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Abstract

The toxicity, biological availability and mobilitgf aluminium (Al) depend on its chemical form. Irder

to understand toxicity and transport of Al in huntmody it is important to identify and quantify Apecies
present in human serum. This led to the developroémsensitive and selective analytical methods for
reliable speciation of Al in serum. The aim of miyCPresearch work was the development of analytical
methods for the identification and quantificatiohnhagh molecular mass (HMM-AI) and low molecular
mass (LMM-AI) Al compounds in human serum. For geparation of above-mentioned Al complexes
different anion-exchange monolithic and particlegied supports and size exclusion columns were. used
Concentration of Al in separated species was détexdnon-line by inductively coupled plasma mass
spectrometry (ICPMS). The characterisation of ldgwhich bind Al was performed by electrospray mass
spectrometry and sodium dodecyl sulfate polyacridergel electrophoresis (SDS-PAGE).

Speciation of Al in spiked human serum (up to 3§ani™" of Al) was performed using anion-exchange
monolithic separation support based on Convectiteraction media (CIf) in combination with size
exclusion chromatography (SEC) and ICPMS. The séiparof proteins was performed on a weak anion-
exchange CIM diethylamine (DEAE) monolithic disk. It was expeentally proven that 90 + 3 % of Al in
spiked serum investigated was eluted under thesfieenn (Tf) peak. The proposed speciation procedur
removes LMM-AIl species and enables reliable detestion of the concentration and composition of Al
bound to proteins when the concentration of Al émusn is higher than 5 ng riiL In comparison to
chromatographic columns, the Civdisks enable faster separation and simpler maatipnl during
cleaning procedure. The developed analytical procednables reliable determination of the concéatra
and the composition of HMM-AI species in spiked faumserum.

A new analytical procedure using a CiMnonolithic column was developed for speciationAbfin
human serum at normal concentration levels. Tharaéipn of proteins was performed on a weak anion-
exchange CIM DEAE monolithic column. Separated Al species wdgtected on-line by ICPMS. It was
experimentally found that 91 £ 7 % of Al in humaarem was bound Tf. Tf was identified not only oe th
basis of the retention volume but also by acquitsalperformance liquid chromatography - electragpr
ionization mass spectrometry (UPLC-ESI-MS) and SD&sE. The problem of extraneous contamination
with Al was successfully overcome by using efficiereaning procedures of eluents and chromatogeaphi
supports. The efficient cleaning was of paramourgdrtance to perform Al speciation at extremely low
concentration levels. The repeatability of measemntested for six consecutive separations of kespi
serum was * 8.6 %. The limits of detection and tjfieation (based on 3s and 10s of the blank) viei®
and 0.49 ng mt of Al bound to Tf, respectively. To the best of &mowledge, this is the first report on
guantitative and reliable speciation of Al in hungamum at normal concentration levels.

A new analytical procedure for the efficient, rble and fast separation of proteins from LMM
compounds in serum was developed. A HiTrap degaBBEC column enables separation of HMM from
LMM species present in serum in 10 min. The Tsiddoachloric acid buffer (pH= 7.4) was used as efuen
In the first 5 min HMM-AI compounds were elutedléed by the elution LMM-AI species from 5 to 10
min. HMM and LMM species were collected in 5 mL dtians. The speciation of protein peak was
performed by anion-exchange monolithic disk couptedCPMS, while the LMM fraction was injected
onto the anion-exchange fast protein liquid chrameatphy column (FPLC) connected to ICPMS. It was
experimentally confirmed that 93 = 4 % of Al is Imouto Tf and that the remaining Al corresponded to
LMM-AIl compounds. Citrate, one of the major LMM-Abecies in serum was identified in the LMM
fraction by UPLC-ESI-MS. The rapidness and reliapibf the developed analytical procedure represent
promising tools for investigations of kinetics of Binding to Tf.

The new-developed analytical procedures for speciatf HMM and LMM Al species in serum in
combination with other experimental and theoretieahniques, could help to explain the role, disitibn
and toxicity of Al present in the human body.
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Povzetek

Toksi nost, mobilnost in bioloSka dostopnost aluminijd) (#0 odvisne od kemijskih zvrsti v kateri se Al
nahaja. Da bi razumeli toksiost in transport Al v loveSkem telesu je potrebno identificirati in
kvantificirati Al zvrsti (speciacije) prisotne v manem serumu. To je vodilo do razvoja wtljivih in
selektivnih analiznih metod za zanesljivo spectadij v serumu. Namen mojega raziskovalnega delal je
razvoj analiznih metod za identifikacijo visokomkléarnih (VM) in nizkomolekularnih (NM) Al zvrsti v
humanem serumu. Za separacijo omenjenih Al komplelsem uporabila razine anionsko izmenjalne
monolitne nosilce in nosilce s stacionarno fazaa@aovi polnil s krogljicami ter velikostno izkljitvene
kolone. Koncentracijo Al v leenih zvrsteh sem dolda z masno spektrometrijo z induktivnho sklopljeno
plazmo (ICPMS). Identifikacijo ligandov na katere we e Al sem izvedla s tekimsko kromatografijo
ultra lo ljivosti z masno spektrometrijo z ionizacijo na ognrazprSevanja v elektmem polju (UPLC-
ESI-MS) in nativno gelsko elektroforezo (SDS-PAGE).

Za speciacijo Al v serumu z znano dodano mno ino(édddatek do 300 ng niLAI) sem uporabila
anionsko-izmenjalne monolitne nosilce, ki temeljij@ konvektivnem prenosu snovi (CtMv kombinaciji
z velikostno izkljuitveno kromatografijo (VIK) in ICPMS. Separacijogbeinov sem izvedla na Sibkem
anionskem-izmenjalnem CfRidietilaminoetil (DEAE) monolitnem disku. Eksperimteso pokazali, da se
90 + 3 % Al v serumu z znano dodano mno ino Al upod vrhom transferina (Tf). Predlagan postopek
za speciacijo Al v serumu odstrani VM-AI zvrsti@mogo a zanesljivo doldtev koncentracije in sestave
Al vezanega na proteine, kadar je koncentracija 8érumu veja od 5 ng mL. V primerjavi z ostalimi
kromatografskimi kolonami je CIRmonolitni DEAE disk omogaal hitrej$o separacijo in enostavnejse
rokovanje med postopkoms$ enja. Razvit analizni postopek omogozanesljivo dolatev koncentracije
in sestave VM-AI zvrsti v vzorcu seruma z dodatkéin

Z uporabo CIN monolitne kolone sem razvila analizni postopelsgeciacijo Al v humanem serumu,
ki vsebuje normalne koncentracije Al. Separacijotginov sem izvedla na Sibko anionsko-izmenjalni
CIM® DEAE monolitni koloni. Loene Al zvrsti sem sledila z ICPMS. Ugotovila semjel 91 + 7 % Al v
humanem serumu vezanega na Tf. Tf sem identifecingl samo na osnovi retenzijskega volumna temve
tudi z UPLC-ESI-MS in SDS-PAGE. Da bi reSili proliiekontaminacije, moramo uporabainkovite
postopke i enja eluentov in kromatografskih nosilcev.itkovito iS enje je bistvenega pomena pri
speciaciji Al na ekstremno nizkih koncentracijskitvojih. Ponovljivost merjenja, ki sem jo testirada
Sestimi zaporednimi separacijami seruma brez dad#k je bila + 8.6 %. Meji zaznavnosti in
kvantifikacije (3s in 10s slepega vzorca) sta Bill5 and 0.49 ng mLAl vezanega na Tf. To je prvo
poro anje o kvantitativni in zanesljivi speciaciji Al rumanem serumu na normalnih koncentracijskih
nivojih.

Razvila sem nov analizni postopek zankovito, zanesljivo in hitro separacijo proteinogt NM zvrsti
v serumu. HiTrap velikostno izkljitvena kolona omog@ separacijo VM od NM zvrsti v 10 min. Za
elucijo sem uporabila Tris-HCI pufer. VM-Al zvrd se eluirale v prvih 5 min, medtem ko so se NM-Al
zvrsti eluirale med 5 in 10 min. VM and NM zvrséirs zbrala v dve 5 mL frakciji. Speciacijo proteiaghk
vrha sem izvedla na anionsko-izmenjalnem monolitoksku v direktni povezavi z ICPMS. NM frakcijo
sem injicirala na anionsko-izmenjalno hitro proskio tekoinsko kolono (FPLC). Eksperimentalno sem
dokazala, da je 93 + 4 % Al v humanem serumu veyana Tf, medtem ko je preostali Al vezan na NM
zvrsti. Citrat, ki je ena glavnih NM-Al zvrsti v ganu, sem identificirala v NMM frakciji z UPLC-ESI-
MS. Predlagani analizni postopki za speciacijo VM4A NM-Al zvrsti v kombinaciji z ostalimi
eksperimentalnimi in teoretiimi tehnikami omogaajo razumevanje vloge, porazdelitve in toksisti Al
v loveSkem telesu. Hitrost in zanesljivost razvitegiaaliznega postopka sta bistveni prednosti, ki
omogo ata preuevanje kinetike vezave Al na serumski transferin.
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AC = alternating current

AD = Alzheimer disease

AFS = atomic fluorescence spectrometry

amu = atomic mass unit

A = amyloid protein

BBB = blood-brain barier

CAPD = continuous ambulatory peritoneal dialysis
CDGSs = carbohydrate-deficient glycoprotein syndgem
CDT = carbohydrate-deficient transferrin

CE = capillary electrophoresis

CIM® = Convective Interaction Media

CQ = clioquinol

CRC = collision/reaction cell

CSF = cerebrospinal fluid

CZE = capillary zone electrophoresis

Da = dalton

DC = direct current

DEAE = diethylamine

DFO = desferrioxamine

EDTA = ethylene-diaminetetraacetic acid

El = electron impact

EM = electron multiplier

ESI = electro spray ionization

ETAAS = electrothermal atomic absorbtion spectraynet
FAAS = flame atomic absorbtion spectrometry

FDA = Food and Drug Administration

FPLC = fast protein liquid chromatography

HMM-AI = high molecular mass Al species

HPLC = high pressure liquid chromatography

ICPAES = inductively coupled plasma atomic emisspactrometry
ICPMS = inductively coupled plasma mass spectrometr
ID = isotope dilution

LA = laser ablation

LFER = linear free-energy relationships

LMM-AI = low molecular mass Al species

MALDI = matrix-assisted laser desorption ionization
Mr = molecular permeation range

PEEK = polyether ether ketone

Q = quadrupole

QA = quaternary amine

SDS-PAGE = sodium dodecyl sulfate polyacrylamidiestgctrophoresis
SEC = size exclusion chromatography

Tf = transferrin

TOF = time-of flight

UPLC = ultraperformance liquid chromatography

UV = ultraviolet
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1 Introduction

1.1 General introduction

Aluminium (Al) is the most abundant metal and thied most abundant chemical element in the Earth
crust (Milai , 2005). Due to its reactivity Al never occurs adr@e metal in nature but it exists
predominantly in sparingly soluble oxides and alsititates. Because of the widespread distributioAlo
compounds, human exposure to this metal is unabtEd8 an ar and Milai , 2006). In mammals Al has
no demonstrated essential function (Mila 2005). The exact evaluation of the risks for hnsg directly
related to a correct assessment of Al bioavailgbilh this respect, compounds of Al are absorbeatly
from the gastrointestinal tract, but excessive kataan create problems. A major pathway for the
elimination of any absorbed or systematically adstamed Al is the kidneys. Under ordinary health
conditions the kidneys appear to be able to eliteimdl of the absorbed Al. Nevertheless, Al is tesfato
many clinical disorders especially when renal ifisi#ncy occurs (Sanz Medel et al., 2002). Numerous
studies about the connection of Al with dementsodiers such as Alzheimer and Parkinson disease hav
been reported. However, the participation of'Ah the etiology and/or development of Alzheimesedise
(AD) are still a subject of discussion (Koz owski al., 2006). In order to better understand Al
transportation, distribution and fate in the hunfemly it is necessary to know the chemical species i
which Al is present in body fluids and tissues @iil, 2005).

Speciation analyses are an area of analytical dtgmbccupied with separation, quantification and
identification of chemical species of an elementisample. Among the different approaches used to
undertake speciation analysis in samples hyphenatttiques, where an efficient separation tectmnigu
coupled off-line or on-line to element-specific mio detector, are preferred. High performance tiqui
chromatography (HPLC) is the most common techniggesl for such separations including size exclusion
and/or ion exchange. Although atomic absorptioncspemetry - flame (FAAS) or electrothermal
(ETAAS), atomic emission spectrometry - inductivebupled plasma atomic emission spectrometry (ICP-
AES) or atomic fluorescence spectrometry (AFS) loarused for specific detection, there sensitivigies
not as adequate as that of inductively couplednpdamass spectrometry (ICPMS) (Cornelis et al., 2003
Mila i , 2005). Since identification of the element-birgliigand on the basis of retention volume and
element specific detection is not enough, it isessary to provide more detailed information on the
identity of the species eluted under the chromaialgjc peak. Al speciation in biological samplebéset
with many difficulties. One major drawback is thstsal Al concetrations in healthy people are vew. |
Moreover, Al is ubiquitous element in nature soeexal contamination problems are almost unavoidable
Particularly for speciation, those low levels ahd high risk of exogenous contamination demandsialpe
analytical ability and care (Sanz Medel et al.,20@mong a variety of biological samples, Al sgdicin
was most frequently done in human serum. Prograssbieen made in the development of analytical
techniques for the determination of the amount @rdposition of high molecular mass Al (HMM-AI) as
well as low molecular mass Al (LMM-AI) species irurhan serum (Mila , 2005). Nevertheless,
speciation analysis of HMM-AI or LMM-AI species 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 compounaissaderably decreases the probability of an Al body
burden in humans (Mila , 2005). The bioavailability of Al can be raised dxyvironmental and industrial
factors, such as acid rain, water purification tirent with Al compounds, the use of Al as food &des,

and certain pharmacological and therapeutic treatisrgich as aspirin and Al-based antacids. Alasenrt

in certain foods and beverages such as tea, hewbsspices, grain products and processed cheese
(Koz owski et al., 2006). In the environment andibgical systems, Al exists only in loxidation state
(Mila i , 2005). The gastrointestinal tract is relativetypervious to Al, absorption is normally between
0.6 and 0.1 %. Some individuals absorb 2-3 timesendd than others (Walton, 2009; Koz owski et al.,
2006). About half of the absorbed Al is retainedtissues and the other half is excreted by urine.
Elimination from tissues is slow and in the faceohstant intake, tissues accumulate Al over ti@estric
acidity and citrate, as well as other LMM organaida including ascorbic, oxalic, lactic and tartaacids
favour the absorption of Al. Al is absorbed by achemism related to that of Ca. However, the exact
mechanism is not yet understood (Yokel, 2004; Kwzla et al., 2006). The major route of Al elimiraati
from human body is by kidneys, since a small amairal is excreted in bile. Therefore, patients twit
renal insufficiency are more susceptible to Al @ityi. Al overload in renal patients has been largel
prevented by eliminating Al-based, phosphate-bigdagents which control their serum phosphate. In
addition, until the situation was recognized angnowved many dialysis patients were exposed to asee
risk due to high Al content in some dialysis fluidila i , 2005; Shirley and Lote, 2005). Exposure to
high amounts of Al or an increased concentratiorloin blood due to decrease renal functionalityr ca
lead to the accumulation of Al in the brain. Al aotther metal ions abnormally accumulate in therbrai
with aging. It has been estimated that Al depasithe brain at a rate of 6 pg per year of life £Kkavski et

al. 2006, Hedge et al. 2009). Al may enter therbfi@m blood, either through the choroid plexusethe
blood-brain barier (BBB). The primary site of Altgninto the brain seems to be the BBB. Thereadre
least two different mechanism of Al transport itit@ brain. One could involve the receptor-mediatéed

Tf influx as it was described for iron. This mectsam is not well supported. Tf saturated with*’Adloes

not interact effectively with the Tf receptor aneer if Tf solubilizes Af* in the biological fluids it does
imply that the Al transfer from the blood streartoithe cell is the receptor-mediated process. Tinies
with Al-citrate strongly indicate that there isdily a second mechanism of the Al transport. Verglqu
appearance of Al in the brain after injection of-oftrate suggested other than the receptor-mediated
transport of Al* into the brain. The transporter of Al-citrate tél sinknown, although it could be one of
the monocarboxylate transporters, which is stilcharacterized, or one of the members of the organic
anion transporters, which is expressed at the BBEhe brain, the calculations predict about 901AI5"

in the form of citrate complex and only 4 % as Bfihd AF* (Koz owski et al., 2006).

