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Abstract

The toxicity, biological availability and mobility of aluminium (Al) depend on its chemical form. In order
to understand toxicity and transport of Al in human body it is important to identify and quantify Al species
present in human serum. This led to the development of sensitive and selective analytical methods for
reliable speciation of Al in serum. The aim of my PhD research work was the development of analytical
methods for the identification and quantification of high molecular mass (HMM-AI) and low molecular
mass (LMM-AIl) Al compounds in human serum. For the separation of above-mentioned Al complexes
different anion-exchange monolithic and particled packed supports and size exclusion columns were used.
Concentration of Al in separated species was determined on-line by inductively coupled plasma mass
spectrometry (ICPMS). The characterisation of ligands which bind Al was performed by electrospray mass
spectrometry and sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE).

Speciation of Al in spiked human serum (up to 300 ng mL"™' of Al) was performed using anion-exchange
monolithic separation support based on Convective interaction media (CIM®) in combination with size
exclusion chromatography (SEC) and ICPMS. The separation of proteins was performed on a weak anion-
exchange CIM® diethylamine (DEAE) monolithic disk. It was experimentally proven that 90 + 3 % of Al in
spiked serum investigated was eluted under the transferrin (Tf) peak. The proposed speciation procedure
removes LMM-AL species and enables reliable determination of the concentration and composition of Al
bound to proteins when the concentration of Al in serum is higher than 5 ng mL. In comparison to
chromatographic columns, the CIM® disks enable faster separation and simpler manipulation during
cleaning procedure. The developed analytical procedure enables reliable determination of the concentration
and the composition of HMM-AI species in spiked human serum.

A new analytical procedure using a CIM® monolithic column was developed for speciation of Al in
human serum at normal concentration levels. The separation of proteins was performed on a weak anion-
exchange CIM® DEAE monolithic column. Separated Al species were detected on-line by ICPMS. It was
experimentally found that 91 £ 7 % of Al in human serum was bound Tf. Tf was identified not only on the
basis of the retention volume but also by acquity ultra performance liquid chromatography - electrospray
ionization mass spectrometry (UPLC-ESI-MS) and SDS-PAGE. The problem of extraneous contamination
with Al was successfully overcome by using efficient cleaning procedures of eluents and chromatographic
supports. The efficient cleaning was of paramount importance to perform Al speciation at extremely low
concentration levels. The repeatability of measurement tested for six consecutive separations of unspiked
serum was * 8.6 %. The limits of detection and quantification (based on 3s and 10s of the blank) were 0.15
and 0.49 ng mL"' of Al bound to Tf, respectively. To the best of our knowledge, this is the first report on
quantitative and reliable speciation of Al in human serum at normal concentration levels.

A new analytical procedure for the efficient, reliable and fast separation of proteins from LMM
compounds in serum was developed. A HiTrap desalting SEC column enables separation of HMM from
LMM species present in serum in 10 min. The Tris-hydrochloric acid buffer (pH= 7.4) was used as eluent.
In the first 5 min HMM-AI compounds were eluted followed by the elution LMM-ALI species from 5 to 10
min. HMM and LMM species were collected in 5 mL fractions. The speciation of protein peak was
performed by anion-exchange monolithic disk coupled to ICPMS, while the LMM fraction was injected
onto the anion-exchange fast protein liquid chromatography column (FPLC) connected to ICPMS. It was
experimentally confirmed that 93 + 4 % of Al is bound to Tf and that the remaining Al corresponded to
LMM-AIl compounds. Citrate, one of the major LMM-AI species in serum was identified in the LMM
fraction by UPLC-ESI-MS. The rapidness and reliability of the developed analytical procedure represent a
promising tools for investigations of kinetics of Al binding to Tf.

The new-developed analytical procedures for speciation of HMM and LMM Al species in serum in
combination with other experimental and theoretical techniques, could help to explain the role, distribution
and toxicity of Al present in the human body.
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IX

Povzetek

Toksi¢nost, mobilnost in bioloska dostopnost aluminija (Al) so odvisne od kemijskih zvrsti v kateri se Al
nahaja. Da bi razumeli toksi¢nost in transport Al v CloveSkem telesu je potrebno identificirati in
kvantificirati Al zvrsti (speciacije) prisotne v humanem serumu. To je vodilo do razvoja obcutljivih in
selektivnih analiznih metod za zanesljivo speciacijo Al v serumu. Namen mojega raziskovalnega dela je bil
razvoj analiznih metod za identifikacijo visokomolekularnih (VM) in nizkomolekularnih (NM) Al zvrsti v
humanem serumu. Za separacijo omenjenih Al kompleksov sem uporabila razli¢ne anionsko izmenjalne
monolitne nosilce in nosilce s stacionarno fazo na osnovi polnil s krogljicami ter velikostno izkljucitvene
kolone. Koncentracijo Al v lo¢enih zvrsteh sem dolocila z masno spektrometrijo z induktivno sklopljeno
plazmo (ICPMS). Identifikacijo ligandov na katere se veZe Al sem izvedla s tekocinsko kromatografijo
ultra locljivosti z masno spektrometrijo z ionizacijo na osnovi razprSevanja v elektricnem polju (UPLC-
ESI-MS) in nativno gelsko elektroforezo (SDS-PAGE).

Za speciacijo Al v serumu z znano dodano mnoZino Al (dodatek do 300 ng mL™" Al) sem uporabila
anionsko-izmenjalne monolitne nosilce, ki temeljijo na konvektivnem prenosu snovi (CIM®) v kombinaciji
z velikostno izkljucitveno kromatografijo (VIK) in ICPMS. Separacijo proteinov sem izvedla na Sibkem
anionskem-izmenjalnem CIM® dietilaminoetil (DEAE) monolitnem disku. Eksperimenti so pokazali, da se
90 + 3 % Al v serumu z znano dodano mnoZino Al eluira pod vrhom transferina (Tf). Predlagan postopek
za speciacijo Al v serumu odstrani VM-ALI zvrsti in omogoca zanesljivo dolo€itev koncentracije in sestave
Al vezanega na proteine, kadar je koncentracija Al v serumu ve&ja od 5 ng mL™. V primerjavi z ostalimi
kromatografskimi kolonami je CIM® monolitni DEAE disk omogogal hitrej$o separacijo in enostavnejie
rokovanje med postopkom ¢is¢enja. Razvit analizni postopek omogoca zanesljivo dolocitev koncentracije
in sestave VM-ALI zvrsti v vzorcu seruma z dodatkom Al

Z uporabo CIM® monolitne kolone sem razvila analizni postopek za speciacijo Al v humanem serumu,
ki vsebuje normalne koncentracije Al. Separacijo proteinov sem izvedla na Sibko anionsko-izmenjalni
CIM® DEAE monolitni koloni. Lodene Al zvrsti sem sledila z ICPMS. Ugotovila sem, da je 91 =7 % Al v
humanem serumu vezanega na Tf. Tf sem identificirala ne samo na osnovi retenzijskega volumna temvec
tudi z UPLC-ESI-MS in SDS-PAGE. Da bi refili problem kontaminacije, moramo uporaba uc¢inkovite
postopke CiScenja eluentov in kromatografskih nosilcev. U€inkovito €iSCenje je bistvenega pomena pri
speciaciji Al na ekstremno nizkih koncentracijskih nivojih. Ponovljivost merjenja, ki sem jo testirala s
Sestimi zaporednimi separacijami seruma brez dodatka Al je bila £ 8.6 %. Meji zaznavnosti in
kvantifikacije (3s in 10s slepega vzorca) sta bili 0.15 and 0.49 ng mL" Al vezanega na Tf. To je prvo
porocanje o kvantitativni in zanesljivi speciaciji Al v humanem serumu na normalnih koncentracijskih
nivojih.

Razvila sem nov analizni postopek za ucinkovito, zanesljivo in hitro separacijo proteinov od NM zvrsti
v serumu. HiTrap velikostno izkljucitvena kolona omogoca separacijo VM od NM zvrsti v 10 min. Za
elucijo sem uporabila Tris-HCI pufer. VM-ALI zvrsti so se eluirale v prvih 5 min, medtem ko so se NM-Al
zvrsti eluirale med 5 in 10 min. VM and NM zvrsti sem zbrala v dve 5 mL frakciji. Speciacijo proteinskega
vrha sem izvedla na anionsko-izmenjalnem monolitnem disku v direktni povezavi z ICPMS. NM frakcijo
sem injicirala na anionsko-izmenjalno hitro proteinsko tekocinsko kolono (FPLC). Eksperimentalno sem
dokazala, da je 93 + 4 % Al v humanem serumu vezanega na Tf, medtem ko je preostali Al vezan na NM
zvrsti. Citrat, ki je ena glavnih NM-Al zvrsti v serumu, sem identificirala v NMM frakciji z UPLC-ESI-
MS. Predlagani analizni postopki za speciacijo VM-Al in NM-Al zvrsti v kombinaciji z ostalimi
eksperimentalnimi in teoreti¢nimi tehnikami omogoc¢ajo razumevanje vloge, porazdelitve in toksi¢nosti Al
v Cloveskem telesu. Hitrost in zanesljivost razvitega analiznega postopka sta bistveni prednosti, ki
omogocata preucevanje kinetike vezave Al na serumski transferin.
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1 Introduction

1.1 General introduction

Aluminium (Al) is the most abundant metal and the third most abundant chemical element in the Earth
crust (Milaci¢, 2005). Due to its reactivity Al never occurs as a free metal in nature but it exists
predominantly in sparingly soluble oxides and alumosilicates. Because of the widespread distribution of Al
compounds, human exposure to this metal is unavoidable (ééanéar and Milaci¢, 2006). In mammals Al has
no demonstrated essential function (Milaci¢, 2005). The exact evaluation of the risks for humans is directly
related to a correct assessment of Al bioavailability. In this respect, compounds of Al are absorbed poorly
from the gastrointestinal tract, but excessive intake can create problems. A major pathway for the
elimination of any absorbed or systematically administered Al is the kidneys. Under ordinary health
conditions the kidneys appear to be able to eliminate all of the absorbed Al. Nevertheless, Al is related to
many clinical disorders especially when renal insufficiency occurs (Sanz Medel et al., 2002). Numerous
studies about the connection of Al with dementia disorders such as Alzheimer and Parkinson disease have
been reported. However, the participation of AP’* in the etiology and/or development of Alzheimer disease
(AD) are still a subject of discussion (Kozlowski et al., 2006). In order to better understand Al
transportation, distribution and fate in the human body it is necessary to know the chemical species in
which Al is present in body fluids and tissues (Milacic, 2005).

Speciation analyses are an area of analytical chemistry occupied with separation, quantification and
identification of chemical species of an element in a sample. Among the different approaches used to
undertake speciation analysis in samples hyphenated techniques, where an efficient separation technique is
coupled off-line or on-line to element-specific atomic detector, are preferred. High performance liquid
chromatography (HPLC) is the most common technique used for such separations including size exclusion
and/or ion exchange. Although atomic absorption spectrometry - flame (FAAS) or electrothermal
(ETAAS), atomic emission spectrometry - inductively coupled plasma atomic emission spectrometry (ICP-
AES) or atomic fluorescence spectrometry (AFS) can be used for specific detection, there sensitivities are
not as adequate as that of inductively coupled plasma mass spectrometry (ICPMS) (Cornelis et al., 2003;
Milaci¢, 2005). Since identification of the element-binding ligand on the basis of retention volume and
element specific detection is not enough, it is necessary to provide more detailed information on the
identity of the species eluted under the chromatographic peak. Al speciation in biological samples is beset
with many difficulties. One major drawback is that basal Al concetrations in healthy people are very low.
Moreover, Al is ubiquitous element in nature so external contamination problems are almost unavoidable.
Particularly for speciation, those low levels and the high risk of exogenous contamination demands special
analytical ability and care (Sanz Medel et al., 2002). Among a variety of biological samples, Al speciation
was most frequently done in human serum. Progress has been made in the development of analytical
techniques for the determination of the amount and composition of high molecular mass Al (HMM-Al) as
well as low molecular mass Al (LMM-Al) species in human serum (Milac¢i¢, 2005). Nevertheless,
speciation analysis of HMM-AIl or LMM-ALI species in serum was up till now performed only in spiked
serum or in serum with elevated Al concentrations.



2 Introduction

1.1.1 Toxicity of Al

The sparingly soluble nature of most Al compounds considerably decreases the probability of an Al body
burden in humans (Milaci¢, 2005). The bioavailability of Al can be raised by environmental and industrial
factors, such as acid rain, water purification treatment with Al compounds, the use of Al as food additives,
and certain pharmacological and therapeutic treatments such as aspirin and Al-based antacids. Al is present
in certain foods and beverages such as tea, herbs and spices, grain products and processed cheese
(Koztowski et al., 2006). In the environment and biological systems, Al exists only in AI’* oxidation state
(Milaci¢, 2005). The gastrointestinal tract is relatively impervious to Al, absorption is normally between
0.6 and 0.1 %. Some individuals absorb 2-3 times more Al than others (Walton, 2009; Koziowski et al.,
2006). About half of the absorbed Al is retained in tissues and the other half is excreted by urine.
Elimination from tissues is slow and in the face of constant intake, tissues accumulate Al over time. Gastric
acidity and citrate, as well as other LMM organic acids including ascorbic, oxalic, lactic and tartaric acids
favour the absorption of Al. Al is absorbed by a mechanism related to that of Ca. However, the exact
mechanism is not yet understood (Yokel, 2004; Koztowski et al., 2006). The major route of Al elimination
from human body is by kidneys, since a small amount of Al is excreted in bile. Therefore, patients with
renal insufficiency are more susceptible to Al toxicity. Al overload in renal patients has been largely
prevented by eliminating Al-based, phosphate-binding agents which control their serum phosphate. In
addition, until the situation was recognized and improved many dialysis patients were exposed to increased
risk due to high Al content in some dialysis fluids (Milaci¢, 2005; Shirley and Lote, 2005). Exposure to
high amounts of Al or an increased concentration of Al in blood due to decrease renal functionality can
lead to the accumulation of Al in the brain. Al and other metal ions abnormally accumulate in the brain
with aging. It has been estimated that Al deposits in the brain at a rate of 6 ug per year of life (Koztowski et
al. 2006, Hedge et al. 2009). Al may enter the brain from blood, either through the choroid plexuses or the
blood-brain barier (BBB). The primary site of Al entry into the brain seems to be the BBB. There are at
least two different mechanism of Al transport into the brain. One could involve the receptor-mediated Al-
Tf influx as it was described for iron. This mechanism is not well supported. Tf saturated with AI’* does
not interact effectively with the Tf receptor and even if Tf solubilizes AI** in the biological fluids it does
imply that the Al transfer from the blood stream into the cell is the receptor-mediated process. The studies
with Al-citrate strongly indicate that there is likely a second mechanism of the Al transport. Very quick
appearance of Al in the brain after injection of Al-citrate suggested other than the receptor-mediated
transport of AI’* into the brain. The transporter of Al-citrate is still unknown, although it could be one of
the monocarboxylate transporters, which is still uncharacterized, or one of the members of the organic
anion transporters, which is expressed at the BBB. In the brain, the calculations predict about 90 % of AI**
in the form of citrate complex and only 4 % as Tf-bound AI** (Koztowski et al., 2006).

The toxicity of Al has been recognized as a risk factor in a number of disorders including
encephalopathy, osteomalacia or aplastic bone disease, renal osteodystrophy, proximal myopathy and
microcytic anemia (Regel, 2004; Milaci¢, 2005; Koztowski et al., 2006). Al has also been associated with
certain dementias, such as AD, Parkinsonism dementia and amyotrophic lateral sclerosis. Al was the first
metal experimentally linked to AD. The “Al hypothesis” for the connection between Al and AD originated
when it was found that the injection of AI’* salts into the brain of rabbits produced neurofibrillary
degeneration and that the AI’* concentration is increased in the brain of AD patients. However, controversy
developed regarding the role of AI’* in the etiology of this disease because subsequent experiments
produced conflicting results. The results remain controversial also due to the complexity of Al chemistry in
biological systems. Al has been found in amyloid plaque cores of human brain tissue. On the other hand,
Landsberg et al. reported that amyloid plaques lack Al and proposed that Al involvement in AD
pathogenesis must be artifactual (Walton, 2009). The absence of Al in plaque cores, however, was not
considered to contradict the Al hypothesis, since Al was shown to be more often associated with the
neurofibrillary tangles than with plaques. The distribution of Al in the brain is not deeply known and
limited studies have been done. However, it seems that Al mainly localizes in temporal cortex and in
hippocampus, two regions that are also known to be significantly involved in AD. In pathologies such as
AD and Parkinsonism dementia, increased amounts of AI** in the brain of post-mortem patients have been
reported. AI’* content was found to be 19- and 5-times higher in Parkinsonism dementia and in AD
compared to healthy individuals, respectively. On the other hand, there actually seems to be no reliable
evidence for any link between Al and AD. Furthermore, Al is also known to influence the aggregation and
toxicity of the amyloid protein (AB). An increased burden of amyloid plaques is observed in patients with
renal failure, which involves accumulation of Al in the brain. Al accumulated in the AD brain accelerates
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the amyloidogenetic process of the amyloid precursor protein (APP). However, there is a general consensus
that Al is not a major risk factor if a risk factor at all. Recent studies shift the focus from Al to Cu, Zn and
Fe as key players in AD (Koztowski et al., 2006). In order to reduce the abnormal accumulation of essential
metals, such as Fe, Cu and Zn or nonessential or poisonous metals such as, Pb, Cd and Al, chelation
therapy has been proposed. Typically, chelator binds to metal ions enhancing their urinary and fecal
excretion and causing a progressive decrease of their body concentrations. However, chelator can also
undesirably chelate other metals in various tissues leading to serious side effects including depletion of
essential metal, neurotoxicity and neurological changes (Koztowski et al., 2006; Baral et al., 2008). The use
of currently available iron or other metals chelators is limited by their toxicity and/or poor transference
across the BBB. The most common chelators that have been clinically tested were ethylene-
diaminetetraacetic acid (EDTA), desferrioxamine (DFO), rasagline and clioquinol (CQ). DFO is the only
drug approved by Food and Drug Administration (FDA) for clinical treatment of Al intoxication (Liu et al.,
2005; Baral et al. 2008). DFO is a chelator of trivalent metals and is still used against Al overloading in
chronic dialysis treatment and in the treatment of Fe overload conditions, but no longer being pursued
clinically for AD (Hegde et al., 2009). The clinical use of DFO suffers from a few important drawbacks
like high cost, lack of oral efficiency and major side effects in the long term (Baral et al., 2008). In recent
studies nanoparticles made of natural or artificial polymers present a possible tool for transportation of
chelation agents across BBB. The advantages of nanoparticles include reduced drug toxicity, improved
biodistribution and theraupeutic efficacy (Liu et al., 2005). Despite the high pharmacological interest for
the delivery of new commercial products based on chelating agents on the market, future studies are needed
to define not only the optimal type and amounts of chelator but to demonstrate the protective efficiency of
the chelator. Furthermore, evaluation of their toxicity and optimization of their capability to cross BBB are
also important.

As the significance of Al toxicity has become apparent, considerable attention has been given to
defining chemical species in which Al is present in body fluids and tissues. To achieve this goal the
complete characterization of the serum constituents which bind and transport Al to its target organ, such as
brain or bone, is an imperative task (Sanz Medel et al., 2002; Milaci¢, 2005).

1.1.2 High molecular mass Al-binding ligands

The majority of AI’* in human serum is bound to proteins. This fraction is considered to be the high
molecular mass AI’* fraction (HMM-Al). Albumin with the molecular weight of 66000 Da is present in
human serum at concentrations of about 40 g L. Some literature data in the past reported that Al** is bind
to albumin and Tf (Leung et al., 1988). The poor resolution between albumin and Tf was the main obstacle
for the identification of Al-binding protein in serum by SEC. With the use of anion-exchange
chromatography for the separation of serum proteins there is no doubt that Tf is the only serum protein that
binds AI’*. Albumin is too weak as a metal ion binder at physiological pH values (7.4) to be able to
effectively compete for AI’* with other much stronger A" carriers such as Tf and citrate. These
experimentally based conclusions are in agreement with theoretical predictions (Milacic¢, 2005).

1.1.2.1 Transferrin and Al-transferrin

Tf is one of the best characterized human glycoproteins with the average molecular weight of 79,573 Da. It
is synthesized in the liver and to a little extent in the reticuloendothelial system and endocrine glands. It
consists of a single polypeptide chain of 679 amino acids. The Tf molecule is formed of two symmetric and
independent lobes, the N-terminal (amino acids 1-336) and C-terminal (amino acids 337-679) domains with
the carbohydrate moities in the C-terminal domain at asparigines 413 and 611. Each globular domain can
contain one metal binding center which can be free or occupied with iron or other metal ions such as AI**,
Ga™, Cr’*, Bi** (del Castillo Busto et al., 2009). The structure of Tf is presented in Figure 1. The most
important role of Tf is the transport of iron from sites of absorption and storage to sites of utilization. Tf
binds iron as Fe** very tightly but reversibly (Harris and Messori, 2002). When Tf becomes iron-loaded, it
is recognized by the Tf receptor 1 (TfR) and is internalized in the cytoplasm by receptor-mediated
endocytosis (Hémadi et al., 2003). Quantitative binding of two Fe™ ions to each lobe of Tf requires the
concominant attachment of the synergistic anion, normally carbonate or bicarbonate. In both N- and C-
terminal binding sites, Fe’* is found in a six—coordinate, distorted octahedral coordination environment.
Two tyrosines, one histidines and one aspartatic acid provide four ligating groups to the metal. The fifth
and sixth coordination sites are occupied by carbonate ligand. Essentially no metal-protein binding occurs
in the absence of carbonate or some suitable substitute anion. This requirement of a synergistic carbonate
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anion for metal binding is often considered to be the defining characteristic of the members of the Tf family
(Harris and Messori, 2002). Blood contains about 37 pumol L' of serum Tf, but each Tf molecule has two
metal binding sites which mean that the total binding capacity is about 74 umol L. In normal serum the
Tf binding sites are only 30 % saturated with Fe’*, which leaves of about 50 pmol L™ of unoccupied metal
binding sites (Harris, 1996). However, this percentage can be changed in the case of certain disorders
related to iron deficiency (e.g. iron anaemia) or iron overload (e.g. hemochromatosis). Depending on the
iron content, serum Tf can be iron free (apo-Tf or Fe,-Tf), partially (Fe,n-Tf and Tf-Fe,c) or totally
saturated (holo-Tf or Fe,Tf) (del Castillo Busto et al., 2009).

Figure 1: The structure of Tf.

Tf can be considered microheterogeneous due to both, the content of iron and the composition of the N-
oligosaccharide chains (glycan). The two N-linked glycans attached to the protein can have different
structures, containing four different carbohydrates such as N-acetyglucosamine, mannose, galactose and
sialic acids. The glycans differ in their degree of branching showing bi, tri and tetra-antennary structures,
each antenna terminated in a negatively charged sialic acid (N-acetylneuraminic acid) molecule. Attending
at differences in sialic acid content, nine different Tf sialoforms or glycoforms can be distinguished. The
most abundant form of Tf (65-80 % of total Tf) contains two biantennary N-glycans with four sialic acid
residues and it is called tetrasialo-Tf (S4). Minor glycoforms with two (disialo-Tf or S,, < 2.5 %), three
(trisialo-Tf or Sz, 5-9 %), five (pentasialo-Tf or Ss, 12-18 %), six (hexasialo-Tf or S¢, 1-3 %) and seven
(heptasialo-Tf or S7, < 1.5 %) sialic residues have also been found in the common serum. Also, in a healthy
serum, only traces of asialo-Tf (Sy, <0.5 %) and monosialo-Tf (S;, < 0.9 %) can be found. The normal
distribution of Tf glycoforms in the human serum can be changed by several pathological conditions. The
presence of some specific Tf glycoforms in serum in elevated concentrations can be used as a sensitive and
specific biomarker for carbohydrate-deficient glycoprotein syndromes (CDGSs), chronic alcohol abuse and
diagnosis of cerebrospinal fluid leakage (high proportion of Sg) (Durand and Seta, 2000; Arndt, 2001; del
Castillo Busto et al., 2005; Castillo Busto et al., 2009). Congenital disorders of glycosylation (CDG),
formerly named carbohydrate-deficient glycoprotein syndrome are rare hereditary disorders caused by
mutations in the genes coding for enzymes involved in the biosynthesis of glycoproteins and other
glycoconjugates. The clinical characteristics are variable, but often include psychomotor, growth and
mental retardation from early childhood. CDG are the result of defects in the assembly and transfer (type I)
or processing (type II) of the glycan moieties. The result is that carbohydrate chains are either completely
missing (type 1) or structurally abnormal (type II) (Delanghe and De Buyzere, 2009). Measurement of the
Tf glycoform profile in serum, under the name carbohydrate-deficient Tf (CDT) is one of the most common
diagnostic marker for detecting chronic alcohol abuse, exhibiting higher selectivity than other classical
biomarkers (e.g. y-glutamyl transferase, ethanol). Since the first report in 1976 (Stibler and Kjellin, 1976)
many studies and critical reviews on CDT have been published (Arndt, 2001; Bortolotti et al., 2006;
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Niemeld, 2007; Delanghe and De Buyzere, 2009). In the original definition, CDT includes the glycoforms
with pIs > 5.7 after complete iron saturation, corresponding to the sum of asialo-Tf, monosialo-Tf and
disialo-Tf. More recent investigations have recognized disialo-Tf and asialo-Tf as being the main alcohol-
related glycoforms (Oberrauch et al., 2008). Although thorough investigations in the past, the structure of
human CDT is still known only partially and the role of glycosylation of Tf is still unclear. A number of
analytical methods have been applied for the identification and quantification of CDT, including
electrophoretic, chromatographic, immunometric and mass spectrometric methods. Each of these
approaches has several advantages and limits in practice (Bortolotti et al., 2002; Bortolotti et al., 2006). For
forensic and occupational medicine application, such as delegation to working sites where alcoholism may
have fatal consequences or to obtain a driver's license, a highly selective, accurate, and precise method is
needed. In general, HPLC and capillary zone electrophoresis (CZE) are to be preferred for CDT analysis in
comparison to currently used immunoassay kits (Bortolotti et al., 2006; Delanghe and De Buyzere, 2009).
More recent studies have applied on anion-exchange FPLC column in combination with ICPMS for the
successful separations of Tf glycoforms before ESI-MS analysis (del Castillo Busto et al., 2005; del
Castillo Busto et al., 2006). Despite the lack of consistency regarding CDT measurement, special attention
on CDT standardization should be devoted. The aim is to define the analyte, select and validate a reference
method and define the recommendations for the production of reference materials. Disialo-Tf was proposed
as the primary target molecule for CDT measurement. The combination of HPLC and MS has been
suggested as the method of choice for the development of a primary CDT reference method. Having access
to a CDT reference material in a serum matrix will facilitate comparison of results between methods and
aid in the standardization process (Jeppsson et al., 2007; Oberrauch et al., 2008).

Tf forms stable complexes with more than 40 different metals. Such binding may play an important
role in the transport and delivery of medical diagnostic radioisotopes such as Ga’, “Co™ and "'In** ,
toxic elements such as AI** and therapeutic metal ions such as Ru’* and Ti** (Ha-Duong et al., 2008). Metal
ions binding to Tf involve the phenolic groups of tyrosine side chains. Each of the two metal ions which
bind to Tf requires a carbonate ion (Martin et al., 1987). Because of the unique involvement of the
synergistic bicarbonate anion in the formation of metal-Tf complexes, metals are only bound as a ternary
complex between the metal, the protein and a carbonate anion. The mechanism of AI’* uptake by Tf is still
not known (Hémadi et al., 2003). The AI’* binding constants to Tf are high; Log K1 is 12.9 and Log K2
12.3. Since the corresponding Fe™* binding constants are much higher (Log K1 22.7 and Log K2 22.1) there
is no competition between AI’* and Fe’* in binding to Tf (Milaci¢, 2005). AI’* can bind to the both two
binding sites of Tf. It was assumed that AI’* uptake starts with the C-lobe site in interaction with
bicarbonate followed by that at N-lobe site. This is in agreement with the other researcher who reported
that the favoured binding site of Al in Tf is the N-lobe site (Dejong at al., 1995; Nagaoka and Maintani,
2000; Nagaoka and Maintani, 2005; Harris and Messori, 2002). The order of lobe loading for APPY is
identical to that of Fe™, which first occurs with the C-lobe site. The first step in binding Al* to Tf is quick
and releases one proton. The final slow step releases additional two protons. Many investigators reported
that AI** uses the Tf receptor-mediated pathway for its transportation from biological fluids to the brain or
other organs. Thus, a part of the Al toxicity may be explained by the fact that its transport competes with
that of iron, which disturbs its metabolism in the cell. This explanation is illogical, because there is still a
question whether AI’* transport occurs by the iron acquisition pathway. Data from studies indicate that
there is no interaction or it is too weak to be detected between TfR and AI-Tf complex (by TfR mediated
endocytosis occur iron uptake). Extremely rapid interaction between TfR and saturated metal-Tf complexes
was observed for Ga’*, Bi’* and Co™* (Hémadi et al., 2003; Ha-Duong et al., 2008). Moreover, Tf-mediated
iron acquisition pathway is one of many metal transport systems that prevail in a living organism. Divalent
metals, such as Cu2+, Zn”* or Cr’* are known to form stable complexes with Tf without Tf-mediated iron
acquisition path (Hémadi et al., 2003). Binding of Al to Tf and AI-Tf complex is still of interest for
researchers since no crystal structure has been reported for the AI-Tf complex and also the complex has not
yet been identified in human serum (Koztowski et al., 2006).

1.1.3 Low molecular mass Al-binding ligands

LMM species are the most active in terms of bioavailability. Al bioavailability firstly depends on the
composition of its LMM fraction (Venturini and Berthon, 1989). The fact, that one of the possible proposed
mechanisms of Al transport to the brain is as Al-citrate, is not negligible (Ackley and Yokel, 1997). These
observations indicate the important role of LMM ligands, particularly citrate, in Al absorption as well as in
Al distribution in the body. Concentrations of citrate in serum are 5.8-76.8 mg L and in cerebrospinal
fluid (CSF) 17.3-113.4 mg L. Citrate forms complexes with many transition metals under physiological
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conditions and is therefore considered an important low molecular mass ligand for metal transport in the
human body (Hoffmann et al., 1993). Clinical and experimental studies have shown that the gastrointestinal
absorption of Al is markedly increased by the presence of citrate and that the administration of Al-citrate
causes the enhancement of Al concentrations in tissues (Bantan Polak et al., 2001). The Al citrate complex
is formed through coordination binding of Al with the hydroxyl group and the two terminal carboxylates of
citrate, thus leaving a free carboxylate and leading to dissociation at physiological pH. The complex is
extremely stable (Nagasawa et al., 2006; Zhou et al., 2008). Although the majority of the citrate in serum is
present as the Ca®* salt, AI'* easily displaces Ca®* from citrate. Citrate solubilizes AI’* from insoluble
Al(OH); and AIPO,. Therefore it is strongly recommended that citrate compounds are avoided in the diet of
dialysis patients (Milaci¢, 2005).

