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Review of the doctoral dissertation written by M.Sc. Yuliya Toporivska:
»Efficient chelating agents for Zr(IV) ions: design, synthesis and

thermodynamic properties”

In recent years one can observe a significant growth in research interest for the
preparation of multifunctional chelating ligands, concentrating on properties allowing for their
use as new sources for diagnostic agents or therapeutics. Current directions in radiochemistry and
nuclear medicine highlight the importance of Positron Emission Tomography (PET) imaging, and
subsequently the significance of optimal utilization of a growing number of B emitting
radiometal ions. A large number of highly competent radiometal chelators described in the
literature up to now, and the existence of so many chelators that already work ‘well enough’, may
be discouraging for some researchers to develop new scaffolds. However, recent advances in
chelator design reveal, that the intricate relationships between radiometal ion, chelator, linker,
biological vector and biodistribution are extremely complicated and only superficially
understood.

For this purpose, the development of new chelators, and their modern and efficient
synthesis routes, as well as detailed characterization, is tremendously valuable and useful. By

capitalizing upon Professor Elzbieta Gumienna-Kontecka previous achievements in the design of




efficient metal chelators and mimics of natural siderophores, and her understanding of
coordination preferences of metal ions, the research of Yuliya Toporivska was focused on the
investigation of the thermodynamic stability and understanding of binding aspects of Zr(IV)
complexes, which could be used for non-invasive in vivo imaging agents. For this purpose,
Zr(IV) complexes with a series of tri- and tetra-hydroxamic (or mixed donor), linear, cyclic and
tri-/tetra-podal ligands have been fully characterized, successfully overcoming all the difficulties
encountered in the characterization.

I like the way the information is presented in this Ph.D. thesis, which in the introduction
equips the reader with the relevant knowledge concerning the research topic and provides a
detailed review on all the aspects of chelators for radioactive **Zr. The introduction chapter
consist of three main parts: the first describes *Zr isotope, its decay characteristics, production
method, together with the coordination properties and acid-base properties of Zr(IV) ions. The
second part presents an overview of the ligands developed for the chelation of *¥Zr ions, together
with their coordination properties and acid-base characteristics. The third part presents the few
zirconium complexes, which thermodynamic properties have been described in literature until
NOw.

After a thorough theoretical introduction, next chapter introduces the main aims of the
work in which the PhD student thoroughly explains the choice of chelating ligands and presents
the assumptions, which have been made.

On the following pages of the dissertation, the author discusses the physicochemical
methods used, 1ie electrospray 1onization mass spectrometry, potentiometry, UV-Vis
spectroscopy and isothermal titration calorimetry. In order to investigate the thermodynamic
stability of Zr(IV) complexes formed in solution over pH range 1 - 11, first, the solution
chemistry and thermodynamic stability constants of ferric complexes of investigated ligands were
determined and then indirect metal-metal competition UV - Vis titrations have been performed.
The skilful use of all these analytical techniques allowed the PhD student to overcome all the
difficulties with the characterisation of the aqueous solution chemistry of Zr(IV) complexes. It
should be emphasised that the solution studies on the coordination chemistry of Zr(IV)
complexes are not trivial, due to the strong hydrolysis of the metal, occurring in almost entire pH
range, and the lack of spectral activity of Zr(IV) complexes. The experiments are scrupulously

designed and performed with a great attention regarding the technical parameters.




‘It should be also underlined, that one ligand studied and presented in the PhD thesis
(cyclic tetrahydroxamate), was synthesised by M.Sc. Toporivska herself. This work was
performed during her short term scientific missions to the University of Ferrara (the group of
prof. Remo Guerrini) and in the frame of International Joint Doctoral Study Programme in
Chemistry between the University of Wroclaw and the University of Ferrara.

In the next two chapters, the Ph.D. Candidate in a detailed, well ordered and clear way,
takes the reader through a description of the results, comprehensively discussing the most
important achievements resulting from individual physicochemical approaches. This part of the
thesis contains many schemes, structures, spectra, and tables - prepared in a careful and
thoughtful way, making it easier for the reader to understand the synthetic processes and analysis
of the obtained results. Msc Toporivska discusses in details the differences in the stability of the
complexes resulting from the ligand size, geometry, flexibility and variability of donor groups.
The data for 9 ligands are discussed in relation to the speciation and thermodynamic stability
constants of Zr(I1V) complexes of desferrioxamine B, which is the most successful chelator used
for ¥Zr(IV). These studies were performed by Msc Toporivska, as introduction to this research
topic. Of importance, her results were the first to discuss the speciation of Zr(IV) complexes,
even if the ligand is used as ‘gold standard’ for 3°Zr imaging. Moreover, the results are in perfect
agreement with the in vivo studies and DFT calculations performed by other researchers.