The toxicity of Al has been recognized as a risktda in a number of disorders including
encephalopathy, osteomalacia or aplastic bone slise&nal osteodystrophy, proximal myopathy and
microcytic anemia (Regel, 2004; Miia, 2005; Koz owski et al., 2006). Al has also bessoaiated with
certain dementias, such as AD, Parkinsonism demeamtil amyotrophic lateral sclerosis. Al was thst fir
metal experimentally linked to AD. The “Al hypoth&sfor the connection between Al and AD originated
when it was found that the injection of *Alsalts into the brain of rabbits produced neurdfiry
degeneration and that the*Atoncentration is increased in the brain of ADg#s. However, controversy
developed regarding the role of *Alin the etiology of this disease because subsegesgmeriments
produced conflicting results. The results remaintcversial also due to the complexity of Al chetnyisn
biological systems. Al has been found in amyloidqple cores of human brain tissue. On the other,hand
Landsberg et al. reported that amyloid plaques latkand proposed that Al involvement in AD
pathogenesis must be artifactual (Walton, 2009k @hsence of Al in plague cores, however, was not
considered to contradict the Al hypothesis, sindewAs shown to be more often associated with the
neurofibrillary tangles than with plaques. The nlisttion of Al in the brain is not deeply known and
limited studies have been done. However, it sedras Al mainly localizes in temporal cortex and in
hippocampus, two regions that are also known tsidpeificantly involved in AD. In pathologies suck a
AD and Parkinsonism dementia, increased amountg %fin the brain of post-mortem patients have been
reported. Af* content was found to be 19- and 5-times highePamkinsonism dementia and in AD
compared to healthy individuals, respectively. @a bther hand, there actually seems to be no keliab
evidence for any link between Al and AD. FurthermoAl is also known to influence the aggregatiod an
toxicity of the amyloid protein (A). An increased burden of amyloid plaques is olexkia patients with
renal failure, which involves accumulation of Altine brain. Al accumulated in the AD brain accdksa
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the amyloidogenetic process of the amyloid preaypsotein (APP). However, there is a general cosisen
that Al is not a major risk factor if a risk factat all. Recent studies shift the focus from Ao, Zn and

Fe as key players in AD (Koz owski et al., 200@)otder to reduce the abnormal accumulation ofreisde
metals, such as Fe, Cu and Zn or nonessential ispipaus metals such as, Pb, Cd and Al, chelation
therapy has been proposed. Typically, chelator sbited metal ions enhancing their urinary and fecal
excretion and causing a progressive decrease of libdy concentrations. However, chelator can also
undesirably chelate other metals in various tisdeading to serious side effects including deptetid
essential metal, neurotoxicity and neurologicainges (Koz owski et al., 2006; Baral et al., 2008)e use

of currently available iron or other metals chelatis limited by their toxicity and/or poor transface
across the BBB. The most common chelators that hawen clinically tested were ethylene-
diaminetetraacetic acid (EDTA), desferrioxamine @Frasagline and clioquinol (CQ). DFO is the only
drug approved by Food and Drug Administration (FO@Y)clinical treatment of Al intoxication (Liu etl.,
2005; Baral et al. 2008). DFO is a chelator ofaiént metals and is still used against Al overlogdn
chronic dialysis treatment and in the treatmentefoverload conditions, but no longer being pursued
clinically for AD (Hegde et al., 2009). The clinlcase of DFO suffers from a few important drawbacks
like high cost, lack of oral efficiency and majates effects in the long term (Baral et al., 2008)recent
studies nanoparticles made of natural or artifipalymers present a possible tool for transponatid
chelation agents across BBB. The advantages ofpaaticies include reduced drug toxicity, improved
biodistribution and theraupeutic efficacy (Liu &t 2005). Despite the high pharmacological intefes

the delivery of new commercial products based alating agents on the market, future studies ageeg

to define not only the optimal type and amountshlator but to demonstrate the protective efficyeof

the chelator. Furthermore, evaluation of their ddyiand optimization of their capability to croB8B are
also important.

As the significance of Al toxicity has become amgpdy considerable attention has been given to
defining chemical species in which Al is presentbiody fluids and tissues. To achieve this goal the
complete characterization of the serum constituetish bind and transport Al to its target orgamctsas
brain or bone, is an imperative task (Sanz Medal.e2002; Milai , 2005).

1.1.2 High molecular mass Al-binding ligands

The majority of Af* in human serum is bound to proteins. This fraci®monsidered to be the high
molecular mass Af fraction (HMM-AI). Albumin with the molecular wefg of 66000 Da is present in
human serum at concentrations of about 40'gSome literature data in the past reported th&tialbind

to albumin and Tf (Leung et al., 1988). The poaoiation between albumin and Tf was the main olestac
for the identification of Al-binding protein in a#n by SEC. With the use of anion-exchange
chromatography for the separation of serum protésiese is no doubt that Tf is the only serum protaat
binds AP*. Albumin is too weak as a metal ion binder at plggical pH values (7.4) to be able to
effectively compete for Al with other much stronger Al carriers such as Tf and citrate. These
experimentally based conclusions are in agreemithttheoretical predictions (Mila , 2005).

1.1.2.1 Transferrin and Al-transferrin

Tf is one of the best characterized human glycemstwith the average molecular weight of 79,5731Da
is synthesized in the liver and to a little extenthe reticuloendothelial system and endocrinexdga It
consists of a single polypeptide chain of 679 anaicids. The Tf molecule is formed of two symmegmnc
independent lobes, the N-terminal (amino acids @)}38d C-terminal (amino acids 337-679) domains wit
the carbohydrate moities in the C-terminal domaiasparigines 413 and 611. Each globular domain can
contain one metal binding center which can be éreeccupied with iron or other metal ions such &¥,A
Ga*, cr*, Bi*" (del Castillo Busto et al., 2009). The structufeTbis presented in Figure 1. The most
important role of Tf is the transport of iron frasites of absorption and storage to sites of utibra Tf
binds iron as F& very tightly but reversibly (Harris and Messo@(®). When Tf becomes iron-loaded, it
is recognized by the Tf receptor 1 (TfR) and iseintlized in the cytoplasm by receptor-mediated
endocytosis (Hémadi et al., 2003). Quantitativedinig of two F&" ions to each lobe of Tf requires the
concominant attachment of the synergistic aniommadly carbonate or bicarbonate. In both N- and C-
terminal binding sites, Béis found in a six—coordinate, distorted octahedmrdination environment.
Two tyrosines, one histidines and one aspartaiit povide four ligating groups to the metal. Thighf
and sixth coordination sites are occupied by caatwiigand. Essentially no metal-protein bindingws

in the absence of carbonate or some suitable sutieséinion. This requirement of a synergistic cadie
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anion for metal binding is often considered tolee defining characteristic of the members of thé&aily
(Harris and Messori, 2002). Blood contains about Bibl L of serum Tf, but each Tf molecule has two
metal binding sites which mean that the total bigdtapacity is about 74mol L. In normal serum the

Tf binding sites are only 30 % saturated witfi ‘Fevhich leaves of about 5amol L™ of unoccupied metal
binding sites (Harris, 1996). However, this peraget can be changed in the case of certain disorders
related to iron deficiency (e.g. iron anaemia)ronioverload (e.g. hemochromatosis). Dependinghen t
iron content, serum Tf can be iron free (apo-TfFa-Tf), partially (Fan-Tf and Tf-Fgc) or totally
saturated (holo-Tf or R&f) (del Castillo Busto et al., 2009).

Figure 1:The structure of Tf.

Tf can be considered microheterogeneous due tq thaltontent of iron and the composition of the N-
oligosaccharide chains (glycan). The two N-linkdgicgns attached to the protein can have different
structures, containing four different carbohydradesh as N-acetyglucosamine, mannose, galactose and
sialic acids. The glycans differ in their degreebcdnching showing bi, tri and tetra-antennarycitres,
each antenna terminated in a negatively chargdid a@d (N-acetylneuraminic acid) molecule. Attergl
at differences in sialic acid content, nine diffar@f sialoforms or glycoforms can be distinguish@étie
most abundant form of Tf (65-80 % of total Tf) ains two biantennary N-glycans with four sialicdaci
residues and it is called tetrasialo-Tf)SMinor glycoforms with two (disialo-Tf or $< 2.5 %), three
(trisialo-Tf or S, 5-9 %), five (pentasialo-Tf orsS12—-18 %), six (hexasialo-Tf 0,SLl-3 %) and seven
(heptasialo-Tf or g < 1.5 %) sialic residues have also been fourtdércommon serum. Also, in a healthy
serum, only traces of asialo-Tf(S<0.5 %) and monosialo-Tf {S< 0.9 %) can be found. The normal
distribution of Tf glycoforms in the human serumndaze changed by several pathological conditiong Th
presence of some specific Tf glycoforms in serural@vated concentrations can be used as a serssitie
specific biomarker for carbohydrate-deficient glgoatein syndromes (CDGSSs), chronic alcohol abuse an
diagnosis of cerebrospinal fluid leakage (high préipn of §) (Durand and Seta, 2000; Arndt, 2001; del
Castillo Busto et al.,, 2005; Castillo Busto et &009). Congenital disorders of glycosylation (CDG)
formerly named carbohydrate-deficient glycoproteimdrome are rare hereditary disorders caused by
mutations in the genes coding for enzymes involiredhe biosynthesis of glycoproteins and other
glycoconjugates. The clinical characteristics asgiable, but often include psychomotor, growth and
mental retardation from early childhood. CDG ame tsult of defects in the assembly and transfpe(t)
or processing (type Il) of the glycan moieties. Tesult is that carbohydrate chains are either ¢etely
missing (type 1) or structurally abnormal (type (Delanghe and De Buyzere, 2009). Measurementeof th
Tf glycoform profile in serum, under the name cdmjmtrate-deficient Tf (CDT) is one of the most connrmo
diagnostic marker for detecting chronic alcohol shuexhibiting higher selectivity than other claaki
biomarkers (e.g.-glutamyl transferase, ethanol). Since the firporein 1976 (Stibler and Kjellin, 1976)
many studies and critical reviews on CDT have bpeblished (Arndt, 2001; Bortolotti et al., 2006;
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Niemel&d, 2007; Delanghe and De Buyzere, 2009)hénatriginal definition, CDT includes the glycoforms
with pls 5.7 after complete iron saturation, correspondimghe sum of asialo-Tf, monosialo-Tf and
disialo-Tf. More recent investigations have recagdi disialo-Tf and asialo-Tf as being the main latdo
related glycoforms (Oberrauch et al., 2008). Aljowhorough investigations in the past, the stmectf
human CDT is still known only partially and theeadf glycosylation of Tf is still unclear. A numbef
analytical methods have been applied for the ifleation and quantification of CDT, including
electrophoretic, chromatographic, immunometric amass spectrometric methods. Each of these
approaches has several advantages and limitsdtiggrgBortolotti et al., 2002; Bortolotti et a2006). For
forensic and occupational medicine applicationhsag delegation to working sites where alcoholisay m
have fatal consequences or to obtain a driveesnde, a highly selective, accurate, and precisbadds
needed. In general, HPLC and capillary zone elpbtreesis (CZE) are to be preferred for CDT analiysis
comparison to currently used immunoassay kits (Batti et al., 2006; Delanghe and De Buyzere, 2009)
More recent studies have applied on anion-exch&®RJeC column in combination with ICPMS for the
successful separations of Tf glycoforms before ESl-analysis (del Castillo Busto et al., 2005; del
Castillo Busto et al., 2006). Despite the lack efigistency regarding CDT measurement, specialtatten
on CDT standardization should be devoted. The sita define the analyte, select and validate agpte
method and define the recommendations for the ptamuof reference materials. Disialo-Tf was progubs
as the primary target molecule for CDT measuremé&he combination of HPLC and MS has been
suggested as the method of choice for the developoie primary CDT reference method. Having access
to a CDT reference material in a serum matrix vatilitate comparison of results between methods an
aid in the standardization process (Jeppsson, &04l7; Oberrauch et al., 2008).