In the human serum the total concentration of phosphate is about 2 mmol L. AI** readily forms
sparingly soluble species with PO,”, which may precipitate from body fluids as a mixed phosphato-
hydroxy complex and under serum conditions may be described as Al(PO4)o(OH); 4. Due to precipitation
reactions the solution chemistry of the phosphate system may be directly studied only at pH < 4, so it was
scarcely investigated. In many investigations soluble Al-phosphate species were not involved in speciation
models and citrate was considered as the prevailing LMM-AI specie in human serum. In order to estimate
the binding constants of Al-phosphate species at physiological pH, linear free-energy relationships (LFER)
have been used. Stability constants estimated by LFER calculations were then used in computer modeling
of Al-phosphate at physiological pH. The prevailing LMM-Al species in human serum are deduced to be
the mixed hydroxy complex Al(PO,)(OH) (Milaci¢, 2005).

Proposed models for biological speciation took into consideration only binary species of Al with LMM
ligands. Since biological systems contain various potential LMM-AI binding ligands, the formation of
ternary Al complexes is also possible. In the group of Kiss (Lakatos et al., 2001) a comprehensive
investigation was carried out on the main potential LMM-AI binders in blood serum. The species
distribution of binary Al-citrate and Al-phosphate and ternary Al-citrate-phosphate systems was calculated
in a pH range from 2 to 8. The data clearly demonstrated that at physiological pH, the LMM-ALI species
present in serum are binary citrate (AIAH.,)> and phosphate (AIBH.;)" complexes, and ternary species
(AlAB)3 “and (AlABH,1)4' (Milaci¢ 2005). The percentage of particular LMM-ALI species varies with the
total concentration of Al in serum. Further, Bantan and co-workers (Bantan et al., 1999; Bantan Polak et al.,
2001) experimentally proved that the main LMM-AI species present in serum were Al-citrate, Al-
phosphate and ternary Al-citrate-phosphate complexes. The study was performed on the spiked serum of
eight healthy subjects in order to estimate individual variability in the percentage and composition of
LMM-ALI species. In some of them Al-citrate and Al-phosphate were the main LMM-ALI species in serum,
while in others the ternary Al-citrate-phosphate complex was also present. The serum of some other
individuals did not contain Al-phosphate and the main LMM-AI species were either Al-citrate and Al-
citrate-phosphate complex or Al-citrate species alone. Individual variability observed in the percentage of
LMM-AL species in the spiked serum ranged from 14 up to 55 %. These data are in agreement with the
computer-aided speciation calculations in human serum performed in the group of Kiss (Milaci¢, 2005).

Other LMM constituents of blood serum like lactate, oxalate and amino acids have significantly lower
affinities for AI’** than citrate and phosphate and were therefore not considered in modeling calculations.
The presence of AI(OH), was predicted in human serum but at a very low concentration, representing only
about 3 % of total LMM-AL species (Milaci¢, 2005).

1.1.4 Monolithic chromatography

Chromatography stationary phases based on monoliths were introduced in the early 1990s. Different types
of monoliths differ in the method of their preparation, morphology and chemistry (Barut et al., 2008). The
separation support in monolithic chromatography is made of a single piece of a rigid porous material that is
tightly sealed into the wall of a tube (S¢an¢ar and Milagi¢, 2009a). Monoliths are formed from synthetic
polymethacrylate, polyacrylamide and polystyrene polymers, natural agarose polymers or from inorganic
silica, zirconium and hafnium and carbon based supports. The supports are available in disk, column and
tube packings (S¢ancar and Mila¢i&, 2009b). Mass transfer in monoliths is mainly based on convection and
that is the basis for naming one particular type of these supports Convection Interaction Media® (CIM®)
(For&ic et al., 2005). CIM® monolithic supports are based on polymethacrylate polymer, which are the
largest and most examined class of monoliths (Vlakh and Tennikova, 2009). Methacrylate monoliths are
made through bulk polymerisation from glycidyl methacrylate that is crosslinked with ethylene glycol
dimethacrylate, while as porogens cyclohexanol and dodecanol are used. The pore size distribution depends
on the polymerisation temperature: at higher temperatures smaller pores are formed. Methacrylate based
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monoliths possess excellent mechanical and chemical stability over a wide pH range and withstand the
regeneration with NaOH (S¢ancar and Milaci¢, 2009a). Furthermore, CcM® technology allows different
types of chromatography (or its combinations) such as ion-exchange, reverse-phase, affinity, activated and

hydrophobic/hydrophilic interaction chromatography (Strancar et al., 1998).

Monoliths have properties that distinguish them fundamentally from the particle-based column (Vlakh
and Tennikova, 2009). The advantage properties of monolithic supports are extremely high porosity,
cheaper preparation, simple column filling and high binding capacity (Podgornik and Strancar, 2005).
Other advantages of monolithic based supports are related to very efficient mass transport at low back
pressures, good separation efficiencies and operation of chromatographic separations at higher than usual
flow rates (S¢andar and Milagi¢, 2009b). Another advantage in comparison with conventional
chromatographic supports is that air bubbles do not lower the separation power or destroy the support
(Strancar et al., 1998). Besides, up to four disks may be put together into a housing, increasing the volume
and hence the column capacity. Some important characteristics of ion-exchange FPLC and CcM®
monolithic chromatographic supports are summarised in Table 1.

Table 1: Some important characteristics of ion-exchange FPLC columns (Pharmacia, Uppsala, Sweden) and
CIM® monolithic supports (Bia Separations, Ljubljana, Slovenia) reported by the producers. (Adopted from
Sc¢ancar and Milacic, 2009a)

Parameter and Mono Q Mono S CIM® QA CIM® DEAE | CIM® DEAE
characteristics HR 5/5 HR 5/5 disk disk 8 mL column
column column
highly porous highly porous highly porous
Chromatographic | 10 pm beaded 10 um poly(glycidylmet | poly(glycidylmet | poly(glycidylmet
support hydrophilic beaded hacrylate-co- hacrylate-co- hacrylate-co-
polyether resin | hydrophilic ethyleneglycol- | ethyleneglycol- | ethyleneglycol-
polyether dimethacrylate) | dimethacrylate) | dimethacrylate)
resin monolith monolith monolith
Chemical strong anion- | strong cation- strong anion- weak anion- weak anion-
characteristic exchanger, exchanger, exchanger, exchanger, exchanger,
quaternary methyl quaternary diethylamino diethylamino
amine sulfonate amine
Column/disk i.d. 5 mm i.d. 5 mm i.d. 12 mm i.d. 12 mm i.d. 1.5 mm
dimensions lenght 50 mm | length 50 mm length 3 mm length 3 mm length 45 mm
Column/disk
volume 1 1 0.34 0.34 8
(mL)
Working flow
rate 05-2 05-2 0.5-10 0.5-10 1-40
(mL min™")
Chemical pH 2-12 2-12 2-14 2-14 2-14
stability
0.5 mL 2 mol | 0.5 mL 2 mol
Maximal amount | L' NaOH L'NaOH | 10mL1molL" | 10mL 1 molL" | 80 mL 1 molL"
of NaOH (maylstay on (maylstay on ( NaOH ( NaOH ( NaOH
column column may stay on may stay on may stay on
recommeqded for support during support disk syuppz)]rt up disk syupp(})]rt up colun}lln su}ll)port
cleaning the time of during the to 3 hours) to 16 hours) up to 16 hours)
analysis) time of
analysis)

It can be seen from Table 1, that regarding ion-exchange bearing groups, the same type of strong anion-
exchanger (quaternary amine) is applied in Mono Q FPLC column and CIM® QA disk, while weak anion-
exchanger (diethylamino) is used in CIM® DEAE monolithic supports. For the time being there are no
weak anion-exchange FPLC columns available on the market. FPLC columns enable separations at flow
rates from 0.5 up to 2 mL min™', while CIM® disks allow separations at flow rates from 0.5 up to 10 mL
min™'. The flow rate in CIM® column may be even higher, from 1 up to 40 mL min"'. Operation at high
flow rates and the ability of cleaning the chromatographic supports with aggressive reagents in speciation
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analysis is of crucial importance. The appropriate cleaning procedures are one of the most important steps
in the speciation of Al in human serum or in other biological samples (Murko, et al. 2009; S¢an¢ar and
Milaci¢, 2009a; Milaci¢ et al., 2009). CIM® QA and CIM® DEAE columns and disks permit extremely
rigorous cleaning of the chromatographic supports, since they have exhibited long-term stability even after
being exposed to 1 mol L' NaOH for up to 3 months or even 1 year, respectively (Vidi¢ et al., 2007).
Nevertheless, the main advantage of the CIM® monolithic procedure lies in the speed of the
chromatographic separation.

Widespread use of monolithic chromatography covers industrial separation of biomolecules,
purification of proteins and DNA, separation of biomolecules like serum proteins, nucleosides, nucleic
bases and sugar derivates, nucleic acids and peptides (S¢ancar and Mila¢i¢, 2009a). They were also applied
in the analysis of impurities in immunoglobulin concentrates, analysis of organic acids and in the isolation
of tomato pectin methylestearase and polygalacturonase. Recently, the concept of monolithic columns has
been transferred to the fast separation of inorganic anions like chloride, chlorate, iodide, iodate, bromide,
bromate, nitrite, nitrate, sulphate and phosphate and also allowed the separation of hydroxide anion and
thiocyanate and chromate from some other anions. However, only a limited number of applications were
reported for the use of monolithic phases for rapid separation of metal cations and for speciation analysis
(S¢ancar and Mila¢i¢, 2009b). By the use of reversed phase silica-based monolithic column, As excretion
was investigated after ingestion of rice. In this study five As species were determined in rice and in urine
by ion-pairing monolithic silica-based chromatography coupled to ICPMS. Other applications were related
to speciation of elements by the use of methacrylate based CIM® monolithic supports. Chelating CIM®
monolithic disks were applied in a flow analysis system for fractionation of labile Cu species in
environmental water samples (S&ancar and Milagi¢, 2009a). Svete et al. (Svete et al., 2001) investigated the
possibilities of using CIM® disks for the speciation analysis of Zn in environmental samples. S¢anéar and
Milagi¢ (S¢anéar and Mila¢i¢, 2002) reported about the successful application of CIM® monolithic supports
for speciation of Cr(VI) in samples from the workplace of plasma cutters. The main advantage of the CIM®
monolithic procedure in comparison to FPLC column lay in the speed of the chromatographic segaration.
The chromatographic run for the separation of Cr(VI) was completed in 15 min by applying CIM™ DEAE
disk and in 30 min by using the FPLC column. Speciation methods require an efficient and rapid separation
of element species. Fast analyses can help to preserve the original species present in the sample and prevent
any species conversion. Monolithic chromatography has great potential and needs to be investigated further
for the application in the field of elemental speciation and studies in metallomics (S¢an&ar and Milagi¢,
2009b). Based on the above findings the potential of monolithic chromatography was also investigated for
Al speciation in human serum (Murko et al., 2007; Murko et al., 2009).

1.1.5 Analytical techniques for speciation of Al in human serum

Determination of total element concentration cannot usually provide the required information about
mobility, bioavailability and the impact of elements on ecological systems or biological organisms
(Milaci€, 2005). Speciation analyses is an important sub-discipline of analytical chemistry and could
contribute considerably to the understanding of processes in environmental and health sciences which have
been up to now the most important areas of its application (Cornelis et al., 2003).

In order to understand the toxicity of Al in humans, it is essential to identify and quantify the chemical
species in which Al is transported and stored in the body. For these reasons, speciation of Al in human
serum has been intensively investigated (Milaci¢ et al., 2009).

1.1.5.1 Fractionation and separation of Al species in human serum

First attempts in the speciation of Al in human serum were oriented to distinguish between the percentage
of LMM-AIl and HMM-AL species. For this purpose fractionation of serum samples using ultrafiltration and
microultrafiltration procedures, SEC and HPLC TSK G 4000 SW column were performed (Milaci€ et al.,
2009). Since the classical ultrafiltration procedure was more liable to contamination with extraneous Al,
microultrafiltration which minimized contamination risk gives more reliable results. Data indicated that in
spiked serum of healthy subjects about 8 % of total Al was ultrafiltrable, while in renal patients this
percentage was about 13 %. Wrdbel et al. (Wrébel et al., 1994) reported that about 11 % of total serum Al
was ultrafiltrable. They found that the percentage was influenced neither by the individual renal pathology
of the patients nor by kidney transplantation. In further investigations Wrébel et al. (Wrébel et al., 1995)
reported that ultrafiltrable Al in spiked human serum was found to be 12 + 5 %. Fractionation data obtained
by other investigators indicated that in normal, non-exposed subjects, the percentage of microultrafiltrable
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Al was about 20 %. It was also experimentally demonstrated that the percentage of LMM-ALI in spiked
serum was the same, regardless the total Al concentration in the spiked serum. However, it was found that
the percentage of ultrafiltrable Al varied between different pooled serum samples and ranged from 15 to 19
%. From these data it was concluded that the majority of Al, about 90 %, is bound to the HMM protein
fraction (Milaci¢, 2005). The same observations were reported by a study on the fractionation of Al by SEC
with UV and ETAAS detection in spent continuous ambulatory peritoneal dialysis (CAPD) fluids (Milaci¢
et al., 2009). The SEC analysis of protein bound Al in serum is rather complicated due to the critical role of
bicarbonate in the binding of Al by Tf. In the absence of bicarbonate in the eluting buffer, more peaks and a
greater proportion of LMM-AI fraction were observed. In contrast, when bicarbonate was added to the
eluting buffer, fewer peaks were observed in the SEC chromatogram and the largest peak appeared in the
Tf and albumin region. Due to the poor resolution between Tf and albumin it was not possible to identify
the Al-binding protein in serum by SEC procedures (Milaci¢, 2005; Milacic et al., 2009).

In order to obtain higher resolution in separation of serum proteins anion-exchange chromatographic
columns were applied. Blanco Gonzélez et al. (Blanco Gonzdlez et al., 1989) and Garcid Alonso et al.
(Garcia Alonso et al., 1989) used a TSK DEAE-3SW silica-based ion-exchange column and 0.05 mol L'
(hydroxymethyl) aminomethane Tris-hydrochloric buffer. Their investigations indicated that Al was bound
only to Tf, but a significant amount of Al was retained by the silica-based column support. To prevent Al
adsorption on the column Wrébel et al. (Wrébel et al., 1995) used a polymeric anion-exchange (Protein Pak
DEAE-5-PW) column for separation of serum proteins. Linear gradient elution was applied in 30 min,
using (0-1.0 mol L) NaCl in Tris-hydrochloric buffer (pH 7.4) containing 0.01 mol L™ of NaHCO;. The
elution profile was detected with a UV detector at 280 nm. The results again confirmed that Tf was the
only serum protein that binds Al. The significant progress in Al speciation in serum has been achieved by
the use of the robust anion-exchange FPLC Mono Q HR 5/5 column. This polyether resin based column
enabled quantitative separation of Al species and has been successfully applied in the further investigations
of the percentage and the composition of both LMM-ALI as well as HMM-ALI species (Milaci€ et al., 2009).
Soldado Cabezuelo et al. (Soldado Cabezuelo et al., 1998) used FPLC Mono Q column in speciation of
spiked human serum and serum of uremic subjects. Linear gradient elution was ap]ijlied in 20 min using (0-
0.25 mol L") NaCl in Tris- hydrochloric buffer (pH 7.4) containing 0.01 mol L of NaHCO;. The same
FPLC column on-line coupled to ICPMS was used for the separation of proteins when linear gradient
elution was applied in 15 min using (0-0.25 mol L) ammonium acetate in Tris-hydrochloric buffer (pH
7.4) (Milaci¢, 2005). Nagaoka and Maitani (Nagaoka and Maitani, 2000) used the same FPLC Mono Q HR
column and the same buffer as Soldado Cabezuleo et al. (Soldado Cabezuelo et al., 1998) but different
gradient elution conditions in 50 min. By combining UV detection and ICPMS detection of Fe and Al they
concluded, that Al is selectively bound to the N-lobe site of Tf.

The above experimental data obtained by chromatographic and various detection techniques demonstrated
that the HMM-AI binding ligand in human serum is Tf. These conclusions agree with theoretical
predictions that Tf is a potential protein binding ligand for Al at physiological conditions (Milaci¢, 2005).

1.1.5.2 Quantification of Al species in human serum

ETAAS and ICPMS are instrumental techniques that have generally been used for quantification of Al in
human serum.

In the past ETAAS was usually the method of choice for determination of separated Al species. Due to very
low Al concentrations (few ng mL™") in healthy subjects and high limits of detection obtained by ETAAS
speciation of Al was in general possible only in spiked serum sample. Another disadvantage of ETAAS
was that after chromatographic separation the collection of eluted fractions was required. The off-line
procedure was also time consuming. Moreover, in the case of Al the risk of contamination from extraneous
Al becomes even higher. The problems with contamination led to controversial results reported by many
previous investigators. Further, determination of Al or other elements by ETAAS in biological samples has
some difficulties because of leakage of the sample from a graphite tube during drying or ashing steps.
S¢andar and co-workers (S¢angar et al., 2000) reported that the use of nitric acid in the sample pretreatment
and as modifier enable reliable determination of elements by ETAAS in liquid biological samples and in
isolated DNA.

The progress in the field of speciation has been achieved by the use of ICPMS as a very sensitive
detector. ICPMS is arguably the most versatile trace elemental analysis technique available today. Since its
first commercial introduction in 1983 it has become applicable in various areas such as environmental,
biological, food and agriculture, semiconductor, clinical and pharmaceutical, geological, nuclear, forensic
and petrochemical (Nelms, 2005; Agilent Technologies, 2005). The advantages of ICPMS are high
sensitivity, rapid multi-elemental analysis, wide dynamic range, good precision and accuracy, better



10 Introduction

detection limits for the majority of elements and the ability for semi-quantitative analysis and isotope
dilution (ID) quantification. Further, ICPMS is a robust detector that can (more or less easily) be coupled to
any of the separation techniques such as liquid and gas chromatography and capillary electrophoresis (CE).
However, ICPMS has some drawbacks such as destructive character of the technique, costly maintenance
and the need for well skilled analysts. The required sample volume is typically about 2-5 mL which can
sometimes be a problem in biological applications. The main components of a typical ICPMS instruments
are sample introduction system, plasma, interface, ion focusing, collision/reaction cell, mass analyzer and
detector (Figure 2).
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Figure 2: Scheme of ICPMS instrument. (Adopted from Agilent Technologies, 2005)

The sample introduction system is one of the most important components of the entire ICPMS system.
The principal purpose of the sample introduction system is to convert a liquid sample into an aerosol and
transport the smaller droplets efficiently in to the plasma. For nebulization different types of nebulizers are
used. Each of them has its own merits. Different nebulizers optimize at different sample flow rates, vary in
their tolerance of both suspended and dissolved solids, tolerate strong acids, bases or organic solvents
differently and may different sample memory characteristics. Although there is a wide range of nebulizers
available on the market, three nebulizers which commonly meet the application needs are Babington,
MicroFlow and Concentric nebulizer (Agilent Technologies, 2005). The all three types of nebulizers are
pneumatic nebulizers which have two basic configurations, concentric and crossflow type. Pneumatic and
ultrasonic nebulizers are the most commonly used sample introduction devices for ICP spectrometry.
Babinton nebulizer is a variant of crossflow nebulizer. The crossflow type has a liquid-carrying capillary
set at a right angle to the tube carrying the high velocity gas stream. It is not prone to blockage by
particulates or solutions of high salt content because the liquid emerges through a relatively large slot or
hole in a surface (Montaser, 1998). For ICP applications it is constructed of polyether ether ketone (PEEK)
and is resistant to most acids, bases and organic solvents. It optimizes at moderate flows between 0.4 and
1.0 mL min™', but does not self-aspirate (Agilent Technologies, 2005). The fine droplets of the aerosol
which are generated by the nebulizer and represent only 1-2 % of the sample are separated from larger
droplets by means of a spray chamber. The fine aerosol is then transported to plasma torch where
desolvation, vaporization, atomization and ionization occur (Thomas, 2004). The positively charged ions
that are produced in the plasma are extracted into the vacuum system, via a pair of interface cones. The
cones, sample and skimmer cone, are essentially metal plates with central orifices through which the ions
pass. Electrostatic lens, located within the intermediate stage of the vacuum system, focuses ions into a
compact ion beam and separates positively charged ions from photons and neutral species. After the main
ion lenses also in the intermediate stage of the vacuum system the collision/reaction cell (CRC) system are
located. There are different configurations of CRC but fundamentally the device consists of an ion guide,
which is enclosed in a cell that can be pressurized with gas. The gas interacts with the ion beam to remove
interferences which are produced in the plasma from Ar or matrix constituents of the sample. Elimination
or reduction of the interferences is the main purpose of the CRC. There are two types of interaction of gas
with the ion beam in CRC, reaction or collision mode (Agilent Technologies, 2005). Despite all benefits
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that CRC offers it is important to know that only thorough optimization of the type of cell gas and their
flow rate allows efficient removal of interferences. In the final, analyzer stage, the low pressure allows
effective transmission of the ions through a mass analyzer to the detector. Three different types of mass
analyzers have been used with ICPMS, these are quadrupole, magnetic sector or double focusing and time-
of flight (TOF). By far the most common mass analyzer used in ICPMS is the quadrupole (Q) (Agilent
Technologies, 2005). Due to its ease of use, rapid scan across the mass range (2 to 260 amu), good linearity
and relatively accessible price, Q represent approximately 95 % of all ICPMS used today (Thomas, 2004;
Agilent Technologies, 2005). The Q is a sequential mass filter, which separates ions based on their mass to
charge ratio (m/z). It consists of four cylindrical or hyperbolic metallic rods of the same length and
diameter. One set of rods is at a positive electrical potential, and the other one at a negative potential. By
varying the alternating current (AC) and direct current (DC) voltages, but keeping the ratio between them
constant, different masses can be selectively allowed to pass through the filter (Thomas, 2004). Each ion
exiting from the mass analyzer is detected by an electron multiplier (EM). EM is largely responsible for the
characteristics of very high sensitivity, wide linear dynamic range and low random background, for which
the technique is well known. The detector electronics count and store the total signal for each mass (m/z),
creating a mass spectrum. The spectrum that is produced provides a simple and accurate qualitative
representation of the sample. The magnitude of each peak is directly proportional to the concentration of an
element in a sample (Agilent Technologies, 2005).

The combination of liquid chromatography with ICPMS provides a powerful and sensitive technique for
on-line elemental speciation because of its simplicity, robustness and high reliability and reproducibility
(Nelms, 2005). However, analysis of biological samples by ICPMS is not without problems. It is necessary
to be aware that the proteins, other organic compounds and high concentration of inorganic salts in
biological samples may block the sample introduction system of an ICPMS during an analysis run (Nelms,
2005). Lower limits of detection obtained by ICPMS enable speciation of Al in unspiked serum of normal
subjects. Soldado Cabezuelo and co-workers (Soldado Cabezuelo et al., 1998) used anion-exchange Mono
Q column on-line coupled to quadrupole ICPMS and high resolution ICPMS systems for detection of
separated Al species. The detection limit (3s criterion) estimated in this work from the peak height of the Al
signal was of the order of 0.6 ng mL™". There was no doubt that Al is bound only to Tf. However, no data
about the column blanks and the behavior of LMM species on the column resin were reported. So, there is a
need for a development of reliable, accurate and precise procedures for speciation of Al in human serum at
basal concentration levels.

1.1.5.3 Identification of Al species in human serum

Multi-elemental specificity and accurate quantification are the key features of ICPMS, whereas molecular
weight determination and structural information are those contributed by molecular mass spectrometry.
Both atomic and molecular mass spectrometry supported by on-line or off-line coupling to
chromatographic separation methods have created the basis for structural and/or quantitative insights in the
interactions between metals and biomolecules (Meija et al., 2006). This approach is an unique analytical
tool for speciation studies. Accurate-mass determination provided by molecular mass spectrometry enables
almost unequal confirmation of the identity of the compound. Furthermore, by the use of molecular MS the
efficiency of the precedent chromatographic separation may be examined. However, it is well known that
the intensity of such MS signals is strongly affected by both the sample matrix and the composition of the
species under study. The most common MS methods for analysis of proteins in human body fluids such as
serum, plasma and cerebrospinal fluid are electrospray ionization (ESI) and matrix-assisted laser desorption
ionization (MALDI) mass spectrometry. MALDI produces singly-charged ions, which are advantages
where there is a complex mixture accompanied by significant fragmentation (e.g. micro heterogenous
mixture of glycopeptides). In the case of intact protein analysis, the calculated resolution is highly
compromised at m/z above 25 kDa. Thus, the use of ESI where multiply charged ions are formed seems
more adequate (del Castillo Busto et al., 2009). Also, MALDI is a solid-phase technique while ESI is a
liquid technique compatible with on-line chromatographic separations and capillary electrophoresis.
MALDI-TOF and ESI-Q-TOF have been compared for intact Tf isoform analysis (del Castillo Busto et al.,
2005). The use of ESI-Q-TOF, although exhibiting about 5-fold lower sensitivity than MALDI-TOF, has
provided the best results in terms of mass accuracy (Am < 0.05 %) and peak width in the deconvoluted
spectra (45-Da peak width vs 2000-Da peak width by MALDI).

Blood serum is a complicated matrix and heterogeneous mixture containing beside HMM and LMM
compounds also a high concentration of salts. For chromatographic separation of HMM and LMM species
in human serum high ionic strength eluents with high concentration of salts were used. Thus, prior to ESI-
MS analysis, the serum fraction must be concentrated and desalted. For desalting on-line or off-line liquid
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chromatography, membrane filtration or on-line microdialysis has been used (Pramanik et al., 2002). In
speciation studies of Al in human serum identification of potential Al-binding ligands was performed by
gel electrophoresis or mass spectrometry. Identification of Tf, as the major HMM-AI species in human
serum, was performed by SDS-PAGE electrophoresis (Wrobel et al., 1995; Kralj et al., 2004). Kralj and co-
workers (Kralj et al., 2004) identify Tf in serum and spent CAPD fluid samples. After separation of
proteins on the anion-exchange FPLC column, Al-containing fractions were collected and combined
together. Due to low concentrations of proteins in spent CAPD fluid, preconcentration by
microultrafiltration was applied. Tandem mass spectrometry is a useful tool not only for identification of
proteins but also for identification of LMM species present in body fluids. Bantan and co-workers (Bantan
et al., 1999) characterized LMM-ALI species by ESI-Q-Q technique. Identified LMM-ALI species in human
serum are Al-citrate, Al-phosphate and ternary Al-citrate-phosphate complex.

1.1.6 Extraneous contamination

Due to low Al concentration in body fluids and their high abundance in the nature the problem of
contamination should not be overlooked. Contamination from extraneous sources is one of the most
important obstacles in the field of speciation of Al. To obtain reliable analytical data it is of extreme
importance to avoid all possible sources of contamination and to apply appropriate cleaning procedures for
removing traces of Al from the eluents, reagents, chromatographic supports and all devices used in the
speciation procedure. In order to prevent contamination by extraneous Al, high density polyethylene or
Teflon ware, previously soaked with 10 % nitric acid for 48 h and rinsed with MiliQ water should be used
(Fairman et al., 1994). The overall analytical procedure should be carried out under clean room conditions
(at least class 10000). In order to remove Al from eluents used in chromatographic procedures (Van
Landeghem et al., 1994) on-line silica-based C18 scavenger column, which has a strong affinity to adsorb
Al, was used. Similarly, in Medel’s group chelating Kelex 100-impregnated silica C18 scavenger column
was used on-line to clean the eluents (Soldado Cabezuelo et al., 1998). Bantan and co-workers (Bantan et
al., 1998) applied the chromatographic where eluents were first treated with the chelating resin Chelex 100
(batch procedure). Filtered eluents were then passed through a silica-based HPLC LiChrosorb RP-18
column to remove residual Al. Since the chromatographic supports used in the speciation procedure also
contained trace amounts of Al, it was of great importance to efficiently clean the resin of chromatographic
supports. There were not many reports that draw attention to this problem. The cleaning procedure for
FPLC column used for separation of HMM-AI species in serum was reported (Nagaoka and Maitani, 2000).
After rinsing the column with a buffer, 100 uL of 7 mmol L' sodium acetate was first injected, followed by
seven subsequent injections of 0.25 mmol L™ ammonium acetate in 50 mmol L™ Tris buffer. After that a
single injection of 2 mol L sodium chloride, 2 mol L sodium hydroxide and 75 % acetic acid was
applied. Authors stated that by the use of the proposed cleaning procedure the blank was lowered to 0.1 ng
mL" of AL In our group, efficient cleaning procedures of SEC, FPLC, CIM® DEAE disk/column and
HiTrap desalting SEC chromatographic supports used for speciation Al in human serum were also
developed (Bantan et al., 1998; Bantan et al., 1999; Bantan Polak et al., 2001; Kralj et al., 2004; Murko et
al., 2007; Murko et al., 2009).
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2 Aims and Hypothesis

Speciation of Al in human serum has been intensively investigated owing to its participation in many
clinical disorders. For the determination of the proportion of HMM-AI and LMM-ALI species and for the
identification of their composition various analytical techniques have been used. The combination of liquid
chromatography with element specific detectors such as FAAS, ETAAS and AFS represents an appropriate
tool for the speciation of Al. However, because of the low concentration of Al in biological fluids the
sensitivity of FAAS, ETAAS and AFS is not as adequate as that of ICPMS. ICPMS offers not only
unequall sensitivity, selectivity and better detection limits for majority of elements, but is also a robust
detector that can be coupled to any of the chromatographic separation techniques. In general, the results
obtained by different techniques, suggested that Tf is the major Al transport protein in serum. LMM-Al
species present in serum were Al-citrate, Al-phosphate and ternary Al-citrate-phosphate complexes. Their
composition and amount varied among particular individuals.

