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ABSTRACT

This dissertation thesis deals with the separaifosmall ions in biological and
environmental samples using capillary zone eletimogsis (CZE) with capacitively
coupled contactless conductivity detectioddC Analysis of these samples has its own
difficulties, because of the usually limited sampémount, the low analyte
concentrations and the complex sample matrices. €&fEsuccessfully handle the low
sample volumes but sample pretreatment or prectratiem is usually required.

First, electrodialysis (ED) was used for rapid pratment of inorganic cations
in biological samples that contain large amountsigh molecular weight compounds
that can be adsorbed on the capillary wall anddisie separation. Combination of ED
with CZE greatly improved the analytical performanbecause the high molecular
weight compounds could be efficiently removed frma small cations of interest. In
HED system the volume of sample needed was asddwd. per analytical run, which
kept the analyses possible even in case the anmaiubiological sample is limited.
Using the developed system, the analysis of asidgip of whole blood was possible.

Second, open tubular (OT) ion exchange precolunere for the first time used
for in-line sample clean-up and direct injectionbadlogical samples into CZE. OT ion
exchange precolumns were used as similar in fum¢tEmove proteins) but different in
principle (ion exchange removal) and showed someamtdges over previous ED
system. Preparation of these precolumns was sinfgdé,and inexpensive. They can
therefore be used as disposable sample pretreataréts which can be simply
discarded after each use. The in-line sample @tetent method was demonstrated on
determination of small inorganic cations in bloedwsn and blood plasma samples.

Third, electromembrane extraction (EME) and CZtBGvas applied to rapid
and sensitive determination of perchlorate in vsisamples of drinking water and
environmental samples. Porous polypropylene hollitove impregnated with 1-
heptanol acted as a suported liquid membrane (Spkfghlorate was transported and
preconcentrated in the fibre lumen upon applicatiban electric field. High sensitivity
of perchlorate determination and its baseline sgar from major inorganic anions
was achieved in optimized CZEY® conditions. Perchlorate could be detected in
spiked tap water down to a concentration of 1pghich is 15 times lower than the US

Environmental Protection Agency (US EPA) recommentimit for drinking water.



The proposed method compares well with routinelgdusiethods, with much shorter

running times, unprecedented simplicity and reduesds.

Keywords: Capillary zone electrophoresis (CZE), pamtively coupled contactless
conductivity detection (D), ion exchange (IE), electrodialysis (ED), eleatembrane
extraction (EME).



ABSTRAKT

Tato disertani prace se zabyva separaci malychidgumoci kapilarni zénove
elektroforézy (CZE) s bezkontaktni konduktometrickietekci (¢D) v biologickych a
environmentélnich vzorcich. Analyz&chto typ vzorka je obtizné pedevsim proto, Ze
jejich objem je omezeny, analyty se v nich vyskiytupizkych koncentracich a vzorky
dale obsahuiji sloZitou matrici. CZE si je schopaoeagit s omezenym objemem, ale pro
citlivé stanoveni jéasto pateba Uprava a zakoncentrovani vzorku.

V prvni ¢asti této disertani prace byla pro Upravu biologickych vzorgouZita
elektrodialyza (ED). Biologické vzorky obsahuji k&lmnozstvi vysokomolekularnich
latek, které se lehce vaZzou nanst kiemenné kapilary a agobuji zhorSeni separace.
Kombinaci elektrodialyzy a CZE je mozné tyto peohly eliminovat, protoZze
vysokomolekularni latky jsou odny od malych iont a nevstupuji do sepaia
kapilary. Ri pouziti mikroelektrodialyzy (LED) je moZné naviedukovat patbné
mnoZstvi vzorku na ca. 1 pL, coZz umaje analyzu i takovych vzotk u kterych je
mnozZstvi limitovano. Bylo ndfklad mozné stanovit malé kationty z jedné kapkyekr

Ve druhécasti byly vibec poprvé pouZity otéené kapilarni iontav vymeénné
kolonky pro in-line Upravu spojenou &mpym davkovanim do CZE systému. Qe
kapilarni ionto¢ vyménné kolonky splnily podobnou funkci — odstranily wveorku
vysokomolekularni latky, principem bylo ovSem nadizEchto rusivych latek na &ty
kolonky pomoci ionto¥ vyménného mechnismu. Vyroba kolonek je jednoduchd,
¢aso¥ nendrgénd a levna. Kolonky mohou byt proto pouZzity jedrzoré a po jednom
pouziti vyhozeny. In-line Gprava vzdrlyla vyuZita pro stanoveni malych katibrve
vzorcich krevniho séra a plasmy.

Ve treti ¢asti této prace byla vyvinuta metoda elektromeminwénextrakce
(EME) spojena s CZE-D pro citlivé stanoveni chloristanu ve vzorcichngitvody a
dalSich environmentalnich vzorcich. Porézni polgglenové duté vidkno bylo
naimpregnovano l-heptanolem a slouzilo jako kapaieénbrana (SLM), igs kterou
dochézelo k selektivnimu transportu a zakoncentrbvéhloristanu za pomoci
elektrického proudu. V optimalizovaném CZE systémylo dosaZzeno separace
chloristanu od majoritnich ioltptitomnych ve vzorcich. Chloristan byl stanoven ve
vzorcich pitné vody az do detgkho limitu, ktery odpovidal 1ug/L, coz odpovida

koncentraci 15x niz8i nez je dopdemd mezni hodnota pro chloristan v pitné&/dbe

Xi



agentury EPA. Vyvinutd metoda je srovnatelnd snnithi analytickymi metodami a

vyznauje se mnohem kratSi dobou analyzy, jednoduchastlgmi néklady.
Kli¢ova slova: Kapilarni zonova elektroforéza (CZEkgzhkontaktni konduktometricka

detekce (¢D), iontova vyngna (IE), elektrodialyza (ED), electromembrénoviate
(EME).
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1. INTRODUCTION

Modern analytical chemistry has been dramaticallpanged by the
incorporation and development of novel physicocleainmethods, by the recognition
of chemical compounds and by the measurement aftrel@, magnetic or optical
properties.

Capillary zone electrophoresis (CZE) is a moderalital technique with
much promise based on how simple CZE actually ns, laow quickly the analytical
result can be obtained. CZE with capacitively cedplcontactless conductivity
detection (¢D) is especially promising for the analysis of siiabrganic ions and
biochemical species.

However, analysis of small inorganic ions in biotad samples by CZE has its
own difficulties, because of the usually limitednmgde amount, the low analyte
concentrations and the complex sample matrices. €&fEsuccessfully handle the low
sample volumes and in some instances even the tweatrations, however, the
influence of matrix compounds on CZE separationfquarance presents a major
limitation. Thus, separation of small moleculesnirdghe macromolecular matrix or
clean-up of the macromolecular matrix from the siengpoften required prior to a CZE
analysis of real samples.

In environmental samples, the concentration of ghButant ions is typically
very low, even lower than the limit of detection thfe commonly used analytical
methods. The sample matrix composition on the otierd is not very difficult.
Therefore, a clean-up step is often not necessesyegially in water samples), but
preconcentration is often needed.

To help solve some of the issues in the separatfolow molecular weight
compounds in biological and environmental sample€BE, various novel sample pre-

treatment and pre-concentration methods were deedlm this thesis.



2. THE GOALS OF THE THESIS

The goals of this thesis were:

1 - development and optimization of a suitable dansfean-up procedure for the
determination of small ions in biological sampleasédd on (off-line)

electrodialysis and microelectrodialysis prio@BE-C'D analysis.

2 - development and optimization of an in-line oleg procedure based on
disposable open tubular ion exchange pre-columnsléan-up of biological

samples prior to determination of small ions by &Zb.

3 - development and optimization of an electromemé extraction procedure
and apparatus for preconcentration and trace asaygerchlorate by CZE-
C'D.



3. THEORETICAL BACKGROUND AND LITERATURE
OVERVIEW

3.1. CAPILLARY ELECTROPHORESIS

Capillary electrophoresis (CE) encompasses a familyrelated separation
techniques that use narrow-bore fused-silica (Bf)llaries and can be used to separate
a complex mixture of large and small molecules.hHigectric field strengths are used
to separate molecules based on differences in ehand size. Sample introduction is
accomplished by immersing the end of the capiliatp a sample vial and applying
pressure, vacuum or voltage. Depending on the atparsystem the technology of CE
can be segmented into several separation technigsigsh as capillary zone
electrophoresis (CZE), micellar electrokinetic ahedography (MEKC), capillary gel
electrophoresis (CGE) or capillary electrochromedaphy (CEC) [1]. There are
numerous other sub-types of CE but for the purpdshe focus of this project, CZE
will be discussed.

3.1.1. Basic instrumentation

The basic CZE instrumentation is shown schemayidgalFigure 1.

Detector

Separation
Capillary

| I

Sample  Buffer Buffer

Figure 1. The schematic of a CZE system.



It includes a high voltage (HV) power supply cagatal provide the potential in
the range +30 kV, a polyimide-coated FS capillasyihg inner diameter usually from
25 um up to 10Qum, two separation electrolyte vials filled with kgeound electrolyte
(BGE) that can accommodate both the capillary emdisthe platinum electrodes, and a
detector. The data from detector are collected ewvaluated usually with use of a

personal computer.

3.1.2. Introduction to the CZE theory

Differences in solute velocity in an electric fielchake it possible for
electrophoresis separation. Once the ions in thle fare charged, the electric force
received causes their acceleration; however, thisef will be counteracted by the
friction force of the surrounding media, which wisult in a constant velocity of a

particular ion. The velocity of an ion can be gi\®n

Vi=HiE (D)

where v; :ion velocity
Mi : electrophoretic mobility of a species i

E : applied electric field

In this formula, the applied electric field, E,ggnply a function of the applied
voltage and capillary length (volts/cm). Based loa tharacteristic of a given ion and
using the standard tables, the electrophoretic liyghi; is usually found as a physical
constant. The electrophoretic mobility is determdinigy the electric force that the
particle experiences, balanced by its frictionatcéo through the medium. For a

spherical ion the electrophoretic mobility can besg by :

Mi = ze/ermnr; 2

where Z:ion charge
e : electron charge in Coulombs
n : solution viscosity

ri: ion radius



From this equation it is shown that the charge &nd size (J of each species influence
its electrophoretic mobility. Electrophoretic matyilis high for small, highly charged
species, but low for those with large sizes and ¢tnarge. Also, the migration velocity
of a charged species depends on other factors, anebient temperature and

electroosmotic flow.

Electroosmotic flow (EOF)

The main phenomenon accompanying all electropicostparations in the
fused silica capillary is an electroosmotic flowQE). Electroosmotic flow is best
described as the movement of liquid relative tdatianary charged surface under an
applied electric field. This movement is generas¢dhe solid-liquid interface of the
internal wall of the capillary (in CZE). As per thiustration in Figure 2, in a fused
silica capillary, the ionization of silanol groumgves rise to a negatively charged
surface (SiQ, which affects the distribution of nearby ionssmiution. To maintain the
charge balance, an excess of positive ions (coumns) is attracted to the surface,
forming an electrical double layer whilst ions dikel charge (coions) are repelled.
Essentially the counter-ions are arranged in tvgiores, including the fixed layer at the
surface (Stern layer) and the diffused layer thaereds into the bulk of the solution
(Gouy-Chapman layer) [2,3].

@@\41(1 Sir Q:(‘\\ﬂﬂ“\ Qwryqﬂnl\éﬂnlmdﬁl an Q1ﬂ Q1f§

HOOOEH HOHOHE U

—EOF —

Figure 2. Internal surface of a fuse silica capillaryddiwith electrolytes.



The solvated cationic species under the influentearo electric field are
electrically driven towards the negative electr¢ckthode) and as they migrate toward
the cathode, these solvated cationic species doagerga molecules along, which
generates electroosmotic flow. Consequently, ineb@8 capillary with negatively
charged capillary surface the EOF flow is from #&m®de to the cathode. Under special
circumstances, with sufficiently high EOF, cationgutrals, and anions will move in
the same direction and hence positively and neglgticharged species can be
simultaneously determined in one single run, wigchtherwise not feasible.

The EOF through the capillary has a characteriktiqrofile, as shown in Figure
3A, in contrast to the parabolic profile typicalr fpressure-driven systems (in all
chromatographic techniques) (Figure 3B). The flaFEprofile has a great advantage in
that all solutes experience the same deliveringoisi induced by EOF regardless of
their cross-sectional position inside the capille#parp peaks of high efficiency thus

will be generated and the analytes migrate as waoands.

A -
|
|
'

Electroosmotic Flow
;f—,
—\
B

Laminar Flow

Figure 3. Comparison of a flow profile in A - capillary ekeophoresis ;
B - liquid chromatography.

The magnitude of the EOF can be derived in termwedbcity or mobility
(VEOF anduEOF) in open tubes (for CE) according to Smoluchowsquations
&l E

Veor =

®3)

Heor = —
4



where ¢ : dielectric constant of the electrolyte
n : the electrolyte viscosity
E : the electric field applied

{: the zeta potential of the wall

EOF has important benefits for CZE separations; dwaw provided that it is
properly controlled. By changing the correspondaxgperimental parameters such as
electrolyte concentration, ionic strength, pH, tenspure, surface characteristics, and
co-solvents used, variables affecting EOF, i.e stiiation viscosity, dielectric constant
and zeta potential can be modified and thus bramgesdetectable changes in the EOF.
One of the methods to significantly modify the ESMby coating of the capillary wall.
Dynamic coatings (that is, separation electrolytditaves) or covalent coatings are the
two most common means to modify the EOF. They carease, decrease, or reverse
the surface charge and thus the EOF. The compaus®ts for dynamic capillary wall
coating (so called EOF modifiers) are usually gaticsurfactants having a long alkyl
chain and an ammonia group, such as cetyltrimeatinylanium bromide (CTAB),
tetradecylammonium bromide (TTAB), diethylenetriami (DETA), etc. and are
typically used in the analysis of anions. Furthidoimation about controlling EOF can

be found in sevaral comprehensive books [1, 4, 3] &nd reviews [8, 9, 10].

3.1.3. Injection techniques in CZE

All capillary separation techniques including CZRvl certain constraints on
the amount of material that can be injected. Thection volume must be kept quite
small because the total internal volume of a 50leny FS capillary with 50pm or
25um ID is in the nanoliters (nL) range (981nL %@ cm capillary, 50 pm ID). On the
other hand sufficient injection volume is necesstryachieve acceptable limits of
detection.There are two main modes of injection in capillatgctrophoresis (CZE):

hydrodynamic injection and electrokinetic injection



Hydrodynamic injection

Hydrodynamic injection is accomplished by: elengtithe capillary at the
sample (inlet) end permitting sample introductiop siphoning, applying external
pressure on the inlet vial with the sample, apgyanvacuum on the outlet electrolyte
vial or injecting by syringe and employing a splitto reduce volume introduced. The

volume of sample injected per unit time is deteediby the Poiseuille equation

()

where AP : the pressure difference across the capillary
d : the capillary internal diameter
t : the time
n : the separation electrolyte viscosity

L: the total length of the capillary.

For siphoning injection, the pressure differentd®, in equation above is given by

AP=pgAh (6)

where p : the separation electrolyte density
g : the gravitational constant
Ah : the height difference between the liquid levelthe sample vial and in the

detector-side separation electrolyte vial.

A typical siphoning injection is obtained by raigithe sample vial 5 to 10 cm
above the outlet vial for 10 to 30 seconds, depgnoin the conditions. Siphoning is

typically used in systems without pressure injectapabilities.



Electrokinetic injection

Electrokinetic injection, which is also known aa&tomigration injection is
performed by 2 main actions in the following sequeer(i) replacement of the injection-
end vial with the sample vial and (ii) applicatioha high voltage (usually 3 to 5 times
lower than that used for separation). In this itiet process, analyte enters the
capillary due to both migration and the pumpingaacof the EOF. The quantity loaded
is dependent on the electrophoretic mobility of itidividual solutes, which is a unique
property of electrokinetic injection. As a resiiete are variations in quantity of loaded
ions depending on their electrophoretic mobilityl atiscrimination occurs for various

ionic speciesThe quantity (Q) of an analyte injected is calcedaiby:

Q = (:ue + :uECI)_F )\/ﬂ Ct (7)

where [e : the electrophoretic mobility of the analyte
Meor : the EOF mobility
V : the voltage
r : the capillary radius
C : the concentration of the analyte
t: the time
L : the capillary total length

Equation (7) illustrates that sample loading ipatelent on three factors: (i) the
EOF, (ii) the sample concentration, and (iii) thealgte mobility. The electrokinetic
injection is generally not as reproducible as itgdrbdynamic counterpart. The
advantage of electrokinetic injection is that thpsocess requires no additional
instrumentation, is advantageous when viscous medigels are employed in the
capillary and when hydrodynamic injection is ineffee. Electrokinetic injection is

very simple, but it has limitations for quantitaianalysis.