Tf forms stable complexes with more than 40 dédfgrmetals. Such binding may g)lay an important
role in the transport and delivery of medical diesfic radioisotopes such &6a™, ®°Co®* and**in®*" |
toxic elements such as#land therapeutic metal ions such ag’Rund Tf* (Ha-Duong et al., 2008)letal
ions binding to Tf involve the phenolic groups wfasine side chains. Each of the two metal ionscivhi
bind to Tf requires a carbonate ion (Martin et 4987). Because of the unique involvement of the
synergistic bicarbonate anion in the formation @tahTf complexes, metals are only bound as a tgrna
complex between the metal, the protein and a catlecamion. The mechanism of’AlLiptake by Tf is still
not known (Hémadi et al., 2003). The*Abinding constants to Tf are high; Log K1 is 12r@ld og K2
12.3. Since the corresponding®Fbinding constants are much higher (Log K1 22.7 lavgiK2 22.1) there
is no competition between Eland F&" in binding to Tf (Milai , 2005). AF* can bind to the both two
binding sites of Tf. It was assumed that*’Alptake starts with the C-lobe site in interactioith
bicarbonate followed by that at N-lobe site. Thisn agreement with the other researcher who regort
that the favoured binding site of Al in Tf is theldbe site (Dejong at al., 1995; Nagaoka and Mainta
2000; Nagaoka and Maintani, 2005; Harris and Més@802). The order of lobe loading for *Alis
identical to that of F&, which first occurs with the C-lobe site. The ffissep in binding A" to Tf is quick
and releases one proton. The final slow step re¢eadditional two protons. Many investigators régubr
that AP uses the Tf receptor-mediated pathway for itsspartation from biological fluids to the brain or
other organs. Thus, a part of the Al toxicity maydxplained by the fact that its transport compeiids
that of iron, which disturbs its metabolism in ttell. This explanation is illogical, because thierstill a
question whether Al transport occurs by the iron acquisition pathwRgta from studies indicate that
there is no interaction or it is too weak to beedtdd between TfR and Al-Tf complex (by TfR mediate
endocytosis occur iron uptake). Extremely rapigrattion between TfR and saturated metal-Tf congzex
was observed for G5 Bi*" and C3* (Hémadi et al., 2003; Ha-Duong et al., 2008). Mwee, Tf-mediated
iron acquisition pathway is one of many metal tpmssystems that prevail in a living organism. &ent
metals, such as € Zn’* or CP* are known to form stable complexes with Tf with@frmediated iron
acquisition path (Hémadi et al., 2003). BindingAdfto Tf and AIl-Tf complex is still of interest for
researchers since no crystal structure has beerntedgor the Al-Tf complex and also the comples hat
yet been identified in human serum (Koz owski et2006).

1.1.3 Low molecular mass Al-binding ligands

LMM species are the most active in terms of bioamlity. Al bioavailability firstly depends on the
composition of its LMM fraction (Venturini and Bédn, 1989). The fact, that one of the possible gsed
mechanisms of Al transport to the brain is as Adate, is not negligible (Ackley and Yokel, 199These
observations indicate the important role of LMMaligls, particularly citrate, in Al absorption as vas in
Al distribution in the body. Concentrations of al in serum are 5.8-76.8 mg land in cerebrospinal
fluid (CSF) 17.3-113.4 mg'L Citrate forms complexes with many transition reetender physiological
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conditions and is therefore considered an impoitantmolecular mass ligand for metal transportha t
human body (Hoffmann et al., 1993). Clinical angenmental studies have shown that the gastroinsgst
absorption of Al is markedly increased by the pneseof citrate and that the administration of Atatie
causes the enhancement of Al concentrations iness@Bantan Polak et al., 2001). The Al citrate glex

is formed through coordination binding of Al withet hydroxyl group and the two terminal carboxylaies
citrate, thus leaving a free carboxylate and legdn dissociation at physiological pH. The compigx
extremely stable (Nagasawa et al., 2006; Zhou. g2@08). Although the majority of the citrate irgm is
present as the Gasalt, AF* easily displaces Gafrom citrate. Citrate solubilizes &l from insoluble
Al(OH); and AIPQ. Therefore it is strongly recommended that citempounds are avoided in the diet of
dialysis patients (Mila , 2005).

In the human serum the total concentration of phaspis about 2 mmol L AI** readily forms
sparingly soluble species with F¥ which may precipitate from body fluids as a mixeldosphato-
hydroxy complex and under serum conditions maydseiitbed as Al(P£y (OH), 4 Due to precipitation
reactions the solution chemistry of the phosphgééesn may be directly studied only at pH < 4, seas
scarcely investigated. In many investigations delud-phosphate species were not involved in spiecia
models and citrate was considered as the prevdiluiigl-Al specie in human serum. In order to estimate
the binding constants of Al-phosphate species giptogical pH, linear free-energy relationshipsgR)
have been used. Stability constants estimated IBRL€alculations were then used in computer modeling
of Al-phosphate at physiological pH. The prevailioglM-Al species in human serum are deduced to be
the mixed hydroxy complex AI(PAXOH) (Mila i , 2005).

Proposed models for biological speciation took irdasideration only binary species of Aith LMM
ligands. Since biological systems contain varioogeptial LMM-AI binding ligands, the formation of
ternary Al complexes is also possible. In the grauipKiss (Lakatos et al., 2001) a comprehensive
investigation was carried out on the main potenti®MM-Al binders in blood serum. The species
distribution of binary Al-citrate and Al-phosphaad ternary Al-citrate-phosphate systems was caledil
in a pH range from 2 to 8. The data clearly dematestl that at physiological pH, the LMM-AI species
present in serum are binary citrate (AIA and phosphate (AIBE) complexes, and ternary species
(AIAB)* and (AIABH.,)* (Mila i 2005). The percentage of particular LMM-Al speciesies with the
total concentration of Al in serum. Further, Bansam co-workers (Bantan et al., 1999; Bantan Petal.,
2001) experimentally proved that the main LMM-Alesfes present in serum were Al-citrate, Al-
phosphate and ternary Al-citrate-phosphate complekbke study was performed on the spiked serum of
eight healthy subjects in order to estimate indigldvariability in the percentage and compositidn o
LMM-AI species. In some of them Al-citrate and Atgsphate were the main LMM-AI species in serum,
while in others the ternary Al-citrate-phosphatenptex was also present. The serum of some other
individuals did not contain Al-phosphate and theimlavIM-Al species were either Al-citrate and Al-
citrate-phosphate complex or Al-citrate speciesi@ldndividual variability observed in the perceyganf
LMM-AI species in the spiked serum ranged from p4to 55 %. These data are in agreement with the
computer-aided speciation calculations in humaarsgrerformed in the group of Kiss (Mila, 2005).

Other LMM constituents of blood serum like lactat@alate and amino acids have significantly lower
affinities for A" than citrate and phosphate and were thereforeomtidered in modeling calculations.
The presence of Al(OH)was predicted in human serum but at a very lowceptration, representing only
about 3 % of total LMM-AI species (Mila , 2005).

3+
I

1.1.4 Monolithic chromatography

Chromatography stationary phases based on monalihs introduced in the early 1990s. Different g/pe
of monoliths differ in the method of their prep&at morphology and chemistry (Barut et al., 2008)e
separation support in monolithic chromatographyéle of a single piece of a rigid porous matehat ts
tightly sealed into the wall of a tube & ar and Milai , 2009a). Monoliths are formed from synthetic
polymethacrylate, polyacrylamide and polystyrendypers, natural agarose polymers or from inorganic
silica, zirconium and hafnium and carbon based stippThe supports are available in disk, columad an
tube packings (%n ar and Milai , 2009b). Mass transfer in monoliths is mainly loase convection and
that is the basis for naming one particular typeéhee supports Convection Interaction M&diaIM®)
(Fori et al., 2005). CIM monolithic supports are based on polymethacrymtgmer, which are the
largest and most examined class of monoliths (Viakth Tennikova, 2009). Methacrylate monoliths are
made through bulk polymerisation from glycidyl methylate that is crosslinked with ethylene glycol
dimethacrylate, while as porogens cyclohexanoldoakcanol are used. The pore size distributionreizpe
on the polymerisation temperature: at higher teaipees smaller pores are formed. Methacrylate based
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monoliths possess excellent mechanical and cherstahility over a wide pH range and withstand the
regeneration with NaOH (&n ar and Milai , 2009a). Furthermore, CfRitechnology allows different
types of chromatography (or its combinations) sashon-exchange, reverse-phase, affinity, activatet
hydrophobic/hydrophilic interaction chromatogragByrancar et al., 1998).

Monoliths have properties that distinguish themdmmentally from the particle-based column (Vlakh
and Tennikova, 2009). The advantage properties ofalithic supports are extremely high porosity,
cheaper preparation, simple column filling and hlghding capacity (Podgornik and Strancar, 2005).
Other advantages of monolithic based supports eleded to very efficient mass transport at low back
pressures, good separation efficiencies and oparafi chromatographic separations at higher thamalus
flow rates (Sanar and Milai , 2009b). Another advantage in comparison with eotional
chromatographic supports is that air bubbles dolower the separation power or destroy the support
(Strancar et al., 1998). Besides, up to four disky be put together into a housing, increasing/theme
and hence the column capacity. Some important ctaistics of ion-exchange FPLC and CIM
monolithic chromatographic supports are summatiisdable 1.

Table 1:Some important characteristics of ion-exchange FlebfDmns (Pharmacia, Uppsala, Sweden) and
CIM® monolithic supports (Bia Separations, Ljubl@rSlovenia) reported by the producgisdopted from
S an ar and Milai , 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
Chromatographig 10nmm beaded 10nm 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 guaternary diethylamino diethylamino
amine sulfonate amine
Column/disk i.d. 5mm i.d. 5mm 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
0.5mL2mol | 0.5mL 2 mol
Maximal amount| L™ NaOH L"*NaOH | 10 mL1mol* | 20 mL 1 mol * | 80 mL 1 mol [*
of NaOH (mayI stay on (mayI stay on ( NaOH ( NaOH ( NaOH
column column may stay on may stay on may stay on
recommended for support during support disk guppgrt up| disk guppt))/rt up colun)q/n su);)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 iorfrarge bearing groups, the same type of strong anion
exchanger (quaternary amine) is applied in MonoRQG column and CIM QA disk, while weak anion-
exchanger (diethylamino) is used in CINDEAE monolithic supports. For the time being thare no
weak anion-exchange FPLC columns available on takketh FPLC columns enable separations at flow
rates from 0.5 up to 2 mL min while CIM® disks allow separations at flow rates from 0.5tal0 mL
min™’. The flow rate in CIM column may be even higher, from 1 up to 40 mL hi@peration at high
flow rates and the ability of cleaning the chronga#phic supports with aggressive reagents in specia
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analysis is of crucial importance. The appropr@aéaning procedures are one of the most importapss
in the speciation of Al in human serum or in otb@logical samples (Murko, et al. 2009;&& ar and
Mila i , 2009a; Milai et al., 2009). CIM QA and CIM® DEAE columns and disks permit extremely
rigorous cleaning of the chromatographic suppaitg;e they have exhibited long-term stability eagter
being exposed to 1 mol'tNaOH for up to 3 months or even 1 year, respestigeidi et al., 2007).
Nevertheless, the main advantage of the TlMhonolithic procedure lies in the speed of the
chromatographic separation.

Widespread use of monolithic chromatography covardustrial separation of biomolecules,
purification of proteins and DNA, separation of mi@lecules like serum proteins, nucleosides, nucleic
bases and sugar derivates, nucleic acids and pegfian ar and Milai , 2009a). They were also applied
in the analysis of impurities in immunoglobulin cemtrates, analysis of organic acids and in thiatiso
of tomato pectin methylestearase and polygalacas®@nRecently, the concept of monolithic columrs ha
been transferred to the fast separation of inocganions like chloride, chlorate, iodide, iodategrbide,
bromate, nitrite, nitrate, sulphate and phosphatk aso allowed the separation of hydroxide aniod a
thiocyanate and chromate from some other anionsieier, only a limited number of applications were
reported for the use of monolithic phases for ragggaration of metal cations and for speciatiorlyaisa
(S an ar and Milai , 2009b). By the use of reversed phase silica-basmblithic column, As excretion
was investigated after ingestion of rice. In thisdy five As species were determined in rice andrine
by ion-pairing monolithic silica-based chromatodramoupled to ICPMS. Other applications were relate
to speciation of elements by the use of metha@ybetsed CIM monolithic supports. Chelating Cfi
monolithic disks were applied in a flow analysissteyn for fractionation of labile Cu species in
environmental water samples & ar and Milai , 2009a). Svete et al. (Svete et al., 2001) ingastd the
possibilities of using CIM disks for the speciation analysis of Zn in envinemtal samples. &n ar and
Mila i (S an ar and Milai , 2002) reported about the successful applicatfa®iiel® monolithic supports
for speciation of Cr(VI) in samples from the workpé of plasma cutters. The main advantage of tNe°ClI
monolithic procedure in comparison to FPLC coluray ih the speed of the chromatographic separation.
The chromatographic run for the separation of Or(Vas completed in 15 min by applying CINDEAE
disk and in 30 min by using the FPLC column. Spemamethods require an efficient and rapid separat
of element species. Fast analyses can help torpeste original species present in the samplepaedent
any species conversion. Monolithic chromatograpdey dreat potential and needs to be investigatéefur
for the application in the field of elemental speitin and studies in metallomics & ar and Milai ,
2009b). Based on the above findings the potentiat@nolithic chromatography was also investigated f
Al speciation in human serum (Murko et al., 200Urkb et al., 2009).

1.1.5 Analytical techniques for speciation of Al in humanserum

Determination of total element concentration cannstially provide the required information about
mobility, bioavailability and the impact of elemsnbn ecological systems or biological organisms
(Mila i , 2005). Speciation analyses is an important ssbigline of analytical chemistry and could
contribute considerably to the understanding oEesses in environmental and health sciences wiaicé h
been up to now the most important areas of itsiegapn (Cornelis et al., 2003).

In order to understand the toxicity of Al in humaitsis essential to identify and quantify the clieath
species in which Al is transported and stored i lody. For these reasons, speciation of Al in luma
serum has been intensively investigated (Milat al., 2009).

1.1.5.1 Fractionation and separation of Al species in humaserum

First attempts in the speciation of Al in humanusemwere oriented to distinguish between the peaggnt
of LMM-Al and HMM-AI species. For this purpose ftaanation of serum samples using ultrafiltratiordan
microultrafiltration procedures, SEC and HPLC TSKI@O0 SW column were performed (Mila et al.,
2009). Since the classical ultrafiltration procedlwas more liable to contamination with extraneAus
microultrafiltration which minimized contaminatiorsk gives more reliable results. Data indicateat ih
spiked serum of healthy subjects about 8 % of t8ialvas ultrafiltrable, while in renal patients shi
percentage was about 13 %. Wrébel et al. (Wrdbal.e1994) reported that about 11 % of total seAlm
was ultrafiltrable. They found that the percentage influenced neither by the individual renal pélgy
of the patients nor by kidney transplantation. uritfer investigations Wrobel et al. (Wrdbel et 4B95)
reported that ultrafiltrable Al in spiked humanwarwas found to be 12 + 5 %. Fractionation dataiobt
by other investigators indicated that in normalexposed subjects, the percentage of microultiabile
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Al was about 20 %. It was also experimentally desti@ted that the percentage of LMM-AI in spiked
serum was the same, regardless the total Al coratamt in the spiked serum. However, it was foumat t
the percentage of ultrafiltrable Al varied betweltifierent pooled serum samples and ranged frono 119t

%. From these data it was concluded that the ntgjofiAl, about 90 %, is bound to the HMM protein
fraction (Mila i , 2005). The same observations were reported bydy sn the fractionation of Al by SEC
with UV and ETAAS detection in spent continuous atatory peritoneal dialysis (CAPD) fluids (Mila

et al., 2009). The SEC analysis of protein bounéhAerum is rather complicated due to the critiodg of
bicarbonate in the binding of Al by Tf. In the abse of bicarbonate in the eluting buffer, more geakd a
greater proportion of LMM-AI fraction were observed contrast, when bicarbonate was added to the
eluting buffer, fewer peaks were observed in th€ $Bromatogram and the largest peak appeared in the
Tf and albumin region. Due to the poor resolutieteen Tf and albumin it was not possible to idgnti
the Al-binding protein in serum by SEC procedutddg i , 2005; Milai et al., 2009).