However, the main problem in Al speciation at trace concentrations remained contamination originating
from the chromatographic supports and eluents. Therefore, special attention was devoted to the cleaning
procedures of eluents and chromatographic supports in order to obtain low blanks.

To obtain reliable analytical data in speciation analysis it is important to apply and compare
complementary analytical procedures. As an alternative to ion-exchange FPLC particle packed columns,
ion-exchange separation supports based on CIM® were developed in the last decade. The matrix supports of
poly(glycidylmethacrylate-co-ethyleneglycoldimethacrylate) substituted with strong or weak cation and
anion exchangers offer very fast separation of biomolecules. The robustness, high binding capacity and
fast separations of CIM® monolithic supports have great potential for their use in the field of speciation.
CIM® monolithic chromatography in combination with ICPMS detection can offer unique analytical tools
for speciation analysis at very low concentrations in human serum. To the best of our knowledge, the
quantification of Al species in human serum was up till now performed only in spiked serum or in serum
with elevated concentration of Al. Therefore, the aim of my PhD research was to develop new analytical
procedures for the reliable speciation of HMM-AI compounds in spiked and unspiked human serum using
size exclusion and CIM® monolithic chromatography with ICPMS and UV detection. Identification of the
Al-binding protein was performed not only on the basis of the retention volume, but also by the mass
spectrometry and SDS-PAGE electrophoresis. Citrate as one of the major LMM-AI binding ligands has
also been identified by mass spectrometry.

In addition to experimental approaches for the speciation of Al bound by Tf, the application of
computational methods was proposed to test whether 90 % of all Al is bound by Tf, or 90 % of Al is
available to be bound by Tf. The idea is to contribute to the development of a model of Al being bound by
Tf which will explain the binding, transport and fate of Al in serum. In order to fulfill this goal a new
analytical procedure for the efficient, reliable and fast separation of proteins from LMM compounds in
serum was developed. The developed analytical procedure for the fast separation of the HMM-ALI species
from LMM-ALI species in serum may be useful for a kinetic study of the binding of Al to Tf and for further
speciation studies of LMM-Al compounds in serum.

The new-developed analytical procedures for speciation of HMM and LMM Al species in human serum
could be an important basis for computational biochemistry not only for Al but also for other essential and
nonessential elements present in blood. Combination of experimental and mathematical/computational data
could help to understand toxicity of elements in connections with many inexplicable diseases.



14

Aims and Hypothesis
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3 Materials and Methods

3.1 Apparatus

For chromatography five chromatographic supports were used. SEC was performed on a Superdex 75
10/30 GL column (Amersham, Uppsala, Sweden), column characteristics (dimensions 10 x 300 mm, matrix
composite of cross-linked agarose and dextran, average particle size 13 um, pH stability 3-12, exclusion
limit Mr 1x10° ) and on a HiTrap desalting 5 mL column (GE Healthcare Bio-Sciences AB, Uppsala,
Sweden), Sephadex G-25 Superfine, column characteristics (dimensions 1.6 x 2.5 cm, matrix cross-linked
dextran, pH stability 2-13, bead size 15-70 um, exclusion limit Mr 5000). Anion-exchange chromatography
was performed on three chromatographic supports. For the separation of HMM-AI species a weak anion-
exchange CIM® (Convective Interaction Media) DEAE monolithic disk or column (Bia Separations,
Ljubljana, Slovenia) with matrix supports made of highly porous poly(glycidyl methacrylate-co-ethylene
dimethacrylate) bearing weak anion exchange diethylamino (DEAE) functional group, (pH stability 2-14)
was used. The CIM® DEAE disk dimensions were, diameter: 12 mm, thickness: 3 mm and bed volume:
0.34 mL. The dimensions of the CIM® DEAE column were, outer diameter: 15 mm, inner diameter: 1.5
mm, length: 45 mm and bed volume: 8 mL. A strong anion-exchange FPLC column of Mono Q HR 5/5
(Pharmacia, Uppsala, Sweden), column characteristics (dimensions 5 x 50 mm, matrix polystyrene/divinyl
benzene, particle size 10 um, pH stability 2-12) was used for the separation of LMM-Al compounds.

HPLC separations were carried out using a high performance liquid chromatography pump Series 1100
from Agilent (Tokyo, Japan) equipped with a sample injection valve Rheodyne, Model 77251 (Cotati,
California, USA), fitted with a 1 mL injection loop for Superdex 75 10/30 GL, HiTrap desalting and CIM®
DEAE column. A 0.1 and 0.5 mL injection loops were used for CIM® DEAE disk and FPLC column,
respectively. A UV-vis detector (Agilent 1100 Series Diode Array and Multiple Wavelength Detector,
DAD/MWD) was used on-line with HPLC equipment for absorption measurements at 278 nm.

Element-specific detection of Al after chromatographic separation as well as the total concentration of
Al in serum were performed using inductively coupled plasma mass spectrometer model 7500ce from
Agilent Technologies (Agilent, Tokyo, Japan) equipped with a collision/reaction cell system (ICP-(ORS)-
MS).

A WTW (Weilheim, Germany) 330 pH meter was employed to determine the pH.

Positive ion mode ESI-MS measurements for the identification of Tf (Kleinert et al., 2003; Wubhrer et
al., 2005) were performed on Q-oa-ToF Premier mass spectrometer (Waters Corporation, Manchester, UK).
The Tf fractions were analysed by ACQUITY UPLC chromatograph coupled on-line to ESI-MS (UPLC-
ESI-MS). For ACQUITY UPLC chromatography VanGuardTM Pre-Column (2.1 x 5 mm, Acquity UPLC
BEH C18, 1.7 um, Waters) was used. The ACQUITY UPLC ESI-MS system was also used for the
identification of citrate. The MS analyses of citrate were performed by scanning negative ions. For
chromatography a ACQUITY UPLC column (2.1 x 30 mm, Acquity UPLC BEH C18, 1.7 um, Waters) was
used.

The identification of proteins after the separation of serum on the CIM® DEAE column was performed
by SDS-PAGE on an invitrogen Xcell SureLock electrophoresis system.

To concentrate the LMM fraction of serum Eppendorf concentrator 5301 was used.
Experimental working conditions for ICPMS and UPLC-ESI-MS are summarized in Table 2.
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Table 2: Operating condition for ICPMS and UPLC-ESI-MS.

ICPMS
Parameter Value
Forward power (W) 1500
Outer gas flow (L min) 15.0
Carrier gas flow (L min’) 0.80
Makeup gas flow (L min’") 0.11
He gas flow (mL min) 3.0
Isotop monitored Al
QP bias (V) -15
Oct bias (V) -18
Extract 1 (V) -0.3
Extract 2 (V) -150
UPLC-ESI-MS
Parameter Value
Scan type for Tf: positive TOF-MS
for citrate: negative TOF-MS
Ion spray voltage (kV) 3
Nebulizing gas N,
Injection rate (uL min™) 50
External calibration Csl
Scan range for Tf: m/z 1000-3500
for citrate: 50-1000
Spectrum deconvolution for Tf: Maximum entropy method
(MaxEnt)

3.2 Reagents and Materials

All chemicals were of analytical reagent grade quality. Human serum apo-transferrin, albumin and
Imunoglobulin G (IgG) were purchased from Sigma-Aldrich (Steinheim, Germany). Merck (Darmstadt,
Germany) suprapur acids were used. For adjusting buffer solution to pH=7.4 50 mmol L' Tris
(hydroxymethyl) aminomethane-hydrochloric acid was used that contained also 30 mmol L sodium
hydrogencarbonate (Merck) (buffer A). To achieve higher ionic strength various salts were dissolved in
buffer A (buffer B). Tris, sodium hydrogencarbonate, sodium hydroxide and salts were purched from
Merck. The 4 mol L' ammonium nitrate eluent was prepared by dissolving 320.16 g of ammonium nitrate
in 1 L water. Ultrapure 18.2 MQ cm water was obtained by means of a Direct-Q 5 Ultrapure water system
(Millipore Watertown, MA, USA). A stock AI’* solution (100 pg Al mL™") was prepared in a 100 mL
calibration flask by dissolving 0.1388 g of aluminium nitrate-9-hydrate (Riedel-de Haén, Hannover,
Germany) in water. It was used for the preparation of calibration standard solutions for the determination of
the total concentration of Al in serum, for the spiking of serum samples and samples of standard proteins,
and for the study of AI’* behavior on all chromatographic supports used for the separations. Fresh working
standard solutions were prepared daily by dilution of stock solutions with water. A stock Al-citrat solution
(100 pg Al mL™") was made by mixing citric acid (Merck) and aluminium nitrate-9-hydrate in 100:1 citric
acid to Al molar ratio (Bantan et al., 1999). A formic acid and acetonitrile used for the identification of Tf
and citrate were HPLC grade quality (J.T. Baker, Deventer, Holland).

Chelex 100 (Na+ form, 100-200 mesh) chelating ion-exchange resin (Sigma) and a silica based
LiChrosorb RP-18 HPLC column (150 x 4.6 mm i.d.) were used for the purification of the eluents (Bantan
et al., 2001). For purification and preconcentration of Tf solutions a Centricon 30 YM-30 (Amicon,
Germany) 30 000 Da cut-off centrifugal filter device was used.

The certified serum sample, SeronormTM Trace Elements of Serum L-1, was obtained from Sero AS
(Billingstad, Norway).

Centricon 30 concentrators (Amicon, Beverly, MA, USA) with nominal cut-off 30 000 Da were used to
concentrate Tf fraction of serum before applying UPLC-ESI-MS.
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3.3 Recommended cleaning procedures

3.3.1 Laboratory ware, tubes, eluents and ICPMS system

To avoid contamination by extraneous Al, polyethylene or Teflon laboratory ware and tubes were used.
Teflon bottles were also used for rinsing solutions in the ICPMS system. Before use, all laboratory ware
and tubes for chromatographic separations and ICP determinations were treated with 10 % nitric acid for 48
h, rinsed well with MilliQ water and dried at room temperature. In order to reduce memory effects from
ICPMS system five rinses after each analysis of serum sample (the first rinse with 5 % nitric acid and the
following four with water) were applied. All eluents used in the chromatographic separations were
efficiently cleaned by the procedure that was previously optimised in our laboratory (Bantan et al., 1998;
Bantan et al., 1999; Bantan et al., 2001). The eluents were first subjected to chelating ion-exchange
chromatography (Chelex 100, Na+ form, batch procedure) and then passed through silica based reversed-
phase HPLC column.

3.3.2 Chromatographic supports

3.3.2.1 Superdex 75 10/30 GL column

The cleaning of the chromatographic support was performed at a flow rate of 1 mL min™. The column was
first rinsed with water for 15 min. Then 1 mL of 1 mol L sodium hydroxide was injected and the column
was rinsed with water for 15 min. A linear gradient elution from 100 % water to 100 % 2 mol L™ citric acid
was applied for 10 min, followed by 10 min of rinsing with 2 mol L™ citric acid. Then, a linear gradient
elution from 100 % 2 mol L™ citric acid to 100 % water was applied for 10 min. Rinsing the column with
water followed for the next 15 min. Finally, the equilibration of the column was performed by rinsing with
buffer A for 15 min. It was experimentally found, that the cleaning of Superdex 75 10/30 GL column
should be applied after five consecutive analysis of serum samples.

3.3.2.2 HiTrap desalting column

The cleaning of the column was usually performed at a flow rate of 5 mL min"'. When 2 mol L™ citric acid
was used in the cleaning procedure, a flow rate of 2 mL min" was applied. The column was first rinsed
with water for 10 min. Then, 1 mL of 1 mol L™ sodium hydroxide was injected, followed by 10 min rinsing
with water. After that, 5 min rinsing with 2 mol L™ citric acid was used, followed by 20 min rinsing with
water. The procedure with 2 mol L™ citric acid was repeated three times. At the end, the equilibration of the
column was performed by rinsing with buffer A for 10 min. It should be pointed out that by applying more
rigorous cleaning traces of Al could be eluted from the column resin, resulting in higher blanks.

3.3.2.3 CIM® DEAE disk

The cleaning of the CIM® DEAE disk was performed at a flow rate of 5 mL min™'. The disk was first rinsed
with 0.1 mL of 1 mol L' sodium hydroxide for 0.5 min followed by 5 min of rinsing with 0.2 mol L' Tris-
hydrochloric acid buffer (pH 7.4). After that the disk was rinsed with buffer A for 5 min. Then, 0.5 min of
rinsing with 2 mol L™ citric acid was applied. At the end, the equilibration of the disk was performed by
rinsing with buffer A for 10 min.

3.3.24 CIM® DEAE column

The cleaning of the chromatographic support was carried out at a flow rate of 5 mL min™. 5 min rinsing
with 1 mol L' sodium hydroxide was first applied. After application of sodium hydroxide more
concentrated buffer that used in separation procedure is required in order to regenerate the column support.
Then, 20 min of rinsing with 0.2 mol L' Tris-hydrochloric acid buffer (pH 7.4) followed. After that the
column was rinsed with buffer A for 20 min. Then, 8 min of rinsing with 2 mol L™ citric acid was applied.
At the end, the equilibration of the column was performed by rinsing with buffer A for 30 min. It should be
stressed that buffer A used in the cleaning procedures was cleaned as described in the Recommended
cleaning procedures (3.3.1). It was experimentally found that the cleaning of the CIM® DEAE column
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should be applied after seven consecutive analyses of serum samples.

3.3.2.5 FPLC Mono Q column

The cleaning of the column was generally performed at a flow rate of 1 mL min™. For the cleaning with 1
mol L™ sodium hydroxide a flow rate of 0.5 mL min™ was applied.

The column was first rinsed with 1 mol L™ sodium hydroxide for 8 min followed by 15 min of rinsing
with water. The procedure was applied twice. After that 10 min of rinsing with 2 mol L™ citric acid was
used. At the end the column was rinsed with water for 30 min.

3.4 Sample preparation

Venous blood (venous puncture) from transplanted renal patients was taken during clinical examination
after informed consent was obtained. It was collected into Al-free Becton-Dickinson vacutainers without
additives. Sample was centrifuged for 10 min at 855 g. Serum aliquots were transferred into 1 mL
polyethylene tubes with polyethylene pipette and stored in a freezer at -20 °C. Prior to analysis samples
were equilibrated to room temperature.

Standard proteins (5 g L™ of albumin, 1 g L™ of IgG and 0.5 g L of Tf) used for the optimization of
the analytical procedures for the separation of serum proteins at pH 7.4 were dissolved in buffer A. A
certified serum sample was reconstituted following the producer’s instructions.

In order to study the speciation of HMM-Al and LMM-AI compounds, spiked and unspiked serum
samples were used. The spiking of the serum was performed with 100 pL of AI** solution (Al-nitrate salt)
added to 3 mL of serum, so that the final concentration of Al in serum ranged from 10 to 300 ng mL™".
Spiked serum was left to equilibrate at room temperature for 5 hours (Bantan et al., 1998; Bantan et al.,
1999). Speciation of Al was then performed following the Recommended analytical procedures. It was
experimentally proven that freezing of samples did not influence the speciation of Al. The same results
were obtained when fresh or frozen serum samples were analysed.

For identification of Al binding protein, diluted (14+4) serum sample was injected onto the CIM® DEAE
column. The separation of serum proteins was performed and a fraction eluted under the Tf peak was
collected for a further UPLC-ESI-MS experiment. For this purpose, the fraction was processed through a
Centricon YM-30 (30 000 Da cutoff) centrifugal filter device (5000 g, 10 min at 4 °C) in order to exchange
the elution buffer by an aqueous solution and to reduce the final sample volume to 0.1 mL.

In order to identify the citrate in serum, 1 mL of undiluted serum was injected onto the HiTrap desalting
SEC column. The separation of proteins from LMM species was performed and the fraction from 5 min to
10 min was collected. After that the LMM fraction of serum was concentrated until the volume of the
fraction was reduced to 0.1 mL. Concentration was performed at 30 °C and at 1400 rpm.

3.5 Recommended analytical procedures

Sample preparation, chromatographic separations and determination of Al by ICPMS were carried out
under clean-room conditions (class 10000).

3.5.1 Superdex 75 10/30 GL column procedure

The separations were carried out by injecting 1 mL of undiluted serum sample onto the column. Isocratic
elution with buffer A was applied for 15 min. From 15 to 16 min linear gradient from 100 % buffer A to
100 % buffer B (buffer A+1 mol L™ ammonium chloride) followed. Elution with 100 % buffer B was kept
up to 29 min. From 29 to 30 min linear gradient from 100 % buffer B to 100 % buffer A continued. In the
following 10 min the column was equilibrated with buffer A. The chromatographic run was performed at a
flow rate of 1 mL min" and was followed by UV detection at 278 nm. The protein peak was collected from
7.5 to 13 min (5.5 mL) into a polyethylene sample cup and further subjected to anion-exchange
chromatography. The concentration of total Al in protein fraction was determined by ICPMS.
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3.5.2 HiTrap desalting column procedure

1 mL of undiluted serum sample was injected onto the column. Isocratic elution with 50 mmol L™ Tris-
hydrochloric acid buffer (pH 7.4) was applied for 10 min. The chromatographic run was performed at a
flow rate of 1 mL min". Two fractions were collected, protein peak from 0 to 5 min (5.0 mL) and the
fraction of LMM species from 5 min to 10 min (5.0 mL).

3.5.3 CIM® DEAE disk procedure

The protein fraction from Superdex 75 10/30 GL column was subjected to anion-exchange
chromatography. A 0.1 mL of the sample aliquot was injected onto a CIM® DEAE disk. The
chromatographic run was carried out at a flow rate of 1 mL min™. Linear gradient elution from 100 %
buffer A to 100 % buffer B was applied for 10 min. The disk was rinsed with 100 % buffer B for 0.5 min
and from 10.5 to 15 min with buffer A. To follow the separation of proteins the disk was connected on-line
to an UV detector. For quantification of separated Al species the disk was connected on-line to ICPMS.

3.5.4 CIM® DEAE column procedure

1 mL of serum sample was injected onto a column resin. Isocratic elution with buffer A containing 30
mmol L' sodium hydrogencarbonate was applied for the first 5 min, followed by a linear gradient for the
next 40 min from 0-100 % of buffer B (buffer A+1 mol L' ammonium chloride). A 10 min equilibration
with buffer A followed. The chromatographic run was performed at a flow rate of 1 mL min™. The eluate
from the CIM® DEAE column was passed through an UV detector (set at 278 nm) for protein monitoring
and was coupled with a sample uptake inlet of the Babington nebulizer of ICPMS used for the
quantification of separated Al species.

3.5.5 FPLC Mono Q column procedure

0.5 mL of aliquot of the LMM fraction was injected onto the column. Aqueous (0-100 % 4 mol L™
ammonium nitrate) linear gradient elution was applied for 10 min at a flow rate of 1 mL min™. The eluate
from the column was connected on-line to ICPMS. After each separation the column was regenerated for 5
min with 4 mol L' ammonium nitrate at a flow rate of 1 mL min™ and equilibrated with water firstly for 20
min at a flow rate of 2 mL min™'and in the following 5 min at a flow rate of 1 mL min".

3.5.6 UPLC-ESI-MS procedure

For the ESI-MS analysis of Tf it was necessary to clean and concentrate the reconstituted Tf fraction in
order to obtain the adequate charge distribution profile of protonated Tf molecules and its molecular mass.
The Tf standard (concentration 10 pmol L) and Tf fraction was analysed by UPLC-ESI-MS. 4 uL of
sample solution were injected on the VanGuardTM Pre-Column. The flow rate of 50 pL min™' of mobile
phases: A (water, 0.1 % formic acid) and B (acetonitrile, 0.1 % formic acid) was used in linear gradient B =
5 % to B = 85 % in 6 min. The elution time of Tf was 0.7 min and was twice as dead time of the LC
system.

For the identification of citrate, a LMM fraction of serum sample was concentrated. A 10 uL of sample
was injected onto the column of UPLC-ESI-MS system. Isocratic elution with mobile phase A (water, 0.1
% formic acid) was applied for 4 min. The chromatographic separation was performed at a flow rate of 200
pL min™'. Citrate was eluted from 1.0 to 2.0 min.
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4 Results and Discussion

4.1 Determination of the total Al in serum by ICPMS

Before analysis serum samples were diluted (1+4) with water and total Al concentrations were determined
by ICPMS under the optimal operating conditions given in Table 2. The same analytical procedure was
applied to determine Al concentrations in spiked standard serum proteins. The accuracy of the
determination of total Al was checked by the analysis of reference serum sample. The obtained results of
the determination of Al (7.1 + 0.6 ng mL™") showed good agreement with the certified value (7.6 + 0.7 ng
mL™), confirming the accuracy of the analytical procedure applied. Serum of three renal patients was
involved in the study. The concentration of total Al in serum samples investigated (mean of three parallel
analysis) was determined by the standard addition method.

First serum sample was used for the development of the analytical procedure for speciation of HMM-AI
compounds by anion-exchange CIM® DEAE disk. The concentration of Al was found to be 4.0 + 0.2 ng
mL"~". This concentration was too low to perform speciation analysis. Therefore, samples were spiked with
AI’* solution, so that the final concentration of Al in spiked serum ranged between 50 and 300 ng mL™" Al

The concentration of Al in second serum sample investigated was found to be 5.7 + 0.4 ng mL". In
order to optimize the parameters for the separation of serum proteins by the use of anion-exchange CIM®
DEAE column samples were spiked with 10 ng mL™" Al

The third serum sample was used for the development of the analytical procedure for the reliable
separation of HMM-ALI species from LMM-AI compounds in serum by HiTrap desalting SEC column. The
concentration of Al was found to be 2.6 + 0.3 ng mL". In this study serum samples were spiked with 150
and 300 ng mL™" Al

4.2 Development of the analytical procedure for speciation of HMM-AI
compounds in spiked serum by combining SEC and anion-exchange
CIM” DEAE disk

4.2.1 Optimization of the parameters for the separation of serum proteins by the use of
CIM® DEAE disk-UV-ICPMS

To separate HMM-AI compounds from LMM-ALI species in serum, SEC was first applied. Isocratic elution
with buffer A, pH 7.4, as described in 3.5.1 was applied. Proteins were eluted from 7.5 to 13 min. The 5.5
mL protein peak was collected into a polyethylene cup (sample diluted 5.5 times).

In order to investigate the separation of serum proteins by anion-exchange CIM® DEAE disk synthetic
solutions of the standard proteins IgG, Tf, albumin and their mixture were prepared (5 g L' of albumin, 1 g
L"' of IgG and 0.5 g L' of Tf). As an eluent ammonium chloride that enables both UV and ICPMS
detection was chosen. Furthermore, ammonium chloride does not form any complexes with Al and
therefore has no influence on Al speciation during the chromatographic run. First strong anion-exchange
CIM® quaternary amine (QA) disk was used. 0.1 mL of standard proteins was injected onto the disk and
linear gradient elution from 100 % buffer A to 100 % buffer B preformed in 10 min. Results indicated that
separation was not selective enough since albumin and Tf were eluted under the same chromatographic
peak. Therefore, the potential of a weak anion-exchange CIM® DEAE disk was further investigated. First
the influence of ionic strength of the eluent (0.25, 0.5 and 1 mol L' ammonium chloride) was examined.
0.1 mL of standard proteins was injected onto the disk and linear gradient elution from 100 % buffer A to
100 % buffer B was applied in 10 min. Separation with 0.25 and 0.5 mol L ammonium chloride resulted
in the broadening of chromatographic peaks, while by the use of 1 mol L ammonium chloride well
resolved chromatographic peaks of IgG, Tf and albumin were obtained. The optimal concentration of
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ammonium chloride was therefore 1 mol L. In further experiments 0.1 mL of standard proteins was
injected onto the disk and different times of gradient elution were examined (5, 7.5 and 10 min).
Experimental data indicated that the best resolution of chromatographic peaks was obtained when gradient
elution in 10 min was applied. Finally, the influence of a sample volume loaded on the disk was observed
(0.02, 0.05, 0.1, 0.2 and 0.5 mL sample loops). Chromatographic peaks were well resolved using 0.02 up to
0.1 mL sample loop, while the application of higher sample volume resulted in broadening and overlapping
of the chromatographic peaks. To obtain a better limit of detection, 0.1 mL sample loop was therefore used
and separation of proteins performed under the optimal conditions described in 3.5.3.

A combined procedure including removal of LMM compounds from proteins on SEC column followed
by separation of protein fraction on CIM® DEAE disk was then applied at optimal separation conditions.
Chromatographic separations were followed by UV detection at 278 nm. The chromatograms for the
mixture of standard proteins are presented in Figure 3 and for serum in Figure 4. Data of Figures 3 A and 4
A indicate that a protein peak is eluted from SEC column between 7.5 and 13 min in the mixture of
standard proteins as well as in serum sample. It may be further seen from Figures 3 B and 4 B that good
separation of IgG, Tf and albumin is obtained in protein fraction on CIM® disk. This is evident for a
mixture of standard proteins (Figure 3 B) and also for a protein fraction of a serum sample (Figure 4 B). On
the basis of data from Figures 3 and 4 it is evident that the proposed analytical procedure enables good
separation of serum proteins.
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Figure 3: Separation of a standard solution of proteins at a flow rate of 1 mL min”' followed by UV detection at
278 nm. 1 mL of sample containing 25 g L' of albumin, 5 g L' of IgG and 2.5 g L' of Tf was first injected onto
the SEC column (A). A protein peak was collected from 7.5 to 13 min (5.5 mL). 0.1 mL aliquot of a protein peak
was then injected onto the CIM® DEAE disk (B).
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Figure 4: Separation of a serum at a flow rate of 1 mL min followed by UV detection at 278 nm. 1 mL of sample
was first injected onto the SEC column (A). A protein peak was collected from 7.5 to 13 min (5.5 mL). 0.1 mL
aliquot of a protein peak was then injected onto the CIM® DEAE disk (B).
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4.3 Speciation of HMM-ALI species in spiked serum by combining SEC and
CIM® DEAE disk-ICPMS

Once the separation of serum proteins was optimised, speciation of Al in spiked serum was investigated by
combining SEC and CIM® DEAE-ICPMS. To obtain on-line ICPMS detection, the outlet of the CIM® disk
was directly connected to the Babington nebuliser of ICPMS. The advantage of the use of Babington
nebuliser is its ability to operate at a flow rate of 1 mL min™ that is the same as applied in the separation of
proteins on CIM® disk. In addition, Babington nebuliser is capable of introducing samples with high salt
contents into ICPMS. The study was first performed by the use of standard serum proteins (5 g L™ of
albumin, 1 g L' of IgG and 0.5 g L of Tf). Standard serum Tf as well as the mixture of standard serum
proteins were spiked with 100 ng mL" of Al 0.1 mL of spiked samples were injected onto the CIM®
DEAE disk coupled on-line with ICPMS. Results are presented in Figure 5. It is evident that the shape and
the elution profile of Al are the same in the Tf-spiked sample (Figure 5 A) and in the mixture of spiked
standard proteins (Figure 5 B). In both chromatograms Al was eluted under the chromatographic peak of
Tf. These observations confirmed again that Tf is the only serum protein that binds Al. For calibration in
speciation analysis of Al, standard serum Tf (0.5 g L) was spiked with 10, 20, 50, 100 and 150 ng mL™" of
Al 0.1 mL of spiked samples were then injected onto the CIM® DEAE disk coupled on-line with ICPMS.
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Figure 5: Separation of standard serum Tf (0.5 g L) spiked with 100 ng mL" Al (A) and a mixture of standard
serum proteins (5 g L' of albumin, 1 g L of IgG and 0.5 g L of Tf) spiked with 100 ng mL" Al (B) on a CIM®
DEAE disk followed by ICPMS detection.
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In order to check the linearity of developed analytical procedure the standard serum Tf was spiked with
10, 20, 50, 100 and 150 ng mL™" Al Figure 6 represents overlay chromatograms of spiked standard serum
Tf. A calibration curve was done on the basis of the peak area. A linear response of the calibration curve
was obtained with correlation coefficient, R*=0.998.
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Figure 6: Overlay chromatograms of standard serum Tf (0.5 g L") spiked with 10, 20, 50, 100 and 150 ng mL"’
of Al. Speciation was performed by CIM® DEAE-ICPMS procedure.

In Figure 7 three consecutive speciation analysis of a standard serum Tf (0.5 g L") spiked with 20 ng
mL" of Al are presented. The speciation was carried out by CIM® DEAE-ICPMS. Data indicate that
consecutive chromatographic separations are repeatable.
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Figure 7: Consecutive speciation analysis of standard serum Tf (0.5 g L") spiked with 20 ng mL" of Al

Speciation was carried out by CIM® DEAE-ICPMS procedure.

A combined procedure including SEC pre-separation of proteins and speciation of Al in the protein

fraction by CIM® DEAE-ICPMS was then performed on a spiked serum. Analyses were done under
analytical procedures described in 3.5.1 and 3.5.3. As an example of these analyses overlay chromatograms
of spiked serum with 50, 100 and 300 ng mL™" of Al are shown in Figure 8. The chromatograms in Figure 8
represent speciation of Al by CIM® DEAE-ICPMS procedure after pre-separation of LMM-AI complexes
by SEC. On the basis of the elution time between 2 and 3.5 min it is evident that Al is eluted under the Tf
peak.
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Figure 8: Speciation of Al by CIM DEAE-ICPMS in spiked serum after pre-separation of LMM-Al complexes by
SEC. Overlay chromatograms represent spiked serum with 50, 100 and 300 ng mL" Al

For quantification of the separated Al species by SEC in combination with CIM® DEAE-ICPMS, the
following procedure was applied. A serum sample was spiked with different concentrations of Al. Total Al
in spiked serum was determined by ICPMS. Then 1 mL of serum was subjected to SEC to separate LMM-
Al species from proteins. Protein fraction was collected between 7.5 to 13 min and the concentration of Al
in the protein peak was determined by ICPMS. After that 0.1 mL sample aliquot of the protein peak was
injected onto CIM® DEAE disk coupled to ICPMS and speciation analysis was performed. Al species
bound to Tf were quantified on the basis of the peak area. In order to prepare a calibration curve, standard
serum Tf was spiked with Al and CIM® DEAE-ICPMS speciation procedure was applied. The results are
presented in Table 3.

Table 3: Quantification of Al species in spiked serum samples.

