factor of 1.54. If the SEF of
Xao (84) is divided by this factor (and the resulting value is
plotted against the electrophoretic mobility, see Fig. 10), a
linear dependency of the SEF on the electrophoretic mobility
is obtained for all studied nucleosides (#=0.9892). This de-
pendency supports our hypothesis regarding the additional
initial focusing step for Xao if pure water is the sample matrix.

Ado does not fit perfectly in this linear model as for this
compound (although it was not focused by dynamic pH
junction), there is some sweeping resulting from its specific
interaction with 2-HP-3-CD which causes an additional im-
provement in its SEF. Moreover, by selecting the charged
analytes (5MeUrd, Urd, Guo, Ino, and Xao) and plotting the
measured SEF against their electrophoretic mobility a regres-
sion line with very low residual standard deviation (#=0.9960)
is obtained, which gives an indication that these charged
analytes behave different with regard to the neutral analytes
(Ado and Cyd). This different behavior is expected due to the
dissociation of their amidic functional group within the “ti-
trated” sample plug at the start of the enrichment process.
However, we cannot measure quantitatively the contribution
of this dynamic pH junction step relative to the total enrich-
ment factor as this process is of transient nature. It is active
only at the start of the enrichment process when hydroxide
ions migrate into the sample zone before borate complexation
(with the slower tetrahydroxyborate ions) takes place.

Conclusions

The developed three-step enrichment method based on dy-
namic pH junction-borate sweeping-LVSS can be applied
successfully for the on-line focusing and separation of the
seven urinary nucleosides, which have been selected for this
study. The enrichment procedure is very simple and requires
no additional equipment. Application of the proposed on-line
enrichment procedure results in a considerable improvement
of the sensitivity of the method. The charge of the nucleoside,
the formation constant of the formed tetrahydroxyborate-
nucleoside complex, and the electric conductivity and the
pH of the sample matrix and the BGE are the key parameters
determining the focusing efficiency. The positive impact of

@ Springer

the ionic constituents (remaining in the reconstituted sample
after extraction) on the achieved focusing efficiency plays a
significant role in a better understanding of the exact mecha-
nisms of the developed enrichment procedure. Owing to the
excellent extraction selectivity provided by commercially
available phenylboronate affinity gels and because of the very
low detection limits achieved in combination with the devel-
oped on-line focusing strategy, the proposed method is appli-
cable to human urine samples and shows a great potential for
the analysis of nucleosides in other types of biological fluids.
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This supplementary material includes:

e Chemical structures and pK, values of the investigated nucleosides

»  Extraction of nucleosides using phenylboronate affinity gel

*  Electropherograms illustrating the effect of borax concentration on the separation of the studied
nucleosides

e Calculation of the injected sample volume and the sample plug length

*  Electropherograms illustrating the effect of the injection parameter on the detection sensitivity.

*  Calibration curves and residuals plots using peak height or corrected peak area as response factor

e Comparison between limits of detection achieved by the developed method and by other reported
CE methods

*  Electropherograms showing the enrichment efficiency achieved by the proposed enrichment
strategy

e Assessment of h; using non-linear regression fitting

»  Electropherograms demonstrating the separation of nucleosides under non-focusing conditions

-116-



5.2.4. Publication II: Electronic Supplementary Material

S-3
NH, 0 0
HsC
] P4 P
X0 N Yo N Yo
(o) o
(o)
oH OH OH
HO HO HO
bH OH OH

Cytidine, pK, = 4.15 Uridine, pK, = 9.20 5-Methyluridine, pK , = 9.70

a0k 4 fk
N N)\NHZ N
o
OH
OH

Guanosine, pK, = 1.60%, 9.20 Xanthosine, pK, =<2.5*%, 5.70
NH, Q
N
</N | XN 4 NH
N N) N~ N
(0]
© oH OH
HO HO
OH OH
Adenosine, pK, = 350 Inosine, pK, = 1.20*, 8.80

Fig. S1Structural formulas and pK, values of the investigated nucleosides. * Values of pK, are those of the
cationic protonated conjugate acid form. Red and blue colours are used to mark the protonation and
dissociation sites, respectively. pK, values of cis-diol moieties (marked with the green colour) are ~12.5
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Extraction of nucleosides using phenylboronate affinity gel

The extraction procedure was exactly followed as in [9] with minor modifications:

1-

Urine samples (approximately 40 mL, pH 6.37) were treated with few drops of conc. ammonia 25% (3-
4 drops) to adjust the pH between 8.6-8.8. The samples were mixed for 1 min using a vortex mixer and
centrifuged at 12000 rpm for 5 min. Two millilitres from the supernatant were applied to the PBA
column. For preparation of the calibration standards to be applied to the PBA column, 1 mL of 0.25 mol
L' ammonium acetate pH 8.8 (to maximize the extractability of these compounds on the PBA column)
was added to make the final volume 2 mL using distilled water after adding different volumes of the
working standard solution

The PBA column consisted of a polypropylene SPE tube, 3 mL (Sigma Aldrich, Steinheim, Germany)
with polyethylene frit (20 pm porosity), packed with the stationary phase material (200.0 mg). Before
the first use, the gel was allowed to swell in 3 mL water for 10 min. The gel was then alternatively
washed with methanol and water for at least ten cycles, 0.5 mL each. After that, the gel was washed two
times with 0.1 mol L™ NaCl (3 mL), 3 times with 0.1 mol L™ formic acid (3 mL), 3 times with 0.25
mol L ammonium acetate pH 8.8 (3 mL), 3 times with 0.1 mol L™ formic acid in 50% methanol (3
mL) and finally 3 times with 0.25 mol L' ammonium acetate pH 8.8 (3 mL).

After transferring the standard or urine samples on the PBA column with a Pasteur pipet, a rinse of 0.5
mL 0.25 mol L ammonium acetate pH 8.8 was added to each sample and the rinse was transferred on
the PBA column. The gel was washed with 0.5 mL 0.25 mol L™ ammonium acetate pH 8.8 and left to
stand for 10 min. Then the column was washed with 0.25 mol L"' ammonium acetate pH 8.8 (4 mL)
and two times with 0.3 mL 50% methanol (a 3 min interval was applied between each rinse). 0.5 mL
0.1 mol L' formic acid in 50% methanol was added to replace 50% methanol and again 3 min interval
was applied to prepare the column for elution of the nucleosides.

2.5 mL 0.1 mol L' formic acid in 50% methanol was used for the elution of the nucleosides (taken into
account that the first 0.5 ml of 0.1 mol L formic acid in 50% methanol, used in Step 3, was also
collected to make the volume of the final eluate 3 mL). Methanol from the eluate was evaporated under
vacuum and the remaining volume of the eluate (~ 1.5 mL) was shell freezed in a slanted position using
liquid nitrogen before it was lyophilized to dryness. The residue was dissolved in 2 mL distilled water,
unless otherwise mentioned, and injected directly into the capillary.

The column was washed three times with 0.1 mol L™ formic acid in 50% methanol and it was stored in
the same solution. Before the next use, the column was washed two times with 2 mL 50% methanol and
three times with 3 mL 0.25 mol L ammonium acetate pH 8.8 before the previously described steps

were repeated starting from Step 3. The PBA column was used up to 12 times and then it was disposed.
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Fig. S2 Electropherograms obtained with different concentration of sodium tetraborate in the BGE, pH
9.25. Sample solution is 20.0 mg L™ of each of the studied analytes and 25.0 mg L™ thiourea in water. CE
applied voltage during dynamic pH
junction/sweeping/LVSS/sample matrix removal -20 kV, separation voltage +20 kV, pressure injection 120
mbar for 5 min, oven temperature 35 °C. Peak designation: (1) thiourea, (2) adenosine, (3) cytidine, (4) 5-

conditions:

capillary 648(500) mm x

Time/min

502 pm LD,

methyluridine, (5) guanosine, (6) uridine, (7) inosine, and (8) xanthosine

120

100

80

60

40

Absorbance/mAU

20+

(c) 120 mbar for 5 min
94.0 % of capillary volume
1

(b) 90 mbar for 4 min
56.3 % of capillary volume

1

(a) 50 mbar for 2 min
15.6 % of capillary volume
1

Fig. S3Electropherograms obtained using different injection volumes. Sample: 25.0 mg L™ of each of the
investigated nucleosides and 25.0 mg L™ thiourea in water. CE conditions: 16.4 mg mL™" B-CD in 40 mmol
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Calculation of the sample injection volune
In order to calculate the volume of the sample injected into the capillary by hydrodynamic injection,

Hagen-Poisseuile law is used:

mAp 't ¢

(8-
8Ln

inj
where Q is the amount of substance of analyte introduced into the capillary, 4p is the pressure difference,
r is capillary inner radius, tj; is the injection time, C is the molar concentration of the analyte in the sample,
L is the length of the capillary, 7 is the viscosity of the liquid inside the capillary. To calculate the sample

injection volume V, the following expression is used:

4
V:nAp rotn

(8-2)
8Ln

The injected plug length is then calculated by dividing V by 7 r%. The total volume of the capillary Vg is

calculated from known geometrical parameters:
Vie=mr2L (S-3)

Table S1Calculation of sample injection volume and injection plug length

Injection parameter Injection volume % of the capillary volume Injected plug length
1- 30 mbar/0.2 min 0.01 uL 0.80 0.5 cm

2- 50 mbar/2 min 0.20 uL 15.6 10.1 cm

3- 90 mbar/4 min 0.72 uL 56.3 36.4 cm

4- 120 mbar/5 min 1.20 uL 93.8 61.0 cm

Taking the second injection parameter as an example to show how the injection volume is calculated:

Ap =50 mbar = 50 x 10° N m? r =251 pm =25.1 x 10° m, t = 120 s, L = 0.648 m, n (water, 35 C) =
0.00072 Ns. m?, Vig= 1.28 L.

N.B. We used the viscosity of the sample solution (water) and not that of the BGE to calculate the injection
volume as under the employed condition, the sample plug represents a significant portion of the capillary
length.
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Fig. S4Calibration curve (@) and residuals plot (b) using peak height as the response factor. The green line
in (@) indicates the confidence interval at 99% significance level. (al) and (b1) represents the peak height
and the residuals of the calibration standards dissolved in water and injected directly. (a2) and (b2)
represents the peak height and the residuals of the calibration standards after their extraction using PBA
column
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Fig. S5Calibration curve (a) and residuals plot (b) using corrected peak area as the response factor. The
green line in (@) indicates the confidence interval at 99% significance level. (al) and (bl) represents the
corrected peak area and the residuals of the calibration standards dissolved in water and injected directly.
(a2) and (b2) represents the corrected peak area and the residuals of the calibration standards after their
extraction using PBA column
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Fig. S6 Electropherograms obtained under (&) dynamic pH junction/sweeping/LVSS conditions or (b)
conventional injection condition. Sample solution in (a) is 20.0 mg L' of each of the investigated
nucleosides and 25.0 mg L™ thiourea in water. Sample solution in (b) is 4.0 mg L™ of Guo, Urd, Ino and
Xao, 16.0 mg L of Ado, Cyd, 5MeUrd and 25.0 mg L™ thiourea in BGE. CE conditions: 42.0 mg L™ 2-
HP-B-CD in 40 mmol L sodium tetraborate, pH 9.25 as BGE, capillary 648(500) mm x 50.2 um L.D.,
separation voltage +20 kV, pressure injection 120 mbar for 5 min (@) or 30 mbar for 0.2 min (b), oven
temperature 35 °C. In case of (a) applied voltage during dynamic pH junction/sweeping/LVSS/sample
matrix removal -20 kV. Peak designation: see Fig. S2
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Fig. S8 Electropherograms obtained under non-focusing conditions with varied sample injection volume
(4.0 mg L of Guo, Urd, Ino and Xao, 16.0 mg L™ of Ado, Cyd, 5MeUrd and 25.0 mg L' thiourea in 90%
BGE: 10% H,0). CE conditions: 42.0 mg L 2-HP-B-CD in 40 mmol L sodium tetraborate, pH 9.25 as
BGE, capillary 648(500) mm x 50.2 um L.D., separation voltage +20 kV, oven temperature 35 °C. Peak
designation: see Fig. S2
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Publication Ill: Summary and discussion

5.3.1. Summary and discussion

In this publication, we investigate the combination of an alkyl or aryl boronate with the imidazolium-based
IL-type surfactant (C14MImBr) as PSP for the MEKC separation of highly hydrophilic urinary nucleosides.
The studied alkyl- and arylboronic acids are: 1-butylboronic acid; BBA, 1-hexylboronic acid; HBA, 1-
dodecylboronic acid; DBA, and 3-nitrophenylboronic acid; 3-NPBA). We investigate the mechanism of
interaction between the negatively charged nucleosides (the negative charge is acquired either due to
deprotonation of the amidic group and/or complexation with boronate) and the positively charged PSP. It
is shown that addition of alkyl- and arylboronic acids to the BGE introduces, beside electrostatic
(Coulombic) interaction, an additional mode of interaction of the nucleosides with the PSP. Boronic acid
(replacing borate as complexing agent) can bind selectively to the nucleosides via complex formation,
while increasing their partitioning into the micelles formed by C1sMImBr via the attached hydrophobic
alkyl/aryl group (Fig. 3). In this case, alkylboronates can act as a cosurfactant that increases the
partitioning coefficient of the analytes into the micelles.

Uridine-BBA complex

. - OH . N
lon-exchange interaction lon-exchange interaction
o) p—

N

Hydrophobic interaction \ %
N\ o

lon-exchange interaction Ho IZ%N VA Tetrahedral butylboronate ion
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Figure 3: Schematic illustration of the mechanism of interaction of uridine-BBA complex with C14MImBr
assuming one-site mixed-mode retention.

We show that the migration and retention behavior of the studied analytes can be fully explained based
on the concept of one-site hydrophobically assisted ion exchange (chromatography), whereas one-site
mixed-mode retention denotes the situation that there is only one type of site and the only interaction that
the charged analyte undergoes is a simultaneous interaction with both the hydrophobic core of the
micelles and a charged surfactant head group (Fig. 3). The retention factors of all nucleosides under
investigation are increased considerably in the presence an alkylboronate in the BGE when compared to
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a BGE without this additive. This is very demandable in real sample application to avoid interference
with matrix components. As an extension to previous studies with C1sMImBr in borate buffer, the
retention factors of the studied nucleosides are calculated either under variation of (i) the length of alkyl
chain of boronic acid or (ii) the concentration of the competing ion in the BGE (in the presence of BBA).
We demonstrate that with a BGE containing the combination of an alkyl/aryl boronate and C14MImBr, we
can regulate the retention factors of the nucleosides by adjusting the competing ion concentration and we
can further increase the retention factor by an increase in the length of the alkyl chain of the boronic acid
added. Using a BGE composed of 5 mmol L-' BBA and 20 mmol L' C14MImBr in 20 mmol L-* carbonate
buffer, pH 9.71, the applicability of this approach is demonstrated for the separation and determination of
nucleosides in a spiked urine sample after their extraction from urine using the commercially available

phenylboronate affinity gel (PBA).
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5.3.2. Author contribution

The design of experiments and all the practical steps of this study were carried out by me. The draft
of the manuscript was written by me and corrected by Prof. Dr. Ute Pyell. The final revision of the
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Ute Pyell was responsible for the supervision of this work.
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Research Article

Boronate affinity-assisted MEKC separation
of highly hydrophilic urinary nucleosides
using imidazolium-based ionic liquid type
surfactant as pseudostationary phase

In this work, we extend our investigations regarding the separation of urinary nucleosides
by MEKC with the ionic liquid type surfactant 1-tetradecyl-3-methylimidazolium bromide
(C14MImBr). We study the impact of adding alkyl- and arylboronic acids (in the presence
of C;4MImBr micelles) to the separation of these highly hydrophilic metabolites and
investigate the mechanism of interaction between the negatively charged nucleosides
(the negative charge is acquired either due to deprotonation of the amidic group and/or
complexation with boronate) and the positively charged pseudostationary phase. This
interaction is not only due to electrostatic (Coulombic) forces, but also due to hydrophobic
interaction of the alkyl or aryl group of the boronate that forms a complex with the cis-
diol group of the nucleoside. In this case, alkylboronates can act as a cosurfactant that
increases the partitioning coefficient of the analytes into the micelles. In the presence of
an alkylboronate in the BGE (employing only 20 mmol/L C;,MImBr), the retention factors
of the studied analytes are increased considerably when compared to a BGE without this
additive. It is shown that the concept of one-site hydrophobically assisted ion exchange can
be applied to describe the observed retention behavior. The high selectivity of boronates
toward cis-diol-containing compounds can be used to adjust selectively the migration
behavior of members of this compound class. By adding alkylboronic acid to the BGE, the
separation selectivity is fine-tuned so that interferences from matrix components can be
avoided in real sample analysis.

Keywords:
Boronic acid / lonic liquid type surfactant / MEKC / Phenylboronate affinity gel /
Urinary nucleosides
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Dl Additional supporting information may be found in the online version of this
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1 Introduction

Nucleosides are metabolites of either RNA turnover or ox-
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Abbreviations: Ado,

adenosine;
acid; C14MImBr, 1-tetradecyl-3-methylimidazolium bro-
mide; CTAB, cetyltrimethylammonium bromide; Cyd,
cytidine; DBA, 1-dodecylboronic acid; DC-CE, dynamic
complexation-capillary electrophoresis; Guo, guanosine;

idative damage of DNA. Abnormal urinary levels of these
metabolites can occur under pathological conditions such
as inflammation and cancer diseases. Their diagnostic value
as potential markers for predicting cancer attracts the in-
terest of many researchers for developing methods for the
analysis of these compounds in both normal and cancer pa-
tients [1-8]. These methods employ either RP-HPLC, HILIC
(due to their highly hydrophilic nature) or MEKC for the sepa-
ration of similar compounds. Although separation by HILIC
might be seen as the state of art for the determination of
these highly hydrophilic nucleosides, we have demonstrated

BBA, 1-butylboronic

HBA, 1-hexylboronic acid; IL, ionic liquid; Ino, inosine;
5MeUrd, 5-methyluridine; 3-NPBA, 3-nitrophenylboronic
acid; pK;*, apparent acidity constant; PSP, pseudostationary
phase; TTAB, tetradecytrimethylammonium bromide; Urd,
uridine; Xao, xanthosine
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efficient, highly reproducible and highly selective method for
the analysis of these hydrophilic metabolites [9]. Most of the
reported MEKC methods for the analysis of nucleosides are
based on using SDS as pseudostationary phase (PSP) for the
separation of these compounds as neutral species, however,
due to their high hydrophilicity, a high concentration of the
PSP (up to 300 mmol/L) is needed to obtain resolution. These
conditions are typically associated with high electric current
strength, excessive Joule heating, and a noisy baseline. Re-
garding the separation in alkaline buffer, we were able to
show that the interaction between the nucleosides as nega-
tively charged species and SDS is negligible due to electro-
static repulsion [9]. One approach to increase retention factors
without the need to use an extremely high concentration of
the PSP is using an oppositely charged (cationic) surfactant
under conditions, where the analytes are present as anionic
species.

Rageh and Pyell [9] and Orentaite et al. [10] were the first
who studied the retention of (partially) charged solutes by
oppositely charged micelles through the application of the
classical theory of IEC (plotting Ig(k) against Ig(c(competing
ion))), which requires the ionic micelles to be regarded as
pseudostationary ion exchangers that provide a fixed concen-
tration of ion-exchange sites. In addition, the role of different
contributions (hydrophobic and ion-exchange interactions)
to the overall mixed-mode retention of neutral and (partially)
charged solutes was studied [9,10]. In [9], we have investigated
the use of the ionic liquid (IL) type surfactant 1-tetradecyl-
3-methylimidazolium bromide (C;4MImBr) as PSP for the
separation of seven urinary nucleosides, which are adeno-
sine (Ado), cytidine (Cyd), 5-methyluridine (5MeUrd), uri-
dine (Urd), guanosine (Guo), inosine (Ino), and xanthosine
(Xao) [9].

We have studied the mechanism of interaction between
the micelles formed by C;4sMImBr and the negatively charged
nucleosides. It was confirmed that electrostatic interaction is
the main mode of interaction, and hydrophobic interaction
can be considered to be negligible [9]. We have demonstrated
that using only 20 mmol/L C;4MImBr in the BGE (5 mmol/L
tetraborate, pH 9.38), a complete separation of all the
studied analytes (existing as negatively charged complexes)
is achieved. By calculating the retention factors at different
tetraborate concentrations, we have found that highest
retention factors are obtained at the lowest tetraborate
concentration. Therefore, we regard the micelles formed by
C1sMImBr as a pseudostationary ion exchanger that enables
the regulation of the retention factor by variation of the
competing ion concentration [9, 10]. However, even under
optimized conditions (lowest tetraborate concentration),
the retention factors of Ado and Cyd (the first-migrating
nucleosides) are still extremely low. This necessitates the use
of an alternative strategy in order to increase the partitioning
coefficients and consequently the retention factors of these
highly hydrophilic metabolites (especially, Ado and Cyd).
This improvement is very demandable in real sample appli-
cations to avoid interference with matrix components. We
will show that this objective can be accomplished by adding
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boronic acid (replacing borate as complexing agent), which
can bind selectively to the nucleosides via complex formation,
while increasing their partitioning into the micelles formed
by C14MImBr via the hydrophobic alkyl/aryl group.

Boronate affinity interaction provides a unique means
for the selective capture, isolation, and enrichment of cis-diol-
containing biomolecules CDCBs [11]. These CDCBs include
nucleosides, saccharides, and glycoproteins [12]. The princi-
ple of most of the applications of boronic acids is based on
their ability to bind covalently to vicinal-diol moieties under
alkaline pH conditions to form stable five- or six-membered
cyclic esters, which can reversibly dissociate when the pH
is changed to acidic conditions or another diol with higher
affinity is added to the solution [11,12]. This pH switch prop-
erty allows boronic acids to be excellent ligands for saccha-
ride sensing [11,13]. In the recent years, boronate affinity
has attracted great attention in separation science, particu-
larly boronate affinity chromatography [11, 14-18]. Boronate
affinity chromatography is nowadays involved in many -omics
studies such as proteomics, metabolomics, and glycomics, es-
pecially, because CDCBs constitute a group of biomolecules
that comprise several major classes of target molecules in
-omics studies [14,16-18].

Most of the boronate affinity chromatography ap-
plications are based on phenylboronate moieties [14-18]
with very few reports concerning the applicability of alkyl-
boronates [19]. It was recently reported that the association
constant between 1-butylboronate and different nucleosides
is in the range of 200205 M~! at pH 10.0, and it was found
that the six nucleosides studied exhibit only slight variations
in their association constant with 1-butylboronate [12]. Based
on these data, a method called "boronate affinity assisted
MEKC” has been developed to improve the selectivity of the
separation of nucleosides compared to MEKC methods with-
out employing a boronate [12,19]. In [19], the authors have
reported that alkylboronates can be used in combination with
the traditional cationic surfactant, cetyltrimethylammonium
bromide (CTAB), in the separation of urinary nucleosides.
They have found that the introduction of 1-butylboronic acid
(BBA) at 25 mmol/L, urea (2 mol/L), and CTAB (25 mmol/L)
to the BGE (200 mmol/L CHES) affords the best resolution
between the studied analytes. The method was successfully
applied to the analysis of urine samples. However, (i) they
have not explained the quantitative effect (represented by the
retention factor) of the addition of different boronic acids
to the BGE, which is the main focus of our presented study.
Moreover, (ii) we assume that the use of a high concentration
of CHES in the BGE results in the displacement of the
investigated nucleosides (especially, those containing an
amidic functional group) from the ion-exchange sites
present on the PSP. This will result in a low resolution for
the first-migrating nucleosides investigated. To confirm this
hypothesis, we study (for selected nucleosides), in addition
to the impact of different alkylboronates, also the influence
of the buffer ion concentration on the retention factor.

The imidazolium-based IL-type surfactant C;;MImBr
will be used in this study as cationic surfactant PSP in
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lieu of the conventional cationic surfactants such as tetrade-
cytrimethylammonium bromide (TTAB) and CTAB. In accor-
dance with the previously reported results [9], we assume that
C1sMImBr as PSP in MEKC provides generally a higher re-
peatability of migration times than either TTAB or CTAB and
a modified selectivity. This improvement in repeatability and
modification of selectivity is attributed by us to the efficiency
by which CisMImBr dynamically coats the inner capillary
wall and to the versatility of the interaction sites provided by
the imidazolium head group. Besides electrostatic interaction
(that is also existing with TTAB or CTAB), the imidazolium
head group offers additional types of intermolecular interac-
tions (m—m, ion-dipole, and hydrogen-bonding interactions)
that modify the selectivity and provide a higher retention for
hydrophilic analytes (via increase in A G) [9]. Additionally, in
our previous study, we confirmed experimentally for selected
nucleosides that the repeatability in migration times is sig-
nificantly better with C;4MImBr as PSP than with TTAB [9].
In this paper, we investigate the combination of an alkyl
or aryl boronate with the imidazolium-based IL-type surfac-
tant (C14MImBr) as PSP for the MEKC separation of highly
hydrophilic urinary nucleosides. As an extension to previ-
ous studies with C;;MImBr in borate buffer, we demonstrate
that with a BGE containing the combination of an alkyl/aryl
boronate and C;4MImBr, (i) we can regulate the retention
factors of the nucleosides by adjusting the competing ion
concentration [9] and (ii) we can further increase the reten-
tion factor by an increase in the length of the alkyl chain of
the boronic acid added. A comparison between the retention
factors obtained in the presence and absence of alkylboronate
is made with a special emphasis on the importance of the hy-
drophobic interaction introduced by the alkyl group of the
boronate (shifting the retention factors to higher values). In
accordance with the concept developed in [9], we investigate
the impact of the buffer concentration on the retention fac-
tors in the presence of BBA. It is shown that the migration
behavior of the studied analytes can be fully explained based
on the concept of one-site hydrophobically assisted ion ex-
change (chromatography). In addition, we study whether also
arylboronate (here, 3-nitrophenylboronate) can be employed
as a retention modifier. The applicability of this approach
is demonstrated taking the separation and determination of
nucleosides in a spiked urine sample as an example.

