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Abstract

According to the World Health Organization (WHO), cancer represents the second leading
cause of mortality, with almost 10 million deaths in 2020. A broad spectra of cancer
treatments are being developed, among them are metal-based drugs. Consistent with the
available data, platinum (Pt)-based chemotherapeutics are still widely used to treat various
cancers. The main drawback of Pt-based chemotherapeutics is their high toxicity, which
leads to severe side effects. So, this research is oriented towards the development of new
anticancer drugs. Two of the promising drug candidates are Ru (II) and Ru (III) complexes.
An important step in a candidate drug’s characterization is the pharmacological evaluation
of its interactions with serum proteins. It provides data for the elucidation of the
mechanism of antitumor therapy, the behaviour of the intact drug, its biotransformation
in clinical samples at physiologically relevant concentrations and, as the final goal, its
dosage adjustment. In investigations of the performance of new candidate drugs, it is also
important to elucidate the kinetics of drug bindings to human serum proteins. A speciation
analysis can largely acquire this information. Two ruthenium (Ru) complexes, i.e., [(n6-p-
cymene)Ru(1-hydroxypyridine-2(1H)-thionato)Cl] ~ (1)  and  [(n6-p-cymene)Ru(1-
hydroxypyridine-2(1H)-thionato)pta]PF6 ~ (2)  (where pta = 1,3,5-triaza-7-
phosphaadamantane), were studied. Conjoint liquid chromatography (CLC) monolithic
column, assembling convective interaction media (CIM) protein G and diethylaminoethyl
(DEAE) disks, was used for the separation of unbound Ru species from those bound to
human serum transferrin (Tf), albumin (HSA) and immunoglobulins G (IgG). Eluted
proteins were monitored by UV spectrometry at 278 nm, while Ru species were quantified
by post-column isotope dilution inductively coupled plasma mass spectrometry (ID-ICP-
MS). The binding kinetics of chlorido (1) and pta complex (2) to serum proteins was
followed from 5 min to 48 h after incubation with human serum. Speciation analysis data
revealed that the interaction with serum proteins was faster and more extensive in the
chlorido (1) complex.

Ceruloplasmin (Cp) is human plasma's major copper-carrying (Cu) protein. Due to
copper’s important physiological functions and its role in various diseases, it is necessary
to quantify the concentration bound to Cp and the exchangeable form of Cu. In the present
work, CLC on short-bed CIM monolithic disks was used to separate the Cu bound to low
molecular mass (LMM) species and the Cu bound to Cp and HSA in human serum. Two
immunoaffinity CIMmic albumin depletion («-HSA) disks and one CIMmic weak anion-
exchange DEAE disk were assembled in a single housing, forming a CLC monolithic
column. The separated Cu species were quantified by post-column ID-ICP-MS, while the
elution profile of the proteins was followed by UV detection at 278 nm. This novel
developed method was successfully applied in the determination of Cu-Cp, Cu-HSA and a
fraction that most probably corresponds to the Cu-LMM species in the human serum of
healthy individuals, transplanted renal patients and cancer patients. The data from the
present research provide an important new analytical tool that can be used to assess Cu
metabolic disorders in many diseases.
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Povzetek

Po podatkih Svetovne zdravstvene organizacije (WHO) je rak drugi najpogostejsi vzrok
umrljivosti. V letu 2020 je za rakom umrlo skoraj 10 milijonov ljudi. Med razli¢énimi nacini
zdravljenja raka se uporabljajo tudi zdravila na osnovi kovin. Med njimi e vedno pogosto
uporabljajo kemoterapevtike na osnovi platine (Pt). Njihova glavna pomanjkljivost je
visoka toksi¢nost, ki vodi do resnih stranskih uc¢inkov zdravila. Zaradi omenjenega dejstva
so raziskave usmerjene v razvoj novih zdravil proti raku. Eni od obetavnih kandidatov so
Ru(IT) in Ru(IIl) kompleksi. Pomemben korak pri karakterizaciji zdravila je farmakoloska
ocena njegovih interakcij s serumskimi proteini, ki omogoca pridobivanje podatkov za
poznavanje mehanizmov  protitumorske terapije, obnaSanja  zdravila, njegove
biotransformacije v klini¢nih vzorcih pri fiziolosko pomembnih koncentracijah in kot kon¢ni
cilj prilagoditve njegovega odmerjanja. Pri raziskavah ucinkovitosti novih potencialnih
zdravil za zdravljenje raka je pomembno poznati kinetiko vezave zdravila na serumske
proteine. Te informacije lahko v veliki meri pridobimo s speciacijsko analizo. Preucevali
smo dva kompleksa rutenija (Ru), in sicer [(n6-p-cimen)Ru(1-hidroksipiridin-2(1H)-
tionato)Cl] (1) ter [(n6-p-cimen)Ru(1-hidroksipiridin-2 (1H)-tionato)pta]PF6 (2) (kjer je
pta = 1,3,5-triaza-7-fosfaadamantan). Za lo¢evanje nevezanih zvrsti Ru od tistih, ki so
vezane na humani serumski transferin (Tf), albumin (HSA) in imunoglobulin G (IgG), smo
uporabili zdruzeno monolitno kolono (CLC), sestavljeno iz diskov s konvektivnim prenosom
snovi (CIM), tako da smo v kromatografski sklop zdruzili protein G in dietilaminoetil
(DEAE) diska. Elucijo proteinov smo spremljali z UV spektrometrijo (278 nm), medtem
ko smo kemijske zvrsti Ru kvantificirali s tehniko pokolonskega izotopskega redcenja v
masni spektrometriji z induktivno sklopljeno plazmo (ID-ICP-MS). Kinetiko vezave klorido
(1) in pta kompleksa (2) na serumske proteine smo spremljali 5 minut do 48 ur po inkubaciji
cloveskega seruma z omenjenima spojinama. Rezultati so pokazali, da je bila interakcija s
serumskimi proteini hitrejsa in obseznejsa pri klorido (1) kompleksu.

Ceruloplazmin (Cp) je glavni protein, ki prenasa baker (Cu) v ¢loveski plazmi. Zaradi
pomembnih fizioloskih funkcij Cu in njegove vloge pri razlicnih boleznih je potrebno
kvantificirati koncentracijo Cu, vezanega na Cp, in izmenljivo obliko Cu. V predstavljeni
raziskavi smo uporabili CLC na kratkih CIM monolitnih diskih za lo¢evanje Cu v ¢loveskem
serumu, vezanega na kemijske zvrsti z nizko molekulsko maso (LMM), ter Cu, vezanega
na Cp in HSA. Dva imunoafinitetna CIMmic diska za vezavo albumina (a-HSA) in en
sibek anionsko izmenjalen CIMmic DEAE disk smo vstavili v ohisje CLC kolone. Locene
kemijske zvrsti Cu smo kvantificirali s tehniko pokolonskega izotopskega redcenja ID-ICP-
MS, medtem ko smo elucijskemu profilu proteinov sledili z UV detekcijo pri 278 nm. Novo
analizno metodo smo uspesno uporabili pri dolo¢anju Cu-Cp, Cu-HSA in frakcije, ki
najverjetneje ustreza Cu-LMM v ¢loveskem serumu. Analizirali smo serum zdravih oseb,
bolnikov s presajeno ledvico in rakavih bolnikov. Predstavljena raziskava pomembno
prispeva k novim analiznim tehnikam, ki jih lahko uporabimo za oceno presnovnih motenj
Cu pri stevilnih boleznih.
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Chapter 1

Introduction

1.1 Speciation Analysis

Speciation analysis is, according to the International Union of Pure and Applied Chemistry
(IUPAC), the set of analytical activities used for the identification and/or quantification
of different chemical species (one or more) present in the sample [1]. In the last three
decades, the rising awareness of the direct relationship between the toxicity effects of
elements (especially metals) and their chemical species has led to the need for speciation
analysis. Thus, speciation analysis has proved to be an indispensable tool in agriculture,
pharmacy, biomedical sciences, and the environmental and food industries, where
measuring only the total element concentration is insufficient. Identifying the different
chemical species and measuring their concentrations enables a better understanding and
detailed evaluation of the possible risks, since it determines the element mobility, solubility,
toxicity, bioavailability, bioaccumulation and metabolic pathways [2]. One of the examples
of species toxicity can be seen in chromium (Cr), the properties of which primarily depend
on its oxidation state. Cr(III) was assumed to be an essential micronutrient for mammals
[3], while Cr(VI) is a well-known human carcinogen [4]. Data acquired by speciation
analysis can significantly contribute to the field of metallomics, which targets an
understanding of the molecular mechanisms of metal-dependent life processes [5].
Therefore, speciation analysis is undoubtedly needed in evaluating a human health risk
assessment, the quality control of various products and environmental pollution monitoring
[6].

1.1.1 Importance of speciation analysis in human serum samples

The serum is the blood constituent free from cells and proteins (fibrinogen) that forms the
clot. It is in a supernatant fraction obtained by centrifugation after whole blood clotting.
It is an aqueous solution (around 95% is water) that contains all other circulating proteins
that are not involved in blood clotting, electrolytes, nutrients (carbohydrates, lipids and
amino acids), hormones and other exogenous substances (e.g., drugs) present in the body.
It is essential in regulating the pH and ion composition in extracellular fluid and the body
temperature. Since the blood is in contact with all the tissues and organs in the organism,
it is deployed as the main discharge pathway for all the excrements produced by
metabolism [7]. So, any significant deviation in the normal physiological functioning can
alter human blood's chemical or protein composition and, consequently, human plasma.
Thus, blood and serum represent the main media for numerous diagnostic tests in routine
clinical analysis [8]. In addition, human serum can be used in many applications, such as
the growth factor for cultured cells and leukocyte antigen typing to screen human donors'
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compatibility and determine a therapeutic index of drug candidates. Since the drug’s
efficacy depends on the distribution and targeted transportation to the treatment site, it
is crucial to study the behaviour of an intact drug in human serum [9]. This is especially
significant ~when designing and characterising new metal-based candidates’
chemotherapeutics, since their side effects are usually highly expressed. Therefore, the
study of drug biotransformation after injection and the drug’s interactions with serum
proteins at physiologically relevant concentrations is needed to elucidate the mechanism of
anticancer therapy and, finally, the dosage adjustment [10]. This information can be largely
obtained by speciation analysis [9]-[14].

The present thesis used speciation analysis to study the kinetics of ruthenium (Ru)-
based candidate drugs with serum proteins and investigate the distribution of the intact
Ru drug and its species bound to serum proteins. Two Ru-based complexes, [( 7 6-p-
cymene)Ru(1-hydroxypyridine-2(1H)-thionato)Cl] (1) and  [( n 6-p-cymene)Ru(1-
hydroxypyridine-2(1H)-thionato)pta]PF6 ~ (2)  (where  pta = 1,3,5-triaza-7-
phosphaadamantane), were selected [15]. The obtained knowledge contributes to the
candidate drug’s characterization and provides data for the elucidation of the toxicity
mechanisms.

A speciation analyses of human serum can also be applied in clinical practice, where
the existing clinical methods are not selective enough. In the second part of the thesis, a
novel analytical method was developed to study copper (Cu) species in human serum, i.e.,
Cu bound to ceruloplasmin (Cp), human serum albumin (HSA) and amino acids. A
speciation analysis was shown to be a more reliable technique for such studies than routine
clinical tests based on the immunological method [16].

