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REVIEW
of the Doctoral Dissertation of Ms. Daria Wojtala, M.Sc.
entitled:
“The influence of N-methylphenethylamine moiety on the antibacterial and anticancer activity
in vitro of the phosphino Ir(IIl) and Ru(II) organometallic compounds”

The formal basis for preparing the review

This review was prepared in agreement with the appointment by The Discipline Council of
Chemical Sciences of the University Wroctaw on 29.03.2025 to act as a reviewer in the proceedings for
awarding the Academic Degree of Doctor in Chemical Sciences to Ms. Daria Wojtala, M.Sc.

In accordance with art. 187 of the Act of 20 July 2018 — Law on Higher Education and Science
(Journal of Laws, 2022 item 574, as amended), the task of the reviewer is to assess whether the doctoral
dissertation constitutes an original solution to a scientific problem and proves the general theoretical
knowledge of the doctoral student in the field of conducted research, as well as the ability to
independently conduct scientific work. It was from the perspective of these criteria that the doctoral
dissertation of Ms. Daria Wojtala, M.Sc. was assessed. The dissertation entitled: “The influence of N-
methylphenethylamine moiety on the antibacterial and anticancer activity in vitro of the phosphino
Ir(I1T) and Ru(1l) organometallic compounds™ submitted by Ms. Daria Wojtala, a Ph.D. student in the
Magnetic Materials Group in the Department of Biological and Medical Chemistry, at the Faculty of
Chemistry, the University of Wroctaw, was written under the supervision of Ms. Urszula Komarnicka,
Ph.D., D.Sc., and auxiliary supervision of Ms. Sandra Koziel, Ph.D. This research was conducted with
the financial support of the National Science Centre (NCN), Poland, under the Grant Preludium 22, no.
2023/49/N/ST4/00337 entitled: “From simple alkaloids to potentially anticancer Ir(III) and Ru(II)
complexes supported by the magnetic nanoparticles” awarded to Ms. Daria Wojtala, M.Sc. as a Principal
Investigator.

Factitious basis of the review

The review was prepared based on the doctoral dissertation submitted by the Ph.D. student. The
dissertation was prepared in English, well and comprehensively written. It has 284 pages and includes
several sections: a title page, personal acknowledgments, founding body acknowledgments, a table of
contents, a list of abbreviations, abstracts (in English and Polish), a literature review, objectives of work,
a reference list of scientific articles as a base of the doctoral dissertation, an experimental section, results
and discussion, perspectives, conclusions, references, a CV and a copy of publications that constitute
the base of this doctoral dissertation. Additionally, copies of the co-authorship declarations were
attached to the dissertation.

The topic of the dissertation

Ir(III) and Ru(Il) phosphine-alkaloid coordination compounds are intriguing due to their dual
nature, combining the robustness of transition metals with the bioactivity inherent in alkaloids. The



metal centers, such as iridium and ruthenium, provide unique electronic properties and high oxidation
states, enabling diverse chemical reactivity. For instance, Ir(III) complexes can facilitate efficient energy
transfer processes, while Ru(Il) complexes are known for their ability to undergo both oxidative and
reductive reactions, making them versatile in catalytic applications. These ligands can exhibit
anticancer, antimicrobial, or anti-inflammatory effects, enhancing the overall pharmacological profile
of the metal complexes. Moreover, the coordination of phosphines to these metals can improve solubility
and stability in biological environments, facilitating drug development. The resulting compounds can
be tailored for specific interactions with biomolecules, potentially leading to novel therapeutic agents
that leverage both the reactivity of transition metals and the biological properties of alkaloids. This
synergy not only enhances their pharmacological potential but also opens new avenues in drug design,
making them valuable in the realm of medicinal chemistry.