2 Materials and methods
2.1 Chemicals and background electrolytes

Cyd, Ado, 5MeUrd, Urd, Guo, Ino, and Xao were purchased
from Sigma-Aldrich (Steinheim, Germany; chemical struc-
tures, pK, and 1gP,,; see Supporting Information Fig. 1).
SDS, boric acid, trisodium phosphate dodecahydrate, and
sodium hydroxide were purchased from Fluka (Buchs,
Switzerland). Sodium dihydrogen phosphate monohydrate,
disodium hydrogen phosphate dihydrate, sodium hydrogen
carbonate, and disodium tetraborate decahydrate (borax) were
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purchased from Merck (Darmstadt, Germany). Thiourea
was purchased from Riedel-de Haén (Seelze, Germany).
Sodium carbonate was purchased from Griissing (Filsum,
Germany). Methanol (HPLC grade) was from VWR-BDH-
Prolabo (Leuven, Belgium). BBA, 1-hexylboronic acid (HBA),
1-dodecylboronic acid (DBA), and 3-nitrophenylboronic
acid (3-NPBA) were purchased from Alfa-Aesar (Karlsruhe,
Germany; chemical structures and pK, values; see Support-
ing Information Fig. 2). Decanophenone was purchased from
Sigma-Aldrich. All analyte stock solutions (800 mg/L of Ado,
Cyd, Urd, 5MeUrd, Ino, 400 mg/L of Xao, Guo) were prepared
in water. Stock solutions of the nucleosides were stored in the
refrigerator and used within 1 month. The working standard
solutions were prepared daily (concentration of each of the
studied nucleosides 20 mg/L, unless otherwise specified). A
stock solution of thiourea (1000 mg/L) was prepared in water,
while decanophenone (300 mg/L) was prepared in methanol.
The Affi-gel 601, used as the stationary phase for the extrac-
tion of nucleosides from urine, was purchased from Bio-Rad
(Hercules, CA, USA). The synthesis and characterization of
C1sMImBr is described in detail in [9]. For the preparation
of buffer stock solutions, refer to Supporting Information.
Compositions of the micellar and nonmicellar BGEs are
given in Table 1. All buffer solutions were filtered through
a 0.45 pm nylon membrane filter (WICOM, Heppenheim,
Germany). BGEs were replaced after every two runs.

2.2 Instrumentation

All measurements were done using the ATI Unicam CE
System, Crystal 300 Series, Model 310 equipped with
UV/vis detector Spectra 100 (with deuterium lamp) from
Thermo Separation Products (San Jose, USA), set to a
wavelength of 257 nm (optimized wavelength). The oven
temperature was kept at 35°C. Data acquisition was done
using an AD converter (USB-1280FS, Measurement Com-
puting, Middleborough, USA). Data were recorded using
CE-Kapillarelektrophorese software (development of the elec-
tronic workshop of the Department of Chemistry, University
of Marburg based on Delphi). Data analysis was performed
with Origin 8.5 software (OriginLab, Northhampton, USA).
Fused-silica capillaries (50 pm id, 360 pm od) were obtained
from Polymicro Technologies (Phoenix, AZ, USA), with
a total length of 649 mm and a length to the detector of
501 mm (if not stated otherwise). SPEs were performed on a
vacuum manifold column processor (J.T. Baker, Griesheim,
Germany). The flow rate during sample loading and elution
is 0.5 mL/min. The eluate obtained after the extraction
procedure was lyophilized in a Christ Alpha 2—4 LSC Freeze
Dryer (Martin Christ, Osterode am Harz, Germany).

New capillaries were conditioned by flushing them
first with NaOH solution (1 mol/L) for 60 min, water for
30 min, and BGE for 5 min using an applied pressure of
800 mbar. Between runs, the capillaries were rinsed with
NaOH solution (1 mol/L) for 2 min, water for 2 min, and
finally with BGE for 2 min using an applied pressure of
800 mbar. To ensure a high repeatability of migration times,
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Table 1. Compositions of the employed micellar and nonmicellar BGEs
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(A) Nonmicellar BGEs
1-20 mmol/L phosphate buffer, pH 11.05

2-20 mmol/L phosphate buffer, pH 11.05 containing either 10 or 30 mmol/L BBA (adjusted with 1 mol/L NaOH)

3-20 mmol/L carbonate buffer, pH 9.71, BGE 1

4-20 mmol/L carbonate buffer, pH 9.71 containing 10 mmol/L boric acid (adjusted with 1 mol/L NaOH), BGE 3
5-20 mmol/L carbonate buffer, pH 9.71 containing 10 mmol/L BBA (adjusted with 1 mol/L NaOH), BGE 5

6—20 mmol/L carbonate buffer, pH 9.71 containing 10 mmol/L HBA (adjusted with 1 mol/L NaOH), BGE 7

7-10 mmol/L BBA in either 5, 10, 15 or 20 mmol/L carbonate buffer, pH 9.71 (adjusted with 1 mol/L NaOH)

(B) Micellar BGEs

1-50 mmol/L SDS and 2 mmol/L DBA in 20 mmol/L phosphate buffer, pH 11.50 containing 20% methanol (adjusted with 1 mol/L NaOH)
2-50 mmol/L SDS in 20 mmol/L phosphate buffer, pH 11.50 containing 20% methanol (adjusted with 1 mol/L NaOH)

3-50 mmol/L SDS and 30 mmol/L BBA in 20 mmol/L phosphate buffer, pH 11.05 (adjusted with 1 mol/L NaOH)

4-20 mmol/L C14MImBr in 20 mmol/L carbonate buffer, pH 9.71 (adjusted with 1 mol/L NaOH), BGE 2

5-20 mmol L C14MImBr and 10 mmol/L boric acid in 20 mmol/L carbonate buffer, pH 9.71 (adjusted with 1 mol/L NaOH), BGE 4

6—20 mmol/L C14MImBr and 10 mmol/L BBA in 20 mmol/L carbonate buffer pH 9.71 (adjusted with 1 mol/L NaOH), BGE 6

7-20 mmol/L C14MImBr and 10 mmol/L HBA in 20 mmol/L carbonate buffer pH 9.71 (adjusted with 1 mol/L NaOH), BGE 8

8-20 mmol/L C14MImBr and 10 mmol/L BBA in in either 5, 10, 15 or 20 mmol/L carbonate buffer, pH 9.71 (adjusted with 1 mol/L NaOH)
9-20 mmol/L C14MImBr and 2 mmol/L 3-NPBA in 20 mmol/L phosphate buffer, pH 6.94

10-50 mmol/L SDS and 2 mmol/L 3-NPBA in 20 mmol/L phosphate buffer, pH 7.02

11-20 mmol/L C14MImBr in 2.5 mmol/L tetraborate, pH 9.71 (adjusted with 1 mol/L NaOH)

The pH of the micellar BGEs containing C14MImBr is lower than that of the corresponding nonmicellar BGEs containing no C14MImBr
due to the slight acidity of the imidazolium cation; therefore, the pH of the micellar BGEs containing C14MImBr must be adjusted to be
exactly the same as the pH of the nonmicellar BGEs by using 1 mol/L NaOH.

the dynamic coating formed by C;4sMImBr should be com-
pletely removed between the runs. To accomplish this, the
capillary, after using the BGE containing C;4MImBr, was
rinsed (every two runs) with the corresponding nonmicellar
BGE containing no C;4MImBr by application of a positive
polarity (15 kV) for 5 min. The separations were performed
with the micellar and nonmicellar BGE under an applied volt-
age of —15 or +15 kV, respectively, unless otherwise speci-
fied. The samples were pressure-injected at 30 mbar for 12 s.
The electroosmotic holdup time ¢, [20] was determined using
thiourea as neutral marker. Peak identities were confirmed
by spiking.

2.3 Urine samples and extraction conditions

Samples of human urine were obtained from a 27-year-old
healthy female volunteer and collected in 100 mL plastic bot-
tles and frozen immediately until analysis. Before use, the
samples were thawed at room temperature. For the study of
spiked urine samples, samples were pre-treated with a PBA
(phenylboronate affinity gel) column. The extraction condi-
tions are based on what was previously reported [1,4,21,22].
A brief description of the extraction procedure is given in [23].

3 Results and discussion

3.1 Mixed micelles of SDS with long-chain
alkylboronates

BBA, HBA, DBA, and 3-NPBA are selective complexing
agents that introduce both a negative charge and hydropho-
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bic moiety to the complex formed with a nucleoside. BBA,
HBA, DBA, 3-NPBA have pK, values of 10.37, 10.47, 11.0,
and 6.9, respectively (Supporting Information Fig. 2). For the
first three boronic acids, the pH of the BGE must be higher
than boric acid (pK, = 9.24) to provide a suitable solubility of
the added modifier and to ensure the formation of the tetrahe-
dral boronate ion. In the case of 3-NPBA, the pH of the BGE
can be lower than boric acid (for details regarding the use of
3-NPBA, refer to the discussion in Supporting Information
Fig. 3 and Table 1).

Our initial target was to form mixed micelles of SDS with
the long-chain boronic acid DBA. DBA can act as a complex-
forming cosurfactant that increases the partitioning of the
highly hydrophilic nucleosides into the micelles formed by
SDS. The limited solubility of DBA in aqueous buffers neces-
sitates (i) working at high pH value and (ii) the presence of an
organic solvent. BGEs are composed of (i) 20 mmol/L phos-
phate buffer containing 2 mmol/L DBA, 50 mmol/L SDS, and
20% methanol, pH 11.50 and (ii) the same BGE containing no
DBA were tested. As shown in Fig. 1B, a shift of the migration
times to longer values (in case of Ado and Cyd) is observed
for the DBA containing BGE if compared to the electrophero-
gram shown in Fig. 1A. In addition, the peaks of these two
analytes are broadened (Fig. 1B). Ado and Cyd are neutral
under these conditions. The increase in migration time can
Dbe ascribed exclusively to an increase in the retention factor,
as DBA is completely incorporated into formed DBA-SDS
mixed micelles. Band broadening of this extent must be as-
cribed to analyte—wall interaction, which can be explained by
complex formation of the analyte with the highly hydropho-
bic DBA adsorbed on the capillary wall. For the other nucle-
osides: 5MeUrd, Urd, Guo, Ino, and Xao, only a very small
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Figure 1. Electropherograms obtained from a standard solution
mixture of 20 mg/L of each of the investigated nucleosides and
25 mg/L thiourea in water using BGE composed of 20 mmol/L
phosphate buffer, pH 11.50 containing 50 mmol/L SDS and 20%
methanol with (A) 0 mmol/L DBA or (B) 2 mmol/L DBA. Other
CE conditions: capillary 649 (501) mm - 50 wm I.D., applied volt-
age +15 kV, pressure injection 30 mbar for 12 s, oven temper-
ature 35°C. Peak designation: 1 = cytidine, 2 = uridine, 3 = 5-
methyluridine, 4 = guanosine, 5 = xanthosine, 6 = adenosine,
7 = inosine.

shift in migration times was observed (Fig. 1B). These nucle-
osides are negatively charged at the pH of the BGE due to the
dissociation of their amidic group. Because of electrostatic re-
pulsion (also the SDS micelles are negatively charged), com-
plex formation with DBA is effectively suppressed. DBA is
incorporated as a neutral species in the hydrophobic core
of the SDS micelles so that it becomes inaccessible for the
negatively charged nucleosides. The small band broadening
observed for these analytes might be due to complex forma-
tion with DBA adsorbed on the inner capillary wall. Because
of the excessive band broadening observed for those analytes
interacting strongly with the added boronic acid, we selected
shorter chain alkylboronic acids for further investigations.

3.2 Complexation with medium- to short-chain
alkylboronates in the presence of SDS

Recently, we have proved that the degree of complexation be-
tween tetrahydroxyborate and a nucleoside is very high even
at a very low tetraborate concentration [9]. Taking BBA as a
representative example, a BGE composed of 20 mmol/L phos-
phate buffer, pH 11.05 was investigated for the separation of
the studied compounds in the absence and presence of BBA.
In the absence of BBA (Supporting Information Fig. 4A), Ado
and Cyd comigrate with the EOF marker (as they are neutral
under the studied conditions), while Urd, 5MeUrd, Guo, Ino,
and Xao are eluted after the EOF marker due to the negative
charge acquired by the deprotonation of the amidic group. In
the presence of BBA (Supporting Information Fig. 4B and C),
all nucleosides acquire an additional negative charge due to
complexation, and their migration times are shifted to longer
values if compared to those observed using a BGE without
BBA. The effective electrophoretic mobility p..¢ of all the stud-
ied nucleosides was calculated at two different concentrations
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of BBA (10 and 30 mmol/L) and compared to that obtained in
the absence of the modifier. It was found that p.g is constant
for the two investigated BBA concentrations. This finding
can be explained with a degree of complexation (between the
nucleoside and alkylboronic acid) close to 1 (within the pa-
rameter range investigated). A concentration of 10 mmol/L
alkylboronic acid is used for subsequent investigations.

Further addition of 50 mmol/L SDS to the BGE (con-
taining 10 or 30 mmol/L BBA) does not improve the resolu-
tion of the investigated nucleosides (Supporting Information
Fig. 4D). Based on these results, which are in agreement
with what we have reported previously [9], we can conclude
that SDS is not a suitable PSP because the MEKC separa-
tion of nucleosides as negatively charged compounds (elec-
trostatic repulsion between negatively charged SDS micelles
and negatively charged analytes). Consequently, a PSP with
opposite charge (cationic surfactant, e.g. C;4MImBr) must be
employed. This oppositely charged PSP permits ion-exchange
interaction (via Coulomb forces) with the negatively charged
solutes that can be assisted by hydrophobic interaction of the
hydrophobic moieties of the analytes with the hydrophobic
core of the micelles.

3.3 Concept of one-site hydrophobically assisted ion
exchange with C4,MImBr micelles

Mixed-mode retention is retention due to both hydropho-
bic and ion-exchange (electrostatic) interactions. Under alka-
line pH conditions, the tetrahedral boronate ion is capable
of forming reversibly negatively charged complexes with nu-
cleosides via their vicinal diol moieties. As shown in Fig. 2,
the nucleosides can then interact with the positively charged
PSP by (i) electrostatic interaction (due to the negative charge
acquired by dissociation and/or complexation) and (ii) simul-
taneously by hydrophobic interaction due to the alkyl group
of the boronic acid. In aqueous solution, the following dis-
sociation (Eqs. 1a and b) and complexation (Eqs. 1c and d)
equilibria have to be taken into consideration:

RB(OH), #Z—‘ RB(OH); + H* (1a)

NH—=—=N +H" (1b)
O\ _ /OH

NH+RB(OH); — N/ \B/ (BN7) (1¢)

T N\0/ \R

O\ _ ,OH
N" +RB(OH); == _<O>E<R

where NH is the neutral nucleoside, N~ is the deprotonated
nucleoside, RB(OH); is the alkylboronic acid, and RB(OH);
is the tetrahedral boronate ion. For Ado and Cyd, only the
complexation equilibrium described in Eq. (1c) has to be con-
sidered and the monovalent negatively charged complex with
boronic acid, BN~ is the only existing species. In case of Urd,

(BN*7) (1d)
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Uridine-BBA complex
lon-exchange interaction on

Hydrophobic interaction

lon-exchange interaction

5MeUrd, Guo, Ino, and Xao, all these equilibria (Eqs. 1b-1d)
are involved as these compounds have a deprotonation site.
However, due to the high complex formation constant, it can
be concluded that the deprotonated complex with boronic
acid (divalent, BN?~) will be the dominant species for these
analytes, which will be taken into account in further consid-
erations.

As shown in Fig. 2, the major modes of retention of the
negatively charged complexed nucleosides with the positively
charged PSP are both hydrophobic and ion-exchange interac-
tions. The simultaneous presence of both hydrophobic and
ion-exchange (electrostatic) interactions is defined as mixed-
mode retention. Two models have been developed, which
qualitatively and quantitatively describe a mixed-mode (ion-
exchange and hydrophobic interaction) retention of analytes
on an LC stationary phase: the one-site retention model and
two-site retention model [24]. These models were also applied
in CEC to describe both qualitatively and quantitatively the
contribution of ion-exchange and hydrophobic interaction to
the overall retention of cationic solutes on a mixed-mode
(negatively charged) monolithic stationary phase [25]. Trans-
ferred to MEKC, one-site mixed-mode retention denotes the
situation that there is only one type of site and the only inter-
action that the charged analyte undergoes is a simultaneous
interaction with both the hydrophobic core of the micelles
and a charged surfactant head group. Two-site mixed-mode
retention refers to a situation in which there are pure ion-
exchange sites and pure hydrophobic interaction sites, and
the interaction of the analytes with the two sites takes place
spatiotemporally independently. In MEKC such a situation
would be given, if there were one type of micelles provid-
ing a hydrophobic interaction site and one type of micelles
providing an ion-interaction site [26].

According to our retention model (see Fig. 2), we as-
sume that both hydrophobic and ion-exchange interactions
take place simultaneously at a single type of site (one-site
model). In this case, the total molar free energy A G of the
phase transition is the sum of the partial molar free energies
AGyp and A Gigy [27):

AGgp + A Gy
RT RT ’

1nk=1n<p—|—< (2)
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Tetrahedral butylboronate ion

Figure 2. Schematic illustration of the
. mechanism of interaction of uridine-BBA

@® complex with C14MImBr assuming one-
A site mixed-mode retention.

where k is the overall retention factor, ¢ is the phase ratio
(volume of the micellar phase divided by the volume of the
surrounding aqueous phase), and A G§, and A Gy are the
free energy contributions from the RP (hydrophobic) and ion-
exchange interaction, respectively [25]. It is important to note
that according to this model, the overall retention factor k
results from the product kgp . kigx.

In the ion-exchange mode, the retention factor for a de-
protonated divalent ion BN?~ is not only determined by the
ion-exchange capacity of the pseudostationary ion exchanger
(micelles), but also by the molar concentration and type of
the competing ion (C~) in the BGE. The following chemical
equilibrium has to be regarded:

PSP**2C™ + BN*™ = PSP**BN’*" + 2C". (3)

For this ion-exchange reaction, the ion-exchange equilib-
rium constant can be written as:
c(PSP>*BN?7) . ¢(C)?
c(PSP?*2C~) - ¢(BN?7) ’

Kix = (4)
where ¢(PSP**2C") is the amount of substance of accessi-
ble (available) imidazolium dicationic sites (formed by two
imidazolium groups) normalized to the volume of the pseu-
dostationary ion exchanger (ion-exchange capacity), c(BN*")
is the molar concentration of the deprotonated complexed
nucleoside in the BGE, c¢(PSP**BN?") is the molar concen-
tration of the deprotonated complexed nucleoside in the PSP,
and ¢(C7) is the molar concentration of the counterion in
the BGE. The retention factor kigx due to the ion-exchange
process is defined as:

c(PSP2*BN?")
c(BN2)

c(PSP?T2C")

kIEX = ¢ = ¢ Kygx W (5)
According to Eq. (5), increasing the concentration of the
counterion will decrease the retention factor. Taking into ac-
count the dependence of kizx on the counterion concentra-
tion, the following equation for the overall retention factor k

is obtained:

¢ Kigx ¢(PSPX2C7)

k = kRP kIEX = kRP C(C,)Z

(©)
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According to this equation, the only interaction that a
negatively charged solute undergoes is a simultaneous in-
teraction with both the hydrophobic moiety and a pair of
positively charged imidazolium cationic groups (see Fig. 2).
According to Neue et al. [27], this site is called hydropho-
bically assisted ion-exchange site. Taking the logarithm of
Eq. (6) results in:

lgk = A" + g kgp — 2 lg(c(CT)), (7)

where A’ is a constant equal to 1g(¢ Kigx c(PSP?*2 C™)). Fol-
lowing the Martin equation [28]:

1g kRp = A + B nCst (8)

where A and B are constants and ncy, is the methylene group
number, a modified equation can be obtained [24]:

lgk = A” + Bnay, — 2 lg(c(C)), (9)

where A” = A+ A’. Based on Eq. (9), it can be predicted
that the slope of plotting lgk vs. lgc(C™)) for BN?~ and a
competing ion of a charge —1 in the BGE must be close to —2.
Simultaneously, for a homologous series of alkylboronates,
there will be a linear dependence of Ig k on ncy,.

The key assumption of the alternative two-site model
of mixed-mode retention is that the two binding sites (the
hydrophobic and the ion-exchange sites) are locally separated
(e.g. two different PSPs) and independent. In this case, the
solute molecules interact independently with the two types of
sites and retention is the sum of two independent processes,
k = kgp + kigx [24, 25]. However, these presumptions are
not fulfilled in our case.

3.4 Boronate affinity assisted retention

3.4.1 Retention factor dependent on the length of the
alkyl chain

In these studies, a carbonate buffer (pH 9.71) replaced
the phosphate buffer (pH 11.05) that was used as BGE in
previous experiments. This can be ascribed to the following
reasons: (i) the low buffering capacity of phosphate buffer at
high pH value, (ii) phosphate buffer with pH 11.05 is more
likely for atmospheric CO, absorption, (iii) the low resolution
between the investigated nucleosides while using phosphate
buffer, pH 11.05 as five of them (SMeUrd, Urd, Guo, Ino, and
Xao) are completely deprotonated under these conditions. At
pH 9.71, a molar fraction of 18 and 15% of BBA and HBA is
present in its deprotonated form. It is important to note that
the apparent acidity of the free boronic acid is increased by
complexation with cis-diols, i.e. pK,* < pK, [29, 30], which
in turn means that the molar fraction of the deprotonated
species is higher for the boronate ester than for the free non-
complexed boronate. A relatively high concentration carbon-
ate buffer was selected (20 mmol/L, pH 9.71). This concen-
tration was selected to minimize the electrostatic interaction
of the investigated analytes with C;4MImBr, as carbonate
and bicarbonate anions act as competing ions (see Fig. 2).
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Eight cases were compared as given in Fig. 3. In the first
case (Fig. 3A), 20 mmol/L carbonate buffer, pH 9.71 (BGE 1)
was used as a BGE. There is no separation of Ado and Cyd,
as these compounds are neutral under these conditions and
they comigrate with the EOF marker. The other nucleosides—
Urd, 5MeUrd, Ino, Guo, and Xao—are eluted after the neutral
marker due to the dissociation of their amidic groups. In the
second case (Fig. 3B), the separation of the same analytes
was examined using 20 mmol/L C;;MImBr in 20 mmol/L
carbonate buffer, pH 9.71 (BGE 2). As shown in Fig. 3B,
their effective charge number is too low for separation via
interaction between the investigated analytes and C;;MImBr
micelles. In the third case (Fig. 3C), the presence of boric
acid in the BGE 3 results in shifting the migration times of
all of the investigated analytes to longer times if compared
to Fig. 3A. This can be ascribed to the additional negative
charge gained by complexation. However, under these con-
ditions, Ado and Cyd are still comigrating. In Fig. 3D (us-
ing BGE 4, 20 mmol/L C;4MImBr in 20 mmol/L carbonate
buffer in the presence of borate), a good separation between
the studied analytes was achieved. However, four of them
are eluted before the neutral marker, which indicates their
weak interaction with the C;;MImBr micelles. At pH 9.71,
all nucleoside—tetrahydroxyborate complexes will be present
as tetrahedral (negatively charged) borate esters due to the
lowering of the pK,* of boric acid after complexation.

In the fifth and seventh cases (Fig. 3E and G), using BGEs
5 and 7 containing BBA and HBA, respectively, the situation
is similar to that in the case of Fig. 3C (when using boric acid
in the BGE) with a difference in the resolution between Ado
and Cyd, and Urd and Guo. In addition, the migration times
of the nucleosides are shorter (compared to those of Fig. 3C)
as the charge-to-size ratio of the complexed nucleosides is be-
coming lower with increased ncy, . In the sixth case (Fig. 3F)
using BGE 6, which contains BBA and C;4,MImBr, all studied
nucleosides are eluted after the neutral marker. The increase
in kwith ncyy, (see Table 2) indicates the significant role of hy-
drophobic interactions in the overall retention process. With
a BGE containing BBA and C;4MImBYr, a good resolution be-
tween all of the studied nucleosides was obtained. A further
improvement in the resolution of Guo and Xao was achieved
by lowering the concentration of BBA in the BGE to 5 mmol/L
(Fig. 4). There is a slight band broadening (see Table 3) for
most of the studied nucleosides in case of using BGE 6, while
compared with the peak efficiencies obtained with BGE 4.
In the latter case (BBA replaced by HBA, Fig. 3H), the sit-
uation is very similar to that depicted in Fig. 3F. However,
the adsorption of the complexed analytes onto the capillary
wall results in severe peak broadening (see Table 3). It is in-
teresting that this severe peak broadening (with BGE 8) is
observed only for the first four migrating nucleosides. This
observation will be discussed in detail later. There is also
an increase in the migration times relative to the peaks de-
picted in Fig. 3F, which is consistent with the increase in
ncy, (Eq. (9)).

Details concerning the calculation of the retention fac-
tors are described in the Supporting Information. The
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electrophoretic mobilities were calculated in the presence
(MEKC mode) and absence (CZE mode) of C;4sMImBr. The
nonmicellar BGEs were used to calculate p.g (the effective
electrophoretic mobility of the analyte in micelle-free BGE)
of each of the studied nucleosides. The micellar BGEs (con-
taining 20 mmol/L C;4MImBr) were employed to calculate
(the pseudoeffective electrophoretic mobility of the analyte in
the micellar BGE) and pyc (the electrophoretic mobility of the
micelles in micellar BGE) under exactly the same conditions
as the experiment performed in the CZE mode. Decanophe-
none was employed as micelle marker in a sample matrix of
micellar BGE/water/methanol (50:40:10, v/v/v) to solubilize
this hydrophobic compound.

Figure 5 depicts the calculated effective and pseudoeffec-
tive electrophoretic mobilities for the nucleosides in different
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oven temperature 35°C. Peak designa-
tion as in Fig. 1.