3.1.4. Selection of a separation system in CZE

The selection of the separation system and in quaati the selection of
background electrolyte (BGE) is of paramount imaonce, because it affects both the
separation and repeatability of CZE analysis. Theeefew rules for the selection of a
suitable BGE. First the BGE should have an appatprbuffer capacity in the pH
range of choice and low mobility to minimize cutrgeneration. The mobilities of the
BGE co-ion should match as closely as possiblentbbility of the analyte(s) as it is
important for minimizing the band distortion. Thgsemises are fully valid in CZE
with UV-detection, for instance, but for CZE'mD, they are not completely feasible.
With C*D (or conductivity detection in general) the measusignal is the difference in
conductance of the analyte and the BGE co-ion. ,Tftumaximize the sensitivity this
difference should be high, on the other hand, tosgenmetrical peaks the difference
should be low. Therefore in CZE¥D, a compromise is needed in the BGE selection
process. In CZE-D, the separation is usually accomplished in a BBfsisting of a
low conductance (and hence mobility) co-ion attieddy high concentration. Therefore
the peaks detected in“ are not symmetrical but rather triangular. Thehhi
concentration of BGE co-ion asures that the sejparatfficiency is maintained. There
are other factors however, that contribute to tlezass of the CZE separation and good
repeatability, for instance the capillary type, itapy conditioning and even the quality
of the power supply. They all affect the overalpneducibility of CZE separation, as

shown in detail in Table 1.
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Table 1.Factors affecting migration time reproducibility1]

Factor Causel/effect Solution
Temprature change- Change viscosity and EOF - Thermostat capillary
Adsorption to - Change EOF - Condition capillary
capillary walls - Caused by BGE, additive or samples and allow sufficient

adsorption equilibration time
Hysteresis of wall - Caused by conditioning capillary at - Avoid pH differences
charge high (or low) pH and employing a - Allow sufficient

low (or high) pH running BGE equilibration time
Changes in BGE - pH changes due to electrolysis - Replenish BGE
composition - BGE evaporation - Cap BGE vial and cool

- Conditioning waste flushed into carousel
outler vial - Used separate vial to
collect wash solution

BGE vial not leve - Non-reproducible laminar flo - Level liquid in vials
Different silanol - Different wall charge and variations - Measure EOF and
content of silica in EOF normalize of
batches necessary
Variations in - Proportional changes in migration - Not user accessible
applied voltage time

3.1.5. Detection in CE

According to Heiger [11], due to the small dimemsioof the separation
capillary, CZE cannot be used for “trace” analysien though only nanoliter volumes
of samples are required and mass detection liméseacellent. The sample needs to
contain relatively concentrated analyte solutionpre-concentration is often necessary.
To address the challenge of low sample injectidames in CE, a number of detection
methods have been modified for use with CZE. Mahyhe detection methods are
similar to the ones employed in liquid column chatagraphy and UV-Visible
detection is by-far the most common one. In theldd below, the theoretically
achievable mass detection limits for CZE are owasreid, accompanied by their
respective concentration detection limits and dadvantages/disadvantages. As the
major topic of this dissertation thesis was thelyais of small ions (anions and cations)

only a few relevant detection methods will be fertdiscussed in detail.
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Table 2 Methods of detection for CE adopted from Ewsgview [12].

Method Mass detection Concentration Advantages/disadvantages
limit (moles)  detection limit
(molar)*
UV-Vis 10" - 10™ 10° - 10° - Universal
absorption - Diode array offers spectral
information
Fluorescence 107 —10" 107 -107 - Sensitive
- Usually requires sample
derivatization
Laser-induced 10— 10 10— 10" - Extremely sensitive
fluorescence - Usually requires sample
derivatization
- Expensive
Amperometry 10" — 10" 10— 10" - Sensitive
- Selective but useful only for
electroactive analytes
- Requires special electronics
and capillary modification
Conductivity 10" — 10 10"-10° - Universal
- Requires special electronics
and capillary modification
Mass 10" — 10" 10°- 10° - Sensitive and offers
spectrometry structural information
- Interface between CE and
MS complicated
Other Radioactivity, thermal lens, refractive index, rama

*assuming 10 nL injection volume

UV detection

UV-Visible absorption detection is the most comnyom$ed method, due to its
nearly universal detection nature [11]. When fus#ida capillaries are used, the
detection from below 200 nm up to the wavelengththe visible spectrum range can
be used. It is an on column detection technique,the signal is measured through the
transparent walls of the separation capillary @eps the high separation efficiency
observed in CZE). There is no zone broadening a®salt of dead-volume or
component mixing when the optical window is dirgetiade on the capillary. As with
all optical detectors, the width of the detecti@gion should be small relative to the

solute zone width to maintain high resolution. Thisbest accomplished with a slit
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designed for specific capillary dimensions. Sineaks in CZE are typically 2 to 5 mm
wide, slit lengths should be maximally one thirgs thmount.

In short, in UV detection mode, the detection desgycritical due to the short
optical path length and the optical beam shouldidjetly focused directly into the
capillary to obtain maximum light throughput at thlé# and to minimize stray light
reaching the detector. These aspects are impottariioth sensitivity and linear

detection range.

Conductivity detection

Because of the fact that conductivity detection YCBn respond to all charged
species, it is the most universal of all types leC&®ochemical detection. The charged
ions are all the time present in the backgroundtedlite; hence a baseline signal (and
noise) is always present at the detector. Therdifiee between CD and potentiometric
or amperometric detection is that the detector mmeasthe conductance of the solution
between the two electrodes instead of relying actedbchemical reactions on the
surface of the electrode. The conductivity deteatonsists of two inert, typically
platinum, electrodes across which a high frequef€ypotential is applied. An AC
voltage is used instead of a DC voltage in orderavoid current limitation and
electrolysis reactions on the surface of the edelets. Under the AC voltage, a double
layer is formed at the electrode surfaces, in wiithrges in the electrode are balanced
by ions of opposite sign in the adherent solutiBnch double layers behave like
electronic capacitors, which are transparent toci@ents and voltages. As described
by the Ohm’s law, there is a correlation betweendcmtivity and current, so the
difference in conductance between the analyte laadackground co-ion(s) will create
a current signal that will be measured. Both cantawd contactless mode can be
implemented in conductivity detection as the deébects performed with or without
galvanic contact of electrodes and the electrobgiition, respectively. As a double
layer originating from coulombic attraction of chas can be established through an
insulating layer [13], it has been shown that comiemal contact conductivity and
capacitively coupled contactless conductivity[L detections result in no fundamental
difference. However, the required operating freqyeof these 2 modes differs greatly:
it is necessary to have one of around 1 kHz to wiarkcontact mode, whilst in
contactless method higher frequencies of severadieals of kHz are typically applied.

Since detection sensitivity strongly depends onkgemund conductivity, it is
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recommended to select BGEs of low conductivity tbis mode of detection.
Conductivity detection favours the determinatiorpobr or non-UV absorbing charged
species of relatively high specific conductivitych as inorganic ions, amino acids etc.
The details on principles and applications of catigity detection can be found in
several review articles [14, 15, 16, 17, 18, 19,2X).

Capacitively coupled contactless conductivity déiat (C'D)

The contactless conductivity detection based onA@nvoltage capacitively
coupled to the detection cell, is more easily imptated and a more robust alternative
to use in CZE. In this mode the electrodes aremdirect contact with the electrolyte
solutions. First reports on’D in electrophoretic separations were publisheithénearly
1980s by Ga$ et al. [22, 23], who used a radfdd €ell for the isotachophoretic
determination of small anions. The cell was comsé&d from 4 thin wires, which were
placed perpendicularly around the circumferencthefseparation tubing for capacitive
coupling of the signal into and out of the solutiérsignificant contribution to D was
made independently by Zemann et al. [24] and d@&aSdnd do Lago [25] by
introduction of an axial arrangement ofiC(as illustrated in Figure 4A).

Two electrodes of a few millimeter lengths, namelgtuator and pickup
electrodes, made from conductive silver varnishslort metallic tubes, which are
separated by a gap of typically 1 mm, are placed bi/ side around the capillary’iC
cells can be readily made for capillaries of trendard 365um outer diameter. Since
the two sensing electrodes themselves can cougle edch other to give a stray
capacitance, leading to an additional backgroundenowhich is not preferable for
detection, they are normally separated by a Farasldelding to minimize their direct
capacitive coupling. The Faraday shield is typicatbde of a thin copper foil, in which
a hole is drilled to let the capillary pass. Theotwxternal electrodes form two

capacitors (C) with the solution inside the capjlla
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Figure 4. Schematic drawing af'D in an axial arrangement.
(A) Schematic drawing of the electronic circuitf®) Simplified circuitry

A simplified equivalent circuitry of a conventionabntactless conductivity cell,
as shown in Figure 4B, can be represented by amgement of two double layer
capacitances C connected to the solution resistBRnaden AC excitation voltage with
high frequency of several hundreds of kHz is apbke the actuator electrode. The
current (l) passing through such a circuitry is efegent on the applied alternative
voltage (V) and frequency (f) as expressed by dtlewing equation:

2
R+ L
27fC

where |: the current

V: the voltage
R: the solution resistance
f: frequency

C: capacitance
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According to equation (8), at low frequencies, therent is limited by the double
layer capacitances. For the higher frequenciesctieent is determined only by the
solution resistance, not by the capacitance aeldsetrodes, resulting in a plateau value
of current (I). The fact that the two electrodes tken out of the solution leads to an
increased separation of the charges, resulting gneater distance between the two
plates of a capacitor. This translates into a smathpacitance, and hence higher
required operating frequency. In practice, frequesichigher than 100 kHz are
employed, and the value of 300 kHz is oftten recemded [26]. The AC current
signal, which is picked up at the second electrdust has to be transformed into a
voltage with a feedback resistor and then rectif@edbtain a recordable DC signal that
varies with conductivity changes. Typically, the ckground signal should be
suppressed electronically (“offset” or “zeroed”)fdre amplifying the measured signal
to obtain the best resolution of the analog-totdigiconverter. More details on
fundamental aspects of'@ can be found in the papers by Kiténd Hauser [26, 27,
28, 29].

The simplicity of the design of the axial cell at&lelectronic circuitry has led to
a strong resurgence of interest itD3n the last few years, as documented by numerous
papers [22 - 30, 31]. Its universality allows thetattion of small inorganic ions as well
as organic and biochemical species and applicatr@&@D have been extended to a
large range of organic and biochemical analytese Dw its robustness, minimal
maintenance demands and low cost, the popularitthisfdetector has been steadily
growing. The CZE methods developed in this thesisduthe capacitively coupled
conductivity detection D, which is highly sensitive for the detection of molecular

weight ions.

3.1.6. Aplication of CE-C'D in the separation of small anions and cations

As described earlier, the use ofOCfor the determination of inorganic ions is
very attractive. First, most of the inorganic icex® only detectable by indirect UV
detection with the standard optical detectors innveational electrophoresis
instruments. The indirect UV detection detectiondmads not particularly sensitive.
Secondly the high difference in conductance between(highly conductive) analyte
and (weakly conductive) separation electrolyteausi— a typical scenario in CZE with

C*D - results in high detection sensitivity [29]. Tdhi a typical background electrolyte
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used with ¢D can be used for analysis of both anions andwrstonly by switching
the polarity, without need to change the separagientrolyte composition. It also can
be used for the simultaneous determination.

A commonly used separation electrolyte solution cemposed of 2-(N
morpholino)ethanesulfonic acid (MES) and histidifdlS). The application area of
separation electrolyte base on MES/HIS is very widte was applied to the
determination of anions [32, 33, 34], cations [&K, 36, 37, 38, 39], and the
simultaneous determination of up to 12 anions attbies by using dual opposite-end
injection [40].

In this work minor and major ionic analytes in humalood serum and urine
were quantified in two different separation elegtt® solutions, which were used

respectively for the separation of anions and oat[d1].

3.1.7. Current problems of CE analysis of small ion

Pertaining problems that are frequently discussedcanjunction with CE
analysis of real samples are its low concentratietection sensitivity and limited
robustness to various matrices. Matrix interferen@ge usually caused by high
molecular weight compounds that tend to adsorbedriner capillary wall, which leads
to irreproducible changes of EOF, analyte lossdrfee frequent capillary rinses and
equilibration. Additionally, the matrices contaigimigh concentrations of small ions
(i.e. in concentrated salt solutions, brines, satewy etc.) are also of concern, because
they increase the sample conductivity, causing lprob in analysis and
preconcentration of the samples. Often the highuwasoof a particular ion cause co-
migration of its peak with compounds of interestp&ration of small molecules from
the macromolecular matrix and vice versa is thtsnofequired prior to CE analyses of
real samples, particularly for samples of biologarégin [42].

In this thesis, the target analytes were smaligaoic ions, which are found in
biological samples as well as in environmental dampnd are important constituents
of these samples, for instance in clinical analyBisect CZE analysis of complex
samples is usually not possible. In this work salveample pretreatment methods were
combined with CZE-¢D. These include sample clean-up/preconcentratisimgu
electrodialysis ED or micro-electrodialysis (WEDydaon exchange (IE). With focus in

science shifting towards green analytical methaefforts were recently made to
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miniaturize the sample clean-up methods like ligliglid extraction. Because of the
concern for the environmental safety, the minimarabf use of the hazardous organic
solvents is one of the key focuses of these inigat On the other hand, cost, time
reduction, ease of automation, possibility of oalircoupling, high-throughput
capability, and the small amounts of matrix avdédadre major incentives that have also
motivated scientists. Therefore in the final pdre use of electromembrane extraction
(EME) was applied to the preconcentration of selg@nions from the environmental
samples. These three preconcentration technigeeesent novel approaches in sample

pretreatment for determination of small inorgamies by CZE.

3.2. ELECTRODIALYSIS

3.2.1 Electrodialysis: some theoretical consideratns

Electrodialysis (ED) is used to transport dissolveds from one solution to
another solution through a membrane under theanfie of an applied electric potential
[43]. This is done in a so called electrodialysedl.cThe cell consists of a donor
compartment and an acceptor compartment. The comeats are separated by a
membrane. Two electrodes are placed in the dondraagoeptor compartments. The
membrane can be porous or non-porous [44] andaacassize-selective or size/charge-
selective barrier, respectively. When the electrbydis is running, the direct current
field affects the flow of dissociated ions in wasetution in such way that cations move
towards the cathode and on their way pass thrdugimembrane. At the same time the
anions are drawn to the anode and pass througheh#rane in the opposite direction.

It can be approximately said that the principleseparation in ED is virtually
the same as in electrophoresis, because the ahalgeseparated in an applied electric
field. The most significant difference between CideaED, apart from the lower
voltages used in ED and different geometrical ayeament of the device, is that a
separation membrane is used in ED to help sep#ratanalytes of interest from the
bulk matrix components. The molecules or ions latgan the pores of the membrane
will not penetrate the membrane and will remainhi@ donor compartment. The small
ions of interest will thus be separated from th& boatrix (large ions). Compared to
conventional dialysis arrangement without use ettic field the analytes of interest

can be preconcentrated.
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3.2.2. Applications of electrodialysis

The typical industrial application of electrodidalyfias been the desalination of
sea or brackish water [45, 46], removal of high amrations of small ions or
desalination of sugar syrups [47, 48]. ED can &ksapplied in chemical industry for
separation of inorganic and organic solutions, fmation of organic substances, e.g.
amino acids, waste water treatment, recycling @hulal substances, in food industry
for demineralization of milk whey, wine stabilizati and desalination of fruit juices
[49]. It can also be used in demineralization @ldgical solutions without affecting the
quality of proteins and hydrocarbons.

The applications of ED in analytical chemistry wiast described in a series of
papers by Tsunakawa [50, 51, 52], in which varipharmaceutical compounds from
model tablet formulations were electrodialyzed tigto a cellulose-type membrane.
Although these initial articles provide a wide rangf data on various compounds of
pharmaceutical interest, only one compound at ithe tvas analyzed using a simple
flow injection analysis system.

Coupling of ED to another selective separation metisuch as chromatography
or electrophoresis would be a logical solution toltranalyte analysis and indeed in
early 1990s, ED has been used as a sample prexmetatechnique for other separation
methods. ED device using a sheet of planar cattchange membrane was applied in
determination of inorganic anions in sodium hyddexi solutions by ion
chromatography (IC) [53, 54, 55], since such sampknnot be analyzed directly by
IC. Okamoto et al. [56, 57] performed IC deterntiraof inorganic cations and anions
in strongly basic and alkaline solutions after BBtgeatment with tubular ion-exchange
membranes. On-line coupling of ED to HPLC was dbsadr by Debets et al. [58, 59],
Groenewegen et al. [60] and Brewster et al. [6i]alseries of papers, Buscher et al.
[62, 63, 64] have used ED coupled to CE for prétneat of inositol phosphate
containing complex samples. In their arrangemeigh koltage power supply for CE
was used during the ED process and voltages upst&\2 were used during the
pretreatment step in order to move the ions ofr@stethrough the dialysis membrane
directly into the separation capillary. As the élieccurrent is reduced significantly in
the separation capillaries with small internal déens no membrane fouling or
disruption was observed even at the kV levels aatlgpreconcentration factors were

achieved. A simple preconcentration system for G&lyses of proteins based on ED
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sample pretreatment using hollow fibers with dedimeolecular weight cut-off values
has shown by Wu et al. [65, 66]. The sample wasriad into the fibre lumen. On
application of ED voltage, ions from the samplerteth to migrate through the fiber.
Proteins with high molecular weight were retained greconcentrated on the walls
inside the fiber lumen, while low molecular weighhs migrated though the fiber into
the surrounding electrolyte solution. The precoteged proteins in the fiber lumen
were then electrophoretically transferred intogbparation capillary and determined by
CE. A reversed process was used for determinatfosnll inorganic anions in
complex samples — small ions could migrate inslte lumen, while high molecular
weight compounds were selectively retained on therfwalls and did not enter the
lumen during the ED step [67]. Combination of EDngde pretreatment with CE
analysis was also presented for protein precoregorrby Wang et al. [68] and by Liu
and Pawliszyn [69]. The above examples demonsthatieit is principally possible to

use ED as an efficient pretreatment technique tr C

3.2.3. Intended use of ED in pretreatment of bioldgal samples

In the first part of the thesis, our intention viasshow that the combination of
these progressive separation techniques (ED and) @Z&y prove useful in fast
pretreatment of various biological samples wittheatcomplicated matrices (blood,
blood plasma, blood serum, urine). We demonstiaite dn the ED pretreatment of
various body-fluid samples in analysis of smallrgamic cations. We demonstrate that
the adsorption of proteins present in blood andeusamples (such as HSA) on the
capillary wall can be eliminated using a simple Ef@p prior to CZE analysis. The
developed technigue may have an impact on nondiwvevaanalysis of biological
samples, such as fingerstick blood from infantselderly people, as only a single

droplet of sample is needed.
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3.3. ION-EXCHANGE (pre-column)

3.3.1. lon-exchange: some theoretical consideratisn

lon exchange is a physico-chemical process in waisblid material adsorbs ions
from a liquid and, in exchange, discharges an edemt amount of identically charged
ions to the liquid. lon exchange is based on thecpple that the higher the valence
(ionic charge), the more strongly the ions are leohdo an ion exchanger. lon
exchangers can only exchange a certain quantignst When the exchange capacity is
exhausted, the ion exchanger can be regenerateduflltses the fact that ion exchange
depends not only on the valence of the ions inwhlbeit also on their concentration. So
a large number of ions with a low valence can displions with a higher valence. In
regeneration therefore, the exhausted ion exchaisgeonverted back to its original
form by a high concentration of the orginal couimes. In the case of cation
exchangers this is done with acids, and in the chsanion exchangers with bases.
More details on fundamental aspects of ion exchaoge be found in sevaral
comprehensive books [70, 71, 72].