The doctoral dissertation presented for this review focuses on the synthesis and characterization of Ir(III)
and Ru(ll) phosphine-alkaloid coordination compounds containing natural alkaloids N-
methylphenethylamine (NMPEA) and (R)-(-)-phenylephrine hydrochloride (PF) and their potential
biological activities towards bacteria and human cancer cell lines. The study involved the synthesis of
half-sandwich complexes with Ir(Ill) and Ru(II), specifically IPNMPEA, RuPNMPEA, IrPhPPF and
RuPhPPF, and their investigation using various physicochemical techniques, including NMR, MS, UV-
Vis spectroscopy, cyclic voltammetry, and thermogravimetry. The author demonstrates that the Ir(IIT)
and Ru(Il) complexes have antibacterial activity, particularly against Gram-positive bacteria like
Bacillus subtilis and Staphylococcus aureus. Furthermore, the complexes exhibited significant
anticancer activity, while sparing control cells. The interaction of these complexes with biomolecules,
such as DNA, NADH, ascorbic acid, and glutathione leads to a dysregulation of the redox state of the
cell, which may lead to apoptosis and also ferroptosis, highlighting their potential in further anticancer
research.

Basis of the doctoral dissertation and discussion of the PhD student’s publications

This doctoral dissertation is composed of a series of three original scientific publications (1-3),
published in 2023-2024, in peer-reviewed journals with an Impact Factor (IF). Additionally, the results
of a publication being under preparation (4) that are connected to previous publications, were also
presented and discussed. However, these unpublished results (4) are not taken under evaluation as a
“formal” publication.

1. D.B. Wojtala, U.K. Komarnicka, A. Kyziot, S. Koziet, M. Szmitka, M. Stowikowski, J.
Kulczynska, G. Stochel, “Cellular Mechanistic Considerations on Cytotoxic Mode of Action of
Phosphino Ru(Il) and Ir(IIl) Complexes”, European Journal of Inorganic Chemistry, 2023, 26,
33, €202300515. DOI: https://doi.org/10.1002/ejic.202300515; IF: 2.2.

2. D. Wojtala®, S. Koziel*, M. Szmitka, P. Kedzierski, D. Bienko, U.K. Komarnicka, “Insights
into the binding of half-sandwich phosphino Ir(III) and Ru(II) complexes to deoxyribonucleic
acid, albumin and apo-transferrin: Experimental and theoretical investigation”, Spectrochimica
Acta Part A: Molecular and Biomolecular Spectroscopy, 2024, 304, 123289. DOL
https://doi.org/10.1016/j.sa2.2023.123289; IF: 4.3; * — first author.

3. D. Wojtala*, S. Koziet, M. Witwicki, A. Niorettini, K. Guz-Regner, G. Bugla-Ploskonska, S.
Caramori, U.K. Komarnicka*, “Antibactericidal Ir(IIl) and Ru(II) Complexes with Phosphine-
Alkaloid Conjugate and Their Interactions with Biomolecules: A Case of
NMethylphenethylamine”, Chemistry — A European Journal, 2023, 29, 62, €202301603. DOL:
https://doi.org/10.1002/chem.202301603; IF: 3.9; * — corresponding author.

4. D. Woijtala, A. Barzowska-Gogola, B.Pucelik, M. Witwicki, A. Niorettini, A. Kyziol,
V. Sebastian, U.K. Komarnicka, “Organometallic Ir(IIT) and Ru(IT) compounds with phosphine
derivatives of alkaloids loaded in magnetic micelles to increase selectivity towards anticancer
cells”, ACS Applied Materials, in preparation — unpublished.

The total IF of the articles constituting the basis of the Ph.D. student’s dissertation is 10.4. Ms.
Daria Wojtala, M.Sc. is the first author in all publications, in publication no. 2 the first authorship is
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shared. In publication no. 3 Ms. Wojtala is also a co-corresponding author apart from being a first author.
According to the information available in the declarations of the Ph.D. student and co-authors of the
publications, her contribution to the creation of these works was very important. She was involved in
the formation of the scientific problems to solve and the conceptualization of the work. She was selecting
the proper methodology, and independently performing a majority of chemical experiments and
biological experiments under proper supervision. She contributed to the interpretation of results, writing
the manuscript and the revision process. This confirms her deep involvement in the creation of the
presented publications and proves her knowledge and ability to conduct scientific work independently.
Importantly, article no. 1 was selected for the back cover of the issue in the European Journal of
Inorganic Chemistry and Ms. Wojtala was co-designing and preparing it.