Time/min

BGEs (BGEs 1-8). Strong interaction of the nucleosides both
with the boronic acids and C;4MImBr micelles is represented
by the change of sign of the mobility. The retention factors
calculated for the C;4MImBr containing BGEs are given in
Table 2. The comparison of the data indicates the important
role of hydrophobic interactions, as there is an increase in k
with increasing alkyl group length of the boronic acid. For
analytes having the same effective charge number (e.g. Ado
and Cyd or Urd and Guo), the purine nucleosides (Ado and
Guo) have higher retention factors than the corresponding
pyrimidine nucleosides (Cyd and Urd) as they are more
hydrophobic (Supporting Information Fig. 1). In addition,
5MeUrd has a higher retention factor than Urd as this com-
pound is more hydrophobic due to the additional methyl
group.
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Table 2. Retention factors calculated in different BGEs

Electrophoresis 2015, 36, 784-795

Analyte k/BGE?
BGE 2 BGE 4% BGE 6 BGE 8"
20 mmol/L C14MImBr in 10 mmol/L boric acid and 10 mmol/L BBA and 10 mmol/L HBA and

20 mmol/L carbonate
buffer, pH 9.71

20 mmol/L C14MImBrin
20 mmol/L carbonate
buffer, pH 9.71

20 mmol/L C14MImBr in
20 mmol/L carbonate
buffer, pH 9.71

20 mmol/L C14MImBr in
20 mmol/L carbonate
buffer, pH 9.71

Ado 0.0 0.1
Cyd 0.0 0.0
Urd 0.2 04
Guo 0.4 0.8
Ino 0.6 13
Xao 0.4 1.3
5MeUrd 0.2 0.4

1.8 43
0.6 15
4.1 8.2
9.2 243
11.6 34.2
10.0 215
5.4 10.0

a) Listed values are the average of at least three measurements. Retention factors in the case of a BGE containing 20 mmol/L C14MImBr
in 2.5 mmol/L tetraborate, pH 9.70 are 0.3, 0.2, 2.2, 4.0, 6.0, 6.4, 2.0 for Ado, Cyd, Urd, Guo, Ino, Xao, and 5MeUrd, respectively [9].
b) wmc in the case of BGEs 2 and 4: 2.84 x 10~% cm? V~' s~ and in the case of BGEs 6 and 8:2.92 x 10~ cm? V-1 s~ ',
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Figure 4. Electropherogram obtained from a standard solution
mixture of 20 mg/L of each of the investigated nucleosides and
25 mg/L thiourea in water using 5 mmol/L BBA and 20 mmol/L
C14MImBrin 20 mmol/L carbonate buffer, pH 9.71 as a BGE. Other
CE conditions: applied voltage —15 kV, pressure injection 30 mbar
for 12 s, oven temperature 35°C. Peak designation as in Fig. 1.

Table 3. Peak efficiencies calculated in different BGEs

Analyte N (peak efficiency)

BGE 22! BGE 42! BGE 62 BGE 8!
Ado n.d.b 100 000 41000 10 000
Cyd n.d. 48000 70 000 5000
Urd 270 000 240 000 52 000 10 000
Guo 220 000 (2 080 000)¢! n.d.b n.d.b
Ino 99000 130 000 95000 107 000
Xao 240 000 190 000 n.d.b n.d.b
5MeUrd 210 000 170 000 74000 14 000

a) Refer to Table 2 for the exact compositions of the employed
BGEs.

b) n.d.: not determined.

c) The very high peak efficiency of Guo can be attributed to peak
focusing by transient isotachphoretic stacking.
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Figure 5. Effective mobilities of nucleosides obtained in different
BGEs. Each data point is the average of at least five measure-
ments, standard deviation represented as error bar. For experi-
mental details, refer to Fig. 3.

By taking the logarithm of the retention factors obtained
with BGEs 4, 6, and 8, a plot of lg(k) against ncy, (number
of methylene units) is constructed, which results in straight
lines with regression coefficients r between 0.9878 and 0.9999
(Fig. 6A). As seen from Fig. 6A, there is a slight variation in
the values of the slopes. A statistical significance test, how-
ever, indicates that these differences are not significant (see
Supporting Information), confirming the presumptions in
the derivation of Eq. (9).

3.4.2 Retention factor dependent on competing ion
concentration

With the aim to show the impact of the competing ion
concentration on the retention factors, eight cases were
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Figure 6. Plot of Ig(k) against (A) ncy, of alkylboronic acid and
(B) Ig(c(carbonate)).

compared (Supporting Information Fig. 5). In these eight
cases, each micellar BGE is studied with its corresponding
nonmicellar BGE, which has exactly the same composition
but without C;4,MImBr. Four different carbonate buffer con-
centrations, pH 9.71 were tested: 5, 10, 15 and 20 mmol/L.
Each BGE contains either (1) 10 mmol/L BBA (Supporting
Information Fig. 5A, C, E, and G) or (2) 10 mmol/L BBA and
20 mmol/L C;4MImBr (Supporting Information Fig. 5B, D,
F, and H). Higher concentrations of carbonate buffer were
not accessible due to a resulting increase in the baseline noise
and electric current strength noise (Supporting Information
Fig. 6).

It was reported that IL-based surfactants (this term was
suggested by Pino et al. [31]) can change their self-assembly
structures in the aqueous solution (when increasing their con-
centration) from spherical micelles to rod-like micelles and
then to vesicles [32]. Moreover, the aggregation behavior of a
single-chain imidazolium-based IL-type surfactant was stud-
ied on a surface-oxidized silicon wafer [33]. It was shown that
this surfactant, by increasing its concentration, is capable of
forming a multilayer structure adsorbed onto a silica surface.
Although the concentration of the employed cationic surfac-
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tant within this study is <20 mmol/L, the effect of the counte-
rion concentration on the micelle aggregation behavior, CMC
and, critical surface aggregation concentration cannot be ne-
glected. The CMC of long-chain ILs is reduced by increasing
the counterion concentration [34]. Additionally, the counte-
rion concentration influences the self-assembly structure via
changes in the aggregation number and molecular packing
parameter P. Assuming a similar effect on the critical surface
aggregation concentration and on the formed admicelles, we
can conclude that the structure of the micellar coating on
the inner capillary wall might be also changed by increasing
the salt concentration (at a fixed concentration of C;4MImBr
of 20 mmol/L). The observed increased noise at increased
counterion concentration might be due to the formation of a
multilayer structure.

As shown in Supporting Information Fig. 5, in case of
micellar BGEs, the increase in buffer concentration does not
result in a considerable increase in the migration times of
the nucleosides as would be expected from the simultaneous
decrease in the EOF velocity. This can be explained by the
influence of the competing ion concentration (Fig. 2) on the
retention factors of the analytes.

Retention factors were calculated as discussed before us-
ing the electrophoretic mobilities determined using the non-
micellar BGEs (Supporting Information Table 2) and micellar
BGEs (Supporting Information Table 3). The calculated re-
tention factors are listed in Supporting Information Table 4.
The retention factors for all the nucleosides investigated are
highly dependent on the competing ion concentration (rep-
resented by CO?~ and HCOj ions) being the highest at the
lowest carbonate buffer concentration. These results are cor-
responding to what is expected from the classical theory of
IEC. In addition, these results support our previously re-
ported results [9, 10] that micelles (in case of analytes of op-
posite charge) can be considered as a pseudostationary ion
exchanger. As expected from Eq. (9), a plot of Ig(k) against
Ig(c(carbonate)) should result in a straight line with a slope
equal to —x/y (where x is the effective charge of the analyte
that is —2 in case of charged nucleosides and y is the ef-
fective charge number of the competing ion). As shown in
Fig. 6B, there is a clear deviation from linearity, which can
be attributed to the presence of a third competing ion, the
bromide ion (Fig. 2). The effect of the third competing ion
manifests itself substantially at low carbonate concentration
resulting in a constant plateau value at low c(carbonate), while
a linear decrease in lg(k) is obtained at higher c(carbonate)
(influence of bromide ion can be neglected). These observa-
tions are in agreement with former reports [9, 10]. Although
the maximum slope of the curves does not match with the the-
oretical value of —1 or —2, Fig. 6B shows clearly that there is
a considerable influence of the concentration of the compet-
ing ion(s) on the retention factors. Ion-exchange interaction
(beside hydrophobic interaction) dominates the retention of
the analytes by the (mixed-mode) PSP. The plots shown in
Fig. 6A and B confirm that the selected one-site hydropho-
bically assisted ion-exchange model describes adequately the
observed retention of the investigated nucleosides.
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3.5 Mechanism of band broadening

Adsorption onto the inner wall of the fused-silica capillary is a
well-known phenomenon that can be attributed to hydropho-
bic and/or electrostatic interactions between the capillary wall
and the analyte. Wall adsorption can occur in the BGE com-
partment [35,36] or can be constrained to the sample zone [37]
(if the composition of the sample solution deviates strongly
from that of the BGE). One of the consequences of analyte
adsorption onto the capillary wall is deterioration of the peak
efficiency (Table 3) [38]. C14MImBr dynamically coats the cap-
illary wall by forming admicelles (bilayer arrangement) [9],
whereas multilayer arrangements were also reported for the
lower homologue 1-dodecyl-3-methylimidazolium bromide
[33]. With a BGE containing C;,MImBrz, the capillary wall
is covered with a positively charged layer onto which BBA
and HBA (free and/or complexed) can be adsorbed by elec-
trostatic and/or hydrophobic forces. Being more hydropho-
bic than BBA, HBA is more strongly adsorbed than BBA.
The comparison of the electropherograms shown in Fig. 3
clearly reveals that peak broadening is mostly pronounced
with a BGE containing HBA. It is now very interesting to see
that only the peaks of the analytes with lower retention factor
are broadened, while there is no peak broadening for those
analytes with higher retention factor (Table 3).

Two coupled equilibria are involved in the observed pro-
cesses: adsorption (onto the wall from the aqueous phase) and
distribution (between the aqueous and the micellar phase).
The different retention factors influence the states of the equi-
libria involved, which can explain the observed peak broad-
ening dependent on k. The molar fraction of analyte present
in the aqueous phase is increased with decreased retention
factor, which concomitantly increases the molar fraction of
adsorbed analyte even if the adsorption constant is fixed and
the adsorption equilibrium is reached instantaneously. In-
creasing peak broadening is expected with increasing molar
fraction of adsorbed analyte. As depicted in Fig. 3H, the first
four analytes (lower k) have broadened peaks, while the effi-
ciency is not decreased for the later eluted analytes (higher k,
see Table 3).

3.6 Application to urine sample analysis

A solution of standards and spiked urine samples were
pre-treated with a PBA column (see Section 2.3). After the
lyophilization of the eluate, the dried extract was reconsti-
tuted in 2 mL water (CE sample). The BGE used for the subse-
quent separation of the nucleosides contained 5 mmol/L BBA
and 20 mmol/L C;4MImBr in 20 mmol/L carbonate buffer,
pH 9.71. Figure 7A shows the separation of the standard
nucleosides after extraction with the PBA column, whereas
Fig. 7B depicts an electropherogram obtained for a spiked
urine sample. The presence of nucleosides as endogenous
compounds in the investigated urine sample can be con-
firmed by the increase in the peak area (e.g. for Cyd and
Xao) visible in the electropherogram shown in Fig. 7B when
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Figure 7. Electropherograms of standard nucleosides and spiked
urine samples: (A) Nucleoside standards after extraction with
PBA column and (B) spiked urine sample after extraction with
PBA column. Concentration of standards or spiked nucleosides:
16.08 mg/L Ado and 5MeUrd, 32.16 mg/L Cyd, 8.16 mg/L Guo,
8.00 mg/L Urd, 4.00 mg/L Ino, 2.06 mg/L Xao. Extracts are re-
constituted in 2 mL water and injected by pressure injection of
30 mbar for 12 s. BGE: 5 mmol/L BBA and 20 mmol/L C14MImBr
in 20 mmol/L carbonate buffer, pH 9.71. CE conditions: capillary
648 (500) mm x 50.2 um I.D., applied voltage —20 kV, oven tem-
perature 35°C. Peak designation: see Fig. 1. *Unidentified peak.

compared to the corresponding peaks in Fig. 7A. As shown in
Fig. 7B, Ado and Cyd are very well separated and clearly sep-
arated from possible matrix interferences. Because of the ex-
cellent extraction selectivity of PBA, there are only few peaks
that have to be assigned to unknown compounds present in
the urine matrix. There is a remarkable high resolution for
Urd and 5MeUrd. For clinical studies, the determined nucle-
oside concentrations have to be normalized on the creatinine
content. Band broadening is more visible for Urd in the case
of the spiked urine sample that can be ascribed to matrix ef-
fects. The analysis of a spiked urine sample shows that the
addition of the modifier BBA allows to fine-tune the selectiv-
ity of the separation system so that interferences from matrix
constituents (which are often a problem when analysing a
real sample) can be actively avoided.

4 Concluding remarks

The separation of seven highly hydrophilic urinary nucle-
osides can be successfully achieved using 5 mmol/L BBA
and 20 mmol/L C;4MImBr in 20 mmol/L carbonate buffer,
pH 9.71. The involved retention mechanism is hydropho-
bically assisted electrostatic interaction. Application of a
one-site retention model can fully describe the retention be-
havior observed regarding the influence of the alkyl chain
length of the alkylboronic acid and the influence of the com-
peting ion concentration. Retention factors can be controlled
by the type and concentration of the alkylboronic acid added,
the type and concentration of the (cationic) surfactant, the
pH, and the concentration of the competing ion. The ability
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to fine-tune the retention factors over a very large range in
addition to the high extraction selectivity of the commercially
available phenylboronate affinity gels provides a promising
approach for the routine analysis of urine samples.
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Figure S1: Structural formulas, pKa [1] and Ig Pow [2] of the investigated nucleosides. * Values of pKa
are those of the cationic protonated conjugate acid form. Red and blue colours are used to mark the
protonation and dissociation sites, respectively. pKa values of cis-diol moieties (marked with the green
colour) are ~12.5 [1].
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Figure S2: Structural formulas and pKa values of the studied boronic acids.
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Preparation of the buffer stock solutions

Stock solutions of phosphate buffer and carbonate buffer were prepared and further diluted for the
preparation of the background electrolytes. Stock phosphate buffer (40 mmol/L, pH 11.05) was prepared
by dissolving 0.2782 g (2.9 mmol/L) of trisodium phosphate dodecahydrate and 1.6550 g (37.1 mmol/L) of
disodium hydrogen phosphate dihydrate in 200 mL water and diluting to 250 mL with water. Stock
carbonate buffer solution (40 mmol/L, pH 9.71) was prepared by dissolving 0.6217 g (29.7 mmol/L) of
sodium bicarbonate and 0.2702 g (10.3 mmol/L) of sodium carbonate in 200 mL water and diluting to 250
mL with water. Stock phosphate buffer (40 mmol/L, pH 7.00) was prepared by dissolving 0.5865 g (17
mmol/L) of sodium dihydrogen phosphate monohydrate and 1.0280 g (23.1 mmol/L) of disodium hydrogen
phosphate dihydrate in 200 mL water and diluting to 250 mL with water.
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Complexation with phenylboronates

3-NPBA had been employed as an electrokinetic probe in dynamic complexation-capillary
electrophoresis (DC-CE) for screening and direct analysis of polyols [3, 4]. We have combined the use
of 3-NPBA (2 mmol/L) with either SDS (50 mmol/L) or C14MImBr (20 mmol/L) in 20 mmol/L phosphate
buffer, pH 7.0 for the separation of nucleosides as negatively charged complexes without the
dissociation of their amidic groups (except Xao with pKa = 5.7, that is negatively charged under these
conditions). As indicated in Fig. S3, the introduction of 3-NPBA in the BGE creates two large negative
system peaks. The first one is ascribed to the EOF and the second one is attributed to a zone void of 3-
NPBA [4]. As observed in Fig. S3A, the complexation between the nucleosides and 3-NPBA enhances
their interaction with C14MImBr micelles that in turn improves their resolution (if compared to SDS
micelles as will be shown later). We can assume that all the investigated analytes have a charge
number of -1 due to complexation with 3-NPBA (except Xao) based on the fact that pKa* of 3-
NPBA/nucleoside complex < pKa of free 3-NPBA at the investigated pH value. Therefore, assuming
equal interaction by the electrostatic forces, we can conclude that the order of migration will follow what
would be expected based on their hydrophobicity (see Fig. S1), so that pyrimidine nucleosides migrate
before purine nucleosides and within the same class of analytes, their migration order will be dependent

on their Ig Pow.

In order to highlight the importance of the electrostatic interaction besides the hydrophobic interaction
with the PSP, a parallel experiment was performed using 2 mmol/L 3-NPBA and 50 mmol/L SDS as a
BGE instead of using 20 mmol/L C1sMImBr. As given in Fig. S3B, hydrophobic and electrostatic
interactions with the SDS micelles are too low to provide sufficient resolution between these highly
hydrophilic analytes (existing as negatively charged complexes). However, hydrophobic interaction with
the phenyl moiety of 3-NPBA cannot be neglected especially if we compare Fig. S3B to the
electropherogram obtained using BGE composed of only 50 mmol/L SDS in 20 mmol/L phosphate
buffer, pH 7.0 with a low resolution between the studied nucleosides (see figure inset, Fig S3B). Table
S1 demonstrates the calculated pseudoeffective electrophoretic mobilities (p), which illustrate the strong
interaction of the studied analytes with C1sMImBr micelles. This can be reflected by the significant
increase in the absolute values of y in case of using BGE (A) relative to those obtained using BGE (B)
or (C).

We have reported before that a sufficient resolution between all the studied nucleosides can be
obtained using 200 mmol/L SDS in 50 mmol/L phosphate buffer, pH 6.86 as a BGE but the use of high
concentration of the PSP in the BGE results in low reproducibility, noisy baseline and Joule heating [5].
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S-6

This can confirm that electrostatic interaction (that can by hydrophobically-assisted using the alkyl or the
phenyl moiety boronic acids) is the main mode of interaction of the studied nucleosides with the
oppositely charged PSP. Although 3-NPBA can be used for the analysis of CDCC that are labile to
alkaline pH conditions, but due to the high background absorbance of the free 3-NPBA, it will not be
considered further in the present study.
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Figure S3: Electropherograms obtained from a standard solution mixture of 20 mg/L of each of the
investigated nucleosides and 25 mg/L thiourea in water using (A) 2 mmol/L 3-NPBA and 20 mmol/L
C14MImBr in 20 mmol/L phosphate buffer, pH 6.94 or (B) 2 mmol/L 3-NPBA and 50 mmol/L SDS in 20
mmol/L phosphate buffer, pH 7.0 as BGEs. Figure inset in B represents the electropherogram obtained
using 50 mmol/L SDS in 20 mmol/L phosphate buffer, pH 7.0 as a BGE. Other CE conditions: capillary
645(508) mm x 50 pym 1.D., applied voltage —15 kV or +15 kV in case of (A) and (B), respectively,
pressure injection 30 mbar for 12 s, oven temperature 35 °C. Peak designation: 1 = cytidine, 2 = uridine,
3 = 5-methyluridine, 4 = guanosine, 5 = xanthosine, 6 = adenosine, 7 = inosine.
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Figure S4: Electropherograms obtained from a standard solution mixture of 20 mg/L of each of the
investigated nucleosides and 25 mg/L thiourea in water using a BGE composed of 20 mmol/L phosphate
buffer, pH 11.05 containing (A) 0 mmol/L BBA, (B) 10 mmol/L BBA, (C) 30 mmol/L BBA and (D) 30 mmol/L
BBA and 50 mmol/L SDS. Other CE conditions: capillary 649(501) mm x 50 ym I.D., applied voltage +15
kV, pressure injection 30 mbar for 12 s, oven temperature 35 °C. Peak designation: as in Fig. S3.
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S-9

Calculation of the retention factors of the nucleosides as charged analytes

To calculate the retention factor for a weak acid, the following equation can be employed [5-9]:

S, Lk
K+1"9 1+k

where p is the pseudoeffective electrophoretic mobility of the analyte in micellar BGE, k is the overall

7 Hhac (81)

retention factor of the analyte, et is the effective electrophoretic mobility of the analyte in micelle-free BGE,
and pwc is the electrophoretic mobility of the micelles in micellar BGE. From Eq. (S-1) following expression
can be derived, which allows to calculate the true retention factor k in MEKC from the mobilities u, pet,
and pwc [7], which have to be determined in separate measurements with a separation electrolyte
containing surfactant (4 and pwmc) and with a separation electrolyte containing no surfactant ( ef):
H = Hyt
Hyec —H

Several assumptions have to be made: the influence of the pseudostationary phase on the ionic strength,

k = (S-2)

viscosity, and dielectric constant of the BGE must be assumed to be very low, interaction of the analyte
either with the capillary wall (solute-admicelle interaction) and with surfactant monomers is neglected.
Regarding the last point, it was reported in a previous study [10] that pet in the presence of surfactant
monomers is not significantly different from the values obtained in absence of such monomers i.e. ion pair
formation can be neglected. It must be emphasized that analytes used in that study are hydrophilic, a

situation which is quite similar to our case (highly hydrophilic nucleosides).

Statistical significance of the slope b in Fig. 6a

Regarding the statistical significance of the slope b, we applied t-test. We have selected the two lines with
the maximum difference between their slope values. The t-value was calculated for Cyd with the highest
slope b+SD (0.3187+0.0413) and Xao with the lowest slope (0.2165+0.0085). t-value was found to be
2.42 at df = 2, which is smaller than the tabulated t value (4.30 at df = 2 and P = 0.05). We can conclude
that at the specified significance level, the slopes are not significantly different from each other. These
findings support our assumption that hydrophobic interaction contributes considerably to the overall
retention and cannot be neglected.
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Figure S5: Electropherograms obtained from a standard solution mixture of 20 mg/L of each of the
investigated nucleosides and 25 mg/L thiourea in water. The non-micellar BGEs composed of 10 mmol/L
BBA in either (A) 5 mmol/L carbonate buffer, pH 9.71, or (C) 10 mmol/L carbonate buffer, pH 9.71, or (E)
15 mmol/L carbonate buffer, pH 9.71 or (G) 20 mmol/L carbonate buffer, pH 9.71. The micellar BGEs
composed of 10 mmol/L BBA and 20 mmol/L C14MImBr in either (B) 5 mmol/L carbonate buffer, pH 9.71, or
(D) 10 mmol/L carbonate buffer, pH 9.71, or (F) 15 mmol/L carbonate buffer, pH 9.71 or (H) 20 mmol/L
carbonate buffer, pH 9.71. Other CE conditions: capillary 646(501) mm x 50 um I.D., applied voltage +15
or =15 kV in case of non-micellar and micellar BGEs, respectively, pressure injection 30 mbar for 12 s,
oven temperature 35 °C. Peak designation: 1 = cytidine, 2 = uridine, 3 = 5-methyluridine, 4 = guanosine, 5

= xanthosine,
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6 = adenosine, 7 = inosine.
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Figure S6: Absorbance and electric current strength profile for the first run after rinsing the capillary
according to the procedure described in Section 2.2 when using a BGE composed of 10 mmol/L BBA and
20 mmol/L C14MImBr in 25 mmol/L carbonate buffer, pH 9.71. CE conditions: see Fig. S5.
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Publication IV: Summary and discussion

5.4.1. Summary and discussion

In this publication, two simple, fast, reproducible and sensitive MEKC methods combined with on-line
enrichment techniques are developed and validated for the analysis of selected highly hydrophilic
nucleosides in urine samples. In the first method, C1sMImBr is employed as PSP for the MEKC
separation of the investigated nucleosides: Urd, 5SMeUrd, Guo, Ino, and Xao using a BGE composed
of 20 mmol L-* C14MImBr in 5 mmol L' disodium tetraborate buffer, pH 9.38. The separation of the
studied nucleosides is achieved in less than 6 min. Retention factor gradient effect (RFGE)-
‘pseudostationary ion-exchanger” sweeping, FASS/dynamic pH junction are employed as on-line
enrichment techniques (Fig. 4a). The high complex formation constant between the cis-diol moieties of
the nucleosides and tetrahydroxyborate in addition to the strong electrostatic interaction of these
negatively charged metabolites with the oppositely charged PSP (at low competing ion concentration
and high pH) are the prerequisites for efficient sweeping using C1sMImBr micelles. We investigate the
optimization of the sample matrix and the BGE with respect to maximum focusing efficiency while
maintaining adequate resolution. It is shown that the maximum enrichment efficiency can be obtained
by keeping the retention factors very high within the sample zone and very low within the BGE, while
maintaining at the same time a sufficient resolution between the studied analytes.
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Figure 4: Schematic representation of the suggested enrichment mechanism using (a) Method 1 or (b)
Method 2.
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However, for the nucleosides Ado and Cyd (the first-migrating nucleosides), the k values are still
extremely low even under optimized conditions (lowest tetraborate concentration and high pH). This will
negatively affect their sweeping efficiency with C14MImBr. Moreover, the matrix constituents in urine
remaining after extraction of the nucleosides with phenylboronate affinity gel (PBA) interfere with the
analysis of these two analytes, which indicates the unsuitability of Method 1 for the determination of
Ado and Cyd in urine samples, therefore Method 1 has to be complemented with Method 2. Ado and
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Cyd are positively charged under acidic pH conditions. As an alternative strategy, SDS is used for
sweeping of these analytes (Method 2). Combined with dynamic pH junction/“pseudostationary ion-
exchanger” sweeping (Fig. 4b), the MEKC separation of these two analytes is carried out using a BGE
composed of 100 mmol L-* SDS in 25 mmol L' aspartic acid, pH 3.22. The separation is achieved in
less than 10 min. It is shown that the use of aspartic acid as a zwitterionic/isoelectric buffering
component can minimize the dramatic effect of the co-ions (when using ordinary buffering constituents)
on the k values and hence on the sweeping efficiency. For Methods 1 and 2 the sample injection
volume is optimized by variation and selection of those parameters that give rise to the highest peak
height and highest peak area, while maintaining at the same time, acceptable peak shapes and
resolution. 50 mbar for 1 min is chosen as an optimum sample injection volume. The developed
methods are validated according to the ICH guidelines. With several blank and spiked urine samples,
the applicability of the developed and validated methods is demonstrated after the selective extraction

of the target analytes with phenylboronate affinity gel (PBA).
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Abstract

The presented study shows the application of the ionic liquid (IL)-type surfactant 1-tetradecyl-3-
methylimidazolium bromide (C+4MImBr) to the analysis of the highly hydrophilic urinary nucleosides:
uridine, 5-methyluridine, guanosine, inosine and xanthosine in urine samples under alkaline pH
conditions. Taking the advantage of the high complex formation constant between borate and the cis-
diol moieties of the nucleosides in addition to the strong interaction (at low competing ion concentration
and high pH) between these negatively charged metabolites and the oppositely charged
pseudostationary phase (represented by CisMImBr micelles), field amplified sample stacking
(FASS)/dynamic pH junction/retention factor gradient effect (RFGE)-“pseudostationary ion-exchanger”
sweeping can be employed as on-line enrichment techniques for the determination of these polar
analytes in urine samples (Method 1). We study the impact of the pH and the ionic strength of the
sample matrix and the BGE on the enrichment efficiency. It is shown that the maximum enrichment
efficiency can be obtained by keeping the retention factors very high within the sample zone and very
low within the BGE, while maintaining at the same time a sufficient resolution between the studied
analytes. The separation of the studied nucleosides is achieved in less than 6 min using a background
electrolyte (BGE) composed of 20 mmol L' C1sMImBr in 5 mmol L' disodium tetraborate buffer, pH
9.38. Due to the low retention factors encountered for the nucleosides adenosine and cytidine,
C14MImBr cannot be effectively employed for sweeping of these analytes. As an alternative, SDS was
investigated for their analysis as positively charged compounds under acidic pH conditions. The
positively charged nucleosides adenosine and cytidine can interact by electrostatic (Coloumbic) forces
with SDS which can be used for their sweeping and subsequent determination in urine samples (Method
2). The effect of a zwitterionic/isoelectric buffering compound on the enrichment efficiency is
investigated. A BGE consisting of 100 mmol L-* SDS in 25 mmol L' aspartic acid, pH 3.22 is used for
the separation of adenosine and cytidine in less than 10 min. The applicability of Methods 1 and 2 to the
analysis of the nucleosides under investigation is shown in blank and spiked human urine samples after

their extraction using the commercially available phenylboronate affinity gel.
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1. Introduction

The increasing interest in metabolomics and the diagnostic value of urinary nucleosides as cancer
biomarkers have drawn the attention of many working groups to develop analytical methodologies [1-7]
for their analysis in the urine of normal and cancer patients. Micellar electrokinetic chromatochraphy
(MEKC) is one of the capillary electromigration separation techniques that is widely involved in the
analysis of these highly polar metabolites (as neutral compounds) using mostly sodium dodecyl
sulphate (SDS) as surfactant [8-15]. Due to the low interaction between SDS and these analytes under
neutral pH conditions, a high concentration of the pseudostationary phase is required for their
separation, a problem that is typically associated with high electric current, Joule heating, noisy base
line, irreproducible migration times and long analysis time [16]. With the need for new surfactants that
are capable of interacting more strongly with these highly hydrophilic analytes, providing better
resolution while maintaining reproducible migration times and short run time, we have reported an
MEKC method for the analysis of nucleosides using the ionic liquid (IL)-type surfactant: 1-tetradecyl-3-
methylimidazolum bromide (C14MImBr). It was shown that the separation of these polar analytes can be
achieved (in less than 6 min) at low surfactant concentration using C1+4MImBr as cationic surfactant
under alkaline pH conditions, where the nucleosides are negatively charged [16]. The negative charge is
acquired due to complexation between tetrahydroxyborate and the cis diol moieties of the nucleosides

and/or dissociation of their amidic group.