An ion exchanger consists of a matrix with pernmalye bonded ions and
oppositely charged counterions. The counterionsexhanged with the ions being
removed from the solution as show in Figure 5.ésnhangers maybe natural material
(such as zeolites) or synthetic resin (such as spplgne, polyacrylate or
poly(butadiene-maleic acid) (PBMA), epoxy resin, langine resin, methyl

methacrylate, etc.).
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Figure 5. Fundamental principle of ion exchange
A: Cation exchanger; B: Anion exchanger

1- matrix, 2- permanently bonded ion, 3- aniong;ations, 5- counterions

3.3.2. Applications of ion exchange

lon exchange is widely used in the various indestrfood and beverage [73, 74],
hydrometallurgical, chemical and petrochemical [75,6], pharmaceutical,
semiconductor, power nuclear, as well as to tragas and sweeteners, ground and
potable water, for metal finishing and softeninginfiustrial water [77]. The most
typical example of application is preparation ofghi purity water for power
engineering, electronic and nuclear industries;pgadymeric or mineralic insoluble ion
exchangers are widely used for water softening, ewapurification, water
decontamination, etc [78, 79, 80].

lon exchange of proteins is possible because madeins bear nonzero net
electrostatic charges at all pHs except at pH éigolelectric point). At a pH > pl of a
given protein, that protein becomes negatively gbdr(an anion), at the pH < pl of that

same protein, it becomes positively charged (@oti
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3.3.3. Intended use of ion-exchange precolumns fprotein removal prior to CZE
analysis of small ions in biological samples

The abundance of proteins in biological samplesdigantageous for those who
study proteins; but when analyzing non-proteinaseuaterial in those samples, several
problems occur and need to be solved. Typical praoblinvolve adsorption on the
capillary walls during capillary electrophoresigdér obscuring the peaks of the non-
proteinaceous analytes of interest. It is thusirequo remove all the proteins first in
order to facilitate the analysis of non-proteinacematerial. In practice, there are many
ways of protein removal, such as filtration, cdogation, precipitation and solid-phase
extraction; however they are conducted in the fofnan isolated step, which is time
consuming and adds complexity to the analyticatpdoire. Consequently, combining
the proteins removal and analysis into a singlecgse seems to be far simpler and
advantageous. One practical way of doing the pnaeeth a single step is to adopt the
idea of Kub& et al [115], who developed a simple proceduredoating an open
tubular cation exchange column, which consists aftiple layers of poly(butadiene-
maleic acid) (PBMA) coated onto the walls of a flisdlica capillary. Hence, as the
inner diameter of the capillary is similar to thesed in CZE separation, it is possible to
connect a short piece of such an ion exchangelagptb an electrophoresis capillary
and use it as a disposable on-line pretreatment The PBMA coating will help to
retain the proteins and alow the analytes migtateugh the ion exchange capillary and
subsequently be separated by CZE and then detbégtesl contactless conductivity
detector. The feasibility of this idea was testedhe second part of the experimental

work.

3.4. ELECTROMEMBRANE EXTRACTION (EME)

3.4.1. EME: some theoretical considerations

Electromembrane extraction (EME), introduced relgelny Pedersen-Bjergaard
and Rasmussen [81] combines the concept of holilber-fiquid-phase microextraction
(HF-LPME) and electroextraction [82, 83, 84]) tdhewe the objectives of low sample
and solvent consumption. EME is based on eleclyiagdiiven transport of charged
species from aqueous solutions (donor) across posiga liquid membrane (SLM),

formed as a thin layer of a water immiscible orgasolvent on a supporting material,
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into another aqueous solution (acceptor) [85]eftembles the SLM preconcentration
with adding of the value of an electrically driveansport across the membrane. This
combination offers a highly selective sample prapan method using simple
equipment and gains a high degree of enrichmehimit short period of time.

Main advantages are simple experimental setup,igielg¢l consumption of
organic solvents and minimal costs of the suppgniraterial resulting into single-use
disposable extraction units and therefore no sawgaig/over. This method is desirable

because of reduced extraction time, particulamdyarding small sample volumes.

3.4.2. Applications of EME

Extraction of both acidic and basic compounds sspme and EME has a future
use in miniaturised analytical systems [86]. EMBves very rapid extractions and
requires only a small amount of solvents [87]. Mwexr, EME offers the possibility for
tuning the extraction selectivity by choosing themposition of SLM and the
composition and pH of donor and acceptor solutidhsil now, EME has been used
mainly for extraction of compounds of pharmaceutiegevance [88], nevertheless,
applications to other groups of analytes, suchnasganic ions [89, 90], phosphonic
acids (as degradation products of nerve agents) &8il chlorophenols [92] were
demonstrated. Recently, it has been shown that EMEDbe efficiently used also for
extraction of small biochemical species. Balchealatvere the first to report EME of

short oligopeptides from standard solutions [93,88% plasma samples [95].

3.4.3. Intended use of EME in preconcentration of grchlorate

Perchlorate is soluble and very mobile in aquegssesis and is non-reactive
with other components in water. Therefore, percimican persist for several years in
ground and surface water [96] and there are severalan health and ecological
concerns that can arise even at its relatively éawcentrations [97]. The widespread
presence of perchlorate in the environment hasntcbecome increasingly evident
since perchlorate has been proven to bio-accumingints such as lettuce and other
broadleaf vegetables [98, 99]. Its occurrenceain and snow [100], breast and dairy
milk [101, 102], soil and drinking water [103] hatso been documented. Perchlorate
inhibits uptake of iodide to the thyroid gland [1G¢hd completely discharges stored
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iodide [105]. The United States Environmental Rectten Agency (US EPA) has
recently issued an Interim Drinking Water Healthvisdry, determining that a level of
15 pg/L of perchlorate is protective of all sub-plapions [106]. However, no strict
regulatory levels have been set. Perchlorate hes laten added to the US EPA
Drinking Water Contaminant Candidate List [107] dhsted for regulation” [108].
Urbansky has reviewed several analytical methqudied to the analysis of
perchlorate such as spectrophotometry, electrocdtgmcapillary electrophoresis (CE),
ion chromatography (IC), and mass spectrometry (M89]. The most frequently used
method for measurement of oxyhalide anions is It wonductivity detection (IC-CD)
[110, 111]. US EPA method 314.0, based on IC-Czpmmmonly used for perchlorate
analysis, and typically has a reporting limit ofug4/L. Several CE methods enable
detection of perchlorate at or just below (5 pgthg US EPA recommended limit in
drinking water [112, 113, 114], further improvemehisensitivity is essential. This can
be readily achieved by off-line combination of CEhwsample pretreatment techniques,
which are commonly used for trace analysis. ThasguEME in preconcentration prior
to CZE is great idea for determination of tracechtarate. The feasibility of this idea

was tested in the third part of the experimentalkwo
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4. MATERIALS AND ANALYTICAL METHODS

4.1. CHEMICALS

4.1.1. Standards

All chemicals were of reagent grade and deioniZel \vater with resistivity
higher than 18 M.cm was used throughout. Stock solutions of cat{@8 mM) were
prepared from the corresponding chloride salts o the magnesium stock solution,
which was prepared from magnesium sulfate. Stotlktieas of anions (10 mM) were
prepared from NaCl, NaN{) NaNQ, Mg,SO, and KCIQ. All chemicals were
purchased from Pliva-Lachema, Brno, Czech Repubitt Fluka, Buchs, Switzerland.
All multi-ion standard sample solutions were theeshly prepared from these stock
solutions and were diluted with DI water or 5 mMetc acid. Human serum albumin
(HSA, MW = 66478 Da) was purchased from Sigma,rfBieim, Germany and working

solutions were prepared daily in DI water.

4.1.2. Separation electrolytes

Background electrolyte solutions for CZE measuresevere prepared daily
from stock solutions of L-arginine (L-Arg) (100 mMnaleic acid (100 mM) and 18-
crown-6 (20 mM or 250 mM), acetic acid (1 M), L4nine (L-His) (100 mM). The
exact composition of the BGEs are given in the Itesand discussion part. All
chemicals for electrolyte preparations were puretiafom Pliva-Lachema, Brno,

Czech Republic Sigma, Steinheim, Germany and FBlkahs, Switzerland.

4.1.3. Other solutions

Electrolyte solutions for electrodialytic samplepeatment were prepared daily
from concentrated acetic or hydrochloric acid orghited directly from pure chemicals
(L-Arg and maleic acid). The final pH-values of aléctrolyte solutions were measured
using a pH-meter model 537 (WTW, Weilheim, Germa@ganic solvents for EME
extractions were obtained from Sigma or Fluka ardevof highest available purity; the

solvents were used without any further purificatibor precolumn preparation, PBMA
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prepolymer (42% solids in ag. solution, Polysciendgppelheim, Germany) and AIBN
(Acros, Geel, Belgium) were used.

4.1.4. Real samples

Real samples of human serum and human plasma weskgsed as lyophilized
powder from Sigma and were prepared according tmufa&turers’ instructions.
Fingerstick whole blood and human urine was cadiddtom volunteers.

The real samples were injected either directly @athany pretreatment or were
first processed in the EQED system and then injected into the CZE systentredted
real samples were diluted with DI water 1:10 orQlp2ior to the direct injection into the
CZE system and 1:8 or 1:10 prior to the ED pretneait. In case oiED system, the
real samples were always diluted 1:80 with DI wa#dl real samples were stored in
deep freezer at less than -2D0. The dialysis membranes were stored in DI water f
overnight storage or in sodium azide solution forg term storage. Human serum and
plasma were stored in deep freezer at less thaAG2Whole blood was always taken
fresh at the time of analyses. The dialysis mendsawere kept in DI water for
overnight storage or in sodium azide solution org term storage.

Water samples used in third part of the researale wap water, bottled water
and various environmental samples. Perchloratensapresent or was present below
the method LOD in all water samples and was theeespiked a& 15ug/L. Tap water
was sampled from the water-conduit at the Instiait&nalytical Chemistry after 10 L
of water were dispensed from the tap. Snow sampk® collected from an open
ground in Brno on a snowy day. Rain samples wetleated during a rain event in
Brno. Surface water was obtained from a local streBottled water samples (Dobra
voda, Horsky pramen) were purchased from a locpesuoarket. All samples were
stored at 4°C until analysis and were allowed tomvap to the ambient temperature
before EME.

27



4.2. INSTRUMENTATION

4.2.1. Electrodialytic systems

In our experiments, we used two electrodialyticteys, a commercial ED

system and a microdialyticghlED) system.

4.2.1.1. Commerical electrodialytic system

Figure 6 shows the schematic of the commercialsi§iem. It consisted of a
polymethylmethacrylate (PMMA) tank Electropfép(Harvard Apparatus, Holiston,
MA, USA), ED units (internal volume 5f0L), link chambers (internal volume 3{.),
union (internal volume 245 uL) and open-ended caps all made of
polytetrafluoroethylene (PTFE) (Harvard Apparati3iplysis membranes with 500 Da
molecular weight cut-off (MWCO) value (Harvard Apptus) made of cellulose acetate
were used with this appartus in all experimentspower supply for electrodialytic
sample pretreatment was a Scie-Plas MPSU-200/16&-8as Limited, Southam,
Warwickshire, United Kingdom) operated at a vasablectric potential (25 - 200 V)
and maximum current of 100 mA. The power supply e@snected to two connectors
on the top of a removable PMMA lid of the tank, whifurther extended to two
platinum electrodes located on opposite walls mgle tank. The electric connection
was interrupted when the lid was removed from #rkt thus protecting the operator
from potential injury. Typical electric potentiaf the commercial ED system was 50 -
200 V, which generated currents in the range 022mA. The membrane area was
approximately 0.8 mf leading to current densities in the range 0.25mm - 6.25
mA/mn?. The tank was divided into two compartments bgpasation bar with a hole
drilled approximately in the centre of the bar, gthivas sealed with a rubber o-ring to
accommodate one of the ED units. All ED experimemése performed at ambient
temperature.

Fig. 6A shows a schematic drawing of the wholeesystThe ED tank was filled
with approximately 750 mL of an ED electrolyte gan, which was distributed evenly
into both ED compartments through the hole in thpasation bar, filling the tank
almost until the upper end of the separation baibs8quently, a set of ED units,
membranes, link chambers and open-ended caps wiithr dind acceptor solution was

placed into the hole in the bar separating thedampartments of the ED tank. Fig 6B
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shows a detail of the membrane arrangement with Bib units and three ED
membranes separating the donor and acceptor swutiehich was used for standard
electrodialytic procedures. This set-up usuallysists of a donor unit with internal
chamber, which is filled with standard solutiorreal sample and is closed by a dialysis
membrane (membrane #1) and an open-ended cap {3am#he right side. Second
membrane (membrane #2), a union and an acceptbamnscrewed to the left side of
the donor unit. In this case the membrane #2 issibe-selective barrier between the
donor and acceptor solutions. The union and thepoc unit are then filled with
acceptor solution (usually the electrolyte solutimed for ED) and the acceptor unit is

finally closed on the left side with a dialysis nt@ane (membrane #3) and an open-
ended cap (cap #2).

membrane #3 guffer membrane #2 Sample Membrane #1

l (acceptor) l (danor) l ca E #1

-
-
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\
1
v ,’ o v ;’
A \
L W . (O SOV .
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LT

ED unit 2 ED unit1

Figure 6. A. Schematic drawing of the commercial ED systam, separation bar, b —
open-ended cap #1, ¢ — rubber o-ring, d — dondr ent union, f — acceptor unit, g —
open-ended cap #2. B. Schematic drawing of the memeb arrangement in a
commercial ED system with two ED units and threenieanes.

29



The union and the acceptor unit could be replagea &ingle link chamber or a
set of several link chambers in order to changevtieme of the acceptor side of the
ED system. The system can also be used in an amserg when one ED unit, two
membranes and two open-ended caps are used fdrodiatytic pretreatment of a
sample, which is placed in the internal chambehefdonor ED unit. This arrangement

was used in the initial optimization of the ED syst

4.2.1.2. Micro-electrodialytic @ED) system

The uED system is shown in Figure 7. It is simpler thha commercial ED
system and it consisted of two polytetrafluoroethg link chambers (internal volume
50 uL) (Harvard Apparatus, Holiston, MA, USA), separhtey a cellulose acetate
dialysis membrane (Harvard Apparatus) with 500 DA®D. Two Pt electrodes of the
MED system were directly inserted into the donor aondeptor compartments, each
filled with 50 yuL of donor and acceptor solution, respectively. TiieD system was
operated at 15 V by using ES 0300-0.45 power sugplglta Elektronika BV,
Zierikzee, The Netherlands, 0 — 300 V variable agdt and maximum current of 450
mA). The electric potential of theED system generated currents of approximately 100
MA, leading to current densities around 128/mm% A 1 pL sample aliquot was
diluted 1:80 with DI water and 50L of the diluted solution was introduced into the
donor chamber of the unit using a micropipette. @abeeptor chamber was then filled
with the same volume (50L) of an acceptor solution using a second micrapgpd he
donor and acceptor solutions are held inside tlemtiers by capillary forces as the
internal diameter of the chamber is only 1 mm. Wit loss from internal ED
chambers was observed duringeD pretreatment. AllUED experiments were

performed at ambient temperature.
membrane

donor

==
LWV_|

acceptor

Figure 7. Schematic drawing of the micro-electrodialytistgm.
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4.2.2. The system with disposable open tubular icxchange pre-columns

Preparation of sample clean-up precolumns

Preparation of poly(butadiene-maleic acid) (PBM#gsed OT columns was
described previously [115]. A thin layer of PBMA gmolymer mixed with 5%
azobisisobutyronitrile (AIBN) was coated onto a lang FS capillary (7um ID, 375
pm OD, Microquartz GmbH, Munich, Germany) and crioés&ld at 160°C for 15 min.
The coating procedure was repeated n-times to er@atn-layered precolumn.
Preparation of these layers takes relatively stio. For a 4-layer PBMA capillary it
takes about 2-3 hours. The prepared column wast@algncut into pieces of various
lengths (3-12 cm). PBMA columns are cheap to pepd00 cm of fused silica
capillary costs no more than € 5. Because a sengdysis requires a 5-6 cm disposable
pre-column which averages 30 cts per piece, they maoich less than instrumentations

earlier described.

The pre-columns were connected to the analytiqaillasy through a low dead
volume union (P-772, Upchurch Scientific, Oak HarbWwA, USA). A sketch of the
connection between the OT sample clean-up precolmdrthe analytical capillary is

shown in Figure 8.

75 um ID sample Union Ferrule 50 pm ID
clean-up precolumn J analytical capillary
81

VVVVY |VVVVV

% 7,
LG
%

Figure 8. Interfacing of the clean-up precolumn and thelyaiwal capillary using the
low dead volume union.
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4.2.3. Electromembrane extraction system

The EME system is shown in Figure 9. It consistéda 4 mL glass vial
(Beckman, Fullerton, CA, USA) with a screw-cap. Thaes were drilled through the
cap in order to accommodate two 3d0pipette tips that acted as leading channels for
two 0.5 mm platinum electrodes (99.95%, Advent, ddf England). The two pipette
tips insulated the two platinum electrodes andabygiavoided possible short circuit of a
power supply. 3 cm length of a polypropylene (PBlidw fibre (HF) (Accurel PP
300/1200, Membrana, Wuppertal, Germany; wall théderof 300um and internal
diameter of 120um) was used as a single use extraction unit andimwaly pulled on
the pipette tip acting as a leading channel fordand'he HF extraction units were
pressed and heat sealed at the bottom resultimg approximately 3QuL internal

volume.