ICPMS SEC, ICPMS HMM-ALI CIM® DEAE-ICPMS | HMM-AI species
concentrations concentration of species (%) concentration of Al bound to Tf
of Al in spiked | HMM-AI species bound to Tf (%)

serum (ng mL'l) (ng mL'l) (ng mL'l)
49.8+0.9 45.1+09 91 £2 442 £0.8 98 £2
50.2+0.9 45209 90 £2 434 +£0.8 96 £2
98 £2 91 £2 93+2 88 +2 97 £2
97 £2 852 88 £2 832 96 £2
256 £ 5 2335 91 £2 226 £ 6 97 £2
285+6 254 £ 6 89 +2 246 £ 6 97 +£2

Data of Table 3 indicate that, on the SEC column, in all spiked samples investigated 90 + 3 % of Al is
eluted as HMM-ALI species (Al bound to proteins). Speciation analysis of the protein fraction by CcM®
DEAE-ICPMS furthermore confirmed that 97 + 2 % of Al of the protein fraction is eluted exclusively
under the elution volume of the Tf peak. This findings are in agreement with the reported literature data
(Soldado Cabezuelo et al., 1997; Soldado Cabezuelo et al., 1998; Nagaoka et al., 2000; Kralj et al., 2004).
The proposed speciation procedure removes LMM-AI species and enables reliable determination of the
concentration and composition of Al bound to proteins by CIM® DEAE-ICPMS when the concentration of

Al in serum is higher than 5 ng mL"".



26 Results and Discussion

4.4 Development of the analytical procedure for speciation of HMM-AI
species in unspiked serum by anion-exchange CIM® DEAE column

4.4.1 Optimization of the parameters for the separation of serum proteins by the use of
CIM® DEAE column-UV-ICPMS

In order to optimize the analytical procedure for the separation of serum proteins, a synthetic solution of
standard proteins IgG, Tf and albumin (5 g L of albumin, 1 g L™ of IgG and 0.5 g L™ of Tf) was prepared
in buffer A. The concentration of standard serum proteins was similar as in the five times diluted human
serum. Our previous investigations on s%)aration of HMM-ALI species in human serum demonstrated that
the main advantages of the use of CIM~ DEAE monolithic disk (Murko et al., 2007) in comparison to
Mono Q FPLC column (Kralj et al., 2004) are its robustness and speed of the analysis. Beside disks, CIM®
DEAE monolithic supports are also available in column packings with higher binding capacity which
enables the injection of higher sample volumes. Therefore, the potential for the use of CIM® DEAE column
was investigated in order to lower the detection limit for speciation of HMM-AI in human serum. It was
experimentally proven that the maximal sample volumen injected onto the CIM® monolithic column that
enables efficient separation of serum proteins was 1 mL of diluted serum sample (1 + 4). This amount is
two times higher than the maximal serum sample volume injected onto the FPLC particle packed columns
(Soldado Cabezuelo et al., 1997; Soldado Cabezuelo et al., 1998; Nagaoka and Maitani, 2000; Kralj et al.,
2004) and ten times higher than the volume injected on the CIM® disk (Murko et al., 2007). For the
separation of standard serum proteins the followiné procedure was applied. 1 mL of synthetic solution of
standard serum proteins was injected onto the CIM™ DEAE column. As eluent ammonium chloride (1M) at
pH 7.4 (buffer B) was applied. Optimization of chromatographic parameters indicated that the best
resolution among standard serum proteins was achieved when after 5 min of isocratic elution with buffer A,
a linear gradient elution from 100 % buffer A to 100 % buffer B in 40 min at a flow rate of 1 mL min™ was
applied. The separation of proteins was followed on-line by UV detection at 278 nm, while Al was detected
by ICPMS. Figure 9 shows the separation of standard serum proteins on CIM® DEAE column under the
optimised chromatographic procedures. As it can be seen from Figure 9 A, a good resolution among IgG,
Tf and albumin was obtained on CIM® DEAE column. It is evident from the elution profile of Al (Figure 9
B), that Al was eluted at the elution time of Tf. In order to determine the concentration of Al bound to Tf,
standard serum Tf was spiked with 1, 2, 5, 10, 20 ng mL"! of Al Linearity of measurement, within this
concentration range, was obtained with a correlation coefficient better than 0.998. The concentration of Al
in sz}mple from Figure 9 B was calculated on the basis of the peak area and was found to be 3.0 + 0.2 ng
mL".
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Figure 9: Separation of standard serum proteins by anion-exchange CIM® DEAE column using UV (278 nm)
and ICPMS detection. (A) UV chromatogram and (B) Al elution profile.

4.4.2 Distribution of Al-citrate and ionic Al on the CIM® DEAE column at pH 7.4

Citrate occurs in human serum at a concentration of about 0.1 mmol L™ and is considered to be one of the
major LMM-AI binding ligands in human serum (Milac¢i¢, 2005). At physiological pH it is present as
negatively charged complex that is strongly retained by the anion-exchange chromatographic supports
(Bantan et al., 1998; Bantan et al., 1999). In serum samples exists the possibility of co-elution of negatively
charged LMM-AL species (Bantan et al., 1999) with serum proteins. Therefore, it is necessary to examine
the behaviour of Al-citrate on the CIM® DEAE column prior to the speciation analysis of Al bound to
proteins. It is also important to know the behaviour of ionic Al that may be present as a contaminant in
eluents and chromatographic supports. For this purpose synthetic solutions of Al-citrate and Al-nitrate (10
ng mL" of Al) were prepared in buffer A at physiological pH of 7.4. The separation was performed under
the optimized CIM® DEAE chromatographic procedure. Al elution profiles are presented in Figure 10.
Data from Figure 10 indicate that under the chromatographic conditions applied Al-citrate and ionic Al (Al-
nitrate) are eluted as broaden peaks from 25 to 45 min and do not overlap with the elution profile of Al
bound to Tf. It was experimentally proven that the shape of chromatographic peaks was the same after
several consecutive injections of Al-citrate or Al-nitrate. Based on these observations it was presumed that
pre-separation of LMM-AI complexes prior to speciation analysis of HMM-AI was not necessary.
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Figure 10: The Al elution profiles obtained for the separation of Al-citrate and Al-nitrate (10 ng mL" of Al) on
the CIM® DEAE column.

However, to confirm this presumption, unspiked and spiked (10 ng mL™" Al) serum samples were injected
onto the SEC column and the separation of Al species was performed following the Recommended
analytical procedure described in 3.5.4. Proteins were eluted in 5 mL chromatographic peak (Kralj et al.,
2004; Murko et al., 2007) from 7.5 to 12.5 min and were separated from LMM-AI species. The protein
peak was collected (sample diluted five times) and further processed for protein separation using CIM®
DEAE procedure. The same experiment was performed on unspiked and spiked serum samples without
prior separation of LMM-AI from HMM-ALI species, using only CIM® DEAE procedure. The Al elution
profiles obtained by ICPMS are presented in Figure 11. It can be seen that the elution profiles for unspiked
and spiked serum samples are the same for the two procedures when the speciation of Al by CIM® DEAE-
ICPMS was applied after pre-separation of LMM-AI complexes by SEC (Figure 11 A) or when the
speciation of Al was performed only by CIM® DEAE-ICPMS (Figure 11 B). Furthermore, on the basis of
the elution time Al species separated corresponded to Al bound to Tf. Their concentrations determined on
the basis of the peak area also indicate that there are no differences between the two procedures applied. Al
concentrations in unspiked and spiked serum applying SEC and CIM® DEAE were 5.1 + 0.4 ng mL" and
15.4 + 0.6 ng mL"', while those obtained by the use of CIM® DEAE only, were found to be 5.2 + 0.4 ng
mL" and 153 + 0.6 ng mL™, respectively. These data proves that when the Recommended analytical
procedure (3.5.4) for speciation of HMM-ALI in serum by CIM® DEAE is applied, the pre-separation of
LMM-AI complexes by SEC is not necessary.
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Figure 11: The Al elution profiles for the speciation of Al in unspiked (1 + 4) and spiked serum samples (1 + 4,
spike after dilution 2 ng mL"' Al) when (A) CIM® DEAE-ICPMS was applied after pre-separation of LMM-Al
species by SEC or (B) when only CIM® DEAE-ICPMS was used.

4.4.3 Elimination of extraneous contamination with Al

Due to the very low concentrations of Al in serum and the high environmental abundance of Al, there is a
high risk of contamination during all steps of the analytical procedure. Appropriate handling of samples
and efficient cleaning procedures (see 3.3 Recommended cleaning procedures) should be therefore applied
to perform reliable speciation analysis of Al in human serum at normal concentration levels. After the use
of appropriate cleaning of the laboratory ware, tubes and eluents, the concentrations of Al in all eluents
determined by ICPMS were below 0.01 ng mL™. Furthermore, it is of paramount importance to efficiently
clean the chromatographic supports as well. When the cleaning of chromatographic supports exactly
followed the Recommended cleaning procedures (3.3), extremely low blanks were obtained during the
chromatographic separation. The Al elution profiles for serum (diluted 14+4) and blank sample that are
presented in Figure 12 clearly demonstrate that the overall cleaning procedure is extremely efficient. It was
experimentally found that after each cleaning of CIM® DEAE column, three blank samples should first be
injected to obtain a reproducible and low blank chromatogram as presented in Figure 12. Al that contributes
to the blank value of the overall analytical procedure is eluted as a broaden peak from 25 to 45 min and
does not overlap with the elution profile of Al bound to Tf. Based on data from Figure 10 it may be
presumed that Al impurities corresponded to ionic Al species. It should be stressed that the chemical and
chromatographic stability of methacrylate-based monolithic anion-exchange DEAE column (Vidi¢ et al.,
2007), enabled a rigorous cleaning of the chromatographic supports. Low blank as presented in Figure 12
are essential to perform speciation analysis of Al in human serum at normal concentration levels.
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Figure 12: The Al elution profiles for the separation of unspiked serum (1 + 4) and blank sample after overall
cleaning procedure. The peak of Al in unspiked serum sample (1 + 4) corresponds to 1.04 ng mL" of Al

4.5 Speciation of HMM-Al species in unspiked serum by CIM® DEAE
column-ICPMS

Serum sample that contained 5.7 + 0.4 ng mL" of total Al was diluted (1+4) with buffer A and the
speciation of HMM-AL species was performed by CIM® DEAE-ICPMS. The concentration of Al bound to
Tf was determined by the standard addition method. Al species bound to Tf was quantified on the basis of
the peak area and was found to be 5.2 + 0.4 ng mL"'. Speciation analysis of serum by CIM® DEAE-ICPMS
procedure confirmed that 91 + 7 % of Al is bound to Tf. To the best of our knowledge, this is the first time
that quantitative determination of HMM-Al was performed in unspiked human serum at normal
concentration levels. Excellent selectivity, high capacity and extreme robustness of CIM® DEAE column
that allowed efficient cleaning of the chromatographic support, enabled in combination with ICPMS
reliable quantification of Al in serum bound to Tf. This study confirmes that the percentage of Al bound to
Tf at normal serum concentration levels is the same as found for spiked serum samples by Medel’s
(Soldado Cabezuelo et al., 1997) and by our group (Kralj et al., 2004; Murko et al., 2007). Similar
confirmation of Al binding to Tf in unspiked serum of renal patients with elevated Al concentrations was
reported by Medel’s group (Soldado Cabezuelo et al., 1997; Soldado Cabezuelo et al., 1998) as well. The
data on the speciation of Al at normal concentration levels may also serve as a basis for computational
investigations (Exley et al., 2007; Beardmore and Exley, 2009).

4.5.1 Repeatability and limits of detection and quantification

The repeatability of the developed CIM® DEAE-UV-ICPMS procedure was tested for six consecutive
separations of unspiked serum. Figure 13 shows UV chromatograms and Al elution profiles for six
consecutive injections of unspiked serum. Good repeatability of consecutive chromatographic separations
was obtained. The concentration of Al bound to Tf was determined by the standard addition method on the
peak area basis. The average concentration of six consecutive separations was found to be 5.2 = 0.4 ng mL
"of Al. The RSD of 8.6 % for such low Al concentrations is also a great benefit of the developed analytical
procedure.

The limit of detection was calculated as the concentration that provides a signal (peak area) equal to 3s of
the blank sample in the chromatogram. It was found to be 0.15 ng mL™" of Al bound to Tf.

The limit of quantification was calculated as the concentration that provides a signal (peak area) equal to
10s of the blank sample in the chromatogram. It was found to be 0.49 ng mL™' of Al bound to Tf.
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Figure 13: Six consecutive separations of unspiked human serum (1 + 4) on CIM® DEAE column with UV and
ICPMS detection. (A) UV chromatogram and (B) Al elution profile.

4.6 Identification of Al binding protein

In order to prove that HMM-AI species in serum corresponded exclusively to Al-Tf the separation of serum
sample was performed by CIM® DEAE procedure. The fraction eluted under the retention volume of Tf
was collected, cleaned/preconcentrated and Tf in reconstituted solution was identified by UPLC-ESI-MS.
Tf standard (1 A and 1 B) and serum Tf (2 A and 2 B) are presented in Figure 14. Figure 1 A represents
ESI-MS peaks of serum Tf standard from m/z 2211 ([M+36H]36+) to m/z 3460 ([M+23H]23+) with the
charge distribution having the maximum at [M+28H]28+ (m/z 2842.4), while in Figure 1 B deconvoluted
mass spectra of Tf standard (M=79756 Da) is presented. Figures 2 A and 2 B represent the ESI-MS data of
serum Tf fraction collected from CIM® DEAE column at the same elution volume as Al detected by
ICPMS. Data presented in Figure 14 confirmed that Tf is the only protein that binds Al in human serum.
This confirmation is in agreement with previously reported data obtained by SDS-PAGE (Wrébel et al.,
1995; Kralj et al., 2004).
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Figure 14: UPLC-ESI-MS analysis of Tf standard (1 A and 1 B) and human serum Tf after separation on CIM®
DEAE column (2 A and 2 B). (A) ESI-mass spectrum, (B) deconvoluted mass spectrum.

Identification of Al-binding protein was also performed by SDS-PAGE electrophoresis. The same as for
identification by UPLC-ESI-MS the separation of serum sample was performed by the CIM® DEAE
procedure. The fractions eluted under the retention volume of IgG, Tf and albumin were collected and
subjected to the SDS-PAGE electrophoresis. Data from these investigations are presented in Figure 15.
From left to right IgG fraction, IgG standard, four fractions of Tf, albumin fraction and albumin standard
are presented. As it can be seen from Al elution profiles obtained for serum sample (Figure 9 B) Al bound
to proteins is eluted at the elution time corresponding to the Tf. It is clear that in the 4 fractions collected
under the peak of Tf exclusively Tf was present. The results confirmed again that Tf is the only HMM-Al
species present in human serum. Further, these data also confirmed efficient separation of Tf from other
serum proteins on the CIM® DEAE column.
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Figure 15: SDS-PAGE electrophoresis of standard serum proteins (IgG, Tf, albumin) and selected fractions
of a human serum. Fractions of serum sample were collected under the retention volume of 1gG, Tf and
albumin after separation at anion-exchange CIM® DEAE column.

4.7 Development of the analytical procedure for the reliable separation of
HMM-AI species from LMM-Al compounds in serum

4.7.1 Optimization of the analytical procedure for the separations of serum proteins
from LMM compounds by the use of HiTrap desalting SEC column and FPLC-
UV-ICPMS

To separate serum proteins from LMM species SEC using the HiTrap desalting column was applied. 1 mL
of a synthetic solution of standard proteins IgG, Tf and albumin (25 g L of albumin, 5 g L™ of IgG and 2.5
g L™ of Tf) prepared in buffer A was injected onto the column. The chromatographic run was carried out at
a flow rate of 1 mL min™. Isocratic elution using 50 mmol L™ Tris-hydrochloric acid buffer was applied for
10 min (3.5.2). The separation of proteins was followed on-line by UV detection at 278 nm, while Al was
detected by ICPMS. The UV chromatogram of a synthetic solution of standard proteins IgG, Tf and
albumin separated on the HiTrap desalting SEC column is presented in Figure 16 A. It is evident that
proteins were eluted in one peak from 1.5 to 4 min. The same chromatographic conditions were used for
the separation of undiluted serum. The UV chromatogram is presented in Figure 16 B. As it can be seen
from Figure 16 B proteins were separated from 1.5 min to 5 min, while LMM species present in serum
were eluted from 7 to 10 min. Figure 16 C shows Al elution profiles obtained for the synthetic solution of
standard proteins (IgG, Tf and albumin) and undiluted serum. It can be seen from the elution profiles that
the majority of Al in serum was eluted at the elution time corresponding to HMM compounds. In order to
prove that LMM compounds present in serum did not co-elute with proteins it was necessary to examine
the behaviour of Al-citrate on the HiTrap desalting SEC column. For this purpose a synthetic solution of
Al-citrate (10 ng mL™" Al) was prepared in 50 mmol L™ Tris-hydrochloric acid buffer (pH=7.4). The
separation of Al species was performed following the Recommended analytical procedure (3.5.2). The
elution profile for Al-citrate is presented in Figure 16 C. It can be seen from Figure 16 C that Al-citrate was
eluted from the HiTrap desalting SEC column as LMM species from 5 to 8 min. Data from Figure 16
confirmed that the proposed chromatographic separation efficiently separates proteins from LMM
compounds in serum.
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Figure 16: Separation of the mixture of standard serum proteins, undiluted serum and Al-citrate (10 ng mL" Al)
on a HiTrap desalting SEC column with UV and ICPMS detection: (A) UV chromatogram of the mixture of
standard serum proteins, (B) UV chromatogram of undiluted serum, (C) Al elution profiles for the separation of
the mixture of standard serum proteins, undiluted serum and Al-citrate.

In order to ensure that the separation of serum on the HiTrap desalting SEC column does not have an
influence on the further speciation of HMM-AI and LMM-AL species, serum spiked with 300 ng mL™" Al
was injected onto the HiTrap desalting SEC column and separation was performed following the
Recommended analytical procedure (3.5.2) by the use of 50 mmol L Tris-hydrochloric acid buffer
(pH=7.4). On the basis of previous observations (Figure 16), the protein peak was collected from O to 5
min, while the fraction of LMM compounds was collected from 5 to 10 min. Since 1 mL of serum was
injected onto the HiTrap desalting SEC column HMM and LMM fractions after separation were diluted
five times. Speciation of HMM-ALI species was examined by applying a 0.1 mL aliquot of protein fraction
onto the CIM® DEAE disk. The chromatographic procedure was performed as described under the
Recommended analytical procedure (3.5.3). The elution profiles of separated proteins followed by UV and
Al by ICPMS detection are presented in Figure 17. As expected, Al was eluted under the Tf peak. These
data are in agreement with our previous observations (Kralj et al., 2004; Murko et al., 2007; Murko et al.,
2009). In addition, experimental data obtained by CIM® DEAE disk-ICPMS procedure (Figure 17) proved
that the separation of serum on the HiTrap desalting SEC column did not influence the speciation of HMM-
Al species.
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Figure 17: Separation of spiked serum (300 ng mL” of Al) by anion-exchange CIM® DEAE disk using UV
(278 nm) and ICPMS detection. (A) UV chromatogram and (B) Al elution profile.

In the LMM serum fraction eluted from HiTrap desalting SEC column (collected from 5 to 10 min) the
speciation of LMM-AI compounds was performed by the use of anion-exchange FPLC. A 0.5 mL aliquot
of the LMM fraction was injected onto the column and chromatographic separation was accomplished
following the Recommended analytical procedure (3.5.5). The elution profile of Al obtained by ICPMS is
presented in Figure 18. In the same figure elution profile of synthetic solution of Al-citrate (10 ng mL™" Al,
pH=7.4) is overlied. It can be seen from Figure 18 that the majority of LMM-ALI species in serum were
eluted at the elution time corresponding to Al-citrate. The small LMM-AI peak from serum fraction can
also be observed at around 2 min, presumably corresponding to Al-phosphate (Bantan et al., 1999; Bantan
et al.,, 2001). Experimental results obtained by FPLC-ICPMS procedure (Figure 18) proved that the
separation of serum on the HiTrap desalting SEC column did not influence the speciation of LMM-AI
species.
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Figure 18: Al elution profiles obtained for the speciation of LMM-Al compounds in serum and for separation of
Al-citrate (10 ng mL™" Al) on the anion-exchange FPLC column.

In order to study the distribution between HMM-AIl and LMM-ALI species in serum, a serum sample that
contained 2.6 + 0.3 ng mL" of total Al was spiked with AI’* solution (150 and 300 ng mL™" Al). Unspiked
and spiked serum were injected onto the HiTrap desalting SEC column and the separation of HMM from
LMM compounds was performed following the Recommended analytical procedure (3.5.2). Total Al and
concentrations of Al in separated HMM and LMM fractions were determined by ICPMS. The results of
determination of Al are presented in Table 4.

Table 4: Distribution of Al species in unspiked and spiked serum samples analysed by combination of SEC
separation and ICPMS detection.

Sample Total Al HMM-ALI fraction | LMM-AL fraction | HMM-AI species
) ] -1
(ng mL™) (ng mL™) (ngmL") (%)
serum 2.6+0.2 24+0.2 0.2+0.03 92 +8
serum + 150 ng mL™" Al 157+6 149 +£5 7.8+04 95+3
serum + 300 ng mL " Al 305+6 284+ 6 22.6 +0.8 93+2

Data in Table 4 indicate that in all samples investigated 93 + 4 % of Al is eluted as HMM-ALI species
(Al bound to proteins) and that the remaining Al corresponds to LMM-AIl compounds. These findings are
in agreement with previous reported literature data (Soldado Cabezuelo et al., 1997; Kralj et al., 2004;
Murko et al., 2007; Murko et al., 2009).

Since there was enough evidence that HMM-AI was exclusively bound to Tf (Soldado Cabezuelo et al.,
1997; Kralj et al., 2004; Murko et al., 2007; Murko et al., 2009), identification of Al species was further
performed in a LMM serum fraction. For this purpose, the UPLC-ESI-MS technique was applied. Due to
low concentration of citrate in the collected serum fraction, vacuum assisted concentration was used before
UPLC-ESI-MS analysis. UPLC-ESI-MS was performed as described in the Recommended analytical
procedure (3.5.6). The same procedure was used for the analysis of matrix matched citrate solution. For this
purpose the LMM fraction of serum was spiked with a synthetic solution of citric acid (30 ng uL™). Figure
19 shows ESI-mass spectra for the matrix matched citrate solution (30 ng uL™") and for the concentrated
LMM fraction of serum. In the mass spectrum of matrix matched citrate solution (19 A) a peak with m/z
191 which corresponds to deprotonated citric acid was present. The same peak with m/z 191 was observed
in the mass spectrum of concentrated serum LMM fraction (19 B). These data confirmed the presence of
citrate as a LMM binding ligand.
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Figure 19: ESI-mass spectra for (A) matrix matched citrate solution (30 ng uL) and (B) concentrated LMM
fraction of serum.

After confirming that citrate, as a major serum LMM compound that binds Al was present in the LMM
serum fraction, speciation of unspiked and spiked serum (150 and 300 ng mL" Al) was performed by the
FPLC-ICPMS procedure as described in (3.5.5). Overlays of separated Al species are presented in Figure
20. It should be considered that concentrations of Al in the LMM fraction were low, since only about 10 %
of total Al in unspiked and spiked serum corresponded to LMM species (see data in Table 4). In addition,
the LMM fraction represented five times diluted serum. Thus the elution profile of LMM-AI in unspiked
serum represents about 0.05 ng mL™ of Al and is almost overlapped with the column blank. Elution profiles
of LMM-AI in spiked serum (150 and 300 ng mL" Al) represent about 1.5 and 4.5 ng mL" Al,
respectively. It may be seen from Figure 20 that Al is eluted in two peaks (from 1.5 to 2.8 min and from 2.8
to 4.8 min). Based on the data of present research and the outcomes of our previous investigations (Bantan
et al., 1999; Bantan Polak et al., 2001) as well as on the theoretical computational data in the group of Kiss
(Lakatos et al., 2001) it may be presumed that the peaks eluted from 1.5 to 2.8 min correspond to Al-
phosphate, while the peak from 2.8 to 4.8 min to Al-citrate and ternary Al-citrate-phosphate species. The
rapidness and reliability of the developed analytical procedure represent promising tools for the
investigations of kinetics of Al binding to Tf.
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Figure 20: Speciation of LMM-AI species by anion-exchange FPLC-ICPMS in unspiked and spiked (150 and 300
ng mL” of Al) serum after separation of HMM-AI species from LMM-Al species by SEC.
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5 Conclusions

Al is not considered to be an essential element in humans. It has been implicated as a toxic factor in a
number of human diseases especially in subjects with renal failure. Al bioavailability depends on its
chemical forms present in human serum. Speciation analysis may contribute important information for
understanding of the mechanism of Al toxicity, its transport through human body and its accumulation in
target organs. Therefore, reliable speciation procedures are needed to quantify and identify HMM and
LMM Al species present in human serum.

The developed analytical procedure combining SEC and anion-exchange CIM® DEAE disk with
ICPMS and UV detection enables reliable determination of the concentration and the composition of the
HMM-ALI species in spiked human serum. The use of ammonium chloride as an eluent in gradient elution
enables fast and selective separation of IgG, Tf and albumin in 10 min. The results confirmed that about 90
% of Al in spiked serum was eluted under the Tf peak. This is in agreement with observations of other
researchers and previous work in our group where anion-exchange FPLC column was applied. Therefore,
CIM® monolithic disks can be used as a complementary separation support to FPLC columns for the
speciation of Al-binding proteins in human serum. In comparison to FPLC chromatographic columns CIM®
disks enable faster separation and simpler manipulation during the cleaning procedure as well as simpler
coupling to ICPMS. An additional advantage is also that the price of disks is much lower than that of the
FPLC columns. The novelty in separation represents the application of ammonium chloride as an eluent
that enables both UV and ICPMS detection. Furthermore, ammonium chloride does not form any
complexes with Al and therefore has no influence on Al speciation during the chromatographic run.

Combination of anion-exchange CIM® DEAE monolithic column with UV and ICPMS detection
enabled quantitative and reliable determination of the composition and content of HMM-ALI species in
human serum at very low concentrations (LOQ 0.49 ng mL™ of Al). To the best of our knowledge, this is
the first report on quantitative determination of HMM-AI in unspiked human serum at normal
concentration levels. Extreme robustness of the CIM® DEAE column that allowed efficient cleaning of
chromatographic support and effective cleaning of eluents considerably lowered the blanks. High capacity
and good selectivity of CIM® monolithic column enabled, in combination with ICPMS, reliable
quantification of Al in serum bound to Tf. Tf was identified on the basis of the retention volume and also
by the UPLC-ESI-MS. The present study confirmed that the percentage of Al bound to Tf at normal serum
concentration levels is about 90 % and is the same as previously reported for spiked and unspiked human
serum with elevated Al concentrations. The data on the speciation of Al at normal concentration levels
represent an important basis for computational studies of Al distribution in human body.

Separation of proteins from LMM species has to be fast, efficient and reliable. By the use of a HiTrap
desalting SEC column the separation of HMM from LMM compounds in serum is possible in 10 min. In
order to determine the distribution of Al between HMM and LMM species the developed analytical
procedure for speciation of HMM-AI species and LMM-Al compounds was used. Once more, results
confirmed that in serum around 90 % of Al is bound to Tf. Identification of citrate, one of the main LMM-
Al species in serum, was performed in the LMM serum fraction by the UPLC-ESI-MS. The proposed
analytical procedure for the separation of HMM from LMM species in serum represents a powerful tool for
kinetic studies of Al binding to Tf. The rapidness and reliability of the developed analytical procedure
represent promising tools for investigations of kinetics of Al binding to Tf.

The developed analytical procedures for speciation of HMM-AIl compounds and for fractionation of Al
species in serum represent progress in the field of speciation studies of Al in human body. As the exact
mechanism of Al binding to Tf is still not known, the results obtained in speciation and kinetic studies
could be an important basis for construction of an Al-Tf model. A computational model could describe the
binding and transport of Al by Tf both at equilibrium and as equilibrium for Al-Tf was being approached.
The combination of experimental data and the application of mathematical/computational modelling
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provide insight into a complex biological system such as blood and also improve our understanding of Al
toxicity in humans.

The results of the PhD research work were published in two papers and one review paper in renowned
international journals with SCI impact factors (Appendix 1). An additional paper is in preparation. The
work has been presented at national and international scientific conferences with oral or poster
presentations (Appendix 2).
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Abstract

A new analytical procedure using anton-exchange separation support based on convective-interaction media (CIM) was developed for
the spectation of Al in human serutn. The separation of proteins was performed on a weak anion-exchange CIM diethylamine (DEAE)
fast-monolithic disk. To prevent co-elutton of low molecular mass (LMM) Al species with high molecular mass (HMM) Al compounds
on CIM disk serum proteins were first separated from LMM-Al species by the use of size exclusion chromatography (SEC). For this
purpose | mL of serum was injected onto SEC (Superdex 75 HR 10/30) column. Isocratic elution using 0.05 M TRIS-HCI + 0.03 M
NaHCO, was applied and separation of proteins was followed by UV detection at 278 nm. [t was experimentally proven that proteins
were elufed n 5.5 mL peak that was collected into a polyethylene cup. A 0.1 mL of the sample aliquot was then injected onto the CIM
DEAE disk. The separation of serum proteins was obtained in [0 min by applying linear gradient elution from 100% buffer A (0.05 M
TRIS-HCI + 0.03 M NaHCO,) to 100% buffer B (A + 1 M NH,CI) and followed by UV detection at 278 nm. Separated Al species were
detected on-line by inductively coupled plasma mass spectrometry ([CP-MS). Well-resolved protein peaks were obtaimed. [t was exper-
imentally proven that %0 £+ 3% of Al m spiked serum of renal patient was eluted under the transferrin peak. The proposed speciation
procedure removes LMM-Al species and enables reliable determination of the concentration and composition of Al bound to proteins
by CIM DEAE-ICP-MS when the concentration of Alin serum is higher than SngmL™". In compartson to chromatographic columns
CIM disks enable faster separation and simpler manipulation during cleaning procedure and coupling to [CP-MS.

2007 Elsevier Inc. All rights reserved.

Kepwords: High molecular mass Al species; Human serum; Size exclusion chromatography; Convective-interaction media diethylamine fast-monolithic
chromatography; UV detection; ICP-MS

1. Introduction

Although Al is the most abundant metal in the environ-
ment, the sparingly soluble nature of most Al compounds
considerably decreases the probability of an Al overload
in humans from environmental sources. Absorption via
the diet, drinking water and medications, represent the main
pathways of Al absorption and accumulation in human
body [1]. Al is known neurotoxic element [2,3]. Al accumu-

' Corresponding author. Tel: +386 1 477‘3900; fax: +386 1 251 9385,
E-mail address: Janez scancar(@ijs.si (J. Stancar).