C14MImBr as PSP in MEKC provides a higher repeatability in migration times than the conventional
cationic surfactants (e.g. tetralkylammonium salts) and a modified selectivity, which are attributed by us
to the efficiency by which C1sMImBr dynamically coats the inner capillary wall and to the versatility of the
interaction sites provided by the imidazolium head group [16]. In MEKC, the interaction of charged
analytes with the oppositely charged surfactant can be ascribed to both electrostatic interaction with the
oppositely charged micellar outer shell and to hydrophobic interaction with the hydrophobic core of the
micelle. We have confirmed that the main mode of interaction between the nucleosides and the
C14MImBr micelles is electrostatic interaction. Hydrophobic interaction can be considered to be
negligible. By using only 20 mmol L' C14MImBr in the BGE (5 mmol L tetraborate, pH 9.38), a

complete separation of all the studied analytes (existing as negatively charged complexes) is achieved.

The dependency of the retention factors k (calculated at different tetraborate concentrations) on borate
concentration in the BGE was demonstrated [16]. We have found that the k values are the highest at the
lowest borate concentration. Therefore and based on the classical theory of ion-exchange
chromatography, the micelles formed by C+MImBr can be regarded as a pseudostationary ion-
exchanger that provides a fixed concentration of ion-exchange sites and enables the regulation of the
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retention factor by variation of the competing ion concentration. Besides, the pH of the BGE strongly
influences the k values of the nucleosides. The highest values of k are obtained at the pH that enables a
full deprotonation of these analytes and hence permits the maximum interaction with the oppositely
charged PSP.

Following the study of the fundamental aspects underlying the separation of the nucleosides using
C14MImBr [16], we want to integrate the outcome of our previous results, with emphasizing on the
applicability of C14MImBr as PSP in the analysis of the hydrophilic nucleosides in real urine samples.
The involvement of on-line enrichment techniques for a further improvement of the detection limits will
also be considered. “Pseudostationary ion-exchanger” sweeping (using C1MImBr) combined with
dynamic pH junction/field amplified sample stacking (FASS) will be investigated as online enrichment
technique for the focusing of the investigated nucleosides by employing a sample matrix void of PSP

having a different pH and electric conductivity different from that of the background electrolyte (BGE).

Sweeping is one of the on-line enrichment techniques that is used to overcome the poor concentration
sensitivity in CE. It is defined as the accumulation of analyte molecules by the pseudostationary phase
(PSP) that penetrates the sample zone being void of PSP. Based on the concept presented by Terabe
and co-workers [17,18], the length of the sample zone after sweeping lsweep depends on the initial
sample-plug length linj and on the retention factor in the sample zone ks during sweeping. The
enrichment factor (=linj/lsweep) is then directly proportional to ks:
lsweep = L lin (1)

1+kg
According to Eq. (1) adjustment of the retention factors to be very high within the sample zone is the key
factor in order to maximize the sweeping efficiency and hence the sensitivity of the developed methods.

Optimization of the ionic strength and the pH of the sample matrix with regard to its significant effect on
the sweeping efficiency and the sensitivity of the developed method has not been considerably
discussed in the literature [19]. This will be the main focus of the presented study. The pH and the ionic
strength of the sample matrix affect strongly the retention factors of the charged analytes with respect to
the oppositely charged micelles as they can increase/decrease the electrostatic interaction with the
PSP. Additionally, a difference in pH and electric conductivity between the sample zone and the BGE
compartment enables analyte focusing by dynamic pH junction [20,21] and FASS [22], respectively, if
they are accompanied by an abrupt change in the analyte effective electrophoretic mobility per. For
charged analytes, differences in pest can be accomplished by variation in the degree of analyte ionization
and/or the electric conductivity between the two compartments. Moreover, a difference in the pH and/or
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ionic strength between the sample zone and the BGE compartment causes also a difference in the
apparent distribution coefficient Kp and induces the retention factor gradient effect (RFGE) that can lead
to additional focusing or defocusing of the swept analyte zone [19,23,24]. Focusing due to RFGE occurs
when the swept analyte zone enters the BGE compartment of lower k, which results in a sudden
reduction of its observed velocity and finally zone focusing. According to [24], Eq. (1) is expanded by
introducing the additional focusing/defocusing factor f. Igraq is used to describe the length of the swept
analyte zone after taking this effect into account [24]:

1 1
[ = —— | 2
grad f1 ks inj (2)

This effect complements the sweeping process and occurs in the BGE compartment next to the sample
zone. Reduction of the k values within the BGE relative to that in the sample zone, i.e. ks> ksce leads to

further improvement of the sweeping efficiency due to additional analyte focusing by RFGE [19,23,24].

It is noteworthy to mention that in [16] we have increased the k values of the studied nucleosides by
increasing the pH of the BGE and reducing the co-ion concentration in the BGE. However, for the
nucleosides Ado and Cyd (the first-migrating nucleosides), the k values are still extremely low even
under optimized conditions (lowest tetraborate concentration and high pH). This will negatively affect
their sweeping efficiency with C1sMImBr. As an alternative, we will show that the analysis of these
compounds under acidic conditions permits their efficient sweeping when using the oppositely charged
surfactant SDS and a BGE containing a zwitterionic/isoelectric buffering component (as defined by [25])
to minimize the dramatic effect of the co-ions (when using ordinary buffering constituents) on the k
values and hence on the sweeping efficiency. To permit a better focusing efficiency, dynamic pH
junction will be combined with “pseudostationary ion-exchanger” sweeping by employment of a BGE
having a pH different from that of the sample matrix.

According to the best of our knowledge, dynamic pH junction/“pseudostationary ion-exchanger’
sweeping using: (i) C1sMImBr under alkaline pH conditions with FASS as an additional focusing
principle (Method 1) or (i) SDS under acidic pH conditions (Method 2) for the analysis of the polar
nucleosides as charged compounds in real urine samples has not been reported so far. In this work, we
investigate the optimization of the sample matrix and the BGE with respect to maximum focusing
efficiency while maintaining adequate resolution. Adjustment of the retention factors by variation of the
pH, the BGE concentration or via the use of a zwitterionic/isoelectric buffering compound is studied. In
addition, we optimize the sample injection volume by variation and selection of those parameters that

give rise to the highest peak height and highest peak area, while maintaining at the same time,
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acceptable peak shapes and resolution. Moreover, underlying focusing mechanisms are suggested.
The developed methods are validated according to the ICH guidelines [26]. With several blank and
spiked urine samples, the applicability of the developed and validated methods is demonstrated after

the selective extraction of the target analytes with phenylboronate affinity gel (PBA).

2. Experimental

2.1. Chemicals and background electrolytes

Cytidine (Cyd), adenosine (Ado), 5-methyluridine (5MeUrd), uridine (Urd), guanosine (Guo), inosine
(Ino), and xanthosine (Xao) were purchased from Sigma-Aldrich, Steinheim, Germany; chemical
structures, pKa [27] and Ig Pow [28]: see Fig. S1, supplementary data). Abbreviations are given according
to the IUPAC-IUB commission on biochemical nomenclature [29]. Sodium dodecyl sulphate (SDS),
hydrochloric acid, orthophosphoric acid (85%), L-aspartic acid, and sodium hydroxide were from Fluka,
Buchs, Switzerland. Disodium tetraborate decahydrate (borax) and sodium dihydrogen phosphate
monohydrate were from Merck, Darmstadt, Germany. Methanol, HPLC grade was from VWR-BDH-
Prolabo, Leuven, Belgium. Formic acid (98-100 %), sodium chloride and ammonium hydroxide (25 %)
were from Sigma-Aldrich. The Affi-gel 601, used as solid phase for the extraction of nucleosides from
urine, was purchased from Bio-Rad (Hercules, CA, USA). Ammonium acetate buffer (0.25 mol L1, pH
8.80) was prepared by dissolving 9.6350 g of the salt in 400 mL water, adjusting with concentrated
ammonium hydroxide (25 %) to pH 8.80 and then diluting to 500 mL with water. The synthesis and
characterization of C14MImBr is described in detail in [16].

Stock solutions of tetraborate buffer, phosphate buffer and L-aspartic acid were prepared in water and
further diluted for the preparation of the background electrolytes. Stock disodium tetraborate buffer (100
mmol L', pH 9.48) was prepared by dissolving 9.5342 g disodium tetraborate decahydrate in 250 mL
water. Stock phosphate buffer (50 mmol L1, pH 2.66) was prepared by dissolving 1.3799 g (40 mmol L)
of sodium dihydrogen phosphate monohydrate in 200 mL water, adding of 0.17 mL of concentrated
orthophosphoric acid (10 mmol L), and diluting to 250 mL with water. Stock L-aspartic acid (25 mmol L,
pH 2.86) was prepared by dissolving 0.8319 g L-aspartic acid in 250 mL water.

BGEs were: (i) 20 mmol L' C14MImBr in 5 mmol L' sodium tetraborate, pH 9.38 (without any pH
adjustment), (i) 20 mmol L-* C44MImBr in 10 mmol L disodium tetraborate adjusted using 1 mol L' HC
to pH 9.02, (iii) 100 mmol L-* SDS in 50 mmol L' phosphate buffer, pH 2.82, and (iv) 100 mmol L-* SDS in

25 mmol L' L-aspartic acid, pH 3.22 (without any pH adjustment). All buffer solutions were filtered prior to
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use through a 0.45 pum nylon membrane filter (WICOM, Heppenheim, Germany). BGEs were replaced

after every four runs.
2.2. Instrumentation

All measurements were done using the ATl Unicam CE System, Crystal 300 Series, Model 310
equipped with UV/Vis detector Spectra 100 (with deuterium lamp) from Thermo Separation Products,
San Jose, USA, set to a wavelength of 257 nm (optimized wavelength). Data acquisition was done
using an AD-converter (USB-1280FS, Measurement Computing, Middleborough, USA). Data were
recorded using CE-Kapillarelektrophorese software (development of the electronic workshop of the
Department of Chemistry, University of Marburg based on Delphi). Data analysis was performed with
Origin 8.5 software (OriginLab Corporation, Northhampton, USA). Fused silica-capillaries (50 um I.D.,
360 um O.D.) were obtained from Polymicro Technologies (Phoenix, AZ, USA), with a total length of
649 mm and a length to the detector of 501 mm (if not stated otherwise). InoLab pH 720 (WTW,
Weilheim, Germany) was used for pH measurements. Solid phase extractions were performed on a
vacuum manifold column processor (J.T. Baker, Griesheim, Germany). The flow rate during sample
loading and elution is 0.5 mL/min. The eluate obtained after the extraction procedure was lyophilized in
a Christ Alpha 2-4 LSC Freeze Dryer (Martin Christ, Osterode am Harz, Germany).

New capillaries were conditioned by flushing them first with NaOH solution (1 mol L-") 60 min, water 60
min, and BGE 15 min using an applied pressure of 800 mbar. For Method 1, the capillaries were rinsed
between runs with methanol 2 min, HCI (1 mol L') 2 min, water 2 min, NaOH solution (1 mol L*) 2 min,
water 2 min and finally with BGE for 2 min using an applied pressure of 800 mbar. For Method 2, the

capillaries were rinsed between runs with BGE for 5 min. Peak identities were confirmed by spiking.
2.3 Urine samples and extraction conditions

Samples of human urine were obtained from a female 27-year old healthy volunteer and were collected
in 100 mL plastic bottles and frozen immediately until analysis. Before use, the samples were thawed at
room temperature. For the study of spiked urine samples, samples were pretreated with a PBA
(phenylboronate affinity gel) column. The extraction conditions are based on what was previously
reported [11,15,30,31]. The exact extraction procedure is given in [1]. In case of Method 1, the eluate
after drying was redissolved 2 mL 2.5 mmol L disodium tetraborate, pH 10.45 whereas it was

reconstituted in 2 mL water in case of Method 2.
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2.4. Preparation of standard solutions and calibration curves

All single analyte stock solutions (800.0 mg L' of Ado, Cyd, Urd, 5MeUrd, Ino, 400.0 mg L' of Xao, Guo)
were prepared in water and stored in the refrigerator (stock solutions of nucleoside standards are used
within one month). The working standard solutions were prepared daily (concentration of each of the

studied nucleosides in the sample solution mixture 20 mg L', unless otherwise specified).

It is unsuitable to prepare the reference samples in urine as the tested analytes are endogenously present
in urine [32]. Distilled water was used as a surrogate or artificial matrix for the preparation of the standard
solutions, as the studied analytes are highly polar [15]. The concentration ranges for the investigated
analytes are listed in Table 1.

Following optimized method parameters were used: capillary 649(501) mm x 50.2 ym |.D., separation
voltage -20 kV, injection pressure 50 mbar for 1 min, detection 257 nm. BGEs are 20.0 mmol L
C14MImBr in 5 mmol L' disodium tetraborate (Method 1, pH 9.38) and 100 mmol L-* SDS in 25 mmol L1
L-aspartic acid (Method 2, pH 3.22). Oven temperature is 35 °C (Method 1) or 25 °C (Method 2).
Calibration curves are constructed by plotting either peak height, peak area, or corrected peak area

against the corresponding concentration in ug mL-".

3. Results and discussion

3.1. FASS/dynamic pH junction/RFGE-“pseudostationary ion-exchanger” sweeping using
C14MImBr micelles (Method 1)

Nucleosides are glycosylamines consisting of a nucleobase linked to a D-ribose sugar unit via beta-
glycosidic linkage. Five of the studied nucleosides: 5MeUrd, Urd, Guo, Ino and Xao are weak acids due
to the presence of an amidic group. Under alkaline pH conditions, the nucleosides Ado and Cyd gain a
negative charge only by borate complexation (via their cis-diol moieties), while the other nucleosides
acquire negative charges due to complexation with borate (via their cis-diol moieties) and dissociation of
the amidic group [1,16]. Therefore, MEKC separation of the negatively charged nucleosides with the
oppositely charged IL-based surfactant C14MImBr is based on both electrophoretic and chromatographic
phenomena [16]. A detailed description of the optimization of separation conditions was given in [16].

In the present study we will focus on the optimization of FASS/dynamic pH junction/RFGE-
“pseudostationary ion-exchanger” sweeping conditions for on-line enrichment of the studied
nucleosides. It should be taken into consideration that: (i) the degree of complex formation between
tetrahydroxyborate and cis diol moieties of the nucleosides is close to one even at very low borate
concentration (2.5 mmol L' tetraborate), which gives an indication about the very high complex
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formation constants of the formed complexes [16]. (ii) Higher concentrations of disodium tetraborate
(>10 mmol L) in the BGE can be used for the separation of the tested nucleosides with a suitable
resolution. However, as the concentration of borate (buffering, complexing and competing ion)
increases, it displaces the nucleosides (attracted to the PSP by electrostatic forces) from the ion-
exchange sites of the pseudostationary ion exchanger, which ultimately results in a lowering of their
retention factors and a reduction of their migration times [16]. These effects will have a negative impact
on their analysis in urine samples as under these conditions there is a high possibility of coelution of the
studies analytes with matrix components. Based on the previous discussion, we will therefore restrict
our sweeping investigations to BGEs which contain a maximum of 10 mmol L' disodium tetraborate. (iii)
The pH of the sample matrix and the BGE affects the degree of analyte ionization and degree of
complexation with borate, which consequently affects the k values of the nucleosides and their
sweeping by C1sMImBr. (iv) It should be also noted that in the case of a sample with an electric
conductivity adapted to that of the BGE (sweeping under homogenous electric field conditions), the
retention factor in the sample zone ks (during sweeping) is the retention factor that is obtained in a
buffer, which contains the PSP in a concentration identical to that of the BGE in a matrix which is
identical to that of the injected sample solution [33]. (v) On the other side, in the case of a sample with
an electric conductivity not adapted to that of the BGE (sweeping under inhomogeneous electric field
conditions), the true retention factor in the sample zone (during sweeping), is not equal to the ks values
obtained under homogenous electric field, although in the first approximation the sweeping efficiency is
not affected by the electric conductivity of the sample [33]. Actually, sweeping under inhomogeneous
electric field conditions is a multistep enrichment process including: (1) stacking or destacking of the
PSP when entering the sample zone, (2) sweeping of the neutral analytes by the stacked or destacked
PSP, and (3) destacking or stacking of the swept analyte zone [33]. The true retention factor (which is
dependent on the distribution coefficient and the phase ratio) might be higher (in case of Es < Egge,
where E is the electric field strength) or lower (in case of Es > Egge) than the ks obtained under
homogenous electric field conditions based on whether stacking or destacking of the PSP is taking
place at the sample/BGE boundary [33]. In the following discussion, the given ks values are taken from
[16].

3.1.1. Effect of sample matrix and BGE on the enrichment efficiency
The enrichment efficiency of the nucleosides can be improved by: (i) adjusting the retention factor in the
sample zone ks to be very high in order to increase the achievable sweeping efficiency (according to the

concept presented by Quirino and Terabe [18]). Very high ks values can be obtained by increasing the
pH and decreasing the competing ion concentration in the sample zone [16]. It can be further improved
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by (i) keeping very low retention factors in the BGE ksse which permits analyte focusing by RFGE [24],
(iii) inducing an analyte zone velocity difference between the sample zone and the BGE via a difference
in the pH, which enables additional analyte focusing by dynamic pH junction, and (iv) using a low
electric conductivity sample matrix to allow sample zone concentration by FASS. The pH of the BGE
was preselected to be 9.02 [16] as it permits a good separation between the investigated nucleosides

and ensures a low ksce [16] which is required for RFGE.

Our first trials were carried out by varying the pH and the composition of the sample matrix. In Fig. 1,
four cases were studied (each at three different sample injection volumes, see figure caption) using Guo
and Xao as representative analytes. In all cases the composition of the BGE is 20 mmol L' C14MImBr in
10 mmol L disodium tetraborate, pH 9.02. We are varying the pH of the sample matrix (10.45 or 9.02)
and the ionic concentration (electric conductivity) of the sample matrix (2.5 or 10 mmol L' disodium
tetraborate) either in the presence (non-sweeping conditions) or in the absence of C1sMImBr micelles

(sweeping conditions).

In Fig. 1A, 2.5 mmol L' sodium tetraborate (adjusted to pH 10.45 using 1 mol L' NaOH) is used as
sample matrix (FASS + dynamic pH junction + RFGE-“pseudostationary ion-exchanger” sweeping with
very high ks). From previous studies [16] we know that ksce with 20 mmol L' C14MImBr in the BGE is
higher with pH = 10.45 than with pH = 9.02: ks at pH 10.45 is 5.1 for Guo and 6.2 for Xao. As seen in Fig.
1A, the peak height of Guo and Xao increases by increasing the sample injection volume (Figs. 1A1, A2
and A3). Sample injection volumes higher than that used in Fig. 1A3 can be applied without affecting
peak shape and resolution between the two studied analytes. Hydrodynamic injection using a pressure
of 80 mbar for 3.0 min is the maximum sample injection volume that can be applied without loss of

resolution (Fig. S2, supplementary data).

In Fig. 1B the sample matrix is 2.5 mmol L-! sodium tetraborate adjusted to pH 9.02 using 1 mol L-* HCI
(FASS + RFGE-‘pseudostationary ion-exchanger” sweeping with high ks). Under these conditions,
focusing due to dynamic pH junction is suppressed. However, focusing due to FASS and RFGE still
exists due to different concentrations of sodium tetraborate in the sample matrix and the BGE. This
difference causes a higher k value in the sample matrix than in the BGE, which is a precondition for
focusing of the swept analyte zone by RFGE. Although in general the focusing factor f due to RFGE is
expected to be in the range of 1 to 3 [33], its influence on the whole enrichment mechanism cannot be
neglected. Deterioration of the peak shape of Guo was obtained at larger sample injection volume (70
mbar for 2 min, Fig. 1B3), because at pH 9.02 the degree of dissociation is decreased compared to that
at 10.45 (ks of Guo at pH 9.02 = 1.4 [16]) which is associated concomitantly by a lowering of the
sweeping efficiency. On the other side, the peak height of Xao in Fig. 1B3 is only slightly lower than that
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obtained with a BGE of higher pH (ks of Xao at pH 9.02 = 5.2 [16]). This is because the amidic group of
Xao is fully dissociated in both cases, and the slight differences in the peak height might be associated
to small differences in the degree of nucleoside-tetrahydroxyborate-complex formation. Xao-
tetrahydroxyborate does not have the full negative charge at pH 9.02 as the employed pH is lower than
the pKa value of boric acid [16]. This can be illustrated by comparing the perr of Xao-tetrahydroxyborate
complex at pH 9.02 (-3.06x104 cm? V-1s-) and at pH 10.45 (-3.39x104 cm? V-s"): values are taken from
[16]. It is clear from Figs. 1A and 1B that the differences between the on-line-focusing efficiencies due to
differences in the sample pH manifest themselves only at larger sample volumes showing that a sample
matrix containing 2.5 mmol L' sodium tetraborate, pH 10.45 has advantages over the conditions
employed in Fig. 1B. This sample matrix will therefore be used for further investigations.

The sample matrices employed in Fig. 1C (FASS + dynamic pH junction + non-sweeping conditions) and
1D (no FASS+ no dynamic pH junction + non-sweeping conditions) are 20 mmol L-* C44MImBr in 2.5
mmol L' sodium tetraborate, adjusted to pH 10.45 (using 1 mol L-* NaOH solution) and 20 mmol L
C14MImBr in 10 mmol L' sodium tetraborate, adjusted to pH 9.02 (using 1 mol L' HCI), respectively.
These matrices were studied to elucidate whether FASS + dynamic pH junction play a role in the
combined focusing process and how much they can contribute to the overall enrichment mechanism.
The peak height of Xao and Guo (in the volume overload region) is higher in Fig. 1C (FASS+ dynamic
pH junction + non-sweeping conditions) than that obtained in Fig. 1D (no FASS + no dynamic pH
junction + non-sweeping conditions), whereas Guo is much more focused than Xao. This is because the

difference in the pseudoeffective electrophoretic mobility (“Zﬁ) of the Guo-tetrahydroxyborate-complex

for pH 9.02 and for pH 10.45 is much higher than that of Xao (Table S1, supplementary data). Therefore,
we can conclude that focusing by dynamic pH junction is more pronounced for nucleosides, whose
degree of dissociation is affected by a variation of the pH between the sample zone and the BGE
compartment. However, in general the contribution of FASS + dynamic pH junction to the overall

enrichment process is relatively small when compared to sweeping conditions.

Applying the experimental conditions of Fig. 1A to all investigated nucleosides using 50 mbar for 1 min as
sample injection conditions and 2.5 mmol L' sodium tetraborate pH 10.45 as sample matrix, a
deterioration of the peak efficiency of Ado and Cyd was observed (Fig. 2A). The ks values of these two
compounds are very low (ks values at pH 10.45 are 0.33 and 0.17 for Ado and Cyd, respectively [16]) as
these compounds gain their negative charge only by borate complexation (effective charge number = -1).
Besides, the difference in per [16] of these two compounds between the sample zone and the BGE is very
low which is associated with insignificant focusing by FASS and dynamic pH junction. The effective

electrophoretic mobilities et of the Ado(Cyd)-tetrahydroxyborate-complexes are -1.46x104 cm? V-1s-1 at
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pH 9.02 and -1.76x104 cm? V-'s' at pH 10.45 [16]. Lower sample injection volumes or using water as
sample matrix (Fig. 1B, further discussion is given in the supplementary data) can be applied to improve
their peak shapes. However, sweeping of Ado and Cyd by C1MImBr micelles will not be considered
further as the coelution of urine matrix constituents with these two compounds (as will be shown later)
does not justify the use of lower injection volumes which will negatively affect the limits of detection for the

other analytes.