O @4
Power supply

Pt electrode

[

4 Hollow fiber

Acceptor
20 L
ﬂ [J Jd Donor
3.5 mL

Magnetic
stir bar

Figure 9. The electromembrane extraction system

Before EME, the fibre was dipped for a given tinmagregnation time, usually
10 sec) into an organic solvent and then the luwas filled with 20uL of an acceptor
solution. A 50uL Hamilton syringe was used to fill the fibre lumevith acceptor

solution and to aspirate the solution from the Inraier EME. A magnetic stir bar was
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placed to the glass vial to ensure constant ggiroh the donor solution (3.5 mL).
Magnetic stirrer used was MR-Hei Standard (Heidpfthwabach, Germany) with 0 —
1400 rpm variable stirring rate. The EME system wpsrated at various voltages by
using ES 0300-0.45 power supply (Delta ElektroriBkg Zierikzee, The Netherlands, 0
— 300 V variable voltage and maximum current of #5@). The electric potential of
the EME system generated currents of approximat€ly— 100 yA, which were
continuously monitored using M-3800 (Metex, Sed(brea) digital multimeter. All

EME experiments were performed at ambient tempegatii22+ 2 °C.

4.2.4. Capillary zone electrophoretic system

FS capillary pretreatment

The separation capillaries were preconditioned WitM NaOH for 10 min,
deionized water for 10 min and with respective safpan electrolyte solution for 10
min. Between two successive injections, the capillas flushed with separation
electrolyte solution for 2 min. When the separat@apillary was contaminated by
adsorption of high molecular weight compounds fromireated real samples, the
preconditioning procedure was repeated.

The capillary electrophoretic systems, used fdied#it parts of research, have

different configurations and are described below.

4.2.4.1 CZE system combined with ED system and IEe-columns

CZE system combined with the ED system and IE preedumns

A purpose-built CZE instrument consisting of a buade from Perspex with
two compartments for injection and detection wapleyed for all electrophoretic runs
of experiments with the ED system and IE preswois. The separation voltage was
provided by a high voltage power supply unit (Spelh CZE2000R Start Spellman,
Pulborough, UK) and was operated at a potentiat @5 kV applied at the injection
side of the separation capillary for all runs. Beparation capillaries used were fused-
silica (FS) capillaries (50 pm ID, 375 um OD, Poigra Technologies, Phoenix, AZ,
USA). With commercial ED system, the FS capillaagl’b0 cm total length and various
effective lengths. WitlhhED system, the capillary also had a total lengtb®ftm, but
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the effective length was 42 cm. With the IE systéme, capillary had total length of 47
cm, and the effective length was 40 cm.

Injection of standard solutions and real sampless wearried out
hydrodynamically by elevating the sample vial toegght of 25-30 cm for 5 — 30 s. The

temperature during the experiments was 25 °C +1 °C

Detection in CZE system with the ED system and IEne-columns

A capacitively coupled contactless conductivity ed¢or (CD) used was a
modified version of an earlier design [116] and wiascribed in a recent publication
[117]. The CD consists of a detector cell, an external ac geltsource for excitation
and an external detector circuitry for processhmgdell current. The excitation voltage
was provided by a circuitry based on a MAX038 dator (Maxim Integrated Products,
Sunnyvale, CA, USA). The oscillator operated aious frequencies between 100 and
400 kHz and a voltage booster using a high voltgggrational amplifier (PA91, Apex
Microtechnology, Tucson, AZ, USA) produced an ouaitptiup to 360 Y, (peak-to-
peak). The detector cell contained a current-téagel converter (OPA655, Texas
Instruments, Dallas, TX, USA) as a preamplifiereTdetector was operated at 120 kHz
and 300 Y, in all experiments. Data were collected using méavritten software and
a 20 bit sigma-delta data acquisition card (Lawisabs Inc., Malvern, PA, USA) or a
Panther-1000 (Ecom, Praha, Czech Republic) dataisiign system connected to a
Pentium | personal computer.

When combined with the commercial ED system, thekpemeasured in 200
mM acetic acid solution were originally negativedamere inverted in order to display

positive peaks in the electropherograms.

4.2.4.2. CZE system combined with EME

A 7100 CZE instrument (Agilent, Waldbronn, Germanyas operated at a
potential of — 30 kV applied at the injection sifethe separation capillary for all runs
of experiments with EME. Separation capillariesdusere fused-silica (FS) capillaries
(50 um ID, 375 um OD, 50 cm total length and 35 effiective length, Polymicro
Technologies, Phoenix, AZ, USA). A capacitively ptad contactless conductivity
detector (D) described by Gas et al. in a recent publicatid8] was used. Injection

was carried out hydrodynamically by application 5 mbar for 2 — 15 s, which
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represents less than 2.6% of the total capilladpme (3.4 — 26 nL). All CZE-¢D
experiments were performed at 25. The CZE system was controlled and data were

acquired by ChemStation CE software.
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5. RESULTS AND DISCUSSION

Sections of this dissertation have been reportedhiee scientific journals
(Journal of Chromatography A, Electrophoresis). Tdgults and discussion chapter is a
summary of these three publications and the relagsdlts. This section has been
arranged into three parts (5.1, 5.2, and 5.3), e&gvhich deals with the corresponding

scientific article.

5.1. ANALYSIS OF INORGANIC IONS IN BIOLOGICAL SAMPL ES BY
COMBINATION OF ED AND CZE-C ‘D

Separation of small molecules from the macromobecuratrix and vice versa is
often required prior to CZE analyses of real sas\plearticularly for samples of
biological origin [see section 3.1.6 and 3.2.3]Ju$hED and CZE were combined for
rapid pretreatment and subsequent determinatiomarfanic cations in biological
samples.

As described in section 4.2.2, we have used twes¥dlems, one is commercial
ED unit (shown in Fig 6), another is a micro ED QEystem (shown in Fig 7). The
commercial unit was used in the beginning to testgarameters, gain understanding of
the ED process and optimize it. Then thiED system was used later to get more
advantages. In this section, 2 set of experimergsdéscussed, the commercial ED

system and thgED system, respectively.

5.1.1. Selection of the BGE solution for initial egeriments

In a CZE system combined with ED, the BGE solut&irould provide an
adequate separation of selected cations and stalstd be fully compatible with
acceptor solution used in the ED process. Tsuna&@@hhas shown that the best
results concerning the efficiency and the recogedé ED were obtained with weak
acids or bases at relatively low concentrationstiscacid was found to be one of the
best electrolyte solutions for ED [50]. Acetic adidn also be used for CZET
separation of cations and it thus seemed advaniageaise acetic acid as both the ED

and BGE solution.
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5.1.2 Combination of the commercial ED system andZE-C“D

5.1.2.1 Optimization of the commercial ED system

A BGE solution consisting of 200 mM acetic acidsistable for simultaneous
determination of inorganic cations and high molacweight compounds, such as HSA
and human blood proteins [50], which are preserdaitionic form in solutions at the
electrolyte pH 2.7. Although the separation efiicig of acetic acid based BGE
solutions is not adequate for baseline separatfoallaccommon inorganic cations in
biological samples this electrolyte was used for &Btem optimization. A standard
solution of four inorganic cations (KC&*, Na" and Md") at 50uM in DI water was
electrodialyzed. Standard solutions (80 before and after the ED process were
analyzed using the CZE?D system. The following parameters of the ED precesre

examined: ED voltage, ED time, and compositionlettolyte solution in the ED tank.

5.1.2.1.1. Optimization of ED voltage and time fosmall cation transfer

In the first experiment, the ion transfer throudte t500 Da MWCO ED
membrane was tested, by letting the samples midrate the donor unit through the
dialysis membrane into the ED solution (200 mM iecatid) at the other side of the
ED tank. The effect of ED voltage and time was eixaoh in a set of 12 experiments
with the voltage set to 50, 100 and 200 V and ttm&0, 45, 60 and 120 s. For the
voltage settings of 100 and 200 V, inorganic catiamgrated rapidly from the donor
unit through the dialysis membrane and into theosunding ED electrolyte solution.
After 30 s of ED at 200 V, only trace amounts @& thorganic cations could be detected
in the donor solution, which could further be ehatied below the method’s limits of
detection when ED continued for another 30 s. A1 Y0 the cations were detected at
trace levels after 60 s ED time and complete remnéeen the donor solution was
observed after 2 min. A slightly different situatiovas achieved for electrodialytic
treatment at 50 V. Trace levels of all cations ddu# detected even after 5 min of ED
showing that for the experimental setup used, #mowal of cations from the donor
solution is not linearly dependent on voltage aimdet Based on these results, ED
voltage of 200 V was used in all subsequent expartelr The current density was
approximately 5 mA/mf however, no excessive heating or membrane disruptas
observed for 100 or more consecutive ED runs. Eidur shows the determination of

the four inorganic cations in a donor solution, ethivas electrodialytically pretreated
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at 200 V for 0, 30 and 60 s. Note that after 3®@sds of ED at 200 V there is still some
discernable amount of all ions in the solution, &60s, all of the ions except calcium
are fully transferred through the membrane. It feasd that the calcium peak comes as

an impurity in the 200 mM acetic acid solution usaslis described in a later section.
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Figure 10. Effect of various ED times on concentration afrfchnorganic cations in
donor ED unit. ED system contains one donor urdttaro membranes, ED electrolyte:
200 mM acetic acid, pH 2.7, ED voltage: +200 V. standard solution of four cations
(50 uM) without ED treatment, b — after 30 sec ED treatiinc — after 60 sec ED
treatment. CZE conditions:dyer. 50/33 cm, BGE: 200 mM acetic acid, pH 2.7,
separation voltage: +15 kV, hydrodynamic injectitom 25 cm for 5 sec.

5.1.2.1.2. Study of the retention of model serum pteins on the ED membrane
As the main objective of this work was the analygismall cations selectively

separated from high molecular weight matrix in bgital samples, the performance of
the ED system was next examined for retention gh molecular weight compounds
on the same ED membrane in the following experismehtstandard solution of 50M
HSA was prepared and subjected to ED in the pretexat system with one ED unit
and two membranes. The standard solution of HSAsp#®d with 5QuM K* and C&"

in order to easily control the ED process by siamdiously analyzing the inorganic
cations in the donor compartment. Electrodialytietfgatment of the standard solution
was performed in ED electrolyte solution consistofg200 mM acetic acid at 200 V

and at three different times (0, 30, 60 s and 4)minorganic cations migrated
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guantitatively from the donor solution into the foadic electrolyte compartment after
60 s of ED, as expected according to the resulizimdd in Fig. 10. The peak of HSA
was reduced significantly after 30 s and furtheardase of the HSA peak was observed
after additional 30 s of ED. Finally, the HSA peaduld not be detected in the donor
solution for ED time of 4 min. The decrease of H®A peak can be rationalized either
as a migration of the protein out of the donor aniby its adsorption on the membrane
#2 (see Figure 6B). The first hypothesis was exathim an ED system with two ED
units and three membranes. The donor unit wasdfildth a standard solution
containing 5QuM HSA, K" and C&", the acceptor unit with 200 mM acetic acid and the
standard solution was pretreated at 200 V for ®-min in 200 mM acetic acid. Two
CZE-C'D analyses were performed for each ED time, deténgithe content of
inorganic ions and HSA in both the donor and theeptor solutions. The concentration
of all cations, including HSA, in the donor solutidecreased gradually with ED time.
If the HSA molecules migrated through the membramerface (membrane #2) they
should be detected in the acceptor solution. Howeerly inorganic cations were
detected in the acceptor solution and no HSA peak @bserved even after 10 min of
ED. This observation confirmed that HSA did not ratg through the membrane into
the acceptor unit but was retained on the memlatagdo its considerable size.

In subsequent experiments, standard solution gfMMHSA was filled into the
central donor unit, which was closed by two diaysiembranes (#1 and #2) and two
caps. 200 mM acetic acid was used as ED electrebjtdion and the HSA solution was
pretreated at 200 V for 4 min after which no HSAswetected in the donor solution
(adsorption on the membrane #2). Then the polasdty reversed and the donor solution
was further treated at — 200 V for 1, 2, 3 and 4.nTfihe peak of HSA was again
detected in the donor solution after 1 min, wheggaslual peak decrease was observed
after 2 and 3 min and no peak was detected afteindof ED with reversed polarity as
it was gradually adsorbed at the dialysis memb#ahen the opposite side of the donor
compartment. Thus HSA and very likely all othertpimos of similar size do not cross
the membrane interface. As has been shown, bysiegethe voltage polarity, they can
be transferred back to the donor solution aftesidall ions have been removed from

the sample and later analyzed.
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5.1.2.1.3. The optimization of ED solution compositn

Because of the contamination from the concentratetdic acid (200 mM) used
as ED solution, in the next part the effect of twemposition of the ED electrolyte
solution was examined. The effect of decreasing abetic acid concentration was
studied with respect to the small cation trandber, also with respect to the possible
impurity migration into the donor solution. Conaettiton of acetic acid in the tank was
varied (1, 5, 10, 100, and 200 mM) and ED of tlmdard solution of four cations was
performed at 200 V for different times. For elebtte solutions containing 200 and 100
mM acetic acid, the cations migrated rapidly frdm tlonor solution into the cathodic
electrolyte compartment whereas longer ED timeswercessary for efficient removal
of cations using 10 and 5 mM acetic acid solutiammd almost no removal was observed
for 1 mM acetic acid and ED times up to 10 min. Mign velocities of cations depend
on the current flowing through the ED system aredraghest for high concentrations of
ED solution. On the other hand, too high conceimmaiof acetic acid results in
relatively high background concentrations of in@igacationic impurities that penetrate
from the anodic electrolyte compartment to the dammnpartment. This contamination
was noted in Fig. 10 (trace c) as a trace levek péacalcium. The contaminant peaks
usually levelled off after 60 s of ED and furthermained virtually constant, showing
that the same amount of ions that entered the dmrapartment through the membrane
#1 was removed by ED through the membrane #2. fRignt decrease of the
contaminant peaks was observed for lower concémtisabf acetic acid and no peaks
were detected in the donor solution for concertretiof acetic acid lower or equal to 5
mM. Contamination of donor solution with inorgariations was also observed when
hydrochloric acid was used as ED electrolyte soiuinstead of acetic acid. For this
reason, low concentrations of acetic acid were éxadhas potential electrolyte
solutions for electrodialytic pretreatment of starti solutions and real samples in
Section 5.1.2.5.

5.1.2.2 Electrodialysis of blank solutions

Electrodialytic pretreatment of blank solutions waesformed at 200 V in a
system with two ED units and three membranes. imdhrangement, the ED tank was
filled with 1, 5, 10, 100 or 200 mM acetic acid,ndo unit was filled with DI water and

acceptor unit with corresponding acetic acid solutiCZE-CD analyses of inorganic
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cations in both units were performed after 5 — 16 of ED. No measurable peaks of
inorganic cations were observed in the acceptordamibr solutions for concentrations
of acetic acid lower or equal to 5 mM, the contehtcationic impurities in both
solutions gradually increased for higher concemnat of acetic acid. Similarly, the
contamination in hydrochloric acid, when used a&sHED electrolyte solutions, resulted
in similar problem. The blank pretreatment was gledformed using the solution of
12.5 mM maleic acid, 15 mM L-Arg and 3 mM 18-cro@ras ED electrolyte solution
with no measurable peaks of inorganic cations ith lmmonor and acceptor solutions.
Although the use of maleic acid/arginine based Hgteolyte solution is advantageous
from the CZE separation point due to the absenceaadfeptor/donor solution
contamination, fast ED process and absolute cobipigti with subsequent CZE
analysis, due to the considerable cost of suchrsdution, we have decided not to
use it in further ED experiments and instead, weehased 5 mM acetic acid that
provides a more cost effective compromise. On thigero hand, use of maleic
acid/arginine based electrolyte solution might bigable for micro ED systems where
the volume of ED electrolytes is significantly reed and the above mentioned

advantages might be accomplished.

5.1.2.3. Effect of sample pretreatment by the commeal ED system on CZE
separation

Adsorption of high molecular weight compounds oe timlls of FS capillaries
is a well known and described phenomenon [119, .1E6t this reason, biological
samples are usually pretreated before CE analysisrder to remove these matrix
components. As one of the objectives of this wods o investigate the applicability of
ED to avoid adsorption of high molecular weight @gauands from biological samples
in CZE, the amount of adsorption from samples ahan urine, blood serum and blood
plasma was investigated.

To allow identical initial conditions of the seption capillary for measurements
of all samples, the capillary was equilibrated withvi NaOH, DI water and BGE
solution prior to each set of experiments. Perforoeaof the CE system was first
investigated using a standard solution containimgh\b of K*, 150 mM of N&, 2.5 mM
of C&*, 1 mM of M¢f* and HSA at a concentration of 80 g/L as a modsateim. These
concentration levels correspond to maximum conaéotrs of inorganic cations and to

total protein concentration in human plasma samfl@4]. The standard solution
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diluted 1:20 with DI water was directly injectedanthe separation capillary 20 times
and all cationic analytes were determined in BGIHtBm consisting of 200 mM acetic
acid at pH 2.7. A gradual increase of migrationetimwas observed for all species
showing that adsorption of the positively chargeotgin on the capillary wall indeed
significantly changes the surface properties ofsthygaration capillary. The same set of
measurements was performed with direct injectioreaf samples diluted 1:20 with DI
water and, as expected, even more significant aser®f migration times was observed
for 20 consecutive injections of human plasma ardra. Slight changes of migration
times of inorganic cations were also observed fbc@isecutive injections of untreated
human urine. Human urine contains about two ordérsagnitude lower concentration
of proteins compared to human plasma [121] andetber the amount of adsorbed
protein on the capillary walls is expected to lgmdicantly lower.

3 mM 18-crown-6 was added to the BGE solution ieortto separate Nfiand
K" in urine sample. First, tenth and twentieth contiee injection of the untreated
human plasma determined by CZBECare depicted in Fig. 11A. The increase of
migration times of each individual component caeadly be followed on the three
traces; the peak labelled with an asterisk reptesancluster of unidentified blood
plasma proteins. Quantitative aspects of the atlsarpf matrix components onto the
capillary inner surface were also examined and weraluated as peak areas of
individual peaks. The results, expressed as naldies of migration times and peak
areas of all inorganic cations and blood protedgms, listed in the first part ofable 3.
Note the unacceptably high RSD of migration timed @eak areas for most of the
samples.