1.1.2 Analytical tools for a speciation analysis of human serum samples

With a growing understanding of the importance of a reliable determination of chemical
species present in the sample, there was a need to develop reliable analytical methods for
a speciation analysis. Such an analysis imposes additional challenges regarding the sample
preparation and measurement. The critical step in a speciation analysis is related to
preserving the species’ integrity through all the steps of the analytical procedure, from
sampling, sample preparation and speciation analysis. The big challenge is also to achieve
an effective separation of the targeted species in the sample analysed and their sensitive
determination. Elemental speciation analysis was improved with the development of
instrumentation due to the lower limits of detection (LOD), which enabled the switch from
measuring the total trace elements concentration to the quantification of each species
present in the sample [17]. For the separation of species present in serum samples, various
chromatographic techniques, e.g., liquid (LC) and gas chromatography (GC) as well as
capillary (CE) and gel (GE) electrophoresis [18]-[21], while for the detection of the
separated species, element-specific detectors like fluorescence, emission, and absorption
spectroscopy, and mass spectrometry-based techniques (inductively coupled plasma mass
spectrometry, ICP-MS) are frequently used [22]. Identification of the separated species is
most commonly obtained by mass spectrometry techniques such as electrospray ionization
(ESI) and matrix-assisted laser desorption/ionization (MALDI)[23]-[25].
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Figure 1: Hyphenated techniques for speciation analysis, adopted from [26].
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1.1.3 High-performance liquid chromatography for a speciation analysis
of metal-based species in human serum samples

For a reliable speciation analysis in human serum and to study the distribution of the
individual metal species, an efficient separation of the metal ions and their complexes is
needed. As the most common analytical tool for separating different chemical species
present in the serum sample, high-performance liquid chromatography (HPLC) is applied.
The flexibility of HPLC allows various types of chromatographic columns to be used, which,
together with its compatibility with different detectors, enables the broadening of the
spectra of analysed substances [19]. Such coupling evolved into the development of
hyphenated techniques, which became methods of choice for speciation analysis. The most
studied metal-based species are metal-amino acid, metal-protein, metal-low molecular mass
(LMM) organic acid complexes and metal-based drugs and their species in serum samples.
For the speciation studies of platinum (Pt)-based chemotherapeutics and their metabolites
in wastewater and urine samples, reversed-phase (C18) and hydrophilic interaction
chromatography (HILIC) columns were used [27]-[30], while in speciation studies of cancer
metallodrugs and the metalloprotein distribution in human serum and the studies of the
serum binding properties, ion exchange (IE) columns, both strong and weak, could be used
[31]-[34]. Size exclusion chromatography (SEC) is also frequently applied in speciation
analysis [35], [36]. It can be combined with other chromatographic columns to expand the
variety of analysed species. Species separated based on SEC are further submitted to two-
dimensional chromatographic separation, using fast protein liquid chromatography
(FPLC), IE or immunoaffinity columns [32], [37], [38]. SEC was also combined with
monolithic columns, where the study of the distribution of cisplatin in human serum was
performed. First, rapid Pt fractionation was performed by SEC on a HiTrap desalting
column, where the proteins (high molecular weight fraction, HMM) were separated from
unbound (LMM) Pt species. Afterwards, the protein peak was collected and injected onto
the IE monolithic column, which enables the separation of the Pt species bound to human
serum proteins [32]. Nonetheless, SEC has some serious limitations [39]:
e DBroadening of the target protein peak due highly viscous sample or too high
flow rates
e Irreversible precipitation of the protein, which prevents a quantitative elution
from the stationary phase of the column
e The low resolution of the SEC column disables the selective separation of
proteins
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e Moderately long chromatographic runs (typically up to 60 min) impair kinetic
studies

1.2 Monolithic Supports

Since 1990 monolithic supports have received increasing attention as an alternative to the
commonly used particle-packed chromatographic columns [40]-[43]. They are suitable for
numerous applications, such as separating large biomolecules, i.e., virus particles, vesicles,
proteins, RNAs, plasmids and other forms of DNA. Monolithic chromatography has several
advantages over particle-packed columns. Among them is the column's low back pressure,
enabling higher flow rates and sample throughput. Convective mass transport allows for
fast and efficient chromatographic separations and thus, shortening the chromatographic
run time. The resolution and capacity of monoliths showed flow-independency [44].
Generally, monoliths have much greater porosity and mass permeability than particle-
packed columns to sustain a greater number of analysed samples and more rigorous
cleaning. Since the monoliths are single, coherent and rigid units, they do not have a void
volume. Monoliths are classified as silica-based and polymer-based (methacrylate and
poly(styrene-co-divinylbenzene)) supports and can be prepared in different shapes and sizes
(disks, columns and tube forms). The copolymerization with different functional groups
allows the formation of monolithic columns with various chromatographic separation modes
(RP, IE, hydrophobic interaction and affinity chromatography). An additional advantage
of the monolithic columns is the ability to combine different column disks with a different
mode of operation into a single housing, forming a so-called conjoined liquid
chromatography (CLC) column, which enables two-dimensional separation (2D) to be
carried out in a single chromatographic run [40], [45].

The application of monolithic chromatography is broad for industrial and commercial
downstream processing and research purposes. Lately, convective interaction media (CIM)
monoliths have been applied for the purification of gene therapy vectors (adenoviruses,
lentiviruses, adeno-associated viruses, retroviruses and pDNA) used in vaccine production
[46], [47]. Moreover, monoliths are successfully used in the field of elemental speciation
analysis in environmental [48]-[50], food [51]-[53] and biological samples [54], [55].

1.2.1 Monolithic supports for a speciation analysis of metal-based

species in human serum samples

Due to the above-listed advantages, CIM poly-methacrylate-based monolithic supports are
increasingly used in speciation analysis. They enable species integrity during
chromatographic separation and thus prevent species interconversions. Preserving species
integrity in the analysis of labile metal complexes is essential for their reliable
determinations. For example, in our group, aluminium (Al) speciation was performed using
a weak anion-exchange CIM DEAE fast-monolithic disk hyphenated to ICP-MS for the
speciation of HMM Al species in human serum at physiological concentrations [56].
Furthermore, four weak anion-exchange CIM DEAE disks were placed into a single
housing, forming a CIM DEAE monolithic column, which was used in a kinetics study of
the interaction of Cr(III) and Cr(VI) species with serum proteins at physiologically relevant
concentrations [57]. The rigorous cleaning of the DEAE supports (rinsing with 1 M NaOH)
lowers the blanks, making anion exchange monoliths superior to the particle-packed
columns for analysing the concentrations of trace metal species in biological samples. In
addition, the CIM DEAE and immunoaffinity affinity CIM Protein G disks were assembled
into a single housing, forming a CLC monolithic column that makes it possible to perform
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a 2D separation mode in one chromatographic run. Such a CLC monolithic column was
used to study the speciation and kinetics of metal-based chemotherapeutics in human
serum samples. Intact Pt-based drugs were separated from their individual bio-transformed
species bound to serum proteins. On the first disk (Protein G), the fraction of the Pt-drug
bound to the IgG was retained, while the intact Pt-drug, Pt bound to transferrin (Tf) and
human serum albumin (HSA) were separated on the second CIM DEAE disk. Afterwards,
the fraction of Pt-IgG was eluted. All the separated serum proteins were detected online
by UV detection at 278 nm, while the eluted Pt species were accurately quantified by the
post-column ID-ICP-MS technique [31], [58]. The same methodology was also applied in
the study of selected Ru-based chemotherapeutics [59].

1.3 Cancer

Cancer represents a large group of frequently occurring diseases characterised by
uncontrolled cell growth (proliferation) with the potential to spread to the surrounding
normal tissues, enter the circulation or lymphatic system, and spread throughout the body
(metastasis). More than 100 types of cancer can affect any organ or tissue in the body.
According to the World Health Organisation (WHO), cancer represents the second leading
cause of mortality, leading to almost 10 million deaths in 2020 [60] and 19.3 million new
cases worldwide. There are estimations that the global cancer burden will be 28.4 million
cases in 2040, with a 47% rise from 2020. There is also a prediction that transitioning will
meet a higher increase rate (64 to 95%) in comparison to the transitioned (32 to 56%)
countries [61]. In countries of the European Union, estimates show 4 million new cases and
1.9 million deaths in 2020. The most frequent cancers in 2020 were: breast in woman (530
000), colorectum (520 000), lung (480 000) and prostate (470 000), while the most common
causes of death in 2020 were: lung (380 000), colorectal (250 000), breast (140 000) and
pancreatic (130 000) cancers [62].
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Figure 2: Cancer incidence and mortality for males and females in Slovenia 1950-2014
(Reproduced from freely available at Cancer registry, slora.si).

The incidence of cancer cases has significantly increased in the past decades due to the
expanded human lifespan and population growth. The main cancer-inducing factors
(carcinogens) are divided into three groups: external, exposure and infections. External
factors are tobacco smoking, moderate or heavy alcohol consumption, poor dietary habits,
which are influenced mainly by obesity (responsible for up to 20% of cancer death in the
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developed world), low fruit and vegetable intake and physical inactivity. Carcinogens
related to exposure encompass ionizing and solar (ultraviolet) radiation, environmental
pollution (especially air) and occupational exposure to different chemicals. Other risk
factors include hereditary cancers that encompass 5-10% and infections, which are
responsible for 16% of the total incidence rate. Viral infections such as human
papillomavirus (HPV), hepatitis B and C virus, Epstein-Barr virus and human
immunodeficiency virus (HIV) can potentially lead to the development of cancer [63].
Bacterial and parasitic infections can also represent the risk factors for cancer, especially
Helicobacter pylori and Schistosomiasis haematobium [64]. Cancer cells differ from normal
cells in several ways. They mostly show abnormalities in the mechanisms related to cell
proliferation, differentiation and death. Cancer cells acquire mechanisms to sustain
proliferative signalling. Another difference between cancer and normal cells is that
proliferation of cancer cells is not responsive to density-dependent inhibition, meaning that
the reach of finite cell density depends on the availability of growth factors. Contrary,
normal cells divide in culture until they reach fixed cell density [65].

Cancer cells also exhibit reduced requirements for extracellular polypeptide growth
factors. In some cases, cancer cells can produce growth factors leading to constant auto-
stimulation of proliferation. Growth factors can also promote the formation of new blood
vessels, providing the cancer cells with oxygen and nutrients, and facilitating metastatic
processes [66]. In addition, cancer cells are also less adhesive than normal cells, resulting
in an increased ability to metastasize to the surrounding tissue. Another important
characteristic of cancer cells is the failure of normal differentiation, which is triggered by
proliferation [67]. All these carcinogenesis (cancer formation) mechanisms have been
extensively studied to prevent cancer formation and establish appropriate and effective
therapy [68].

1.3.1 Chemotherapy

The selection of cancer treatment is based on the type of cancer and its stage. The majority
of cases require a combination of different treatments. The most common treatments for
localized tumour tissue are surgery and radiation therapy, while drug treatments such as
chemotherapy, immunotherapy and target therapy affect the complete organism [69].
Chemotherapeutics are commonly used to treat a spreading cancer due to their non-local
reactivity to uncontrolled proliferation. The characteristics of chemotherapeutics, such as
non-specificity towards cancer cells, are simultaneously affecting normal cells, provoking
severe side effects, such as neurotoxicity, nephrotoxicity, infertility, teratogenicity and
alopecia [70]. The greatest issue and medical challenge of chemotherapy treatment is the
development of drug resistance, which is the first cause of cancer-associated death.
Chemotherapeutic drugs are classified according to the reaction mechanism: alkylating
agents which react with nucleophilic centres of proteins and nucleic acids, inactivating
DNA replication and transcription (nitrogen mustards, nitrosoureas, and alkyl sulfonates),
while the Pt-based chemotherapeutics exhibit a similar mechanism of action, but are not
alkylating agents; antimetabolites which inhibit DNA replication (cytidine analogues,
folate antagonist and pyrimidine analogues); antimicrotubular agents which prevent cell
growth by blocking mitosis by disrupting chromosome movement during mitosis
(topoisomerase II inhibitors, topoisomerase I inhibitors, taxanes and vinca alkaloids);
cytotoxic antibiotics with diverse mechanisms of reaction (actinomycin D, bleomycin,
daunomycin) and various antineoplastic drugs that re-aligning DNA strands and sustaining
single-strand breaks (hydroxyurea, asparaginase, mitoxantrone [71]. During cancer
treatment, the most important step is to prescribe the proper dose of chemotherapeutics
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for each individual cancer patient. Optimum between the dose that will cause the minimum
side effects and the highest effectiveness should be achieved [72].

1.3.2 Pharmacokinetics

The main branches of pharmacology are pharmacokinetics (PK), the study of the
absorption, distribution, metabolism and excretion of the administered drug, and
pharmacodynamics (PD), the study of how the drug affects the body (desired and undesired
effects). PK and PD are essential in the preclinical and clinical trials of a drug’s
characterization. Since many chemotherapeutics do not react specifically to the tumorous
cells (often causing severe side effects), the main goal of pharmacological studies is therapy
optimization, the development of targeted drugs and effective dosage regimens [73]. In
addition, information about drug distribution throughout the body is an integral part of
drug characterization. Such studies tend to measure the body’s internal exposure to the
drug, so various sites of exposure assessments are used, including serum, plasma, whole
blood, saliva and urine [74]. When the drug is intravenously administrated, the most
suitable fluid for the drug’s characterization is blood, since the drug is rapidly equilibrated
within blood cells and serum proteins [75].

In practice, PK evaluation is performed in serum, because it is easier to follow the free
drug and its interactions with serum proteins. Finally, the drug distribution provides the
data for the elucidation of the mechanism of antineoplastic therapy, the behaviour of the
intact drug and the biotransformation processes at physiologically relevant concentrations
[76].

To the greatest extent, pharmacological responses and drug efficacy are related to the
unbound fraction of the drug. Only an unbound drug fraction can pass through the cell
membranes, diffuse between the plasma and the tissues, and interact with the targeted
sites [77].

Lately, protein and peptide-based drugs have attracted a lot of scientific attention. The
significant advantage of such drugs lies in the protein's tendency to accumulate into
malignant tissues to deliver their increased need for amino acids and energy. This approach
enables an increased therapy specificity, a higher efficacy and reduced side effects [78].

Therefore, during the drug design, the study of drug distribution and the kinetics of
interaction with serum proteins is of crucial importance. For metal-based
chemotherapeutics, such information can be acquired by the speciation analysis. First,
different species are chromatographically separated, identified, and/or quantified using
different detection techniques. The primary demand for reliable speciation analysis is
preserving the species integrity during the analytical procedure. In ideal conditions, the
sample preparation would not be necessary, which is usually not the case. Most commonly,
analysed samples are influenced by high matrix effects (e.g., a high density of human
serum), so the samples must be diluted before the analysis [32].