As shown in Fig. 2A, the peaks of Urd and 5MeUrd coelute. Therefore, the next trial was to increase the
pH of the BGE to be 9.38 and to reduce the concentration of tetraborate in the BGE to obtain a better
resolution between the two compounds. Using 20 mmol L' C14MImBr in 5 mmol L tetraborate, pH 9.38
improves the resolution between the two compounds when applying a pressure injection of 50 mbar for 1
min (Fig. 2C). Moreover, the peak heights of all the studied analytes are higher in Fig. 2C than in Fig. 2A,
which can be ascribed to the negative influence of chloride ions (from HCI used for the pH adjustment of
the BGE) entering the sample zone form the injection end on the retention factors of these analytes.
Based on these investigations, 20 mmol L-* C14MImBr in 5 mmol L tetraborate, pH 9.38 was identified as
optimum BGE composition. In addition, hydrodynamic injection using a pressure of 50 mbar for 1 min was
employed in further studies as higher sample injection volumes are accompanied with a coelution of Urd
and 5MeUrd.

3.1.2. Mechanism of FASS/dynamic pH junction/RFGE-“pseudostationary ion-exchanger”

sweeping with C14MImBr micelles

Employing the final optimized enrichment conditions, the mechanism of FASS/dynamic pH
junction/RFGE-“pseudostationary ion-exchanger” sweeping with C14MImBr (using a nucleoside with a
deprotonation site (e.g., Urd) as a representative example) can be summarized as follows: (i) after filling
the capillary with the BGE (20 mmol L' C14MImBr in 5 mmol L-* sodium tetraborate, pH 9.38), the
nucleoside containing sample (nucleosides are dissolved in 2.5 mmol L' sodium tetraborate, pH 10.45) is
injected hydrodynamically by applying a pressure of 50 mbar for 1 min (Fig. 3A). A negative voltage is
applied, whereas the complexed deprotonated nucleosides (BN-O-)2- migrate with a high velocity towards
the detection end. Focusing of the studied analytes by FASS/dynamic pH junction commences once the
complexed deprotonated nucleosides (BN-O-)> reach the sample zone/BGE boundary, where they slow
down due to the lower pH and higher electric conductivity in the BGE (Fig. 3B1). Simultaneously,
C14MImBr micelles start to sweep the analytes within the sample zone causing their migration towards the
injection end [(BN-O-)2Mx*] (Fig. 3B2). The completely swept analytes are enriched at the rear of sample
matrix/BGE boundary (Fig. 3C). Once the swept analytes pass the BGE/sample zone, their velocity is
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reduced (ksce < ks) resulting in their additional focusing by RFGE (Fig. 3D) and then separation of the

swept analyte zones starts (Fig. 3E).

3.2. Dynamic pH junction/“pseudostationary ion-exchanger” sweeping using SDS micelles
(Method 2)

The low retention factor of Ado and Cyd with respect to C14MImBr and the low sweeping efficiency
obtained for these two compounds when using C14MImBr in addition to the unsuitability of Method 1 for
the determination of Ado and Cyd in urine samples (due to interfering matrix constituents) necessitate
the development of an alternative strategy to enable their sensitive and selective analysis in urine
samples. Recently, we have reported for selected nucleosides that the addition of a boronic acid
(replacing borate as complexing agent) to the BGE can increase their partitioning coefficients regarding
the distribution between the micelles formed by C1MImBr and the surrounding aqueous phase via
hydrophobic interaction between the alkyl/aryl group of the boronic acid added and the hydrophobic
core of the cationic micelles [34]. Consequently, the retention factors of these highly hydrophilic
metabolites with respect to C14MImBr are increased. This method can be successfully applied to the

analysis of all the investigated analytes in urine samples.

However, Ado and Cyd are weak bases. Under acidic pH conditions they are existing as positively
charged species, which constitutes an ideal basis for their sweeping by the anionic surfactant SDS
using electrostatic (Coulombic) forces between the positively charged species and the negatively
charged PSP.

3.2.1. Optimization of Method 2

We started our investigations by employing an acidic BGE (negligible electroosmotic flow (EOF)) for the
separation of Ado and Cyd with a BGE consisting of 50 mmol L-* SDS in 50 mmol L-' phosphate buffer,
pH 2.82. By application of a negative voltage and in the presence of SDS micelles (reversed elution
mode), Ado migrates faster than Cyd, although the effective charge number of Ado is significantly lower
than that of Cyd (see pKa values in the supplementary data). Additional hydrophobic interaction of Ado
(Ado is more hydrophobic than Cyd, see log Pow, supplementary data) with SDS explains the faster
migration of Ado than Cyd due to the stronger interaction of the former with SDS (i.e., k(Ado) > k(Cyd)).
Optimum concentration of SDS in the BGE with regard to both peak shape and analyte resolution was
found to be 100 mmol L' (Fig. 4A using two different sample injection volumes). Concentration of SDS
>100 mmol L' generates an excessive electric current strength as well as unfavourably increased

analyte migration times.
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The concentration of the co-ion influences the retention factors of charged species with respect to the
oppositely charged PSP [16,24,35] and consequently the achievable sweeping efficiency [24]. However,
the type of the co-ion also plays a role. EI-Awady and Pyell [24] reported that the sweeping efficiency for
some aromatic amines is higher when using glutamic acid, pH 3.35 as buffering sample constituent than
when using phosphoric acid as sample matrix, pH 3.50. The authors have ascribed this result to the
small difference in the degree of protonation of the analytes between the sample matrix and the BGE
and accordingly slightly different ks and slightly different sweeping efficiency. Based on this report [24],
we studied the impact of L-aspartic acid as buffering sample constituent on the obtained sweeping
efficiency of Ado and Cyd.

Buffering a solution with a zwitterionic/isoelectric buffering compound produces a buffered electrolyte (i)
with low electrical conductivity, (i) with satisfactory buffering capacity, and (i) without the concomitant
introduction of co-ions [25] that would be detrimental to the sweeping efficiency. Amino acids with two
acidic groups and one basic group (or one acidic group and two basic groups) and with an isoelectric
point (p/) close to two of its pKa values (within ~£1.5 pH units) [25,36] can provide these advantages
(e.g., aspartic acid, glutamic acid or lysine). The buffer is prepared simply by dissolving the amino acid
in water and the pH is close to the p/ of the amino acid [36].

L-aspartic acid is one of the non-essential amino acids that is normally synthesized in the body. It
consists of two carboxylate groups with pKa1 and pKa2 of 1.95 and 3.71, and one amino group (pKas of
9.66). Its isoelectric point (p/) equals 2.77 [27]. Based on these properties, L-aspartic acid can be used
as a low conductivity buffer constituent providing a good buffering capacity at acidic pH values. In
subsequent studies 100 mmol L-* SDS in 25 mmol L' aspartic acid buffer, pH 3.22 (without any pH
adjustment) was employed as BGE for the separation of Ado and Cyd using water or the BGE as
sample matrix (see electropherograms in Fig. 4B). The figure inset in Fig. 2B1 demonstrates the
separation of the two compounds under non-sweeping conditions. It is interesting to see that the peak
heights, at two different samples injection volumes (Figs. 4B1 and 4B2), are significantly higher for both
analytes in aspartic acid buffer than those obtained using phosphate buffer (Figs. 4A1 and 4A2). The
peak height in aspartic acid buffer is higher than that in phosphate buffer, although the degree of
protonation o of Ado and Cyd in aspartic acid buffer (pH = 3.22) is lower (a(Ado) = 0.656 and a(Cyd) =
0.895) than that in phosphate buffer (here pH = 2.82, a(Ado) = 0.827, and a(Cyd) = 0.955). The lower
sweeping efficiency of Ado and Cyd in phosphate buffer results from the co-ions which migrate within
the sample zone (Na* and H* ions) and compete with Ado and Cyd on the ion-exchange sites present
on the pseudostationary ion-exchanger reducing ks and lowering the sweeping efficiency. Trials to

increase the degree of protonation of Ado and Cyd in aspartic acid buffer via addition of HCI resulted in
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a dramatic decrease in the peak height due to the negative influence of the chloride ions on the
retention factors and hence the sweeping efficiency (see figure inset in Fig. 4B2). Therefore, 100 mmol

L1 SDS in 25 mmol L' aspartic acid buffer, pH 3.22 was used as optimum BGE.

We have tested both water and 2.5 mmol L-! aspartic acid as sample matrix. The peak heights of Ado
and Cyd are slightly higher when using water as sample matrix than those obtained when using 2.5
mmol L' aspartic acid (Fig. S4, supplementary data). This difference can be attributed to the initial zone
focusing by dynamic pH junction when using water as sample matrix that is not existing when using 2.5
mmol L' aspartic acid, therefore the sample matrix water will be used for subsequent investigations.
Field amplified sample stacking (FASS) as on-line focusing principle will not be considered here as the

analytes are neutral in water.

The sample injection volume was varied by increasing both the pressure and the time of sample
injection. Injection volumes higher than those produced by pressure injection of 50 mbar for 1 min, did
not result in further increase in the peak height, which implies that this is the maximum injection volume
which permits the movement of SDS micelles from the cathodic vial into the capillary (Fig. S4,
supplementary data). At larger injection volume the absolute averaged bulk EOF velocity is larger than

the absolute electrophoretic migration velocity of the micelles in the BGE compartment.

Hydrodynamic injection using a pressure of 50 mbar for 1 min will be considered for further studies. In
addition, a voltage of -20 kV was applied as optimum providing an acceptable running time, resolution
and electric current strength. The effect of the oven temperature on the separation was investigated in

the range of 15-35°C. A capillary temperature of 25°C was selected as optimum.

3.2.2. Mechanism of dynamic pH junction/“pseudostationary ion-exchanger” sweeping with SDS

micelles

Fig. 5 illustrates the suggested focusing mechanism of Ado and Cyd using SDS. (i) At the beginning
(Fig. 5A), the capillary is filled with the BGE (100 mmol L-* SDS in 25 mmol L L-aspartic acid, pH 3.22),
followed by hydrodynamic injection of the sample containing the nucleosides dissolved in water (Ado
and Cyd are neutral in water). (i) A negative voltage is applied, whereas the presence of a low
conductivity sample matrix increases the averaged bulk electroosmotic flow (EOF) inside the capillary.
This results in an initial loss of the neutral analytes from the injection end due to the high EOF velocity
within the sample zone. Hydrogen ions migrate towards the injection end, whereas SDS migrates
towards the detection end as its absolute electrophoretic velocity is higher than the bulk EOF velocity
(Fig. 5B). (iii) Due to the migration of hydrogen ions within the sample zone, Ado and Cyd are

protonated and migrate with a high velocity towards the injection end that results in their focusing by
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dynamic pH junction (Fig. 5C). (iv) When the front of the protonated nucleosides reaches the front of the
migrating micelles, SDS starts to sweep the protonated nucleosides leading to the reversal of their
migration direction [N*Mx] (Fig. 5D). Nucleosides continue to be accumulated by sweeping and
concurrently the sample matrix is pumped out from the injection end. (v) As the sample matrix is
removed, the bulk electroosmotic flow becomes very small and the focused analyte zones, which are
concentrated at the interface between the sample and the BGE compartment (Fig. 5E), are separated

and driven to the detection window (Fig. 5F).
3.3. Method performance and validation study

After applying the calibration standards to the phenylboronate affinity gel (PBA), drying of the eluate and
reconstitution in the appropriate solvent (as described under Section 2.3), the calibration plots were
constructed using the full optimized parameters (see Section 2.4) for Method 1 or Method 2. To
determine the linearity of the developed methods, seven to nine calibration standards of the studied
nucleosides (six replicates each) were used to construct the calibration curves. Peak height, peak area
and corrected peak area (peak area/migration time) were used as the response factors. The results of
the statistical analysis of the data are summarised in Table 1 showing the linearity range of the

developed methods for each analyte.

As stated by the ICH guidelines [26], the correlation coefficient r, the y-intercept a, the slope of the
regression line b, and the sum of squared errors SSE are required for the evaluation of linearity. The
previously mentioned parameters in addition to the linearity range, the standard deviation of the
intercept and the slope, the standard deviation of the residuals Syx, the confidence interval of the slope
and the intercept, the method standard deviation Sxo and the relative standard deviation of the method
Sy are listed in Table 1. The correlation coefficient r of the calibration curve is higher in all cases than
0.9967, which indicates excellent linearity of the developed methods. In addition to the determination of
correlation coefficients, the linearity was assessed by performing Mandel's fitting test [37]. At a
significance level of P = 0.99, all Mandel’s test values are lower than the critical F values (Table 1),
which indicates that the chosen linear regression model is adequate.

As given in Table 1, the use of corrected peak area provides no significant improvement when
compared to the uncorrected peak area (see r values in Table 1), which implies a high reproducibility of
the migration times and a very good precision of the injection system. In addition, the linearity range in
most cases is wider when using the peak area or the corrected peak area than when using the peak
height for the construction of the calibration function. This is because the peak height is more affected
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by peak broadening due to electrodispersion (concentration overload) at higher sample concentration

(leading to non-linear calibration functions) than the peak area or the corrected peak area [1,38,39].

Limits of detection (LOD) and limits of quantitation (LOQ) were determined based on a signal to noise
ratio (S/N) of 3 and 10, respectively. The S/N is calculated (according to the European Pharmacopoeia
[40]) as given in our previously published work [1]. As shown in Table 1, the LOD and LOQ for the five
studied nucleosides using Method 1 were found to be 0.1-0.2 ug mL-". The LOD for Ado and Cyd using
Method 2 was found to be 0.1 and 0.2 ug mL-, and the LOQ to be 0.2 and 0.4 pg mL-, respectively.
The LOD of Cyd can be further reduced if the selected wavelength is changed to 272 nm, which is for

Cyd the wavelength of maximum absorbance coefficient.

The repeatability of migration times, peak heights and peak areas (intra-day variation) was determined
for the developed optimized methods with 12 replicate injections of a sample containing (i) 6.0 mg L' of
5MeUrd, Guo, Urd, Ino, and Xao (Method 1) or (ii) 12 mg L' Ado and Cyd, (Method 2). The inter-day
variation was evaluated by analyzing the same sample over a period of 3 days. Precision was
expressed as RSD (%).

As given in Table 2, the repeatability of the migration times of Method 1 is < 0.49 and 1.91% for intra-
and inter-day precision, respectively, whereas the repeatability of the migration times of Method 2 is <
0.48 and 1.33% for intra- and inter-day precision, respectively. The highest values for RSD (%) of the
peak height and peak area using Method 1 (intra-day precision) are 1.85 and 2.78%, respectively. With
Method 2 highest values for RSD (%) of the peak height and peak area (intra-day precision) are 3.78
and 4.62%, respectively. For inter-day precision, all RSD (%) values using Method 1 are lower than 3.54
and 3.24% for the peak height and the peak area, respectively, which indicates in total a good
repeatability of Method 1. In contrast to this result, the RSD (%) values for the peak height and the peak
area with Method 2 (inter day precision) are < 10.42 and 9.42%, respectively. These relatively high RSD
(%) values for the peak height and the peak area can be attributed to the fluctuation of the EOF velocity
under acidic pH conditions [41].

Although the obtained LODs are higher than those reported in [1], the developed methods provide a
similar reproducibility and they are more simple and faster as the method presented in [1] as no polarity

switching is needed.
3.4. Extraction using a PBA column and application to human urine samples

The extraction procedure using a PBA column was used only for the clean-up of the urine sample and
not for off-line sample concentration as the freeze-dried eluate was reconstituted in a volume which

corresponds to the starting urine sample volume (see Section 2.3). However, the extraction process has
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a positive influence on the focusing efficiency obtainable with Method 2. To clarify the last point, we
have compared the electropherograms obtained with a standard solution containing Ado and Cyd
dissolved in water without carrying out SPE with PBA (injected in CE directly, Fig. 6A) and the same
standard solution but with carrying out the SPE step (Fig. 6B). This comparison was made for two
different analyte concentrations. The peak heights and areas for Ado and Cyd are higher for those runs
in which the nucleosides were first extracted on the PBA column although there is no off-line focusing.
The ionic constituents which remain in the eluate after extraction (either the ions present in urine or
brought in by the washing solutions) reduce the initial analyte loss at the beginning of the negative
voltage application. This is due to a reduction of the averaged bulk EOF velocity caused by the increase
of the ionic strength within the sample compartment. This result is in good agreement with what we have
recently reported [1]. Moreover, the observed effect does not impede the quantitative analysis.

Figs. 7 and 8 show the application of the developed methods to the analysis of urinary nucleosides in
blank or spiked urine samples. In each case a standard solution containing the nucleosides dissolved in
water was also analyzed for comparison. The injected sample is the sample obtained after pre-
treatment of the standard solution or the blank/spiked urine sample with a PBA column, freeze drying of
the eluate and reconstitution in 2 mL in an aqueous solution of optimized matrix composition (See
Section 2.3). Figs. 7A and 8A show the application of Methods 1 and 2, respectively, to blank urine
samples. The presence of nucleosides as endogenous metabolites in the urine samples can be
confirmed by (i) comparing the electropherograms in Figs. 7A and 8A by those obtained using standard
solutions as sample (Figs. 7B and 8B) or (ii) by observing an appropriate increase in peak height or in
peak area (e.g., for Ino and Xao in Fig. 7C and Ado in Fig. 8C) when comparing the result obtained for
the spiked sample with the result obtained for the unspiked sample (cf., corresponding peaks in Figs. 7B
and 8B). It is clear from Figs. 7 and 8 that there is an excellent extraction selectivity obtained with PBA
as there are only few peaks that have to be assigned to unknown compounds present in the urine
matrix. In addition these unknown constituents are in general well separated from the studied
nucleosides. There is one important exception: As demonstrated in Figs. 7A and 7C, with Method 1
eluted matrix constituents coelute with Ado and Cyd. This method is therefore unsuitable for the
determination of Ado and Cyd in human urine. Therefore Method 1 has to be complemented with
Method 2. For clinical studies, the determined nucleoside concentrations have to be normalized on the
creatinine content. Based on a previous report [15], we assume that the peak marked with (?) can be
ascribed to pseudouridine, which is the most predominant modified nucleoside in tRNA.
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4. Conclusions

Two simple, fast, reproducible and sensitive MEKC methods have been developed and validated for the
analysis of urinary nucleosides. Combined with dynamic pH junction/“pseudostationary ion-exchanger”
sweeping as online enrichment technique, the developed methods can be successfully applied for the
analysis of nucleosides in real urine samples using either C14MImBr or SDS as PSP. For charged
analytes separated with a charged PSP (acting as a pseudostationary ion-exchanger), adjustment of the
retention factors both within the sample zone and within the BGE compartment, is the prerequisite for
obtaining an adequate focusing efficiency in combination with RFGE-“pseudostationary ion-exchanger”
sweeping especially if low limits of detections are needed. This adjustment of the retention factors can
be realized by adjustment of the pH and the ionic strength within both the sample zone and the BGE
compartment (while simultaneously providing an adequate resolution during the separation step). In this
regard, isoelectric buffers due to zwitterionic buffer constituents (providing a very low co-ion
concentration) are particularly favourable either in the optimization of the sample solution or in the

optimization of the BGE composition.
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Figure captions

Figure 1: Electropherograms obtained with samples containing Guo and Xao (each 20.0 mg L)
dissolved in four different sample matrices including (A) 2.5 mmol L-! sodium tetraborate pH 10.45, (B)
2.5 mmol L' sodium tetraborate pH 9.02, (C) 20 mmol L' C14MImBr in 2.5 mmol L-! sodium tetraborate
pH 10.45 and (D) BGE (no FASS + no dynamic pH junction + non-sweeping condition) employing three
different injection parameters. CE conditions: 20 mmol L-* C14MImBr in 10 mmol L-! disodium tetraborate,
pH 9.02 as BGE, hydrodynamic injection using pressure (A1, B1, C1, D1) 40 mbar for 0.4 min, (A2, B2,
C2, D2) 50 mbar for 0.8 min, (A3, B3, C3, D3) 70 mbar for 2 min, capillary 649(501) mm x 50 ym 1.D,
applied voltage -20 kV, oven temperature 35 °C. Peak designation: 4 = Guo, 5 = Xao.

Figure 2: Electropherograms obtained with a standard solution containing 20.0 mg L' of each of the
studied analytes dissolved in different sample matrices including (A) and (C) 2.5 mmol L' sodium
tetraborate pH 10.45 and (B) water. CE conditions: BGEs are (A) and (B) 20 mmol L-* C14MImBr in 10
mmol L-* disodium tetraborate, pH 9.02 and (C) 20 mmol L-* C14MImBr in 5 mmol L-! disodium tetraborate,
pH 9.38, capillary 649(501) mm x 50 um I.D, hydrodynamic injection using pressure 50 mbar for 1 min,
applied voltage -20 kV, oven temperature 35 °C. Peak designation: 1 = Cyd, 2 = Urd, 3 = 5MeUrd, 4 =
Guo, 5 = Xao, 6 = Ado, 7 = Ino.

Figure 3: Schematic representation of the suggested enrichment mechanism using Method 1. (A)
Capillary filled with BGE followed by hydrodynamic injection of the sample plug. (B1) Application of a
negative voltage, where EOF is towards the anode. Focusing by FASS/dynamic pH junction start once
the complexed deprotonated nucleosides reach the sample zone/BGE boundary. (B2) Simultaneously,
C14MImBr commences to sweep the complexed deprotonated nucleosides within the sample zone. (C)
Sweeping is completed and analytes are focused at the rear boundary of the sample zone/BGE
compartment. (D) Additional focusing of the swept analyte zone by RFGE. (E) Separation of the focused
analyte zones. The length of the arrow represents the magnitude of the velocity. It should be taken into
consideration that step (B1) and (B2) are taking place concomitantly, however they are separated here

for illustrative purpose.

Figure 4: Electropherogram obtained with a sample containing Ado and Cyd (20.0 mg L' each)
dissolved in water employing two different injection volumes using (A) 100 mmol L' SDS in 25 mmol L
phosphate buffer, pH 2.82 and (B) 100 mmol L-* SDS in 25 mmol L-' aspartic acid buffer, pH 3.22 as
BGEs. Other CE conditions: hydrodynamic injection using pressure (A1, B1) 50 mbar for 0.5 min, (A2,
B2) 50 mbar for 1 min, capillary 649(501) mm x 50 ym |.D, applied voltage -20 kV, oven temperature 25
°C. The Figure inset in Fig. 4B1 is the electropherogram which was obtained with the same conditions

as that in Fig. 4B1 but with BGE as sample matrix. The Figure inset in Fig. 4B2 is the electropherogram
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which was obtained with the same conditions as in Fig. 4B2 but after adjusting the pH of the BGE with
HCl to pH 2.18. Peak designation: see Fig. 2.

Figure 5: Schematic representation of the suggested focusing mechanism using Method 2. (A) Capillary
filled with BGE followed by hydrodynamic injection of the sample plug. (B) Application of a negative
voltage, whereas hydrogen ions migrate towards the injection end and SDS migrates towards the
detection end. (C) Hydrogen ions deprotonate the nucleosides within the sample zone starting their
focusing by dynamic pH junction. (D) SDS commences sweeping of the positively charged nucleosides,
while simultaneously the matrix is pumped out from the injection end. (E) After completion of the
sweeping step and after pumping the largest part of the sample matrix plug out of the capillary, (F)
separation of the swept analyte zones starts. The length of the arrow represents the magnitude of the

velocity.

Figure 6: Electropherograms obtained using Method 2 for (A) nucleosides dissolved in water and
injected in CE directly or (B) nucleosides extracted with a PBA column and reconstituted in the same
volume of water. Sample solution is 4.0 mg L1 of Ado and 8.0 mg L' Cyd in (A1, B1) or 8.0 mg L~ of
Ado and 16.1 mg L= Cyd in (A2, B2). CE conditions: 100 mmol L-* SDS in 25 mmol L-! aspartic acid
buffer, pH 3.22 as BGE, hydrodynamic injection using pressure 50 mbar for 1 min, applied voltage -20
kV, current -30 pA, oven temperature 25 °C. Peak designation: see Fig. 2.

Figure 7: Electropherograms obtained using Method 1 for (A) a blank urine sample, (B) standard
solution of nucleosides in water, and (C) a spiked urine sample after extraction on PBA column and
reconstitution in 2 mL 2.5 mmol L' sodium tetraborate pH 10.45. Nucleoside concentration in (B) and
(C) is 4 mg L' each. CE conditions: 20 mmol L' C14MImBr in 5 mmol L-! disodium tetraborate, pH 9.38
as BGE, capillary 649(501) mm x 50 um I.D, hydrodynamic injection using pressure 50 mbar for 1 min,
applied voltage -20 kV, current -9.9 uA, oven temperature 35 °C. Peak designation: see Fig. 2.
*unidentified peak, ? = pseudouridine.