It is of note that the analysis of the Web of Science database allowed the reviewer to determine
that since 2021 Ms. Wojtala has been a co-author of 12 publications, cited a total of 64 times and has an
H-index of 5.

The article no.1 concerns the study of two Ru(Il) and two Ir(IIT) phosphino complexes (namely
RuPOH, RuMPOH, IrPOH, and IrMPOH), regarding their potential cytotoxic activity towards several
human cancer cell lines, and focuses on how the presence of -OCHj groups in the ligands affects their
action. The authors analyze the cellular uptake of these substances, their ability to deplete a
mitochondrial membrane potential and generate reactive oxygen species (ROS) and oxidative stress.
They analyze the cell death pathways with a particular emphasis on apoptosis (via activation of caspase
3 and 9, and annexin V binding) and necrosis. In their work, they selected four cancer cell lines (A549,
MCF7, PANC-1 and DU-145) together with control cells (MRCS5, HEK293T, HaCat). For the
accumulation experiments, they used all cell lines, however, for the potential mode of action studies
they focused on A549 cells as these cells displayed the most accumulative effect. The authors
demonstrated that Ir(IlI) complexes are internalized by cells more efficiently than Ru(I) complexes,
which in turn significantly depletes mitochondrial membrane potential. Ir(III) complexes are less
effective at activating caspase-dependent apoptosis compared to Ru(Il) complexes. Although both types
primarily induce apoptosis, Ru(II) complexes generate ROS and cause lipid peroxidation at higher rates
than Ir(I1I) complexes. In conclusion, it is suggested that the effects of Ru(Il) complexes depend on ROS
generation, while Ir(Ill) complexes activate multiple cytotoxic pathways. This simultaneous activation
likely contributes to their greater antitumor activity observed in vitro.

In publication no. 2 the authors analyzed these four phosphino complexes (RuPOH, RuMPOH,
IrPOH, and IrMPOH) in the context of their ability to bind DNA, albumin and apo-transferrin. Using
various techniques, they showed that all four complexes primarily intercalate between DNA base pairs
and bind in both the minor and major grooves (to a lesser extent for 'MPOH). Despite the observed
intercalation, only minor structural changes in DNA were noted, suggesting limited genotoxicity at high
concentrations. IrPOH and RuPOH were not able to cause the plasmid DNA degradation. This was
observed for MPOH and RuMPOH but at very high concentrations. They also provided molecular
docking studies of interactions between DNA and these molecules. Additionally, they studied the
interaction of these compounds with the serum proteins — albumin and apo-transferrin as their potential
carriers that may deliver them from the bloodstream to the cancer cells. The binding affinity of these
complexes for proteins was significantly higher than for DNA, with fluorescence emission spectroscopy
and molecular docking confirming strong reversible binding to human serum albumin (HSA) and apo-
transferrin, particularly favoring site I of HSA. Interestingly, ruthenium complexes showed a better
ability to mimic iron binding to biomolecules like albumin and transferrin compared to iridium
complexes. Overall, while the computational results aligned with experimental data, further research is
needed to fully understand the genotoxicity and therapeutic potential of these complexes.

Finally, the article no. 3 describes the synthesis of novel Ru(Il) and Ir(IlI) complexes (namely,
RuPNMPEA and IrPNMPEA) containing in their structure a naturally occurring alkaloid, N-
methylphenethylamine. Next, the authors characterized these new compounds by a wide range of
physical and chemical techniques. Further, they investigated their potential interactions with
biomolecules and showed that compounds accelerate the oxidation of NADH, GSH and Asc. Moreover,
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the IlPNMPEA turned out to be way more reactive towards NADH. Interestingly, the Ir(IIl) compound
formed bio-adducts with GSH and Asc, in contrast to the Ru(Il) compound. Both complexes have a
redox activity and generate ROS in the presence of Asc. The complexes were able to degrade the plasmid
DNA. The authors studied also the antimicrobial activity of these compounds toward Gram-positive and
Gram-negative bacteria. They proved that the studied Ir(III) and Ru(Il) complexes have a preferential
affinity to Gram-positive such as S. aureus, B. subtilis and M. luteus as assessed by MIC and MBC with
the I'lPNMPEA having the highest affinity to Gram-positive bacterial strains. These very interesting
results need more detailed biological investigations to understand the mode of action of these molecules.