In order to obtain higher resolution in separatmnserum proteins anion-exchange chromatographic
columns were applied. Blanco Gonzalez et al. (BlaGonzéalez et al., 1989) and Garcia Alonso et al.
(Garcia Alonso et al., 1989) used a TSK DEAE-3SWabased ion-exchange column and 0.05 nibl L
(hydroxymethyl) aminomethane Tris-hydrochloric lauffTheir investigations indicated that Al was bdun
only to Tf, but a significant amount of Al was rieted by the silica-based column support. To preyént
adsorption on the column Wrébel et al. (Wrobellgtl®95) used a polymeric anion-exchange (Prdraik
DEAE-5-PW) column for separation of serum proteibsiear gradient elution was applied in 30 min,
using (0-1.0 mol [!) NaCl in Tris-hydrochloric buffer (pH 7.4) contéaig 0.01 mol [* of NaHCQ. The
elution profile was detected with a UV detecto280 nm. The results again confirmed that Tf was th
only serum protein that binds Al. The significambgress in Al speciation in serum has been achibyed
the use of the robust anion-exchange FPLC Mono Q5HRcolumn. This polyether resin based column
enabled quantitative separation of Al species aslideen successfully applied in the further ingasitns

of the percentage and the composition of both LMMag well as HMM-AI species (Mila et al., 2009).
Soldado Cabezuelo et al. (Soldado Cabezuelo e1@88) used FPLC Mono Q column in speciation of
spiked human serum and serum of uremic subjeatgakigradient elution was applied in 20 min usiyg (
0.25 mol ™) NaCl in Tris- hydrochloric buffer (pH 7.4) contéig 0.01 mol [* of NaHCQ. The same
FPLC column on-line coupled to ICPMS was used Ffa $eparation of proteins when linear gradient
elution was applied in 15 min using (0-0.25 maf) lammonium acetate in Tris-hydrochloric buffer (pH
7.4) (Mila i , 2005). Nagaoka and Maitani (Nagaoka and Mai000) used the same FPLC Mono Q HR
column and the same buffer as Soldado Cabezulab é5oldado Cabezuelo et al., 1998) but different
gradient elution conditions in 50 min. By combinidy detection and ICPMS detection of Fe and Al they
concluded, that Al is selectively bound to the Kdaite of Tf.

The above experimental data obtained by chromagtbigaand various detection techniques demonstrated
that the HMM-AI binding ligand in human serum is. Tfhese conclusions agree with theoretical
predictions that Tf is a potential protein bindiigand for AP at physiological conditions (Mila , 2005).

1.1.5.2 Quantification of Al species in human serum

ETAAS and ICPMS are instrumental techniques thaehgenerally been used for quantification of Al in
human serum.
In the past ETAAS was usually the method of chéaceletermination of separated Al species. Dueety v
low Al concentrations (few ng mi) in healthy subjects and high limits of detectistained by ETAAS
speciation of Al was in general possible only itked serum sample. Another disadvantage of ETAAS
was that after chromatographic separation the cadie of eluted fractions was required. The oftlin
procedure was also time consuming. Moreover, ircdse of Al the risk of contamination from extrango
Al becomes even higher. The problems with contatiinded to controversial results reported by many
previous investigators. Further, determination bbAother elements by ETAAS in biological samphes
some difficulties because of leakage of the sarfmole a graphite tube during drying or ashing steps.
S an ar and co-workers (@n ar et al., 2000) reported that the use of nitrid &atthe sample pretreatment
and as modifier enable reliable determination efrednts by ETAAS in liquid biological samples and in
isolated DNA.

The progress in the field of speciation has bedriesed by the use of ICPMS as a very sensitive
detector. ICPMS is arguably the most versatileetr@emental analysis technique available todayceSits
first commercial introduction in 1983 it has becoagplicable in various areas such as environmental,
biological, food and agriculture, semiconductomickl and pharmaceutical, geological, nuclearefisic
and petrochemical (Nelms, 2005; Agilent Technolsgi2005). The advantages of ICPMS are high
sensitivity, rapid multi-elemental analysis, widgndmic range, good precision and accuracy, better
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detection limits for the majority of elements ariek tability for semi-quantitative analysis and ig@&o
dilution (ID) quantification. Further, ICPMS is alust detector that can (more or less easily) bpled to
any of the separation techniques such as liquidgasscchromatography and capillary electrophoré3is .
However, ICPMS has some drawbacks such as destguwtiaracter of the technique, costly maintenance
and the need for well skilled analysts. The requsample volume is typically about 2-5 mL which can
sometimes be a problem in biological applicatidifee main components of a typical ICPMS instruments
are sample introduction system, plasma, interfexefocusing, collision/reaction cell, mass anatyaad
detector (Figure 2).
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Figure 2:Scheme of ICPMS instrumefdopted from Agilent Technologies, 2005)

The sample introduction system is one of the mogbrtant components of the entire ICPMS system.
The principal purpose of the sample introductiostem is to convert a liquid sample into an aeresal
transport the smaller droplets efficiently in t@ thiasma. For nebulization different types of nideus are
used. Each of them has its own merits. Differetiutizers optimize at different sample flow ratearyin
their tolerance of both suspended and dissolveidssdiolerate strong acids, bases or organic stdven
differently and may different sample memory chaggstics. Although there is a wide range of nelariz
available on the market, three nebulizers which rmomly meet the application needs are Babington,
MicroFlow and Concentric nebulizer (Agilent Techogies, 2005). The all three types of nebulizers are
pneumatic nebulizers which have two basic configoing, concentric and crossflow type. Pneumatic and
ultrasonic nebulizers are the most commonly usedpka introduction devices for ICP spectrometry.
Babinton nebulizer is a variant of crossflow nebeti The crossflow type has a liquid-carrying dapj
set at a right angle to the tube carrying the higlocity gas stream. It is not prone to blockage by
particulates or solutions of high salt content lseathe liquid emerges through a relatively laige &
hole in a surface (Montaser, 1998). For ICP apptoa it is constructed of polyether ether ketdREEK)
and is resistant to most acids, bases and orgalviengs. It optimizes at moderate flows betweenahd
1.0 mL min, but does not self-aspirate (Agilent Technologi2805). The fine droplets of the aerosol
which are generated by the nebulizer and represagt1-2 % of the sample are separated from larger
droplets by means of a spray chamber. The finesakrng then transported to plasma torch where
desolvation, vaporization, atomization and ionmatoccur (Thomas, 2004). The positively charged ion
that are produced in the plasma are extractedtlimtoracuum system, via a pair of interface conég T
cones, sample and skimmer cone, are essentiall plates with central orifices through which toas
pass. Electrostatic lens, located within the intdliate stage of the vacuum system, focuses ionsaint
compact ion beam and separates positively chaayeddfrom photons and neutral species. After theamai
ion lenses also in the intermediate stage of tloewa system the collision/reaction cell (CRC) syste
located. There are different configurations of CRE fundamentally the device consists of an iordgui
which is enclosed in a cell that can be pressunwitid gas. The gas interacts with the ion beanmetoave
interferences which are produced in the plasma #orr matrix constituents of the sample. Eliminati
or reduction of the interferences is the main psepof the CRC. There are two types of interactiogas
with the ion beam in CRC, reaction or collision rad@d\gilent Technologies, 2005). Despite all besefit
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that CRC offers it is important to know that onhotough optimization of the type of cell gas anelith
flow rate allows efficient removal of interferencds the final, analyzer stage, the low pressulews
effective transmission of the ions through a massyaer to the detector. Three different types akm
analyzers have been used with ICPMS, these areup@d, magnetic sector or double focusing and-time
of flight (TOF). By far the most common mass anatymsed in ICPMS is the quadrupole (Q) (Agilent
Technologies, 2005). Due to its ease of use, reqgad across the mass range (2 to 260 amu), gazatitn
and relatively accessible price, Q represent apmpabely 95 % of all ICPMS used today (Thomas, 2004,
Agilent Technologies, 2005). The Q is a sequemntiass filter, which separates ions based on thess
charge ratio (m/z). It consists of four cylindricat hyperbolic metallic rods of the same length and
diameter. One set of rods is at a positive eladtpotential, and the other one at a negative piateBy
varying the alternating current (AC) and directreat (DC) voltages, but keeping the ratio betwewemt
constant, different masses can be selectively alibte pass through the filter (Thomas, 2004). Hanh
exiting from the mass analyzer is detected by aatein multiplier (EM). EM is largely responsibler the
characteristics of very high sensitivity, wide Emedynamic range and low random background, fockvhi
the technique is well known. The detector electrermiount and store the total signal for each masg)(
creating a mass spectrum. The spectrum that isupead provides a simple and accurate qualitative
representation of the sample. The magnitude of paak is directly proportional to the concentratiéran
element in a sample (Agilent Technologies, 2005).

The combination of liquid chromatography with ICPM®vides a powerful and sensitive technique for
on-line elemental speciation because of its sirtplicobustness and high reliability and reprodilitib
(Nelms, 2005). However, analysis of biological stespy ICPMS is not without problems. It is necegsa
to be aware that the proteins, other organic comg®uand high concentration of inorganic salts in
biological samples may block the sample introductgstem of an ICPMS during an analysis run (Nelms,
2005). Lower limits of detection obtained by ICPM&able speciation of Al in unspiked serum of normal
subjects. Soldado Cabezuelo and co-workers (SolG@athezuelo et al., 1998) used anion-exchange Mono
Q column on-line coupled to quadrupole ICPMS anghhiesolution ICPMS systems for detection of
separated Al species. The detection lirBg¢riterion) estimated in this work from the pealgihé of the Al
signal was of the order of 0.6 ng thLThere was no doubt that Al is bound only to Téwéver, no data
about the column blanks and the behavior of LMMcgggeon the column resin were reported. So, tlsese i
need for a development of reliable, accurate aedige procedures for speciation of Al in human rseat
basal concentration levels.

1.1.5.3 Identification of Al species in human serum

Multi-elemental specificity and accurate quanéfion are the key features of ICPMS, whereas mtdecu
weight determination and structural information #mese contributed by molecular mass spectrometry.
Both atomic and molecular mass spectrometry supgorby on-line or off-line coupling to
chromatographic separation methods have createobttie for structural and/or quantitative insightshe
interactions between metals and biomolecules (Mdijal., 2006). This approach is an unique analytic
tool for speciation studies. Accurate-mass deteation provided by molecular mass spectrometry exsabl
almost unequal confirmation of the identity of d@mpound. Furthermore, by the use of moleculartikS
efficiency of the precedent chromatographic separanay be examined. However, it is well known that
the intensity of such MS signals is strongly aféecby both the sample matrix and the compositiothef
species under study. The most common MS methodsnfalysis of proteins in human body fluids such as
serum, plasma and cerebrospinal fluid are eleataggpnization (ESI) and matrix-assisted laser detson
ionization (MALDI) mass spectrometry. MALDI prodwugesingly-charged ions, which are advantages
where there is a complex mixture accompanied bpifiignt fragmentation (e.g. micro heterogenous
mixture of glycopeptides). In the case of intacbtpin analysis, the calculated resolution is highly
compromised at m/z above 25 kDa. Thus, the useSbfwthere multiply charged ions are formed seems
more adequate (del Castillo Busto et al., 200930AMALDI is a solid-phase technique while ESI is a
liquid technique compatible with on-line chromataginic separations and capillary electrophoresis.
MALDI-TOF and ESI-Q-TOF have been compared forenflf isoform analysis (del Castillo Busto et al.,
2005). The use of ESI-Q-TOF, although exhibitingowat 5-fold lower sensitivity than MALDI-TOF, has
provided the best results in terms of mass acguram 0.05 %) and peak width in the deconvoluted
spectra (45-Da peak width vs 2000-Da peak widtMiBy_DI).

Blood serum is a complicated matrix and heterogesi@pixture containing beside HMM and LMM
compounds also a high concentration of salts. Rovmatographic separation of HMM and LMM species
in human serum high ionic strength eluents witthiigncentration of salts were used. Thus, pridt3¢-
MS analysis, the serum fraction must be concemtratel desalted. For desalting on-line or off-lirmgid
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chromatography, membrane filtration or on-line mdialysis has been used (Pramanik et al., 2002). In
speciation studies of Al in human serum identifmatof potential Al-binding ligands was performed b
gel electrophoresis or mass spectrometry. Ideatifo of Tf, as the major HMM-AI species in human
serum, was performed by SDS-PAGE electrophoresislif@l et al., 1995; Kralj et al., 2004). Kralj acat
workers (Kralj et al., 2004) identify Tf in serunmda spent CAPD fluid samples. After separation of
proteins on the anion-exchange FPLC column, Alaimitig fractions were collected and combined
together. Due to low concentrations of proteins spent CAPD fluid, preconcentration by
microultrafiltration was applied. Tandem mass sqoecetry is a useful tool not only for identificati of
proteins but also for identification of LMM specipgesent in body fluids. Bantan and co-workers (Ban
et al., 1999) characterized LMM-AI species by ESQ@Qechnique. Identified LMM-AI species in human
serum are Al-citrate, Al-phosphate and ternary ikhte-phosphate complex.