The standard solution of inorganic cations and H®A the three real samples
were then pretreated in the ED system with two Bistand three dialysis membranes.
ED electrolyte solution was 200 mM acetic acid, @osolutions were standard solution
of inorganic cations and HSA, urine, serum andmpsamples diluted 1:20 with DI
water, acceptor solution was 200 mM acetic acid BDdvas performed at 200 V for 5
min. Acceptor solution was directly injected 20 ¢isninto the equilibrated capillary and
analyzed by CZE-D. Fig. 11B depicts three electropherograms forfitse, tenth and
twentieth consecutive injection of electrodialytigaretreated human plasma. Clearly,
there is no visible change in migration times & thorganic cations and no peak of

serum proteins (they do not cross the dialysis nmand).
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Figure 11 Effect of 20 consecutive analyses of human plassaaple on
reproducibility of CZE measurements. A. Human plasample (diluted 1:20) injected
directly into the separation capillary without apyetreatment. B. Human plasma
sample (diluted 1:20) injected into the separatapillary after ED pretreatment for 5
min at +200 V. CZE conditions are same as in Figj. 4 — f' injection, b — 10
injection, ¢ — 28 injection.

Repeatability measurements of migration times agakpareas of the inorganic
cations in pretreated standard solution and reapkss are summarized in the second
part of Table 3. Excellent repeatability of migoatitimes and peak areas was achieved
for all solutions pretreated with the developed EBthod showing that the solutions
are free of interfering matrix components. Thusecti injection of biological samples,
especially untreated human plasma and serum, hdwerse effect on the separation
system performance due to the adsorption of prateious matrix components onto the
capillary wall, which deteriorate both the qualitatand quantitative results of the CZE

measurements.
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Table 3. Repeatability of CZE-tD measurements for a standard solution with high
protein content and for real biological samplesu¢dd 1:20 with DI water) injected in
the separation capillary untreated and after eddatytic treatment, n = 20, r.s.d.
values in %.

Untreated sampl

Standard solution Urine Plasma Serum
M.T. P.A. M.T. P.A. M.T. P.A. M.T. P.A.
NH," n.a. n.a. 1.38 2.75 n.a. n.a. n.a. n.a.
K* 3.83 5.12 1.50 3.60 6.85 8.84 9.45 11.44
ce* 5.0C 12.91 1.7C 7.5¢ 8.3¢ 12.5¢ 12.2¢ 14.9¢

Na/Mg®* 5.3t 8.2¢ 1.8¢ 3.8¢ 8.5( 10.9¢ 13.5¢ 19.8i
Proteins® 8.0z 6.9¢ n.a n.a 11.11  21.9t 18.4f 26.8]

Electrodialytically treated samples

Standard solution Urine Plasma Serum
M.T. P.A. M.T. P.A. M.T. P.A. M.T. P.A.
NH," n.a. n.a. 0.52 2.02 n.a. n.a. n.a. n.a.
K* 0.73 5.87 0.60 2.11 0.46 7.97 0.52 9.14
ca’ 0.89 5.38 0.69 6.58 0.46 4.63 0.70 9.13
Na'/Mg®>* 0.97 3.59 0.76 2.44 0.52 3.45 0.75 3.49
Proteins n.a n.a n.a n.a n.a n.a n.a n.a

n.a. — not available
* _ major protein peak detected after'Hiag®* peak

5.1.2.4. Optimization of BGE solution for CZE-CD of inorganic cations in real
samples
In initial experiments that were performed to stutlg transfer of ions and

retention of proteins on the ED membrane, it wasibthat in acetic acid based BGEs
the separation efficiency of inorganic cations anaentration levels typical for
biological samples was inadequate. An alternatiGEBsolution based on L-Arg and
maleic acid was previously used in CZBECanalyses of human body fluids by Kiiba
et al. [122] . Its composition was optimized tooallfull separation and quantification
of inorganic cations in real samples. Its comphiyowith acetic acid matrix, used as
the ED acceptor solution, was also evaluated. datahsolution of 40QM NH,4", 500
UM K*, 2 mM N4 and 40uM C&* and Md" in DI water was used for the optimization
processes. BGE optimization was performed in twpsstin the first step, concentration
of L-Arg and 18-crown-6 ether was kept constaritsatnd 1.5 mM, respectively, while

concentration of maleic acid was changed from 1®.513 mM. Resulting curves
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showing dependency of migration times of all inarigacations on concentration of

maleic acid can be seen in Fig. 12A.
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Figure 12 Optimization of the CZE conditions for determioatof inorganic cations
in biological fluids. A. BGE: 15 mM L-Arg, 1.5 mM8tcrown-6. B. BGE: 12.5 mM
maleic acid, 1.5 mM 18-crown-6. Other CZE condifiphyoyer 50/42 cm, separation
voltage: +15 kV, hydrodynamic injection from 25 dor 30 sec, ion concentrations:
NH.", K* (400 uM), N4 (2 mM), C&", Mg** (40 uM).
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Although separation of Naand CA&" improves for lower concentrations of
maleic acid, peak shapes of®Cand Md" deteriorated and quantitative determination
of these two cations was not possible. For thisard 2.5 mM maleic acid was chosen
as optimum and was also used in subsequent optiorizavhere concentration of L-
Arg was investigated. In the second step, BGE mwiatconsisted of 12.5 mM maleic
acid and 1.5 mM 18-crown-6 and concentration of ig-Avas changed from 14 to 17
mM. In this case, see Fig. 12B, improved separatifficiency of Nd and C&" was
achieved for higher L-Arg concentrations. Note heere that similar effect on peak
shapes and separation efficiency of>Cand Md* was observed for higher
concentrations of L-Arg and therefore optimum ctinds for separation of all cations
were: 12.5 mM maleic acid and 15 mM L-Arg at pH.5The concentration of 18-
crown-6 was increased to 3 mM in order to ensuselie separation of Kand NH;'
in urine samples.

A typical separation of the five cations in this B&olution is shown in Figure 13.

Na®
20 mv
K-
NH.* Ciz '/I'-'Igz )
0 1 2 3 il 5

migration time (min)

Figure 13. Separation of inorganic cations in the optimize@Bsolution. lon
concentrations: Nii, K* (400 pM), N& (2 mM), C&", Mg?* (40 pM), CZE conditions:
Lwter: 50/42 cm, separation voltage: + 15 kV, hydrodymamjection from 25 cm for
30 sec, BGE: 12.5 mM maleic acid, 15 mM L-Arg aneh@8 18-crown-6, pH 5.5.
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5.1.2.5. Electrodialysis of real samples

For analysis of real samples the optimized BGE ausag 0f12.5 mM maleic
acid and 15 mM L-Arg and 3 mM 18-crown-6 at pH #w&s used further. In the current
experimental setup with 2 ED units and 3 membrafiégure 6B), when ED is
performed for longer time periods, the cations wiligrate from the acceptor unit
through the third dialysis membrane into the sumthng ED electrolyte solution. A
compromise in ED time should be made to capturet wiothe analytes in the acceptor
unit before they cross the third membrane and etsdime time achieve a quantitative
removal of these ions from the sample in the dormmpartment. The best results
would probably be achieved with long, narrow tubweceptor unit (e.g. a short piece
of a FS capillary), that would accommodate 100%tled analytes, however this
arrangement was not possible in the commercial {siem.

In the following experiments, the donor unit wadled with standard solution or
with real sample, ED tank and acceptor unit wdtedfiwith 5 mM acetic acid, and the
system was treated at 200 V for 5 — 20 minutes.didrr to acceptor solution volume
ratio was adjusted between 1:1 and 1:5 by usin® link chambers as the acceptor unit
resulting into final acceptor solution volume beténe50 and 25QuL. The higher
acceptor volume (i.e. longer migration path in @toe unit) has ensured larger
recoveries of both fast and slow migrating cationshe acceptor solution (results not
shown) and therefore 5 link chambers were useti@sadceptor unit in all subsequent
experiments. CZE-tD analyses of donor and acceptor solutions weréoeed for
each ED time and peak areas of the detected asalgee plotted against ED time. Fig.
14A and 14B show peak areas of the inorganic catilmracceptor solution for samples
of human urine (diluted 1:8 with DI water) and humalasma (diluted 1:10 with DI
water), respectively. ED times varied from 5 torhéh. The peak areas of €aand
Mg®" in Fig. 14A were multiplied by a factor of 10 apdak areas of Nan Fig. 14B
were divided by a factor of 10 in order to dispayves for all analytes in the same
graph. Gradual decrease of peak areas of all asaltas observed in the donor
solutions for increasing ED time. The graph fornarisample (Fig. 14A) showed
patterns similar to those observed also when adatdnsolution with concentration
levels of inorganic cations corresponding to usaenple was placed in the donor unit.
The fastest cations under these experimental gongi{fNH;" and K) migrate quickly

through the donor and acceptor unit and a gradeatedse of their peak areas in
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acceptor solution is observed already after 5 miBD as they start to migrate from the
acceptor unit through the third membrane into theasinding electrolyte. Na C&*
and Md"*, which migrate significantly slower under thesepemmental conditions,
increase their peak areas in the first 8 min of E&ach their maximum at 8 min and

then decrease, as they migrate out of the acceptor
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Figure 14. Effect of ED time on peak areas of inorganic aradi in real samples. ED
system with two units and three membranes, ED relgte: 5 mM acetic acid, pH 3.5,
ED voltage: +200 V. A. ED treatment of human ur{déuted 1:8 with DI water); peak
areas of Cd and Md"* were multiplied by a factor of 10 to allow proealing. B. ED
treatment of human serum (diluted 1:10 with DI wptg@eak areas of Nawere
multiplied by a factor of 0.1 to allow proper scali

Similar behaviour was also observed for electrgti@al pretreatment of
inorganic cations in human plasma sample, note iemy¢hat slightly different curves

were obtained for some cations f€and Md" in Fig. 14B). Identical profiles as in Fig.
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14B have been observed also when human serum samgbla standard solution with
concentrations of inorganic cations correspondingnbdel plasma sample were placed
in the donor unit. In Fig. 14B, peak areas of thstdst cation (K gradually decrease
for ED times longer than 5 min. Naeaches its maximum at 9 min and then slowly
decreases and finally, €aand Md" reach their maximum at around 12 min.

The reason for this slightly different behaviour@#* and Md" in urine and
plasma/serum samples is thought to be due to fiferetit composition of major and
minor components in urine (major cations are KH;" and N&d) and plasma/serum
(major cation is N§ samples. The results presented in Fig. 14 shatttie ED process
varies for different cations and partly depend® als their effective electrophoretic
mobilities. ED time of 9 min was therefore selectesl a suitable compromise for
pretreatment of all real samples. Electropherogréonslectrodialytically pretreated
standard solution, human urine (diluted 1:8 withvidter), human serum and human

plasma (both diluted 1:10 with DI water) samples stiown in Fig. 15.
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Figure 15 CZE-C'D determination of inorganic cations in real saraplfter ED
sample pretreatment. ED system with two units &nelet membranes, ED electrolyte: 5
mM acetic acid, pH 3.5, ED voltage: +200 V, ED tirfemin. CZE conditions: kye.
50/42 cm, BGE: 12.5 mM maleic acid, 15 mM L-Arg aenM 18-crown-6, pH 5.5,
separation voltage: +15 kV, hydrodynamic injectimom 25 cm for 30 sec. a — standard
solution (NH;" (300uM), K* (400uM), Na* (2 mM), C&* (50 uM), Mg?* (30uM)), b —
human urine, ¢ — human serum, d - human plasma.
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5.1.2.6. Analytical performance

The analytical parameters of the CZE separatiorhatetvith 12.5 mM maleic
acid, 15 mM L-Arg and 3 mM 18-crown-6 BGE solutiarere evaluated. They are
summarized in Table 4. RSD values for migrationesnand peak areas (n = 6) were
measured for a standard solution consisting of @A0NH,4", 250uM K*, 1 mM N4,
100uM C&* and 50uM Mg?**, calibration curves were based on 5-point measemésn
The limits of detection (LODs, based on 3 S/N ciiewere determined in standard
solutions of cations with constant concentratior2ahM N&. Sodium was added in
excess since it is a dominant species in real ssrmplat were later analyzed (urine,
blood plasma, etc). Other cations are present iohmower concentrations, however,
there was no adverse effect of high®Nancentration on the LODs of other minor

cations.

Table 4. Analytical parameters of the developed CZtB@nethod for determination of
inorganic cations in biological fluids, n = 6

RSD(%) RSD(%) Calibration range r°

lon MT. P.A. (mM) LOD (uM)
ammonium  0.36  1.18 0.04-0.4 0.9998 05
potassium  0.41  0.79 0.05-0.5 0.9998  0.66
sodiun 0.4 1.31 0.2-2 0.9997 n.a
calciurr 0.4  2.4€ 0.02-0.2 0.999: 2
magnesiur  0.45  1.1¢ 0.01-0.1 0.998: 1

n.a. - not available, concentration of ‘Naas kept constant at 2mM in all LOD

measurements

Repeatability of the electrodialytic pretreatmestep was examined in the
following experiments. A standard solution with centrations of inorganic cations
corresponding to the levels found in human blocaspia was prepared in DI water,
diluted 1:10 with DI water, and subjected to 6 ®tpsent electrodialytic pretreatments.
Similarly, 6 subsequent electrodialytic pretreattaenere performed with raw human
plasma, serum (both diluted 1:10 with DI water) aa urine sample and in a standard
solution containing concentrations of inorganiciarag at the levels found in human
urine (both diluted 1:8 with DI water). ED at 200f& 9 min was used for all sample
pretreatments and then the acceptor solution wajected to CZE-¢D analysis. Peak

areas of the inorganic cations were evaluated d#med résulting r.s.d. values are
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summarized in Table 5. Very good repeatability veahieved for 6 independent
pretreatments, which only slightly exceeded thesaggbility of the CZE-¢D method.
The repeatability was usually 3 — 6%, slightly r@gh.s.d. values were obtained for
measurements of pretreated cations with low conatoms (up to 7.7%). For recovery
measurements, a standard solution with concentsatiof inorganic cations
corresponding to the levels found in human urinduted 1:8 with DI water) was
prepared and analyzed by CZEBC concentrations of the cations were calculatethfr
corresponding calibration curves. Then the standahdtion was pretreated in the ED
system with two ED units and three dialysis memésaat optimized conditions and
concentrations of the cations in the acceptor wete again calculated and then
compared with the original concentrations. The sa®keof measurements was also
performed for raw urine sample (diluted 1:8 with BMater) without and with
electrodialytic pretreatment. All measurements weeeformed as triplicates and the
recovery results are also shown in Table 5. Thevery values (32 — 64%) for standard
solution and real sample do not vary significantlyis the selected ED conditions
present a good compromise between extraction optirfar fast- and slow-migrating
cations and quantification can be performed. Theelorecovery values are not a
problem in the measurements of real samples sineeconcentrations of inorganic
cations in human body fluids are rather high, edoegthe method detection sensitivity

by several orders of magnitude.

Table 5. Repeatability of peak areas and recovery valfiesecotrodialytic pretreatment
of standard solutions and biological fluid sampésoptimized ED conditions. ED
electrolyte solution: 5 mM acetic acid, ED voltage200 V, ED time: 9 min, donor
volume 50 pL, acceptor volume 250 pL. CZERCconditions as for Figure 15.
Dilutions: plasma, serum and plasma-like standatdtisn 1:10, urine and urine-like
standard solution 1:8 with DI water.

Repeatablility (r.s.d.) values in %, n

NH," K Na* cat Mg?*
Standard solution (plasn 7.62 4.81 5.8¢ 6.6z
Human plasma 7.34 3.84 5.62 7.74
Human serum 5.23 3.13 5.50 4.33
Standard solution (urine) 4.92 4.92 5.73 6.92 7.04
Human urin 6.01 4.2¢ 3.32 6.0€ 5.71

Recovery values in %, n=3

Standard solution (urine) 35.3 34.5 64.3 36.2 54.3
Human urine 32.3 32.1 63.9 49.9 57.2
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5.1.2.7. The membrane lifetime

The lifetime of the dialysis membranes was als@stigated by running ED of
the real samples with the same set of membranesomeeweek period and including
one electrodialytic run of a test standard solu{@@nnorganic cations at concentration
levels corresponding to those found in human uritieted 1:8 with DI water) at the
beginning and at the end of each working day. Pa@as of the analytes in the
pretreated test solution were evaluated for theveeek period (n = 10) and the r.s.d.
values were within the values shown in Table 4 adl not exceed 6.1%. This
corresponds to approximately 100 runs performethensame set of membranes. The

membranes were therefore regularly replaced aftenzeek.

5.1.3 Combination of thepnED system and CZE-CD

In the previous part a commercial ED system wagsl @& promising results
were achieved. Unfortunately the commercial systesiseveral disadvantages, such as
high consumption of ED solution (750 mL), and nezdhake compromise between the
ED time that is needed for transfer of the selecttibns through the membrame and
their escape to the surrounding media. This cadiifferent for each type of real sample
and makes this device rather difficult to use, meg optimization for each sample
type.