1.3.3 Metal-based complexes in cancer therapy

Among the metal-based complexes for cancer treatment, Pt-based chemotherapeutic, e.g.,
cisplatin  (cis-diaminedichloro-platinum(II)), oxaliplatin  ([(1R,2R)-cyclohexane-1,2-
diamine](ethanedioato-O,0")platinum(Il))  and  carboplatin  (cis-diammine  (1,1-
cyclobutanedicarboxylato)platinum(II)), approved by FDA, are still widely used to treat
around 50% of patients receiving chemotherapy for cancer [79], [80]. The structures of these
main Pt-chemotherapeutics are presented in Figure 3.



8 Chapter 1. Introduction

HsN NH
3 N / 3 O
Pt’ Pt\ :< O _NH3
\“ “ vk /Pt\
cr Cl o NH3
(0)
cisplatin oxaliplatin Carboplatin

Figure 3: Structures of cisplatin, oxaliplatin and carboplatin. Reproduced from freely
available images at https://en.wikipedia.org/wiki/.

Pt-based chemotherapeutics are used to treat ovarian, testicular, colon, lung and
advanced pancreatic cancers. The primary mechanism of cytotoxicity is similar to
alkylating agents, where Pt (a soft Lewis acid) is bound to the DNA (a soft Lewis base),
forming inter- and intra-stranded crosslinks. The newly formed crosslinks can cause a
change in the double-helix of the DNA structure, thus initiating DNA damage. Such an
alteration of the DNA disables the replication and transcription and leads to apoptosis.
Although Pt compounds are the core treatment for a wide variety of cancers, this treatment
is prone to failure due to the development of inherent or acquired drug resistance and
systemic toxicity [81]. To overcome the above-mentioned limitations, new metal-based
complexes are being extensively synthesized and studied. Other metal complexes that have
entered clinical trials are based on ruthenium (Ru), iron (Fe), copper (Cu), Gold (Au),
iridium (Ir) and rhenium (Re) [82], [83].

1.3.4 Ruthenium-based complexes as a possible alternative

This paragraph is based on our published article [84].

With the discovery of cisplatin, scientific interest in synthesising other transition metal-
based complexes has increased. Ru-based complexes were one of the most promising
alternatives to Pt-based chemotherapeutics. Their main advantage lies in the
multifunctional biochemical properties and higher selectivity due to photodynamic,
photochemotherapy and photothermal therapy development. The mechanism of action of
Ru-based complexes is not similar to Pt-based complexes (triggering DNA inactivation).
One of the possible mechanisms of action for the trivalent Ru complexes is its reduction,
in cancer cells, by cellular reductants such as ascorbates, into their more active bivalent
form. Even though Ru-based drugs have a wide range of intracellular targets, only two Ru-
based drugs (Figure 4) are under clinical trials. NKP-1339 (the water-soluble sodium salt
of KP1019 [indazolium trans-[tetrachlorobis(1H-indazole) ruthenate (III)]) is in phase 1
under the clinical trial identifier: NCT01415297, developed as a chemotherapeutic and
TLD-1433 ([Ru(II) (4,4'-dimethyl-2,2'-bipyridine)2(2-(2',2":5",2"-terthiophene)-
imidazo[4,5-])]C12), which is in phase 2 under the clinical trial identifier: NCT03945162
and shows potential as a photodynamic drug [85].
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Figure 4: Structures of NKP-1339 and TLD-1433, adapted from freely images available at
http://www.gassergroup.com/anticancer-research/.

Recently, the m6-p-cymene Ru(II) chloride coordination complex with the ligand
pyrithione (2-mercaptopyridine N-oxide) (1) (Figure 5) was synthetized and investigated
for its anticancer activity. The organoruthenium(II) pyrithione complex (1) readily reacts
with histidine, cysteine and glutathione and shows inhibition properties towards aldo-keto
reductase enzymes AKR1C during in vitro studies. The enzymes AKR1C1 and AKR1C3
are two of the possible targets for breast cancers, since they are involved in the development
and progress of hormone-dependent cancers [86]. Another study reports that complex (1)
exhibits inhibitory properties towards glutathione-S-transferase (GST), the critical enzyme
in developing drug resistance in cancer cells. Moreover, complex (1) does not show
cytotoxicity to healthy cell lines and undesirable side effects on a neuromuscular system at
pharmaceutically relevant concentrations [87]. Additionally, recent studies have focused on
synthesising new chlorido and 1,3,5-triaza-7-phosphaadamantane (pta)
organoruthenium(II) analogue complexes with methyl-substituted pyrithiones. Complex
[(n6-p-cymene)Ru(1-hydroxypyridine-2(1H)-thionato)pta]PF6 (2) (Figure 5) is newly
synthesized and under extensive investigations. So far, complex (2) was evaluated for its
cytotoxicity effects on different cell lines, and 1Csy values were calculated. The highest
antiproliferative effects were observed for the A549 (lung) and SKOV3 (ovarian) cell lines

[15].
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Figure 5: Chemical structures of [( 7 6-p-cymene)Ru(1-hydroxypyridine-2(1H)-thionato)Cl]
(1) and [( n 6-p-cymene)Ru(1-hydroxypyridine-2(1H)-thionato)pta]PF6 (2). Reproduced
from reference [82] with permission from MDPI.

Stability studies at biologically relevant concentrations in a cell-culture medium have
been performed for complexes (1) and (2). Investigations showed that both compounds
remained chemically unchanged under biologically relevant conditions [15].
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1.4 Copper in Human Serum

This Section 1.4 is based on our published article [88].

Copper (Cu) is the third essential trace metal for all living organisms, after iron (Fe)
and zinc (Zn). It is dominantly required as a co-factor for many enzymes such as
ceruloplasmin (Cp), superoxide dismutase, cytochrome ¢ oxidase, dopamine B-hydroxylase
and many others [89]. Cu can be found in all body tissues and, together with Fe, plays a
vital role in the formation of red blood cells and the optimal functioning of the nervous
and immune systems [90]. Diet introduces copper to the human body, while faeces and
urine excrete it. Total Cu concentration in the human body varies from 50 to 100 mg,
primarily found in muscle and liver, while the concentration of Cu in human serum ranges
from 500 to 1000 ng mL" [91]. The highest amount of Cu in human serum, around 90%, is
firmly bound to the ceruloplasmin (Cp), while the rest is an exchangeable fraction bound
to HSA and amino acids [92].

1.4.1 Ceruloplasmin

Cp is an acute-phase glycoprotein with a single polypeptide chain consisting of 1046 amino
acids and 7-8% carbohydrates, exclusively found in the plasma of vertebrates [93]. It is
mainly synthesized in the liver and metallated with Cu in the human body. Besides the
liver, Cp is synthesized in many tissues, including the brain, lung, spleen and testis [94].
Average Cp concentration in human serum of healthy population varies between 200 to
500 mg/L. Cp has crucial physiological roles. Primarily, it is the main Cu-carrying protein
that regulates Cu homeostasis and serves as ferroxidase to export Fe from tissue stores and
cells by oxidating Fe*" to Fe*" [95]. So, it is also essential for Fe transport and metabolism
and prevents radical oxygen formation [96], [97]. An X-ray structural study showed six
non-exchangeable Cu binding sites oriented toward the protein interior and two additional
exchangeable Cu binding sites [98].

Figure 6: Structure of Cp obtained by X-ray diffraction (Reproduced from Protein data
bank, freely available at https://www.rcsb.org/structure/2J5W).

Holo Cp (Cu ions bound to Cp) has a half-life of 5.5 days. In holo Cp, studies showed
that Cu ions are non-exchangeably bound. About 10% of total Cp in the healthy population
is present in the apo form (without Cu ions bound to Cp), with a shorter half-life of around
five hours [99]. The expression of Cp is known to be altered in some medical conditions.
Metabolic disorders of Cp are noted for a few neurodegenerative diseases [100]. Altered Cp
concentrations were found in aceruloplasminemia and Wilson’s, Menkes, Alzheimer’s and
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Parkinson's disease [101]-[108]. Additionally, similar observations were found in
rheumatoid arthritis, inflammation, T1D diabetes type 1, and chronic hepatitis B [109]-
[112]. Cp can serve as a prognostic biomarker for various cancers, such as breast, bladder
and bile duct cancer [113]-[115]. Cp is also proposed as a biomarker for ovarian cell
carcinoma and lung adenocarcinoma [116]-[118].

1.4.1.1 Disorders related to Cp expression

In the human population, Cu toxicity is related to its impaired transportation due to
metabolic disorders. Recessive disorders that are referred to affect Cu transport throughout
the body and Cp synthesis are aceruloplasminemia, Menkes (MD) and Wilson disease
(WD) [119].

Aceruloplasminemia is a rare neurodegenerative disorder with a prevalence of about 1
in 2,000,000 cases. It is caused by the entire absence of Cp ferroxidase activity, which leads
to Fe accumulation in the brain and other internal organs. Fe accumulation triggers various
medical conditions, e.g., Diabetes Mellitus and retinal degeneration, neurological signs and
symptoms such as dementia, and involuntary movements. Diagnosis of aceruloplasminemia
is based on the absence or low serum Cp concentrations, low serum Fe and hepatic Fe
overload. Aceruloplasminemia is treatable with Fe chelators [101], [120], [121].

MD is caused by mutations in gene ATPTA, resulting in the reduced activity of brain
enzymes that have Cu as a cofactor and consequently cause Cu and Cp serum level
deficiency. According to estimations, MD has an incidence rate of 1 in 300 000 new-borns
in Europe, with a fatal outcome by age three [104], [122].

On the other hand, Wilson disease (WD) has a prevalence of 1 in 30 000, and it is more
frequent in the Asian population. WD is triggered by a genetic mutation in the ATP7B
gene. ATP7B mutation disables cuprous (Cu*) and cupric (Cu*") ions from attaching to
the Cp in the liver and their excretion into the bile. Thus, whether Cu is poorly attached
to the Cp or accumulated in the liver, causing hepatic failure, or Cu can be stored in the
other organs, especially in the brain, cornea and kidneys, causing severe health issues.
Usually, symptoms are presented at 10 to 20 years old, but due to their diversity, WD
diagnosis is delayed. Among other clinical characteristics, WD diagnosis is based on
elevated concentrations of 24 h Cu in the urine, increased total liver Cu level and Cp serum
levels lower than 100 mg/L. However, WD is a slow, progressive, but treatable disease if
it is diagnosed in time. Effective medical therapies such as chelators and the use of Zn salts
are available, providing health-related quality of life and life expectancy close to that of
the healthy population [123].

Since Cp-related disorders are highly treatable, the development of prenatal tests and
early screening methods are under investigation [105], [106].

1.4.1.2  Analytical methods for ceruloplasmin determination

In routine clinical practice, Cp in human serum or plasma is usually determined by
immunologically based methods, i.e., immunoturbidimetry and immunonephelometry. The
main disadvantage of these methods lies in their non-specificity, since the holo form cross-
reacts with apo Cp, so both forms of Cp are simultaneously measured. The latter is not of
medical relevance since it is not an enzymatically active form. Additionally, there is still a
high demand for the standardization of Cp measurements in laboratory medicine, but the
biggest issue is the lack of a reference material [124], thus making measurement traceability
and any laboratory intercomparison practically impossible. Another obstacle is the
instability of the Cp standard [125].

To this end, speciation analysis using various separation techniques hyphenated to the
ICP-MS showed great potential for clinical practice. A breakthrough was made by Inagaki
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et al., who studied the speciation of protein-binding Cu and Zn in human serum by
chelating pre-treatment for the removal of loosely bound Cu and Zn species, and the
remaining supernatant, which contained Cu-Cp and Zn-as-macroglobulin were analysed by
SEC-ICP-MS [126]. In addition, Lopez-Avila et al. determined the Cp in human serum by
SEC-ICP-MS after the offline purification step with the immunoaffinity column by
eliminating six highly abundant proteins (HSA, Tf, IgG, IgA, haptoglobin and antitrypsin)
that might overlap Cp on the SEC column. The method was able to separate and quantify
Cu-Cp and free Cu in purified human serum samples [127]. Moreover, Kobayashi et al.
developed a method for the direct analysis of Cp in human serum by SEC-ICP-MS and
proposed it as a diagnostic tool for WD [128]. Finally, Bernevic et al. developed a method
for the selective determination of Cp in human serum by online immunocapture using an
anti-Cp affinity column coupled to ICP-MS. The obtained data correlated with the offline
enzyme-linked immunosorbent assay (ELISA) [129]. One of the biomarkers for WD, the
determination of relative exchangeable Cu, present as a percentage of the exchangeable to
the total serum Cu, was proposed. This method could be used for the early diagnosis of
WD and other Cu-related medical conditions [102]. Quarles Jr. et al. developed a fast and
specific method for separating and quantifying the Cu fraction bound to proteins and
extractable Cu using automated sample preparation and the Elemental Scientific CF-Cu-
02 column, packed with negatively charged resin that can tightly bound Cu, so the Cu
bound to proteins was eluted without retention on the column, with the solvent front,
while the extractable Cu retained on the column and eluted at around the third minute.
ICP-MS was used to detect the separated Cu species, and the sample-to-sample analysis
took 6 minutes [130]. Another possibility lies in using a strong anion exchange column
coupled to the ICP-MS, and such a setup was used by Solovyev et al. to study WD, where
they managed to separate Cu-Cp from the Cu-HSA fraction in one chromatographic run
[33].

