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Streszczenie

Na całym świecie, choroby nowotworowe powodują kilka milionów zgonów rocznie.

Przewiduje się, że przed końcem 2023 roku pojawi się więcej niż dwadzieścia dwa miliony

nowych przypadków chorób nowotworowych. Wiele leków przeciwnowotworowych jest

obecnie stosowanych w leczeniu klinicznym, ale ponad 50% z nich to leki oparte na bazie

jonów platyny. Ich skuteczność nadal utrudniają problemy kliniczne, w tym nabyta lub

wrodzona oporność, ograniczone spektrum działania oraz wysoka toksyczność prowadząca do

działań niepożądanych. Jedną ze strategii przyjętych w celu przezwyciężenia tych ograniczeń

jest opracowanie nowych alternatywnych środków przeciwnowotworowych na bazie jonów

metali przejściowych (np. Cu, Ru, Pd i Au).

Obecnie spośród badanych kompleksów metali przejściowych to związki irydu są

prawdopodobnie najbardziej obiecującą grupą potencjalnych leków przeciwnowotworowych.

W porównaniu do związków platyny charakteryzują się one zredukowanym stopniem

toksyczności w stosunku do komórek zdrowych, a zatem wyższą selektywnością działania na

komórki zmienione nowotworowo. Ponadto wykazują właściwości przeciwnowotworowe

poprzez indukcję apoptozy oraz interakcje z DNA lub kinazami białkowymi.

Fluorochinolony to antybiotyki o szerokim spektrum działania stosowane w leczeniu

infekcji bakteryjnych nie tylko u ludzi, ale także u zwierząt. Oprócz silnego działania

przeciwdrobnoustrojowego antybiotyki te wykazują również działanie immunomodulujące

i przeciwnowotworowe. Dlatego też, połączenie fluorochinolonów poprzez ugrupowanie

fosfinowe z kompleksami irydu(III) może dodatkowo zmniejszyć ogólną toksyczność

i umożliwić selektywne dostarczanie do komórek nowotworowych.

Celem nadrzędnym moich badań było opracowanie metod syntezy kompleksów

irydu(III) z fosfinowymi pochodnymi fluorochinolonów, a następnie ich charakterystyka

fizykochemiczna oraz biologiczna. W kolejnym kroku dla związków o najwyższej aktywności

przeciwnowotworowej zaprojektowano metody ich selektywnego dostarczania poprzez

enkapsulację w nanoformulacjach.

W ramach pracy doktorskiej zsyntetyzowałem trzy związki koordynacyjne irydu(III)

zawierające fosfinowe pochodne fluorochinolonów. W celu porównania wpływu

antybiotyków, zsyntetyzowano również jeden kompleks irydu(III) bez antybiotyku. Otrzymane

związki koordynacyjne scharakteryzowano z wykorzystaniem analizy elementarnej,

spektrometrii mas (ESI-MS) oraz wybranych metod spektroskopowych (np. IR, NMR, UV-Vis
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oraz fluorescencyjnej). Co warte podkreślenia, w przypadku wszystkich kompleksów, udało się

otrzymać monokryształy odpowiednie do badań krystalograficznych. Kompleksy zawierają jon

Ir(III), do którego koordynuje ligand aromatyczny (cyklopentadienyl), oraz dwa ligandy

chlorkowe i jedna cząsteczka fosfiny – wykazując geometrię pseudooktaedryczną typu „half-

sandwich”. Kompleksy homojądrowe Ir(III) zawierające motyw fluorochinolonowy są stabilne

w roztworze wodnym, w porównaniu do kompleksu bez tego motywu. Kompleks ten

hydrolizował w roztworze wodnym, co zostało udowodnione za pomocą 1H NMR przy różnych

stężeniach roztworu NaCl.

Aktywność przeciwnowotworową in vitro zsyntezowanych kompleksów i cisplatyny

przebadano wobec pięciu linii komórek nowotworowych: MCF7 (ludzki gruczolakorak piersi),

A549 (ludzki gruczolakorak płucny), PANC-1 (ludzki rak przewodowy trzustki) oraz DU-145

(ludzki rak prostaty), WM2664 (ludzki rak skóry) a także wobec pierwotnej linii embrionalnych

ludzkich komórek nerek (HEK293T). Badane kompleksy wykazywały obiecującą

cytotoksyczność in vitro z wartościami IC50 znacznie niższymi niż dla cisplatyny. Co warte

podkreślenia, wprowadzenie motywu fluorochinolonowego do kompleksów znacząco

zwiększyło cytotoksyczność przeciwnowotworową finalnych związków wobec linii

komórkowej płuc, piersi i czerniaka. Badanie to umożliwiło wyselekcjonowanie z puli

wszystkich zsyntetyzowanych związków, kompleksu o najlepszym działaniu

przeciwnowotworowym (IrPCp), a następnie podjęcie próby określenia mechanizmu działania

cytotoksycznego. Wstępne badania skoncentrowane na wyjaśnieniu sposobu działania

pozwoliły na sformułowanie następujących wniosków: (i) kompleksy irydu(III) akumulują się

w komórce zarówno w jądrze, jak i w cytoplazmie, (ii) na podstawie analizy cytometrycznej

wykazano, że w komórce zachodzi głównie apoptoza (programowana śmierć komórki), (iii)

aktywacja kaspazy-3/7 wraz ze spadkiem potencjału błony mitochondrialnej również

potwierdziła apoptotyczną śmierć komórki, (iv) kompleksy irydu(III) mogą indukować zmiany

w cyklu komórkowym prowadzące do fazy G2/M (v) potwierdzono generację reaktywnych

form tlenu (z udziałem rodnika hydroksylowego, tlenu singletowego i anionorodnika

ponadtlenkowego) jako prawdopodobnego szlaku odpowiedzialnego za cytotoksyczność, (vi)

wykazano skuteczne działanie przeciwnowotworowe na trójwymiarowych wielokomórkowych

zespołach sferoidalnych guza (3D), (vii) związki irydu(III) wykazują multimodalną interakcję