Therefore, in the next part a LED device was dagpedl and tested. In this case,
the device is composed of the ED unit only, with@utbulky ED tank and the
electrodialytical procedure takes place directlside the unit. The HED system with 2
compartments and 1 membrane is shown in Figurehichws simpler and cheaper than
the commercial ED system. Its construction bringsesal advantages, because the
consumption of solutions is greatly reduced (expensolutions can be used without
incurring extra high cost) and as the Pt electratesinserted directly into the donor
and acceptor compartments, there is no risk oatfayted to escape to the surrounding
ED media as it was in the case of the commercigl @m the other hand, one should be
careful to avoid analyte decomposition due to tleeteolysis on the electrodes. The
BGE solution for CZE-¢D separation of inorganic cations was the samenathe
previous study: 12.5 mM maleic acid, 15 mM L-Arglé&aimM 18-crown-6 at pH 5.5.
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5.1.3.1 Optimization of thepED system of inorganic cations

Because of the different geometrical arrangemedtsaiution volumes in the
HED system compared to the commercial ED systeenused ED voltages, times and
other parameters needed to be optimized. For thgoge a standard sample solution of
four inorganic cations (6AM K*, 1.875 mM N4 31 uM C&* and 15uM Mg?") was
prepared in DI water as a donor solution. Followsa@utions were then tested as
suitable acceptor solutions in thp&D system: DI water, various concentrations of
acetic acid and various concentrations of hydraohlacid. DI water was not suitable
for uED since the electric current in the system way i@~ even for highest available
potential (300 V) and total transfer of cationsniralonor to acceptor solution was
extremely slow. On the other hand, hydrochloricdaproduced very high electric
currents and excessive formation of air bubbles ets®rved in the donor and acceptor
chambers resulting into unstable performance. M@eaven very low concentrations
of hydrochloric acid resulted into splitting pediapes of inorganic cations in CZERT
separations due to effect of highly conductive dampatrix [123]. Similarly to the
previous system, acetic acid enabled suitalll® performance and best results were
achieved at concentration of 5 mM. The ion tranfesugh the membrane was studied
at 15 V and the results are shown in Fig. 16. itloa seen that it takes approximately 7
minutes for transferring about 80% of all catiomssent in the real samples to the
acceptor solution, while at about 15 minutes aroli@@% of the ions are transferred
into the acceptor solution. Thereafter the contérdations in the acceptor solution did
not change. The effect of voltage pBD of the analytes was also examined and it has
been found out that theED can be further accelerated by higher voltagesvever,
higher applied voltages induced higher electriccents and the system performance
became unstable, which resulted in irreproducil@ggsmance. For this reason, 15 V
was maintained in all subsequent experiments, whielded electric current of not
more than 10QA. At this current value, only firm bubble formatiavas observed in

bothpED chambers and stahl&D system performance was achieved.
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Figure 16. Effect of various ED times on recovery of foupbiiganic cations into the
acceptor solutionuED system conditions: donor solution of four inargacations (60
uM K*, 1.875 mM N3, 31uM C&* and 15uM Mg?*in DI water), acceptor solution: 5
mM acetic acid, pH 3.5, voltage: 15 V. CZE condiolyer 50/42 cm, separation
voltage: +15 kV, hydrodynamic injection from 30 ¢om 30 sec, BGE: 12.5 mM maleic
acid, 15 mM L-Arg and 3 mM 18-crown-6, pH 5.5.

5.1.3.2. Effect of sample pretreatment by the pEDystem on CZE separation

Comparison of untreated sample injection and theepreatment with theu £D system.
The adverse effect of the adsorption of the higtemdar weight compounds on
the inner walls of a FS capillary and its influercethe performance of the CZE system
was investigated as in the previous study. A stahdample solution was prepared
containing 5 mM of K, 150 mM of N4, 2.5 mM of C&", 1 mM of Md¢’* and 80 g/L of
HSA as a model protein corresponding to maximuntentrations of inorganic cations
and to total protein concentration in human serammes [121]. This standard sample
solution diluted 1:80 with DI water was directlyanted into the separation capillary 15

times and inorganic cations were separated by CHAE-@\ gradual increase of
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migration times was observed for all species shgwirat adsorption of the protein on
the capillary wall indeed significantly changes theface properties of the separation
capillary. The same set of measurements was pegfbrmith direct injection of human
plasma, serum and whole blood samples diluted Wi8® DI water and, as expected,
even more significant effect on migration timesiradrganic cations was observed for
15 consecutive injections. This is clearly seerFigure 17 that shows the plot of
relative migration times vs. the injection number 80-fold diluted serum and whole
blood samples. Kand C&" were selected for graphical presentation only, én@w the
behaviour of Naand Md* followed the same trends. The relative migratiores were
calculated by dividing the migration time of a s#ésl analyte from all subsequent
injections by the migration time of the same arefypm the first injection in the series.
The increase in migration times was quite significéor both real samples (full
symbols in Figure 17A and 17B, respectively). Wlalesteady increase that followed
approximately linear dependence was observed #®rsdrum sample, a rather steep
initial change in migration times after only a favections, followed by a slow gradual
increase of migration time, was observed for thelelblood. The different behaviour
probably depends on the presence of red blood oelihe whole blood sample,
however the adsorption phenomenon has not beeredtimddetail here, as the primary
goal was to eliminate it and to achieve stable atign times of the analytes. Note also
that adsorption of proteins and other high molecwaight compounds takes place
even though, for example, HSA is uncharged at tHeop 5.5 and is brought to the
separation capillary solely by EOF.
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Figure 17. Effect of 15 consecutive analytes of untreated aretreated human serum
and whole blood sample on surface properties o €eparation capillary. A. Human
serum (diluted 1:80) injected directly into the aegiion capillary without any pre-
treatment (full symbols) and subjecteduteD at 15 V for 15 min (empty symbols). B.
Human whole blood (diluted 1:80) injected directiyo the separation capillary without
any pre-treatment (full symbols) and subjecteduid at 15 V for 15 min (empty

symbols). CZE conditions as in Fig. 16.
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Then, the retention of high molecular weight commisi by the dialysis
membrane was studied. A standard sample solutié@uofinorganic cations and %M
HSA in DI water was subjected twwED. As expected, inorganic cations migrated
through the ED membrane from the donor into theepimr solution. For HSA peak, as
determined in 200 mM acetic acid BGE solution, ralpwas observed in the acceptor
solution even after 15 min @ED. Obviously, HSA and very likely all other pratsiof
similar size do not cross the membrane.

Stability of CZE afteruED was examined. Donor solutions were the standard
sample solution of inorganic cations and HSA, sempi@msma and whole blood samples
diluted 1:80 with DI water and acceptor solutionswa mM acetic aciduED was
performed at 15 V for 15 min. Acceptor solutioneafiED was injected 15 times into
the equilibrated CZE capillary and analyzed by GZ- The results for human serum
and whole blood samples are shown in Figure 17A &n#, respectively (empty
symbols). On contrary to untreated serum and whlwed samples, there is no visible
change in relative migration times of the inorgacations. The effect of protein
adsorption on the capillary wall associated wittedi injection into CZE capillary is

completely eliminated by applying the simple mielectrodialytic pretreatment step.

5.1.3.3 Electrodialysis of real samples usingeD system

The optimizediED system conditions, e.g. 15 V for 15 minutes,ensgoplied to
analysis of cations in real samples. In these meawents, luL of each sample was
diluted 1:80 with DI water to yield ca. 8@ of donor solution, out of which 50L
were pipetted into theED donor chamber. Fig. 18 shows series of elecemgrams
of a standard solution and a range of real sanglgrodialytically pretreated in the

LED system.
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Figure 18 CZE-C'D determination of inorganic cations in real sarapédter uED
sample pretreatment. WED conditions: acceptor isslub mM acetic acid, pH 3.5,
voltage: 15 V, time: 15 min. CZE conditions: sansef@ Fig 16. (a) Standard solution
(60 uM K*, 1.875 mM N3, 31 uM C&* and 15uM Mg* in DI water); (b) standard
solution afteruED; (c) human plasma aftetED; (d) human serum aftgtED; (e)

human whole blood aftetED; all real samples were diluted 1:80 with DI wate

5.1.3.4 Analytical performance

The analytical parameters of the CZE separatiorhatetvith 12.5 mM maleic
acid, 15 mM L-Arg and 3 mM 18-crown-6 BGE solutiarere described in section
5.1.2.6. In this section, we discuss the repeatylihd recovery of theiED system.

Repeatability of the LED system at optimized ctods, e.g. 15 V for 15 min,
was examined using a standard solution with comatoms of inorganic cations
corresponding to the levels found in human seruluteti 1:80 with DI water, and

subjected to 6 subsequent electrodialytic pretreatsa Similarly, 6 subsequent
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microelectrodialytic pretreatments were performeathviauman serum, human plasma
and whole blood samples (all diluted 1:80 with Dater) and then the acceptor
solutions were subjected to CZEECanalysis. Peak areas of the inorganic cationg wer
evaluated and the resulting r.s.d. values are suipeaain Table 6. The repeatability
was usually 2 — 6%, slightly higher r.s.d. valuesrevobtained for measurements of
pretreated cations being present at low conceoftratjup to 11.8%). Recovery values
of cations through the dialysis membrane were a&saluated by comparing the
measured peak area affdED with the peak areas in the original solutiondbeftED
for each cation [124]. For these measurements, staedard solution containing
concentrations of inorganic cations correspondmnghe levels found in human serum
(diluted 1:80 with DI water) and human serum arabpla sample (diluted 1:80 with DI
water) were used. Recovery results (96.3 — 110%6hare also summarized in Table 6
and do not differ significantly for standard sotutiand real samples. Thus thED
system can be used for analysis of both standardsreal samples. Calculations of
recovery values were not possible for whole bloathgles since direct injection of
whole blood results in strong adsorption of sampkgrix during first three analyses

and did not allow reproducible CE measurements.

Table 6. Repeatability and recovery values of electrodialpretreatment of standard

solution and biological fluid sample iED system.

K* Na* Ca+ Mg2+
Repeatablility (r.s.d.) valuesin %, n =6
Standard solution 2.0 2.8 3.8 5.2
Human plasma 3.6 2.3 6.8 8.2
Human serum 6.4 6.1 11.8 6.8
Whole blood 49 3.7 8.9 6.9
Recoveryvaluesin %, n==6
Standard solution 110.0 102.4 98.7 96.3
Human plasma 101.5 105.7 101.5 103.0
Human serum 98.2 992 99.1 98.4

LED aceptor solution: 5mM acetic acigkD voltage: 15V,uED time: 15min, donor
volume 50pL, aceptor volume 5@L. CZE-C'D conditions as for Fig 16. Dilutions
1:80 with DI water.

The lifetime of the dialysis membrane in HED systaras similar to the

commercial ED system and was approximately 100 peréormed with one dialysis
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membrane. Although no obvious membrane fouling vedserved, the dialysis

membrane was regularly replaced after 100 runspascaution.

5.2. USE OF DIPOSABLE OPEN TUBULAR ION EXCHANGE PRE-COLUMNS
FOR IN-LINE CLEAN-UP OF BIOLOGICAL SAMPLES PRIORTO CZE
ANALYSIS OF INORGANIC CATIONS

In previous part, two electrodialysis systems wiscribed for the pretreatment
of biological samples such as blood plasma, bl@sdrs, whole blood and urine. These
systems could efficiently remove proteins from g@mnples and enhance the system
performace by eliminating the protein adsorptiortioa capillary walls. The procedure
was off-line, e.i. after the ED sample treatmehg¢ tnit was manually removed from
the ED tank, disassembled, the acceptor solutianpiy@etted into an injection vial and
analyzed by CZE. The HED system was much simpéemheless, the manual sample
pipetting and electrode removal still did not all@n-line or in-line coupling of the
preconcentration to the CZE system. As in-line eayst are advantageous, mainly
because they eliminate the experimental errorscased with manual handling, in the
ensuing part of the experimental work an in-linetratment method for analysis of
inorganic cations in biological sample by CZE wasealoped. A simple concept for in-
line clean-up of biological samples is presentethgushort disposable, open-tubular
(OT) precolumn coupled to CZE capillary. The prewoh fulfils similar goal as the
electrodialysis membrane, but using different pglec It uses adsorption of interfering
compounds (proteins) from the injection plug ortte surface of the precolumn and
thus allows stable CZE performance similar to pasiED systems. An advantage of
the new system is easy handling of the capillasesh as flushing with background
electrolyte (BGE) and injecting samples and in-limerfacing: the injection and
separation is done in a single step, greatly siyiplj the whole analytical procedure.
The coupling is sufficiently robust and simple tonstruct with a commercially
available low dead volume union and induces no tamtdil sample dispersion. The
precolumn is easily connected/disconnected to/f@ak capillary and can be simply
disposed of after each use. Performance chardaterisf the proposed system are
demonstrated on analysis of small inorganic cationsblood serum and plasma

samples.
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5.2.1. Evaluation of the system performance

The BGE solution used for determination of inorgacations in biological fluid
samples was optimized previously (section 5.1.2m) consisted of 15 mM L-arginine,
12.5 mM maleic acid and 3 mM 18-crown-6. The BGHRison was used to examine
the effect of the connection between precolumnamalytical capillary and also of the
PBMA ion-exchanger on CZE performance. The PBMA planctlean-up precolumn
was connected to the analytical capillary througR-&72 union (as show in Fig 8).
First, a 47 cm analytical capillary was used fqrasation of K, Na', C&£" and Md" at
concentrations corresponding to human serum dilLt8d. Then, 6 cm of the analytical
capillary was cut off using a capillary scriber g&he two sections (6 and 41 cm) were
connected through a P-772 union. Finally, 4 lay@KMR sample clean-up precolumn (6
cm) was connected to the 41 cm analytical capillissough a P-772 union. 7
measurements of the standard solution of the faioms were repeated for each
separation system and several parameters were mxdras summarized in Table 7.
The separation of the four cations in the thre@asdmn systems is depicted in Fig. 19.
Note, that no deterioration of the CZE performam@es observed for the capillaries
connected through the union compared to a singleepanalytical capillary, showing
that the low dead volume union induces no measeirafshe dispersion. Repeatability
of migration times and peak areas was in the samgerfor all three separation systems
(r.s.d. values 0.13 — 0.25% and 0.6 — 5.0%, res@dg), and no effect was also
observed for peak widths and separation efficieeyslightly better resolution for
separation of N#C&" and CA&'/Mg®* pairs was achieved for PBMA precolumn
connected to the analytical capillary, which is doestronger interaction of aand
Mg?" ions with the ion-exchanger of the precolumn [1281d results in their prolonged
migration. However, even though interaction of?Cand Md" ions with the ion-
exchanger was observed, the short migration patugin the precolumn (6 cm) had no

effect on peak shapes of the two ions as was eskefiom data in Table 7.
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Table 7. Analytical parameters for analysis of a standaiditeon of four inorganic
cations in a 47 cm long analytical capillary andtla cm long analytical
capillary connected to 6 cm FS capillary and ton® pre-column with 4
layers of PBMA, n = 5. CZE conditions as for Fi§. 1

Peak area, (r.s.d., %)

K* Na' cag* Mg*
AC 2.8¢ 2.3¢€ 1.71 1.5¢
FS+AC 2.9¢ 0.6C 4.9¢ 2.12
PBMA+AC 2.8¢ 1.1C 2.9¢ 1.74
Migration time, (r.s.d., %)

K* Na' cg&* Mg*
AC 0.13 0.12 0.20 0.23
FS+AC 0.18 0.18 0.24 0.25
PBMA+AC 0.24 0.20 0.22 0.22

Peak width (min)
K* Na' cg®  Mg*

AC 0.105 0.327 0.082 0.080
FS+AC 0.108 0.329 0.082 0.077
PBMA+AC 0.107 0.330 0.080 0.071
N (theoretical plates/r
K* Na' cag* Mg*

AC 4900( 710C 114000 14100(
FS+AC 4950(C  720C 11300( 14700(
PBMA+AC 5050( 720C 11500C 15800
Resolution

K'/Na"  Na'/c&" cd&'/Mg*
AC 3.58 0.79 1.74
FS+AC 3.56 0.85 1.82
PBMA+AC 3.56 1.01 1.93

AC — 47 cm analytical fused silica capillary only

FS + AC — 6 cm fused silica capillary + 41 analgtifused silica capillary
PBMA + AC — 6 cm 4-layer PBMA capillary + 41 anabgl fused silica
capillary
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Figure 19. Electropherograms of inorganic cations in standatdtion, 0.1 mM
K* 1.8 mM N4, 0.05 mM C&', 0.025 mM Mg", in a) 47 cm FS analytical capillary
b) 6 cm FS + 41 cm FS analytical capillary c) 6 4¢hayers of PMBA precolumn + 41
cm FS analytical capillary. CZE conditions: BGEwmin, 15 mM L-arginine, 12.5 mM
maleic acid, 3 mM 18-crown-6, pH 5.5; injection,dngydynamic from 30 cm for 30

seconds, separation voltage + 15 kV.

5.2.2. Optimization of the number of PBMA layersm the clean-up precolumn

As has been shown previously, proteins from bi@algsamples adsorb on the
separation capillary walls and cause increase gration times of the analytes for each
successive injection, rendering the quantitatidficdit. It is thus necessary to remove
them prior to the analysis. The amount of proteinat can be removed by the
precolumn depends on its ion exchange capacityctwis in turn dictated by the
number of PBMA layers deposited. Too high ion exg® capacity may have a
detrimental effect on the separation of cationialges because they also interact with
the cation exchanger sites. To optimize the preuolucomposition and length,
precolumns with 2, 4, 6, 8 and 10 PBMA layers wasanected to analytical capillary
and their effect on sample clean-up and CZE separatas examined; precolumn
lengths varied between 3, 6 and 12 cm. A standatdisn of the four inorganic cations
and 1 g/L HSA was injected five-times into the gsatian system and final

electropherograms were analyzed. Retention of H®Athe ion-exchanger of the

63



precolumns was estimated based on stability of atimn times and peak areas of
inorganic cations (section 5.1.2.3) and was lowalbthree lengths of precolumns with
2 layers of PBMA. Increased migration times andkpaaas of cations were observed
already after second (3 and 6 cm precolumn) anmd {12 cm precolumn) injection
when 2 layer PBMA precolumn were used as thesaaidhave sufficient IE capacity.
On the other hand, stable CZE performance was widesgven after 5 successive
injections for precolumns (6 cm) with 4 or moredes/ of PBMA. For precolumns with
8 and 10 layers of PBMA, a strong interaction bemvéhe ion-exchanger and Cand
Mg®" ions resulted in much longer migration times aedosisly deteriorated peak
shapes of the two cations and their quantitativerdgnation was not possible. Even
when using shorter precolumn (3 cm, 8 and 10 lageRBMA) their peak shapes did
not improve.