0162-0134/§ - see front matter © 2007 Elsevier Inc. All Hghts reserved.
doi10.1016/] jinorghio. 2007.06.013

lation in the brain and bones of renal patients is associated
with dialysis encephalopathy [4-6] and osteomalacia [7]. Al
accumulation in brain has also been related to the neurode-
generative process in Alzheimer’s disease [8,9]. To prevent
intoxication of dialysis patients with Al the quality of water
used for dialysis has been significantly mproved [10]. How-
ever, the absorption and accumulation of Al, particularly
via consumption of Al-based drugs [6], is still an important
source for Al overload in renal patients. In order to under-
stand the toxicity of Alin humans, it is essential to identify
and quantify the chemical species in which Al is transported
and stored in the body [11]. Due to this, speciation of Al
in human serum has been intensively nvestigated. For
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determination of the proportion of high molecular mass
{HMM) and low molecular mass (LMM) Al species and
for the identification of their composition various analytical
techniques have been used [12,13]. By applying ultrafiltra-
tion and microultrafiltration the percentage of Al bound
to HMM and LMM species [14-17] was estimated. In gen-
eral, the results suggested that about 90% of Al was bound
to HMM proteins. Further efforts of researchers were ori-
ented towards identifying and quantifying LMM-Al and
HMM-Al species. Speciation of TMM-AI complexes in
spiked human serum and serum of renal patients was per-
formed by the use of anion-exchange fast protein chroma-
tography (FPLC) with ETAAS detection [18-20]. Serum
samples were microultrafiltered prior to FPLC analysis to
remove HMM-A] compounds. Fractions of separated Al
species were collected and Al was determined by electrother-
mal atomic absorption spectrometry (ETAAS), while Al-
binding ligands were identified by electrospray ionisation
tandem mass spectrometry [19,20]. LM M-Al species present
in serum were Alcitrate, Al-phosphate and ternary Alcit-
rate—phosphate complexes. Their composition and amount
varied among particular individuals [19,20]. Since the major
part of Alin serum is bound to proteins, investigations were
also oriented towards identifying and quantifying Al-bind-
ing protein. Fractionation of Al by size exclusion chroma-
tography (SEC) [21,22] was not selective enough to
separate serum proteins. Al was eluted under the chromato-
graphic peak of albumin and transferrin. In addition, the
excess Al was eluted from the column [21,22], most probably
due to the contamination of the column support. More
selective separation of proteins was obtained by an anion-
exchange HPLC using Protein-Pak DEAE-3PW [23] or
TSK DEAE-385W columns [24]. In combination with
SDS-PAGE and element detection of Al by ETAAS, it
has been demonstrated that transferrin is the only binding
Al protein in human serum. However, the main problem
in Al speciation remained contamination originating from
the chromatographic columns and eluents [23]. The progress
in speciation of HMM-A] compounds has been achieved by
the use of anion-exchange FPLC columns [25-29]. Different
cleaning procedures of the cluents resulted in substantial
lowering of the risk of contamination with extrancous Al
[18-20,25-29]. Efforts were also oriented towards efficiently
cleaning the chromatographic support of the column resins
[15-20,27-29]. For speciation of Al bound to serum proteins
by FPLC different eluents and various types of gradient ehu-
tion were applied. Separation of proteins were obtained in
20 min [25,26,29] or in 50 min [27,28]. The chromatographic
peaks were identified by UV detection and Al was deter-
mined “off-line” by ETAAS [25,29] or “on-line” by high
resolution ICP-MS (HR-ICP-MS) [26-28]. These investiga-
tions further verified that about 90% of Al was eluted under
the elution volume of transferrin. It has been also demon-
strated that the favoured binding site of Al in transferrin
is the N-lobe site [27,28]. In addition to experimental
approaches for speciation of Al bound by transferrin, appli-
cation of computational methods was proposed to test
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whether 90% of all Al is bound by transferrin, or 90% of
Al is available to be bound by transferrin [30].

To obtain reliable analytical data in speciation analysis
it i1& important to apply and compare complementary
analytical procedures. As an alternative to FPLC columns
containing ion-exchange resing, jon-exchange separation
supports based on convective-interaction media (CIM)
were developed o the last decade. The matrix supports of
polytglycidylmethacrylate-co-ethyleneglycoldimethacrylate)
substituted with strong or weak cation and anion exchang-
ers [31] offer very fast separation of biomolecules [32-34]
and are also used for fast separation of organic acids [35]
as well as for the analysis of impurities of mmunoglobulin
concentrates [36]. In our group CIM disks were success-
fully applied in the speciation of Zn in environmental sam-
ples [37] and Cr{VI) at the workplace of plasma cutters
[38].

The aim of the present work was to develop a new ana-
Iytical procedure for the rehable speciation of HMM-Al
compounds in spiked serum of a renal patient by the use
of anion-exchange CIM fast-monolithic chromatography
with ICP-MS and UV detection. To overcome the risk of
co-clution of LMM-A] species with the HMM-Al com-
pounds, pre-separation of LMM-Al complexes on SEC
column was first performed [29]. Protein peak eluted from
SEC column was collected and an aliquot used for the spe-
ciation procedure by CIM-ICP-MS. Special attention was
devoted to the cleaning procedure of eluents and mono-
lithic disks in order to obtain low blanks. Furthermore,
the choice of the cluent that was compatible with ICP-
MS and allowed also UV detection of the chromatographic
runs was carefully examined.

2. Experimental
2.1 srumentation

The chromatographic system for UV detection consisted
of a Vanan (Mulgrave, Victoria, Australia) Model 9010
HPLC inert Star Gradient Solvent Delivery System,
equipped with a Varian (Mulgrave, Victoria, Australia)
Polychrom Model 9065 UV diode array detector and a Rhe-
odyne (Cotati, California, USA) Model 7161 injector using
I mL (SEC) or 0.1 mL loop (CIM DEAE). SEC was per-
formed on a Superdex 75 HR 10/30 column { Amersham,
Uppsala, Sweden) (column dimensions 10 x 300 mm,
13 pm beaded composite of cross-linked agarose and dex-
tran, pH stability 3-12, molecular permeation range from
3000 to 100,000). A weak anion-exchange CIM DEAE disk
{Bia Separations, Ljubljana, Slovenia) (disk dimensions
12 x 3 mm, poly(glycidylmethacrylate-co-ethyleneglycoldi-
methacrylate) matrix support substituted with diethylamine
{DEAE) groups, pH stability 1-13) was used.

The chromatographic system for ICP-MS on-line detec-
tion consisted of a high performance liquid chromatogra-
phy pump Series 1100 from Agilent {Tokyo, Japan)
equipped with a Rheodyne (Cotati, California, USA)
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Table 1 Chelex 100 (Nat form, 100-200 mesh) chelating ion-
LCP-MS operating conditions for dstermination of Al exchange rtesin (Sigma) and a silica-based LiChrosorb
Parameter Value  RP-18 HPLC column (150 % 4.6 mm i.d.) were used for
RE power (W) 1500 purification of the eluents [18].
Sampling depth (mm) 8.0
Crter gas flow rate (L min~") 150 2.3 Sample preparation
Cartier gas flow tate (L min™") 0.80

=1
I\H{:zz?goiaii:mﬁ;[iiﬁin ) i:éT In order to study the separation of proteins at pH 7.4
mfz monitored 27 standard proteins were dissolved in buffer A {albumin
Integration time (s) 30 25mg L7}, IgG Smg L™ and transferrin 2.5 mg L) and
Total acquisition time (s) 200 first injected onto the SEC column. After that the aliquot
Repetition 1

Model 77251 injector using 0.1 mL loop. The outlet of the
CIM monolithic DEAE disk was directly connected to
the Babington nebuliser and a Scott-type spray chamber
of ICP-MS (Agilent 7500ce, Tokyo, Japan). A nickel sam-
pler and skimmer with 1.0 and 04 mm cone orifices,
respectively, were used. Treatment of data was performed
with the Agilent ChemStation software. Data processing
was based on the peak area. ICP-MS operating conditions
for determination of Al are listed in Table 1.

The total concentration of Al in serum as well as the
total concentration of Al in protein peak cluted from
SEC column was determined off-line by ICP-MS under
operating conditions given in Table 1.

A WTW (Weilhaim, Germany) 330 pH meter was
employed to determine the pH.

2.2, Reagenis

Merck { Darmstadt, Germany) suprapur acids and Milli-
 water (Threct-Q) 5 Ultrapure water system, Millipore
Watertown, MA, USA) were used for the preparation of
samples and standard solutions. All other reagents were
of analytical reagent grade.

A stock standard solution of Al {1000 + 0.002 mg L™"
in 5% HNOs3) used for calibration in ICP-MS determina-
tions was obtained from Merck. A stock APY soltion
(100 pg AlmL™") used for the spiking of serum sample
and standard proteins was prepared in a 100 mL calibra-
tion flask by dissolving 0.1388 g of AINO;);-9H,0
{Riedel-de Hagn, Hannover, Germany) in water. Fresh
working standard solutions were prepared daily by dilution
of stock solutions with water.

Buffer A comsisted of 0.05M TRIS-HCl buffer
{Merck) + 0.03 M NaHCO; (Merck). The pH of buffer A
was adjusted to 7.4 with an appropriate amount of 1 M
of hydrochloric acid. Buffer B contained 1 M of ammo-
nium chloride (Merck) and was prepared by dissolving
53.49 ¢ NH,Cl in | L of buffer A.

Standard proteins (Sigma-Aldrich, Steinheim, Ger-
many)] of known molecular masses: albumin (66,000 Da),
transferrin = (77,000 Da), Immunoglobulin G (IgG)
(150,000 Da) (0.5-5mgmL™") were used for calibration
of the CIM DEAE disks. Blue dextran with a molecular
mass 200,000 Da (1 mg L™!) was used to determine the void
volume of the size exclusion chromatographic column.

of the protein peak was injected onto the CIM DEAEF disk.

Venous blood {venous puncture) from a transplanted
renal patient was taken during clinical examination after
informed consent was obtained. It was collected into Al-free
Becton-Dickinson vacutainers without additives. Sample
was centrifuged for 10 min at 855g. Serum aliquots were
transferred into 3 mL polyethylene tubes with polyethylene
pipette and stored in a freezer at —20 °C. Before analysis
samples were equilibrated to room temperature. Total Al
was first determined. In order to study the speciation of
HMM-A] compounds, 3mL of serum was spiked with
0.05 mL of AI** solution {Al-nitrate salt), so that the final
concentration of Al in the spiked serum ranged from 50 to
300 ng mL™". Spiked serum was left to equilibrate at room
temperature for 5 h [18,19]. After that it was injected onto
the SEC column (1 mL loop). Speciation of Alwas then per-
formed following the recommended analytical procedures.
It was experimentally proven that freezing of samples did
not influence the speciation of Al. The same results were
obtained when fresh or frozen serum sample were analysed.

2.4. Recommended procedures

Sample preparation, chromatographic separations and
determination of Al by ICP-MS were carried out under
clean-room conditions (class 10000).

2.4.1. SEC procedure

One milliliter of spiked serum was injected onto the col-
umn. The chromatographic run was carried out at a flow rate
of | mL min~"'. Isocratic elution with buffer A was applied
for 15 min. From 15 to 16 min linear gradient ehution from
100% buffer A to 100% buffer B followed. Elution with
100% buffer B was keptup to 29 min. From 29 to 30 min lin-
car gradient elution from 100% buffer B to 100% buffer A
continued and from 30 to 40 min the column was rinsed with
100% buffer A. The protein peak was collected from 7.5 to
13 min (5.5 mL) into a polyethylene sample cup and the con-
centration of total Al determined by ICP-MS.

2.4.2. CIM DEAE-ICP-MS procedure

The protein fraction from SEC column was subjected to
anion-exchange chromatography. 0.1 mL of the sample ali-
quot was injected onto a CIM DEAE fast-monolithic disk.
The chromatographic run was carried out at a flow rate of
I mL min~!. Linear gradient elution from 100% buffer A
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to 100% buffer B was applied for 10 min. The disk was rinsed
with 100% buffer B for 0.5 min and from 10.5 to 15 min with
buffer A. To follow the separation of proteins the disk was
connected on-line to UV detector. For quantification of sep-
arated Al species the disk was connected on-line to ICP-MS.

2.4.3. Cleaning procedures

To avoid contamination by extraneous Al, polyethylene
or Teflon ware was treated with 10% HNO; for 24 h, rinsed
well with water and dried at room temperature. By combi-
nation of chelating ion-exchange chromatography (Chelex
100, Na™ form, batch procedure) and silica-based reversed-
phase HPLC [18] effective cleaning of the eluents was
obtained. The cleaning of SEC column and CIM disk
was performed at a flow rate of 1 mL min~’ under the same
procedure with the exception that SEC column was cleaned
in the opposite direction of the chromatographic separa-
tion. Rinsing with 153 ml of water was first applied. Then
1M NaOH was injected (1 ml onto the SEC column
and 0.1 mL onto the CIM disk, respectively). Rinsing of
the chromatographic supports with 15 mL of water fol-
lowed. The procedure was repeated twice. After that
10 mL of 2 M citric acid was applhied and chromatographic
supports were then rinsed with 15 mL of water. Cleaning
with NaOH as described above was applied again. Finally,
the chromatographic supports were rinsed with 15 mL of
water and 15 mL of buffer A before the next chromato-
graphic separation. All the above described cleaning proce-
dures lowered the blanks in chromatographic separations
down to 0.5 ng AlmL ™. It was experimentally proven that
cleaning procedure should be applied after five subsequent
SEC and 10 subsequent CIM separations.

3. Results and discussion
3.1. Determination of total Al concentration by ICP-MS

Before analysis serum samples were diluted five times
with water and total Al concentration was determined by

protein peak
i
|

a 35+
3.0+
251 {
2.0+
157

AU

1.0+ | ‘
05 J \

00 —
0 5

1I5
Time {min)
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ICP-MS under the optimal operating conditions (Table
1). The same analytical procedure was applied to determine
Al concentrations in spiked standard serum proteins. The
accuracy of determination of total Al was checked by the
analysis of Seronom™ Trace Elements Serum standard ref-
erence material obtained from Nycomed Pharma AS (Oslo,
Norway). Good agreement between determined Al (61 £ 1
ng mL ™) and the reported certified value {63 + 4 ng mL ™"
was obtained. The concentration of total Al in serum
fmean of three parallel analysis) was found to be
4.0+ 02 ngmL™". This concentration was too low to per-
form speciation analysis. Therefore, samples were spiked
with AlI*T solution, so that the final concentration of Al
in spiked serum ranged between 50 and 300 ngmL™" Al

3.2. Development of the analyrical procedwre for separation
of serum proteins by combining SEC and anion-exchange

CIM DEAE

To separate HMM-Al compounds from LMM-AI spe-
cies in serum, SEC was first applied. Isocratic elution with
0.05M TRIS-HCI + 0.03 M NaHCO; (buffer A, pH 7.4)
as described in Section 2.4 was applied. Proteins were
cluted from 7.5 to 13 min. The 5.5 mL protein peak was
collected 1nto a polyethylene cup (sample diluted 5.5 times).

In order to investigate the separation of serum proteins
by anion-exchange CIM fast-monolithic chromatography
synthetic solutions of the standard proteins TgG, transfer-
rin, albumin and their mixture were prepared (5mgL™!
of albumin, | mgL™" of IgG and 0.5 mg L™" of transfer-
rin). As an eluent NH4CI that enables both UV and ICP-
MS detection was chosen. Furthermore, NH4Cl does not
form any complexes with Al and therefore has no influence
on Al speciation during the chromatographic run. First
strong anion-exchange CIM quaternary amine (QA) disk
was used. 0.1 mL of standard proteins was imjected onto
the disk and linear gradient elution from 100% buffer A
to 100% buffer B preformed in 10 min. Results indicated
that separation was not selective enough since albumin

albumin

b 016,

014+

N

A
transferrin ( |
|

- \

0124
0.104

0.08+
0.06
0.04+

AU

0.029

O e B B E— e S —
o1 2 3 4 &5 & 7 8 4§

Time {min)

Fig 1. Separation of a standard schution of proteins at a flow rate of ImL min~" followed by UV detection at 278 nm. Cne milliliter of sample containing
25¢ L7 of albumin, 5gL7" of IgG and 2.5 g L™ of transferrin was first injected onto the SEC column (a). A protein peak was collected from 7.5 to
13min (5.5mL). 0.1 mL aliquet of a protein peak was then injected onto the CIM DEAE disk (b).
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and transferrin were eluted under the same chromato-
graphic peak. Therefore, the potential of a weak anion-
exchange CIM DEAE disk was further investigated. First
the influence of jonic strength of the eluent {buffer B)
10.25, 0.5 and 1 M NH,CI) was examined. 0.1 mL of stan-
dard proteins was mnjected onto the disk and linear gradient
¢lution from 100% buffer A to 100% buffer B was applied in
10 min. Separation with 0.25 and 0.5 M NH,Cl resulted in
the broadening of chromatographic peaks, while by the use
of 1 WM NHyCl well-resolved chromatographic peaks of
IgG, transferrin and albumin were obtained. The optimal
concentration of NH4Cl in buffer B was therefore 1 M.
In further expermments 0.1 mL of standard proteins was
injected onto the disk and different times of gradient elu-
tion were examined (5, 7.5 and 10 min). Experimental data
indicated that the best resolution of chromatographic
peaks was obtained when gradient elution in 10 min was
applied. Finally, the influence of a sample volume loaded
on the disk was observed {0.02, 0.05, 0.1, 0.2 and 0.5 mL
sample loops). Chromatographic peaks were well resolved
using 0.02 up to 0.1 mL sample loop, while the application
of higher sample volume resulted in broadening and over-
lapping of the chromatographic peaks. To obtain a better
limit of detection, 0.1 mL sample loop was therefore used
and separation of proteins performed under the optimal
conditions described in Section 2.4.

A combined procedure including removal of LMM
compounds from proteins on SEC column followed by sep-
aration of protein fraction on CIM DEAE disk was then
applied at optimal separation conditions. Chromato-
graphic separations were followed by UV detection at
278 nm. The chromatograms for the mixture of standard
proteins are presented in Fig. | and for human serum of
a renal patient in Fig. 2. Data of Figs. la and 2a indicate
that a protein peak is eluted from SEC column between
7.5 and 13 min in the mixture of standard proteins as well
as in serum sample. It may be further seen from Figs. 1b
and 2b that good separation of Ig(G, transferrin and albu-
min is obtained in protein fraction on CIM disk. This is

protein peak
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Fig. 3. Separation of standard serum transfertin (0.5 gL spiked with
100 ngmL™" Al (a) and a mixture of standard serum proteins (5 gL' of
albumin, 1gL™" of IgG and 0.5gL~" of transferrin) spiked with
100 ng mL™" Al [b) on a CIM DEAE disk followed by ICP-MS detection.

evident for a mixture of standard proteins {Fig. 1b) and
also for a protein fraction of a serum sample (Fig. 2b).
On the basis of data from Figs. 1 and 2 it 1s evident that
the proposed analytical procedure enables good separation
of serum proteins.

b o354
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Fig. 2. Separation of a human serwm of a renal patient at a flow rate of 1 mLmin ™ followed by UV detection at 278 nm. Cne milliliter of sample was first
injected onto the SEC column (a). A protein peak was collected from 7.5 to 13 min (3.5 mL). 0.1 mL aliquot of a proten peak was then injected onto the

CIM DEAE disk (b).



8 Muriw et af ! Journal of Tnorganic Biochemisiry 101 (2007) 1234-1241

Abundance
35000 -
!‘./ Tf+150 ng mL" Al
30000 I
|
25000 1 i
'}~ Ti+100 ng mL" Al
20000 i
i El
15000 1 i Tf+50 ng mL" Al
f f Tf+20 ng mL" Al
- ()
10000 “\/ TH10 ng mL" Al
5000 : /
7 oS ~
0 r T ———— 1 —
8 7 8 8 10 11 12 13 14
Time (min)

Fig. 4. Overlay chromatograms of standard serum transfertin (0.5 g L™")
spiked with 10, 20, 50, 100 and 150ngmL™" of Al Speciation was
performed by CIM DEAE-ICP-MS procedure.

3.3. Speciation of Al in spiked sevwm of a renal paiient by
combining SEC and CIM DEAE-ICP-MS

Once the separation of serum proteins was optimised,
speciation of Al in spiked serum was investigated by com-
bining SEC and CIM DEAE-ICP-MS. To obtain on-line
ICP-MS detection, the outlet of the CIM disk was directly
connected to the Babington nebuliser of ICP-MS. The
advantage of the use of Babington nebuliser is its ability
to operate at a flow rate of | mLmin~! that is the same
as applied in the separation of proteins on CIM disk. In
addition, Babington nebuliser is capable of introducing
samples with high salt contents into ICP-MS. The study
was first performed by the use of standard serum proteins
{5mgL~! of albumin, 1 mg L™! of IgG and 0.5 mg L™ of
transferrin). Standard serum transferrin as well as the
muxture of standard serum proteins were spiked with
100 ng mL™! of Al. 0.1 mL of spiked samples were injected
onto the CIM DEAE disk coupled on-line with ICP-MS.
Results are presented in Fig. 3. Tt is evident that the shape
and the slution profile of Al are the same in the transferrin-
spiked sample (Fig. 3a) and in the mixture of spiked stan-
dard proteins (Fig. 3b). In both chromatograms Al was
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Fiz. 6. Speciation of Al by CIM DEAE-ICP-MS in spiked serum of a

renal patient after pre-separation of LMM-Al complexes by SEC. Overlay
chromatograms represent spiked serum with 50, 100 and 300ng mL~? AL

ehited under the chromatographic peak of transferrin.
The corresponding peak areas for Al were 7,008,329 and
6,526,870, respectively. These observations confirmed
again that transferrin is the only serum protein that binds
Al. For calibration in speciation analysis of Al, standard
serum transferrin (0.5 mgL™") was spiked with 10, 20,
50, 100 and 150 ng mL™" of Al 0.1 mL of spiked samples
were then injected onto the CIM DEAE disk coupled on-
ling with ICP-MS. Fig. 4 represents overlay chromato-
grams of spiked standard serum transferrin. On the basis
of the peak area, a calibration curve was done. A linear
response of the calibration curve was obtained with corre-
lation coefficient R2 =10.9985. In Fig. 5 thres consecutive
speciation analysis of a standard serum transferrin (0.5
g L") spiked with 20 ngmL™" of Al arc presented. The
speciation was carried out by CIM DEAE-ICP-MS. Data
indicate that consecutive chromatographic separations are
repeatable. The corresponding peak areas for Al were
1,129,170, 1,125,555 and 1,126,018, respectively.

A combined procedure including SEC pre-separation of
proteins and speciation of Al in the protein fraction by
CIM DEAE-ICP-MS was then performed on a spiked serum
of a renal patient. Analyses were done under analytical
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Fig. 5. Consecutive speciation analysis of standard serum transferrm (0.5 gL spiked

DEAE-ICP-MS procedure.

with 20mgmL~" of Al Speciation was carried out by CIM
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Table 2

Quantification and identification of Al species in spiked serum of a renal patient

ICP-MS SEC, ICP-MS HMM-A] CIM DEAE-ICP-MS HMM-A] species bound to
Coneentration of Al in spiked Concentration of HMM-A] species (%) Concentration of Al bound transferrin (%)

serum [ngmL™") species (ngmL™") to transfertin (ngmL™")

498 +09 4514009 91 +2 442 +08 98 +2

s502+09 452409 90 +2 434+ 0.8 96 +2

A8 +2 91 £2 93+2 88 +2 97 £2

97 +2 35+2 88 £2 832 96 £2

256 £ 5 23345 91 +2 2266 97 £2

28546 25446 59 +2 46 +6 97 +2

procedures described in Section 2.4. As an example of these
analyses overlay chromatograms of spiked serum with 50,
100 and 300 ng mL™" of Al are shown in Fig. 6. The chro-
matograms in Fig. 6 represent speciation of Al by CIM
DEAE-ICP-MS procedure after pre-separation of LMM-
Al complexes by SEC. On the basis of the elution time
between 2 and 3.5 min it 1s evident that Al is eluted under
the transferrin peak.

In order to quantify the separated Al species by SEC in
combination with CIM DEAE-ICP-MS, the following pro-
cedure was applied. A serum sample of a renal patient was
spiked with different concentrations of Al. Total Al in
spiked serum was determined by ICP-MS. Then | mL of
serum was subjected to SEC to separate LMM-Al species
from proteins. Protein fraction was collected between 7.5
and 13 min and the concentration of Alin the protein peak
was determined by ICP-MS. After that 0.1 mL sample ali-
quot of the protein peak was injected onto CIM DEAE
disk coupled to ICP-MS and speciation analysis was per-
formed. Al species bound to transferrin were quantified
on the basis of the peak area. In order to prepare a calibra-
tion curve, standard serum transferrin was spiked with Al
and CIM DEAE-ICP-MS speciation procedure was
applied. The results are presented in Table 2.

Data of Table 2 indicate that, on the SEC column, in all
spiked samples investigated 90 + 3% of Al is eluted as
HMM-AI species { Al bound to proteins). Speciation anal-
ysis of the protein fraction by CIM DEAE-ICP-MS fur-
thermore confirmed that 97 4+ 2% of Al of the protein
fraction is eluted exclusively under the ehution volume of
the transferrin peak. This findings are in agreement with
the reported literature data [25-27,29].

The proposed speciation procedure removes LMM-Al
species and enables reliable determination of the concentra-
tion and composition of Al bound to proteins by CIM
DEAE-ICP-MS when the concentration of Al in serum is
higher than 5 ngmL™".

4. Conclusions

The developed analytical procedure combining SEC and
anion-exchange CIM DEAE fast-monolithic chromatogra-
phy with ICP-MS and UV detection enables reliable deter-
mination of the concentration and the composition of the
HMM-AI species n spiked human serum. Pre-separation

of proteins from LMM-AI species by SEC, prior to specia-
tion procedure on a weak amon-exchange CIM DEAE
fast-monolithic disk, prevents co-elution of LMM-AI spe-
cies with HMM-AI species on a CIM disk. The use of
NH,Cl as an eluent in gradient slution gnables fast and
selective separation of IgG, transferrin and albumin in
10 min. The results of the present work demonstrated that
about 90% of Al in spiked serum of renal patient was
eluted under the transferrin peak. This is in agreement with
observations of other researchers and our previous work
where anion-exchange FPLC column was applied. There-
fore, CIM monolithic disks can be used as a complemen-
tary separation support to FPLC columns for the
speciation of Al-binding proteins in human serum. In com-
parison to FPLC chromatographic columns CIM disks
enable faster separation and simpler manipulation during
the cleaning procedure as well as simpler coupling to
ICP-MS. An additional advantage is also that the price
of disks is much lower than that of the FPLC columns.
The novelty in separation represents the application of
NH4Cl as an eluent that enables both UV and ICP-MS
detection. Furthermore, NH4C] does not form any com-
plexes with Al and therefore has no influence on Al speci-
ation during the chromatographic run.
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Convective Interaction Media Monolithic
Chromatography with ICPMS and Ultraperformance
Liquid Chromatography—Electrospray lonization
MS Detection: A Powerful Tool for Speciation of
Aluminum in Human Serum at Normal

Concentration Levels

Simona Murko, Radmila Mila&ié,* Bogdan Kralj, and Janez Seanéar

Department of Environmental Sciences, JoZef Stefan Institute, Jamova 39, 1000 Ljubjjana, Slovenia

A new analytical procedure using separation support
based on Convective Interaction Media (CIM) was devel-
oped for speciation of Al in human serum at normal
concentration levels. The separation of proteins was
performed on a weak anion exchange CIM diethylamine
monolithic column. Isocratic elution with buffer A (0.05
M tris(hydroxymethylyaminomethane —hydrochloric acid
=+ 0.03 M sodium hydrogen carbonate) was applied for b
min, followed by linear gradient elution from 100% buffer
A to 100% buffer B (buffer A + 1 M ammonium chloride)
for the next 40 min. Separation of proteins was followed
by UV detection at 278 nm. Separated Al species were
detected online by inductively coupled plasma mass
spectrometry. It was experimentally proven that91 + 7%
of Al in human serum was eluted under the transferrin
peak. Transferrin was identified on the basis of the
retention volume and by ACQUITY ultraperformance
liquid chromatography—electrospray ionization mass spec-
trometry. The problem of extraneous contamination with
Al was successfully overcome by using efficient cleaning
procedures of eluents and chromatographic supports. The
efficient cleaning was of paramount importance to perform
Al speciation at extremely low concentration levels. The
repeatability of measurement tested for six consecutive
separations of unspiked serum was £8.6%. The limits of
detection and quantification (based on 3 and 10 s of the
blank) were 0.15 and 0.49 ng mL ™! Al bound to trans-
fertin, respectively. This is the first report on quantita-
tive and reliable speciation of Al in human serum at
normal concentration levels.