DNA z przewagą wiązania do małego rowka, (viii) ponadto wiążą się z resztami tryptofanu

HSA w miejscu I (subdomena II A) oraz wiążą się do apo-Tf.
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W celu przezwyciężenia słabej rozpuszczalności, poważnych skutków ubocznych

związanych z ogólnoustrojową cytotoksycznością kompleksów i nabyciem oporności komórek

rakowych, powstałe kompleksy irydu(III) zamknięto w nanoemulsjach i micelach. Zamknięcie

związków w micelach (IrPCp_M) poprawiło skuteczną akumulację leków w ludzkim

gruczolakoraku płuc i ludzkim raku prostaty oraz zwiększyło ich cytotoksyczność.
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Summary

Cancer is a group of diseases classified as one of the most life-threatening worldwide.

Many anti-cancer medicines are currently used in clinical treatment, but more than 50% of them

are platinum-based drugs. Their effectiveness is still hampered by clinical problems, including

acquired or congenital resistance, a limited spectrum of action, and high toxicity leading to

adverse effects. One strategy adopted to overcome these limitations is the development of new

alternative transition metal (e.g. Cu, Ru, Pd, and Au) anti-cancer agents.

Nowadays, transition metal complexes and iridium compounds are probably the most

promising group of potential medicine. They appear to be an attractive alternative to their

platinum counterparts, mainly because they are less toxic and exhibit anticancer properties

through the induction of apoptosis and interactions with DNA or protein kinases.

Fluoroquinolones are broad-spectrum antibiotics used to treat bacterial infections not

only in humans but also in animals. In addition, to their strong antimicrobial activity, these

antibiotics have also shown immunomodulatory and antitumor effects. Consequently, the

linking of fluoroquinolones via phosphine moiety to iridium(III) complexes may decrease the

overall toxicity and may enable selective delivery to neoplastic cells.

The main aim of my work was to design and synthesis organometallic iridium(III)

complexes with phosphines derived from fluoroquinolone antibiotics possessing anticancer

potential. In the next step, for the compounds with the highest antitumor activity, methods for

their selective delivery using encapsulation in nanoformulations were designed.

During my work, I prepared four iridium(III) complexes containing phosphine ligands

with/without a fluoroquinolone motif. The physicochemical properties in both solution and

solid-state of each obtained complex were investigated using elemental analysis, mass

spectrometry, cyclic voltamperometry, and spectroscopic methods (NMR, IR, UV-Vis,

fluorescence). The crystal structures of every synthesized complex were obtained using the

X-ray single-crystal diffraction method. The mononuclear iridium(III) complexes adopt half-

sandwich pseudo-octahedral “three-leg piano-stool” geometry with an η5-coordinated

cyclopentadienyl and three additional sites of ligation occupied by one phosphine ligand and

two chloride ligands. Homonuclear Ir(III) complexes containing the fluoroquinolone motif are

stable in an aqueous solution. In the case of the complex without the fluoroquinolone motif,

hydrolysis was observed in an aqueous solution, which was monitored in the presence of

various concentrations of NaCl (mimicking the most important environment in the body).
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The cytotoxicity of all compounds was tested in vitro against the five most common

cancer cell lines: MCF7 (human breast adenocarcinoma), A549 (human lung adenocarcinoma),

PANC-1 (human pancreatic/duct carcinoma), WM2664 (metastatic human melanoma) and DU-

145 (human prostate carcinoma) as well as one normal, human embryonic kidney (HEK293T).

Based on these results, examined complexes exhibited promising cytotoxicity in vitro with IC50

values significantly lower than that of the cisplatin. It is worth emphasizing that the introduction

of the fluoroquinolone motif in complexes significantly increased the antitumor cytotoxicity

of the final compounds against the lung, breast, and melanoma cell line. This study made

it possible to select from a pool of all compounds with the best effect (IrPCp) and to make an

attempt to determine their mechanism of cytotoxic action. Furthermore, preliminary

investigation focused on elucidation of the mode of action allowed to formulate the following

conclusions: (i) iridium(III) complexes are accumulated in both nucleus and

cytoplasm, (ii) cytometric analysis showed clear evidence for predominance of apoptosis in the

induced cell death, (iii) the activation of caspase-3/7 along with the decrease of mitochondrial

membrane potential also confirmed the apoptotic cell death, (iv) iridium(III) complexes may

induce the changes in cell cycle leading to G2/M phase arrest, (v) ROS generation (involving

hydroxyl radical, singlet oxygen and superoxide anion radical) as plausible pathway responsible

for the cytotoxicity (vi) efficient anticancer action on 3D multicellular tumor spheroids

assemblies was demonstrated, (vii) inorganic compounds exhibited multimodal DNA

interaction with predominance of minor groove binding, (viii )and they bind to HSA tryptophan

residues at site I (subdomain II A) and bind to all four possible apo-Tf binding sites containing

tyrosine or tryptophan residues.