Finally, for the diagnosis of WD, various liver diseases and inflammation processes, the
Cu isotopic composition was determined by multi-collector ICP-MS (MC-ICP-MS) after
the chromatographic isolation of Cu using a strong anion exchange resin AG-MP-1 [131]-
[133].

1.5 ICP-MS

The separated species can be detected offline and online. Online detection is preferable due
to the better selectivity and the shorter time of analysis. Among the various element-
specific detectors, ICP-MS (inductively coupled plasma mass spectrometry) is widely used
due to the multi-elemental applicability, high sensitivity (low backgrounds, which result in
a very low limits of detection (LODs) and limits of quantifications (LOQs). In general, the
LODs of most elements are below 0.01 pg L'. Another great advantage is the wide
analytical working range and the possibility of relatively easy hyphenation to different
separation systems (e.g., gas and/or liquid chromatography). Using ICP-MS, different
isotopes of the same element can also be measured, making it suitable for the isotope
dilution (ID) technique for quantifying trace amounts of the separated elemental species
[134].

1.5.1.1 Quantification by ID-ICP-MS

So far, the ID-MS quantification technique is one of the most accurate approaches for
elemental speciation analysis. The only condition for ID quantification is that the element
of interest has at least two stable isotopes. The ID technique is free from physical
interferences, so the signal drift and matrix effect are not issues. Consequently, the use of
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an internal standard is unnecessary. In determining the total element concentration by ID,
a known amount of the same element with an altered isotopic composition (enriched
isotopic spike) is added to a sample with an unknown amount of an element. After
equilibration, a new ratio between the isotopes of the element of interest is established in
the mixture. The concentration of an element in the isotopically diluted sample with ICP-
MS can be calculated by measuring the ratio in the sample [135]. There are two different
approaches available, i.e., species-specific and species-unspecific ID. In species-specific 1D,
the species of the added isotopically enriched element is the same as the analyte; for
example, the group of Goenaga-Infante for the quantification of carboplatin adducts with
HSA prepared enriched "'Pt carboplatin-HSA as a species-specific standard for ID analysis
[55]. This is considered the most accurate method of quantification. The species-unspecific
method is used whenever performing an analysis of an unknown species or if the isotopically
enriched standard is impossible to prepare. This method enables the post-column ID of
separated species. After measurement, mass flow versus time is plotted, and the species are
quantified by integrating the peaks. The mass flow is calculated according to equation 1.
Csp is the concentration of the spike, ds, is the density of the spike, fs, is the sample flow
rate, AWs is the molar mass of the sample, AWy, is the molar mass of the spike, Algp is the
isotopic abundance of the enriched isotope in the spike, A§ is the isotopic abundance of
the targeted isotope in the sample, Rm is the isotope ratio a/b in the mixture, where a is
the most abundant isotope in the sample and b is the most abundant isotope in the spike,
Rg is the isotope ratio b/a in the sample, and Rg, is the isotope ratio a/b in the spike [136].

A8, /Ry
AWS Sp (Rm RSp) (1)

MFq = Cq, fo dg ——
s = Csp fsp dsp AWg, A§ \I-R,,Rs






Chapter 2
Aims and Hypothesis

As an integral part of the preclinical and clinical trials of candidate drugs for cancer
treatment, pharmacokinetics plays an important role. To evaluate the effectiveness of a
Ru-based candidate drug it is necessary to investigate the distribution of the Ru species in
spiked human serum and study the kinetics of interaction for Ru-based chemotherapeutics
with serum proteins. For this purpose, the concentrations of intact Ru drug and its species
bound to serum proteins need to be determined. For efficient chromatographic separation,
CLC on monolithic discs may be used.

Therefore, the aims of the doctoral thesis related to the investigation of the Ru species’
interactions in with human serum proteins were:

e To optimize the analytical method for the speciation of Ru-based candidate drugs
in human serum by using CLC monolithic chromatography with ICP-MS
detection

e To apply the optimized speciation analysis method to the investigation of the
kinetics of Ru-based candidate drugs with main serum proteins (Tf, HSA and
IgG)

Cu-Cp can be used as a potential biomarker in cancer diagnosis. For this purpose, it is
necessary to develop reliable, new analytical method for its determination.

Therefore, the aims of the doctoral Thesis related to the investigation of the Cu-Cp
concentrations in human serum were:

e To develop a new analytical method based on the 2D chromatographic
separation of Cu species using a CLC monolithic column, which consists of a
short-bed immunoaffinity CIMmic a-HSA and CIMmic DEAE disks assembled
in a single housing, in a single chromatographic run

e To identify the separated serum proteins by UV detection and to quantify the
separated Cu species by post-column isotope dilution (ID)-ICP-MS

e To apply the developed method for the speciation of Cu in the human serum of

healthy individuals, transplanted renal patients and cancer patients
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Chapter 3

Materials and Methods

3.1 Ruthenium Speciation

The text related to Section 3.1 is based on our published article [84].

3.1.1 Reagents and materials

Ultrapure water (18.2 M2 cm) was obtained from a Direct-Q 5 Ultrapure water system
(Millipore Watertown, MA, USA). All chemicals were of analytical reagent grade. Human
serum apo-transferrin (Tf), human serum albumin (HSA) and y-globulins (IgG) were
purchased from Sigma-Aldrich (Steinheim, Germany).

Merck (Darmstadt, Germany) stock Ru solution (1000 + 8 mg L™ in 7% HCI) was used
for the preparation of calibration standard solutions for the determination of the total Ru
concentrations in serum samples spiked with Ru-based chemotherapeutics. To control the
stability of the ICP-MS, Rh (1000 + 2 mg L in 5 % HNOs), purchased from Merck, was
aspirated along with the sample into the plasma using a peristaltic pump via a T-piece.

For the preparation of buffers and eluents in the chromatographic separation 2-amino-
2-(hydroxymethyl)propane-1,3-diol (Tris) buffer, sodium hydrogen carbonate (NaHCOj;),
ammonium chloride (NH4CI) and acetic acid (AcOH), purchased from Merck, were used.

Chromatographic supports of CIM Protein G disk were cleaned with AcOH, while of
CIM DEAE disk with Merck sodium hydroxide (NaOH) and Merck sodium chloride (NaCl)
[35].

Complex  [(n%p-cymene)Ru(1-hydroxypyridine-2(1H)-thionato)Cl (1)  (M=396.9
g mol') and complex [(m’-p-cymene)Ru(1-hydroxypyridine-2(1H)-thionato)pta]PFs (2)
M=663.6 g mol” were prepared according to the procedure described by Kladnik et al
[15].

A Ru-enriched isotope (“Ru metallic plate, 15 mg) was obtained from Oak Ridge
National Laboratory (Oak Ridge, TN, USA).

3.1.2 Instrumentation

Chromatographic separations were performed on an Agilent (Tokyo, Japan) series 1260
infinity quaternary HPLC pump equipped with a Rheodyne model 77251 (Cotati, CA, USA)
injector fitted with a 100 nL injection loop and a software-controlled six-port valve. An
UV-Vis Agilent 1260 infinity series variable wavelength (VWD) detector was used for the
absorption measurements at 278 nm.

For the separation of the Ru species, one CIM Protein G and one CIM DEAE
monolithic disk, both from BIA Separations d.o.o. (Ajdovscina, Slovenia), were assembled
into one housing, forming a CLC monolithic column. A CIM disk (dimensions 12 mm and
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length 3 mm, bed volume 0.34 mL) consisted of a poly (glycidyl methacrylate-co-ethylene
dimethacrylate) highly porous monolithic polymer. The CLC column was connected to the
HPLC system so that the mobile phase first rinsed the CIM Protein G disk and afterwards
the CIM DEAE disk.

The outlet of the column was coupled online with an UV-Vis and an Agilent 7900 ICP-
MS instrument. ICP-MS was also used for the determination of the total Ru concentrations
in the serum samples. The data was processed with Agilent MassHunter software. The
ICP-MS operating parameters were optimized for plasma robustness and to introduce the
minimum amounts of salts used in the separation procedure. The tuning of the instrument
was performed daily, prior to the analysis.

Table 1: ICP-MS operating parameters.

Type/Value
Ru speciation analysis

Parameter Type/Value

Analysis of total Ru content

Sample introduction

Nebuliser Miramist Miramist
Spray chamber Scott Scott
Skimmer and sampler Ni Ni

Plasma conditions

Forward power 1550 W 1550 W
Plasma gas flow (Ar) 15.0 L min™ 15.0 L min™
Carrier gas flow (Ar) 0.45 L min™ 1.05 L min™
Dilution gas flow (Ar) 0.75 L min™ /

Make up gas flow (Ar) / 0.10 L min™
Total carrier gas flow 1.20 L min™ 1.15 L min™
He gas flow 4.3 mL min™ 4.5 mL min™
Omega bias -110 V -120 V

Cell entrance 40V -40 'V

Cell exit -60 V -60 V
Deflect 3.8V 3.0V

Plate bias -60 V -60 V
Sample uptake rate 1.0 mL min™ 0.3 mL min™
Data acquisition

parameters

m/z of isotopes monitored ~ “Ru, ""Ru ""Ru

m/z of internal standards®  '®Rh '"Rh

Total acquisition time 1080 s /

*In speciation analysis, internal standards were not used when the ID-ICP-MS procedure was
applied.

A Mettler Toledo MS104 (Ziirich, Switzerland) analytical balance was used for the
weighing. A WTW (Weilheim, Germany) 330 pH meter was employed to determine the
pH.
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3.1.3 Methods

3.1.3.1 Sample preparation

To check the separation of serum proteins on the CLC column, a mixture of standard
serum proteins (25 g L™ of HSA, 5 g L' of IgG and 2.5 g L' of Tf) was dissolved in buffer
A, and diluted five times with buffer A before the analysis.

Before the speciation analysis, approximately 5 mg of complex (1) was dissolved in 1
mL of MeOH, and appropriately diluted with buffer A, so that the final concentration of
MeOH was 0.3%. For the preparation of the complex (2) solution, about 5 mg of complex
(2) was dissolved in 1 mL of water, appropriately diluted with buffer A.

Human serum was obtained from a transplanted renal patient by venous puncture after
informed consent was obtained. Approximately 300 mL of whole blood was collected into
a Pyrex glass container without additives. Blood aliquots were transferred into 20 mL
polyethylene tubes and centrifuged for 10 min at 855 ¢. Serum aliquots were transferred to
2 mL polyethylene tubes and stored at -20 °C. Before analysis, the samples were
equilibrated at room temperature.

For the kinetic studies, serum was spiked with complex (1) or complex (2), so that the
final concentration of Ru in the spiked samples ranged from 0.396 to 4.14 pg mL™". Samples
were incubated at 37 °C from 5 min to 48 h, and diluted five times with buffer A before
the speciation analysis.

3.1.3.2 Buffer preparation

Buffer A consisted of 50 mmol L' Tris-HCI, 30 mmol L' NaHCOj; and 10 mmol L NH,CI,
pH 7.4. Buffer B was composed of buffer A + 2 mol L' M NH,Cl, pH 7.4. Eluent C was
0.5 mol L' AcOH, pH 2. Buffer D was 0.2 mol L' Tris-HCI, pH 7.4.

0.1 mol L' HCI was used for the pH adjustment of buffer A, while for the buffer B, 1-M
NaOH was used.

3.1.3.3 Preparation of “Ru-enriched isotope

The declared composition of the enriched “Ru plate was 0.12 £+ 0.02%, 0.12 + 0.02%, 97.69
+ 0.1%, 0.74 + 0.03%, 0.48 £+ 0.02%, 0.58 + 0.01% and 0.27 4+ 0.02% for isotopes 96, 98,
99, 100, 101, 102 and 104, respectively. For the preparation of the enriched *Ru stock
solution, 15 mg of “Ru metallic plate was dissolved in 1 mL of aqua regia and diluted to
10 mL with an appropriate amount of HCI, so that the final concentration of the HCI was
7%. The concentration in the “Ru stock isotopic spike solution was determined by the
reverse ID-ICP-MS procedure [136]. The concentration was found to be 597 + 10 pg g
“Ru.