Elevated concentrations of Al can cause toxic effects to living
organisms.’ The main routes of entry of Al into the human body
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are through the diet, drinking water, and medications.® The
reported normal serum Al concentrations are low, ranging from
0.5 to 8 ng mL™1! Patients with chronical renal failure may be
subjected to higher Al concentrations via the contarninated
dialysis fluids and consurnption of Al based drugs. Al overload
in renal patients is related to rnany clinical disorders. Its
accurnulation in the brain and bone is associated with dialysis
encelopathy® and osteomalacia.* The use of high-quality water
for the preparation of dialysis fluids® and a lesser consumption
of Albased drugs prevent intoxication with Al Several studies
have dernonstrated that Al is involved in the neurodegenerative
processes in Alzheimer’s disease. ® Interest in Al bicavailability
and toxicity resulted in intensive investigations that were
carried out on speciation of Al by computer modeling and with
the use of experimental analytical techniques.! These tech-
niques identified and quantified particular groups of Al species.
Speciation of low molkecular mass (LMM) and high molecular
mass (IMM) Al species in human serum and the serum of
renal patients was usually perforrned by anion exchange or/
and size exclusion chromatography (SEC) with electrothermal
atornic absorption spectrometry (ETAAS)™® or inductively
coupled plasma mass spectrometry (ICPMS) detection.® The
progress in Al speciation in biological samples has been achieved
with the use of the robust anion exchange Mono Q fast protein
liquid chromatography (FPLC) columns. These columns enable
quantitative separation of either LMM-AI"1%"1% or HMM-AI"—7-1%
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species and are superior to silicabased columns on which the
adsorption of Al on the column support is evident' It was
demonstrated by combining FPLC with ETAAS detection and ES-
MS—MS techniques that LMM-Al species present in serum were
aluminum citrate, aluminum phosphate, and ternary aluminum
citrate phosphate complexes. Their composition and amount
varied among particular individuals.™*? The results of the
investigations on the HMM-Al species in serum in general
suggested that at equilibrium about 90% of Al was bound to HMM
proteins > Aluminum binds to the two high-affinity iron binding
sites of the serum iron transport protein transferrin (Tf) .2 It has
been demonstrated that the favored binding site of Alin transferrin
is the N-lobe site.'™® For accurate determinations of transferrin
isoforms in human serum, combined chromatography techniques
with [CPMS, MALDITOF, and ESLQ-TOF were applied.1
The main problems in speciation of Al in the serum are low Al
concentration and contamination by extraneous Al. The contamina-
tion from external sources may significantly contribute to nonreliable
analytical data. Therefore, special attention must be devoted to
efficient cleaning of chromatographic supports, eluents, and all
devices used for the analysis. In addition, the analysis should be
performed under clean room conditions. Several published studies
have demonstrated different cleaning procedures of the eluents and
chromatographic supports, which resulted in substantial lowering
of the risk of contamination.” ®**12171821 Ffforts of researchers
to perform Al speciation in human serum led to the use of robust
and high-capacity chromatographic supports. Chromatography
stationary phases based on menoliths were introduced in the early
1990s. Different types of monoliths differ in the method of their
preparati on, morphology, and chemistry.” Menolithichased sup-
ports have properties that distinguish them fundamentally from
the particle-based column. Their advantage properties are ex-
tremely high porosity, cheaper preparation, simple column filling,
and high binding capacity.*>** Convective Interaction Media
(CIM) monolithic supports (disks or columns) are based on
polymethacrvlate polvmers, which are the largest and most
examined class of monoliths.?** Furthermore, CIM technology
allows different types of chromatography (or its combinations)
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such asion exchange, hydrophobic, reversed phase, and affinity.
Several published studies have demonstrated their successful
application for analytical or industrial purpeses for the separation,
purification, and isolation of peptides, organic acids, viruses,
enzymes, and DNA molecules Z%*27 However, ion exchange
chromatography of proteins still has the dominance among other
applications of polymethacrylate-based monoliths. ** In our group
CIM disks were successfully applied for the speciation analysis
of Zn in environmental samples® and Cr(VD) in samples from the
workplace of plasma cutters.® Specifically, a CIM diethylamine
(DEAE) disk was successfully applied for the speciation analysis
of Al in spiked human serum.® To perform speciation of Al at
normal concentration levels, a more powerful chromatographic
tool is necessary. CIM menolithic columns with higher binding
capacity than disks offer the potential for their use in speciation
analysis of Al in human serum at normal concentration levels, A
highly sensitive detector is required to determine low amounts
of Al. In this regard, the coupling of a CIM monolithic column to
an element-specific detector such as the [CPMS detector provides
a sensitive and selective approach for the speciation analysis of
Al in human serum at very low concentration levels. To the best
of our knowledge, the reliable speciation of Al was until now done
only in serum samples containing elevated Al concentrations.®

The present work illustrates the quantitative and reliable
speciation analysis of HMM-Al that was obtained for the first time
in unspiked human serum at normal concentration levels. This
was accomplished with the use of a CIM monolithic column in
combination with sensitive and selective mass spectrometry-based
techniques: ICPMS and ACQUITY ultraperformance liguid
chromatography—electrospray ionization mass spectrometry
(UPLC—ESIMS), The problem of extraneous contamination with
Al was successfully overcome by using efficient cleaning proce-
dures for eluents and chromatographic supports.

EXPERIMENTAL SECTION

Apparatus. HPLC separations were carried out using a high-
performance liquid chromatography pump, series 1100, from
Agilent (Tolyo, Japan) equipped with a sample injection valve,
Rheodyne, model 7725i (Cotati, CA), fitted with a 1 mL injection
loop (for SEC and CIM DEAE). A UV—vis detector (Agilent 1100
series diode array and multiple-wavelength detector, DAD /MWD)
was used online with HPLC equipment for absorption measure-
ments at 278 nm. Two chromatographic columns were used. SEC
was performed on a Superdex 75 HR 10,/30 column (Amersham,
Uppsala, Sweden) (column dimensions 10 x 300 mm, 13 sm
headed composite of croaslinked agarose and dextran, pH stability
3—12, molecular permeation range from 3000 to 100000). A CIM
DEAE-S monolithic column (Bia Separations, Ljubljana, Slovenia)
(column dimensions 1.5 mm i.d. and length 45 mm, with matrix
supports made of highly porous poly(glycidyl methacrylate co-
ethylene dimethacrylate) bearing a weak anion exchange DEAE

25) Jungbauer, A; Hehn, R J. Chromatogr, A 2008, 1184, 62-78.
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Table 1. Operating Conditions for SEC, CIM DEAE,
ICPMS, and UPLC—ESI-MS

SEC parameters CIM DEAE parameters

mobile phase (A) 50 mM Trie—HCl + (&) 50 mM Tris—HC1 +
30 mM NaHCO, 30 mM NaHCO,
(B) phase A + 1 M NH,CI

elution isocratic isocratic, 0—5 1min,
100% phase A
linear gradient, 0—100%
phaze B, 5—45 min
itjection 1mL 1mL
volume
flow rate 1 mL min—t 1 mL min~!
[CPMS
parameters
forward power 1500W
outer gas flow 15.0 L min~!
carrier gas flow 0,80 L min!
makeup gas fow 0,11 L min-t
He gas flow 3.0mLmin-t
izotope monitored 2A1
QF bias —15V
CctP hias —-18V
extract 1 =03V
extract 2 —150'V
UPLC—ESEMS
parameters
scan type positive TOF-MS
ion spray woltage 3RV
nebulizing gas Ny
injection rate (UPLC)Y 50 uL mm-t
external calibration Csl

w2 1000—23500
maximum entropy
method (MaxEnf)

scan range
spectrum deconvolution

functional group, pH stability 2—14) was used for speciation
analysis.

Element-specific detection of Al after the chromatographic
separation as well as the total concentration of Al in serum was
performed using an inductively coupled plasma mass spectrom-
eter, model 7500ce, from Agilent Technologies (Tokyo, Japan)
equipped with a collision /reaction cell system (ICP-(ORS)-MS).

AWTW (Weilheim, Germany) 330 pH meter was employed
to determine the pH.

Positive jon mode ESI-MS measurements of transferrin
solutions®**** were performed on a Q-0a-TOF Premier mass
spectrometer (Waters Corp., Manchester, U.K.). The transferrin
fractions were analyzed by an ACQUITY UPLC chromatograph
coupled online to an ESI-MS instrument. (UPLC—ESI-MS). For
ACQUITY UPLC chromatography a VanGuard precolumn (2.1 x
5 mm, ACQUITY UPLC BEH C18, 1.7 stm, Waters) was used.

Experimental working conditions are summarized in Table 1.

Reagents and Materials. All chemicals were of analytical
reagent grade quality. Human serum apo-transterrin, albumin, and
immoglobulin G (IgG) were purchased from Sigma-Aldrich
(Steinheim, Germany). Buffer A composed of 50 mM Tris(hy-

(30) Kleinert, P, Kuster, T.; Durka, 5., Ballhausen, D.; Bosshard, M. U, Steinman,
B.; Hinseler, E.; Jaeken, I, Heizmann, C. W, Troxler, H. (lin. Chem. fab.
Med. 2003, 41, 1580-1588.

(31) Wuhrer, M., Keeleman, C. A ML;Holeke, C. H.; Deelder, A ML Axad. Chem,
2005, 77, 885-854.

droxymethyl)aminomethane (Merck, Darmstadt, Germany)—
hydrochloric acid (Merck) (Tris—HCI) + 30 mM sodium hydro-
gen carbonate (Merck), pH 7.4, and buffer B composed of buffer
A + 1 M ammonium chloride (Merck) were prepared by
dissolution of salts with ultrapure water. Ultrapure 18.2 MQ cm
water was obtained by means of a Direct-Q 5 ultrapure water
system (Millipore Watertown, MA). A stock AP* solution (100
g of Al ml.™1) was prepared in a 100 mL calibration flask by
dissolving 0.1388 g of alurninurn nitrate Shydrate (Riedel-de
Haén, Hannover, Germany) in water. It was used for the
preparation of calibration standard solutions for the determi-
nation of the total concentration of Alin serum, for the spiking
of serumn samples and samples of standard proteins, and for
the study of AP+ behavior on a CIM DEAE colurn. Fresh
working standard solutions were prepared daily by dilution of
stock solutions with water. A stock aluminurn citrate solution
(100 g of Al aL™") was made by rnixing citric acid (Merck)
and alurnitmim nitrate $hydrate in a 100:1 citric acid to Al molar
ratio.*

The certified serum sample, Seronorm trace elements of serum
L-1, was obtained from Sero AS (Billingstad, Norway).

Sample Preparation. Venous blood (venous puncture) from
a transplanted renal patient was taken during clinical examination
after informed consent was obtained. It was collected into Al-free
Becton-Dickinson vacutainers without additives. The sample was
centrifuged for 10 min at 855 g. Serum aliquots were transferred
into 1 mL polyethylene tubes with a polvethylene pipet and stored
in a freezer at —20 °C. Prior to analysis samples were equilibrated
to room temperature.

Standard proteins (5 g L™? albumin, 1 g L7 IgG, and 0.5 g
L™?! transferrin) used for the optimization of the analytical
procedure for the separation of serur proteins at pH 7.4 were
dissolved in buffer A The certified serurn sample was recon-
stituted following the producer’s instructions.

For the determination of total Al concentrations, serum samples
were diluted (1 + 4) with water. To study the speciation of HM M-
Al compounds, spiked and unspiked human serum was used. The
spiking of the serum was performed with 100 xL of AP+ solution
(alurninum nitrate salt) added to 2 mL of serum, so that the
final concentration of Al in serum was 10 ng mL™% Spiked
serum was left to equilibrate at room temmperature for 5 h.1%1
Serum samples were directly injected onto the SEC column. Five-
fold dilution with buffer A was applied before the serum samples
were injected onto the CIM DEAE column. Speciation of Al was
then performed following the recommended analytical procedures.
It was experimentally proven that freezing of samples did not
influence the speciation of Al. The same results were obtained
when fresh or frozen serum samples were analyzed.

For identification of Al binding protein, diluted (1 + 4) serum
sample was injected onto the CIM DEAE column. The separation
of serum proteins was performed, and a fraction at the elution
time of transferrin was collected for a further UPLC—ESIMS
experiment. For this purpose, the fraction was processed through
a Centricon YM-30 (30 000 Da cutoff) centrifugal filter device
(5000g, 10 min at 4 °C) to exchange the elution buffer by an
aqueous solution and to reduce the final sample volume to 0.1
mL.
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Recommended Procedures. Sample preparation, chromato-
graphic separations, and determination of Al by ICPMS were
carried out under clean room conditions (class 10000).

Anion Exchange CIM DEAE—ICFMS. A 1 mL portion of the
sample was injected onto a column resin. Isocratic elution with
50 mM buffer A was applied for the first 5 min, followed by a
linear gradient for the next 40 min from 0% to 100% buffer B. A 10
min equilibration with buffer A followed. The chromatographic
run was performed at a flow rate of 1 mL min~2. The eluate from
the CIM DEAE colirnn was passed through a UV detector (set
at 278 nm) for protein monitoring and was coupled with a
sample uptake inlet of the Babington nebulizer of the ICP-
(ORS)-MS detector used for the quantification of separated
alurninurn species.

SEC The SEC separations were carried out by injecting 1 mL
of undiluted sample onto the SEC column. Isocratic elution with
buffer A was applied for 15 min. From 15 to 16 min a linear
gradient from 100% buffer A to 100% buffer B followed. Elution
with 100% buffer B was kept up to 29 min. From 29 to 30 min a
linear gradient from 1008% buffer B to 100% buffer A continued. In
the following 10 min the column was equilibrated with buffer A.
The chromatographic run was performed at a flow rate of 1 mL
min ! and was followed by UV detection at 278 nm.

UFLC—ESEMS. For ESI-MS analysis it wasnecessary to clean
and concentrate the reconstituted transferrin fraction to obtain
the adequate charge distribution profile of protonated tansferrin
molecules and its molecular mass. The transferrin standard
({concentration 10 pmol L™Y) and transferrin fraction were
analyzed by UPLC—ESI-MS. A 4 L vollume of the sample
solition was injected onto the VanGuard precolurnn. The flow
rate of 50 uL. min~? of mobile phases A (water, 0.1% formic
acid) and B (acetonitrile, 0.1% formic acid) was used in a linear
gradient of 5% phase B to 85% phase B in 6 min. The elution
tirne of transferrin was 0.7 rmin and was twice the dead time of
the LC systern.

Cleaning Procedures. Labovatory Ware, Tubes, and Elents.
To avoid contamination by extraneous Al, polyvethylene or Teflon
laboratory ware and tubes were used. Before use, all laboratory
ware and tubes for chromatographic separations and ICP deter-
minations were treated with 10% HNO;, for 24 h, rinsed well with
Milli-Q water, and dried at room temperature, All eluents used
in the chrornatographic separations were efficiently cleaned by
the procedure that was previously optirnized inour laboratory.t* 2
The eluent was first subjected to chelating ion exchange chro-
matography (Chelex 100, Na* form, batch procedure) and then
passed through a silica-based reversed-phase HPLC colurnn.

Chromatographic Supports. SEC Colums, The cleaning of the
chromatographic support was performed at a flow rate of 1 mL
min~. The column was first rinsed with water for 15 rin. A1
mL sample of 1 M NaOH was injected, and the colurmn was
rinsed with water for 15 min. A linear gradient elution from
1007 water to 1008 2 M citric acid was applied for 10 min,
followed by 10 min of rinsing with 2 M citric acid. Then a linear
gradient elution fror 100% 2 M citric acid to 100% water was
applied for 10 min. The rinsing of the colurnn with water
followed for the next 15 min. Finally, the equilibration of the
colurmn was performed by rinsing with buffer A for 15 rmin.
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CIM DEAE Colwmn The cleaning of the chromatographic
support was carried out at a flow rate of 5 mL min™*. A 5 min
rinsing with 1 M NaOH was first applied. A 20 min rinsing
with 0.2 M Tris—hydrochloric acid buffer (pH 7.4) followed. It
is irnportant to note that, after cleaning with 1 M NaQH, a more
concentrated buifer for the regeneration of the colurnn support
was applied. After that the column was rinsed with buffer A
for 20 min. Then 8 min of rinsing with 2 M citric acid was
applicd. At the end, the equilibration of the column was
performed by rinsing with buffer A for 30 min. It should be
stressed that buffer A used in the cleaning procedures was
cleaned as described in the recornrmended cleaning procedures.
[t was experimentally found that the cleaning of the SEC and
CIM DEAE colurnns should be applied after five and seven
consecutive analyses of serum samples, respectively.

RESULTS AND DISCUSSION

Determination of the Total Al Concentration in Serum.
The total Al concentrations in the serum samples were determined
by ICPMS under the optimal operating conditions given in Table
1. To avoid contamination, Teflon bottles were used for rinsing
solutions in the I[CPMS system. To reduce memory effects, five
rinses after each analysis of the serum sample (the first rinse with
5% HNO; and the following four with water) were applied.
Before analysis the serum samples were diluted (1 + 4) with
water. The accuracy of the determination of total Al was
checked by the analysis of the reference serum sample. The
obtained results of the determination of Al (7.1 + 0.6 ng mL™?)
showed good agresment with the certified value (7.6 £ 0.7 ng
mL™Y, confirming the accuracy of the analytical procedure
applied. The concentration of Al in the serum investigated
(mean of three parallel analyses) was determined by the
standard addition method and was found to be 5.7 £ 0.4 ng
ml. "L

Development of the Analytical Procedure for the Deter-
mination of HMM-Al in Human Serum. Cpfimization of the
Pararelers for e Separation of Serwm Proteins by the Use of CIM
DEAE—UV/ICPMS. To optimize the analytical procedure for the
separation of serum proteins, a synthetic solution of standard
proteins IgG, transfertin, and albumin (5 g L™ alburmin, 1 g L2
[gG, and 0.5 g L' transferrin) was prepared in buffer A The
coneentration of standard serum proteins was similar to that
in the 5fold diluted human serum. Our previous investigations
on separation of HMM-Al species in human serurn dernon-
strated that the main advantages of the use of a CIM DEAE
monolithic disk'® in cornparison to a Mono Q FPLC column®
are its robustness and speed of the analysis. Besides disks,
CIM DEAE rmonolithic supports are also available in colurnn
packings with higher binding capacity, which enables the
injection of higher sample volumes. Therefore, the potential for
the use of a CIM DEAE column was investigated to lower the
detection lirnit for speciation of HMM-Al in hurnan serum. It was
experimentally proven that the maximal sample vohime injected
onto the CIM rnonolithic colurmn that enables efficient separation
of serum proteins was 1 mL of diluted serum sample (1 + 4).
‘This arnount is 2 tirnes higher than the maxirnal serum sarmple
volume injected onto the FPLC particle-packed columns™ 7 and
10 times higher than the volume injected on the CIM disk.*® For
the separation of standard serum proteins the following procedure
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Figure 1. Ssparation of standard serum protsing by an anion
exchangs CIM DEAE column using UV (278 nm) and ICPMS
detection: (A) UV chromatogram and (B} Al elution profile

was applied. A 1 mL volume of a synthetic solution of standard
serum proteins was injected onto the CIM DEAE column. As the
eluent ammonium chloride (1 M) at pH 7.4 (buffer B) was applied.
Optimization of chromatographic parameters indicated that the
best resolution among standard serum proteins was achieved
when after 5 min of isocratic elution with buffer A, a linear gradient
elution from 100% buffer A to 100% buffer B in 40 min at a flow
rate of 1 mL min~' was applied. The separation of proteins was
followed online by UV detection at 278 nm, while Al was
detected by ICPMS. Figure 1 shows the separation of standard
serum proteins on a CIM DEAE column under the optimized
chromatographic procedures. As can be seen from Figure 14, a
good resolution among IgG, transferrrin, and albumin was
obtained on the CIM DEAE column. Itis evident from the elution
profile of Al (Figure 1B) that Al was eluted at the elution time of
transferrin. To determine the concentration of Al hound to
transferrin, standard serum transferrin was spiked with 1, 2, 5,
10, and 20 ng mL™! Al Linearity of the measurement, within
this concentration range, was obtained with a correlation
coefficient better than 0.998. The concentration of Al in the
sarnple from Figure 1B was calculated on the basis of the peak
area and was found to be 3.0 + 0.2 ng mL™.

Distribuction of Abemingm Citrate and Ionic Al on the CIM
DEAE Colwmn at pH 74, Citrate occurs in human serum at a
concentration of about 0.1 mmel 1.7 and is considered to he
one of the major LMM-Al binding ligands in human serum.®
At physiological pH it is present as a negatively charged
complex that is strongly retained by the anionesxchanged
chromatographic supports.*®* In serum samples exists the
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Figure 2. Al slution profiles obtained for the separation of aluminum
citrate and aluminum nitrate (10 ng mL™" Al} on the CIM DEAE
column.
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Figure 3. Al slution profiles for the speciation of Al in unspiked (1 +
Ay and spiked (1 + 4, spike after dilution 1o 2 ng mL™" AlY serum
samples when (A) CIM DEAE—ICPMS was applied after presepa-
ration of LMM-Al species by SEC or (B) when only CIM DEAE—ICPMS
was used

posaibility of coelution of negatively charged LMM-Al species*
with serum proteins. Therefore, it is necessary to examine the
behavior of alumimum citrate on the CIM DEAE column prior to
the speciation analysis of Al bound to proteins. Itis also important
to know the behavior of ionic Al that may be present as a
contaminant in eluents and chromatographic supports. For this
purpose synthetic solutions of aluminum citrate and aluminum
nitrate (10 ng mL™? Al) were prepared in buffer A at a
physiclogical pH of 7.4. The separation was performed under
the optimized CIM DEAE chromatographic procedure. Al
elution profiles are presented in Figure 2. Data from Figure 2
indicate that under the chromatographic conditions applied
aluminum citrate and ionic Al (aluminum nitrate) are eluted as
broad peaks from 25 to 45 min and do not overlap with the elution
profile of Al bound to transfertin. It was experimentally proven
that the shape of the chromatographic peaks was the same after
several consecutive injections of Aaluminum citrate or aluminum
nitrate. On the basis of these observations, it was presumed that
preseparation of LMM Al complexes prior to speciation analysis
of HMM-Al was not necessary. However, to confirm this presump-
tion, unspiked and spiked (10 ng mL~' A} serum samples were
injected onto the SEC colimn and the separation of Al species
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Figure 4. Al slution profiles for the separation of unspiked serum (1
+ 4y and the blank sample aftsr the ovsrall cleaning procsdurs. The
peak of Al in the unspiked serum sampls {1 + 4) corresponds to 1.04
ng mL™! Al

was performmed following the recommended procedure. Proteins
were eluted in a 5 mL chromatographic peak®® from 7.5 to
12.5 min and were separated from LMM-Al species. The protein
peak was collected (sample diluted 5-fold) and further processed
for protein separation using the CIM DEAE procedure. The same
experiment was performed on unspiked and spilzed serum samples
without prior separation of LMM-Al from HMM-Al species, using
only the CIM DEAE procedure. The Al elution profiles obtained
by ICPMS are presented in Figure 3. [t can be seen that the elution
profiles for unspiked and spiked serum samples are the same for
the two procedureswhen the speciation of Alby CIM DEAE—ICPMS
was applied after preseparation of LMM-Al complexes by SEC
(Figure 3A) or when the speciation of Al was performed only by
CIM DEAE—ICPMS (Figure 3B). Furthermore, on the basis of
the elution time, Al species separated corresponded to Al bound
to transferrin. Their concentrations determined on the basis of
the peak area also indicate that there are no differences between

the two procedures applied. Al concentrations in unspiked and
spiked serum applying SEC and CIM DEAE were 51+ 0.4 and
15.4 + 0.6 ng mL?, while those obtained by the use of CIM
DEAE only were found to be 5.2 + 0.4 and 15.3 = 0.6 ng mL™?,
respectively. These data prove that when the recommended
analytical procedure for speciation of HMM-Al in serurn by CIM
DEAE is applied, the preseparation of LMM-Al complexes by
SEC is not necessary.

Elimination of Extraneons Confamination with Al Due to the
very low concentrations of Al in serum and the high environmental
abundance of Al, there is a high risk of contamination during all
steps of the analytical procedure. Appropriate handling of samples
and efficient cleaning procedures (see the recommended cleaning
procedures) should be therefore applied to perform reliable
speciation analysis of Alin human serum atnormal concentration
levels. After the use of appropriate cleaning of the laboratory ware,
tubes, and eluents, the concentrations of Al in all elients
determined by ICPMS were below 0.01 ng mL™*. Furthermore,
it is of paramount importance to efficiently clean the chromato-
graphic supports as well. When the cleaning of chromato-
graphic supports exactly followed the recommended cleaning
procedures, extremely low blanks were obtained during the
chromatographic separation. The Al elution profiles for the
serurn (diluted 1 + 4) and blank sample that are presented in
Figure 4 clearly demonstrate that the overall cleaning procedure
is extremely efficient. It was experimentally found that, after each
cleaning of the CIM DEAE column, three blank samples should
first be injected to obtain a reproducible and low blank chromato-
gram as presented in Figure 4. Al that contributes to the blank
value of the overall analytical procedure is eluted as a broad peak
from 25 to 45 min and does not overlap with the elution profile of
Al bound to transferrin, On the basis of data from Figure 2 it may
be presumed that Al impurities corresponded to ionic Al species.
[t should be stressed that the chemical and chromatographic
stability of the methacrvlate based monolithic anion exchange

DEAE column?® enabled a rigorous cleaning of the chromato-
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Figure 5. UPLC—ESI-MS analysis of transfarrin standard (1A and 1B) and human serum transterrin after separation on a GIM DEAE column

(2A and 2B): (A) ES| mass spactrum, (B) decorvaluted mass spectrum.
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chromatogram and (B) Al elution profile

graphic support. A low blank as presented in Figure 4 is essential
to perform speciation analysis of Al in human serum at normal
concentration levels.

Speciation of HMM-Al Species in Human Serum at
Normal Concentration Levels. A serum sample that contained
5.7 + 0.4 ng mL™?! total Al was diluted (1 + 4) with buffer A,
and the speciation of HMM-Al species was performed by CIM
DEAE-ICPMS. The corcentration of Al bound to transferrin
was determined by the standard addition method. The Al
species bound to transferrin was quantified on the basis of the
peak area and was found to be 5.2 + 0.4 ng mL™. Speciation
analysis of serum by the CIM DEAE-ICPMS procedure
confirmed that 91 + 7% of Al is bound to transferrin. To the
best of our knowledge, this is the first ime that quantitative
determnination of HMM-Al was performed in unspiked hurnan
serum at normal concentration levels. Excellent selectivity, high
capacity, and extrerne robustness of the CIM DEAE colurnn
allowed efficient cleaning of the chromatographic support,
enabled in combination with [CPMS reliable quantification of
Alin serum bound to transferrin. This study confirms that the
percentage of Al bound to transferrin at norrnal serumn
concentration levels is the same as found for spiked serum
samples by Medels group”™ and by our group.®* A imilar
confirmation of Al binding to transferrin in unspiked serum of
renal patients with elevated Al concentrations was reported by

Medel's group”™ as well. The data on the speciation of Al at normal
concentration levels may also serve as a basis for computational
investigations.>¥3°

UPLC—ESI-MS Identification of Al Binding Protein. To
prove that HMM-Al species in serum corresponded exclusively
to Al—transferrin, the separation of the serum sample was
performed by the CIM DEAE procedure. The fraction eluted
under the retention volume of transferrin was collected and
cleaned /preconcentrated , and transferrin in reconstituted solution
was identified by UPLC—ESI-MS. Transferrin standard (1A and
1B) and serum transferrin (2A and 2B) are presented in Figure
5. Fipure 1A represents ESI-MS peaks of serum transferrin
standard from me/z 2211 (IM + 36HI*™) to m/z 3460 ([M +
23H]**) with the charge distribution having the maximum at
[M + 28HI*®* (/2 2842.4), while in Figure 1B deconvoluted
mass spectra of transferrin standard (M = 79756 Da) are
presented. Figure 2 represents the ESIMS data of the serum
transferrin fraction collected from the CIM DEAE column at the
same elution volume as Al detected by [CPMS. Data presented

(32) Vidié, ].; Podgomile, A; Jantar, J.; Franlovié, V.; Kodir, B.; Lendero, M,
tuéek, K; Krajne, M.; Strancar, A J. Chromaiogr., A 2007, 1144, 63-71.

(33) Exley, C.; Beardmore, I, Rugg, G fut. J. Quantem Chom, 2007, 107, 275
278,

(34) Beardmere, ]; Ruge, G Exley, C. J. Inovg. Bischem, 2007, 101, 1187-
1181,

(35) Beardmeore, ], Exley, C. f. org. Biochom. 2009, 103, 205-209.
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in Figure 5 confirmed that transferrin is the only protein that binds
Al in human serum. This confirmation is in agreement with
previously reported data obtained by SDS—PAGE. %3¢

Repeatability and Limits of Detection and Quantification,
The repeatability of the developed CIM DEAE—UV/ICPMS
procedure was tested for six consecutive separations of unspiked
serum. Figure 6 shows UV chromatograms and Al elution profiles
for six consecutive injections of unspiked serum. Good repeat-
ahility of consecutive chromatographic separations was obtained.
The concentration of Al bound to transferrin was determined by
the standard addition method on the peak area basis. The average
concentration of six consecutive separations was found to be 5.2
+ 0.4 ng mL™! Al The RSD of 8.6% for such low Al concentra-
tions is also a great benefit of the developed analytical
procedure.

The limit of detection was calculated as the concentration that
provides a signal (peak area) equal to 3 s of the blank sample in
the chromatogram. It was found to be 0.15 ng mL™* Al bound to
transferrin.

The limit of quantification was calculated as the concentration
that provides a signal {peak area) equal to 10 s of the blank sample
in the chromatogram. It was found to be 0.49 ng mL™ Al bound
to transferrin.

GCONCLUSIONS

The developed analytical procedure combining an anion
exchange CIM DEAE monolithic column with UV and ICPMS
detection enabled quantitative and reliable determination of the

(36) Wrobel, K, Blanco Gonziles, B, Widbel, Kz.; Sanz-Medel, A Analwt 19935,
130, 809-815.
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composition and content of HMM-Al species in human serum at
very low concentrations (LOQ = 0.49 ng mL™ Al). To the best
of our knowledge, this is the first report on quantitative
determination of HMM-Al in unspiked hurnan serurn at norral
concentration levels. Extreme robustness of the CIM DEAE
colurnn that allowed efficient cleaning of the chromatographic
support and effective cleaning of eluents considerably lowered
the blanks. The high capacity and good selectivity of the CIM
monolithic column enabled, in combination with [CPMS,
reliable quantification of Al in serurn bound to transferrin.
Transferrin was identified on the basis of the retention volurne
and also by ACQUITY UPLC—ESI-MS. The present study
confirmed that the percentage of Al bound to transferrin at
norrnal serurn concentration levels is about 90% and is the sarme
as previously reported for spiked and unspiked hurnan serum
with elevated Al concentrations. The data on the speciation of
Al at normal concentration levels represent an irportant basis
for computational studies of the Al distribution and fate in
human body.
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Aluminium (Al} is associated with many clinical disorders in renal patients. Al accumulation in brain has
also been related to the neurodegenerative processes in Alzheimer's disease. In order to better under-
stand Al transport in the human body, it is necessary to identify and quantify chemical species in which
Al is present in body fluids and tissues. Among a variety of biological samples, Al speciation was the most
frequently investigated in human serum. Improvements were made in the development of analytical
techniques for the determination of the amount and composition of high molecular mass Al (HMM-AlL)
and low molecular mass Al (LMM-Al) species in human serum. However, due to the complex chemistry
of Al in serum, its Jow total concentration and the high risk of contamination, speciation of Al in biological
samples is still a difficult task for analytical chemists. In this work, problems related to speciation of Al in
huran serum are critically discussed. An overview of the progress that was made by the use of different
analytical procedures, in order to propose analytical protocols for reliable speciation of Al in serum at low

Keywords:

Speciatien of Al
Human serum
Analytical techniques

ng mL~" concentration range, is presented.