1.1.6 Extraneous contamination

Due to low Al concentration in body fluids and théigh abundance in the nature the problem of
contamination should not be overlooked. Contamimatirom extraneous sources is one of the most
important obstacles in the field of speciation df Ao obtain reliable analytical data it is of edre
importance to avoid all possible sources of contation and to apply appropriate cleaning procedimes
removing traces of Al from the eluents, reagentgpmatographic supports and all devices used in the
speciation procedure. In order to prevent contaticinaby extraneous Al, high density polyethylene or
Teflon ware, previously soaked with 10 % nitriccafor 48 h and rinsed with MiliQ water should beeds
(Fairman et al., 1994). The overall analytical gehere should be carried out under clean room dondit

(at least class 10000). In order to remove Al frements used in chromatographic procedures (Van
Landeghem et al., 1994) on-line silica-based CH¥ewger column, which has a strong affinity to adso
Al, was used. Similarly, in Medel's group chelatikglex 100-impregnated silica C18 scavenger column
was used on-line to clean the eluents (Soldado Ziete et al., 1998). Bantan and co-workers (Baetan
al., 1998) applied the chromatographic where ekiemre first treated with the chelating resin Ckédl@0
(batch procedure). Filtered eluents were then pafiseugh a silica-based HPLC LiChrosorb RP-18
column to remove residual Al. Since the chromatpli@ supports used in the speciation procedure also
contained trace amounts of Al, it was of great intgnace to efficiently clean the resin of chromaggmyic
supports. There were not many reports that dragntidin to this problem. The cleaning procedure for
FPLC column used for separation of HMM-AI speciesérum was reported (Nagaoka and Maitani, 2000).
After rinsing the column with a buffer, 100 pL ofifmol L* sodium acetate was first injected, followed by
seven subsequent injections of 0.25 mmbldmmonium acetate in 50 mmot' [Tris buffer. After that a
single injection of 2 mol T sodium chloride, 2 mol £ sodium hydroxide and 75 % acetic acid was
applied. Authors stated that by the use of the gseg cleaning procedure the blank was loweredlto@.
mL™* of Al. In our group, efficient cleaning procedures SEC, FPLC, CIM DEAE disk/column and
HiTrap desalting SEC chromatographic supports ugedspeciation Al in human serum were also
developed (Bantan et al., 1998; Bantan et al., 1B88tan Polak et al., 2001; Kralj et al., 2004;rkuet

al., 2007; Murko et al., 2009).
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2 Aims and Hypothesis

Speciation of Al in human serum has been intengiirelestigated owing to its participation in many
clinical disorders. For the determination of thepgmrtion of HMM-AIl and LMM-AI species and for the
identification of their composition various anatgi techniques have been used. The combinatianuaél|
chromatography with element specific detectors ItRAAS, ETAAS and AFS represents an appropriate
tool for the speciation of Al. However, becausetttd low concentration of Al in biological fluids éh
sensitivity of FAAS, ETAAS and AFS is not as adegguas that of ICPMS. ICPMS offers not only
unequall sensitivity, selectivity and better ddtactlimits for majority of elements, but is alsor@bust
detector that can be coupled to any of the chrognaphic separation techniques. In general, theltsesu
obtained by different techniques, suggested thas Tie major Al transport protein in serum. LMM-AI
species present in serum were Al-citrate, Al-phaspland ternary Al-citrate-phosphate complexesirThe
composition and amount varied among particulanviddials.

However, the main problem in Al speciation at traoacentrations remained contamination originating
from the chromatographic supports and eluents. €fbir, special attention was devoted to the cleanin
procedures of eluents and chromatographic suppoaisier to obtain low blanks.

To obtain reliable analytical data in speciationalgsis it is important to apply and compare
complementary analytical procedures. As an alter@db ion-exchange FPLC particle packed columns,
ion-exchange separation supports based or"@ikte developed in the last decade. The matrixatppf
poly(glycidylmethacrylate-co-ethyleneglycoldimethdate) substituted with strong or weak cation and
anion exchangers offer very fast separation ofmblecules. The robustness, high binding capacity an
fast separations of CIMmonolithic supports have great potential for these in the field of speciation.
CIM® monolithic chromatography in combination with ICBMetection can offer unique analytical tools
for speciation analysis at very low concentratiomhuman serum. To the best of our knowledge, the
quantification of Al species in human serum wadillmow performed only in spiked serum or in serum
with elevated concentration of Al. Therefore, the @f my PhD research was to develop new analytical
procedures for the reliable speciation of HMM-Ahgaounds in spiked and unspiked human serum using
size exclusion and CI¥monolithic chromatography with ICPMS and UV deirt Identification of the
Al-binding protein was performed not only on thesisaof the retention volume, but also by the mass
spectrometry and SDS-PAGE electrophoresis. Cimatene of the major LMM-AI binding ligands has
also been identified by mass spectrometry.

In addition to experimental approaches for the igien of Al bound by Tf, the application of
computational methods was proposed to test whé&ie¥o of all Al is bound by Tf, or 90 % of Al is
available to be bound by Tf. The idea is to contebto the development of a model of Al being bobgd
Tf which will explain the binding, transport andtidaof Al in serum. In order to fulfill this goal mew
analytical procedure for the efficient, reliabledaiast separation of proteins from LMM compounds in
serum was developed. The developed analytical duveefor the fast separation of the HMM-AI species
from LMM-AI species in serum may be useful for addic study of the binding of Al to Tf and for foer
speciation studies of LMM-Al compounds in serum.

The new-developed analytical procedures for speaiaf HMM and LMM Al species in human serum
could be an important basis for computational bémaistry not only for Al but also for other essehtiad
nonessential elements present in blood. Combinati@xperimental and mathematical/computationah dat
could help to understand toxicity of elements inreections with many inexplicable diseases.
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Aims and Hypothesis
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3 Materials and Methods

3.1 Apparatus

For chromatography five chromatographic supporsewused. SEC was performed on a Superdex 75
10/30 GL column (Amersham, Uppsala, Sweden), colaharacteristics (dimensions 10 x 300 mm, matrix
composite of cross-linked agarose and dextranageeparticle size 13 pum, pH stability 3-12, exdusi
limit Mr 1x10° ) and on a HiTrap desalting 5 mL column (GE Hesdtke Bio-Sciences AB, Uppsala,
Sweden), Sephadex G-25 Superfine, column charsitsridimensions 1.6 x 2.5 cm, matrix cross-linked
dextran, pH stability 2-13, bead size 15-70 pmJwesion limit Mr 5000). Anion-exchange chromatogrgph
was performed on three chromatographic supportstHeoseparation of HMM-AI species a weak anion-
exchange CIM (Convective Interaction Media) DEAE monolithic kli®r column (Bia Separations,
Ljubljana, Slovenia) with matrix supports madehajhly porous poly(glycidyl methacrylate-co-ethyéen
dimethacrylate) bearing weak anion exchange diathiylo (DEAE) functional group, (pH stability 2-14)
was used. The CIRMIDEAE disk dimensions were, diameter: 12 mm, théger 3 mm and bed volume:
0.34 mL. The dimensions of the CIMDEAE column were, outer diameter: 15 mm, innensiter: 1.5
mm, length: 45 mm and bed volume: 8 mL. A strongpruexchange FPLC column of Mono Q HR 5/5
(Pharmacia, Uppsala, Sweden), column characteri@imensions 5 x 50 mm, matrix polystyrene/divinyl
benzene, particle size 10 um, pH stability 2-123% wsed for the separation of LMM-Al compounds.

HPLC separations were carried out using a higfopeance liquid chromatography pump Series 1100
from Agilent (Tokyo, Japan) equipped with a sampigection valve Rheodyne, Model 7725i (Cotati,
California, USA), fitted with a 1 mL injection lodpr Superdex 75 10/30 GL, HiTrap desalting and &IM
DEAE column. A 0.1 and 0.5 mL injection loops wersed for CIN' DEAE disk and FPLC column,
respectively. A UV-vis detector (Agilent 1100 SeriBiode Array and Multiple Wavelength Detector,
DAD/MWD) was used on-line with HPLC equipment fdrsarption measurements at 278 nm.

Element-specific detection of Al after chromatodnapseparation as well as the total concentration o
Al in serum were performed using inductively couplglasma mass spectrometer model 7500ce from
Agilent Technologies (Agilent, Tokyo, Japan) eqe@gmvith a collision/reaction cell system (ICP-(ORS)
MS).

A WTW (Weilheim, Germany) 330 pH meter was employedetermine the pH.

Positive ion mode ESI-MS measurements for the ifiestion of Tf (Kleinert et al., 2003; Wuhrer et
al., 2005) were performed on Q-oa-ToF Premier mapsstrometer (Waters Corporation, Manchester, UK).
The Tf fractions were analysed by ACQUITY UPLC anaiograph coupled on-line to ESI-MS (UPLC-
ESI-MS). For ACQUITY UPLC chromatography VanGuardRve-Column (2.1 x 5 mm, Acquity UPLC
BEH C18, 1.7 m, Waters) was used. The ACQUITY UPLC ESI-MS systeas also used for the
identification of citrate. The MS analyses of diéravere performed by scanning negative ions. For
chromatography a ACQUITY UPLC column (2.1 x 30 nAoquity UPLC BEH C18, 1.7 m, Waters) was
used.

The identification of proteins after the separatidrserum on the CIfIDEAE column was performed
by SDS-PAGE on an invitrogen Xcell SureLock eleghoresis system.

To concentrate the LMM fraction of serum Eppendoricentrator 5301 was used.
Experimental working conditions for ICPMS and UPESI-MS are summarized in Table 2.
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Table 2:0perating condition for ICPMS and UPLC-ESI-MS

ICPMS
Parameter Value
Forward power (W) 1500
Outer gas flow (L mifi) 15.0
Carrier gas flow (L mir) 0.80
Makeup gas flow (L mir) 0.11
He gas flow (mL mif) 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
lon spray voltage (kV) 3
Nebulizing gas A
Injection rate (L min™) 50
External calibration Csl
Scan range for Tf: m/z 1000-3500
for citrate: 50-1000
Spectrum deconvolution for Tf: Maximum entropy nuath
(MaxEnt)

3.2 Reagents and Materials

All chemicals were of analytical reagent grade iyaHuman serum apo-transferrin, albumin and
Imunoglobulin G (IgG) were purchased from Sigmafdd (Steinheim, Germany). Merck (Darmstadt,
Germany) suprapur acids were used. For adjustinfferbsolution to pH=7.4 50 mmol L Tris
(hydroxymethyl) aminomethane-hydrochloric acid wased that contained also 30 mmaf ksodium
hydrogencarbonate (Merck) (buffer A). To achievghleir ionic strength various salts were dissolved in
buffer A (buffer B). Tris, sodium hydrogencarbonasedium hydroxide and salts were purched from
Merck. The 4 mol [! ammonium nitrate eluent was prepared by dissol82@ 16 g of ammonium nitrate
in 1 L water. Ultrapure 18.2 M cm water was obtained by means of a Direct-Q Baplltre water system
(Millipore Watertown, MA, USA). A stock Al solution (100 g Al mL™) was prepared in a 100 mL
calibration flask by dissolving 0.1388 g of alunumi nitrate-9-hydrate (Riedel-de Haén, Hannover,
Germany) in water. It was used for the preparatiocalibration standard solutions for the deterrigraof

the total concentration of Al in serum, for theképg of serum samples and samples of standardipsote
and for the study of AT behavior on all chromatographic supports usedhferseparations. Fresh working
standard solutions were prepared daily by dilutbstock solutions with water. A stock Al-citratlgtion
(100 g Al mL™) was made by mixing citric acid (Merck) and alumim nitrate-9-hydrate in 100:1 citric
acid to Al molar ratio (Bantan et al., 1999). Arfoc acid and acetonitrile used for the identifioatof Tf
and citrate were HPLC grade quality (J.T. Bakewédeer, Holland).

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

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

Centricon 30 concentrators (Amicon, Beverly, MA,A)Svith nominal cut-off 30 000 Da were used to
concentrate Tf fraction of serum before applyind GFESI-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, polyethgleor Teflon laboratory ware and tubes were used.
Teflon bottles were also used for rinsing solutionshe ICPMS system. Before use, all laboratoryewa
and tubes for chromatographic separations and &trdinations were treated with 10 % nitric acid48

h, rinsed well with MilliQ water and dried at roo@mperature. In order to reduce memory effects from
ICPMS system five rinses after each analysis aireesample (the first rinse with 5 % nitric acid ahé
following four with water) were applied. All eluentused in the chromatographic separations were
efficiently cleaned by the procedure that was mmesfy optimised in our laboratory (Bantan et a@98,;
Bantan et al., 1999; Bantan et al., 2001). The nttuevere first subjected to chelating ion-exchange
chromatography (Chelex 100, Na+ form, batch pro=dand 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 watopeed at a flow rate of 1 mL niin The column was
first rinsed with water for 15 min. Then 1 mL ofviol L™ sodium hydroxide was injected and the column
was rinsed with water for 15 min. A linear gradiehition from 100 % water to 100 % 2 mot kitric acid
was applied for 10 min, followed by 10 min of ringiwith 2 mol L* citric acid. Then, a linear gradient
elution from 100 % 2 mol Tt citric acid to 100 % water was applied for 10 nikinsing the column with
water followed for the next 15 min. Finally, theuddpration of the column was performed by rinsingh
buffer A for 15 min. It was experimentally foundat the cleaning of Superdex 75 10/30 GL column
should be applied after five consecutive analysseoum samples.

3.3.2.2 HiTrap desalting column

The cleaning of the column was usually performed fiow rate of 5 mL mifl. When 2 mol [* citric acid
was used in the cleaning procedure, a flow rat2 ofL min* was applied. The column was first rinsed
with water for 10 min. Then, 1 mL of 1 mol'lsodium hydroxide was injected, followed by 10 miirsing
with water. After that, 5 min rinsing with 2 mol*Lcitric acid was used, followed by 20 min rinsinghw
water. The procedure with 2 moflcitric acid was repeated three times. At the émelequilibration of the
column was performed by rinsing with buffer A fd fnin. It should be pointed out that by applyingreno
rigorous cleaning traces of Al could be eluted frti® column resin, resulting in higher blanks.

3.3.2.3 CIM ® DEAE disk

The cleaning of the CIFIDEAE disk was performed at a flow rate of 5 mL thifthe disk was first rinsed
with 0.1 mL of 1 mol [* sodium hydroxide for 0.5 min followed by 5 minrirising with 0.2 mol [* Tris-
hydrochloric acid buffer (pH 7.4). After that tdesk was rinsed with buffer A for 5 min. Then, Ofn of
rinsing with 2 mol L* citric acid was applied. At the end, the equiltta of the disk was performed by
rinsing with buffer A for 10 min.

3.3.2.4 CIM® DEAE column

The cleaning of the chromatographic support wasezhout at a flow rate of 5 mL nifn 5 min rinsing

with 1 mol L* sodium hydroxide was first applied. After applioat of sodium hydroxide more
concentrated buffer that used in separation praeeduequired in order to regenerate the colunppst.
Then, 20 min of rinsing with 0.2 mol™LTris-hydrochloric acid buffer (pH 7.4) followed.ftar that the
column was rinsed with buffer A for 20 min. Thenm of rinsing with 2 mol [* citric acid was applied.