Figure 8: Electropherograms obtained using Method 2 for (A) a blank urine sample, (B) standard
solution of nucleosides in water, and (C) a spiked urine sample after extraction on PBA column and
reconstitution in 2 mL water. Nucleoside concentration in (B) and (C) is 8.0 mg L= Ado and 16.1 mg L~

Cyd. CE conditions and peak designation: see Fig. 6.
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Table 1 Linear regression parameters of the developed methods for calibration standards after SPE

Studied No. of Linearity  Intercept Slope SSEd Spe S S%9  Confidence  Confidence i Mandel's  LODk LOQ!

analytes?  calib. range (@) SDb  (b) £ SDe interval of interval of testvaluel  (ugmL")  (ug mL)
standards  (ug mL-") (ah (b)h SIN=3 SIN=3

5MeUrd

PHm 8 0.50-10.0 0.05+£0.03  0.30+0.01 94.01 0.05 017 431 0.10 £0.02 0.9991  6.31 0.10 0.20

PAn 9 0.50-12.0 0.03£0.04 0.49+0.01 15107 0.08 0.17 346 0.15 +0.02 0.9993  0.36

Corr. PA° 9 0.50-12.0 0.01#0.01  0.13+0.00 15107 0.02 018 3.71  +0.04 +0.01 0.9992  0.76

Urd

PH 7 0.50-8.00 0.08+£0.02 0.26+0.01 52.68 0.04 0.16 498 +0.09 £0.02 0.9988  16.66 0.10 0.20

PA 9 0.50-12.0 0.00+0.05 0.64+0.01 151.02 0.09 0.14 287 0.16 10.03 0.9995 220

Corr. PA 9 0.50-12.0 0.00#0.01  0.16+0.00 151.02 0.02 012 254 +0.04 +0.01 0.9996 149

Guo

PH 8 0.50-10.0 0.07+£0.04  0.30+0.01 93.74 0.07 024 599 =0.15 10.03 0.9982  11.25 0.10 0.20

PA 9 0.50-12.0 -0.07+£0.07 0.85+0.01 150.73 0.3 0.15 3.07 +0.23 10.04 0.9995  0.00

Corr. PA 9 0.50-12.0 -0.01+0.01 0.19+0.00 150.73 0.03 0.14 291 +0.05 10.01 0.9995 0.14

Ino

PH 7 0.50-8.00 0.09+0.05 0.35+0.01 52.59 0.08 022 709 0.18 10.04 0.9977  3.64 0.10 0.20

PA 9 0.50-12.0 0.03£0.10  1.14+0.02 15088 0.19 0.17 348 +0.35 +0.06 0.9993  0.18

Corr. PA 9 0.50-12.0 0.01+£0.02  0.23+0.00 15088 0.04 0.17 356  +0.07 +0.01 0.9993 048

Xao

PH 7 0.50-8.48 0.09+£0.02 0.24+0.01 59.61 0.04 0.15 460 +0.08 £0.02 0.9990  9.09 0.10 0.20

PA 8 0.50-10.6 0.03£0.08 1.00+0.01 106.16 0.15 0.15 353 +0.30 +0.05 0.9994  7.78

Corr. PA 8 0.50-10.6 0.01#0.02  0.19+0.00 10616 0.03 0.14 334 +0.05 +0.01 0.9994  15.34

Ado

PH 9 0.20-16.0 0.05+0.03 0.27+0.00 26382 0.06 0.23 374 0.11 10.01 0.9993  0.84 0.10 0.20

PA 9 0.20-16.0 -0.05+0.09 0.88+0.01 26382 018 021 336 +0.32 10.04 0.9994  0.65

Corr. PA 9 0.20-16.0 0.00+0.01  0.11+0.00 26382 0.02 020 325 +0.04 10.01 0.9995  0.39

Cyd

PH 7 0.40-16.0 0.03£0.01  0.04+0.00 18139 0.02 049 629 +0.05 +0.01 0.9967  0.14 0.20 0.40

PA 7 0.40-16.0 0.07£0.04 0.13+0.00 18139 0.05 040 514 +0.14 +0.02 0.9978  0.22

Corr. PA 7 0.40-16.0 0.01£0.00  0.02+0.00 18139 0.01 037 476 +0.02 £0.00 0.9981  0.14

aThe linear regression parameters for 5MeUrd, Urd, Guo, Ino, and Xao are obtained using method 1, whereas the linear regression parameters for Ado and Cyd are obtained using
method 2, b standard deviation of the intercept, ¢ standard deviation of slope, 4 sum of square errors, ¢ residual standard deviation (standard error of estimate (SEE)), f method

standard deviation (= Sy/b),9 relative standard deviation of the method (= Sxo/ X ), " confidence interval calculated at P=0.99, i r is the correlation coefficient, i tabulated f values at P =

0.99 are 13.74. 16.25, 21.19 at (df1 (1), df2 (n-3) = (1,6), (1,5), (1,4), respectively, limit of detection, ! limit of quantitation, ™ peak height, » peak area, ° corrected peak area
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Table 2 Intra- and Inter-day precision of the developed methods

Method Intra-day precision Inter-day precision, 3 days
(n=12), RSD2 (%) (n=37), RSD (%)

MT PH’ pA’ T PH PA
5MeUrd 1 0.45 1.84 1.83 1.42 3.14 2.75
Urd 1 0.46 1.27 2.78 1.48 2.76 2.67
Guo 1 0.48 0.52 1.78 1.62 3.44 2.94
Ino 1 0.45 0.83 1.48 1.81 3.54 3.10
Xao 1 0.49 1.85 2.39 1.91 2.78 3.24
Ado 2 0.48 1.91 2.35 1.21 5.29 9.10
Cyd 2 0.46 3.78 4.62 1.33 10.42 5.81

aRelative standard deviation, b Migration time, ¢ Peak height, 4 Peak area

-193-



5.4.3. Publication IV: Main manuscript

Absorbance/mAU Absorbance/mAU

Absorbance/mAU

2.5 mmol L Micellar BGE 25mmol L’ | Micellar BGE Micellar BGE = Micellar BGE ' Micellar BGE | Micellar BGE
Borax pH 10.45 | pH 9.02 Borax pH 9.02  pH 9.02 pH 10.45 pH 9.02 pH 9.02 pH 9.02
12 A 12 & 12 63 12 b3
1 o 141 =) 1 o 1leé7
4 < 4 < <
E E E
8 3 8- 3 8- 3 8-
5 c c c
[ 5 [ ©
2 £ =
44 § 44 § 44 5 § 4-
< < < __J__4_/\L_
0 T T " 0 T T ) 0 ¥ T ) 0 T T ]
3 4 5 6 3 4 5 6 3 4 5 6 2 3 4 5
Time/min Time/min Time/min Time/min
A2 B2 C2 D2
12 5 124 - 124 o 124
£ £ £
4 = £ £
8 3 84 4 3 8 3 8
c c c
5 g 5 £ g
44 O 44 o 44 o 44
7} @ 4 7]
2 4
< < i < 5
L
0 T T 1 0 T T 1 0 T T 1 0 T T 1
3 4 5 6 3 4 5 6 3 4 5 6 3 4 5 6
Time/min Time/min Time/min Time/min
A1 B1 C1 D1
12 o 124 5 124 o5 12
< < <
E E E
8 3 84 3 8- 3 8
4 c c c
< 4 © <
5 2 5 5 4 4 5 4
4 o 4 o 4 o 4
l h 8 l \ 8 | 5 8 4 5
< < < m —
0 : . \ 0 1 : . 0 T T ) 0 T T "
3 4 5 6 3 4 5 6 3 4 5 6 3 4 5 6
Time/min Time/min Time/min Time/min
Figure 1

-194-



5.4.3. Publication IV: Main manuscript

. 6 3 4 7
61C 2
24
= 0 7 T T T T T T T v T
é 0 1 2 3 4 5
g 018
c 4
© 4
g2 2+
§ 0 r}\ L} I L) l L)
< 0 1 2
6 A
i 7
. 18 23 5
T
0 L) I L} I L) I L} I L} I
0 1 2 3 4 5
Time/min
Figure 2

-195-



5.4.3. Publication 1V: Main manuscript

Bl-

B2-

Detector

Sample zone, pH 10.45 Micellar BGE, pH 9.38

FASS/dynamic pH junction interface

(BN-OY: Cuﬂ\Br

B- = tetrahydroxyborate
N-O- = deprotonated
form of the nucleoside
(BN-O)> = complexed
deprotonated form of
the nucleoside

Mx*= C,,MImBr micelle

INLET
(cathode)

Sweeping by C,,MimBr

OUTLET
(anode)

[(BN-o-)z-Mx+1I ¢, MimBr
-— ——

Completely swept sample zone

C,sMimBr
—

Additional focusing due to RFGE

l C,,MimBr
—

Separated swept analytes zones

Figure 3

-196-

+




5.4.3. Publication IV: Main manuscript

Absorbance/mAU

Absorbance/mAU

20 20+
|A2 B2
16 16
D
< 4
124 £ 12 \
-
2 6
8 8 8 .
L~ 1
8 1
44 g 41 % 7 3 3 10 J‘
e 1 ~ A
o T L] T L 1 0 ) L) T T 1
0 2 4 6 8 10 0 2 4 6 8 10
20- Time/min 20- Time/min
A1 B1
16+ 16-
D
<
124 E 2]
[}]
O 3
c
8 g 84 , g 6
6 [
o 1
2 0 1S
4 4 .
1 b L: 3 9 10
L 7
0 T T r T T T T T T 1 0 T T T T 1
0 2 4 6 8 10 0 2 4 6 8 10
Time/min Time/min
Figure 4

-197-



5.4.3. Publication 1V: Main manuscript

Detector

A Sample zone Micellar BGE, pH 3.22

Start of negative voltage application

N = neutral nucleoside
N* = protonated form
of the nucleoside
Mx-= SDS micelle

N N +
B - SDS EOF H
INLET
(cathode)

Start of dynamic pH junction step

OUTLET
(anode)

C - SDS N* N*
Start of sweeping step

D-. N"

Completely swept sample zone

s-]s_0§

Separated swept analytes zones

i

Figure 5

-198-




5.4.3. Publication IV: Main manuscript

Absorbance/mAU

Absorbance/mAU

= 8-
8 A2 B2
= 6
64 < 6-
E
3
44 c 44
S 1
o
2 1 2.,
. )
0 T L) L] 1 o T T T g 1
6 7 8 9 10 6 7 8 9 10
8- Time/min 8- Time/min
A1 B1
-}
6 < 64
E
)
4. § 4]
6
6 =
o 1
]
24 1 o 24
o d
o T T T 1 o T T T 1
6 7 8 9 10 6 7 8 9 10
Time/min Time/min
Figure 6

-199-



5.4.3. Publication IV: Main manuscript

Absorbance/mAU

?
1 C  Coelution of Ado and Cyd 7
0.0 with the matrix constituents\j/\/\ 3 4 o
'0-5 T T T T T‘m T T T T I T T 1
9 1 2 3 4 5 6
i \JM I
-0.5 Ir :
L) I L} I T l T I T I
0 1 2 3 4 6
1.0 ?
1A
0.5 -
*
] 7
0-0 T T T T T T T T T T
0 1 2 3 4 6
Time/min
Figure 7

-200-



5.4.3. Publication IV: Main manuscript

g]C
4
: a
< 0 T T T T T T T
E | | I I I |
< 0o 1 2 3 4 5 6
o 8B
c 4
S 4-
B 4
w 0 Illll l T I L) I L I L] I L] I L l L] l L I II
2
< g0 1 2 3 4 5 6 7 8 9 10 11 12
1A
4 -
0ol oL x
LA AL L LA DL LA AL LA DL L LA L

Time/min

Figure 8

-201-






5.4.4. Publication 1V: Supplementary data

“Pseudostationary ion-exchanger” sweeping/dynamic pH junction/FASS on-line enrichment for
the determination of nucleosides in urine via miclellar electrokinetic chromatography after solid

phase extraction with phenylboronate affinity gel

Azza H. Rageh, Ute Pyell*
University of Marburg, Department of Chemistry, Hans-Meerwein-Strale, D-35032 Marburg, Germany

* Corresponding author

Supplementary data
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H,C
\N | NH | NH
N o N/go
o o
OH OH
HO HO
OH OH
1. Cytidine, pKa = 4.15 2. Uridine, pKa =9.20 3. 5-Methyluridine, pK, =9.70
g Pow = -2.51 g Pow =-1.71 Ig Pow= not reported
o)

0! /NIL
N N
\)\J?; HO\)?

4. Guanosine, pK, = 1.60%, 9.20 5. Xanthosine, pK, = <2.5%, 5.70
Ig Pow =-1.85 Ig Pow= not reported
NH, Q
N
N A NH
4 N 4
\)\Jg* \)j;*
6. Adenosine, pK; = 3.50° 7. Inosine, pKa = 1.20%, 8.80
Ig Pow =-1.23 Ig Pow =-1.40

Figure S1: Structural formulas, pKa and Ig Pow of the investigated nucleosides. * Values of pKa are
those of the cationic protonated conjugate acid form. Red and blue colours are used to mark the
protonation and dissociation sites, respectively. pKs values of cis-diol moieties (marked with the green
colour) are ~12.5.
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Figure S2: Electropherogram obtained with a sample containing Guo and Xao (each 20.0 mg L)
dissolved in 2.5 mmol L-' sodium tetraborate pH 10.45. CE conditions: 20 mmol L-* C14MImBr in 10 mmol
L' disodium tetraborate, pH 9.02 as BGE, hydrodynamic injection using pressure 80 mbar for 3 min,
capillary 649(501) mm x 50 uym I.D, applied voltage —20 kV, oven temperature 35 °C. Peak designation:
4 = Guo, 5 = Xao.

Table S1. Pseudoeffective electrophoretic mobilities determined for Guo and Xao (20 mg L' each,
dissolved in water) under variation of pH and concentration of borax with ¢(C14MImBr) = 20 mmol L,
capillary 650(501) mm x 50 um 1.D., voltage -20 kV, pressure injection 30 mbar for 12 s, 4 = guanosine,
5 = xanthosine.

BGE PH [P @yx104 | 1P (5)xto
cm2V-1s1 cm2V-1s1

20 mmol L-* C14MImBrin 10.0 mmol L-' borax | 9.02 0.92 2.39

20 mmol L' C4sMImBrin 2.5 mmol L-' boraxa | 10.45 | 3.11 3.23

a\/alues of uzﬁ are taken from [16)].
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Water as sample matrix (Method 1)

Employing water as sample matrix has improved the peak shape of Ado and Cyd (Fig. 2B). These two
analytes are neutral in water. Sweeping of these two analytes by borate that enters the sample zone from
the injection end and their final stacking on the front boundary of the sample matrix is possible due to their
very low interaction with the C14MImBr micelles [1,16]. Therefore larger sample volumes can be used
without loss of peak efficiency (Fig. 2B). For the other analytes: upon application of the negative voltage,
hydroxide ions followed by borate ions migrate (toward the detection end) within the sample zone resulting
in deprotonation of the amidic group-containing nucleosides and subsequent complexation with borate
causing their migration towards the anode. Simultaneously, sweeping of the complexed deprotonated
nucleosides takes place by the C14MImBr micelles (entering the sample zone form the detection end)
resulting in zone narrowing on the rear boundary of the sample matrix’BGE compartment. The higher
retention factors of amidic-group containing nucleosides (if compared to those of Ado and Cyd) with
respect to the oppositely charged PSP is the reason for the higher sweeping efficiency of these
compounds. It should be taken into account that the migration direction of the electroosmotic flow (EOF) is
the same as that of hydroxide and borate, therefore, the contribution of dynamic pH junction/sweeping by
borate in the focusing of the deprotonated nucleosides is lower under these conditions than that reported
previously using CZE [1]. Although water as sample matrix has improved the peak shapes of Ado and Cyd
and provides similar sweeping efficiencies to the matrix used in Fig. 1A, the latter will be used as optimum
sample matrix because at larger sample injection volumes it gives a better sweeping efficiency for the

amidic group-containing nucleosides (compare Figs. S3 and Fig. 1A3).
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Figure S3: Electropherograms obtained with a standard solution containing 20.0 mg L' of each of the
studied analytes dissolved in water. CE conditions: BGE is 20 mmol L' C1sMImBr in 10 mmol L'
disodium tetraborate, pH 9.02, capillary 649(501) mm x 50 um I.D, hydrodynamic injection using
pressure 70 mbar for 2 min, applied voltage -20 kV, oven temperature 35 °C. Peak designation: 1 =
Cyd, 2 = Urd, 3 = 5MeUrd, 4 = Guo, 5 = Xao, 6 = Ado, 7 = Ino.
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Figure S4: Electropherograms obtained using Method 2 at different injection volumes. CE conditions:
100 mmol L' SDS in 25 mmol L' aspartic acid buffer, pH 3.22 as BGE, applied voltage -20 kV, current
-30 pA, oven temperature 25 °C. Peak designation: 1 = Cyd, 6 = Ado.

-207-






5.5. Publication V

Off-line and on-line enrichment of a-aminocephalosporins for their

analysis in surface water samples using CZE coupled to LIF

Azza H. Rageh, Karl-Friedrich Klein, Ute Pyell

Submitted to: Talanta







Publication V: Summary and discussion

5.5.1. Summary and discussion

In this publication, a highly sensitive method using capillary zone electrophoresis (CZE) coupled to
laser induced fluorescence (LIF) detection is developed and validated for the analysis of a-
aminocephalosporins in surface water samples. The investigated analytes cefalexin (Cefx) and
cefadroxil (Cefd) are non-fluorescent, but they are capable of forming a highly fluorescent derivative via
the reaction of their a-amino group with fluorescamine under alkaline pH conditions. The formed
fluorescent derivative (Fig. 5) has a wavelength of maximum excitation (Aexc) of 372 and 370 nm for Cefx
and Cefd, respectively which overlaps well with the output of a low-noise diode laser emitting at a
wavelength of 375 nm (Pcw = 5.6 mW). In order to connect the laser head to the capillary, we employ a

fiber-optic coupled detection cell as an interface (Fig. 5).

(1) Water sample collection (2) Derivatization with fluorescamine (3) On-line enrichment techniques
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Figure 5: Schematic illustration showing the steps involved in the CZE/LIF analysis of a-
aminocephalosporins in surface water samples

We optimize the derivatization reaction for the two analytes investigated with regard to fluorescamine
concentration, buffer pH, buffer concentration, concentration of organic solvent in the reaction mixture,
reaction time, and stability of the formed derivative. Moreover, the separation of the two compounds
after their derivatization is optimized by variation of the BGE pH, the BGE concentration, 2-HP-3-CD
concentration, the applied voltage, and the oven temperature. The optimum BGE is composed of 20 mg
mL-" 2-HP-B-CD in 30 mmol L-' sodium tetraborate, pH 9.25. It is shown also that the presence of 2-
hydroxypropyl-B-cyclodextrin (2-HP-B-CD) in the BGE improves the fluorescence quantum yield.
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The combination of on-line and off-line preconcentration techniques is studied for a further improvement
of the Limits of detection (LODs). Different types of polymer-based SPE cartridges are studied and the
extraction recovery of both antibiotics is maximized through the interplay of different factors like
cartridge type, sample pH, sample volume, sample elution and washing steps in addition to the stability
of the investigated analytes in the elution solvent. Highest recovery (Cefx: 109.4 + 3.9% and Cefd: 92.6
1 4.0%) is reached with a polymer-based solid phase (Oasis HLB cartridge), with which we obtain a ten-
fold off-line enrichment. Furthermore, the high complex formation constant between the formed
derivative and 2-hydroxypropyl-B-cyclodextrin (2-HP-B-CD) and the low electric conductivity of the
extract after the off-line enrichment constitute an ideal basis for additional analyte enrichment by
sweeping and large volume sample stacking (LVSS), see Fig. 5. The on-line enrichment procedure
provides a 25-fold improvement in the detection limits if compared to field amplified sample stacking
(FASS). The validation criteria of the developed method are studied adopting ICH guidelines. With
optimized derivatization, separation, detection, and extraction conditions, detection limits as low as 4.9
and 7.5 ng L are obtained for Cefx and Cefd, respectively, with a starting sample volume as low as 50
mL. The sensitivity of the proposed method is equivalent to other methods using more expensive
equipment like HPLC-MS/MS. The applicability of the developed method to the analysis of the studied
antibiotics is demonstrated with spiked Lahn river water samples. The very low LODs afforded by the
proposed strategy provide a promising approach for the monitoring of these compounds in other types
of water samples. Moreover, the application of this method can be extended to the analysis of other

primary amino group-containing compounds in other types of environmental compartments.
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5.5.2. Author contribution

The majority of the experimental part of this study was carried out by me. Kathrin Geiger and Wolf
Fronius assisted in water samples collection and data evaluation. The draft of the manuscript was
written by me and corrected by Prof. Dr. Karl-Friedrich Klein and Prof. Dr. Ute Pyell. The final revision
of the manuscript was conducted by me and Prof. Dr. Ute Pyell before submission to the journal. Prof.
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Abstract

This study examines the potential of application of capillary zone electrophoresis (CZE) coupled to laser
induced fluorescence (LIF) detection involving derivatization with fluorescamine for the separation and
determination of a-aminocephalosporins in surface water samples. Via their a-amino group, the non-
fluorescent cefadroxil and cefalexin are capable of forming a highly fluorescent derivative via their
reaction with fluorescamine. This reaction permits the selective and sensitive detection of aliphatic
primary amines when combined with CE/LIF, which we realized with a low-noise diode laser emitting at
a wavelength of 375 nm (P = 5.6 mW) in combination with a fiber-optic coupled detection cell.
Different types of SPE cartridges were investigated to select the optimum solid phase providing
maximum recovery for the studied antibiotics, which were extracted from spiked Lahn river water
samples. Highest recovery (cefalexin: 109.4 + 3.9% and cefadroxil: 92.6 + 4.0%) was reached with a
polymer-based solid phase (Oasis HLB cartridge), with which we obtained a ten-fold off-line enrichment.
On-line enrichment was achieved by sweeping and large volume sample stacking (LVSS). The high
complex formation constant between the formed derivative and 2-hydroxypropyl-B-cyclodextrin (2-HP-8-
CD) and the low electric conductivity of the extract after the off-line enrichment constitute an ideal basis
for additional analyte enrichment by sweeping and LVSS. The enrichment efficiency obtainable with this
on-line enrichment step (after having filled the complete capillary with the sample solution) in
comparison to field amplified sample stacking (FASS) reaches approximately an additional 25-fold
improvement. With the developed method, combining off-line and on-line enrichment with optimized
fluorescence detection, detection limits as low as 4.9 and 7.5 ng L' are obtained for cefalexin and
cefadroxil, respectively, with a starting sample volume as low as 50 mL. The high repeatability and
accuracy of the proposed strategy permits its application to the analysis of a-aminocephalosporins in
surface water samples. Its applicability can be extended to other environmental compartments and
other types of primary amino group containing compounds. In addition, it provides equivalent sensitivity
to other methods using more expensive equipment like HPLC-MS/MS.
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1. Introduction

Antibiotic contamination has become an issue of a global environmental concern. Antibiotics have been
classified as emerging pseudo-persistent organic pollutants due to their continual environmental input
and permanent presence [1,2]. They have been detected in various compartments of the aquatic
environment such as waste, surface, ground and drinking waters [3]. Antibiotics and/or their metabolites
can be released from different pathways in the aquatic environment including hospital wastewater,
municipal sewage, extensive use in farming and aquaculture, partial removal in waste water treatment
plants (WWTPs), and sewage treatment plants (STPs) [4,5]. The increasing interest about the
occurrence, the fate, and the persistence of the antibiotics in the environment stems from the fact that
low levels of antibiotics can induce adverse effect in terrestrial or aquatic organisms and can favour the
appearance of bacterial strains that are resistant to important classes of antibiotics, which can
negatively affect the human health [4,6]. There are still knowledge gaps existing in assessing the risks
associated with the long-term exposure to low concentrations of pharmaceuticals. Furthermore, the
continual environmental input of the antibiotics and their metabolites can lead to high long-term
concentrations, thus increasing the possibility for unobserved adverse effects that remain undetected

until the effects become irreversible [7].

Cephalosporins are a class of f-lactam antibiotics, which belong to the most popular, the most widely
prescribed and well recognized groups of antibiotics that are in use today. The consumption of B-lactam
antibiotics accounts for 50-70% of the total amount of antibiotics applied in human medicine in most
countries [6]. This can be ascribed to their high therapeutic index, their favourable safety profile, and the
wide spectrum of activity against different types of bacterial infections. Although this group of
compounds can be considered as one of the most important and most frequently used group of
antibiotics, the literature available for the determination of cephalosporins (in contrast to other types of
antibiotics) in environmental water samples is limited. Only some research papers described the
detection of these antibiotics in different kinds of environmental waters [8,9]. E.g. the detection
frequency of cefalexin in hospital discharge, WWTP influents, WWTP effluents and in surface waters is
100%, 100%, 30%, 22% respectively [9]. It was reported that cefalexin was detected at ng L' level (182
ng L") in surface waters collected from Victoria Habor, Hong Kong [10] and up to 31433 ng L' in the
water samples investigated in [8]. Besides, cefalexin was detected at a concentration of 64000 ng L in
the influent and 5070 ng L' in the effluent of WWTPs [2]. According to what was stated in [2], the value
of 64000 ng L' is the highest among the concentrations of any antibiotic detected in WWTPs.

It is noteworthy to mention that according to a very recent report, photodegradation may be the most

important elimination process for cephalosporin antibiotics in surface water [11]. The by-products were
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found to be even less photolabile and more toxic than the parent compounds. In surface waters, §-
lactam antibiotics are not frequently detected [12], most likely due to their high removal efficiency during
waste water treatment and relatively high method reporting limits [13]. In addition, intact -lactams are
not present frequently in the environment [14,15] due to the instability of the B-lactam ring [16], which is
highly sensitive to pH, heat, and B-lactamase enzymes. However, it is not possible to exclude the
presence of these compounds in the environment due to the large amount of daily consumption [17].
The previously mentioned difficulties in the analysis of this important class of antibiotics necessitates the
setup of fast, sensitive and reliable analytical techniques that are capable of detecting these antibiotics

at environmentally relevant concentrations (low ng L-' range) in different kinds of water samples.

As stated clearly in many reviews, HPLC or UHPLC, mainly in combination with MS, are widely used for
the analysis of antibiotics and/or pharmaceuticals in water samples [3,7,18-22], however the
involvement of capillary electrophoresis is increasing considerably [23]. In a similar way to HPLC, CE
can be combined with several detection modes, suitable for automation with a high sample throughput,
in addition to its high efficiency, flexibility, low consumption of samples and reagents [23]. Despite of its
major drawback of suffering from low concentration sensitivity using UV detection due to the small
loaded sample volume (nL) and the narrow optical path length (as defined by the diameter of the
capillary), different strategies and approaches were reported to overcome this drawback. These
approaches are mainly based on using: (i) physical methods such as the use of a bubble cell, (i) on-line
enrichment techniques via conversion of a long injected analyte zone into a narrow band inside the
capillary utilizing either electrophoretic phenomena and/or chromatographic effects [24]. Techniques
that can achieve this include different modes of on-line enrichment procedures such as field-amplified
sample stacking (FASS) [25], large volume sample stacking (LVSS) [26] and sweeping [27]. Other
approaches to decrease the detection limits in CE are to combine its use with (i) off-line enrichment
techniques such as solid phase extraction (SPE), and/or (iv) highly sensitive detection techniques such
as LIF or MS.