To overcome poor solubility, serious side effects related to the systemic cytotoxicity

of the complexes, and the acquisition of cancer cell resistance, the resulting homonuclear

complexes were encapsulated in nanoemulsions and Pluronic-123 micelles. The enclosure

of compounds in micelles (IrPCp_M) improved the effective accumulation of drugs in human

lung adenocarcinoma and human prostate cancer and increased their cytotoxicity by an order

of magnitude.
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1. Introduction

Cancer has been one of the biggest global issues facing humankind in recent decades.

It is estimated that in 2020 they caused approximately 10.0 million deaths worldwide [1].

Currently, only cardiovascular disease is responsible for the greater number of deaths.

However, it is predicted that in the coming years the mortality caused by neoplastic diseases

will increase significantly, thus distancing the death caused by cardiovascular diseases in this

respect [2]. Despite many years of intensive research on the introduction of new active

inorganic anticancer drugs, there is still only one group of transition metal complexes currently

used in cancer chemotherapy – cisplatin and its derivatives (carboplatin, oxaliplatin, nedaplatin

and lobaplatin) (Fig. 1). Cisplatin was introduced into clinical treatment in the late 1970s,

mainly thanks to Rosenberg's discovery [3].

Figure 1 Overview of approved or clinically investigated drugs based on platinum ions.

Today, this inorganic compound is still used as one of the best chemotherapeutics agents

for many types of cancers. Unfortunately, the use of platinum-based drugs has many limitations.

The disadvantage of chemotherapy is the ability of neoplastic cells to become resistant to the

action of platinum therapeutics, and also the significant toxicity of these complexes toward

healthy cells [4-7]. Therefore, it is necessary to search for new chemical compounds that could

replace the platinum ones in the future. Such compounds are sought from among metal

complexes due to their broad and diverse structural types and distinct ligand binding modes,

which may lead to the improvement of their biological properties (e.g. antitumor activity) [8-

11]. Currently, the scientific attention focuses on iridium compounds, which seem to be the

most promising future antitumor compounds [10, 12-14]. The effectiveness of the therapeutics

is also determined by the way it is delivered to the body [15].

The conventional approach is mostly often based on the oral ingestion or direct injection

into the blood of the appropriate dose of the drug to obtain the desired effect in the affected area

[16,17]. Unfortunately, as it is difficult to control the distribution of the drug in the body, the

drug substance "incidentally" also reaches other places. It can lead to the side effects of such

kind of treatment and also the patients being forced to take higher doses of medication to be
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sure that the desired therapeutic effect will be achieved. There are also problems with the

kinetics of drug release. The standard approach initially releases the drug in high concentration

very rapidly, after which the dosage of the drug becomes approximately sinusoidal [5-7]. These

data show the necessity to search for new, effective solutions in the fight against cancer,

in particular drugs with a high selectivity profile.

One effective means of delivering drugs to a target in the body is through the use

of nanostructures. From a pharmacological point of view, there is a noticeable better potential

for improving drug bioavailability, spreading drug circulation time, regulatory drug release, and

targeting neoplastic cells [18-22]. Smart systems (e.g. micelles, liposomes, etc.) characteristic

feature is the ability to change their properties in a controlled manner in response

to environmental stimuli, such as oxidative stress [23], pH [24], ultrasound [25], temperature

[26], magnetism [27] or glucose level [28]. However, among the aforementioned nanoparticles

(e.g. polymers, liposomes, micelles, etc.), magnetic nanoparticles (MNPs) are among the most

used in biomedical applications [29-31]. Compared to others, magnetic nanoparticles can be

easily transported through the magnetic field even after drug administration [27].

1.1. Iridium compounds as anticancer agents

Over the past decades, many iridium complexes have been synthesized and have attracted

much attention in many fields, especially catalysis, e.g. Crabtree's hydrogenation catalyst

[32,33]. However, the relatively unexplored chemistry of organo-iridium compounds differs

from others due to their highly tunable properties making them suitable for use as potential

anticancer drugs. First off, iridium exhibits potential redox properties by adopting various

degrees (most common oxidation states are +3 and +4) of oxidation and kinetic stability in

a biological environment. Thus, complexes with iridium ions can generate reactive oxygen

species (ROS), leading to cell apoptosis induction by reducing mitochondrial membrane

potential [13,34]. They are well soluble in water - therefore, they have higher cellular absorption

efficiency [12]. Furthermore, they are characterized by long emission lifetimes, large stokes

shifts, and non-linear absorption, which makes them used as bio-imaging and bio-detection

agents [35]. Octahedral cyclometalated IrIII complexes not only serve as cell imaging agents but

can also inhibit tumor necrosis factor α, promote DNA oxidation, and exhibit good anticancer

activity in vivo/vitro. The above-described scientific findings indicate that iridium compounds
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have a different mechanism of action than cisplatin and could break cancer cell resistance

[34,36-38].

Initial studies of anticancer activity of iridium complexes focused on square-planar IrI

complexes because of their structural and electronic similarity to PtII anticancer complexes such

as cisplatin, e.g. [Ir(acac)(cod)] [39] and binuclear [IrCl(cod)]2 [40] (Fig. 2). Both compounds

had antitumor activity comparable to cisplatin and inhibited the growth of lung cancer [39,40].

Figure 2 Example of structure of iridium(I) complexes with square-planar geometry [39,40].