At the end, the equilibration of the column wasf@ened by rinsing with buffer A for 30 min. It shioube
stressed that buffer A used in the cleaning proeedwas cleaned as described in the Recommended
cleaning procedures (3.3.1). It was experimentdlynd that the cleaning of the CfVMDEAE column
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should be applied after seven consecutive anabfsssrum samples.

3.3.2.5 FPLC Mono Q column

The cleaning of the column was generally performied flow rate of 1 mL mih For the cleaning with 1
mol L™ sodium hydroxide a flow rate of 0.5 mL rifinvas applied.

The column was first rinsed with 1 mof*lsodium hydroxide for 8 min followed by 15 min drfising
with water. The procedure was applied twice. Afteat 10 min of rinsing with 2 mol L citric acid was
used. At the end the column was rinsed with wateB86 min.

3.4 Sample preparation

Venous blood (venous puncture) from transplantedlreatients was taken during clinical examination
after informed consent was obtained. It was caié@chto Al-free Becton-Dickinson vacutainers withou
additives. Sample was centrifuged for 10 min at 865Serum aliquots were transferred into 1 mL
polyethylene tubes with polyethylene pipette araiest in a freezer at -2&C. Prior to analysis samples
were equilibrated to room temperature.

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

In order to study the speciation of HMM-Al and LMM-compounds, spiked and unspiked serum
samples were used. The spiking of the serum wdsrpeed with 100 pL of Al" solution (Al-nitrate salt)
added to 3 mL of serum, so that the final concéiotreof Al in serum ranged from 10 to 300 ng ThL
Spiked serum was left to equilibrate at room temmpee for 5 hours (Bantan et al., 1998; Bantanl.et a
1999). Speciation of Al was then performed follogvithe Recommended analytical procedures. It was
experimentally proven that freezing of samples mhd influence the speciation of Al. The same rasult
were obtained when fresh or frozen serum samples amalysed.

For identification of Al binding protein, diluted{4) serum sample was injected onto the EIVEAE
column. The separation of serum proteins was paddrand a fraction eluted under the Tf peak was
collected for a further UPLC-ESI-MS experiment. Fois purpose, the fraction was processed through a
Centricon YM-30 (30 000 Da cutoff) centrifugal éftdevice (5000 g, 10 min at 4 °C) in order to exuje
the elution buffer by an aqueous solution and dluce the final sample volume to 0.1 mL.

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

3.5 Recommended analytical procedures

Sample preparation, chromatographic separationsdetetmination 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 1ohundiluted serum sample onto the column. Isocrati
elution with buffer A was applied for 15 min. Fralb to 16 min linear gradient from 100 % buffer A to
100 % buffer B (buffer A+1 mol £ ammonium chloride) followed. Elution with 100 %ffer B was kept

up to 29 min. From 29 to 30 min linear gradientird00 % buffer B to 100 % buffer A continued. e th
following 10 min the column was equilibrated withffer A. The chromatographic run was performed at a
flow rate of 1 mL miff and was followed by UV detection at 278 nm. Thetgin peak was collected from
7.5 to 13 min (5.5 mL) into a polyethylene samplgo cand further subjected to anion-exchange
chromatography. The concentration of total Al intpin fraction was determined by ICPMS.
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3.5.2 HiTrap desalting column procedure

1 mL of undiluted serum sample was injected ontdblumn. Isocratic elution with 50 mmol*LTris-
hydrochloric acid buffer (pH 7.4) was applied fdr tin. The chromatographic run was performed at a
flow rate of 1 mL mift. Two fractions were collected, protein peak frono06 min (5.0 mL) and the
fraction of LMM species from 5 min to 10 min (5.@n

3.5.3 CIM® DEAE disk procedure

The protein fraction from Superdex 75 10/30 GL owhu was subjected to anion-exchange
chromatography. A 0.1 mL of the sample aliquot wagcted onto a CIM DEAE disk. The
chromatographic run was carried out at a flow @ftd mL min*. Linear gradient elution from 100 %
buffer A to 100 % buffer B was applied for 10 mirhe disk was rinsed with 100 % buffer B for 0.5 min
and from 10.5 to 15 min with buffer A. To followdlseparation of proteins the disk was connectelthen-
to an UV detector. For quantification of separaidpecies the disk was connected on-line to ICPMS.

3.5.4 CIM® DEAE column procedure

1 mL of serum sample was injected onto a columinrdsocratic elution with buffer A containing 30
mmol L* sodium hydrogencarbonate was applied for the Sirstin, followed by a linear gradient for the
next 40 min from 0-100 % of buffer B (buffer A+1 fio®* ammonium chloride). A 10 min equilibration
with buffer A followed. The chromatographic run waerformed at a flow rate of 1 mL ninThe eluate
from the CIM® DEAE column was passed through an UV detectorgs&78 nm) for protein monitoring
and was coupled with a sample uptake inlet of trebifyton 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 injecteshto the column. Aqueous (0-100 % 4 mot L
ammonium nitrate) linear gradient elution was agplior 10 min at a flow rate of 1 mL minThe eluate
from the column was connected on-line to ICPMSeA#ach separation the column was regenerated for 5
min with 4 mol L* ammonium nitratat a flow rate of 1 mL mihand equilibrated with water firstly for 20
min at a flow rate of 2 mL mifand in the following 5 min at a flow rate of 1 mlim.

3.5.6 UPLC-ESI-MS procedure

For the ESI-MS analysis of Tf it was necessaryléamr and concentrate the reconstituted Tf fraciion
order to obtain the adequate charge distributiafilprof protonated Tf molecules and its molecutaass.
The Tf standard (concentration 10 umot)land Tf fraction was analysed by UPLC-ESI-MS. 4 gfL
sample solution were injected on the VanGuardTM@&simn. The flow rate of 50L min™ of mobile
phases: A (water, 0.1 % formic acid) and B (acétibai 0.1 % formic acid) was used in linear gradiB =

5 % to B = 85 % in 6 min. The elution time of Tf sv8.7 min and was twice as dead time of the LC
system.

For the identification of citrate, a LMM fractiorf serum sample was concentrated. A 10 pL of sample
was injected onto the column of UPLC-ESI-MS systésucratic elution with mobile phase A (water, 0.1
% formic acid) was applied for 4 min. The chromaggdnic separation was performed at a flow rateOff 2

L 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+#) water and total Al concentrations were deterchine
by ICPMS under the optimal operating conditionsegiin Table 2. The same analytical procedure was
applied to determine Al concentrations in spikedndard serum proteins. The accuracy of the
determination of total Al was checked by the arialygd reference serum sample. The obtained restilts
the determination of Al (7.1 + 0.6 ng M).showed good agreement with the certified valué £70.7 ng
mL™?), confirming the accuracy of the analytical prasedapplied. Serum of three renal patients was
involved in the study. The concentration of totdlil\serum samples investigated (mean of threellphra
analysis) was determined by the standard additietinoal.

First serum sample was used for the developmethieadnalytical procedure for speciation of HMM-AI
compounds by anion-exchange CINDEAE disk. The concentration of Al was found to48 + 0.2 ng
mL™. This concentration was too low to perform spéoiatinalysis. Therefore, samples were spiked with
Al** solution, so that the final concentration of Akipiked serum ranged between 50 and 300 g AlL

The concentration of Al in second serum sampledtigated was found to be 5.7 + 0.4 ng hin
order to optimize the parameters for the separatfaserum proteins by the use of anion-exchange®CIM
DEAE column samples were spiked with 10 ng Tl

The third serum sample was used for the developroEmhe analytical procedure for the reliable
separation of HMM-AI species from LMM-Al compounitsserum by HiTrap desalting SEC column. The
concentration of Al was found to be 2.6 + 0.3 ng’miln this study serum samples were spiked with 150
and 300 ng mtt Al

4.2 Development of the analytical procedure for speciain of HMM-AI
compounds in spiked serum by combining SEC and anmmeexchange
CIM ® DEAE disk

4.2.1 Optimization of the parameters for the separation 6serum proteins by the use of
CIM® DEAE disk-UV-ICPMS

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

In order to investigate the separation of seruntgime by anion-exchange CfMDEAE disk synthetic
solutions of the standard proteins IgG, Tf, albuaninl their mixture were prepared (5 ¢ &f albumin, 1 g
L™ of IgG and 0.5 g I of Tf). As an eluent ammonium chloride that enabbeth UV and ICPMS
detection was chosen. Furthermore, ammonium cldoddes not form any complexes with Al and
therefore has no influence on Al speciation dutimg chromatographic run. First strong anion-exckang
CIM® quaternary amine (QA) disk was used. 0.1 mL ofiddad proteins was injected onto the disk and
linear gradient elution from 100 % buffer A to 1@0buffer B preformed in 10 min. Results indicatkdtt
separation was not selective enough since albuminTd were eluted under the same chromatographic
peak. Therefore, the potential of a weak anion-arnge CIM DEAE disk was further investigated. First
the influence of ionic strength of the eluent (9.2% and 1 mol I ammonium chloride) was examined.
0.1 mL of standard proteins was injected onto tkk dnd linear gradient elution from 100 % buffetcA
100 % buffer B was applied in 10 min. Separatiothvdi.25 and 0.5 mol t. ammonium chloride resulted
in the broadening of chromatographic peaks, whiletie use of 1 mol £ ammonium chloride well
resolved chromatographic peaks of IgG, Tf and albuwere obtained. The optimal concentration of
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ammonium chloride was therefore 1 mot.Ln further experiments 0.1 mL of standard prateivas
injected onto the disk and different times of geadielution were examined (5, 7.5 and 10 min).
Experimental data indicated that the best resaiutiochromatographic peaks was obtained when gradie
elution in 10 min was applied. Finally, the influenof a sample volume loaded on the disk was obderv
(0.02, 0.05, 0.1, 0.2 and 0.5 mL sample loops)o@latographic peaks were well resolved using 0.08&up
0.1 mL sample loop, while the application of higeample volume resulted in broadening and oventappi
of the chromatographic peaks. To obtain a bettait bf detection, 0.1 mL sample loop was thereiosed
and separation of proteins performed under themgbttonditions described in 3.5.3.

A combined procedure including removal of LMM compds from proteins on SEC column followed
by separation of protein fraction on CIMDEAE disk was then applied at optimal separationditions.
Chromatographic separations were followed by UVed@tn at 278 nm. The chromatograms for the
mixture of standard proteins are presented in Ei@uand for serum in Figure 4. Data of Figures 84 4
A indicate that a protein peak is eluted from SEumn between 7.5 and 13 min in the mixture of
standard proteins as well as in serum sample. ¥t lmeafurther seen from Figures 3 B and 4 B thatdgoo
separation of 1gG, Tf and albumin is obtained iotein fraction on CIM disk. This is evident for a
mixture of standard proteins (Figure 3 B) and &g protein fraction of a serum sample (Figui®)40n
the basis of data from Figures 3 and 4 it is evideat the proposed analytical procedure enablesl go
separation of serum proteins.
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Figure 3:Separation of a standard solution of proteins dloav rate of 1 mL min followed by UV detection at
278 nm. 1 mL of sample containing 254df albumin, 5 g ! of IgG and 2.5 g X of Tf was first injected onto
the SEC column (A). A protein peak was collectechfr.5 to 13 min (5.5 mL). 0.1 mL aliquot of a photpeak

was then injected onto the CINDEAE disk (B).
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Figure 4:Separation of a serum at a flow rate of 1 mL fimllowed by UV detection at 278 nm. 1 mL of sample
was first injected onto the SEC column (A). A grofeeak was collected from 7.5 to 13 min (5.5 nAL). mL
aliquot of a protein peak was then injected on® @M® DEAE disk (B).
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4.3 Speciation of HMM-AI species in spiked serum by cobining SEC and
CIM ©® DEAE disk-ICPMS

Once the separation of serum proteins was optimggetiation of Al in spiked serum was investigaigd
combining SEC and CIRIDEAE-ICPMS. To obtain on-line ICPMS detection, thelet of the CIM disk

was directly connected to the Babington nebulidetC®MS. The advantage of the use of Babington
nebuliser is its ability to operate at a flow rafel mL min* that is the same as applied in the separation of
proteins on CIM disk. In addition, Babington nebuliser is capatiéntroducing samples with high salt
contents into ICPMS. The study was first perfornbgdthe use of standard serum proteins (5 gof
albumin, 1 g [* of IgG and 0.5 g T of Tf). Standard serum Tf as well as the mixtufstandard serum
proteins were spiked with 100 ng fhiof Al. 0.1 mL of spiked samples were injected otite CIM®
DEAE disk coupled on-line with ICPMS. Results aregented in Figure 5. It is evident that the shape
the elution profile of Al are the same in the Tfkga sample (Figure 5 A) and in the mixture of spik
standard proteins (Figure 5 B). In both chromatogral was eluted under the chromatographic peak of
Tf. These observations confirmed again that The anly serum protein that binds Al. For calibratia
speciation analysis of Al, standard serum Tf (015" was spiked with 10, 20, 50, 100 and 150 ng'rof.

Al. 0.1 mL of spiked samples were then injectetbadhe CIM® DEAE disk coupled on-line with ICPMS.
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Figure 5:Separation of standard serum Tf (0.5 ) lspiked with 100 ng mLAI (A) and a mixture of standard
serum proteins (5 gtof albumin, 1 g L of IgG and 0.5 g t of Tf) spiked with 100 ng riLAl (B) on a CIM

DEAE disk followed by ICPMS detection.
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In order to check the linearity of developed arieltprocedure the standard serum Tf was spikell wit
10, 20, 50, 100 and 150 ng fIAl. Figure 6 represents overlay chromatogramspiesi standard serum
Tf. A calibration curve was done on the basis @f pleak area. A linear response of the calibratiomec
was obtained with correlation coefficient R0.998.
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Figure 6:0verlay chromatograms of standard serum Tf (0.5 dpiked with 10, 20, 50, 100 and 150 ng’mL
of Al. Speciation was performed by CIMDEAE-ICPMS procedure.

In Figure 7 three consecutive speciation analysis standard serum Tf (0.5 g')spiked with 20 ng
mL™? of Al are presented. The speciation was carriedbyuCIM® DEAE-ICPMS. Data indicate that
consecutive chromatographic separations are rdgeata
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Figure 7:Consecutive speciation analysis of standard serdnf0® g L*) spiked with 20 ng mt of Al.

Speciation was carried out by CIMDEAE-ICPMS procedure.