One of the aforementioned approaches or a combination of these approaches has been utilized for the
analysis of cephalosporin antibiotics in different kinds of water samples. A CZE/UV method was
developed and applied for the analysis of four cephalosporin antibiotics (cefoperazone, ceftiofur,
cefazolin and cefacetrile) in environmental waters preceded by off-line enrichment step using SPE.

The reported limits of detection (LODs) were in the range of 3000-5000 ng L-*[28], which are far away
from the demand of analysis of pharmaceuticals in environmental waters. Off-line SPE followed by
either (i) LVSS or (ii) in-line SPE for the analysis of ceftiofur in environmental water samples using UV

detection has resulted in LODs of 100 and 10 ng L, respectively [29]. As stated by the authors in [29]:
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to reach such low values of the LODs, more time is needed to load a large sample volume (500 mL)
during the off-line SPE step and more time is needed to load the sample in the SPE microcartridge that
results ultimately in a long analysis time. Recently, [30] a CZE/DAD method was proposed for the
simultaneous determination of five cephalosporins in environmental waters using both off-line and on-
line concentration strategies in addition to a bubble cell capillary with an optical path length of 200 um
[30]. Although three of the previously discussed approaches for a further gain in sensitivity were utilized
within that study [30], the LODs achieved were in the range of 100-300 ng L-'. A highly sensitive
MEKCI/LIF [31] method was reported for the analysis of four -lactam antibiotics in environmental water
samples including both a derviatization step with sulfoindocyanine succinimidyl ester (Cy5) and an off-

line SPE step for improvement of the detection limits. LODs from 30-45 ng L were obtained [31].

The aim of the presented study is to develop a fast, reproducible, and highly sensitive method for the
analysis of cephalosporin antibiotics in surface water samples. According to the best of our knowledge
and with the exception of the MEKC/LIF method reported previously for the analysis of B-lactam
antibiotics [31], the combination of on-line and off-line preconcentration techniques besides the use of
LIF detection has not been reported so far for the analysis of this class of compounds. For an additional
lowering of the method detection limits (compared to those previously reported), we propose CZE/LIF
for the analysis of two a-aminocephalosporin antibiotics (cefalexin and cefadroxil) in surface water
samples after their reaction with fluorescamine. The derivatization reaction with the two analytes
investigated is optimized with regard to fluorescamine concentration, buffer pH, buffer concentration,
concentration of organic solvent in the reaction mixture, reaction time, and the stability of the formed
derivative. Moreover, the separation of the two compounds after their derivatization is investigated by
variation of the BGE pH, the BGE concentration, 2-HP-B-CD concentration, the applied voltage, and the
oven temperature. Parameters affecting the detection sensitivity such as fluorescence enhancing
agents, laser output power and injection volume are studied. The on-line enrichment methodology is
accomplished using both LVSS and sweeping, which is optimized and combined with SPE for
preconcentration of the analytes and sample cleanup. Furthermore, different types of polymer-based
SPE cartridges were studied and the extraction recovery of both antibiotics were maximized through the
interplay of different factors like cartridge type, sample pH, sample volume, sample elution and washing
steps in addition to the stability of the investigated analytes in the elution solvent. The applicability of the
proposed approach to the analysis of the studied antibiotics is demonstrated in spiked Lahn river water

samples.
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2. Experimental

2.1. Chemicals and background electrolytes

Cefalexin (Cefx) was generously provided by Prof. Fathala Belal, Faculty of Pharmacy, Mansoura
University, Egypt. Cefadroxil (Cefd) was purchased from Sigma-Aldrich, Steinheim, Germany; their
chemical structures are presented in Fig. S1 (supplementary data). Fluorescamine (99%) was from
Applichem, Darmstadt, Germany. Disodium tetraborate decahydrate (borax), orthophosphoric acid, and
a-cyclodextrin (a-CD) were from Merck, Darmstadt, Germany. Methanol and acetonitrile HPLC grade
were from VWR-BDH-Prolabo, Leuven, Belgium. Sodium hydroxide and boric acid were from Fluka,
Buchs, Switzerland. 2-Hydroxypropyl-B-cyclodextrin, 2-HP-3-CD (97%) was from Acros Organics, Geel,
Belgium. B-Cyclodextrin hydrate, B-CD (99%), methyl-B-cyclodextrin (Me-B-CD), sulphated-f3-
cyclodextrin, sodium salt, 2-hydroxypropyl-y-cyclodextrin (2-HP-y-CD), and Na,EDTA.2H20 (99%) were
from Sigma-Aldrich. Molecular sieve 3A was from Carl Roth, Karlsruhe, Germany. HPLC-grade water was
obtained using a Milli-Q ultrapure water purification system (Millipore, USA). Fluorescamine stock solution
(0.02% wiv) was prepared in dried acetonitrile (dried over molecular sieve 3A). All buffer solutions were
prepared in Milli-Q water. In addition, all buffer solutions were filtered prior to use through a 0.45 um nylon
membrane filter (WICOM, Heppenheim, Germany). To avoid buffer depletion, the BGEs in the inlet and
the outlet vials were replaced after every four runs [32]. For the preparation of buffer solutions, refer to the
supplementary data.

2.2. Instrumentation

All measurements were done using the ATl Unicam System, Crystal 300 Series, Model 310
(Cambridge, UK). Oven temperature was kept at 25 °C, unless otherwise specified. Data analysis was

performed with Origin 8.5 software (OriginLab Corporation, Northhampton, USA).

LIF detection was carried out employing a fiber-optic coupled detection cell/capillary holder (see
drawing, Fig. 1) from J&M Analytik, Essingen, Germany. The detection cell is described in detail in [33].
The low noise diode laser head (37515 nm, Pcw = 5.6 mW, beam power stability/h < 0.4%) and the laser
controller were from Omicron, Rodgau-Dudenhofen, Germany (Fig. 2A). The excitation fibre is a mono
fibre of 200 um core diameter without cladding (Fig. 2B). The excitation fibre connects the excitation
source and the detection cell (Fig. 2A). There are two detection fibre bundles at right angle position to
the excitation fibre (Fig. 2B). The detection fibre bundles are composed of six fibres, each of 200 um
core diameter. The two detection fibre bundles collect the fluorescence/the emitted radiations and are
combined and directed to the optical filter (Fig. 2A) and the photomultiplier tube (PMT) (Fig. 2C). The

optical filter is a 450 nm high performance long pass filter (diameter 12.5 mm, average transmission =
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91%, and optical density = 4.0) and was purchased from Edmund Optics, Karlsruhe, Germany (Fig. 2A).
The long pass filter was placed between the detection cell and the photomultiplier tube to: (i)
absorb/reflect scattered excitation radiation and (i) absorb radiation due to the Raman scattering of
water. A photomultiplier detector (J&M Analytik) was used for measuring the fluorescence intensity (Fig.
2C). Data for LIF detection was recorded employing a software developed by J&M Analytik using a data

sampling rate of 5 Hz.

As shown in Fig. 2A, this instrumental arrangement allows both LIF and UV detection to be carried out
simultaneously within the same separation capillary. UV detection was accomplished with a Spectra 100
(with deuterium lamp) from Thermo Separation Products, San Jose, USA using a wavelength of 254 nm
and a data sampling rate of 10 Hz. Data for UV detection were recorded using CE-
Kapillarelektrophorese software (development of the electronic workshop of the Department of

Chemistry, University of Marburg based on Delphi).

Fused-silica capillaries (50.2 um 1.D., 362 ym O.D.) were obtained from Polymicro Technologies LLC
(Phoenix, AZ, USA). The length was set to 350/500/654 mm (effective length for LIF, UV detection, and
total length, respectively). Data acquisition was done using an AD-converter (USB-1280FS,
Measurement Computing, Middleborough, USA). Blue Ribbon 589/3 ashless quantitative filter paper
(Schleicher & Schuell, Dassel, Germany) with a diameter of 125 mm and 2 um retention was used for
the filtration of the Lahn river water samples. InoLab pH720 (WTW, Weilheim, Germany) was used for
pH measurements. Solid phase extractions were performed on a vacuum manifold column processor

(J.T. Baker, Griesheim, Germany).

New capillaries were conditioned by flushing them first with NaOH solution (1 mol L-1) for 60 min, water
for 30 min, and BGE for 5 min using an applied pressure of 800 mbar. Between runs, the capillaries
were rinsed with BGE for 2 min. After having filled the capillary with the BGE by application of pressure
(800 mbar) and before sample injection, the capillary is dipped into a vial containing water (10 mbar for
0.05 min). This procedure ensures the reproducibility of the migration times and maintains the stacking
efficiency as it reduces the contamination of the sample solution during the injection step by the buffer
adhering to the outer wall of the capillary. The samples were pressure-injected at 30 mbar for 12 s,
unless otherwise specified. After sample introduction, the capillary is dipped into the BGE vial (10 mbar
for 0.1 min).

The electroosmotic hold-up time to [34] was determined using acetonitrile as neutral marker.
Electrophoretic mobilities were determined from electropherograms containing a peak of the hold-up
time marker. Peak identities were confirmed by spiking.
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2.3. Water samples collection and sample pre-treatment prior to analysis

Surface water samples were gathered from the river Lahn in the region of Marburg/Germany over a period
of three months (with average pH: 7.8+0.2, and average conductivity: 275£50 uS c¢m') and were
collected in plastic bottles pre-rinsed with Milli-Q water and with the water sample before collection. Water
samples were filtered using a quantitative filter paper and then through a 0.45 um nylon membrane filter to
remove any particulate or suspended matter prior to the extraction. All of the glassware used was washed
under ultrasonication. Then, it was rinsed with distilled water, Milli-Q water, 5% w/v Na2EDTA2H,0O
solution and then Milli-Q water three times, respectively for each rinsing step. Na.EDTA2H.O was
employed for cleaning of the glassware and was added to all the water samples. This is the
recommended protocol in the analysis of antibiotics residues in environmental samples [3,7] to chelate
metal cations or other multivalent cations that are soluble in water or adsorbed on the surface of the
sorbent and glassware [35]. It was also reported [36] that metal cations influence the rate of inactivation
or can catalyse the hydrolytic opening of cephalosporin antibiotics. Therefore, the addition of
Na,EDTA2H20 to the sample is mandatory. All samples were stored at 4°C prior to SPE and used
within 48 h after collection [17].

2.4. Solid phase extraction (SPE)

Different types of polymer-based SPE cartridges were investigated for maximizing the extraction recovery
of the investigated antibiotics from spiked river water samples. Oasis HLB cartridge (60 mg/3 mL), which is
a copolymer made from a balanced ratio of hydrophilic (N-vinylpyrrolidone) and lipophilic
(divinylbenzene) monomers and Oasis MCX cartridge (60 mg/3 mL), which is a mixed-mode reversed
phase/cation exchange sorbent containing a strong cation exchanger (sulphonic acid) were from
Waters, Eschborn, Germany. Supelco Supel-Select HLB cartridge (60 mg/3 mL), which is a hydrophilic
modified styrene-based polymer, was from Sigma-Aldrich.

Under optimized conditions, 50 mL of the filtered blank or spiked water sample was treated with 5%
Na2EDTAZH:0 solution to achieve a final concentration of 0.1% (pH after EDTA treatment is 4.80£0.2).
The sample was then acidified to pH 2.9+0.1 by using 1 mmol L' phosphoric acid. It should be
emphasized that working under highly acidic conditions results in degradation of B-lactam antibiotics
[7,36]; therefore the extraction was carried out within 1 min after spiking the acidified water samples (pH
2.9) with the standards [35] to avoid any degradation. The acidified sample was loaded (at a flow rate of
1to 2 mL min-') on an Oasis HLB cartridge that was previously conditioned with 5 mL methanol and 5
mL Milli-Q water (acidified to pH 2.9 with 1 mmol L-* phosphoric acid). Without carrying out any washing
steps, the analytes were eluted with 3 mL methanol at a flow rate of 0.5 mL min-'. The eluate was
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evaporated to dryness under vacuum. Then the derivatization procedure described under Section 2.5

was conducted.

2.5. Derivatization procedure

For method optimization (without carrying out SPE) the derivatization reaction was carried out as
follows: in the dark, 50 uL of a solution containing a-aminocephalosporin were mixed with 500 pL of 20
mmol L' borate buffer pH 8.2 for 30 sec in a 10 mL volumetric flask. 500 pL of fluorescamine (0.02%
w/v in acetonitrile) were added gradually while mixing by shaking for 1 min. The reaction solution was
then diluted to 10 mL with Milli-Q water and kept in the dark prior to the analysis. The analyte
concentration in the final solution is 0.36 mg L', unless otherwise specified.

After carrying out SPE, the optimized derivatization procedure was performed as follows: after drying
the eluate under vacuum, 2 mL of 20 mmol L-! borate buffer pH 8.2 were added under mixing for 30 sec.
500 pL of fluorescamine (0.02% w/v in acetonitrile) were added gradually while mixing the solution
thoroughly for 1 min. Subsequently, the solution was diluted to 5 mL with Milli-Q water and kept in the
dark prior to the analysis.

2.6. Preparation of standard solutions and calibration curves

Stock solutions containing 60 mg L' of each antibiotic were prepared by dissolving the required amount
in Milli-Q water and were stored in a refrigerator at 4 °C [17,37] for one week protected from light
(covered by alumina foil) to prevent photodegradation [10]. Lahn river water samples were employed as
sample matrix for the preparation of the standard solutions. The concentration range for the investigated
analytes that were spiked into the water samples is between 15 and 720 ng L-'. Following optimized
method procedures were employed: (1) derivatization reaction was performed as described under
Section 2.5, (2) SPE cartridges were conditioned as described under Section 2.4, and (3) CE conditions:
BGE 20.0 mg L-* 2-HP-B-CD in 30 mmol L-" borax buffer, pH 9.25, capillary 654(350)mm x 50.2 um |.D.,
applied voltage during LVSS/sweeping/matrix removal —20 kV, separation voltage +20 kV, capillary
temperature 25 °C, pressure injection 1 bar for 1 min, laser Pew = 5.6 mW, PMT voltage = 600 V.
Calibration curves were constructed by plotting either the peak height or the corrected peak area

against the analyte concentration in ng per L.
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3. Results and discussion

3.1. Optimization of the derivatization reaction

The investigated a-aminocephalosporin antibiotics cefalexin and cefadroxil are non-fluorescent but they
contain a primary aliphatic amino group that makes them ideal candidates for the reaction with the
fluorescence-derivatizing reagent fluorescamine [38]. This reagent is selective for compounds
containing a primary amino group [39]. Fluorescamine itself is a non-fluorescent heterocyclic spiro
compound. It reacts selectively with compounds containing primary amino groups in fractions of
seconds under alkaline pH conditions at room temperature to form a blue-green highly fluorescent
pyrrolinone derivative, while the remaining reagent hydrolyzes in water (t12 = 5-10 s) to give non-
fluorescent products (Fig. S1, supplementary data) [39]. We have to emphasize that based on previous
reports [39-42] the fluorescence reaction does not go to completion due to the side reaction of
fluorescamie with water, i.e. the reaction yield cannot reach 100%. Fluorescamine was utilized
previously for the spectrofluorimertric determination of a-aminocephalosporin  antibiotics in
pharmaceutical formulations and biological fluids [38].

In general, a precondition for the derivatization reaction is the presence of the amino group in its
deprotonated form to allow its nucleophilic addition to the double bond of the reagent. Therefore, the
reaction must be performed under alkaline conditions. However, if the pH is too high, hydrolysis of the
reagent predominates [40]. The fluorescent derivative has a wavelength of maximum excitation (Aexc) of
372 and 370 nm for cefalexin and cefadroxil, respectively [38], which overlaps well with the output of the
diode laser emitting at a wavelength of 375 nm. The wavelength of maximum emission (Aem) is 478 and

472 nm for cefalexin and cefadroxil, respectively [38].

Different parameters were investigated to maximize the derivatization reaction yield, which was
evaluated by employing CE experiments. In these experiments the peak height of the formed derivative
was used as response factor (optimization criterion). The studied parameters are (i) the concentration of
fluorescamine, (i) the pH (adjusted via borate buffer), (iii) the concentration of borate buffer, and (iv) the
concentration of acetonitrile (each in the reaction mixture) in addition to (v) reaction time and (vi) stability
of the formed derivative. Table 1 provides an overview about the optimization of these parameters. Each

parameter was varied while keeping the other parameters at fixed values.

The influence of the concentration of fluorescamine in the reaction mixture on the peak height (using
cefadroxil as a representative example) was studied with the procedure described in Section 2.5 using
different volumes of 0.02% w/v fluorescamine in acetonitrile at pH 8.2 (Fig. S2, supplementary data).

Increasing the concentration of the reagent causes a directly proportional increase of the peak height up
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to an added volume of 400 uL. A further increase in the added volume (up to 1000 uL) has no positive
impact on the resulting peak height. 500 pL of 0.02% w/v fluorescamine was chosen as the optimum
concentration of the reagent. The buffer pH was varied from pH 8.0 up to pH 9.25. The highest peak
height was obtained at pH 8.2 (Fig. S3, supplementary data). Under the optimum fluorescamine
concentration and borate buffer pH, it was found that adding either 500 pL or 1000 uL of 20 mmol L'
borate buffer pH 8.2 results in the optimum peak height. A higher concentration of borate buffer (adding
> 1000 pL of 20 mmol L borate buffer pH 8.2) resulted in a lowering of the peak height due to the
impairment of the stacking efficiency. Moreover, it was found that using either 5 or 10% (v/v) acetonitrile
in the final derivatization reaction mixture has no impact on the peak height. Different time intervals were
selected to define the time after which the solution attains maximum reaction yield. However, it was
found that the reaction takes place quasi-instantaneously after mixing the solutions containing analyte
or reagent, respectively. The determined peak height due the formed derivative reaches its maximum
immediately after mixing and remains constant for one day as long as the solution is kept in the dark.

3.2. Optimization of separation

To optimize the separation of the two compounds investigated, following parameters were investigated
(Table 1): (i) BGE ionic strength, (ii) BGE pH, (iii) c(2-HP-B-CD) in the BGE, (iv) applied voltage and (v)
oven temperature. The pH of the BGE is one of the critical factors in the resolution as the separation is
based on the difference in the effective charge number of the two analytes, i.e. differences in their
charge to size ratios. At lower pH the formed derivatives of both analytes have an effective charge
number of -2 due to the dissociation of the two carboxylic acid moieties (see Fig. S1, supplementary
data). At a pH higher than 9.2, the dissociation of the phenolic -OH group of cefadroxil contributes to an
effective charge number > -2. Therefore, a pH lower than 9 results in a comigration of these compounds
as the phenolic-OH group of cefadroxil is protonated under these conditions (Fig. S4, supplementary
data), while a pH higher than 9.25 results in very long migration times (in addition to higher electric
current strength, results not shown). Therefore, a buffer pH of 9.25 was selected as optimum. The
tetraborate concentration was set to 30 mmol L' producing an adequate electric current strength (Fig.
S5, supplementary data). The concentration of 2-HP-B-CD in the BGE was fixed to 20 mg mL-", which
will be discussed later (Fig. S6, supplementary data). A voltage of 20 kV was applied as optimum
separation voltage providing an acceptable running time, sufficient resolution and adequate electric
current strength. The effect of the oven temperature on the separation was investigated in the range of

15-35°C. Within this range the temperature of 25°C was selected as optimum.
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In summary, following parameters were selected as optimum with regard to the separation of the two
analytes investigated: BGE 20 mg mL-! 2-HP-8-CD in 30 mmol L' sodium tetraborate, pH 9.25,

separation voltage +20 kV, and oven temperature 25 °C.
3.3. Optimization of detection sensitivity
3.3.1. Fluorescence-enhancing agents

In an attempt to enhance the emission signal, we investigated the effect of different types of surfactants
and cyclodextrins on the fluorescence quantum vyield of the formed derivatives. Different surfactant
solutions (20 mmol L) including anionic, cationic and non-ionic surfactants such as sodium dodecyl
sulphate (SDS), 1-tetradecyl-3-methylimidazolium bromide (C14MImBr) and polyoxyethylene sorbitan
monolaurate (Tween 20) were added to a BGE composed of 40 mmol L' borax. These micellar BGEs
investigated have resulted invariably in a reduction of the peak height. In addition, the surfactant

solutions themselves are fluorescent which results in an unfavourably high background signal.

As a second step, we have investigated the effect of different types of cyclodextrins: a-CD, 2-HP-y-CD,
sulphated-B-CD, Me-B-CD, hydrated-B-CD and 2-HP-B-CD (abbreviations see Section 2.1). These
investigations were performed with the objective of selecting the additive that provides the highest
complex formation constant with the formed fluorescent derivative. This in turn can have a positive
impact on the obtained LODs either via (i) an improved on-line enrichment of the investigated analytes
by sweeping via complexation [24,43,44] and/or (ii) an increase in the fluorescence quantum yield via
inhibition of the non-radiative deactivation of the excited state which is associated to restriction of

molecular rotation in the rigid environment of the cavity [45].

In order to identify the additive that provides the highest complex formation constant, the effective
electrophoretic mobility pes of the formed derivative was calculated using a BGE containing no
cyclodextrin (40 mmol L' borax) and a BGE containing 40 mmol L' borax and 10 mg mL-! cyclodextrin.
Then, the shift in the effective electrophoretic mobility Apesr (Meffwithout cD) - Mefiwith cp)) Was employed to
quantify the CD-analyte-interaction. Indirectly, Aper quantifies the CD-analyte complex formation
constant, i.e. the larger is the shift, the higher is the complex formation constant.

As shown in Fig. 3, with the exception of sulphated-B-CD, a shift of per to more positive values
compared to the values calculated in a BGE free from cyclodextrin was obtained. A shift of pesto a more
negative value using sulphated-p-CD is attributed to the negative charge of this additive. Aper was small
in the case of using sulphated-B-CD due to the electrostatic repulsion between the negatively-charged
additive and the negatively-charged derivative. Moreover, Apei was small in the case of a-CD and 2-

HP-y-CD, which implies that the cavity size of either a-CD or 2-HP-y-CD do not match well with the size

-226-



5.5.3. Publication V: Main manuscript

of the derivative. Concerning the neutral f-CDs (native 8-CD or one of its derivatives), it is obvious that
in this case Apef is higher than those of the other types of CD investigated. Within the class of B-CDs,
Me-B-CD shows the largest Apesr and accordingly it is the additive that provides the highest complex
formation constant. In addition, it was reported that Me-B-CD gives the largest enhancement of the
fluorescence of pencillamine-fluorescamine among the other §-CDs investigated [46]. However, as the
aqueous solubility of 2-HP-B-CD is 10 times higher than that of Me-B-CD, the former was selected for
subsequent investigations. By increasing two-fold the concentration of 2-HP-8-CD in the BGE, Apet is
further increased to be even higher than that obtained by using Me-B-CD, which indicates a high
complex formation constant between 2-HP-8-CD and the fluorescent derivative, a property that is
important for analyte enrichment by sweeping as will be discussed later.

In order to define, which moiety of the derivative (the pyrrolinone and/or the phenyl moiety due to the
derivative or another moiety due to the parent antibiotic) is involved in the formation of the inclusion
complex with 2-HP-3-CD, uert was calculated for the derivatized and for the non-derivatized antibiotic at
different 2-HP-$-CD concentrations. The viscosity change of the BGEs induced by adding 2-HP-8-CD to
the BGE was taken into account by multiplying each data point by what is called the viscosity correction
factor (for more details regarding the calculation of the viscosity correction factor, cf. [47]). It was found
that there is a negligible change in per of the studied un-derivatized cephalosporins by varying the
concentration of 2-HP-3-CD (Fig. 4A), which indicates negligible interaction with this additive. This result
is in agreement with a previous report [48]. On the other hand, pes changes significantly to more
positive values by plotting the corrected effective electrophoretic mobility of the derivatized antibiotic
against the increasing concentration of 2-HP-3-CD (Fig. 4B). This increase must be attributed to the
inclusion of either the pyrrolinone or the phenyl moiety of the derivative inside the CD cavity.
Complexation of the antibiotics with 2-HP-B-CD permits an approximately two-fold enhancement of the
fluorescence intensity (via increase in the fluorescence quantum yield) compared to that obtained with a
BGE containing no-CD (Fig. S6, supplementary data). The improvement in the fluorescence quantum
yield was confirmed by calculating the corrected peak area in a BGE containing no 2-HP-3-CD (30
mmol L' borax, pH 9.25) and the same BGE containing different concentrations of 2-HP-8-CD (Fig. S6,
supplementary data). At all investigated 2-HP-B-CD concentrations, the calculated corrected peak areas
(for both analytes) are two-fold higher than those obtained with a BGE containing no 2-HP-B-CD, which
implies the significant role of this additive in optimizing the fluorescence quantum yield (beside its
influence of the sweeping efficiency as will be discussed later). Based on these results, a BGE with 20
mg mL-" of 2-HP-B-CD was employed in all subsequent investigations.

-227-



5.5.3. Publication V: Main manuscript

3.3.2. On-Line enrichment techniques
3.3.2.1. Field amplified sample stacking (FASS)

The sample solution after derivatization with fluorescamine is of low conductivity, which enables on-line
enrichment by field-amplified sample stacking (FASS) [25]. FASS is based on the difference in the
electric conductivity between the sample solution and the BGE. This difference induces a change in the
electric field strength and hence the analyte electrophoretic mobility between the sample and the BGE
compartment that results in focusing of the anayte in a sharp zone at the sample/BGE boundary.
Focusing by FASS permits higher sample volumes (before the volume overload region is reached) than
those accessible with optimized injection parameters under non-focusing conditions, e.g. with a sample
dissolved in BGE.

Under the conditions of FASS, the sample injection volume and the laser output power were optimized.
The optimum injection parameters corresponding to the highest peak height were achieved using
hydrodynamic injection with 30 mbar for 0.6 min (Fig. S7A, supplementary data).