Recently, the half-sandwich IrIII complexes have attracted continuous research interest

[12], because of their higher anticancer activity than IrI compounds. The name reflects the

pseudo-octahedral structure they resemble a stool, where the "top of the stool” is a six-electron

aromatic ligand (pentamethylcyclopentadienyl (Cp*) or its derivatives) while the last three

coordination sites belong to halides (or other labile groups), nitrogen-, oxygen-, sulfur-

or phosphorous-donor ligands (monodentate or chelating) forming “legs” (Fig. 3). However,

the most frequent complexes are those possessing all three monodentate ligands or one

monodentate and one chelating ligand [12,41].

Every component of a half-sandwich iridium complex allows adjusting its biological

properties. The π-bound negatively charged pentamethylcyclopentadienyl or its derivatives

stabilize the entire structure by modifying the electronic behavior of the remaining ligands.

Additionally, the presence of Cp* can cause fine-tuning of the electronic properties of the

iridium center, which may increase the complex binding to biomolecules [14]. Usually, only

inside the cell, one of the ligands is labile (Cl–, Br–, I–, SCN–) allowing interaction of iridium

compound with biomolecules, as cisplatin does. Moreover, this aromatic ring facilitates iridium

complex penetration through the membranes, which enhances cellular uptake, and may play

a role in interactions with the target, incl. through DNA and affects the rate of hydrolysis

[12, 14].
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Figure 3 Iridium half-sandwich structure-activity relationships.

The above-described scientific findings clearly indicate possible various mechanisms of

cellular response (biological activity) dependent on the type of the ligand, or spatial structure

of complexes (geometry) [12,42].

P. Sadler group reported a series of half-sandwich iridium(III) complexes [12], with

the formula [(η5-Cp*)Ir(L∧L′)Cl]0/+ containing N∧N- (e.g.1,10-phenanthroline (phen)) and

modified the Cp* ring by introducing of a phenyl (Cpxph; orange circle) or biphenyl (Cpbiph;

purple circle) substituent (Fig. 4). These studies have shown that organometallic compounds

undergo rapid hydrolysis, which activates the Me-Cl (Me: metal) bond. This process

distinguishes these compounds from cisplatin, which contains two labile Pt-Cl bonds. Cytotoxic

activity toward human ovarian cancer cells (A2780) increases with phenyl substitution on

pentamethylcyclopentadienyl moiety: 3> 2> 1 (Fig. 4). This increase in cytotoxic activity

corresponds to an increase in DNA binding and hydrophobicity, which increases the

accumulation in cells [12].

Figure 4 Structures of Iridium (III) complexes with general formula [(η5-Cpx)Ir(N^N)Cl]+.
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The same group also showed that the anticancer activity of Ir(III) complexes can also be

achieved by changing the chelating ligand. They modified complexes 1 and 3 by replacing the

neutral N, N-chelating ligand (Fig. 4, blue circle) with the negatively charged C, N-chelating

ligand, resulting in the formation of complexes 4 and 5 (Fig. 5, green circle) [43,44]. This

resulted in a change in binding to nucleobases and increased hydrophobicity leading to higher

cellular uptake and consequently increased cytotoxicity to A2780 cancer cells. For example,

complex 2 showed good cytotoxicity with an IC50 of 10.5 mM toward human ovarian cancer

cells (A2780), whereas complex 1 was inactive. Cytotoxicity activity trend was found to be in

the order: 5> 3> 4> 1 [12,43,44]. Results show that these complexes induce apoptosis through

ROS-dependent mitochondrial pathway and protein synthesis disruption [43,44].

Figure 5 Structures of iridium(III) complexes with general formula [(η5-Cpx)Ir(C^N)Cl].

Yanjing Yang and co-workers synthesized and characterized half sandwich zwitter ionic

iridium(III) complexes containing different substituent’s in the Cp* rings (Fig. 6) [45]. These

researchers similarly to the group of prof. Sadler [12] investigated the effect of Cp* ring

elongation on the biological activity of cationic iridium(III) half-sandwich complexes [45].

It was found that the presence of fluorine substituents significantly increased the hydrophobicity

of the obtained complexes. As it has been mentioned earlier, this causes a significant increase

in the accumulation of complexes in cells and an increased antitumor activity [45].
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Figure 6 Structures of iridium(III) complexes with general formula [(η5-C5Me5)Ir(XY)Cl]0/+.

The cytotoxicity of these complexes (6-12, Fig. 6) was tested against hepatoma (HepG2),

lung (A549), and immortal (HeLa) cell lines. Complexes 9-12 (Fig. 6) showed significant

antitumor activity, in contrast to complexes 6-8 (Fig. 6) which were inactive. Inorganic

compounds 9-12 can convert NADH to NAD+, exhibit fluorescence emission and induce

intercellular ROS. It had been proven that complex 9 successfully entered lung cells via an

energy-dependent pathway. In addition, it may induce cell death via the disruption of lysosomes

[45].

Zhe Liu and co-workers synthesized a series of half sandwiched iridium(III) complexes

containing P-O- chelating ligand (phosphine phosphonic amide ligand (PPOA)) (Fig.7) [46].

Compared to the previously discussed complexes (1-12) [12,43-45], the presence of elongated

phenyl rings in this resulting Ir system only slightly changed the antitumor activity of the

obtained complexes.

Figure 7 Structure of iridium complexes [(Cpx)Ir(P^O)Cl]PF6 with phosphine phosphonic

amide ligand.
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The cytotoxicity of 13-15 complexes (Fig. 7) was tested on immortal (HeLa) and lung

(A549) cells with average IC50 values 1 µM and 4.4 µM, respectively. These results were

comparatively better than the IC50 values calculated for cisplatin against a lung cancer cell line.