3.1.3.4 Chromatographic procedure

Chromatographic separation was carried out at a flow rate of 1 mL min™. In the first 5
min, isocratic elution with 100% buffer A was applied to elute the unbound Ru-based
chemotherapeutic. In the next 9 min, linear gradient elution from 100% buffer A to 50%
buffer B followed to separate the Tf from the HSA. Then, isocratic elution with 100%
eluent C was applied for 4 min to elute the IgG. The elution of proteins was followed on-
line by the UV detection at 278 nm and the separated Ru species detection by ICP-MS.
To obtain reproducible chromatographic separation it was crucial to effectively regenerate
and equilibrate the CLC column. After separation, the column was regenerated with buffer
D for 3 min and in the next 3 min with buffer B at a flow rate of 6 mL min™. Finally, the
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column was equilibrated with buffer A for 5 min at a flow rate 6 mL min*, followed by
elution with buffer A for 0.5 min at a flow rate of 1 mL min®. The eluents from the
regeneration and equilibration steps (flow rate 6 mL min") were directed to waste through
a software-controlled six-port valve.

Table 2: Chromatographic separation programme.

Eluent
Time (min A Species separated
(mnin) B(%) | C) D@ |
(%)
0-5 100 unbound
5-15* 50 50 Tf, HSA
15-19 100 IgG
19-22 100 .
regeneration
22-25 100
25-30.5 100 equilibration

*QGradient elution

3.1.3.5 Quantification of total Ru concentration in the spiked human serum

Total Ru concentration in spiked human serum was determined in 10-times diluted samples
by ICP-MS using external calibration method.

3.1.3.6  Quantification of separated Ru species using the post-column ID-ICP-MS

The separated Ru species were quantified using the post-column ID-ICP-MS technique.
Isotopically enriched “Ru was aspirated continuously by a peristaltic pump via a T-piece
after the chromatographic separation of the Ru species. For the calculation of the
concentration of the eluted Ru-species, the mass flow of Ru was plotted versus time during
the chromatographic run. Calculations were made by using equations derived for species-
unspecific post-column ID-ICP-MS analysis [136].

If not stated otherwise, all the experiments were performed in duplicate.

3.1.3.7 Cleaning procedure

The cleaning procedure was adopted from a previous study of our group [31]. After
approximately 30 serum separations, the CLC monolithic column was dismantled, and
cleaning was performed separately for the CIM Protein G and the CIM DEAE disks at a
flow rate of 6 mL min"'. The Protein G disk was cleaned with 20 mL, 40 mL and 20 mL
of eluent C, buffer D and buffer A, respectively. The DEAE disk was cleaned with 20 mL
of 1 mol L' NaOH, followed by rinsing with 20 mL of water, 20 mL of buffer D, 20 mL of
2 mol L' NaCl, 20 mL of buffer D and finally with 20 mL of buffer A. After cleaning, the
disks were restacked again into the same CIM housing and the CLC column was ready for
further use.

3.1.3.8 Data evaluation

Data were extracted using the Agilent 4.5 MassHunter software and further processed with
OriginPro 2015 (Northampton, MA, USA) and Microsoft Excel 2019 MSO (Redmond, WA,
USA).
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3.2 Copper Speciation

The text related to Section 3.2 is based on our published article [88].

3.2.1 Reagents and materials

All the chemicals were of analytical reagent grade. Ultrapure water (18.2 MQ cm) was
obtained from a Direct-Q 5 Ultrapure water system (Millipore Watertown, MA, USA).
Human ceruloplasmin (Cp) and human serum albumin (HSA) were purchased from Sigma-
Aldrich (Steinheim, Germany).

All reagents used for the separation and cleaning of the chromatographic supports were
from Merck (Darmstadt, Germany).

Nitric acid (HNOs) s.p. purchased from Carlo Erba (Milan, Italy) and hydrogen
peroxide (H20,) s.p. (Sigma-Aldrich) were used to digest the samples. Citric acid p.a., was
purchased from Merck.

Merck stock Cu solution (1000 mg Cu L' in 3% HNOs) was used to prepare the
calibration standard solutions.

Copper oxide powder enriched with mass 65 (*CuO) was obtained from Nakima Ltd
(Yehud-Monosson, Israel). The declared composition of the enriched *CuO powder is 0.33
+ 0.03% and 99.67 £ 0.03% for the 63 and 65 isotopes, respectively.

Seronorm™ trace element serum L™ quality control material was purchased from SERO
AS, (Billingstad, Norway).

3.2.1.1 Instrumentation

An Agilent (Tokyo, Japan) series 1200 HPLC system with a quaternary pump was used
for the chromatographic separations. It was equipped with an Agilent 1260 Bio-inert
Manual Injector valve, fitted with a high-density polyethylene (HDPE) 20 nL injection
loop.

For the separation of the Cu species in the serum, two 0.1 mL Convective Interaction
Media (CIM) CIMmic™ immunoaffinity a-HSA disks and one 0.1 mL CIMmic weak anion-
exchange DEAE disk from BIA Separations d.o.o. (Ajdovs¢ina, Slovenia) were assembled
in a single housing, forming a Conjoint Liquid Chromatography (CLC) monolithic column.

A UV-Vis Agilent 1200 series with a multiple-wavelength (MDW) detector was used to
follow the protein elution at 278 nm. The outlet of the detector was coupled online to a
single quadrupole ICP-MS, model 7700x from Agilent Technologies (Tokyo, Japan). ICP-
MS was also used to determine the total Cu content in human serum samples. The ICP-
MS operating parameters were optimized for plasma robustness and for introducing the
minimum amounts of salts used in the chromatographic separation procedure. To eliminate
polyatomic interferences arising from sample matrix and plasma constituents at m/z 63
and m/z 65 the High Energy Collision Mode (HECM) was applied, using helium as a
collision gas [137]. The ICP-MS operating parameters are provided in Table 3.
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Table 3: ICP-MS operating parameters.

Parameter Type/Value Type/Value
Speciation analysis Analysis of total Cu content

Sample introduction

Nebuliser Miramist Miramist
Spray chamber Scott Scott
Skimmer and sampler Ni Ni

Plasma conditions

Forward power 1550 W 1550 W
Plasma gas flow (Ar) 15.0 L min™ 15.0 L min™
Carrier gas flow (Ar) 0.80 L min™ 1.00 L min™
Dilution gas flow (Ar) 0.30 L min™ /

Make up gas flow (Ar) / 0.20 L min™
He flow 9.5 4.5

Data acquisition parameters

m,/z of isotopes monitored 8Cu, ®Cu 5Cu

m/z of internal standards* 3R h* Rh

Total acquisition time 960 s /

*In speciation analysis, internal standards were not used when the ID-ICP-MS procedure was
applied.

A CEM Corporation (Matthews, NC, USA) CEM MARS 6 Microwave Acceleration
Reaction System was used to digest the serum samples.

A Mettler Toledo MS104 (Ziirich, Switzerland) analytical balance was used for the
weighing.

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

3.2.2 Methods

3.2.2.1 Sample preparation

Standard serum proteins were reconstructed in buffer A and were used for the method
development. Prior to the chromatographic separations, they were appropriately diluted so
as not to exceed the binding capacity of the monolithic disks.

Blood samples were obtained with a venous puncture from six healthy individuals (ages
24 to 65), four transplanted renal patients (ages 30 to 42) and six lung cancer patients
(ages 39 to 76). 5 mL of blood from the healthy individuals was taken after informed
consent. In the transplanted renal patients, about 300 mL of blood was taken during venous
puncture. In clinical practice, this blood is discarded. In the present study, it was used for
research purposes after informed consent was obtained.

Blood samples from the lung cancer patients, treated with Pt-based chemotherapeutics,
were obtained about 3 weeks after receiving the chemotherapy, with the approval of the
ethical committee (Republic of Slovenia, Ministry for Health, document No. 0120-
696,/2017/4, 22.01.2018) and conducted according to the rules of Good Clinical Practice
(Declaration of Helsinki), and informed consent from the patients.

The blood from the healthy individuals and the cancer patients was collected in Becton-
Dickinson vacutainers without additives, while the blood of the transplanted renal patients
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was gathered in a glass flask. The clot was removed by centrifugation (10 min, 855 g) and
the serum in the supernatant carefully collected using a polyethylene pipette, transferred
to 2 mL polyethylene tubes and stored in a freezer at -20 °C.

Before the analysis all the samples were thawed and equilibrated at room temperature
(T). Prior to the speciation analysis, the serum samples were diluted 15 times with buffer

A.

3.2.2.2 Buffer preparation

Buffer A was composed of 50 mmol L* MOPS, pH 7.4. Buffer B contained buffer A + 2

mol L of ammonium chloride (NH4Cl), pH 7.4, eluent C was 0.5 mol L™ acetic acid, pH

2.45 and buffer D consisted of 2 mol L' MOPS, 2 g L' EDTA and 1% Tween 20, pH 7.4.
1 M NaOH was used for pH adjustment of buffers A, B and D.

3.2.2.3 Preparation of ®*Cu-enriched isotope

12 mg of %CuO was weighed in a Teflon vessel. 0.5 mL of HNOj;and 1.5 mL of MilliQ
water were added and the samples were subjected to closed-vessel microwave digestion at
a maximum power of 1200 W, ramped to T 90 °C for 15 min, held at 90 °C for 5 min,
ramped to T 140°C for 10 min, held at 140°C for 15 min, and cooled in the next 30 min.
The obtained clear solution was quantitatively transferred into polyethylene graduated
tubes and filled to 30 mL with MilliQQ water. The Cu concentration in the enriched isotopic
standard was determined by reverse ID-ICP-MS.

3.2.2.4 Chromatographic procedure

20 pL of 15 times diluted serum sample or standard serum proteins were injected into the
column. The high dilution of the serum samples was necessary to ensure quantitative
sample loading and not to exceed the capacity of the a-HSA disks. To retain the Cu-HSA
on the a-HSA disks, isocratic elution with 100% buffer A was applied in the first 3 min at
a flow rate of 0.3 mL min", while the Cu-Cp and Cu-LMM species passed through the a-
HSA disks and were retained on the DEAE disk. A linear gradient elution from 100% buffer
A to 50% buffer B then followed for 9 min at a flow rate of 0.6 mL min™ to separate the
Cu-Cp from the other serum proteins and the LMM-Cu species retained on the DEAE disk.
From 12 to 13.5 min a gradual switching of the eluents from 50% A and 50% B to 100%
C was applied at the same flow rate, to ensure optimal mixing of the mobile phase for the
quantitative elution of the Cu-HSA. Then, the Cu-HSA was eluted from the column by
isocratic elution with 100% eluent C for 4 min at a flow rate of 1 mL min™. During the
separation step (16 min), the eluate from the CLC column was passed through the UV
detector (278 nm) for protein monitoring and was further introduced to the ICP-MS.
Quantification of the separated Cu species was based on the peak area using the post-
column ID-ICP-MS technique.

Regeneration and equilibration followed at a flow rate of 1.5 min, according to the
procedure given in Table 4. The eluate from the regeneration and equilibration steps was
directed to waste through a software-controlled six-port valve.
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Table 4: Chromatographic program for the separation of Cu species on the CLC monolithic
column.

Steps in the
Flow rate .
., | chromatographic
. . (mL min™)
Time (min) Eluent procedure
A B C
D (%)
() | (%) | (R)
0-3 100 0.3
3-12* 50 50 0.6
50 50 0.6 separation
12-13.5
100 0.6
13.5-16 100 1.0
16-20 100 1.5
20-25 100 1.5 regeneration
25-26 100 1.5
26-30 100 1.5 . i
equilibration
30-30.5 100 0.3

*Gradient elution

3.2.2.5 Quantification of total Cu concentration in spiked human serum

For the determination of the total Cu concentration, 0.25 mL of serum was transferred
into Teflon vessels. 0.75 mL of MilliQ water, 0.5 mL of H,O, and 0.5 mL of HNO; were
added and the sample was subjected to closed-vessel microwave digestion at a maxim power
of 1200 W, ramped to 120 °C for 15 min, held at 120 °C for 60 min and cooled in the next
20 min. The clear solution was quantitatively transferred into a polyethylene graduated
tube and filled to 30 mL with MilliQ water. The same procedure (acids without samples)
was used to prepare a blank sample. The Cu concentrations in the digested serum were
determined by ICP-MS using matrix-matched standards for the calibration.

3.2.2.6  Quantification of separated Cu species by the post-column ID-ICP-MS

The separated Cu species on the CLC column were quantified using the post-column ID-
ICP-MS, monitoring Cu isotopes at m/z 63 and 65. The isotopically enriched “Cu (5.139
ng mL") was delivered with a peristaltic pump via a T-piece after the separation of Cu
species. The mass flow of Cu was plotted versus time during the chromatographic
separation and the concentrations of Cu species calculated by means of equations for the
post-column species-unspecific ID-ICP-MS analysis.

If not stated otherwise, all the samples were analysed in duplicate.

3.2.2.7 Cleaning procedure

After approximately 25 injections of serum samples, the a-HSA disks were replaced, while
the DEAE disk was subjected to rigorous cleaning. The CLC column was dismantled and
cleaning was performed for the DEAE disk at a flow rate of 5 mL min™. First, it was rinsed
with 5 mL of water, followed by rinsing with 5 mL of 1 mol L NaOH, 5 mL of 2 mol L
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NaCl and finally with 5 mL of buffer A. After cleaning, the a-HSA and DEAE disks were
re-assembled into the same CIM housing and the CLC column was ready for further use.