2009 Elsevier Inc. All rights reserved.

1. Introduction

Aluminium (Al) is the most abundant metal in the environment.
However, the sparingly soluble nature of most Al compounds sig-
nificantly decreases the probability of an Al body burden in hu-
mans from environmental sources. Al is not considered to be an
essential element in humans. Its toxic effects are known particu-
larly in patients with chronic renal failure [1-3]. Al accumulation
in brain has alse been related to the neurodegenerative process
in Alzheimer's disease [4,5]. Concern over maintaining the quality
of water and fluids used for dialysis considerably prevented intox-
ication of dialysis patients with Al[1]. Nevertheless, the absorption
of Al via consumption of Al-based drugs [3] and its accumulation in
target organs is still a possible source of Al overload in renal pa-
tients. In order to understand the toxicity of Al in humans, it is
essential to identify and quantify the chemical species in which
Al is transported and stored in the body [6-8]. For these reasons,
speciation of Al in human serum has been intensively investigated.
First attempts in speciation of Al in human serum were oriented to
distinguish between the percentage of low molecular mass Al
(LMM-AL) and high molecular mass Al (HMM-AI) species. For this
purpose fractionation of serum samples using ultrafiltration and
microultrafiltration procedures [9-11], size exclusion chromatog-
raphy [SEC) [12,13] and HPLC TSK G4000 SW column [14] were
performed. The results in general suggested that about 90% of Al
was bound to HMM compounds. The same observations were

* Corresponding author. Tel.: +386 1477 3846, fax: +386 1 251 9385,

E-mail address: janez.scancar@iis si {1 $€antar).

0162-0134/$ - see front matter © 2009 Elsevier Inc, All rights reserved.
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reported from study on the fractionation of Al by SEC with UV
and ETAAS detection in spent continuous ambulatory peritoneal
dialysis (CAPD) fluids [15]. However, Keirsse et al. [12] reported,
that an excess of Al was eluted from the SEC coulmn, most proba-
bly due to contamination from the column support. By SEC tech-
niques it was demonstrated that Al was eluted under the elution
profile of transferrin and albumin., More selective separation of
proteins was obtained by an anion-exchange high performance li-
quid chromatography using Protein-Pak DEAE-5PW column [16].
In combination with SDS-PAGE and final element detection of Al
by ETAAS, researchers in the Medel's group demonstrated that
the transferrin is the only binding Al protein in human serum
[16]. The significant progress in Al speciation in serum has been
achieved by the use of the robust anion-exchange Mono Q fast pro-
tein liquid chromatographic column (FPLC). This polyether resin
based column enabled quantitative separation of Al species and
has been successfully applied in the further investigations of the
percentage and the composition of both LMM-AL [17-19] as well
as HMM-Al species [20-23]. Lower detection limits were obtained
when ICP-MS was introduced as element specific detector in deter-
mination of separated Al species [21,22]. Recently, methacrylate
based convective-interaction media® [CIM®] monolithic chroma-
tography has been applied as a complementary separation support
to FPLC columns for the speciation of Al-binding proteins in human
serum [24]. Using DEAE CIM® monolithic disk in combination with
UV and ICP-MS detection it has been demonstrated again, that
HMM-AI 1s quantitatively eluted under the chromatographic peak
of transferrin. Also, the percentage of Al bound to transferrin was
found to be about 80%. All the above mentioned investigations
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were performed on spiked human serum [100-300 ng AlmL ™) or
serum of dialysis patient that contained elevated concentrations of
Al (about 100 ng mL~1). Research was oriented also to investigate
the composition of LMM-Al-binding ligands in serum. Microultra-
filtration (cut off 30,000 Da) was first applied to separate ultrafil-
trable Al fromm HMM-AI species [17]. Aliquet of an ultrafiltrable
fraction of Al was then injected onto the FPLC column. On the basis
of the elution time and identification of the Al-binding ligands by
ES-MS-MS, it has been demonstrated that the main LMM-Al spe-
cies were Al-citrate, Al-phosphate and ternary Al-citrate—phos-
phate complexes [18,19]. These data agreed with the modeling
calculations performed in group of Kiss [25]. [n speciation analysis
of Al in human serum, it was of crucial importance to prevent con-
tamination. For this purpose the analyses were performed under
the clean room conditions. Various cleaning procedures of eluents
and the column resin were applied [17-24], that all resulted in
substantial lowering of the risk of contamination with extraneous
Al

In 2002, a critical review on analytical methodologies for Al spe-
ciation in human serum was reported by the grotp of Medel and
our group [26]. Although analytical procedures were appreciably
improved in the last decade [27], speciation of Al in serum and
other biological samiples is still being developed. In the present
work, the most important analytical approaches for speciation of
Al in human serum are overviewed. Special attention is given to
the analytical achievements of the last five years.

2. Analytical procedures for speciation of Al

Blood serum is a very complex matrix containing HMM and
LMM compounds and high concentration of salts. Normal total
concentrations of Al in serum range between 0.5 and 8 ngmL™!
[28], while recently, even lower normal Al concentrations, around
2ng mL~?! or less were reported [29]. Due to the complexity of the
serum constituents, low total concentration of Al and the high risk
of contamination, speciation of Al in biological samples is still a dif-
ficult task for analytical chemists. In the following paragraphs
drawbaclks related to speciation of Al in human serum are pre-
sented and progress that was made through the development of
the analytical procedures is discussed.

2.1. Contamination: problems and solutions

Recause of low Al concentration the speciation of Al in serum of
healthy subjects was in general performed in spiked samples or in
serum of renal patients with elevated Al concentrations. To abtain
reliable analytical data it is of extreme importance to avoid all pos-
sible sources of contamination and to apply appropriate cleaning
procedures for removing traces of Al from the eluents, reagents,
columns and filtering devices used in the speciation procedure.
In order to prevent contamination by extraneous Al, high density
polyethylene or Teflon ware, previously soaked with 10% HNO,
for 48 h and rinsed with high purity MiliQ water should be used
[30]. Owverall analytical procedure should be carried out under
clean room conditions [at least class 10,000). It is also impartant
to clean micreultrafiltration membranes used in fractionation of
serum samples. For this purpose 0.1 mol L-* NaOH was used in
three successive filtrations followed by sufficient rinsing of mem-
branes (by filtration) with ultrapure water [9-11]. In order to re-
move Al from eluents used in chromatographic procedures Van
Landeghem et al. [31] applied an on-line silica-based Cy5 scavenger
column which had a strong affinity to adsorb Al Similarly, in Me-
del's group chelating Kelex 100-impregnated silica Cyz scavenger
column was used “on-line” to clean the eluents [21]. In our group
[17] the chromatographic eluents were first treated with the che-

lating resin Chelex 100 (batch procedure). Filtered eluents were
then passed through a silica-based HPLC LiChrosorb RP-18 column
to remove residual Al. Since the chromatographic supports used in
the speciation procedure also contained trace amounts of Al, it was
of great importance to efficiently clean the column resin. For this
purpose fast protein liquid chromatography (FPLC) columns used
in the speciation of IMM-Al compounds were cleaned by passing
10ml of 5 mol L~} citric acid through the column resin, so that
the columin blanks were below 1 ng AlmL~! [17]. A similar clean-
ing procedure was also applied to efficiently remove traces of Al
from the microultrafiltration membranes Centricon 30 [17]. [nspe-
ciation of HMM-AI in serum, cleaning of the column resin is even
more important. Traces of Al and the retained serum constitutents
should be efficiently removed from the chromatographic supports.
There were not many reports that draw attention to this problem.
Nagaoka and Maitani[22] reported the cleaning procedure for FPLC
coulmn used for separation of HMM-AI species in serum. Separated
Al species were determined “on-line” by HR ICP-MS. After rinsing
the column with buffer, 100 pL of 7 mmol L= sodium citrate
was first injected, followed by seven subsequent injections of
0.25 m mol L~! ammonium acetate in 50 mmol L~* TRIS buffer.
After serum analysis one single injection of 2molL™! NaCl,
2molL! NaOH and 75% acetic acid was applied. Authors stated
that by the use of the proposed cleaning procedure the blank
was lowered to 0.1 ng Al mL~'. In our group, efficient cleaning pro-
cedures of SEC and FPLC columns used for speciation of HMM-AL in
human serum were also developed [23]. Columns were first rinsed
with 15 ml of water. Then 1 mL of 1 mol L~! NaOH was injected
onto the SEC columin, while 0.5 mL of 1 mol L~ NaOH was applied
onto FPLC column, followed by rinsing with 15 mL of water. After
that 10 min linear gradient elution at 1 mL min~! from 100% water
to 100% 2 mol L~! citric acid was applied, followed by rinsing with
10mL of 2 mol L~! citric acid. 10 min linear gradient elution at
1 mLmin~? from 100% 2 mol L™! citric acid to 100% water fol-
lowed. Finally, the columns were rinsed with 15 mL of water and
15 mL of 0.05 mol L=* TRIS-HCI buffer (pH 7.4). By applying the
above described cleaning procedure low blanks from the column
resin (below 1 ng Al mL~!) were obtained. When CIM® DEAE fast-
monolithic disk was later used in the separation of HMM-AIL spe-
cies, similar cleaning procedure as for FPLC column was applied
[24], with exception that 100 pL of NaOH was injected onto the
disk. The blanks from the disk support were lowered to below
0.5 ng mL~! Al In order to obtain reliable analytical data in speci-
ation of Al in serum samples, the overall cleaning procedure and
careful handling of samples to prevent contamination is of crucial
importance.

2.2, Fractionation procedures

Pérez Parajon et al. [9] critically evaluated the speciation of Al in
sertm by ultrafiltration with ETAAS detection. The authors high-
lighted the problems of contamination that led to controversial re-
sults reported by previous investigators. Microultrafiltration which
minimized contamination risk gave more reliable results than clas-
sical ultrafiltration. Data indicated that in spiked serum of healthy
subjects about 8% of total Al was ultrafiltrable, while in renal pa-
tients this percentage was about 13%. The same researchers [9]
also found that after desferrioxamine (DFO) chelation therapy in
renal patients, total serum Al and the ultrafiltrable fraction signif-
icantly increased due to mobilization of Al by desferrioxamine
from body tissues and serum proteins. Wrobel et al. [11] reported
that the percentage of ultrafiltrable Al was influenced neither by
the individual renal pathology of the patients nor by kidney trans-
plantation. In patients undergoing DFO chelation therapy, the total
Al was significantly increased. The ultrafiltrable fraction which
represented about 11% of total Al before DFQ treatment was in-
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creased to almost 80% of total serum Al after DFO treatment. Frac-
tionation of serum by the microultrafiltration procedure gives
information on the ratio between HMM-AL and LMM-AL in human
serum. It can also provide a useful analytical tool for estimation of
the efficiency of the chelation therapy [32].

Further attempts of researchers were oriented to find out on
which serum protein Al is bound. For this purpose size exclusion
chromatography [SEC) was first applied. In SEC analysis bicarbon-
ate plays a critical role in the binding of Al by transferrin [33,34].1n
the absence of bicarbonate in the eluting buffer, more peaks and a
greater proportion of LMM-Al fraction were ohserved [35]. In con-
trast, when bicarbonate was added to the eluting buffer, fewer
peaks were observed in the SEC chromatogram and the largest
peak appeared in the transferrin/albumin region [36]. Due to the
poor resolution between transferrin and albumin it was not possi-
ble to identify the Al-binding protein in serum by SEC, SEC proce-
dures enabled only to distinguish between the percentage of
HMM-Al and LMM-AL species.

2.3. Development of chromatographic procedures for speciation of
LMM-Al species in human serism

The distribution of LMM-Al species in serum has been inten-
sively investigated by computer simulation. Based on known ther-
modynamic equilibrium stability constants the following LMM-AL
species were predicted in human serum: Al-citrate, Al-phosphate,
Al-hydroxide and mixed ternary complexes of Al-citrate-phos-
phate, Al-phosphate-hydroxide and Al-citrate-hydroxide species
[37-40,25]. However, data on distribution of these species in hu-
man serum were rather controversial. So, there was a need to
experimentally determine the composition and content of LMM-
Al species in human serum. Favarato et. al. [41] applied a TSK-
GEL HW 555 SEC column for separation of Al species present in
the serum of normal and occupationally exposed subjects. Sepa-
rated Al species were determined by ETAAS. In addition to one
HMM-Al fraction three to five separated LMM fractions which con-
tained Al were also found, but were not identified. In order to
determine the amount and composition of LMM-Al species pres-
ent in human serum there was a need for more powerful specia-
tion techniques. Since Al-citrate has been theoretically predicted
as one of the most important LMM-Al-binding ligands in human
serum |25,38], efforts were oriented to the development of a reli-
able analytical procedure for speciation of this biologically impor-
tant molecule. Datta et al. [42] used normal, reversed phase and
mixed phase (ODS/NHz) columns and various mobile phases for
separation of Al-citrate. The best results for synthetic standard
solutions of Al-citrate were obtained when cyclobonded and cya-
nobonded phase columns were used. However, the retention times
were not reproducible and Al-citrate recoveries were moderate
{less than 65%), presumably due to adsorption of Al on the sil-
ica-based columns. Therefore, it was not possible to use this tech-
nigue for quantification of Al-citrate in biological samples. In our
group first data on quantitative determination of Al-citrate [43]
and its application to speciation in serum samples [17-19] were
reported by the use of strong anion-exchange Mono Q fast protein
liquid chromatography (FPLC) column. This polyether based col-
umn resin bearing quaternary amine functional groups did not ad-
sorb negatively charged Al species and exhibited the wide pH
range stability (2-12). For speciation of LMM-Al species at low
ng mL~! concentration level, there were several important
requirements. The celumn resin sheuld not adsorb Al species of
interest, eluents used for chromatographic separation should en-
able quantitative separation of Al species and should not form
complexes with Al In addition, eluent should be compatible with
the element specific detector used for the determination of sepa-
rated Al species. By the use of strong anion-exchange Mono Q FPLC

5/5 column and aqueous 0-4 mol L~! NH4NO, gradient elution in
10 min, negatively charged Al-citrate species was quantitatively
separated in the pH range 6.5-7.4. Separated Al species were then
determined “off-line” in 0.5 mL fractions by ETAAS [17]. The main
advantage of NH4NO, eluent lied in its ability to decompose in the
pgraphite tube during the ashing step, enabling quantitative and
reproducible [RSD 2%) determinations of separated Al species by
ETAAS. Al-citrate was quantitatively eluted from 4.5 to 5.5 min.
The low limit of detection for separated species (2 ng Al-citrate
mL~1) offered the application of the developed procedure for
determination of LMM-Al species in spiked human serum. Nitrate
salt of Al [50-150 ngmL~" Al®*) was used for spiking of samples
[equilibration at room temperature for 4 h). To separate HMM-AL
from LMM-Al compounds samples were first microultrafiltered.
All the necessary steps to avoid contamination as discussed in Sec-
tion 2.1. were considered, including the cleaning of the column re-
sin and ultrafiltration membranes with 5 mol L~! citric acid that
lowered the blank of the overall analytical procedure to below
1ngAlmL~! [17]. Speciation analysis of the microultrafiltrable
fraction representing 15-19% of total Al indicated that LMM-AL
species were quantitatively eluted under the elution time of Al-
citrate. On the basis of these observations it was presumed that
LMM-Al corresponded to Al-citrate. In additien to citrate
[37,38,25] computational calculations predicted also phosphate
[3940,25] and ternary citrate-phosphate complexes [25] as
important LMM-AL species present in human serum. Therefore,
more detailed identification and quantification of the Al species
eluted under the chromatographic peak [17] was necessary. For
this purpose Bantan et al. verified also the behaviour of Al-phos-
phate en the anion-exchange Mong 0 FPLC column [18,19]. Typi-
cal chromatograms for separation of Al-citrate and Al-phosphate
at pH 7.4 is presented in Fig. 1. In addition, LMM-AI species in ser-
um were characterized not only on the basis of the retention time
but also by electrospray (ES)-MS-MS analysis of the LMM ligands
eluted under the chromatographic peak. The reproducibility of
measurement (RSD), tested for six consecutive separations of Al-
citrate and Al-phosphate (100 ng mL~" Al, pH = 7.4] was found to
be 2% for Al-citrate and 15% for Al-phosphate. The limit of detec-
tion (LOD) for determination of separated Al species in serum by
FPLC-ETAAS was 5.0ng mL~!. Investigations were performed on
the spiked serums of healthy subjects [18] and spiked and unspi-
ked serum of dialysis patients [19]. The same speciaticn procedure
as described previously was applied [17], with exception that for
better selectivity, 0.2 mL fractions were collected throughout the
chromatographic run. In fractions that contained Al, ES-MS-MS
analyses were performed. Based on the miass spectra and the cor-
responding daughter ion spectra the presence of citrate (pealk m/z
191 and the corresponding daughter ion spectra with m/z 111, 87
and 85), phosphate (peak m/z 97 and the corresponding daughter
ion spectra with myz 87 and 79) and both phosphate and citrate
binding ligands were confirmed in separated serum fractions. An
example of ES-MS-MS spectra in separated serum fractions con-
taining Al is presented in Fig. 2. By combining data from speciation
of Al by FPLC-ETAAS procedure and further identification of the Al-
binding ligands, it was experimentally proven that Al-citrate, Al-
phosphate and ternary Al-citrate-phosphate species were present
in serum samples. These data were in agreement with the compu-
tional calculations in human serum performed in the group of Kiss
[25]. The experimental data [18,12] further indicate that the distri-
bution of LMM-AI species varied between particular individuals.
Individual variability was also observed in the percentage of
LMM-Al species in spilced serum, which in general ranged from
14 up to 50%. It should be considered that health status of individ-
uals and medical reatment may play a role in the distribution and
amotnt of LMM-Al species in serum. However, this presumption
should be further investigated.
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2.4. Development of chromatographic procedures for speciation of
HMM-Al species in human serum

Since SEC procedures [33-36] were not selective encugh to sep-
arate albumin and transferrin, more powerful chromatographic

procedures in combination with various specific detection tech-
niques were needed to characterize and quantify the Al-binding
proteins in serum. To obtain higher resclution in separation of ser-
um proteins anion-exchange chromatographic columns were ap-
plied. First attempts were made by TSK DEAE-35W silica-based
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ion-exchange column [44]. Since Al was significantly retained on
this column resin, it was not appropriate for quantitative analysis
of Al-binding protein. To prevent Al adsorption on the column sup-
port a polymeric anion-exchange [Protein-Pak DEAE-5PW) column
for separation of serum proteins was used [16]. Separated proteins
were followed at 280 nm by UV detection, while Al in separated
fractions was determined by ETAAS. Linear gradient elution was
applied in 30 min, using (0-1.0 mol L~1) NacCl in TRIS-HC] buffer
1pH 7.4) containing 0.01 mol L~ of NaHCO,. UV and Al elution pro-
file of spiked serum (1000 ng Al mL™?, diluted 1+ 4 with water) is
presented in Fig. 3. The selected column fractions were also char-

(g}

Aluminium cantenvpg ™'

Absorbance (280 nm)

Silicon content/ug I

1 5 9 13 17 21 25 29
Golumn lractions/min
Fig. 3. Elution profiles of proteins {detection at 280 nm) and {a) aluminium and {b)
silicon (ETAAS) in diluted {1 +4) serum sample {1.0 pg mL~" Al, 0.1 mmol L~! citric
acid, 5,0 ug mL™" $i). Reproduced from Ref. [16], with permissions from The Royal
Society of Chemistry.

acterized by SDS-PAGE (Fig. 4). The results demaonstrated that Al
was eluted under the transferrin peale. Since light and heavy chains
of immunoglobulin were also present in fractions where transfer-
rin was eluted, additional experiment was done. The total protein
content and the content of particular protein were determined in
selected separated fractions and a correlation was made to the con-
centration of Al. Since excellent correlation was obtained for Al and
transferrin concentrations (r = 0.897) and no correlation was found
for Al and immunoglobulin or albumin, it was concluded that the
transferrin was the only serum protein that binds Al. To exclude
the risk of displacement of Al from the protein during the chro-
matographic procedure, Soldado Cabezuelo et al. [20] used faster
separation columns. An anion-exchange FPLC Mono Q HR 5/5 col-
umn was applied in speciation of spiked human serum and serum
of uremic subjects. 0.2 mlL of diluted serum sample [ 1 +4) was in-
Jjected onto the column. Linear gradient elution was applied in
20 min using (0-0.25 mol dm™>) NaCl in TRIS-HCl buffer (pH 7.4)
containing 0.01 molL~! of NaHCO,. A Kelex 100 scavenger column
was used “on-line” to clean up the eluents, lowering the blank of
eluents to below 1.5 ng Al mL~1. Serum proteins were detected at
280 nm. Al was determined in 500 pl fractions “off-line” by ETAAS.
It was experimentally proven that Al was eluted under the peak of
transferrin. To lower the limits of detection the same chromato-
graphic column was further applied, and the same cleaning proce-
dures performed [20], while for detection of separated Al species
“on-line” quadrupole ICP-MS and high resclution [HR)-ICP-MS
instruments were used [21]. Elution profile of proteins was fol-
lowed by UV spectrophotometry at 285 nm. Ammonium acetate
that was compatible with UV as well as with ICP-MS detection
was used for separation of proteins. 0.1 ml of sample was injected
onto the column. Linear gradient elution was applied in 15 min
using (0-0.25 mol L‘i] ammonium acetate in TRIS-HCl buffer
(pH 7.4). The HR-ICP-MS detection enabled “on-line” speciation
of unspiked human serum containing about 2.5 ng mL~! of total
Al. The elution profile of normal unspiked serum sample with
HR-ICP-MS detection is presented in Fig. 5. It is evident, that in
the eluting volume typical of transferrin two distinct peaks were
obtained, presumably indicating two binding sites of Al in transfer-
rin [34]. Authors presumed that 0% of total Al was bound to trans-
ferrin. The Al elution profile under the transferrin pealk was not
quantified. There were also no data about the column blank re-
ported. Later, the same separation system using 0.5 mol L~! ammo-
nium acetate in linear gradient elution coupled to double focusing
(DF)-ICP-MS enabled multielemental speciation of eleven ele-
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Fig. 4. SDS-PAGE of selected column fraction collected for elution of 500 pL of: {a) diluted spiked serum sample, and {b) transferrin standard solution. Molecular mass
markers are given in the centre. Reproduced from Ref. [16], with permissions from The Royal Society of Chemistry.
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Fig. 5. Chromatogram of normal unspiked human serum (Al content 2.5ugL™")
after FPLC =zeparation of proteinz using HRAICP-MS (R =3000) detection of Al
Reproduced from Ref. [21], with permizsions from The Royal Society of Chemistry,

ments, including Al, in human serum [45]. Nagaoka and Maitani
[22] used the same FPLC Mono Q HR 5/5 column and the same buf-
fer as Soldado Cabezuleo et al. [21], but different gradient elution
conditions in 50 min. 0.1 mL of sample was injected onto the col-
umn resin. Authors reported the cleaning protocol of the column

1508

that lower the column blank to background levels of Al [see Section
2.1,122]). They comipared the elution profiles of nonspiked human
serum using 15 and 50 min gradient elution and followed Fe and Al
chromatograms by HR-ICP-MS and protein profiles by UV detec-
tion at 280 nm. The results presented in Fig. 6 indicated that by
the use of shorter gradient two Al and two Fe peaks were detected
{left), while with prolongation of the elution gradient, three main
Fe and two Al peaks were recorded (right). Based on previous
experiments with Fe and desferroxiamine (DFO) that removed Fe
preferentially from the C-lobe site [46], and considering data from
Fig. 6 (right) Nagacka and Maitani presumed the binding sites of Fe
to transferrin. By further spiking of transferrin with Al-citrate
[Fig. 7) andfor by spiking of serum with Al-citrate (equilibration
for 24 h), the peak assigned as Al bound to the transferrin N-lobe
site was significantly increased, whereas the slight increase in Al
peak, presumably forming the complex AlnFec-Tf, was also ob-
served. Based on these experiments authors concluded that the
preferring binding site of Al to transferrin is N-lobe site. [n the con-
tinuation of their research Nagacka and Maitani studied the effect
of sialic acid residues of transferrin on the binding with Al and Fe
using FPLC-HR-ICP-MS [47] and later reviewed their work [48].
Again it was demonstrated that Al-citrate added to transferrin at
Al/Tf ratic =1 was preferentially bind to N-lobe site, while the
binding affinity was higher to asialo-Tf than to native-Tf.

On the basis of knowledge that was gained in our group on the
elution profiles of LMM-AL complexes in human serum on Mono Q
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Fig. 6. Comparison of HPLC chromatograms under two gradient conditions. A 100 pL portion of serum from a healthy person without any Al spike was applied to the HPLC-
HR-ICP-WS system, and UV absarption at 280 nm {HPLC-UY chromatogram] and the levels of ®Fe and Z7Al {HPLC-HRICP-MS chromatograms) in the eluate were monitored.
Left, conditions of Ref. [21]; right, modified conditions. Reproduced from Ref. [22], with permissions from The Royal Society of Chemistry.
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FPLC column [18,19] and data reported for HMM-Al species sepa-
rated on the same column [20-22], the possibility existed on the
co-elution of LMM-AL species [Al-citrate, Al-phosphate, ternary
Al-citrate-phosphate complexes) with the Al-transferrin complex,
although for separation of HMM-Al species lower ionic strength of
eluent was applied [20-22]. In order to obtain the reliable data,
without risk of overestimation of the concentration of Al bound
to transferrin, there was a need for pre-separation of LMM-Al com-
plexes before using an anion-exchange FPLC in speciation of HMM-
Al compounds. For this purpose an analytical procedure was devel-
oped using SEC (Superdex 75 HR 10{30) prior to an anion-exchange
FPLC (Mono @ HR 5/5) separation [23]. Pre-separation and separa-
tion procedures were followed by the UV detection at 278 nm and

Al determined “off-line” by ETAAS. All the necessary steps to avoid

contamination as discussed in Section 2.1. were considered, includ-
ing the cleaning of the SEC and FPLC column with 1 mol L~' NaOH
and 2 mol L1 citric acid, that lowered the blank of the overall ana-
Iytical procedure to below 1 ng Al mL~* [23]. 1 mL of spiked serum
fup to 300 ng Al mL~!, Al-nitrate salt) was injected onto the SEC
column. Isocratic elution using 0.05 mol L= TRIS-HC + 0.03
mol L~ NaHCO,; was applied. It was experimentally proven that
proteins were eluted in 5 mL peak that was collected into a poly-
ethylene cup. A 0.5 mL of the sample aliquot was then injected
onto the anion-exchange FPLC column. The separation of serum

R ilacic et al/ journal of inorganic Biochemistry 103 (2009} 1504-1513

proteins was obtained applying linear gradient elution from 100%
buffer A (0.05 mol L~ TRIS-HCI + 0.03 mol L~! NaHCO5) to 100%
buffer B (A + 0.25 mol L~! NaCl). Well-resolved protein peaks were
obtained. 0.25 mL fractions were collected during the chromato-
graphic run and Al determined by ETAAS. It was experimentally
proven that 90+5% of Al in spiked serum (containing
300 ng Al mL~! of total Al) was eluted under the transferrin peak
(Fig. 8), which was identified not only on the basis of the retention
volume, but also by the SDS-PAGE (Fig. 9). To study the repeatabil-
ity of the analytical procedure, five individual spikes of a serum of a
dialysis patient were successively analysed by combining SEC and
anion-exchange FPLC separation with ETAAS detection. It was
experimentally proven that on the SEC column, in all spiled sam-
ples investipated 90 + 5% of Al was eluted as HMM-AI species (Al
bound to proteins). Speciation analysis of the HMM-Al fraction
on the anion-exchange FPLC column furthermore confirmed that
97 + 3% of Al of the protein fraction was eluted exclusively under
the elution volume of the transferrin peak. These findings were
in agreement with the reported literature data [20-22]. There
was no evident difference between the reported literature data
when only anion-exchange FPLC separation without the pre-sepa-
ration of LMM-ALl species was applied [20-22]. However, to elimi-
nate the possibility of overlapping of HMM-Al and LMM-Al species,
the pre-separation of LMM-Al species is strongly recommended
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Fig. 7. HPLC-HR-ICP-WS chromatograms {27 Al level) for the apo-Tf solution supplem ented ste pwise with Al-citrate in the presence of bicarbanate. Al-rirrare was added tothe
apo-Tf solution stepwise at the AT molar ratios of 0, 0,25, 0.5, 1.0, 1.5 and 2.0, and the respective solutions were allowed to stand for 24 h before analysis {final TF
concentration was 2 mg mL™'). A 100 pL portion of the mixed solution was applied to the HPLC-HR-ICP-MS system, and UV absorption at 280 nm and the levels of Al and
e in the eluate were monitored. The insert shows the com parison of retention times between the Al and Fe peaks. Reproduced from Ref, [22], with permissions from The
Royal Society of Chemistry.
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Fig. B. Separation of a spiked human serum {spike Na. 1) of a dialysiz patient
{300ng Al mL™') ata flow rate of 1 mL min~" followed by UV detection at 278 nm.
1 mL of spiked sample was first injected onto the SEC column {A). A protein peak
was collected from 7 to 12 min {3 mL). 0.5 mL aliquot of a protein peak was then
injected onto the anion-exchange FPLC column {E). Reproduced from Ref. [ 23], with
permissions from The Royal Society of Chemistry.

before the anion-exchange FPLC separation of proteins is per-
formed. Otherwise, careful investigation on the behaviour of
LMM-Al species on the column resin under the same chromato-
graphic conditions, as applied in separation of HMM-Al species is
necessary.