A 4 layer PBMA precolumns (6 cm) was thereforeduse all subsequent
experiments due to their good ability to retaintpms (such as HSA) and due to their
faster preparation compared to clean-up precolumith 6 PBMA layers. The
precolumns can be used for at least five repetiteasurements of solutions with high
protein concentration but can also be used asesimg disposable extraction units,
when needed. If higher number of clean-ups pernelga precolumn should be
performed, longer precolumns or more PBMA layersaXimum 6) may also be

applied.

5.2.3. Effect of 4 layer PBMA sample clean-up pretwmn to CZE-C*D

The performance of the 4 layer PBMA precolumn wested on blood serum
and plasma samples diluted 1:80 with DI water. @iveted samples were first injected
directly into the separation capillary. The behaviwas similar to that observed in the
previous system with ED unit (without ED pretreatr)elncreased migration times and
peak areas were observed for each subsequentionjext the proteins from the real
samples were attached to the inner surface of dpdlary (Figure 20, full symbols).
The 4 layer PBMA sample clean-up precolumns (6 were then tested with these real
samples. The precolumn was coupled in-line to tieygical capillary and five direct
injections of blood serum were performed. This pohae was repeated for three unique

precolumns, resulting into 15 measurements of bleadim, and the same set of 15

64



measurements was then performed for blood plasmeellent stability of migration
times for both real samples was achieved, as sHiompiood serum in Figure 20 (open
symbols).

K - no precoéumn

Mg - no precolumn

K - PEBMA precolumn
Mg - PEMA precolumn

L2 ~—

O« m &

LIS——

LI ——

LOS——-

relative migration time

LG~

| I

i 2 4 i B 10 12 14 ]
number of injection

Figure 20. Effect of precolumn on migration times for dirdojection of a serum
sample (diluted 1:80 with DI water). 15 consecuiivjections were performed without
(full symbols) and with (open symbols) a 6 cm 4elayPBMA precolumn. CE
conditions are as in Fig. 19a and 19c.

Repeatability data for CZE4D analyses of in-line cleaned-up real samples are
summarized in Table 8 and electropherograms faectimjection of the standard
solution, blood serum and blood plasma with théine-coupled system are shown in
Fig. 21.
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Figure 21 Direct injection of real samples using in-line gdenclean-up, 6 cm
4- layer PBMA precolumn + 41 cm FS analytical dapyl; a) standard solution, b)
serum,c) plasma, Concentrations in standard solution@zH conditions are as in Fig.

19c, real sample dilution: 1:80 with DI water.

5.2.4. Analytical performance

Three different 4 layer PBMA precolumns were cutcf@ each) and were
connected/disconnected/reconnected five times aoathalytical capillary in order to
examine the effect of the connection procedure.rdign times and peak areas were
measured for the standard solution of the fourooatiand repeatability results are
summarized in Table 8. From these results, thestoless of the connection can be seen
from the r.s.d. values which were utmost 5.5% fealpareas and correspond to the
values for a single clean-up precolumn connectedth® analytical capillary as
presented.

A slight deterioration of the repeatability of magon times, which was
observed for repeated connection of the three enpyacolumns, is very likely caused
by slightly different lengths and column-to-colurrepacity factors of these precolumns
and might be remedied by including an internal ¢éad (such as L) if necessary.
However, as the composition of blood samples isoatntonstant and only the four
cations migrate in this time window in the CZE measent, identification of all peaks
is straightforward and internal standard was notessary in our subsequent

measurements.
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Table 8. Effect of connecting three various precolumns withyers of PBMA to
analytical capillary. CZE conditions as for Fig. 18

Peak area, (r.s.d., %), n =15
K* Na’ cg* Mg*

Standard 3.67 5.48 3.19 2.7
Human serum 5.88 4.48 3.75 3.69
Human plasma 7.32 2.34 2.17 7.22

Migration time, (r.s.d., %), n =
K* Na" cg&® Mg*

Standar 1.4¢ 1.2¢€ 1.1¢ 0.9¢
Human serut 1.4 1.2 1.3¢ 1.2¢
Human plasma 0.74 0.96 1.01 1.07

All samples were diluted 1:80 with DI water

The performance of the sample clean-up precolunupled in-line to CZE was
very good, showing that proteins and other highemwllar weight compounds from real
samples are retained by the ion exchanger in teeoprmn and that this simple
experimental set-up can be used for direct injactibbiological samples in CZH.he
sample matrix contains also anionic and neutralpmmds but as the EOF is reduced
in the BGE solution (1.9 x 0 m?Vs), most anionic compounds migrate in the
opposite direction and do not enter the separatapillary. Neutral and slow anionic
matrix compounds are dragged by the EOF throughptheolumn and potentionally
may penetrate into the separation capillary. Smzeleterioration of CZE performance
was observed, we assume that under the CZE comsligmployed, these species are
either eliminated by sorption onto the precolumntioey do not adsorb onto the
capillary wall and thus have negligible effect aAECperformance.

5.3. TRACE DETERMINATION OF PERCHLORATE USING
ELECTROMEMBRANE EXTRACTION AND CZE-C “D

In previous two parts, the clean-up and removahtdrferents from biological
samples was a goal. In environmental samples, kk@ngp is often not necessary
(especially in water samples), but often precone¢gioh is needed. While the ED
system could be used also for enrichment, the Eigqgss is based on size difference

and all ions of similar size are preconcentratedatgimilar degree. Electrokinetic
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migration across supported liquid membranes (SLED provide another degree of
selectivity, as it may influence the amount of igrensferred based on the membrane
and the membrane liquid properties. Thus, it may iftstance allow selective
preconcentration of some ions in the presencergélaoncentration of other ions. This
is not possible with ED unless their migration igng#ficantly different. In this section
the results based on electrokinetic migration aceoSLM followed by CZE with D
and its use in trace analysis of perchlorate inkiing water and environmental samples
down to the sub-pug/L range are shown. This seatimmcludes the range of novel

sample pretreatment techniques that were develophd thesis.

5.3.1. Choice of BGE solution for separation of pehlorate from other anions

A solution consisting of L-His and HAc has prevsbubeen used as BGE for
the separation of small cations and anions, inolygierchlorate, in CZE-D [113]. In
this work, the BGE solution was simplified by elmating 18-crown-6 and the BGE
solution composition was 7.5 mM L-His and 40 mM HAat pH 4.1.
Modification/reversal of electroosmotic flow (EO®as not necessary since the EOF
magnitude is notably reduced at pH 4.1 and smadlrsnmigrate rapidly even against
the EOF [113]. For standard solutions, it was gmedio achieve complete separation of
the 5 anions at 50 mg/L (chloride, sulfate, nitrapdrite, perchlorate), and most
importantly, complete resolution of perchlorateaimout 150 sec. The separation of a
standard solution is shown in Figure 22a. The dgead CZE method ensured high
selectivity of the perchlorate determination in rtats with high excess of other
inorganic anions, moreoverC enabled highly sensitive determination of percite
due to its high specific conductivity and low bakgnd conductivity of the selected
BGE solution. Capillary equilibration at the begimn of each working day was
performed using five runs of a standard solutionttsd 5 anions to stabilize the

migration times.
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5.3.2. Selection of EME conditions

5.3.2.1. Choice of the organic solvent for EME

The properties of the organic solvent in the SLM Bnportant for a practical
EME system. A selective extraction system for asiaas designed in our experiments
by testing different organic solvents in combinatiwith varied potential differences.
Simple alcohols with different chain lengths, rarggfrom 1-pentanol to 1-decanol were
tested. The main criterion for choosing a suitatgnic solvent was the stability of the
currents during EME and more importantly its exii@t selectivity for perchlorate. 1-
heptanol was found to be suitable because it sh@xedllent selectivity and adequate
current stability while having acceptable electrioesistance to the applied voltage.
Electric current was low enough to avoid bubblarfation, liquid membrane depletion

and excessive electrolysis.

ClOy
11 my

2.0 21 22 2.3 2.4 25 26
migration time (min)

Figure 22 Electropherogram of a standard solution of ttami®ns in DI water.
(a) without EME (b) after EME. Anion concentratiorGl' — 0.9 mg/L, N@Q — 1.5
mg/L, SQ% — 2.4 mg/L, CIQ — 2.5 mg/L and N® — 1.15 mg/L. EME conditions:
liquid membrane: 1-heptanol, impregnation time:slGgitation: 750 rpm, extraction
voltage: 25 V, extraction time: 5 min, acceptorusioin: 1 mM Tris. CZE conditions:
BGE solution: 7.5 mM L-His, 40 mM HAc (pH 4.1), vate: — 30 kV, injection: 50

mbar for (a) 7 sec and (b) 2 sec.
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Fig. 22b shows an analysis of a standard solutiothe 5 anions at 25 pM
subjected to EME using 1-heptanol as the liquid im@me. The enrichment factors
were 7.5, 18, 0.1, 40, 0.2, respectively, for trens. Note the favourable enrichment
for perchlorate. For example, in comparison witlghieir alcohols, 1-heptanol had
highest extraction efficiency and highest selettifor perchlorate. On the other hand,
it was difficult to perform EME with lower alcoholsecause of the excessive and
unstable currents, which were obtained alreadgvatdiectric potential settings (2 and 5

V for 1-pentanol and 1-hexanol, respectively).

5.3.2.2 Effect of extraction time

Standard solutions were extracted for differenesnbetween 1 and 10 minutes
at 25 V. The extraction time profile of perchlorated other 4 anions from an EME at
the varying times are shown in Fig 23. Peaks afatétand sulfate partially or fully
comigrated and for this reason were always treated single peak. The transfer of
perchlorate with respect to the extraction times @gamined and it was found that the
optimum extraction yield is obtained after an emment time of 5 min where no

change in perchlorate transfer happens.
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Figure 23 Effect of extraction time on EME of inorganic ans. EME and
CZE conditions as for Fig. 22. Injection: 50 mbar ¥ sec. Concentrations of anions:
chloride, nitrate, sulfate: 5 mg/L, nitrite, perotdte: 100 ug/L. Peak areas of chloride

and nitrate/sulfate were divided by a factor of 10.
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The system entered steady-state conditions, andydire in transfer became
minimal. This trend was observed previously, fastamce in the EME of drugs [86,
124]. A sudden increase in current occurred affgrr@aimately 8 min. The current
became erratic, probably due to the integrity ad thembrane being compromised,
resulting from depletion of the organic solvenifrthe SLM. Increased current results
in electrolysis at the electrodes and partial vagation of the acceptor solution [86].

Therefore, 5 min was chosen as an optimum.

5.3.2.3 Effect of extraction voltage

The flux of analytes varies with applied potenfif24] and Gjelstad et al. [126]
presented a mathematical model of EME in which tsteywed that high initial flux of
analytes can be obtained for high extraction velsagnly and lowering the voltage
results in slow extraction process. When sufficiemie is allowed for the extraction,
the same steady-state recoveries can be obtainiéeredt voltages were applied to the

EME system ranging from 0 - 50 V as shown in Fi. 2

B —= NO,/S0,~ =
i0 ——=— CI — —
—=— ClO, —y———
g _|—— NOy
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m 6 ~ )
3 T 3
$ 4 e
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| | | |
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Extraction voltage (V)

Figure 24. Effect of extraction voltage on EME of inorgardoions. EME and CZE
conditions as for Fig. 22. Injection: 50 mbar fors@&c. Concentrations of anions:
chloride, nitrate, sulfate: 5 mg/L, nitrite, perotdte: 100 pug/L. Peak areas of chloride

and nitrate/sulfate were divided by a factor of 10.
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Without the application of voltage, transfer of gfdorate into the acceptor
phase was not observed. It therefore seems thaivpadiffusion was not forthcoming
at these conditions in such a short time. On therdtand, on application of extraction
voltage, the negatively charged perchlorate iorth@tSLM interface rapidly migrate in
the direction of the positively charged electrodd as their replenishment on the SLM
surface is ensured by constant stirring of the dawmiution, they can efficiently be
transferred into the HF lumen in a short time. €keaction efficiency of perchlorate at
15V, 25 V, 35 V and 50 V had insignificant difface in range of only 12%.

Extraction voltage of 25 V was therefore selectadlie rest of the study.

5.3.2.4 Effect of stirring

The volume of the donor solution was 175 times éigthan the acceptor
solution volume. Stirring of the donor solution ohgy EME increases the physical
movement of the analytes in the bulk donor phask raduces the thickness of the
stagnant layer at the interface between the dohase and the SLM [127]. Stirring
speeds between 0 and 1000 rpm were studied. Thiagstis important as a 2-fold
increase of the extraction efficiency was obserwdan stirring speed was changed
from O rpm to 250 rpm. The extraction efficiencyached a plateau phase at 250 rpm
and there was no significant change in efficienegneat 1000 rpm. A stirring rate of

750 rpm was chosen as a compromise.

5.3.2.5. Effect of donor and acceptor solution conggition

Donor solutions were prepared in three various icedr Neutral (DI water),
acidic (1 mM HCI) and alkaline (1 mM Tris, 1 mM N& solutions were used as
matrices for EME of the 5 inorganic anions. Exti@ciefficiency of perchlorate was 2 —
10 fold worse in acidic and alkaline donor soluiaompared to that prepared in DI
water and for this reason DI water was used asedildor standard solutions in
subsequent EME measurements. The reduced extraeffmencies at acidic and
alkaline conditions can be rationalized by the @neg of anions (Cand OH) in the
donor solutions that partly hinder the perchlotedesfer into the HF lumen.

The properties of acidic, neutral, and alkalineeptars on extraction efficiency
of anions in the EME system were also studied usiagdard solutions of the 5 anions.
DI water was used as neutral acceptor, 1 mM H@cadic acceptor and 1 mM Tris and

1 mM NaOH as alkaline acceptors. Compared to 1 misl There was about three- and
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two-times lower extraction efficiency for DI watand 1 mM HCI, respectively. The

extraction efficiency for 1 mM NaOH and 1 mM Trislgtions was almost identical

showing no significant difference between the twiffecent alkaline acceptors.

Different concentrations of Tris were also studiadd there was no significant
difference in extraction efficiency between 1, Zridl 10 mM Tris acceptor solutions. 1
mM Tris solution was therefore chosen for furthgperiments. To study EME of blank

solutions, DI water containing standard anions wibhperchlorate was used. EME and
subsequent CZEAD analyses of standard solutions without (blankitioh) and with

addition of 15 pg/L of perchlorate are shown in. 2g.

ID.E mV cr NO4
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Figure 25. EME-CZE-CD of a standard solution of 5 mg/L chloride, nirat
sulfate. (a) without perchlorate and (b) spikedhwit pg/L of perchlorate. EME and
CZE conditions as for Fig. 22. Injection: 50 mbarr 7 sec.

5.3.3. Analytical performance

The analytical characteristics of the EME-CZEBCGare summarized in Table 9.
The linearity was calculated from six-level calittoa curve in the range from 1 to 100
ug/L, including blank. The precisions of the curas,indicated by the relative standard
deviation (r.s.d.), were in the ranges of 0.062%®for migration time and 1.3 — 8.7%
for peak area (at concentration level of 15 pg/lpefchlorate, n = 7), while correlation
coefficients (%) ranged from 0.9988 — 1.0000 for the standard #uedreal water
samples. LODs, defined as three-times signal-tsenaiatio, were determined by

consecutive dilution of perchlorate in the variouster samples and all were below or
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equal to 1 pug/L. Recoveries at 15 pg/L of perchéommere lowest in snow and highest
in bottled water sample and ranged from 95.9 ta29%Gn all different matrices.

Table 9. Analytical parameters of the developed EME-CZE-Csiethod for
determination of perchlorate (spiked at 15 pg/LVvarious saples, n = 7, calibration
range: 1 — 100 pg/L. EME and CZEBCconditions as for Fig 23.

STD Rain Snow Potable 1  Potabe 2 Potable 3
RSD MT (%)  0.15 0.06 0.20 0.06 0.08 0.12
RSD PA (%) 1.3 8.7 3.8 5.9 3.3 6.5
Recovery 98.9 103.8 95.9 106.7 102.8 106.5
(%)
r? 1 0.999 0.999 0.999 0.999 0.999
LOD (pg/L) 0.3 0.25 0.3 0.3 0.35 1.0
LOQ (ug/L) 1.0 0.8 1.0 1.0 1.2 3.3

5.3.4. Analysis of drinking water and environmentalamples

The objective of this study was to develop an aialymethod for the analysis
of trace perchlorate at low to sub-pg/L levels nnking and environmental water
samples; ideally the method would reduce the lefenterfering matrix ions without
loss of perchlorate in addition to speed, efficieand reduced cost. To demonstrate the
applicability of perchlorate analysis among otlerganic anions, EME-CZED was
applied to different samples; tap, bottled potairid surface water and to snow and rain
samples. The samples were used without any pretesatand were directly sampled
into donor vial for EME.

Perchlorate was not detected in any of the samplesre was no perchlorate in
untreated samples or perchlorate was present aentmtions below the LOD of the
EME-CZE-C'D method. When spiked with 15 pg/L of perchloréteyas detected in
all samples with recoveries ranging from 95.9 t6.18 as summarized in Table 9.
Electropherograms of selected EME treated sampliéed at the concentration of 15
ug/L of perchlorate are shown in Fig. 26. It cansken that perchlorate, spiked at the

advisory limit recommended by the US EPA, was detean all EME treated samples,
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although their matrix composition varies signifidgnSlightly reduced sensitivity for
perchlorate analysis was obtained for EME treadedntater.

ID.S my

I I I I I I I
2.0 2.1 2.2 2.3 2.4 2.5 2.6

migration time (min)
Figure 26. EME-CZE-C'D of various real samples. (a) snow, (b) surfacema
(c) Dobra voda, (d) Horsky pramen; all spiked with pg/L of perchlorate. EME and
CZE conditions as in Fig. 22. Injection: 50 mbar 7Tcsec.