The results of the article in preparation will be discussed in the following section.

Structure of the Doctoral Dissertation

The introduction — literature overview of the dissertation is written very well, which, in
combination with the copies of the publications included in the dissertation, is completely sufficient and
allows the readers to orient themselves in the discussed research area. The illustrations are clear and
well-cited in the text. The “Objectives” of the doctoral work are also very well defined. After a short
section detailing the references of the scientific articles, being a base of this doctoral dissertation, there
is an overview of experimental procedures and finally “Results and Discussion” section, which describes
and discusses all results of this doctoral dissertation included in the three original publications (1-3) and
the results of the publication (4) being in preparation. The first part of this section describes the details
of the synthesis of novel compounds possessing two new alkaloid motifs — N-methylphenethylamine or
(R)-(-)-phenylephrine hydrochloride. The newly synthesized compounds are RuPNMPEA, I'PNMPEA,
[rPhPPF and RuPhPPF. The synthesis procedure is well described and illustrated. In the next part, Ms.
Woijtala provides the data regarding the in vifro activity of Ir(IlI) and Ru(II) complexes towards Gram+
and Gram- bacteria. The results (MIC and MCB) of that comprehensive analysis are presented in Table
1. Among all tested compounds, RuPNMPEA and IrPNMPEA showed a significant ability to inhibit the
growth of Gram+ bacteria. Next, in the same part, the author analyzes the interactions of Ir(II) and
Ru(Il) complexes with several biomolecules including NADH, Asc, GSH and DNA by using many
physicochemical analytical techniques (summarized in publications 1-3). Finally, the last part describes
the anticancer activity of tested molecules in vitro. The author uses several human cancer cell lines of
different origins, together with control cells. In addition to previously described results (publications 1
and 3), Ms. Wojtala focuses on the impact of alkaloid motifs of Ru(Il) and Ir(II) complexes on
anticancer activity in vifro. This involved the ICsp determination by MTT assay, uptake studies,
mitochondrial membrane potential analysis, ROS generation and lipid peroxidation assessment. Based
on these results, the author concludes that IPNMPEA and RuPNMPEA displayed the best cytotoxic
activity against the MCF7 cell line, whereas IrPhPPF against the DU-145 and PANC-1. It indicates that
the alkaloid moiety addition into the coordination compounds structures increased their cytotoxicity. All
of the tested complexes presented higher selectivity towards cancer cell lines than IrPOH and RuPOH.
IrPNMPEA and RuPNMPEA are more efficiently accumulated inside the MCF7, A549 and DU-145
cancer cell lines, in contrast to PhPPF derivatives. However, the accumulation level of all of the
examined complexes with alkaloid derivatives is higher than IrPOH and RuPOH. IrPNMPEA
dysregulates the MMP better than other compounds, which can be correlated with its potential induction
of mitochondrial-related cell death. IrPhPPF displayed the highest ability to induce the ROS and lipid
peroxides generation.

Finally, the dissertation describes how RuPNMPEA was successfully encapsulated with the

magnetite (Fe;O4) nanoparticles into polymeric micelles to improve its potential overall bioavailability
and delivery into the pathogenically changed tissue.
All over this part, Ms. Wojtala discusses the possibility of inducing ferroptosis in cancer cells as a result
of the Ir(III) and Ru(Il) complexes’ activity, based on biochemical data from the analysis performed by
the author. This third part is also well illustrated, which facilitates the reader’s the understanding of
presented information.



The last three sections of the presented dissertation are “Perspectives”, very well summarizing
“Conclusions”, with a short and clear overview of the author’s performance, followed by “References”.
Regarding the latter, I was particularly impressed by the section listing 138 positions, with only a few
having been published before 2020.

There is also a complete CV of Ms. Wojtala, which is highly impressive for a Ph.D. student.