3.2.2.8 Data evaluation

Data were extracted using the Agilent 5.1 MassHunter software and further processed with
OriginPro 2015 (Northampton, MA, USA) and Microsoft Excel 2019 MSO (Redmond, WA,
USA).

A simple statistical analysis was carried out to check significant differences in the Cu-
Cp, Cu-HSA and total Cu concentrations between the populations of cancer patients and
healthy individuals, and the transplanted renal patients and healthy individuals. For this
purpose, Student's ttest at a 0.05 level of significance was applied.
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Chapter 4

Results and Discussion

The results from chapter 4 were published by Markovié¢ et al. in peer-reviewed scientific
journals [84], [88].

4.1 Ruthenium Speciation

As an integral part of the preclinical and clinical trials of candidate drugs, pharmacokinetics
plays an important role. To evaluate the effectiveness of the Ru-based candidate drug it is
necessary to investigate the distribution of the Ru species in spiked human serum and
study the kinetics of the interaction of Ru-based chemotherapeutics with serum proteins.
For this purpose, the concentrations of the intact Ru drug and its species bound to serum
proteins need to be determined. For efficient chromatographic separation, CLC on
monolithic discs may be used. In the present dissertation, a CLC monolithic column,
combing two separation modes, immunoaffinity Protein G and anion-exchange DEAE disks
was used to separate the intact Ru-based drug and drug bound to transferrin (Tf), HSA
and immunoglobulin G (IgG). The separated Ru species were quantified by post-column
ID-ICP-MS. The kinetics of the interaction of the Ru-based chemotherapeutics with serum
proteins was also studied.

4.1.1 Optimization of the analytical procedure for the speciation of Ru

complexes (1) and (2) on the CLC column

A procedure that was previously developed in our group for the speciation of Pt-based
chemotherapeutics on the CLC column [34] was optimized for the investigation of
speciation of the Ru-drug candidates. The analytical procedure is described in detail in
3.1.8.4. Typical chromatograms of the separation of ionic Ru (Ru*"), Ru complexes (1)
and (2) monitored by ICP-MS at m/z 101, and of the mixture of serum proteins followed
by UV at 278 nm detection on the CLC column are presented in Figure 7.
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Figure 7: Typical chromatograms for the separation of (A) Ru*" (2 pg mL"' Ru), (B)
complex (1) (1.64 pg mL' Ru), (C) complex (2) (1.60 pg mL" Ru) followed by ICP-MS
detection at m/z 101, and (D) 5-times diluted mixture of standard serum proteins (25 g L
"HSA, 5 g L' IgG and 2.5 g L' Tf) monitored by UV at 278 nm.

To prevent the partial adsorption of complex (2) on the stationary phase of the CLC
column and to enable the separation of unbound Ru species from those bound to serum
proteins, 10 mmol L™ NH,Cl was added to buffer A and isocratic elution with buffer A was
applied for 5 min. As can be seen from Figure 7, Ru*" and positively charged complexes
(1) and (2) pass through the Protein G and CIM DEAE disks and are eluted prior to the
elution of the main serum proteins. During the gradient elution, from 100% buffer A to
50% buffer B, the Protein G disk retained IgG, while the Tf and HSA were separated on
the DEAE disk. Finally, IgG was rinsed from the column by isocratic elution with 0.5 mol
L' AcOH. Data from Figure 7 revealed that the optimized speciation procedure enables
the effective separation of positively charged Ru species from the serum proteins.

In the following experiments, a human serum sample was spiked with solutions of
complexes (1) or (2) and the speciation analysis on the CLC column was performed 24 h
after incubation at 37 °C. Separation of proteins was followed by UV at 278 nm and
monitored by ICP-MS at m/z 101 for the Ru species (Figure 8).
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Figure 8: Two-dimensional separation of 5-times diluted human serum spiked with
complexes (1) (0.760 pg mL" Ru) or (2) (0.396 pg mL"' Ru) on CLC monolithic column
24 h after incubation, followed by UV at 278 nm and ICP-MS at m/z 101 detection.

As evident from the data of Figure 8, the optimized speciation procedure enables the
separation of positively charged Ru species (unbound Ru (1) and (2) complexes) and their
adducts with the main serum proteins. Presented Ru (1) and (2) complexes can undergo
hydrolysis; therefore, their Ru-OH and Ru-OH; species in the unbound fraction might be
present in the solution as well. Apart from the mentioned hydrolysis products, there is a
possibility of interference from Ru complexes with some LMM components from the serum,
too. We are aware of the importance of identifying the mixture of Ru species that might
be present in the solution. However, in this study we focused on the kinetics and the extent
of binding of Ru species to HSA, Tf and IgG that can be studied by techniques described
herein. For the exact identification of the mentioned species, other methods should be
applied.
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4.1.1.1 Quantification of separated Ru species on the CLC column using post-column
ID-ICP-MS

For the quantification of the Ru species separated on the CLC column, the post-column
ID-ICP-MS technique was applied. For this purpose, isotopes at m/z 99 and 101 were
monitored. To calculate the concentrations of the separated Ru species, the mass flow of
""Ru was plotted versus the time during the chromatographic run [136]. The representative
chromatograms of the serum sample spiked with complexes (1) or (2) are presented in
Figure 9.
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Figure 9: Two-dimensional separation of Ru species in serum sample spiked with complexes
(1) (4.14 pg mL'Ru) or (2) (0.838 pg mL" Ru). Speciation analysis consisted of separation
on the CLC monolithic column (24 h after incubation in 5-times diluted serum samples)
and on-line UV at 278 nm and ICP-MS detection. Ru mass flow is based on measurement
of isotope ratios m/z 99 and 101.
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4.1.1.2 Kinetics of the interaction of Ru complex (1) and (2) with human serum

proteins

For a better understanding of the drug—protein interaction, kinetic studies of the
association of complexes (1) and (2) with the serum proteins were carried out. For this
purpose, human serum was spiked with complexes (1) or (2) in a concentration of 0.760
ng mL* Ru or 0.396 pg mL"' Ru, respectively. Expressed as molar concentrations, the
spiking concentration of complex (1) was 2.99 mmol L, while that of complex (2) was
2.60 mmol L' Similar molar concentrations of complexes (1) and (2) enabled the
comparison of the data from the kinetic study. The samples were incubated at 37 °C for 5
min, 30 min, 1 h, 2 h, 4 h, 6 h, 24 h, and 48 h and a speciation analysis was applied using
the optimized analytical procedure (section 3.1.3.4). Separated Ru species were quantified
using post-column ID-ICP-MS. The results are presented in Figure 10.
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Figure 10: Kinetics of binding of complexes (1) and (2) to serum proteins. Human serum
was spiked with complex (1) (0.760 pg mL" Ru) or (2) (0.396 pg mL"' Ru). For separation
of the Ru species in 5-times diluted serum samples the CLC monolithic column was used.
Their separation was followed by the UV spectrometry at 278 nm and post-column ID-
ICP-MS detection.
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The data in Figure 10 indicate that both Ru complexes bind mainly to HSA, while their
rate of interaction and kinetics are different. Chlorido complex (1) rapidly binds to serum
proteins. The equilibrium concentrations of the Ru species found in the human serum were
reached 6 h after incubation, with around 70% of complex (1) bound to HSA and 5%
associated with IgG, while 25% of complex (1) remained unbound. It can be further seen
that the kinetics and the rate of interaction of complex (2) with HSA was much slower
and less extensive in comparison to complex (1). The equilibrium concentration was
obtained 24 h after incubation, with about 50% of complex (2) bound to HSA and another
50% as an unbound drug. These data can be compared with the results of a protein-binding
study described by Kladnik et al. [15], who investigated the binding of analogous methyl-
substituted pyrithione chlorido and pta Ru(Il) complexes to BSA. The obtained data
reported in this study for chlorido complex (1) are in very good agreement with the data
obtained for its methyl-substituted pyrithione analogue on BSA, as in both cases the
complexes are bound to albumins in around 70%. Further, complex (2) binds to HSA with
around 50%, whereas its methyl analogue binds to BSA with around 58%. Taking into
consideration the small structural changes of both pta Ru complexes and both albumins’
data from these two studies are comparable as well [15]. The new findings have again
confirmed more in detail that the investigated complexes are partly bound to proteins, but
they also exist in their free form. Considering drug design, both forms of complexes must
be present in the body for an effective biological response [138]. In many cases, proteins,
especially HSA, were proven to act as drug carriers in the body to deliver pharmaceutically
active agents to the site of the actions; however, the unbound form must also be present
to trigger a pharmacological effect [139]. In this research we have shown that chlorido and
pta complexes possess different rates and extent of the binding to the studied proteins and
that various substituents importantly influence the kinetic interactions. Similarly, we have
previously observed big differences in the biological activity of another chlorido-pta pair of
complexes, namely [(n6-p-cymene)Ru(4,4,4-trifluoro-1-(4-chlorophenyl)-1,3-
butanedione)Cl] and [(n6-p-cymene)Ru(4,4,4-trifluoro-1-(4-chlorophenyl)-1,3-
butanedione)pta]PF6. It seems to be a general trend that the chloride ligand is more easily
exchanged with water than the pta ligand, i.e., the chlorido ligand is more labile than pta.
This also affects the kinetics of interactions with biomolecules and thus also their biological
activity [86], [140], [141].

4.1.2 Analytical figures of merit

4.1.2.1 Column recovery

Column recovery was checked with a Ru speciation analysis in a five-times diluted human
serum spiked with complexes (1) or (2) after incubation at 37 °C for 24 h using post-
column ID-ICP-MS for quantification of the separated Ru species. The column recoveries
were calculated as the ratio between the sum of the concentrations of the Ru species in the
fractions eluted and the Ru concentration in the spiked serum injected into the column.
The results are presented in Table 5.
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Table 5: Concentrations of Ru species in human serum spiked with complexes (1) or (2).
Ru species were separated on the CLC column and their concentration determined by ICP-
MS, using post-column ID-ICP-MS. Column recovery was calculated as the ratio between
the sum of the concentrations of Ru species in the fractions eluted and the Ru concentration
in the spiked serum injected onto the column.

Ru Injected Unbound Ru Ru-Tf Ru-HSA Ru-IgG Ru Eluted Column
(ng mL™) (ng mL™) (ng mL™) (pg mL™") (ng mL™") (ng mL™") Recovery
(%)
(1) 4.1440.08 1.28+0.01 0.038+0.001 2.48+0.02 0.125+0.002 3.9240.01 95+1
(2) 0.838+0.025 0.386+0.004  0.01440.001 0.443+0.005 0.027+0.001 0.869+0.008 104+3

The column recoveries were 95% and 104% for the serum spiked with complexes (1) or
(2), respectively. These data confirm that the optimized CLC procedure enables a
quantitative elution of the separated Ru species from the column.

4.1.2.2 Repeatability and reproducibility of the measurements

The repeatability of the measurements was evaluated using six consecutive speciation
analyses of human serum spiked with complexes (1) or (2) after incubation for 24 h. Five-
times diluted samples were injected onto the CLC columns. The reproducibility of the
measurement was calculated from a set of six consecutive speciation analyses of the same
sample analysed on another day. The data are presented in Table 2.

Table 6: Repeatability and reproducibility of measurements for the speciation of Ru in
serum samples spiked with complexes (1) (4.14 pg mL™* Ru) or (2) (0.838 pg mL" Ru) on
CLC column.

Complex (1) Complex (2)
Ru Repeatability Reproducibility Repeatability Reproducibility
species RSD (%) RSD (%) RSD (%) RSD (%)
Unbound
Ru 1.6 6.9 1.2 44
Ru-Tf 3.3 5.2 1.6 6.3
Ru-HSA 0.63 1.4 29 3.3
Ru-IgG 2.7 4.9 3.8 4.0

As can be seen from the data in Table 6, good repeatability and reproducibility of the
measurement, were observed for the Ru species separated on the CLC column, with RSDs
for particular Ru species ranging from 0.6 to 3.8% and from 1.4 to 6.9%, respectively.

4.1.2.3 Limit of detection, limit of quantification and linearity of measurement

The limit of detection (LOD) and limit of quantification (LOQ) for the determination of
the Ru species were calculated as the concentration that provides a signal (peak area) equal
to 3s and 10s of a blank sample in the chromatogram, respectively. For the calculation of
the LODs and LOQs, eight blank samples of unspiked human serum were injected onto
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the CLC column. The LODs and LOQs for the separated Ru species are presented in Table
7.

Table 7: Limits of detection (LOD) and limits of quantification (LOQ) for separated Ru
species on the CLC monolithic column with ICP-MS detection.

Ru Species LOD (ng mL'Ru) LOQ (ng mL"' Ru)
Unbound 0.32 1.1
Ru-Tf 0.12 0.40
Ru-HSA 1.6 5.3
Ru-TgG 1.1 3.6

As can be seen, low LODs (<1.6 ng mL"' Ru) and LOQs (<5.3 ng mL"' Ru) were
obtained for the separated Ru species.