The wavelength of the laser line is very close to the excitation maximum of the fluorescent derivative.
Specific attention has to be paid to the optimization of the incident laser power. The optimum laser
output power will depend (i) on the photodegradation rate of the compound, (ii) on the capillary diameter
(which determines the flux of photons), (iii) on the velocity of the analyte in the capillary (influencing the
transit time of the analyte molecules in the laser beam) [49], (iv) on spectroscopic rate constants which
determine whether ground state depletion will be reached. Photodegradation/photodestruction means
photoinduced reaction of the fluorescent molecule in the incident laser beam and its conversion into a
non-fluorescent molecule [49]. Ground-state depletion (= photobleaching) means that at high laser
intensities, a significant fraction of the molecules will be pumped into the excited state (or a metastable
excited state via intersystem crossing) causing concomitantly a depletion (= significant reduction of the
population) of the ground state [50]. While photodegradation and photobleaching cause a “saturation” of
the fluorescence intensity, the fluorescence background and scattering processes are not influenced by
these effects and increase proportionally with increasing laser output power, which implies that at high

laser beam intensity a decrease in the S/N ratio can be obtained.

In the presented study the laser output power was varied from 1 mW to 5.6 mW. As given in Fig. S7B
(supplementary data) the peak height increases continuously with increasing laser output power. There
is also an increase in the base line noise (noise is defined as one-half the average value of the distance
between a maximum peak and a minimum peak taken for a period of 1 min). However, the signal to

noise ratio is also increasing continuously with increasing laser output power up to the maximum
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possible laser output power. Therefore, when using the maximum laser output power, we can consider
photodegradation and ground state depletion [49,50] to be negligible under these conditions.
Accordingly, a 5.6 mW laser output power was employed for further studies. The voltage of the PMT

was fixed at 600 V as this gives the highest electric output signal.

With optimized derivatization, separation and detection conditions, an LOD of 1400 ng L-! was obtained
(Fig. 5A). The LOD is calculated at a signal to noise ratio (S/N) = 3 and S/N is calculated according to
the European Pharnacopoeia [51]. The achieved LOD is still above the requirement for the analysis of

pharmaceuticals in environmental waters.
3.3.2.2. Large volume sample stacking (LVSS)/sweeping

The maximum enrichment efficiency that can be obtained applying FASS conditions is not exceeding a
factor of 10 [52]. Therefore, our next attempt was to include another stacking technique such as large
volume sample stacking (LVSS) [26] for a further reduction of the detection limits. Taking into account
the high complex formation constant between the formed derivative and 2-HP-B-CD, complex formation
sweeping will also contribute to achieve a further improvement in the enrichment efficiency (besides that
obtained from LVSS). We have to point out that complex formation sweeping will be also involved in the
enrichment of the analytes in the case of applying FASS conditions, however, due to the very large
sample volume injected in case of LVSS, we can assume that the role of sweeping is more important
when combined with LVSS.

The exact mechanism of the analyte enrichment achieved by LVSS/sweeping is illustrated in Fig. 6. At
the beginning of the enrichment process, the whole volume of the capillary is filled with the low
conductivity sample solution (after derivatization with fluorescamine) using hydrodynamic injection at 1
bar for 1 min (Fig. 6A). Lower injection volumes were also employed (data not shown), however, the
highest peak heights (without deterioration of peak efficiency) were obtained by filling the whole volume
of the capillary with the sample solution. The inlet vial is then replaced with by a vial containing the BGE
(30 mmol L' sodium tetraborate, pH 9.25 containing 20 mg mL-' 2-HP-B-CD) and a negative voltage (-
20 kV) is applied, whereas the electric current strength is very low due to the high resistivity of the
sample matrix. The direction of the EOF is toward the inlet, whereas the negatively-charged fluorescent
derivative migrate with a very high velocity due to the high electric field strength toward the detection
end (Fig. 6B). The stacking process commences once the deprotonated analyte reaches the
sample/BGE boundary because of the reduced electric field strength in the BGE zone (Fig. 6C). After
passing the stacking boundary, the derviatized analytes form inclusion complexes with 2-HP-3-CD (Fig.
6D) resulting in an additional reduction of their velocity (sweeping). The stacking and the sweeping
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processes continue until the sample matrix is almost completely pumped out from the injection end of
the capillary (Fig. 6E). At this moment, the polarity of the applied voltage is reversed. This can be done
by monitoring the electric current strength during the matrix removal step. The separation starts in the
normal polarity mode with an applied voltage of +20 kV, when the electric current strength reaches 95%
of its “original value” (Fig. 6F). The “original value” of the electric current strength is obtained by
measuring the electric current strength with a capillary filled completely with BGE. Experimentally, the
polarity is switched when the absolute electric current strength reaches 23+0.5 pA, which represents
95% of the original electric current strength at 20 kV. The time elapsed between the application of the
negative voltage (-20 kV) and the application of the positive voltage (+20 kV) is approximately 3+0.05

min.

To show the impact of LVSS/sweeping on the improvement of the detection limits, 1 mL of a Lahn river
water sample was spiked with the antibiotics and derivatized as described under Section 2.5 before
being injected. The electropherograms obtained under FASS (Fig. 5A) and under LVSS/sweeping (Fig.
5B) conditions were recorded using the same antibiotic concentration (in both cases c(antibiotic) in the
final derivatization reaction mixture is 1400 ng L"). It is evident from Fig. 5 that there is a significant
increase in S/N achieved when employing LVSS/sweeping conditions. The instrumental LOD obtained
when employing the fully optimized procedure is 1400 ng L in case of FASS, whereas it is 60 ng L-!
when using LVSS/sweeping conditions (see figure inset in Fig. 5B). This represents an approximately
25-fold improvement of the sensitivity.

3.4. Optimization of solid phase extraction (SPE)

In addition to sample-clean up from interfering substances and matrix constituents, additional
improvement of the detection limits can be achieved by carrying out off-line enrichment by SPE. The
water samples were spiked with an appropriate volume of a standard mixture of the analytes (600 ng L-
1). The investigated analytes are highly hydrophilic (see Ig Pow and Ig D (at pH 3) values in the
supplementary data), with low pKa due to the presence of carboxylic groups. They are present in their
anionic form under neutral conditions with a very high solubility in aqueous solution, which results in a
poor extraction recovery [53]. Based on these properties, SPE based on HLB cartridges (HLB stands for
hydrophilic-lipophilic balance) were investigated for their extraction from surface waters. The recovery is
calculated by dividing the corrected peak areas (peak area/migration time) obtained after carrying out
SPE, the derivatization reaction and the on-line enrichment technique by that obtained using a standard
solution of the analyte without carrying out SPE. It should be taken into account that the recovery for
cefadroxil is always lower than that for cefalexin as the former is more hydrophilic. Parameters

influencing the recovery such as (i) type of sorbent, (ii) sample loading volume, (iii) sample pH, and (iv)
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the type and performing of washing and elution steps were studied. Moreover, we investigated the

stability of the antibiotics in the elution solvent.

At the beginning, Oasis MCX cartridge was tested as this cartridge can provide both
hydrophobic/hydrophilic and cation exchange interactions with the analytes. Extractions using this
cartridge were carried out at pH 2.75 and pH 2.56 to ensure that higher fractions of the analytes exist in
their protonated form. However, the recovery was lower than 5% either with or without carrying the
washing step (Table 2). This low recovery can either be ascribed to the instability of the investigated
analytes in the eluent or to an insufficient eluent ionic strength, which is not adequate to elute the
analytes from the cartridge. However, higher eluent concentrations cannot be tested, as they will have a

negative impact on the efficiency of the on-line enrichment procedure, especially with LVSS.

As a next step, Oasis HLB and Supelco Supel-Select HLB were tested at slightly acidic pH conditions
using a low sample volume (10 mL). As illustrated in Table 2, working under these conditions gives rise
to a very low recovery for both antibiotics when employing Supelco HLB and a low recovery for
cefadroxil using Oasis HLB. Working under highly acidic pH conditions (pH 2.78) increases the recovery
for both compounds with both cartridge types which can be ascribed to the partial protonation of the
carboxylic acid moieties. However, the recovery from Supelco HLB is significantly lower. Therefore
Oasis HLB form Waters was selected. The high extraction efficiency of Oasis HLB can be attributed to
its high specific surface area (800 m2 g-), its stability over a wide pH range of 0-14 and its wetting
properties due to the hydrophilic N-vinylpyrrolidone monomer [3,5,54,55]. Therefore, this sorbent was
selected also by other working groups for the extraction of pharmaceuticals from environmental waters
[17,35,56,57]. Increasing the pH to 2.9 improved the recovery significantly for both compounds.
Similarly, other authors found satisfactory recoveries for -lactam antibiotics when the sample pH is
around 2 and 3 [12,17,28,30,35,55]. With carrying out a washing step with 5 mL Milli-Q water, the
recovery was reduced (due to the loss of the analytes in the washing solution). In addition, employing
larger sample volume (50 mL) with Oasis HLB and with carrying out the washing step, the recovery was
low. By increasing the sample volume to 100 mL, the recovery is reduced for cefadroxil as obviously the
breakthrough volume for this compound is exceeded. Therefore, the sample volume was kept at 50 mL.

Optimum extractions conditions were obtained with Oasis HLB using 50 mL water sample at pH 2.9.

To investigate the stability of the analytes in methanol as eluent, standards were spiked directly in 3 mL
methanol and after drying the solution under vacuum, the derivatization procedure was performed as
described under Section 2.5. Subsequently the derivatized sample solution was injected. The recovery
was 100% for both analytes, which implies that within the time span for drying the eluate, the

investigated analytes, are stable when dissolved in methanol.
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Due to the slight acidity of the sample matrix after reconstitution in aqueous solution (especially when
using larger sample volumes), a higher concentration of borate buffer was required to increase the pH of
the sample solution for the subsequent derivatization reaction. As shown in Fig 7, four cases were
compared using different concentrations and pH'’s of borate buffer in the final deriviatization reaction
mixture. 8 mmol L-' Borate buffer of pH 8.2 (Fig. 7B) in the final sample solution after derivatization was
found to be the optimum concentration regarding simultaneously peak efficiency, peak resolution, and
peak height. Therefore this concentration was selected as optimum for the subsequent derivatization
reaction in the case SPE as first sample pretreatment step when analyzing surface water samples (see
Section 2.5). Higher buffer concentration and higher pH value result in a deterioration of the stacking
efficiency as seen in Figs. 7C and 7D.

Employing optimized SPE and optimized derivatization reaction results in an off-line enrichment
efficiency factor of 10 (the starting sample volume is 50 mL and the final sample volume is 5 mL).
Possibly, better off-line enrichment factors can be reached by increasing the mass of the sorbent

employed.
3.5. Method performance and validation study

Preliminary tests revealed the absence of detectable antibiotics in Lahn river water. To assess possible
matrix effects, concentrations of antibiotics between 15 ng L' and 720 ng L' were spiked to river water
samples. Applying the fully optimized procedure (Section 2.6), the corresponding calibration plots were
constructed. The method was validated according to the international Conference on Harmonisation
(ICH) guidelines [58] on the validation of analytical methods. The performance of the method was
evaluated through the estimation of the linearity, linearity range, sensitivity (method detection and
quantitation limits), repeatability, recovery, and selectivity.

In order to determine the linearity of the developed method, 7 to 9 calibration standards of the studied
antibiotics were taken to construct the calibration curves (5 replicates each). Peak height and corrected
peak area (peak area/migration time) were used as the response factors. The results of the statistical
analysis of the data are summarised in Table 3 showing the linearity range of the developed method for
each analyte (corresponding calibration graphs and residual plots are shown in Fig. S8, supplementary
data). As stated by the ICH guidelines [58], the correlation coefficient r, the y-intercept a, the slope of
the regression line b, and the sum of squared errors SSE are required for the evaluation of linearity. The
previously mentioned parameters in addition to the linearity range, the standard deviation of the
intercept and the slope, the standard deviation of the residuals Syx, the confidence interval of the slope

and the intercept, the method standard deviation Sxo, and the relative standard deviation of the method
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Sr are also listed in Table 3. The correlation coefficient r of the calibration curve is higher in all cases
than 0.9981, which indicates an excellent linearity of the developed method. Beside the determination of
correlation coefficients, the linearity was assessed by carrying out Mandel's fitting test [59]. By applying
Mandel’s test at P=0.95, all Mandel’s test values are lower than the critical F values (Table 3), which

indicates that the chosen linear regression model is adequate.

LOD and LOQ were determined based on an S/N of 3 and 10, respectively. The S/N is calculated
(according to the European Pharmacopoeia [51]) as given in our previously published work [47]. As
shown in Table 3, the LOD was found to be 4.86 and 7.50 ng L' for cefalexin and cefadroxil,

respectively and the LOQ was found to be 15 and 30 ng L.

Intra-day and inter-day precisions were assessed using three concentrations and five replicates of each
concentration. For each set of results, the RSD (%) was calculated for the peak area, peak height, and
migration time. As given in Table 4, the repeatability of the migration times is <0.9 and 1.4% for intra-
and inter-day precision, respectively. The highest values for RSD (%) of the peak height and peak area
(intra-day precision) are 2.1 and 3.8%, respectively. For inter-day precision, all RSD (%) values are
lower than 8.2 and 6.5% for the peak height and the peak area, respectively, which indicates a good

repeatability of the developed method.

Recoveries were obtained by spiking Lahn river water samples with three different concentrations of the
studied antibiotics covering the lower, the medium, and the upper range of the calibration curve. The
average recoveries obtained are in the range of 94.0-99.8% for cefalexin and 95.5-98.7% for cefadroxil,
which demonstrates a good accuracy and selectivity of the developed method. Fig. 8 shows
electropherograms obtained from unspiked river water and water spiked with 600 ng L' of each

antibiotic. No matrix peaks comigrating with the analytes are observed.
3.6. The developed method compared to other approaches

The LODs and LOQs achieved by the combination of the LIF detection and on-line and off-line the pre-
concentration procedures are lower than those reported for other CE methods employing off-line and/or
on-line enrichment in combination with DAD detection for the analysis of cephalosporin antibiotics in
environmental water samples [28-30,60]. In the presented study, the LOD obtained for cefalexin is one
order of magnitude lower than that reported for a similar approach employing SPE, derivatization with

Cy5 and MEKC-LIF with a diode laser emitting at 635 nm as excitation source [31].

It is noteworthy to mention that that our developed method provides comparable or better LODs than
those obtained for the analysis of cephalosporins in environmental samples by: (i) off-line SPE followed
by HPLC-UV [17], HPLC-MS [37], HPLC-MS/MS [9,10,61,62], HPLC-ESI(+)-MS [55], UHPLC-QTOF-
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MS [56], or (ii) ion-pair extraction followed by HPLC-UV [53]. It should be taken into account that most of
these approaches utilize larger starting sample volumes than our proposed method for carrying out the
off-line enrichment technique. However, this in turn can affect negatively the total analysis time and

subsequently the number of samples that can processed per day.

The best LODs that were reported for the determination of cefalexin in river water are 0.77 ng L-1[39]
and 1 ng L' [8]. These values are lower than that achieved in the presented study by using UHPLC
coupled to quadrupole-linear ion trap tandem mass spectrometry (UHPLC-QqLIT) and HPLC-MS/MS,
respectively. However, this slight increase in sensitivity is gained with the application of much more
expensive equipment. While the proposed method can confirm the absence of the studied antibiotics in
surface water at adequate concentration level, it might result in a false positive identification due to its
limited selectivity. Therefore, the use of the MS detection is mandatory [31], when the confirmation of

the structure of the antibiotic detected is required.
4. Conclusions

The developed and validated CZE/LIF approach provides a highly sensitive method for the successful
determination of selected a-aminocephalosporin antibiotics in surface water samples in the very low ng
L' range. The separation takes place in less than 7 min. Our proposed strategy is facilitated by its
simplicity, robustness, high sensitivity, the rate of the labelling reaction in addition to the excellent
overlapping between the fluorescence excitation maximum and the output of the diode laser emitting at
375 nm. The on-line enrichment procedure is very fast and requires no additional equipment. The high
extraction efficiency provided by the Oasis HLB allows both analyte preconcentration and sample clean
up together with a very low starting sample volume (50 mL). The very low LODs afforded by the
proposed strategy provide a promising approach for the monitoring of these compounds in other types
of water samples and permits the extension of this methodology to other potential pollutants containing

primary amino groups.
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Figure captions

Figure 1: Schematic presentation of the fiber-optic coupled detection cell/capillary holder with

arrangement of one excitation fibre and two detection fibre bundles.

Figure 2: Pictures of (A) the complete instrumental setup including the CE instrument, the detection
cell, the UV detector, the optical fibres, the laser head, the laser controller and the optical filter, (B) the
metallic part used to fix the detection cell plus the arrangement of the optical fibres, (C) the PMT, and
(D) the arrangement of the separation capillary inside the detection cell plus another capillary showing

the positioning of the detection window when placed inside the capillary holder.

Figure 3: Effect of different types of cyclodextrins on the effective electrophoretic mobility. Each data
point is the average of at least two measurements (standard error represented as error bar).
c(Antibiotic) in the final derivatization reaction mixture is 0.36 mg L. The BGE composed of 40 mmol L-
1 sodium tetraborate, pH 9.25. c(cyclodextrin) in the BGE is 10 mg mL-'. CE conditions: capillary
654(350) mm x 50.2 um I.D., separation voltage +20 kV, pressure injection 40 mbar for 0.4 min, oven
temperature 25 °C, laser Pew 2 mW, PMT voltage 500 V.

Figure 4: Effect of the concentration of 2-HP-8-CD on the effective electrophoretic mobility taking into
account the viscosity correction factor using (A) the non-derivatized antibiotics and (B) the antibiotics
after derivatization. c(Antibiotic) in (A) is 14 mg L' in water and in (B) is 0.28 mg L-'. CE conditions:
capillary 654(350) mm x 50.2 um 1.D., separation voltage +20 kV, pressure injection 40 mbar for 0.4
min, oven temperature 25 °C, Laser Pcw 2 mW, PMT voltage 500 V.

Figure 5: Electropherograms obtained from 1 mL Lahn river water sample after spiking with the studied
antibiotics (without carrying out SPE) and treated as described under Section 2.5 either under FASS (A)
or LVSS/sweeping conditions (B). c(Antibiotic) in (A) and (B) in the final derivatization reaction mixture is
1400 ng L. The figure inset in (B) is an electropherogrram obtained under LVSS/sweeping conditions
from 1 mL Lahn river water sample spiked with 600 ng L-! of both antibiotics and treated as described
under Section 2.5. The BGE composed of 30 mmol L' sodium tetraborate, pH 9.25 containing 20 mg
mL* 2-HP-B-CD. CE conditions: capillary 654(350) mm x 50.2 um I.D., applied voltage during
LVSS/sweeping/matrix removal -20 kV, separation voltage +20 kV, Laser Pev 5.6 mW, pressure
injection 30 mbar for 0.6 min in (A) and 1 bar for 1 min in (B), oven temperature 25 °C, PMT voltage 600
V. Peak designation: (1) cefalexin and (2) cefadroxil.

Figure 6: Schematic presentation of the suggested focusing mechanism (LVSS/sweeping). (A) Capillary
filled with the BGE followed by hydrodynamic injection of the whole capillary with the sample solution
after derivatization with fluorescamine. (B) Application of a negative voltage. (C) Stacking of the
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deprotonated derivatized analytes at the sample matrix/BGE boundary. (D) 2-HP-3-CD commences to
sweep the derivatized analytes via complexation. (E) Analytes continue to be accumulated by stacking
and sweeping, while simultaneously the matrix is pumped out from the injection end. (F) After the
completion of the stacking and the sweeping steps and after pumping the largest part of the sample
matrix plug, the polarity is switched and the separation starts. The length of the arrow represents the

magnitude of the velocity.

Figure 7: Electropherograms showing the effect of borate buffer concentrations and borate buffer pH in
the final derivatization reaction mixture on the peak resolution, peak height and peak efficiency.
c(Antibiotic) in the spiked water sample is 600 ng L-'. The BGE composed of 30 mmol L' sodium
tetraborate, pH 9.25 containing 20 mg mL-* 2-HP-B-CD. CE conditions: capillary 654(350) mm x 50.2
um L.D., applied voltage during LVSS/sweeping/matrix removal -20 kV, separation voltage +20 kV,
pressure injection 1 bar for 1 min, oven temperature 25 °C, Laser Pew 5.6 mW, PMT voltage 600 V.
Peak designation: (1) cefalexin and (2) cefadroxil.

Figure 8: Electropherograms obtained from unspiked (A) and spiked (B) Lahn river water sample.

c(antibiotic) in the spiked water sample is 600 ng L-!. Other conditions: see Fig. 7.
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Table 4
Intra-day and inter-day precision data for the determination of cefalexin and cefadroxil in spiked
Lahn river water in addition to the recovery of both antibiotics employing the developed method

Intra-day precision Inter-day precision, Recovery,
(n=5), RSD2 (%) 3 days mean = SD (%)
(n=15), RSD (%) (n=5)
Cefx PA” PH® MT®  PA PH MT
120ngL' 282 1.04 0.26 534 6.67 0.82 99.8+4.8
480ngLt 267 3.82 0.81 6.10 4.61 0.61 94.0£5.3

600ngL' 223 252 044 482 555 133 98.9+3.7

Cefd PA~ PH MT PA~ PH MT

120ngLt 178 209 0.37 649 7.63 0.82 95.5+6.1
480ngL" 144 358 0.89 573 815 0.73 98.7+1.4
600ngL! 383 382 0.57 429 743 135 95.9+4.0

a Relative standard deviation
b Peak area

¢ Peak Height

d Migration time
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Off-line and on-line enrichment of a-aminocephalosporins for their analysis in surface water
samples using CZE coupled to LIF

Azza H. Rageha, Karl-Friedrich Klein®, Ute Pyella*
aUniversity of Marburg, Department of Chemistry, Hans-Meerwein-Stralte, D-35032 Marburg, Germany
bTechnische Hochschule Mittelnessen, Wilhelm-Leuschner-Strafle 13, D-61169 Friedberg, Germany

* Corresponding author

Supplementary data
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Preparation of buffer solutions

Stock disodium tetraborate (borax) buffer (100 mmol L', pH 9.30) was prepared by dissolving 9.5342 g
disodium tetraborate decahydrate in 200 mL Milli-Q water and diluting to 250 mL with Milli-Q water. Lower
concentrations of borax buffer were prepared by further dilution with Milli-Q water. Borate buffers, 20 mmol L
(of different pH’s) for carrying out the derivatization reaction and for studying the influence of BGE pH on
separation were prepared by dissolving different amounts of boric acid and tetraborate in 200 mL Milli-Q water
and diluting to 250 mL with Milli-Q water as follows: pH 8.02 (0.3005 g boric acid and 0.0533 g borax), pH
8.18 (0.2962 g boric acid and 0.0797 g borax), pH 8.43 (0.2837 g boric acid and 0.1573 g borax), pH 8.68
(0.2616 g boric acid and 0.2936 g borax), pH 8.95 (0.2059 g boric acid and 0.6365 g borax), pH 8.99 (0.1962
g boric acid and 0.6965 g borax), and pH 9.25 (0.7626 g borax). 20 mmol L-' Borax buffer of pH 9.4 and 9.6
were prepared by adjusting the pH using 1 mol L-* NaOH solution.

Different concentrations of 2-hydroxylpropyl-8-cyclodextrin (2-HP-3-CD) solutions; 10.0, 20.0, 30.0 mg mL- of
2-HP-B-CD in 30 mmol L' borax buffer, pH 9.25 were prepared by dissolving 0.500, 1.000 and 1.500 g,
respectively in 30 mL of 30 mmol L borax buffer and diluting with the same buffer to 50 mL.
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Figure S2: Effect of volume of 0.02% w/v fluorescamine on the fluorescence intensity of the reaction

product of cefadroxil (0.36 mg L'1) using 20 mmol L' borate buffer, pH 8.2 as a BGE. The derivatization
procedure was conducted as described under Section 2.5. CE conditions: capillary 654(350) mm x 50.2 ym
1.D., separation voltage +20 kV, pressure injection 40 mbar for 0.4 min, oven temperature 25 °C, Laser Pcw
2 mW, PMT voltage 500 V.
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Figure S3: Effect of pH of the derivatization reaction (using 1 mL of 20 mmol L - borate buffer of different
pH’s and the derivatization procedure was conducted thereafter as described under Section 2.5) on the

fluorescence intensity of the reaction product of cefadroxil (0.36 mg L'1) with fluorescamine. The BGEs are
composed of 20 mmol L-" borate buffer of the same pH value as the one used in the derivatization reaction.
Other CE conditions: as in Fig. S2.
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Figure S4: Electropherograms obtained with different pH'’s of the BGE. The BGEs employed as in Fig. S3.
c(cefalexin) and c(cefadroxil) in the final derivatization reaction mixture are 0.72 and 0.36 mg L7,
respectively. Other CE conditions: as in Fig. S2. Peak designation: (1) cefalexin and (2) cefadroxil.
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Figure S5: Electropherograms obtained with different concentration of sodium tetraborate in the BGE, pH
9.25 containing 10 mg mL-' 2-HP-B-CD. c(Antibiotic) in final derivatization reaction mixture is 0.36 mg L-".
Sample was introduced hydrodynamically using an applied pressure of 30 mbar for 0.2 min. Other CE
conditions: as in Fig. S2. Peak designation: (1) cefalexin and (2) cefadroxil.
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Figure S6: Electropherograms obtained with different concentration of 2-HP-3-CD in the BGE. The BGE
composed of 30 mmol L' sodium tetraborate, pH 9.25. c(Antibiotic), CE conditions and peak designations:

as in Fig. S5.
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Figure S7: Peak height plotted against (A) injected sample volume or (B) laser output power under FASS
conditions. Each data point is the average of at least three measurements (standard error represented as
error bar). c(Antibiotic) in the final derivatization reaction mixture is 0.36 mg L-!. The BGE composed of 30
mmol L' sodium tetraborate, pH 9.25 containing 20 mg mL-! 2-HP-3-CD. CE conditions: capillary 654(350)
mm x 50.2 ym |.D., separation voltage +20 kV, Laser Pow 2 mW in (A), pressure injection 30 mbar for 0.6
min in (B), oven temperature 25 °C, PMT voltage 500 V.
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Figure S8: Calibration curve (A1) and residuals plot (A2) using peak height as the response factor.
Calibration curve (B1) and residuals plot (B2) using corrected peak area as the response factor. The green
line in (A1) and (B1) indicates the confidence interval at 95% significance level.
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