Comments and questions regarding the reviewed dissertation
I have a couple of minor comments and questions listed below:

p- 21 — Since several clinical trials were mentioned, do we know what is the outcome of those studies?
p. 33. fig. 11 — What “D1° ” mean?

p. 43. — What was the rationale behind the selection of bacterial strains used in the study?

p. 45. tab. 1. — The substrates (Dimer Ir(II) and Ru(II)) have MIC and MBC values often lower than
half-sandwich complexes and ligands (except for Ir or RuPNMPEA towards Gram-positive bacteria). Is
there any explanation for that? Why E. faecalis is not sensitive to IPNMPEA?

p. 53, fig. 25 — Was the cleavage tested without Asc as a control?

p. 53 — Improper wording “The deoxyribonucleic acid is responsible for the transcription” — that role is
of RNA polymerase. DNA encodes and stores the genetic information that is transcribed.

p. 54, fig. 26 D and E — The images appear to be of reduced quality, which makes it difficult to see the
details.

p. 65 (and other places) — What is the definition of “normal cell line”? None of the cell lines growing
immortally can be considered as “normal”. They may have some features of the “normal” cells but still,
they are changed/rendered to be immortal. The normal cell line has a lifespan that finishes with apoptosis
at the end. I would suggest using “control cell line” instead.

p. 72, fig. 39 — Was the necrosis-inducing drug used in the experiment as a control? You used only A549
cell line in your apoptosis experiments. Why did you use only that one cell line? It would be interesting
to see what happens in the other, non/less-responsive tumor cell lines as well as in control cells.

p- 79 — It would be interesting to assess the apoptosis with the Ir or RUPNMPEA/Ir or RuPhPPF
complexes.

p. 80 — You stated that “RuPNMPEA and IrPNMPEA exhibited unique properties such as oxidisation
of NADH, glutathione and Ir-SG adducts formation, ROS generation and lipid peroxidation, it can be
concluded that this new group of organometallic compounds with phosphine-alkaloid conjugates can be
new class of ferroptosis’ inductors.” Although you have partially proven it by looking into some
biochemical features of these drugs (i.e., ROS production, lipid peroxidation), it still lacks substantial
molecular analysis. What should you look at to bring more evidence to your hypothesis that they are
ferroptosis inducers indeed? Certainly, they induce apoptosis as well.

p.78 — You are able to encapsulate RuUPNMPEA into nanoparticles with magnetite, which should
improve their bioavailability and delivery. Magnetic-induced delivery is not so easy to apply from the
clinical perspective. Would you be able to propose other solutions for the functionalization of such
nanoparticles in order to improve their targeted delivery to cancer cells? Are you planning to expand
your observations into in vivo experiments?

Do you know whether the cell has any detoxification mechanisms related to these compounds? Does it
rely on multidrug resistance (MDR) ABC transporters activity or other mechanisms?

Conclusion

The doctoral dissertation reviewed by me is an original analysis of the antibacterial and anticancer
activity of phosphino Ir(III) and Ru(Il) organometallic compounds in vitro. The undertaken research
problem is very important, especially for human health. The growing antibiotic resistance spread over
the world is often making successful patient treatment very challenging. On the other side, a search for
novel, more effective and targeted therapies in cancer patients is now a main direction in biomedical
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and pharmaceutical research and development. From these perspectives, the presented doctoral
dissertation gives new opportunities that have to be explored in more detail.

In her work, Ms. Wojtala demonstrated the required knowledge in the scope covering the doctoral
dissertation theme, and the research results have been published in peer-reviewed journals with her
leading participation. This undoubtedly proves her ability to conduct research independently and makes
her a very promising young scientist. [ would like also to underline that as a chemist, she was able to
successfully conduct biological experiments, which demonstrates her skills and ability to perform
interdisciplinary studies.

In my opinion, M.Sc. Daria Wojtala meets all the requirements for doctoral dissertations in
accordance with Art. 187 of the Act of 20 July 2018 — The Law on Higher Education and Science
(Journal of Laws 2022 item 574, as amended), therefore, I am applying to The Discipline Council
of Chemical Sciences of the University of Wroclaw to award M.Sc. Daria Wojtala the Academic
Degree of Doctor in Chemical Sciences. Moreover, taking into account the high quality of the
presented dissertation together with her other scientific achievements, I am applying for a distinction
of this doctoral dissertation.
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