The 13-15 complexes were able to generate ROS by converting NADH to NAD+ by catalytic

hydride transfer from NADH coenzyme to oxygen. Studies on the mechanism of action of these

complexes showed that they induce oxidative stress through cell cycle perturbation at S and

G2/M phase, and apoptosis in HeLa cancer cells [46].

1.2. Aminomethylphosphines derived from fluoroquinolone

The goal of science is to design a therapeutic agent whose mechanism of action will be

different from that of all drugs obtained so far. However, the design and synthesis of new

therapeutic substances are very time-consuming and expensive. It takes at least 10 years to bring

a new drug to market and costs up to millions of dollars. To paraphrase Confucius saying "When

it is obvious that the goals cannot be reached, don't adjust the goals, adjust the action steps",

to achieve goals, instead of looking for new classes of therapeutic compounds, it is better

to modify the structure of a drug currently used in medicine [47,48]. This can be done by

attaching to it another structural motif responsible for selective transport or changing biological

properties. It is noted that the most common modification is the secondary nitrogen atom that

is part of the piperazine ring of the fluoroquinolone antibiotic [49-58].

1.2.1. Fluoroquinolones

In 1962, George Lesher accidentally discovered the first quinolone antibiotic, nalidixic

acid, which was a by-product of the reaction of the antimalarial chloroquine. This discovery led

to extensive research on many thousands of compounds based on the quinolone skeleton (Fig.

8A), of which over two dozen have found clinical application. Since the 1960s, quinolone

antibiotics have been one of the most frequently used antibiotics, especially in urinary tract

infections, but also in the treatment of malaria or with immunomodulatory and anticancer

effects [59,60].
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Figure 8 (A) The core structure of quinolone antibiotics with important positions for

modifications to improve the activity of the drug. (B) The core structure of fluoroquinolones

with positions for modifications. R1, R5, R6, R7, R8, and X are drug modification positions that

improve their biological properties.

One of the first modifications was the introduction of a fluorine atom in the 6-position

(R6, fig. 8A, blue circle, 8B) of the quinolone ring as well as the piperazine ring in the 7-

position ((R7, fig. 8A, purple circle, 8B). These changes resulted in a significant increase in the

activity of the antibiotics against microorganisms. Quinolones containing a fluorine atom or

atoms are called fluoroquinolones (HFQ) (e.g. ciprofloxacin, norfloxacin, lomefloxacin Fig. 9).

The action mode of quinolone antibiotics inhibits the bacterial activity of enzymes

(topoisomerase II (DNA gyrase) and topoisomerase IV) by causing the breakage of bacterial

chromosomes. As a result of these processes, the activity of enzymes is blocked leading to

inhibition of replication, transcription, repair, and recombination of DNA, which results in the

death of the bacterial cell [59,61,62].

Figure 9 Structure of the molecule of ciprofloxacin, lomefloxacin, and norfloxacin (on the

left).

Due to the quinolones' ability to inhibit topoisomerase II - and thus the DNA repair activity

- their antitumor activity in recent years has been thoroughly investigated [59,61]. Many

complexes obtained by coordinating quinolones with metal ions have been characterized by
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their ability to interact with DNA. This fact makes them promising in terms of anticancer

properties [58, 62]. Unfortunately, the widespread and frequent use of antibiotics has led to a

significant increase in bacterial resistance to antimicrobial agents [63]. Bacteria have developed

a variety of resistance systems which are making antibiotic therapy slowly ineffective [64,65].

That is why nowadays scientists put great attention to modifying structures of these antibiotics

that can lead to the breakdown bacterial resistance but also strengthen and increase their

bacterial but also anticancer action [63,66].

Figure 10 Anticancer activities of fluoroquinolones antibiotics: HNr - norfloxacin, HCp -

ciprofloxacin, HLm – lomefloxacin.

The subject of the research undertaken in this work is second-generation antibiotics:

ciprofloxacin, lomefloxacin, and norfloxacin (Fig. 9). For example, ciprofloxacin is the

antibiotic most commonly used in respiratory and urinary tract infections but has also been

shown to have anticancer properties against melanoma [67], breast [68], colorectal [69],

pancreatic [70], and human prostate [71] cancer cell lines. Studies have shown that

ciprofloxacin induced apoptosis by mitochondrial-dependent pathways or S/G2 [72] and G2/M

phase arrest [67,68,73]. Other studies have shown a similar S/G2 phase for the antibiotic

lomefloxacin in human epithelial tumor cells [74]. The third antibiotic I chose is norfloxacin,

which can inhibit cytokine synthesis even at lower concentrations. Additionally, like

lomefloxacin, it can also induce apoptosis by decreasing the level of cellular reduced

glutathione, increasing mitochondrial dysfunction and oxidative stress in cancer cells [72] (Fig.

10).
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1.2.2. Phosphinesdervied from fluoroquinolones

The purpose of introducing various structural modifications to quinolone molecules is not

only to avoid the phenomenon of drug resistance but also to increase their biological activity.

An example of such modification can be an attachment of a phosphine motif - one of the

strongest electron-pair donors – to a fluoroquinolone drug. Phosphine ligands, in general, can

be easily functionalized, in particular, aminomethylphosphanes derived from aminoacids [75-

78] or prepared from the highly water-soluble aliphatic secondary amines [79, 80]. It has been

already proven that aminomethylphosphanes derived from fluoroquinolones (Fig. 11) can be

characterized by better antibacterial properties than parent drugs but also possess new

anticancer activity [54, 55, 56, 57, 73, 81]. Those phosphines derived from ciprofloxacin,

norfloxacin, and lomefloxacin (Fig. 11) were found nontoxic toward healthy cells but at the

same time have weak biological activity, especially anticancer [81].