A combined procedure including SEC pre-separatibproteins and speciation of Al in the protein
fraction by CIM" DEAE-ICPMS was then performed on a spiked serumalyses were done under
analytical procedures described in 3.5.1 and 3&s3an example of these analyses overlay chronmetagyr
of spiked serum with 50, 100 and 300 ng huf Al are shown in Figure 8. The chromatogrambigure 8
represent speciation of Al by CRVDEAE-ICPMS procedure after pre-separation of LMNeamplexes
by SEC. On the basis of the elution time betweam@ 3.5 min it is evident that Al is eluted undee Tf
peak.
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Figure 8:Speciation of Al by CIM DEAE-ICPMS in spiked semfter pre-separation of LMM-Al complexes by
SEC. Overlay chromatograms represent spiked seritim5@, 100 and 300 ng riLAl.

For quantification of the separated Al species B£Sn combination with CIN DEAE-ICPMS, the
following procedure was applied. A serum sample sy@Eked with different concentrations of Al. Totsl
in spiked serum was determined by ICPMS. Then lofrderum was subjected to SEC to separate LMM-
Al species from proteins. Protein fraction was ectiéd between 7.5 to 13 min and the concentrafiési o
in the protein peak was determined by ICPMS. Afitext 0.1 mL sample aliquot of the protein peak was
injected onto CIM DEAE disk coupled to ICPMS and speciation analygis performed. Al species
bound to Tf were quantified on the basis of thekp@a. In order to prepare a calibration curvendard
serum Tf was spiked with Al and CRVMDEAE-ICPMS speciation procedure was applied. Tsilts are
presented in Table 3.

Table 3:Quantification of Al species in spiked serum sasple

ICPMS SEC, ICPMS HMM-AI 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%) (ng mLY) (ng mLY)
49.8 £ 0.9 45.1+ 0.9 91+2 44,2 + 0.8 98+ 2
50.2 +0.9 452 £ 0.9 90+ 2 43.4+£0.8 96 + 2
98 +2 91+2 93+ 2 882 97 +2
97 +2 85+2 88+ 2 83+2 96 + 2
256+ 5 2335 91+2 226 + 6 97 + 2
2856 254+ 6 892 246 + 6 97+ 2

Data of Table 3 indicate that, on the SEC columrgli spiked samples investigated 90 + 3 % of Al is
eluted as HMM-AI species (Al bound to proteins).eSption analysis of the protein fraction by CIM
DEAE-ICPMS furthermore confirmed that 97 + 2 % of & the protein fraction is eluted exclusively
under the elution volume of the Tf peak. This fingh are in agreement with the reported literatata d
(Soldado Cabezuelo et al., 1997; Soldado Cabeatelb, 1998; Nagaoka et al., 2000; Kralj et 2004).
The proposed speciation procedure removes LMM-AlceEs and enables reliable determination of the
concentration and composition of Al bound to prusedy CIM® DEAE-ICPMS when the concentration of
Al in serum is higher than 5 ng riiL
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4.4 Development of the analytical procedure for specian of HMM-AI
species in unspiked serum by anion-exchange CVDEAE column

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

In order to optimize the analytical procedure toe separation of serum proteins, a synthetic swluf
standard proteins IgG, Tf and albumin (5 §df albumin, 1 g [* of IgG and 0.5 g © of Tf) was prepared

in buffer A. The concentration of standard serumitgins was similar as in the five times diluted lamm
serum. Our previous investigations on separatiorlMM-Al species in human serum demonstrated that
the main advantages of the use of EIREAE monolithic disk (Murko et al., 2007) in conmis®n to
Mono Q FPLC column (Kralj et al., 2004) are its ustness and speed of the analysis. Beside diskt” Cl
DEAE monolithic supports are also available in amupackings with higher binding capacity which
enables the injection of higher sample volumesrdfoee, the potential for the use of CINDEAE column
was investigated in order to lower the detectionitlifor speciation of HMM-AI in human serum. It was
experimentally proven that the maximal sample vanrinjected onto the CIfMmonolithic column that
enables efficient separation of serum proteins Was. of diluted serum sample (1 + 4). This amousnt i
two times higher than the maximal serum samplenaelinjected onto the FPLC particle packed columns
(Soldado Cabezuelo et al., 1997; Soldado Cabeaialb, 1998; Nagaoka and Maitani, 2000; Kraljlet a
2004) and ten times higher than the volume injectecthe CIM disk (Murko et al., 2007). For the
separation of standard serum proteins the followararedure was applied. 1 mL of synthetic solutién
standard serum proteins was injected onto the®"@MEAE column. As eluent ammonium chloride (1M) at
pH 7.4 (buffer B) was applied. Optimization of chmatographic parameters indicated that the best
resolution among standard serum proteins was aathietren after 5 min of isocratic elution with buffg

a linear gradient elution from 100 % buffer A td01% buffer B in 40 min at a flow rate of 1 mL rfimas
applied. The separation of proteins was followeditom by UV detection at 278 nm, while Al was de&zt

by ICPMS. Figure 9 shows the separation of standardm proteins on CIMDEAE column under the
optimised chromatographic procedures. As it casdan from Figure 9 A, a good resolution among IgG,
Tf and albumin was obtained on CINDEAE column. It is evident from the elution prefibf Al (Figure 9

B), that Al was eluted at the elution time of T.drder to determine the concentration of Al botmdf,
standard serum Tf was spiked with 1, 2, 5, 10, §0mt* of Al. Linearity of measurement, within this
concentration range, was obtained with a correlatimefficient better than 0.998. The concentratbAl

in s?mple from Figure 9 B was calculated on thasbafsthe peak area and was found to be 3.0 £ §.2 n
mL™.
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Figure 9:Separation of standard serum proteins by anion-arge CIN® DEAE column using UV (278 nm)
and ICPMS detection. (A) UV chromatogram and (Bglation 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 concentraticabofit 0.1 mmol £ and is considered to be one of the
major LMM-AI binding ligands in human serum (Mila, 2005). At physiological pH it is present as
negatively charged complex that is strongly retditg the anion-exchange chromatographic supports
(Bantan et al., 1998; Bantan et al., 1999). Inmmesamples exists the possibility of co-elution efatively
charged LMM-AI species (Bantan et al., 1999) wignusn proteins. Therefore, it is necessary to examin
the behaviour of Al-citrate on the CRMDEAE column prior to the speciation analysis of dund to
proteins. It is also important to know the behaviof ionic Al that may be present as a contaminant
eluents and chromatographic supports. For thisqaargynthetic solutions of Al-citrate and Al-niggi0

ng mL* of Al) were prepared in buffer A at physiologigafi of 7.4. The separation was performed under
the optimized CIM DEAE chromatographic procedure. Al elution prdfilere presented in Figure 10.
Data from Figure 10 indicate that under the chragaphic conditions applied Al-citrate and ionic (Al-
nitrate) are eluted as broaden peaks from 25 tmisand do not overlap with the elution profile Alf
bound to Tf. It was experimentally proven that #fepe of chromatographic peaks was the same after
several consecutive injections of Al-citrate ormirate. Based on these observations it was presuinae
pre-separation of LMM-Al complexes prior to speiatanalysis of HMM-Al was not necessary.
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Figure 10:The Al elution profiles obtained for the separatiminAl-citrate and Al-nitrate (10 ng riLof Al) on
the CIM® DEAE column.

However, to confirm this presumption, unspiked apiked (10 ng mtt Al) serum samples were injected
onto the SEC column and the separation of Al sgewtas performed following the Recommended
analytical procedure described in 3.5.4. Proteipseveluted in 5 mL chromatographic peak (Kraljlet a
2004; Murko et al., 2007) from 7.5 to 12.5 min amére separated from LMM-AI species. The protein
peak was collected (sample diluted five times) amther processed for protein separation using TIM
DEAE procedure. The same experiment was perfornmednspiked and spiked serum samples without
prior separation of LMM-Al from HMM-AI species, ugj only CIM® DEAE procedure. The Al elution
profiles obtained by ICPMS are presented in Fidurelt can be seen that the elution profiles fospiked
and spiked serum samples are the same for thertveequres when the speciation of Al by CIIDEAE-
ICPMS was applied after pre-separation of LMM-Alnquexes by SEC (Figure 11 A) or when the
speciation of Al was performed only by CIMDEAE-ICPMS (Figure 11 B). Furthermore, on the baxi
the elution time Al species separated correspomaléd bound to Tf. Their concentrations determirwd
the basis of the peak area also indicate that #rereo differences between the two procedureseap|
concentrations in unspiked and spiked serum appI@iEC and CIM DEAE were 5.1 + 0.4 ng mtand
15.4 + 0.6 ng mL’, while those obtained by the use of CIMEAE only, were found to be 5.2 + 0.4 ng
mL? and 15.3 + 0.6 ng ml, respectively. These data proves that when theoReended analytical
procedure (3.5.4) for speciation of HMM-AI in serusy CIM® DEAE is applied, the pre-separation of
LMM-AI complexes by SEC is not necessatry.
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Figure 11:The Al elution profiles for the speciation of Alunspiked (1 + 4) and spiked serum samples (1 + 4,
spike after dilution 2 ng mtAl) when (A) CIM DEAE-ICPMS was applied after pre-separation of LM
species by SEC or (B) when only CIREAE-ICPMS was used.

4.4.3 Elimination of extraneous contamination with Al

Due to the very low concentrations of Al in serund d@he high environmental abundance of Al, thera is
high risk of contamination during all steps of tealytical procedure. Appropriate handling of saapl
and efficient cleaning procedures (see 3.3 Recordeterleaning procedures) should be therefore applie
to perform reliable speciation analysis of Al innten serum at normal concentration levels. Afterube

of appropriate cleaning of the laboratory wareesiland eluents, the concentrations of Al in aleets
determined by ICPMS were below 0.01 ng mEurthermore, it is of paramount importance taciftly
clean the chromatographic supports as well. Wimencdeaning of chromatographic supports exactly
followed the Recommended cleaning procedures (238yemely low blanks were obtained during the
chromatographic separation. The Al elution profifes serum (diluted 1+4) and blank sample that are
presented in Figure 12 clearly demonstrate thabteeall cleaning procedure is extremely efficidntvas
experimentally found that after each cleaning d/€IDEAE column, three blank samples should first be
injected to obtain a reproducible and low blankoomaitogram as presented in Figure 12. Al that dounties

to the blank value of the overall analytical prasedis eluted as a broaden peak from 25 to 45 mih a
does not overlap with the elution profile of Al balito Tf. Based on data from Figure 10 it may be
presumed that Al impurities corresponded to ionicspecies. It should be stressed that the cheraial
chromatographic stability of methacrylate-based afititic anion-exchange DEAE column (Videt al.,
2007), enabled a rigorous cleaning of the chromafggc supports. Low blank as presented in Figire 1
are essential to perform speciation analysis dhAluman serum at normal concentration levels.
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Figure 12:The Al elution profiles for the separation of uhga serum (1 + 4) and blank sample after overall
cleaning procedure. The peak of Al in unspikedmesample (1 + 4) corresponds to 1.04 ngnoff Al.

4.5 Speciation of HMM-AI species in unspiked serum by @1 ® DEAE
column-ICPMS

Serum sample that contained 5.7 + 0.4 ng'nof total Al was diluted (1+4) with buffer A andeh
speciation of HMM-AI species was performed by CIREAE-ICPMS. The concentration of Al bound to
Tf was determined by the standard addition metAddpecies bound to Tf was quantified on the basis
the peak area and was found to be 5.2 + 0.4 ri§ Bpeciation analysis of serum by CINDEAE-ICPMS
procedure confirmed that 91 + 7 % of Al is boundtoTo the best of our knowledge, this is thetftime
that quantitative determination of HMM-AlI was perfied in unspiked human serum at normal
concentration levels. Excellent selectivity, higipacity and extreme robustness of EIMEAE column
that allowed efficient cleaning of the chromatodrapsupport, enabled in combination with ICPMS
reliable quantification of Al in serum bound to This study confirmes that the percentage of Alrubto

Tf at normal serum concentration levels is the sa®efound for spiked serum samples by Medel's
(Soldado Cabezuelo et al., 1997) and by our grda(palj( et al.,, 2004; Murko et al., 2007). Similar
confirmation of Al binding to Tf in unspiked seruof renal patients with elevated Al concentratioresw
reported by Medel's group (Soldado Cabezuelo ¢t18P7; Soldado Cabezuelo et al., 1998) as wek. Th
data on the speciation of Al at normal concentratevels may also serve as a basis for computdtiona
investigations (Exley et al., 2007; Beardmore arlkdy 2009).

4.5.1 Repeatability and limits of detection and quantifiation

The repeatability of the developed CIMDEAE-UV-ICPMS procedure was tested for six consigeu
separations of unspiked serum. Figure 13 shows biMngatograms and Al elution profiles for six
consecutive injections of unspiked serum. Good atgielity of consecutive chromatographic separation
was obtained. The concentration of Al bound to &6wletermined by the standard addition methoden th
?eak area basis. The average concentration obssecutive separations was found to be 5.2 + Orlig
of Al. The RSD of 8.6 % for such low Al concentoais is also a great benefit of the developed ginaly
procedure.
The limit of detection was calculated as the cotre¢ion that provides a signal (peak area) equalkstof
the blank sample in the chromatogram. It was faeniske 0.15 ng mt of Al bound to Tf.
The limit of quantification was calculated as tlmcentration that provides a signal (peak areanleigu
10s of the blank sample in the chromatogram. Itfoasd to be 0.49 ng mtof Al bound to Tf.
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Figure 13:Six consecutive separations of unspiked human sétury) on CIM DEAE column with UV and
ICPMS detection. (A) UV chromatogram and (B) Atielu profile.

4.6 Identification of Al binding protein

In order to prove that HMM-AI species in serum egponded exclusively to Al-Tf the separation otiser
sample was performed by CfMDEAE procedure. The fraction eluted under thentéea volume of Tf
was collected, cleaned/preconcentrated and Tfdonsituted solution was identified by UPLC-ESI-MS.
Tf standard (1 A and 1 B) and serum Tf (2 A and)2aR presented in Figure 14. Figure 1 A represents
ESI-MS peaks of serum Tf standard from m/z 2211+38H]36+) to m/z 3460 ([M+23H]23+) with the
charge distribution having the maximum at [M+28H{2@8n/z 2842.4), while in Figure 1 B deconvoluted
mass spectra of Tf standard (M=79756 Da) is presefftigures 2 A and 2 B represent the ESI-MS data o
serum Tf fraction collected from CRIDEAE column at the same elution volume as Al detbdy
ICPMS. Data presented in Figure 14 confirmed tHatThe only protein that binds Al in human serum.
This confirmation is in agreement with previousported data obtained by SDS-PAGE (Wrobel et al.,
1995; Kralj et al., 2004).
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Figure 14:UPLC-ESI-MS analysis of Tf standard (1 A and 1 8) Auman serum Tf after separation on €IM
DEAE column (2 A and 2 B). (A) ESI-mass spectr@&ngdéconvoluted mass spectrum.