Since there are no reference materials for speciation analysis of
Al, the use of complimentary analytical procedures is desirable. As
an alternative to ion-exchange FPLC columns, ion-exchange sepa-
ration supports based on convective-interaction media (CIM®)
were developed in the last decade. The matrix supports of
poly(glycidylmethacrylate-co-ethyleneglycoldimethacrylate)
substituted with strong or weak cation and anion exchangers offer
very fast separation of biomolecules. Therefore, in our group a new
analytical procedure was developed for speciation of HMM-AL
compotinds in spiked serum of a renal patient by the use of weak
anion-exchange diethylamine [DEAE) CIM® fast-monolithic disk
with ICP-MS and UV detection [24]. To overcome the risk of co-elu-
tion of LMM-AI species with the HMM-AI compounds, pre-separa-
tion of LMM-AL complexes on SEC column was first performed, as
described previously [23]. Protein peak was collected and 0.1 mL
of the sample aliquot was then used for the speciation procedure
by CIM®-ICP-MS. Special attention, as described in Section 2.1
[24], was devoted to the cleaning procedure of eluents and mono-
lithic disks. By the use of 1 mol L™ NaOH and 2 mol L™ citric acid
for the cleaning of the disk support, the blank of the overall analyt-

]

Fig. 9. SDS-PAGE electrophoresis of standard serum proteins {1zG, transferrin,
albumin) and selected fractions of spiked human serum of a dialysis patient and
spemt CAPD fluid. Serum sample and spent CAPD fluid represent fractions 5.25-
6.0 min collected from an anion-exchange FPLC column after pre-separation of
proteins on SEC column. Spent CAPD fluid fraction was concentrated 100 times
before being subjected to SDS-PAGE. Reproduced from Ref. [23] with permissions
from The Royal Society of Chemistry,

ical precedure was lowered to below 0.5 ng Al mL~". The separa-
tion of serum proteins was obtained in 10 min by applying linear
gradient elution from 100% buffer A (0.05moll™! TRIS-
HCI + 0.03 mol L~ NaHCO5) to 100% buffer B (A + 1 mol L~ NH,C1)
and followed by UV detection at 278 nm. NH,Cl eluent did not
form complexes with Al and was compatible with ICP-MS and
UV detection. Separated Al species were detected on-line by ICP-
MS. Well-resolved protein peaks were obtained. It was experimen-
tally proven that 90 3% of Al in spiked serum (spikes ranged from
50 to 250 ng Al mL™, equilibration time 4 h) of renal patient were
eluted under the transferrin peal, confirming again the previous
findings [20-23]. The investigation demonstrated that CIM® mono-
lithic disks can be used as a complementary separation support to
FPLC columns for the speciation of Al-binding proteins in human
sertim, when the concentration of Al in serum was higher than
SngmLl~'. In comparison to FPLC chromatographic columns
CIM® disks enabled faster separation and simpler manipulation
during the cleaning procedure as well as simpler coupling to [CP-
MS.

Recent investipations were oriented to develop a reliable ana-
lytical procedure that would enable to identify and quantify
HMM-AL species in unspiked human serum at normal concentra-
tion levels. For this purpose the potential of wealt anion-exchange
CIM® DEAE monolithic column coupled “on-line” to UV and [CP-MS
detection was investigated [49]. The efficient cleaning of eluents
and chromatographic supports that is of great importance to per-
form Al speciation at extremely low concentration levels enabled
very low limits of detection and quantification to be achieved
(LOD 0.15 ngmL™! of Al, LOQ 049 ng mL~" of Al). Pre-separation
of proteins from LMM-AL species by SEC, prior to speciation proce-
dure on a weak anion-exchange CIM® DEAE fast-monolithic col-
umn was applied. The same experiment was also performed
using only CIM® DEAE procedure without prior separation of
LMM-Al from HMM-AI species. Unspiked (total Al concentration
5.7+ 04 ngmL™!) and spiked serum (spike 10 ng mL~' Al) were
analysed. 1 mL of sample (serum diluted five times) was injected
on the CIM® column. As can be seen from Fig. 10 the elution pro-
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Fig. 10. Al elution profiles for the speciation of Al in unspiked {1 +4) and spiked serum samples {1 + 4, spike after diludon 2 ng mL™ Al) when {A) CIM DEAE-ICP-IS was
applied after pre-separation of LMM-Al species by SEC or {E) when only CIM DEAE-ICP-MS was uzed, Reproduced from Ref. [48], with permiszions from American Chemical

Society.

files for unspiked and spiked serum samples are the same for the
two procedures when the speciation of Al by CIM® DEAE-ICP-MS
was applied after pre-separation of LMM-Al complexes by SEC
(Fig. 10A) or when the speciation of Al was performed only by
CIM® DEAE-ICP-MS (Fig. 10B). On the basis of the elution time
and by the ACQUITY UPLC-SI-MS analysis it was confirmed that
Al species separated corresponded to Al bound to transferrin. It
was also experimentally proven that 91 + 7% of Al in unspiked hu-
man serum was bound to transferrin, confirming the findings of
previous investigators [16,20-24]. Since the experimental data
from Fig. 10 demonstrated that under the chromatographic condi-
tions applied LMM-Al species did not elute with HMM-Al species,
the pre-separation of LMM-Al complexes by SEC was not neces-
sary. However, if different chromatographic conditions are used,
it is first necessary to prove that LMM-AI species did not elute with
HMM-Al species. The data on the speciation of Al at normal con-
centration levels represent an important basis for computational
studies of Al distribution [50] and its fate in human body.

3. Conclusions

Al is involved in many health disorders. To understand Al trans-
port through the human body and its accumulation in target or-
gans, identification and quantification of chemical species of Al in
human serum is of great importance. Inlast two decades analytical
techniques for the determination of the amount and composition
of LMM-Al and HMM-AL species in human serum were progres-
sively developed. Due to the very low concentrations of Al in serun
of normal subjects and the environmental abundance of Al, there is

a high risk of contamination during speciation analysis. Appropri-
ate handling of samples and efficient cleaning procedures should
be applied in order to avoid contamination by extranecus Al. In
addition, analysis should be performed under clean room condi-
tions. Since ultrafiltration and SEC procedures enabled only frac-
tionation of Al in serum to distinguish between the amount of
LMM-Al and HMM-AL species, more powerful analytical proce-
dures were required. Anion-exchange FPLC columns in combina-
tion with element specific detectors, mass spectrometry based
techniques, UY and SDS-PAGE, were found to be powerful analyt-
ical tools for speciation both LMM-AIl as well as HMM-Al species.
The combination of microultrafiltration and speciation analysis of
ultrafiltrable Al by anion-exchange FPLC and ES-MS-MS techniques
demonstrated that the LMM-AI fraction is composed of Al-citrate,
Al-phosphate and ternary Al-citrate-phosphate complexes. The
percentage and the composition of IMM-Al species is individually
variable and presumably depend on the medical treatment and
health status of individuals. Anion-exchange FPLC columns and an-
ion-exchange CIM® monolithic chromatographic supports enabled
selective separation of Al bind to serum proteins. By the use of
ETAAS and more sensitive ICP-MS technique in combination with
UV detection it has been demonstrated that about 90% of Al in ser-
um is bound to transferrin, The Al eluted under the elution volume
of transferrin was also identified by SDS-PAGE. By lowering the
blanks of the chromatographic procedures, including efficient
cleaning of the eluents and chromatographic supports, Al was
identified in unspiked human serum at normal concentration leyv-
els. The composition of HMM-AL species and LMM-Al species
determined by the analytical techniques developed agreed with
the data calculated by computer modeling reported in the litera-
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ture. To further support the computer modeling studies and to bet-
ter understand the role of Al in health and disease, there is a need
also to quantify Al species in human serum at normal concentra-
tions levels. The latest achievements by the use of anion-exchange
CIM® monolithic columns in combination with ICP-MS detection
provide promising analytical tools to achieve this poal.

References

[1] M.E. De Broe, P.C. D'Haese, M.M. Couttenye, G.F. Van Landeghem, L.
Lamberts, Nephrol. Dial. Transplant. 1{1253) 47-50.

[2] AL Arieff, Am. ]. Kidney Dis. 6 {1985) 317-321,

[3] E. Reuche, Acta Neuropathol. 84 {1857) 512-616.

[4] C. Exley, ].D. Birchall, Age Ageing 22 [1993) 391-352,

[5] 5. King, ). Templar, Rv. Miller, JP. Day, C.B. Dobson, RF. Itzhaki, LK. Fifield,
G L Allan, Nucl, Instr, Methads Phys Res, B22 {1984 460-472,

[B] P. Zatta, P. Zambenedetti, R. MilaTiC, Analusis Mag. 26 [1988) M72-M 76,

[7] G. Berthon, Coordin. Chem. Rev. 14% {1536) 241-280.

[8] W.R Harris, G Berthon, J.P. Day, C Exley, T.P. Flaten, W.F. Forbes, T, Kizs, C,
Orvig, P.F. Zatta, ). Toxicol. Environ. Health 43 {1956) 543-367.

[8] ]. PErez Farajan, E. Blanco Gonzalez, |.B. Cannata, A Sanz-Medel, Trace Elem,
Med. 6 {1989) 41-46,

[10] K. wrdbel, E Blanco Gonzilez, A Sanz-Medel, Trace Elem. Med. 10 {1993) 97—
103,

[11] K. wrdbel, E Blanco Gonzilez, A. Sanz-Wedel, ). Anal. Atom. Spectrom. 9
{1984) 281-284,

[12] H. Keirsse, Smeyers-Verbekke, D. Verbeele, D.L. Maszart, Anal. Chim. Acta 158
{1987)103-114,

[13] M. Favarato, C.A. Mizzen, D.R. Mclachlan, ). Chromatogr. B 576 {1992) 271-
285,

[14] H.B. R3llin, C.0M.C.A. Nogueira, Eur. . Clin. Chem. Biochem, 35 {1897) 215-222,

[1s] ). Stantar, R Milaie, M. Benedik, | Krig j, Talanta 59 {2003) 355-364,

[18] K. wrdbel, E Blanco Gonzilez, Kz, wribel, A. Sanz-vedel, Analyst 120 {1855)
B08-815,
[17] T. Bantan, K. Mil
[18] T. Bantan, K. Milai
1743-1748
[18] T. Bantan Polak, R. Mila
{2001) 189-201

[20] A Soldado Cabezuelo, E Blanco Gonzilez, A, Sanz-KMedel, Analyst 122 {1997)
573-577.

[21] A Soldade Cabezuels, K. Montes Bayan, E Blance Gonzalez, |1, Garcia Alanza,
A Sanz-Medel, Analyst 123 {1958) 865-365.

[22] M.H. Nagaoka, T. Maitani, Analyst 125 [2000) 1562-1565.

E. Mitrovic, B. Pihlar, Talanta 47 {1583) 529-541.
. B. Mitrovit, B. Piblar, ). Anal. Atom. Spectrom. 14 {1553

ic, B Miwrovic, M. Benedik, ]. Pharm. Biomed. Anal. 26

[23] Bl Kralj, ). Stantar, I. Krizaj, M. Benedik, P. Bukovec, R MilaZic, |. Anal. Atom,
Spectrom. 18{2004) 101-106.

[24] 5. Murke, R Milait, . S2antar, ]. Inorg. Biochem. 101 {2007) 1234-1241

[25] A. Lakatos, F. Evanics, G. Dombi, R. Bertani, T. Kiss, Eur. ). Inorg. Chem. {2007)
3079-3086.

[28] A. Sanz-Medel, AB. Soldade Cabezuelo, R MilaGic, Bantan Polak, Coordin,
Chem. Rev. 228 [2002) 373-383,

[27] 5. Caroli, A Alimonti, E. Coni, F, Petrucci, O, Senofonte, I, Violante, Crit Rev,
Anal, Chem, 24 {1554) 363-358,

[28] R. MilafiE, in: R. Cornelis, H. Crews, ). Caruso, K. Heumann {Eds. ), Handbook of
Elemental Speciation Il: Species in the Environment Food Medicine and
Ccrupational Health, John Wiley & Sons, Chichester, 2005, pp. 27-39.

[28] C. Sariego Muifiiz, JL. Fernandez Martin, 1M, Marchante Gayon, 11 Garcia
Alonzo, |.B. Cannata, A, Sanz-Medel, Biol. Trace Elem. Res, 82 {2001) 259-272,

[30] B. Fairman, A Sanz-Medel, M, Galleo, &, José Quintela, P, Jonea, R Benson,
Anal, Chim. Acta 286 [15854) 401-408,

[31] G.F. van Landeghem, P.C. 'Haese, LV, Lamberts, M.E De Broe, Anal. Chem. 66
{1994) 116-222,

[32] A. Canteros, C. Diaz Corte, L. Fernandez Martin, C. Fernandez Werayo, ]
Cannata, Mephrol. Dial. Transplant. 13 {1888) 1538-1543.,

[33] RE. Martin, ]. Savory, 5. Brown, L.R. Bertholf, M .R. williz, Clin. Chem. 33 {1857)
405-407.

[34] W.R Harriz, Coordin, Chem, Rev, 145 {1926) 347-365,

[33] M.F. van Ginkel, G.B. van der voet, H.G. van Eijk, F.A. de wolff, . Clin. Chem.
Clin. Biochem. 28 {1350) 455-463,

[36] F\Y. Leung, AE. Miblack, C. Bradley, AR Henderson, Sci. Total Enviren, 71
{1983) 49-56.

[37] B, venturini, G. Berthon, ]. Inorg, Biochem. 37 {1888) 68-80.

[38] L.O. Ohman, R.B. Martin, Clin. Chem. 40 {1954] 588-501.

[38] 5. Daydé M. Filella, G. Berthon, ] Inorg. Biochem. 38 {1930) 241-258.

[40] W.R. Harrig, (lin. Chem. 38 {1992) 1805-1818.

[41] M. Favarato, C.A. Mizzen, D.R. McLachlan, |. Chromatogr. 578 {1952 271-235.

[42] AK Dama, Pw. Wedlund, RA. Yokel ]. Trace Elem. Electrolyt. Health Dis. 4
{18801 107-114

[43] T. Bantan, R. M E. Fiblar, Talanta 46 {1988) 227-235,

[44] E. Blanco Gonzilez, ). Pérez Farajén, ]1. Garcia Alonzo, Sanz-Wedel, ). Anal.
Atom, Spectrom, 4 {1982) 175-179,

[45] A.Soldado Cabezuelo, M. Montes Baydn, E. Blanco Gonzilez, |1 Garcia Alonso,
A.Sanz-Medel, A. Soldado Cabezuelo, M. Montes Baydn, E Blanco Gonzalez, )1
Garcia Alonso, A. Sanz-WMedel, . Anal. Atom. Spectrom. 14 {1558) 547-%51,

[46] M.H, Nagaoka, T. Maitani, Biochim, Biophys Acta 1523 [2000) 182-188.

[47] M.H. Nagaoka, T. Maitani, Biochim. Biophys. Acta 1526 {2001) 175-182.

[48] B.H. Nagaoka, T. Maitani, Biochim. ). Inorg. Biochem. 8% [2005) 1887-1854,

[48] 5. Murke, R Milagig, B. Kralj, J. 5ZanZar, Anal. Chem, 81 {2009) 4928-4038,

[50] ). Beardmore, C. Exley, ]. Inorg. Biochem. 103 [2009) 205-208,

81



82



83

Appendix 2: Personal bibliography for the period 2005-2009

SIMONA MURKO [26462]

ARTICLES AND OTHER COMPONENT PARTS
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1.06 Published scientific conference contribution (invited lecture)

7. MILACIC, Radmila, MURKO, Simona, ZULIANI, Tea, SCANCAR, Janez. Analizni
pristopi k speciaciji elementov v bioloki vzorcih. V: GLAVIC, Peter (ur.), BRODNJAK-
VONCINA, Darinka (ur.). Slovenski kemijski dnevi 2009, Maribor, 24. in 25. september
2009. Maribor: FKKT, [2009], 8 str. [COBISS.SI-ID 22943783]

1.08 Published scientific conference contribution

8. MURKO, Simona. Uporaba matri¢nih modifikatorjev za dolo€anje Cd, Pb in As v
sedimentih z elektrotermi¢no atomsko absorpcijsko spektrometrijo = Use of various matrix
modifiers for the determination of Cd, Pb and As by ETAAS in sediments. V: HORVAT,
Milena (ur.), KOBAL, Ivan (ur.). 1.Dan mladih raziskovalk in mladih raziskovalcev na
Odseku za znanost o okolju (O-2), 19. april 2006, 1zobraZevalni center za jedrsko tehnologijo
Milana Copia, Ljubljana = First One-day meeting of research Students at the Department of
environmental science (O-2), Milan Copi¢ Nuclear Training Centre, Ljubljana. Zbornik
prispevkov. [Ljubljana]: [S. n.], 2006, str. 193-203. [COBISS.SI-ID 20312103]

9. POGACNIK, Zeljko, ANDREJASIC, Miha, STERN, Igor, GOLEZ, Mateja, MURKO,
Simona. Baghouse fines of coralline limestone or fossil coral with calcium carbonate : results
of preliminar research. V: Mednarodna konferenca "Gospodarjenje z odpadki, okoljska
geotehnologija in trajnostni razvoj" : ICWMEGGSD'07 - Gz0'07, Avgust 28.-30.,2007,
Ljubljana, Slovenija. Ljubljana: Naravoslovnotehniska fakulteta, Oddelek za geotehnologijo
in rudarstvo, 2007, 11 str. [COBISS.SI-ID 20984871]

10. MURKO, Simona, MILACIC, Radmila, SCANCAR, Janez. Speciacija Al v serumu s
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(ur.). Slovenski kemijski dnevi 2008, Maribor, 25. in 26. september 2008 : [zbornik referatov].
Maribor: Univerza v Mariboru, Fakulteta za kemijo in kemijsko tehnologijo, 2008, 8 str.
[COBISS.SI-ID 22020903]

1.09 Published professional conference contribution
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- okoljski vplivi. V: KORTNIK, JozZe (ur.). Zbornik 9. strokovnega posvetovanja z
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Ljubljana: Naravoslovnotehniska fakulteta, Oddelek za geotehnologijo in rudarstvo, 2008, str.
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1.12 Published scientific conference contribution abstract

12. MURKO, Simona, SCANCAR, Janez. Use of various matrix modifier for determination
of Cd, Pb and As by ETAAS in sediments. V: 13th Young Investigators™ Seminar on
Analytical Chemistry, July 5th - 8th, 2006, Zagreb, Croatia. Book of abstracts. Zagreb:
University of Zagreb, Faculty of Chemical Engineering and technology, 2006. [COBISS.SI-
ID 20256551]
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the sea : SedNet conference on 23-24 November 2006, Venice, Italy. [ Apeldoorn]: SedNet,
2006, str. P-10. [COBISS.SI-ID 20340007]

14. MURKO, Simona, MILACIC, Radmila, SCANCAR, Janez. The use of size excluosion
chromatography in combination with CIM monolitic discs for speciatino of Al in serum =
Uporaba izkljucitvene kromatografije v kombinaciji z monolitnimi diski CIM pri speciaciji Al
v serumu. V: BAVCON, Mojca (ur.), TREBSE, Polonca (ur.). 15th International Symposium
Spectroscopy in Theory and Practice = 15. mednarodni simpozij Spektroskopija v teoriji in
praksi, Nova Gorica, Slovenija, 18.-21. april 2007. Book of abstracts. Nova Gorica: Univerza,
2007, str. 76. [COBISS.SI-ID 20708135]

15. MURKO, Simona, MILACIC, Radmila, SCANCAR, Janez. The use of CIM monolitic
disks and size exclusion chromatography for the speciation of Al bound to proteins in human
serum. V: Epidemiology of toxic metals - problems and solutions : international symposium,

April 25, 2007, PortoroZ, Slovenia : programme, list of participants, poster abstracts.
Ljubljana: Institute JoZef Stefan, 2007, str. 26. [COBISS.SI-ID 20721447]

16. MURKO, Simona, MILACIC, Radmila, SCANCAR, Janez. Speciation of high molecular
mass Al in serum combining SEC and anion-exchange FPLC with UV, ETAAS and ICP-MS
detection. V: The Seventh Keele Meeting on Aluminium, Saturday 24th to Wednesday 28th
February 2007, Yucatan, México. Life and living in the aluminium age. Yucétan: Birchall
Centre for Inorganic Chemistry and Materials Science, Keele University, 2007. [COBISS.SI-
ID 20733223]

17. POGACNIK, Zeljko, ANDREJASIC, Miha, STERN, Igor, GOLEZ, Mateja, MURKO,
Simona. Baghouse fines of coralline limestone or fossil coral with calcium carbonate : results
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HRAST, Klementina (ur.), IVANC, Marijan (ur.), JELEN, Bojan (ur.), LESKOSEK, Milka
(ur.), LESKOVAR, JozZe (ur.), PODLIPNIK, Bernarda (ur.), VOVK, Marinka (ur.).
International Conference Waste Management, Environmental Geotechnology and Global
Sustainable Development - ICWMEGGSD'07 - GzO'07, August 28-30, 2007, Ljubljana,
Slovenia. Minimizacija kolicin odpadkov in trajnostni razvoj : book of abstracts = zbornik
povzetkov Mednarodne konference Gospodarjenje z odpadki, okoljska geotehnologija in
trajnostni razvoj - ICWMEGGSD'07 in 8. strokovnega posvetovanja z mednarodno udelezbo
Gospodarjenje z odpadki - GzO'07. Ljubljana: Faculty of Natural Sciences and Engineering,
Department of Geotechnology and Mining: = Naravoslovnotehniska fakulteta, Oddelek za
geotehnologijo in rudarstvo, 2007, str. 33. [COBISS.SI-ID 1417831]

18. MURKO, Simona, MILACICZ, Radmila, §CANCAR, Janez, KRALJ, Bogdan. Potential
for the speciation of Al in human serum using convective interaction media (CIM) fast
monolithic chromatography with ICP-MS and cap nano LC ESI-MS detector. V: 11th
Workshop on Progress in Analytical Methodologies for Trace Metal Speciation, Miinster,
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Germary. TraceSpec 2007 : final program. [S. L.: s. n.], 2007, str. 132. [COBISS.SI-ID
21053991]

19. POGACNIK, Zeljko, ANDREJASIC, Miha, MURKO, Simona. Coral calcium elemental
fingerprints from food additives. V: 33rd International Geological Congress, 6-14 August
2008, Oslo, Norway. Abstracts. [S. 1.: s. n.], 2008. [COBISS.SI-ID 21911591]

20. VAHCIC, Mitja, MILACIC, Radmila, MURKO, Simona, SCANCAR, Janez.
Leachability of Cr(VI) and other metals from asphalt composites with addition of filter dust.
V: 4th International Conference on Trace Element Speciation in Biomedical, Nutritional and

Environmental Sciences, May 25th - 29th 2008, Miinchen. Programme and abstracts.
Miinchen: HelmholtzZentrum Miinchen, 2008, 2008, str. 66. [COBISS.SI-ID 21770279]

21. MURKO, Simona, MILACIC, Radmila, SCANCAR, Janez, KRALJ, Bogdan. Speciation
of Al in human serum by CIM monolithic discs with ICP-MS and cap nano LC ESI-MS. V:
4th International Conference on Trace Element Speciation in Biomedical, Nutritional and
Environmental Sciences, May 25th - 29th 2008, Miinchen. Programme and abstracts.
Miinchen: HelmholtzZentrum Miinchen, 2008, str. 131. [COBISS.SI-ID 21835559]

22. MURKO, Simona, MILACIC, Radmila, KRALJ, Bogdan, SCANCAR, Janez. Speciation
of Al in human serum by combination of CIM monolithic chromatography with UV and
ICPMS detection. V: European Winter Conference on Plasma Spectrochemistry 2009, Graz,
Austria, 15.02-20.02.2009. Book of abstracts. [S. 1.: s. n.], 2009, str. 109. [COBISS.SI-ID
22460967]

23. MURKO, Simona, MILACIC, Radmila, KRALJ, Bogdan, SCANCAR, Janez. Uporaba
CIM monolitne kromatografije z UV in ICP-MS detekcijo pri speciaciji Al v humanem
serumu. V: ISKRA, Jernej (ur.), MILOSEV, Ingrid (ur.). Dan mladih raziskovalcev 2009.
Ljubljana: Institut "JoZef Stefan", 2009, 1 str. [COBISS.SI-ID 22478375]

24. MURKO, Simona, MILACIC, Radmila, KRALJ, Bogdan, SCANCAR, Janez.
Combination of CIM monolithic chromatography with UV and ICP-MS detection for
speciation of Al in human serum. V: EXLEY, Christopher (ur.). Eighth Keele Meeting on
Aluminium, Saturday 21st to Wednesday 25th, February 2009, Ttest', Czech Repoublic. The
natural history of aluminium: from non-selection to natural selection : book of abstracts.
Keele: Birchall Centre for Inorganic Chemistry and Materials Science, Keele University;
Prague: Czech University of Life Sciences, str. 18. [COBISS.SI-ID 22461991]

25. MILACIC, Radmila, MURKO, Simona, SCANCAR, Janez. Speciation of Al in biological
samples. V: EXLEY, Christopher (ur.). Eighth Keele Meeting on Aluminium, Saturday 21st
to Wednesday 25th, February 2009, Ttest', Czech Repoublic. The natural history of
aluminium: from non-selection to natural selection : book of abstracts. Keele: Birchall Centre
for Inorganic Chemistry and Materials Science, Keele University; Prague: Czech University
of Life Sciences, str. 18. [COBISS.SI-ID 22461735]

26. MURKO, Simona, MILACIC, Radmila, SCANCAR, Janez. Aluminij - doloCanje
visokomolekularnih kemijskih zvrsti v ¢lovekovem serumu. V: SETINA, Barbara (ur.),
JUNKAR, Ita (ur.), KALUZA, Bostjan (ur.), ELERSIC, Kristina (ur.). 1. Studentska
konferenca Mednarodne podiplomske Sole JoZefa Stefana, 19. - 20. maj 2009, Ljubljana,
Slovenija = 1st JoZef Stefan International Postgraduate School Student's Conference, 19th -
20th May 2009, Ljubljana, Slovenia. Zbornik prispevkov. Ljubljana: Mednarodna
podiplomska Sola JoZefa Stefana, 2009, str. 34-35. [COBISS.SI-ID 22639911]
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MONOGRAPHS AND OTHER COMPLETED WORKS

2.11 Undergraduate thesis

27. MURKO, Simona. Uporaba matricnih modifikatorjev pri dolocanju Cd, Pb in As v
sedimentih z elektrotermicno atomsko absorpcijsko spektrometrijo : diplomsko delo.
Ljubljana: [S. Murko], 2005. 43 f., ilustr. [COBISS.SI-ID 28534277]

2.13 Treatise, preliminary study, study

28. SCANCAR, Janez, MILACIC, Radmila, VAHCIC, Mitja, MURKO, Simona, ZULIANI,
Tea, BUKOVEC, Peter, MLADENOVIC, Ana. IzluZitveni test v kompozitih iz asfaltnih

mesanic in filtrskega prahu : laboratorijski poizkus, (IJS delovno porocilo, 9444). 2006.
[COBISS.SI-ID 20233511]

29. SCANCAR, Janez, MILACIC, Radmila, VAHCIC, Mitja, MURKO, Simona, ZULIANI,
Tea, BUKOVEC, Peter, MLADENOVIC, Ana. Priprava umetnih zemljin z meSanjem blat iz
cistilnih naprav, jalovine in zemelj iz izkopov : laboratorijski poizkus, (IS delovno porocilo,
9443). 2006. [COBISS.SI-ID 20233255]

30. SCANCAR, Janez, MURKO, Simona, ZULIANI, Tea, HORVAT, Milena, KOCMAN,
David, HEATH, Ester, MILACIC, Radmila. Establishment of the methodology for the

estimation of extent of pollution with metals and organic pollutants of the Sava river
sediments, (1JS delovno porocilo, 9579). 2007. [COBISS.SI-ID 20675623]

31. MILACIC, Radmila, SCANCAR, Janez, STURM, Tina, MLADENOVIC, Ana, STRUPI-
SUPUT, Jerneja, VAHCIC, Mitja, MURKO, Simona, ZUPANCIC, Marija, BUKOVEC,
Peter. IzluZitveni test v kompozitih iz meSanic cementa in filtrskega prahu, (1JS delovno
porotilo, 9681). 2007. [COBISS.SI-ID 21136423]

32. MILACIC, Radmila, SCANCAR, Janez, STURM, Tina, MLADENOVIC, Ana, STRUPI-
SUPUT, Jerneja, VAHCIC, Mitja, MURKO, Simona, ZUPANCIC, Marija, BUKOVEC,
Peter. Kemijska karakterizacija crne Zlindre, mulja crne Zlindre in bele Zlindre iz jeklarske

industrije za njihovo uporabo v cestogradnji in gradbenistvu, (1JS delovno porocilo, 9682).
2007. [COBISS.SI-ID 21136679]

33. MILACIC, Radmila, SCANCAR, Janez, STURM, Tina, MLADENOVIC, Ana, STRUPI-
SUPUT, Jerneja, VAHCIC, Mitja, MURKO, Simona, ZUPANCIC, Marija, BUKOVEC,
Peter. Kompoziti iz mesanic cementa in filtrskega prahu, Studij vplivov na okolje pri uporabi
cementa pri redukciji Sestvalentnega kroma, (1JS delovno porocilo, 9693). 2007.
[COBISS.SI-ID 21136935]

34. SCANCAR, Janez, MURKVO3 Simona, ZULIANI, Tea, HORVAT, Milena, KOCMAN,
David, HEATH, Ester, MILACIC, Radmila. Report on the contamination of the Sava river

sediments with metals and organic pollution, (1JS delovno porocilo, 9580). 2007.
[COBISS.SI-ID 20675367]

35. ZULIANI, Tea, MURKO, Simona, SCANCAR, Janez, MILACIC, Radmila. Porocilo o
validaciji in oceni merilne negotovosti preskusne metode za dolocanje elementov v vodi 7
ICP-MS, (1IS delovno porocilo, 10350). 2009. [COBISS.SI-ID 23223591]
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PERFORMED WORKS (EVENTS)

3.14 Invited lecture at foreign university

36. MILACIC, Radmila, SCANCAR, Janez, MURKO, Simona, ZULIANI, Tea, KOCMAN,
David, HORVAT, Milena. Elements in the sediments of the Sava river : invited talk. Zagreb:

"Ruder Boskovi¢ Institute”, Division of Marine and Environmental Research, 23 Jan. 2008.
[COBISS.SI-ID 21411623]

3.15 Unpublished conference contribution

37. MURKO, Simona, TRATNIK, Janja, ZULIANI, Tea. Povzetek s seminarja o merilni
negotovosti : interno izobraZevanje na Odseku za znanost o okolju, Institut JoZef Stefan, 23.
april 2008, Ljubljana, Slovenija. 2009. [COBISS.SI-ID 22796327]

38. MURKO, Simona, ZULIANI, Tea. Validacija analiznih metod : povzetek s strokovnega
seminarja ZTI v okviru internega izobraZevanja na Odseku za znanost o okolju, Institut JoZef
Stefan, 31. marec 2008 in 1. april 2009. 2009. [COBISS.SI-ID 22796583]
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