Figure 11 Sructures of aminomethylphosphanes derived from fluoroquinolones: (A)

norfloxacin, (B) ciprofloxacin, (C) lomefloxacin.

However, coordination compounds of such aminomethylphosphaneswith ions: Cu(I),

Cu(II), Se(II), and Ru(II) significantly increased their antimicrobial and anticancer

in vitro activity. Such complexes are in most cases, air-stable, and importantly, more

cytotoxic in vitro against cancer cells than cisplatin. Studies have shown that the cytotoxicity

of complexes with phosphines derived from antibiotics against tumor cell lines is much higher

than all starting ligands, antibiotics, and cisplatin [55, 57, 58, 81-83]. For example, IC50 values

for structures depicted below on (investigated by U.Komarnicka et al. [58]) are 30 times higher

than for cisplatin against human lung adenocarcinoma and mouse colon carcinoma cell lines.

It was proved that they penetrate the tumor cells which generate ROS and intercalate with DNA,

consequently, causing its degradation. Moreover, treatment of tumor cells with compounds has

shown that these compounds cause apoptosis in the induced cell death along with a reduction

in the potential of the mitochondrial membrane [58]. The above facts were the reason for my

decision to continue work on increasing the biological activity of those phosphines

by coordinating them to Ir(III).
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1.3. Towards increased anticancer selectivity

One way to enhance the therapeutic effect of drugs is to develop carriers that enable their

delivery in the appropriate concentration to pathologically changed tissues, but without

affecting normal cells [84]. For this purpose, nanomaterials can be used, which can be

categorized into four types(i) inorganic, (ii) carbon, (iii) organic, and (iv) composite [85].

Among nanomaterials we can include polymer nanoparticles, liposomes, polymeric micelles,

dendrimers, and nanotubes. In my dissertation, it has been used polymeric micelles and

liposomes, therefore I will focus only on discussing these two structures (Fig. 12).

Figure 12 Nanomaterials used as drug carriers for cancer therapy [86].

Polymer micelles consist of a hydrophobic inner part - a core - and a hydrophilic outer

part - a shell. Therefore, compounds with poor water solubility can accumulate in the

hydrophobic part. In addition, polymer micelles can be functionalized with targeted ligands to

increase accumulation within the tumor [87]. Depending on the composition, the polymer

micelles are internalized by the neoplastic cells and then induce the action of the drug in an

organelle-specific manner. Thus, polymer micelles potentially avoid drug efflux or intracellular

uptake mechanisms, overcoming drug resistance in neoplastic cells. Consequently, these

micelles have found wide application as drug delivery systems in anti-cancer therapy due to

their excellent physicochemical and biological properties [84, 87-89]. Examples of drugs

encapsulated inside micelles that have entered clinical trials are CDDP (cisplatin) and DACHPt

loading micelles (active oxaliplatin complex), which are in phase III and I clinical trials,

respectively. Following systemic administration, micelles have been shown to achieve

remarkable in vivo antitumor efficacy with reduced side effects on healthy cells due

to prolonged circulation and efficient tumor accumulation [90, 91].
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Another modified version of the lipid bilayer nanocarriers, liposomes, as a drug delivery

platform is also gaining increasing importance in cancer therapy. Briefly, this is because of its

excellent biocompatibility and the ability to select particle size and surface modification

to overcome biological barriers and reach destinations [92]. Currently, there are many products

available on the market and in the clinical development phase for use as drug carriers with anti-

cancer properties. Pegylated liposomal doxorubicin is one such example used in epithelial

ovarian cancer. The encapsulated doxorubicin significantly improved drug accumulation in

tumor tissues, minimizing many side effects, e.g. it reduced the cardiological toxicity caused

by non-liposomal doxorubicin [93]. Interestingly, the combination of magnetic inorganic

nanoparticles (MNPs) with liposomes offers many advantages. As a result of this connection,

the magnetic surfaces of the nanoparticles are modified, which increases their solubility in the

aqueous environment and increases the intracellular uptake [94]. On the other hand, because

the phospholipids in liposomes are biocompatible, the loading of MNPs in the liposomes will

not cause any adverse toxicity, and will additionally assist them in targeted anticancer therapy

using a magnetic field [95]. For example, H. Nobuto and co-workers have developed novel

multifunctional magnetic liposomes containing doxorubicin (magnetic DOX liposomes) that

treat osteosarcoma-bearing hamsters. To maximize the DOX concentration in the neoplastic

tissue, the authors used a DC dipole magnet applying a magnetic field strength of 0.4 T for 1 h.

It should be emphasized that this therapy inhibited tumor growth for two weeks and

significantly suppressed metastasis for three weeks after treatment [96].

Figure 13 Behavior of magnetic domains in ferromagnets and magnetic moments in

superparamagnetic nanoparticles in relation to an external magnetic field.

In the last 20 years, MNPs (Magnetic Nanomaterials) have already been used in modern

medicine as (i) biosensors - to detect a specific type of biomolecules [97, 98], (ii) drug carriers
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[99, 100], (iii) tumor biomarkers in photodynamic therapy [101, 102] (iv) an important element

of hyperthermia [103,104] or as (v) contrast agents in computed tomography and MRI imaging

[105].