The linearity of the measurement, for all the Ru species separated on the CLC column,
was confirmed over the concentration range from LOQs to 100 ng mL" Ru (correlation
coefficient (R?) better than 0.997).

The performances of the optimized speciation procedure allow quantitative kinetic
studies of the binding of Ru complexes (1) and (2) to human serum proteins.

4.2 Copper Speciation

Cu-Cp can be used as a potential biomarker in cancer diagnosis. For this purpose, it is
necessary to apply reliable analytical techniques for its determination. In the dissertation,
a novel analytical method for the speciation of Cu in human serum, which is based on CLC
monolithic chromatography with post-column ID-ICP-MS detection was developed.
Separation of Cu species was achieved in a single chromatographic run on the column that
was constructed by assembling immunoaffinity CIMmic a-HSA and CIMmic weak anion-
exchange DEAE disks into a single housing. Separated Cu species were quantified by post-
column ID-ICP-MS.

4.2.1 Method development for Cu speciation in human serum

In Cu speciation, the choice of buffer is of great importance. The widely used Tris buffer
strongly interacts with Cu*', forming at neutral pH, dimeric complexes [142]. However,
this fact was often ignored in previous publications. Therefore, among the different possible
buffers, MOPS was selected for the Cu speciation, since it is one of the zwitterionic
aminosulfonic (Good) buffers that do not interfere with the Cu*"ions [143].

First, a weak anion-exchange DEAE disk was used to separate two Cu-binding proteins
in human serum, i.e., Cp (molecular weight 132 kDa) from HSA (molecular weight 66.5
kDa). A study was performed with standard serum proteins, so that their final
concentrations after dilution with buffer A were high enough to allow UV and ICP-MS
detection. Standard serum proteins used in the present study were isolated from human
serum. Thus, the serum proteins Cp and HSA naturally contained Cu. HSA (25 g L) was
5-times diluted and 20 pL. of sample was injected into the DEAE disk. The injection of 20
nL of 5-times diluted standard serum Cp (1 g L) followed. The eluate from the disk first
passed through the UV detector and was further transferred to the ICP-MS. To separate
the serum proteins, isocratic elution with buffer A was applied for 3 min at a flow rate of
0.3 mL min™, followed by gradient elution from buffer A to 1 mol L' NH,CI in buffer A in
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the next 9 min at a flow rate of 0.6 mL min™. Overlays of two chromatographic separations
are presented in Figure 11.
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Figure 11: Overlays of chromatograms of 5-times diluted sample of a mixture of standard
serum proteins HSA (25 ¢ L") and Cp (1 g L") on the DEAE disk monitored by (A) UV
detection at 278 nm and (B) ICP-MS detection at m/z 63.

As can be seen from Figure 11 A, HSA and Cp are co-eluted. The co-elution of Cu-Cp
and Cu-HSA is also evident from Figure 11 B, where ICP-MS detection was applied. As
expected, the Cu-Cp peak is much higher than that of the Cu-HSA.

To demonstrate that the greater dilution of the sample does not compromise the
integrity of the Cu species, standard serum protein HSA (25 g L) was diluted 5- and 15-
times and the separation was performed on the DEAE disk. The chromatograms monitored
by UV at 278 nm and ICP-MS detection at m/z 63 are provided in Figure 12.
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Figure 12: Chromatograms of separation of 5-times and 15-times diluted sample of
standard serum protein HSA (25 g L") on the DEAE disk monitored by (A) UV detection
at 278 nm, (B) ICP-MS detection at m/z 63 and (C) ICP-MS detection. Cu mass flow is
based on measurements of isotope ratios m/z 63 and 65.

The data from Figure 12A and 12B indicate that the HSA protein (UV detection) is
eluted at the same retention time as the Cu-HSA (ICP-MS detection).

To quantify the separated Cu-HSA species by ICP-MS, the ID technique was applied
using equations for the post-column ID-ICP-MS analysis [136]. The mass flow of Cu, based
on measurements of the isotopic ratios’ m/z 63 and 65, was plotted versus time during the
chromatographic run (Figure 12 C).

The concentration of Cu calculated by post-column ID-ICP-MS in the 5-times diluted
sample was 146.1 ng mL™*, while in 15-times diluted sample it was 146.3 ng mL"'. Therefore,
the 15-times dilution of the sample does not compromise the integrity of the Cu species.

In further steps of the method development, a CLC monolithic column was constructed.
The chromatographic conditions were optimized so that the a-HSA disks retained the HSA,
thus, enabling the separation of Cu-Cp and Cu-LMM species on the DEAE disk. First, one
a-HSA disk was placed in front of one DEAE disk, applying a flow rate of 1 mL min™ and
0.6 mL min™, but the HSA was not retained. Then, the flow rate was lowered to 0.3 mL
min' and one more a-HSA disk was added. Applying these chromatographic conditions for
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3 min, the HSA was quantitatively retained by the a-HSA disks. In order not to overload
the a-HSA disks (disk capacity 0.87 mg mL™" HSA support), 20 pL of 15-times diluted
sample was injected.

It was found experimentally that under the same chromatographic conditions as
previously used to separate the serum proteins on the DEAE disk, the HSA was retained
on the a-HSA disks, while the Cp quantitatively passed the a-HSA disks and was separated
on the DEAE disk. Then, the procedure was further optimized to elute the HSA retained
on the a-HSA disks. Among the various eluents tested, i.e., 0.1, 0.5 and 1 mol L' glycine
(pH 2.7), 0.1 mol L' citric acid (pH 3), 0.15 mol L' NH,OH (pH 10.5), 0.5 mol L™ arginine
(pH 4.4) and 0.5 mol L acetic acid, the last of these was selected since it quantitatively
eluted the Cu-HSA from the CLC column at a flow rate of 1.0 mL min™. In addition to
Cu-Cp and Cu-HSA, a small portion of serum Cu can also be associated with the LMM
species, e.g., amino acids [92]. To verify whether the developed chromatographic procedure
also enables the separation of the Cu-LMM species, a synthetic solution of the Cu-glycine
was prepared (Cu to glycine ratio 1:100). Glycine was selected since it is among the most
abundant amino acids present in human serum [144].

Chromatograms of the separation of the 15-times diluted sample of HSA (25 g L)
monitored by UV at 278 nm, and ICP-MS detection at m/z 63 and quantification of Cu-
HSA by post-column ID-ICP-MS are presented in Figures 13 and 14, respectively.
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Figure 13: Chromatograms of separation of 15-times diluted sample of standard serum
protein HSA (25 g L") on the CLC monolithic column monitored by (A) UV detection at
278 nm and (B) ICP-MS detection at m/z 63.

The data in Figure 13 show that under optimized chromatographic conditions the HSA
withstands the gradient elution with NH4Cl and is retained by the a-HSA disks. Finally,
the HSA is eluted from the a-HSA disks with acetic acid at elution times from 14.0 to 15.2
min. It is further seen that the elution of the HSA detected by UV takes place at the same
elution time as the Cu detected by ICP-MS.

To verify whether the developed speciation procedure allows for the quantitative elution
of Cu-HSA from the CLC column, the concentration of the eluted Cu was calculated by
post-column ID-ICP-MS (the Cu mass flow used for the quantification is shown in Figure
14 and compared with the total Cu concentration injected.
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Figure 14: Chromatogram of separation of 15-times diluted sample of standard serum
protein HSA (25 g L") on the CLC monolithic column monitored by ICP-MS detection.
Cu mass flow is based on measurements of isotope ratios m/z 63 and 65.

The Cu concentration eluted was found to be 146.1 ng mL", while the total Cu was
152.2 ng mL™", indicating 96% column recovery. Thus, the Cu-HSA was quantitatively
eluted from the column.

Chromatograms of the separation of the 15-times diluted samples of Cp (3g L") on the
CLC monolithic column monitored by UV at 278 nm, and ICP-MS detection at m/z 63
and quantification of Cu-Cp by post-column ID-ICP-MS are presented in Figures 15 and

16, respectively.
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Figure 15: Chromatograms of separation of 15-times diluted sample of standard serum
protein Cp (3 g L") on the CLC monolithic column monitored by (A) UV detection at 278
nm and (B) ICP-MS detection at m/z 63.

The data in Figure 15 demonstrate that the Cp passes the a-HSA disks and is separated
on the DEAE disk by gradient elution with NH4Cl at elution times from 7.3 to 9.5 min. It
can also be seen that it is well separated from the Cu-HSA (see Figures 13 and 14). It is
evident that the elution of the Cp detected by UV takes place at the same elution time as
the Cu detected by the ICP-MS.

To evaluate the efficiency of the Cu-Cp elution from the CLC column, the concentration
of eluted Cu (calculated by post-column ID-ICP-MS) was compared with the total Cu
concentration injected. The Cu mass flow used for the quantification is shown in Figure
16.
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Figure 16: Chromatogram of separation of 15-times diluted sample of standard serum
protein Cp (3 g ') on the CLC monolithic column monitored by ICP-MS detection. Cu
mass flow is based on measurements of isotope ratios m/z 63 and 65.

The Cu concentration eluted was found to be 423.5 ng mL", while the total Cu was
439.0 ng mL", indicating 97% column recovery. Hence, the Cu-Cp was quantitatively eluted
from the column.

Chromatograms of the separation of Cu-glycine (47.0 ng mL" Cu) on the CLC
monolithic column monitored by ICP-MS detection at m/z 63 and quantification of Cu-
glycine by post-column ID-ICP-MS are presented in Figures 17 and 18, respectively (the
UV signal of glycine is too weak, so it is not shown in Figure 17).
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Figure 17: Chromatogram of separation of synthetically prepared Cu-glycine (47.0
ng L' Cu) on the CLC monolithic column monitored by ICP-MS detection at m/z 63.

As can be seen from Figure 17, the Cu-glycine is eluted from 5.6 to 6.9 min and is
separated from the Cu-Cp (elution time from 7.3 to 9.5 min, Figure 15 and 16).
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To evaluate the efficiency of the Cu-glycine elution from the CLC column, the
concentration of eluted Cu (calculated by post-column ID-ICP-MS) was compared with
the total Cu concentration injected. The Cu mass flow used for the quantification is shown
in Figure 18.
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Figure 18: Chromatogram of separation of synthetically prepared Cu-glycine (47.0 ng
mL" Cu) on the CLC monolithic column monitored by ICP-MS detection. Cu mass flow is
based on measurements of isotope ratios m/z 63 and 65.

From the Cu concentration eluted from the column (47.5 ng mL™"), determined by post-
column ID-ICP-MS, and total Cu concentration (47.0 ng mL™") it is evident that the Cu-
Cp is quantitatively eluted (column recovery 101%).

Based on the data presented in Figures 13-18 and the overall optimization of the
analytical procedure, it can be concluded that the developed method enables the separation
of Cu-glycine, Cu-Cp and Cu-HSA, and their quantitative elution from the CLC monolithic
column, which extends its use to the determination of the Cu species in human serum.

Finally, the developed CLC-ID-ICP-MS method was applied for Cu speciation in human
serum samples. Representative chromatograms of the 15-times diluted serum samples of
two healthy individuals (samples H5 and H1) separated on the CLC column, monitored by
ICP-MS detection at m/z 63, are presented in Figure 19. Due to the low Cp concentration
in human serum (0.2 to 0.35 g L") [145] and high sample dilution, it was not possible to
follow the Cp elution profile by UV detection.
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Figure 19: Chromatograms of separation of 15-times diluted human serum samples (A) H5
and (B) H1 on the CLC monolithic column monitored by ICP-MS detection at m/z 63.

The elution profile of Cu in Figure 19A (sample H5) shows that the Cu-Cp was eluted
from 7.3 to 9.5 min and the Cu-HSA from 14.0 to 15.2 min, whereas in Figure 19B (sample
H1) the fraction eluted from 5.6 to 6.9 min in front of the Cu-Cp peak is also noticeable.
It most probably corresponds to Cu-LMM species, which might also be present in human
serum [92].The Cu from the reagent blank contributed less than 1% to the background
below the Cu-Cp peak in ICP-MS measurements.

The Cu species in human serum were quantified by post-column ID-ICP-MS analysis.
A representative chromatogram of the mass flow (sample H1) is shown in Figure 20.
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Figure 20: Chromatogram of separation of Cu species in 15-times diluted human serum
sample H1 on the CLC monolithic column. Cu mass flow is based on measurements of
isotope ratios m/z 63 and 65.

4.2.2 Analytical figures of merit

4.2.2.1 Resolution of the CLC column

The ability of the developed analytical method to separate Cu-LMM from Cu-Cp and Cu-
Cp from Cu-HSA peaks was evaluated with a calculation of the resolution (Rs) of the CLC
column, using Eq. 1 [146],

_ _ tRo—tpy
ST 05 (W +W,) Eq. 2

where tr; and tre are the retention times of the first and second peaks, respectively, while
W, and W, are their widths (expressed in time units). According to this equation, the two
peaks are separated and can be quantified if the Rg value is equal to or higher than 1. The
calculated Rgvalues for the Cu-LMM and Cu-Cp, and Cu-Cp and Cu-HSA peaks were 1.03
and 3.79, respectively, confirming that the peaks are well resolved.