Identification of Al-binding protein was also pemfieed by SDS-PAGE electrophoresis. The same as for
identification by UPLC-ESI-MS the separation of lsar sample was performed by the CINDEAE
procedure. The fractions eluted under the retentimome of IgG, Tf and albumin were collected and
subjected to the SDS-PAGE electrophoresis. Data fittese investigations are presented in Figure 15.
From left to right IgG fraction, 1gG standard, fdwactions of Tf, albumin fraction and albumin stard
are presented. As it can be seen from Al elutiaifilps obtained for serum sample (Figure 9 B) Alibd
to proteins is eluted at the elution time corresiiog to the Tf. It is clear that in the 4 fractioosllected
under the peak of Tf exclusively Tf was presente Tésults confirmed again that Tf is the only HMM-A
species present in human serum. Further, theseallaiaconfirmed efficient separation of Tf from eth
serum proteins on the CRVDEAE column.
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Figure 15:SDS-PAGE electrophoresis of standard serum pro{g¢gt3, Tf, albumin) and selected fractions
of a human serum. Fractions of serum sample welleated under the retention volume of IgG, Tf and
albumin after separation at anion-exchange CIDEAE column.

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

4.7.1 Optimization of the analytical procedure for the s@arations of serum proteins
from LMM compounds by the use of HiTrap desalting &£C column and FPLC-
UV-ICPMS

To separate serum proteins from LMM species SE@gusie HiTrap desalting column was applied. 1 mL
of a synthetic solution of standard proteins IgGaid albumin (25 g £ of albumin, 5 g [* of IgG and 2.5

g L™ of Tf) prepared in buffer A was injected onto ttwdumn. The chromatographic run was carried out at
a flow rate of 1 mL mifl. Isocratic elution using 50 mmol L Tris-hydrochloric acid buffer was applied for
10 min (3.5.2). The separation of proteins wa®tedd on-line by UV detection at 278 nm, while Ahsv
detected by ICPMS. The UV chromatogram of a syithstlution of standard proteins IgG, Tf and
albumin separated on the HiTrap desalting SEC colisnpresented in Figure 16 A. It is evident that
proteins were eluted in one peak from 1.5 to 4 flme same chromatographic conditions were used for
the separation of undiluted serum. The UV chromatwogis presented in Figure 16 B. As it can be seen
from Figure 16 B proteins were separated from 1i% tm 5 min, while LMM species present in serum
were eluted from 7 to 10 min. Figure 16 C showsltion profiles obtained for the synthetic soluatiof
standard proteins (IgG, Tf and albumin) and undduserum. It can be seen from the elution profies

the majority of Al in serum was eluted at the @nttime corresponding to HMM compounds. In order to
prove that LMM compounds present in serum did rmelute with proteins it was necessary to examine
the behaviour of Al-citrate on the HiTrap desalt@§C column. For this purpose a synthetic solutibn
Al-citrate (10 ng mLC* Al) was prepared in 50 mmol™LTris-hydrochloric acid buffer (pH=7.4). The
separation of Al species was performed following tRecommended analytical procedure (3.5.2). The
elution profile for Al-citrate is presented in Figul6 C. It can be seen from Figure 16 C that &kt® was
eluted from the HiTrap desalting SEC column as LMpkcies from 5 to 8 min. Data from Figure 16
confirmed that the proposed chromatographic separagfficiently separates proteins from LMM
compounds in serum.
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Figure 16:Separation of the mixture of standard serum prateimdiluted serum and Al-citrate (10 ng Thl)

on a HiTrap desalting SEC column with UV and ICPMSection: (A) UV chromatogram of the mixture of
standard serum proteins, (B) UV chromatogram ofiluted serum, (C) Al elution profiles for the segton of
the mixture of standard serum proteins, undilutedis and Al-citrate.

In order to ensure that the separation of serunthenHiTrap desalting SEC column does not have an
influence on the further speciation of HMM-Al anMM-Al species, serum spiked with 300 ng thial

was injected onto the HiTrap desalting SEC colunml @&eparation was performed following the
Recommended analytical procedure (3.5.2) by the aisB0 mmol L' Tris-hydrochloric acid buffer
(pH=7.4). On the basis of previous observationgufé 16), the protein peak was collected from & to
min, while the fraction of LMM compounds was cotied from 5 to 10 min. Since 1 mL of serum was
injected onto the HiTrap desalting SEC column HMMId.MM fractions after separation were diluted
five times. Speciation of HMM-AI species was exaedrby applying a 0.1 mL aliquot of protein fraction
onto the CIM DEAE disk. The chromatographic procedure was perd as described under the
Recommended analytical procedure (3.5.3). Theaelyirofiles of separated proteins followed by U\dan
Al by ICPMS detection are presented in Figure 13.eXpected, Al was eluted under the Tf peak. These
data are in agreement with our previous observatinalj et al., 2004; Murko et al., 2007; Murkoadt,
2009). In addition, experimental data obtained M CDEAE disk-ICPMS procedure (Figure 17) proved
that the separation of serum on the HiTrap degp®IEC column did not influence the speciation of M

Al species.
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Figure 17:Separation of spiked serum (300 nghaf Al) by anion-exchange CIMDEAE disk using UV
(278 nm) and ICPMS detection. (A) UV chromatograuth @) Al elution profile.

In the LMM serum fraction eluted from HiTrap desait SEC column (collected from 5 to 10 min) the
speciation of LMM-Al compounds was performed by tlee of anion-exchange FPLC. A 0.5 mL aliquot
of the LMM fraction was injected onto the columndachromatographic separation was accomplished
following the Recommended analytical procedure.83.5The elution profile of Al obtained by ICPMS is
presented in Figure 18. In the same figure elypiaiile of synthetic solution of Al-citrate (10 mgL™ Al
pH=7.4) is overlied. It can be seen from Figureti® the majority of LMM-AI species in serum were
eluted at the elution time corresponding to Alati#: The small LMM-Al peak from serum fraction can
also be observed at around 2 min, presumably gonesng to Al-phosphate (Bantan et al., 1999; Banta
et al., 2001). Experimental results obtained by GRCPMS procedure (Figure 18) proved that the

separation of serum on the HiTrap desalting SEQnooldid not influence the speciation of LMM-AI
species.
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Figure 18:Al elution profiles obtained for the speciationLdfiM-Al compounds in serum and for separation of
Al-citrate (10 ng mt* Al) on the anion-exchange FPLC column.

In order to study the distribution between HMM-AldaLMM-AI species in serum, a serum sample that
contained 2.6 + 0.3 ng riLof total Al was spiked with Al solution (150 and 300 ng ritLAl). Unspiked
and spiked serum were injected onto the HiTrapliegeéSEC column and the separation of HMM from
LMM compounds was performed following the Recommezhdnalytical procedure (3.5.2). Total Al and
concentrations of Al in separated HMM and LMM fiaos were determined by ICPMS. The results of
determination of Al are presented in Table 4.

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

Sample Total Al HMM-AI fraction | LMM-AI fraction | HMM-AI species
- - -1
(ng mLY) (ng mLY) (ng mL") (%)
serum 26x0.2 24+0.2 0.2 +0.03 92+8
serum + 150 ng mtAl 157+ 6 149+ 5 7.8x0.4 583
serum + 300 ng mtAl 3056 284+ 6 22.6+0.8 932

Data in Table 4 indicate that in all samples inigeged 93 + 4 % of Al is eluted as HMM-AI species
(Al bound to proteins) and that the remaining Atresponds to LMM-Al compounds. These findings are
in agreement with previous reported literature d&aldado Cabezuelo et al., 1997; Kralj et al.,4£200
Murko et al., 2007; Murko et al., 2009).

Since there was enough evidence that HMM-AI wasuskely bound to Tf (Soldado Cabezuelo et al.,
1997; Kralj et al., 2004; Murko et al., 2007; Murkbal., 2009), identification of Al species wastifier
performed in a LMM serum fraction. For this purpottee UPLC-ESI-MS technique was applied. Due to
low concentration of citrate in the collected serfuaction, vacuum assisted concentration was uséatd
UPLC-ESI-MS analysis. UPLC-ESI-MS was performed described in the Recommended analytical
procedure (3.5.6). The same procedure was useldg@nalysis of matrix matched citrate solutiorr. this
purpose the LMM fraction of serum was spiked witsyathetic solution of citric acid (30 nd.™). Figure
19 shows ESI-mass spectra for the matrix matcheateisolution (30 ngL™) and for the concentrated
LMM fraction of serum. In the mass spectrum of rixatnatched citrate solution (19 A) a peak with m/z
191 which corresponds to deprotonated citric a@g present. The same peak with m/z 191 was observed
in the mass spectrum of concentrated serum LMMi&raq19 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 citratauoh (30 ng L™ and (B) concentrated LMM
fraction of serum.

After confirming that citrate, as a major serum LMidmpound that binds Al was present in the LMM
serum fraction, speciation of unspiked and spiletim (150 and 300 ng riLAl) was performed by the
FPLC-ICPMS procedure as described in (3.5.5). @Qyerbf separated Al species are presented in Figure
20. It should be considered that concentrationsl @ the LMM fraction were low, since only aboud %6
of total Al in unspiked and spiked serum correspahtb LMM species (see data in Table 4). In addijtio
the LMM fraction represented five times dilutedwsar Thus the elution profile of LMM-AI in unspiked
serum represents about 0.05 nghuf Al and is almost overlapped with the colummitdaElution profiles
of LMM-AI in spiked serum (150 and 300 ng MLAI) represent about 1.5 and 4.5 ng MAl,
respectively. It may be seen from Figure 20 thaisAdluted in two peaks (from 1.5 to 2.8 min arairr2.8
to 4.8 min). Based on the data of present researdithe outcomes of our previous investigationsi(&@a
et al., 1999; Bantan Polak et al., 2001) as wetirathe theoretical computational data in the grouliss
(Lakatos et al., 2001) it may be presumed thatptheks eluted from 1.5 to 2.8 min correspond to Al-
phosphate, while the peak from 2.8 to 4.8 min teci&klte and ternary Al-citrate-phosphate specié®
rapidness and reliability of the developed anafjtiprocedure 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 FHRCEMS in unspiked and spiked (150 and 300
ng mL* of Al) serum after separation of HMM-AI speciesnirLMM-Al species by SEC.
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5 Conclusions

Al is not considered to be an essential elemerituimans. It has been implicated as a toxic facta in

number of human diseases especially in subjects wihal failure. Al bioavailability depends on its

chemical forms present in human serum. Speciati@alysis may contribute important information for
understanding of the mechanism of Al toxicity, tt@nsport through human body and its accumulation i
target organs. Therefore, reliable speciation plomes are needed to quantify and identify HMM and
LMM Al species present in human serum.

The developed analytical procedure combining SE@ anion-exchange CIf DEAE disk with
ICPMS and UV detection enables reliable determomatf the concentration and the composition of the
HMM-AI species in spiked human serum. The use ofmamum chloride as an eluent in gradient elution
enables fast and selective separation of IgG, @falbumin in 10 min. The results confirmed that 0
% of Al in spiked serum was eluted under the Tfkpélhis is in agreement with observations of other
researchers and previous work in our group wheienaaxchange FPLC column was applied. Therefore,
CIM® monolithic disks can be used as a complementgpgraton support to FPLC columns for the
speciation of Al-binding proteins in human serumcémparison to FPLC chromatographic columns €IM
disks enable faster separation and simpler manipolauring the cleaning procedure as well as sémpl
coupling to ICPMS. An additional advantage is dlsat the price of disks is much lower than thathef
FPLC columns. The novelty in separation represtrgsapplication of ammonium chloride as an eluent
that enables both UV and ICPMS detection. Furtheemm@ammonium chloride does not form any
complexes with Al and therefore has no influencé\bspeciation during the chromatographic run.

Combination of anion-exchange CIMDEAE monolithic column with UV and ICPMS detection
enabled quantitative and reliable determinatiorthef composition and content of HMM-AI species in
human serum at very low concentrations (LOQ 0.49nh{ of Al). To the best of our knowledge, this is
the first report on quantitative determination ofMMM-Al in unspiked human serum at normal
concentration levels. Extreme robustness of the ‘CIMEAE column that allowed efficient cleaning of
chromatographic support and effective cleaningleérts considerably lowered the blanks. High capaci
and good selectivity of CIf monolithic column enabled, in combination with &8, reliable
quantification of Al in serum bound to Tf. Tf wadentified on the basis of the retention volume also
by the UPLC-ESI-MS. The present study confirmed tha percentage of Al bound to Tf at normal serum
concentration levels is about 90 % and is the sasngreviously reported for spiked and unspiked luma
serum with elevated Al concentrations. The datahenspeciation of Al at normal concentration levels
represent an important basis for computationalissuolf Al distribution in human body.

Separation of proteins from LMM species has todst, fefficient and reliable. By the use of a HiTrap
desalting SEC column the separation of HMM from LMgmpounds in serum is possible in 10 min. In
order to determine the distribution of Al betweeMM and LMM species the developed analytical
procedure for speciation of HMM-AI species and LMWNI-compounds was used. Once more, results
confirmed that in serum around 90 % of Al is botod f. Identification of citrate, one of the maitIM-

Al species in serum, was performed in the LMM serinaction by the UPLC-ESI-MS. The proposed
analytical procedure for the separation of HMM fraMM species in serum represents a powerful tool fo
kinetic studies of Al binding to Tf. The rapidneasd reliability of the developed analytical procesu
represent promising tools for investigations ofetios of Al binding to Tf.

The developed analytical procedures for speciatfddMM-Al compounds and for fractionation of Al
species in serum represent progress in the fielspetiation studies of Al in human body. As thecéxa
mechanism of Al binding to Tf is still not knowrhé results obtained in speciation and kinetic stidi
could be an important basis for construction oR&itf model. A computational model could descrilbe t
binding and transport of Al by Tf both at equiliom and as equilibrium for Al-Tf was being approathe
The combination of experimental data and the agfptin of mathematical/computational modelling
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provide insight into a complex biological systenclsas blood and also improve our understandinglof A
toxicity in humans.

The results of the PhD research work were publishdéadio papers and one review paper in renowned
international journals with SCI impact factors (Amglix 1). An additional paper is in preparationeTh
work has been presented at national and interratisoientific 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
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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
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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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Scientific _paper: Convective Interaction Media Monolithic Chromataghy with ICPMS and
Ultraperformance Liquid Chromatography-Electrospi@yization MS Detection: A Powerful Tool for
Speciation of Aluminum in Human Serum at Normal Gantration Levels
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