Typically, MNPs are considered to exhibit ferrimagnetic, ferromagnetic,

or superparamagnetic properties, however, from a medical point of view, the use

of superparamagnetic particles is the preferred approach (Fig. 13) [106]. The majority

of nanoparticles used in these applications are superparamagnetic iron oxides magnetite Fe3O4

or maghemite Fe2O3, because due to their known metabolic pathways and low overall toxicity

[99, 106].
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2. Aims of this Work

The principal aim of this desideration was to design and synthesize organometallic

iridium(III) complexes with phosphines derived from fluoroquinolone antibiotics possessing

anticancer potential.

In the next step, for the compounds with the highest antitumor activity, methods for

their selective delivery using encapsulation in nanoformulations were designed.

Successfully obtained materials will be good candidates for the next stage of

in vivo research and in the future may be considered as medicines.

To achieve the main goal of the work, it was necessary to develop many intermediate

steps:

 Synthesis diphenyl(hydroxymethyl)phosphine (Ph2PCH2OH) and three phosphine ligands

derived from fluoroquinolones (e.g. lomefloxacin, ciprofloxacin and lomefloxacin);

 Synthesis new mononuclear Ir(III) with phosphine-fluoroquinolone conjugate.

A hydrophobic phosphine unit (Ph2PCH2OH) will be used as the linker between the

cytotoxic metal complex and the fluoroquinolone carrier;

 Physicochemical characterization of the synthesized complexes in the solid-state as well as

in solution (X-ray, elemental analysis, MS spectrometry, NMR, UV-Vis, luminescence, IR

spectroscopies);

 Determination of the stability of the complexes in water solution and the air;

 Description of the properties of luminescent complexes;

 Description of electrochemical properties;

 Encapsulation of the resulting Ir(III) complexes in micelle and liposome structure;

 Examine biological activity in vitro against several tumor and normal cell lines for all

obtained compounds;

 Determination of cell viability in a 3D model of cell culturing (spheroids)

 Establish the mechanism of cancer cell death induced by the tested compounds:

 Type of cell death characterization of initiator and effector caspase expressions

in cancer cell;

 Analysis of the cell cycle;

 ROS production inside the cancer cell and mitochondrial damages;

 Analysis of DNA interaction with complexes;

 Investigation of interaction of complexes with human protein such as album

and transferrin.
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Publications constituting the basis of the doctoral dissertation

The research results obtained for the above-mentioned goals have been described in the

form of three published scientific articles.

[S1] Synthesis, physicochemical characterization and preliminary in vitro antitumor activity of

phosphine Ru(II) and Ir(III) complexes, Dalton Transactions, advanced article, 2022, DOI:

10.1039/D2DT01055K; back cover

[S2] Anticancer potency of novel organometallic Ir(III) complexes with phosphine derivatives

of fluoroquinolones encapsulated in polymeric micelles; Inorganic Chemistry Frontiers, 2020,

7, 3386-3401; DOI:10.1039/d0qi00538j

[S3] Interaction between DNA, albumin and apo-transferrin and iridium(III) complexes with

phosphines derived from fluoroquinolones as a potent anticancer drug; Pharmaceuticals, 2021,

14, 685/1-685/25; DOI:10.3390/ph14070685

In addition, some unpublished results will be presented also in this report to show the

applicative nature of the Ir(III)-phosphine complexes.

It is worth mentioning, that presented in this paper data have been obtained thanks to NCN

grant preludium “Homo- and heterometallic phosphine ruthenium and iridium complexes -

design, synthesis, bioactivity, and magnetic-nanoformulation as a potential platform for dual-

targeted drug delivery”, which I am the leader.

[S4] Liposomal formulation of magnetic iridium-copper complexes with phosphine derived

from fluoroquinolones for human prostate carcinoma treatment; Inorganic Chemistry

Frontiers, submitted

3. Experimental section

Several organic and inorganic compounds have been synthesized using Schlenk

techniques. In the next step, the obtained compounds have been characterized in detail using

many physicochemical methods.

The conditions of the conducted experiments were described in detail in the articles that

will be the basis of the scientific achievement. Only the most important data are presented

below.
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All synthetic works with the use of aminomethylphosphines and mononuclear iridium(III)

compounds were carried out using the Schlenk technique in an inert gas (nitrogen)

atmosphere to avoid oxidation of any of the reactants in the presence of atmospheric

oxygen. The solvents used for the synthesis were each time deaerated.

All synthesized mononuclear complexes were subjected to detailed NMR analysis taking

into account the phosphorus, proton, and carbon spectra. In problematic situations, two-

dimensional measurements were also used.

The structure of all compounds was confirmed by electrospray ionization mass

spectrometry (ESI-MS), and the purity of the compounds was each time checked by

elemental analysis.

In justified cases, additional measurements were used with the methods of IR or UV-Vis

spectroscopy. In addition, using spectroscopic methods, I also determined the stability

of compounds in an aqueous solution (UV-Vis, NMR), and characterized their fluorescent

properties as well as their electrochemical potential (CV).

The fluorescent properties of the complexes can provide useful information on the

distribution, accumulation, and uptake of anti-cancer drugs in living cells or organisms.

All synthesized compounds were obtained in the form of single crystals, which made it

possible to perform X-ray diffraction measurements and solve the crystal structure. These

measurements were carried out in cooperation with Dr. Agnieszka Skórska-Stania from the

Faculty of Chemistry of the Jagiellonian University.