4.2.2.2 Column recoveries

The column recoveries were verified by analyzing representative serum samples of the
healthy individuals, the transplanted renal patients and the cancer patients. For this
purpose, speciation analysis was applied to the 15-times diluted human serum samples.
The column recoveries were calculated as the ratio between the Cu concentration eluted
from the column (sum of Cu-LMM, Cu-Cp and Cu-HSA concentrations) and the total Cu
concentrations in serum samples injected into the column. The results are summarized in
Table 8.
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Table 8: Column recoveries of the CLC-ID-ICP-MS procedure, calculated as the ratio
between the sum of Cu species in human serum samples eluted from the CLC column and
total Cu concentrations in serum samples injected.

Sum O,f Column
Human serum  Total Cu  Cu-LMM Cu-Cp Cu-HSA  Cu species
sample (ng mL')  (ngmL') (ngmL') (ngmL") cluted oo
(ng mL™") (%)
H4 972 + 4 62 +6 810 + 8 107 £ 7 979 + 10 101
T2 987 + 3 < 3.3 870 +9 904 +54 960 + 10 97
C3 1215 + 15 39 +3 1127 £ 11 114 + 7 1280 £+ 15 105

H — Healthy individual
T — Transplanted renal patient
C — Cancer patient

The data from Table 1 indicate that the separated Cu species in the human serum were
quantitatively eluted from the CLC column. The column recoveries ranged between 97 and
105%.

4.2.2.3 Repeatability of measurements, limits of detection, limits of quantification
and linearity of measurement

The repeatability of the measurements was checked with six consecutive speciation analyses

of human serum from a healthy individual. The data are given in Table 9.

Table 9: Repeatability of measurement for Cu speciation in human serum sample H1, LODs
and LOQs applying CLC-ID-ICP-MS procedure.

Cu species RSD LOD LOQ
(%) (ng mL"' Cu) (ng mL"' Cu)
Cu-LMM 9.0 3.3 11
Cu-Cp 1.0 6.3 21
Cu-HSA 6.3 5.3 18

Good repeatability of the measurements was obtained for Cu-Cp. The relative standard
deviation (RSD) between consecutive separations for the separated Cu-Cp was + 1%.
Slightly worse were the RSDs for the Cu-HSA (& 6.3%) and Cu-LMM species (£ 9.0%)
since their concentrations in the serum samples were significantly lower than that of the
Cu-Cp.

The limits of detection (LODs) and the limits of quantification (LOQs) for the
determination of the separated Cu species were calculated as the concentrations that
provide signals (peak areas) equal to 3s and 10s of a blank sample (buffer A) in the
chromatogram, respectively. The LODs and LOQs were calculated on the basis of six blank
samples injected into the CLC monolithic column, considering the same dilution factor (15-
times) as in the analysis of the serum samples. The data for the LODs and LOQs are
presented in Table 9. The LODs and LOQs for the separated Cu species ranged from 3.3
to 6.3 ng mL! Cu and 11 to 21 ng mL" Cu, respectively. These LOQs are low enough to
perform Cu speciation analyses in human serum samples.
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The linearity of the measurement for the separated Cr species was confirmed over the
concentration range from LOQ to 500 ng mL* Cu, with a correlation coefficient (R”) better
than 0.997.

4.2.2.4  Accuracy of the determination of Cu species concentrations in human serum
using the CLC-ID-ICP-MS procedure and the total Cu concentration in
serum using ICP-MS

Since there are no certified reference materials available for the Cu-Cp, Cu-HSA and Cu-
LMM species, the accuracy of the determination of the Cu species concentrations in serum
samples was checked using the CLC-ID-ICP-MS procedure.

The accuracy of the determination of the total Cu concentration in serum was tested
by analyzing the Seronorm Level 1 quality control material. The determined Cu
concentration (1074 + 9 ng mL') agreed well with the certified value (1088 + 89 ng
mL"), confirming the accuracy of the analytical procedure.

The main advantage of the newly developed CLC-ID-ICP-MS method, which combines
immunoaffinity and anion-exchange chromatography over previously reported ones, is its
simplicity and ability to perform rapid 2D separation (16 min) and reliable quantification
of the Cu species (Cu-Cp, Cu-HSA and Cu-LMM) in human serum in a single
chromatographic run. Other researchers reported the determination of Cu-Cp only,
applying 2D separation in two chromatographic runs [127], the determination of Cu-Cp
and Cu-HSA on anion-exchange chromatographic columns [33], [34] or exchangeable Cu in
human serum [130].

4.2.3 Speciation of Cu in human serum

The developed and validated CLC-ID-ICP-MS method for the speciation of Cu in human
serum was applied to the analysis of human serum samples from six healthy individuals
(samples H1-H6), four transplanted renal patients (samples T1-T4) and six lung cancer
patients (samples C1-C6).

The distribution of the Cu concentrations between the Cu-Cp, Cu-HSA and Cu-LMM
species in the serum samples separated on the CLC column and quantified by post-column
ID-ICP-MS, and the total Cu concentrations determined by ICP-MS is shown in Figure
21.
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Figure 21: Distribution of Cu concentrations between Cu-Cp, Cu-HSA and Cu-LMM
species in human serum samples separated on a CLC column and quantified by post-column
ID-ICP-MS, and the total Cu concentrations determined by ICP-MS in healthy individuals
(H), transplanted renal patients (T) and cancer patients (C).

The Cu concentrations related to the data from Figure 21 are provided in Table 10.
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Table 10: Total Cu concentrations in the serum of healthy individuals, transplanted renal
patients and cancer patients determined by ICP-MS, and concentrations of Cu-LMM, Cu-
Cp and Cu-HSA determined by the CLC-ID-ICP-MS procedure n=2 (for each sample,
values of 2 independent measurements are provided).*

Total Cu Cu-LMM Cu-Cp Cu-HSA 2 of.Cu
Sample species
(ng mL") (ng mL'')  (ng mL") (ng mL") (ng mL")
1 1147 59.0 1051 109 1219
1138 52.0 1035 98.0 1185
1168 69.8 1055 116 1241
H2 1153 57.5 1044 104 1206
3 961 <3.3 816 111 927
939 <3.3 804 98.0 902
H4 974 58.0 816 112 986
969 66.0 804 102 972
5 984 <3.3 815 154 969
978 <3.3 802 142 944
6 1160 <3.3 979 141 1120
1155 <3.3 965 130 1095
T1 925 <3.3 887 69.0 956
916 <3.3 874 62.2 936
T2 990 <3.3 864 94.0 958
984 <3.3 877 87.0 964
T3 1149 <3.3 1039 85.0 1124
1137 <3.3 1027 77.0 1104
T4 992 <3.3 961 69.0 1030
979 <3.3 948 63.0 1011
o1 1329 <3.3 1223 73.05 1296
1317 <3.3 1205 65.0 1270
9 1760 <3.3 1628 103 1731
1736 <3.3 1604 92.4 1696
1226 41.0 1118 119 1278
3 1205 37.0 1135 109 1281
C4 1419 51.0 1232 155 1438
1411 43.0 1215 138 1396
o5 1253 65.0 1068 138 1271
1238 53.0 1054 127 1234
6 1168 64.0 987 151 1202
1157 53.0 972 139 1164

*H-healthy individual; T- transplanted renal patient; C-cancer patient

The data from Figure 21 indicate that concentrations of the Cu-Cp and those of the
total Cu are in general higher in the serum samples of the cancer and transplanted renal
patients than in the healthy individuals. Furthermore, it is evident that the Cu-HSA
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concentrations are generally lower in the transplanted renal patients. In 7 out of the 20
serum samples analyzed, the Cu-LMM species were also identified.

In assessing the possible statistical significance of the differences between the population
of healthy individuals and the population of cancer or renal patients, the H1 and H2
samples were excluded from the calculations in the healthy population due to recent
recovery from viral infection. The mean values between the Cu-Cp, Cu-HSA and total Cu
were compared for individual Cu species by computing Student's t-test for the population
of cancer patients (n = 6) and healthy individuals (n = 4), or transplanted renal patients
(n = 4) and healthy individuals (n = 4).

Higher concentrations of Cu-Cp and total Cu were observed in the cancer patients’
group in comparison to the healthy individuals, while the Cu-HSA concentrations were
similar. Significant differences (p < 0.05) between the two populations were obtained for
Cu-Cp and total Cu. The Cu-Cp was found as the most distinctive species (p = 0.0093),
while the p value for total Cu (p = 0.0117) differed less. There was no statistical difference
observed for Cu-HSA between the populations of cancer patients and healthy individuals
(p = 0.979). These observations showed the potential of Cu-Cp as a possible biomarker for
cancer diagnosis. Cp has already been proposed as a prognostic biomarker in breast,
bladder, and bile duct cancer [113]-[115] and a candidate marker for ovarian clear cell
carcinoma [116].

Lower concentrations of Cu-HSA, and slightly higher concentrations of Cu-Cp and total
Cu, were observed in the group of transplanted renal patients compared to the healthy
individuals. Significant differences between the two populations were found for Cu-HSA (p
= 0.0011), while there was no statistical difference observed for Cu-Cp and total Cu (p =
0.1783 and 0.9251, respectively). The lower Cu-HSA concentrations obtained are consistent
with hypo-albuminemia, which is common in patients with end-stage renal disease [147].






Chapter 5

Conclusions

In this doctoral study an analytical method for the speciation analysis of Ru-based
candidate drugs was optimized, and the kinetics of the interaction of the drugs with the
main human serum proteins was studied. A new analytical method was also developed for
the reliable determination of Cu species in human serum.

The CLC monolithic column assembled from one affinity CIM Protein G and one weak
anion-exchange CIM DEAE disk was used for the separation of the Ru complexes [(n6-p-
cymene)Ru(1-hydroxypyridine-2(1H)-thionato)Cl] (1)  and  [(n6-p-cymene)Ru(1-
hydroxypyridine-2(1H)-thionato)pta|PF6 (2) in human serum. The separated Ru species
were monitored on-line by UV spectrometry at 278 nm and ICP-MS at m/z 99 and 101.
The post-column ID-ICP-MS performed accurate quantification of the separated Ru
species. The method is selective, robust, repeatable, reproducible (RSD for separated
chloride (1) and Ru species <4 and 7%, respectively), of sufficient sensitivity (LODs and
LOQs for separated Ru species <1.6 and 5.3 ng mL" Ru, respectively), and demonstrated
its potential for studies of the kinetics of bindings of Ru complexes (1) and (2) with human
serum proteins. The data revealed that both Ru complexes interacted mainly with HSA.
Complex (1) more rapidly and to a greater extent bind to HSA than complex (2). The
equilibrium concentration, in which around 70% of complex (1) is bound to HSA, 5% is
associated with IgG and the other 25% remains as a free drug, was reached 6 h after
incubation. The interaction of complex (2) with HSA was much slower and less extensive
than with complex (1). The equilibrium concentration was obtained 24 h after incubation,
with about 50% of complex (2) bound to HSA, while 50% of complex (2) remained
unbound. This detailed study on the binding kinetics of (1) and (2) suggests that bound
and unbound forms of the complexes are present in human serum, which is an important
finding for drug design, where pharmacokinetics, as well as pharmacodynamics properties,
must be well defined.

A novel analytical method for the speciation of Cu in human serum based on CLC
monolithic chromatography with post-column ID-ICP-MS detection was developed. 2D
separation of the Cu species was achieved in a single chromatographic run on a column
constructed by assembling two immunoaffinity CIMmic a-HSA disks and one CIMmic
weak anion-exchange DEAE disk into a single housing. Post-column ID-ICP-MS quantified
the separated Cu species. During separation, the HSA was first retained on the a-HSA
disks, enabling the separation of Cu-LMM species from Cu-Cp using NH,Cl (pH 7.4) as an
eluent. The elution with acetic acid that followed allowed further separation of the Cu-
HSA. The developed method enables quantitative and reliable determinations of the Cu-
Cp, Cu-HSA and a fraction that most probably corresponds to the Cu-LMM species in
human serum. The previously reported analytical procedures are limited to a determination
of the exchangeable Cu or enable the determination of Cu-Cp, or Cu-Cp and Cu-HSA, but
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cannot quantify the Cu-LMM species. A statistical evaluation of the results (Student’s ¢
test) revealed that the total Cu and Cu-Cp concentrations were higher in the population
of cancer patients than in the population of healthy individuals, with Cu-Cp being the
most differentiating species. This confirms that Cu-Cp is a potential biomarker in cancer
diagnosis. The results also showed that the Cu-HSA concentrations were lower in
transplanted renal patients, which is consistent with the usually lower HSA levels in this
patient population. Our research provides an important, new analytical tool that can be
used to assess Cu metabolic disorders in many other diseases.

Finally, the outcomes from the doctoral research will contribute to developing advanced
and reliable analytical methods in the growing research field of speciation analysis and
metallomics.
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