Based on the obtained results, the PhD student have made the following conclusions:

1. The comparison of stability constants of Zr(IV) complexes with cyclic vs
linear/tripodal trihydroxamate chelators did not show any significant differences. Of importance,
all of them are in the range of good Zr(IV) chelators, close to the affinity of DFOB.

2. The significant increase in stability was obtained by introduction of the fourth binding
unit to the ligand structure. Ligand cyclization, in the case of tetra-hydroxamate ligands, provided
only a minor increase in Zr(IV) complex stability in relation to its tetrapodal analogues;, All
tetra-hydroxamate ligands form monomeric complexes with Zr(IV) ions.

3. The comparison of the results obtained for tetrapodal chelators (HsL6, HsL.7 and H4L8)
clearly showed the importance of the ligand flexibility and symmetry for complex stability.

4. Among investigated ligands, the highest stability was observed for Zr(IV) complexes of

mixed donors, trihydroxamate-catecholate HsL.9 ligand.




‘5. Calculated pM values suggested that most of the ligands are in the range of very
efficient Zr(IV) chelators.

Overall, the results presented in the thesis are of very good quality, and of high interest.
From my side, I would like to emphasize the most important results obtained in the work:

° Development of a methodology for studying coordination properties and thermodynamic
stability of Zr(IV) complexes;

. Determination of thermodynamic stability of Zr(IV) complexes with desferrioxamine B,
‘gold standard’ ¥Zr chelator;

. Determination of the thermodynamic stability of 9 new Zr(IV) chelators, where 5 of them
reveal to be very efficient and therefore could be further studied for potential in vivo use as
imaging agents;

. Development of a synthesis of new tetra-hydroxamate Zr(IV) chelator (with synthetic
pathway which consists of more than ten steps);

. Finding the relationship between the ligands’ structure symmetry and flexibility and the
coordination properties with respect to Zr(IV) ions;

= Proving the negligible influence of the molecule cyclization on the thermodynamic
stability of the complexes in the case of Zr(IV) complexes with three-hydroxamate binding
groups.

It should be noted, that information presented in the PhD thesis makes a great contribution
to the understanding of the thermodynamic stability and structural properties of Zr(IV)
complexes and could be very useful for the understanding of the in vivo speciation and
differences in biological activity of proposed chelators. Also, it opens the possibility of further
design of ligands with improved properties and the potential to be used in the field of **Zr-PET.

Overall, T find the topic of the research very interesting with lots of new ideas and
valuable data. The experimental part of the work has been well planned, and the interpretation,
presentation and discussion of the results are carried out in a systematic and clear manner. The
quality and quantity of results presented reflects an excellence of the Ph.D. thesis. The work is
well written, stylistically correct, the drawings and tables are legible; proper ordering of chapters
makes receiving the work content comprehensible. It contains a wide and competent review of

the current scientific literature.




The dissertation was accompanied by 3 manuscripts thematically related to the doctoral
dissertation of which Yuliya Toporivska is a co-author (1 article published in Journal of
Inorganic Biochemistry, 2019, 198, IF = 3.348, and 2 drafts, one of which was accepted for
publication Inorganic  Chemistry during the review procedure, 2021, DOIL
10.1021/acs.inorgchem.1¢01622, IF = 5.165). This proves the scientific maturity of the PhD
student. The research has been conducted in the frame of NCN project, Opus “Moving beyond
'good enough': in search of effective chelators for Cu-64, Ga-68 and Zr-89 radiometals”.
“Wychodzac poza "wystarczajaco dobre": w poszukiwaniu efektywnych czynnikow

chelatujgcych dla radioaktywnych jonow Cu-64, Ga-68 oraz Zr-89”.

As the last point, I would like to emphasize that during the PhD studies, Yuliya
Toporivska has participated in 3 international scientific projects: COST Action CA18202,
(NECTAR) and two Research and Innovation Staff Exchange Programs funded by EU
(METALLACROWNS and CLATHROPROBES), in the frame of which she spent 18 months in

foreign research laboratories, resulting in 4 other publications not related to the PhD thesis.

I conclude that the work entitled " Efficient chelating agents for Zr(IV) ions: design,
synthesis and thermodynamic properties" fully meets the requirements for doctoral dissertations
and I submit an application to the Council of the Faculty of Chemistry of the University of
Wroclaw for admission of Yuliya Toporivska to further stages of her doctoral dissertation.
Taking into account the above achievements of the Ph.D. thesis by Yuliya Toporivska, being at
the same time an element of the scientific excellence and novelty, I propose to award the thesis

with a distinction.