Apart from other anions, tap water in Brno distgointains high concentration
of nitrate (about 40 — 45 mg/L, which approachesriaximum allowable concentration
for drinking water — 50 mg/L) and since nitratealso preferentially transported across
the SLM (see section 5.3.2.1), the transport ofclgerate was partially hindered.
Relationship between matrix composition and thesisieity of perchlorate analysis
was, however, often reported for IC-CD [128] andoafor hyphenated IC-MS/MS
[116] systems. Despite the high nitrate conterthentap water, 15 pg/L of perchlorate
can be easily detected in the EME treated tap wsetemple with LOD being 1 pg/L.
Electropherograms of the EME treated neat tap wadrthe tap water spiked with 5,
15 and 50 pg/L of perchlorate are shown in Fig. 27.
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Figure 27. EME-CZE-C'D of (a) neat tap water, (b) tap water spiked vith
pug/L of perchlorate (c) tap water spiked with 15Lugf perchlorate, (d) tap water
spiked with 50 pg/L of perchlorate. EME and CZE ditions as in Fig. 22. Injection:

50 mbar for 15 sec.

Determination of perchlorate at sub-pug/L concernat in rain sample and
bottled potable water is shown in Fig. 28A and 2B88&pectively. No perchlorate was
detected in EME treated neat samples as is evidandeaces (a). After spiking the two
samples with 1 and 5 pg/L of perchlorate and sulessiq EME treatments,
distinguished perchlorate peaks were observed #B-C:D analyses, which were about
10- and 35-fold higher than the baseline noisee-tisees (b) and (c), respectively.
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Figure 28. (A) EME-CZE-C'D of rain water. (a) Neat rain water, (b) rain wate
spiked with 1 pg/L of perchlorate and (c) rain watpiked with 5 pg/L of perchlorate.
(B) EME-CZE-CD of bottled water Horsky pramen. (a) Neat Horskgnpen, (b)
Horsky pramen spiked with 1 pg/L of perchlorate &jdHorsky pramen spiked with 5

pug/L of perchlorate. EME and CZE conditions as ig. R2. Injection: 50 mbar for 15
sec.

77



6. CONCLUSIONS

Three novel approaches for sample cleanup andopceatration were
developed for analysis inorganic ions in biologigatl environmental samples by CZE.

Both the commercial ED system and {ifeD system have demonstrated to be
an effective method for pretreatment of raw humiatobical fluids and for subsequent
analysis of the pretreated samples by CZE with.GHigh molecular weight matrix
compounds were retained in donor compartment oEfbesystem unit using a 500 Da
MWCO membrane and potential serious deterioratio@£E performance caused by
adsorption of matrix compounds from untreated reminples was thus efficiently
eliminated. On the contrary, the small cations atigg through the dialysis membrane
into the acceptor compartment, and could be andlyme CZE-CD. The achieved
excellent EOF stability of the CZE system enablealyses of ED pretreated biological
fluid samples. In the HED system used later themel of real sample needed was as
low as 1uL per analytical run, which kept the analyses gaeseven in case the amount
of biological sample is limited. TheED system does not suffer from the disadvantage
of the commercial ED system , in which several madd mL of electrolyte solution to
fill the ED tank and run the pre-treatment procass needed. One slight disadvantage
of the uED system is that it is an off-line system.

OT ion exchange precolumns were for the first timsed for in-line clean-up
and direct injection of biological samples in CART ion exchange precolumns were
used as a similar in function (remove proteins) different in principle. In-line
coupling present an added advantage over previfitisx®@ commercial ED andiED
systems. Preparation of the OT precolumns is sinfplt and inexpensive. They can
therefore be used as disposable sample pretreatorets which can be simply
discarded after each use. The in-line sample @@tent method was demonstrated on
determination of small inorganic cations in bloedwsn and plasma samples.

Trace analysis of perchlorate in various drinkingtev and environmental
samples was feasible by a combination of EME andE-C/D. Perchlorate was
selectively preconcentrated into the lumen of dowolfibre based on its electrically
induced migration across a SLM. Solid particles€invironmental samples) and most
inorganic anions were retained on the SLM and dit interfere with CE analysis.

Presence of high concentrations of nitrate (closigst maximum allowable level) and
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chloride in tap water sample slightly hindered pgerchlorate transport as these ions
also partially migrated into the lumen. Neverths]dsaseline separation of perchlorate
and all co-extracted anions was achieved at optichicZE-CD conditions and
perchlorate could be detected in tap water dowa spiked concentration of 1 pg/L.
This is 15 times lower than the US EPA regulateguirement for drinking water. Sub-
pg/L concentrations of spiked perchlorate couldibtected in rain, snow, surface and
bottled potable water samples. These samples renaraly lower content of inorganic
anions and therefore less influence on EME trarispbmperchlorate. Although the
proposed method does not achieve sensitivity ofeexly costly and complex
hyphenated IC-MS/MS systems, it compares well watlitinely used IC-CD and IC-
MS systems, with much shorter running times, urguleated simplicity and reduced

costs.
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8. LIST OF ABBREVIATIONS AND SYMBOLS

BGE
Cc'D
CE
CEC
CGE
CTAB
CZE
DETA
DI

ED
EME
EOF
FS
HAC
HF
HF-LPME
HIS
HPCE
HPLC
HSA

background electrolyte

capacitively coupled contactless conductivityed&bn
capillary electrophoresis

capillary electrochromatography

capillary gel electrophoresis
cetyltrimethylammonium bromide

capillary zone electrophoresis
diethylenetriamine

deionized

electrodialysis

electromembrane extraction
electroosmotic flow

fused-silica

acetic acid

hollow fibre

hollow-fiber liquid-phase microextraction

histidine

High performance capillary electrophoresis
High performance liquid chromatography
human serum albumin

ion chromatography

ion chromatography-conductivity detection
internal diameter

ion exchange

L-arginine

liquid—liquid extraction

limit of detection

liquid phase microextraction

micellar electrokinetic chromatography
2-(N-morpholino)ethanesulfonic acid

mass spectrometry
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MWCO
oD

oT
PBMA
PMMA
PP
PTFE
RSD
SLM
SPE
TTAB
US EPA
UV-Vis

- o m 2 0O

- «Q

Zi
Ah
AP

molecular weight cut-off

outer diameter

open tubular

poly(butadiene-maleic acid)
polymethylmethacrylate
polypropylene

polytetrafluoroethylene

repeatability standard deviation
supported liquid membrane

solid phase extraction
tetradecyltrimethylammonium bromide
United States Environmental Protection Agenc
ultraviolet - visible

micro-electrodialysis

concentration of the analyte
capillary internal diameter

applied electric field

electron charge in Coulombs
frequency

gravitational constant

current

length of the capillary

Effect length of capillary

total length of capillary

ion radius

time

voltage

ion charge

height difference

pressure difference across the capillary
dielectric constant of the electrolyte

zeta potential of the wall
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solution viscosity

electrophoretic mobility of the analyte
EOF mobility

electrophoretic mobility of a species |
ion velocity

separation electrolyte density
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9. LIST OF FIGURES

Figure 1. The schematic of a CZE system.
Figure 2. Internal surface of a fuse silica capillaryddiwith electrolytes.

Figure 3. Comparison of a flow profile in A - capillary ekeophoresis ;
B - liquid chromatography.

Figure 4. Schematic drawing af*D in an axial arrangement.
(A) Schematic drawing of the electronic circuit(i) Simplified circuitry

Figure 5. Fundamental principle of ion exchange A: Catinohanger; B: Anion
exchanger; 1- matrix, 2- permanently bonded iorarens, 4- cations, 5- counterions.

Figure 6. A. Schematic drawing of the commercial ED systam, separation bar, b —
open-ended cap #1, ¢ — rubber o-ring, d — dondr ent union, f — acceptor unit, g —
open-ended cap #2. B. Schematic drawing of the memeb arrangement in a
commercial ED system with two ED units and threenieanes.

Figure 7. Schematic drawing of the micro-electrodialytistgm.

Figure 8. Interfacing of the clean-up precolumn and theldital capillary using the
low dead volume union.

Figure 9. The electromembrane extraction system

Figure 10. Effect of various ED times on concentration ofifanorganic cations in
donor ED unit. ED system contains one donor urit o membranes, ED electrolyte:
200 mM acetic acid, pH 2.7, ED voltage: +200 V. standard solution of four cations
(50 uM) without ED treatment, b — after 30 sec E&atment, ¢ — after 60 sec ED
treatment. CZE conditions: dyei 50/33 cm, BGE: 200 mM acetic acid, pH 2.7,
separation voltage: +15 kV, hydrodynamic injectitom 25 cm for 5 sec.

Figure 11 Effect of 20 consecutive analyses of human plassaaple on
reproducibility of CZE measurements. A. Human plasample (diluted 1:20) injected
directly into the separation capillary without apyetreatment. B. Human plasma
sample (diluted 1:20) injected into the separatapillary after ED pretreatment for 5
min at +200 V. CZE conditions are same as in Figj. 4 — f' injection, b — 10
injection, ¢ — 28 injection.

Figure 12 Optimization of the CZE conditions for determioat of inorganic cations
in biological fluids. A. BGE: 15 mM L-Arg, 1.5 mM8tcrown-6. B. BGE: 12.5 mM
maleic acid, 1.5 mM 18-crown-6. Other CZE condifiphoyer 50/42 cm, separation
voltage: +15 kV, hydrodynamic injection from 25 dor 30 sec, ion concentrations:
NH.", K* (400 uM), N4 (2 mM), C&", Mg** (40 uM).

Figure 13. Separation of inorganic cations in the optimizeGEB solution. lon
concentrations: Ni, K* (400 pM), N& (2 mM), C&", Mg?* (40 pM), CZE conditions:
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Liwver: 50/42 cm, separation voltage: + 15 kV, hydrodycamiection from 25 cm for
30 sec, BGE: 12.5 mM maleic acid, 15 mM L-Arg aneh8 18-crown-6, pH 5.5.

Figure 14. Effect of ED time on peak areas of inorganic aradi in real samples. ED
system with two units and three membranes, ED relgte: 5 mM acetic acid, pH 3.5,
ED voltage: +200 V. A. ED treatment of human ur{dduted 1:8 with DI water); peak
areas of Cd and Md" were multiplied by a factor of 10 to allow promealing. B. ED
treatment of human serum (diluted 1:10 with DI wptg@eak areas of Nawere
multiplied by a factor of 0.1 to allow proper scaji

Figure 15 CZE-C'D determination of inorganic cations in real sarapiter ED
sample pretreatment. ED system with two units &nelet membranes, ED electrolyte: 5
mM acetic acid, pH 3.5, ED voltage: +200 V, ED tirf@emin. CZE conditions: dyef.
50/42 cm, BGE: 12.5 mM maleic acid, 15 mM L-Arg a@aenM 18-crown-6, pH 5.5,
separation voltage: +15 kV, hydrodynamic injectiomm 25 cm for 30 sec. a — standard
solution (NH;* (300 uM), K* (400puM), Na™ (2 mM), C&" (50 uM), Mg?* (30uM)), b —
human urine, ¢ — human serum, d - human plasma.

Figure 16. Effect of various ED times on recovery of founiganic cations into the
acceptor solutionuED system conditions: donor solution of four inargacations (60
uM K*, 1.875 mM N3, 31uM C&* and 15uM Mg?*in DI water), acceptor solution: 5
mM acetic acid, pH 3.5, voltage: 15 V. CZE condisoLyer 50/42 cm, separation
voltage: +15 kV, hydrodynamic injection from 30 ¢om 30 sec, BGE: 12.5 mM maleic
acid, 15 mM L-Arg and 3 mM 18-crown-6, pH 5.5.

Figure 17. Effect of 15 consecutive analytes of untreated retreated human serum
and whole blood sample on surface properties ol €eparation capillary. A. Human
serum (diluted 1:80) injected directly into the @egtion capillary without any pre-

treatment (full symbols) and subjecteduteD at 15 V for 15 min (empty symbols). B.
Human whole blood (diluted 1:80) injected diredtio the separation capillary without
any pre-treatment (full symbols) and subjecteduid at 15 V for 15 min (empty

symbols). CZE conditions as in Fig. 16.

Figure 18 CZE-C'D determination of inorganic cations in real sarapidter yJED
sample pretreatment. WED conditions: acceptor isslub mM acetic acid, pH 3.5,
voltage: 15 V, time: 15 min. CZE conditions: sansef@ Fig 16. (a) Standard solution
(60 uM K*, 1.875 mM N3, 31 uM C&* and 15uM Mg?*in DI water); (b) standard
solution afteruED; (c) human plasma aftetED; (d) human serum aftetED; (e)
human whole blood afterED; all real samples were diluted 1:80 with DI wate

Figure 19. Electropherograms of inorganic cations in standatdtion, 0.1 mM K, 1.8
mM Na', 0.05 mM C&", 0.025 mM Md", in a) 47 cm FS analytical capillary b) 6 cm
FS + 41 cm FS analytical capillary c) 6 cm 4 laygf$MBA precolumn + 41 cm FS
analytical capillary. CZE conditions: BGE solutiof5 mM L-arginine, 12.5 mM
maleic acid, 3 mM 18-crown-6, pH 5.5; injection,dnydynamic from 30 cm for 30
seconds, separation voltage + 15 kV.
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Figure 20. Effect of precolumn on migration times for dirdojection of a serum
sample (diluted 1:80 with DI water). 15 consecuimjections were performed without
(full symbols) and with (open symbols) a 6 cm 4elayPBMA precolumn. CZE
conditions are as in Fig. 19a and 19c.

Figure 21 Direct injection of real samples using in-line gdenclean-up, 6 cm 4- layer
PBMA precolumn + 41 cm FS analytical capillary; ssgndard solution, bjerum, c)
plasma, Concentrations in standard solution and Gxtglitions are as in Fig. 19c, real
sample dilution: 1:80 with DI water.

Figure 22 Electropherogram of a standard solution of thenbns in DI water. (a)
without EME (b) after EME. Anion concentrations:” €10.9 mg/L, N@ — 1.5 mg/L,
SO% — 2.4 mg/L, CIQ — 2.5 mg/L and N® — 1.15 mg/L. EME conditions: liquid
membrane: 1-heptanol, impregnation time: 10 sa#git: 750 rpm, extraction voltage:
25 V, extraction time: 5 min, acceptor solutionmM Tris. CZE conditions: BGE
solution: 7.5 mM L-His, 40 mM HAc (pH 4.1), voltage 30 kV, injection: 50 mbar for
(a) 7 sec and (b) 2 sec.

Figure 23 Effect of extraction time on EME of inorganic ans. EME and CZE
conditions as for Fig. 22. Injection: 50 mbar forséc. Concentrations of anions:
chloride, nitrate, sulfate: 5 mg/L, nitrite, perotdte: 100 pg/L. Peak areas of chloride
and nitrate/sulfate were divided by a factor of 10.

Figure 24. Effect of extraction voltage on EME of inorgardaions. EME and CZE
conditions as for Fig. 22. Injection: 50 mbar forséc. Concentrations of anions:
chloride, nitrate, sulfate: 5 mg/L, nitrite, perotdte: 100 pg/L. Peak areas of chloride
and nitrate/sulfate were divided by a factor of 10.

Figure 25 EME-CZE-CD of a standard solution of 5 mg/L chloride, nigrasulfate.
(a) without perchlorate and (b) spiked with 15 p@fiperchlorate. EME and CZE
conditions as for Fig. 22. Injection: 50 mbar foset.

Figure 26. EME-CZE-CD of various real samples. (a) snow, (b) surfaceéewac)
Dobra voda, (d) Horsky pramen; all spiked with ILuof perchlorate. EME and CZE
conditions as in Fig. 22. Injection: 50 mbar fasec.

Figure 27. EME-CZE-C'D of (a) neat tap water, (b) tap water spiked V@ithg/L of
perchlorate (c) tap water spiked with 15 pg/L ofcpéorate, (d) tap water spiked with
50 pg/L of perchlorate. EME and CZE conditionsragig. 22. Injection: 50 mbar for
15 sec.

Figure 28. (A) EME-CZE-C'D of rain water. (a) Neat rain water, (b) rain waspiked
with 1 pg/L of perchlorate and (c) rain water spikeith 5 pg/L of perchlorate. (B)
EME-CZE-CD of bottled water Horsky pramen. (a) Neat Horskgnpen, (b) Horsky
pramen spiked with 1 pg/L of perchlorate and (cygkg pramen spiked with 5 pg/L of
perchlorate. EME and CZE conditions as in Fig.I8@ction: 50 mbar for 15 sec.
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10. LIST OF TABLES

Table 1. Factors affecting migration time reproducibility.
Table 2 Methods of detection for CE adopted from Ewing\@ew.

Table 3. Repeatability of CZE-tD measurements for a standard solution with high
protein content and for real biological samplesufdd 1:20 with DI water) injected in
the separation capillary untreated and after adatytic treatment, n = 20, r.s.d.
values in %.

Table 4. Analytical parameters of the developed CZB@nethod for determination of
inorganic cations in biological fluids, n = 6

Table 5 Repeatability of peak areas and recovery valtiesectrodialytic pretreatment
of standard solutions and biological fluid samp#soptimized ED conditions. ED
electrolyte solution: 5 mM acetic acid, ED voltage200 V, ED time: 9 min, donor
volume 50 pL, acceptor volume 250 pL. CZERCconditions as for Figure 15.
Dilutions: plasma, serum and plasma-like standatdtisn 1:10, urine and urine-like
standard solution 1:8 with DI water.

Table 6. Repeatability and recovery values of electrodialpretreatment of standard
solution and biological fluid sample iED system.

Table 7. Analytical parameters for analysis of a standaliteon of four inorganic
cations in a 47 cm long analytical capillary andil cm long analytical capillary
connected to 6 cm FS capillary and to 6 cm preroalwith 4 layers of PBMA, n = 5.
CZE conditions as for Fig. 19.

Table 8. Effect of connecting three various precolumns withyers of PBMA to
analytical capillary. CZE conditions as for Fig.. 18

Table 9. Analytical parameters of the developed EME-CZBCmethod for

determination of perchlorate (spiked at 15 pg/L)various saples, n = 7, calibration
range: 1 — 100 pg/L. EME and CZERCconditions as for Fig 23.
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