To overcome poor solubility, serious side effects related to the systemic cytotoxicity of the

complexes, and the acquisition of cancer cell resistance, the resulting homonuclear

complexes were encapsulated in nanoemulsions and polymer micelles.

Determination of the cytotoxicity of compounds as well as an attempt to explain the

mechanism of action was carried out at the Faculty of Chemistry of the Jagiellonian

University (in the team of Prof. GrażynaStochel) and in cooperation with the Małopolska

Biotechnology Center with Dr. Barbara Pucelik: (i) determination of cytotoxicity against

healthy and cancer cells (determination of IC50 using the MTT test): human breast

adenocarcinoma (MCF7), human lung adenocarcinoma (A549), mouse colon carcinoma

(CT26), human pancreatic/duct carcinoma (PANC-1), (human prostate carcinoma

(DU145), metastatic human melanoma (WM2664), human embryonic kidney

(HEK293T); (ii) use of a fluorescence microscope to visualize and confirm the results on

tumor cells stained with propidium iodide and fluorescein diacetate; (iii) metal uptake and

intracellular localization (ICP-MS, confocal microscopy, commercially used
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tests); (iv) determination of the type of cell death (flow cytometer, commercially used

kits); (v) characterization of initiator and effector caspase expressions in cancer cell; (vi)

analysis of the cell cycle (vii) and apoptosis-related proteins e.g. caspase -3/7; (viii) study

of level of mitochondrial membrane; (ix) drug cytotoxicity analysis on 3D tumor

spheroids.

The ability to interact with selected iridium complexes with blood plasma proteins: albumin

and transferrin was also determined. These proteins may have a key influence on the

transport and metabolism of synthesized iridium compounds in the body. The analysis was

performed by quenching the characteristic fluorescence of both proteins due to their mixing

with iridium complexes. In addition, several selected compounds were tested for their

ability to interact with DNA using the spectrometry of the disappearance of the

characteristic fluorescence of the ethidium bromide (EB; intercalation), 4′,6-diamidino-2-

phenylindole (DAPI; binding to a minor groove), and methyl green (MG; binding to

a major groove) complex with calf thymus DNA (CT DNA).

Gel electrophoresis of the pBR322 plasmid was used to determine the ability of the

compounds to induce single- and/or double-strand damage of the DNA and to confirm the

generation of particular types of ROS involved in plasmid degradation.

The author independently conducted all chemical tests and took an active part in

biological research with the use of cell cultures. This is evidenced by research internships in

the above-mentioned centers.
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4. Results and discussion

Using synthetic strategies to achieve the aim of the dissertation, a new coordination

framework was obtained which was fully characterized in the papers S1 - S3. For this reason,

my report will present the most important achievements and results.

This guide is divided into two parts. The first one presents the synthesis and

physicochemical characteristics of mononuclear iridium(III) complexes, while the second one

presents their biological properties together with an attempt to explain the mechanism of their

action.

4.1. Synthesis and physicochemical characteristics of mononuclear Ir(III)
complexes

In the first step of my work, four phosphines were synthesized Ph2PCH2Nr(PNr)

[55], Ph2PCH2Cp (PCp) [54], Ph2PCH2Lm [57] (PLm) (Fig. 11, page 22), Ph2PCH2OH (POH)

[58]. These starting ligands were used to obtain three mononuclear iridium(III) complexes:

Ir(η5-Cp*)Cl2PNr (IrPNr), Ir(η5-Cp*)Cl2PCp (IrPCp), [Ir(η5-Cp*)Cl2PLm (IrPLm) (Fig. 14).

In order to understand the biological role of antibiotics in the resulting complexes, a phosphine-

iridium(III) compound was also synthesized without fluoroquinolones: Ir(η5-

Cp*)Cl2PPh2CH2OH (IrPOH, Fig. 14)).

Figure 14 Coordination scheme of iridium(III) ion with pentamethylcyclopentadiene and
phosphine ligand.
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4.1.1. Synthesis of mononuclear Ir(III) complexes [S1,S2, S3]

All syntheses were carried out under a nitrogen environment using Schlenk techniques.

The complexes and phosphines derived from fluoroquinolones are soluble in dimethyl

sulfoxide, chloroform, and dichloromethane. Additionally, the iridium(III) complexes are

insoluble in water but become highly water-soluble when a small amount of DMSO (1-2%) is

added. The synthesized homonuclear Ir(III) complexes are stable in the solid-state.

Scheme 1 Schematic view of the compounds and synthetic routes.
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4.1.2. Analysis of structures in solution [S1, S2]

The techniques such as NMR, UV-Vis and mass spectrometry allowed us to confirm the

mononuclear structure of the discussed Ir(III) complexes in solution under the atmospheric

oxygen.

A characteristic signal from the phosphorus atom was observed on all the 31P{1H} NMR

spectra of the examined compounds IrPOH, IrPNr, IrPLm and IrPCp (Fig. 15). The lack of

other signals in the phosphorus spectrum proves that the obtained systems are free of phosphine

derivatives (e.g. phosphine oxides).

Figure 15 Comparison

of 31P{1H} NMR spectra

for mononuclear Ir(III)

complexes.

Literature and experimental data indicate that the signal of the uncoordinated

aminomethylphosphane is in the negative part of the spectrum (POH: -11.46 ppm; PCp: −27.4

ppm; PLm: −27.4 ppm; PNr: −27.5 ppm) [54, 55, 57, 58]. Coordination of phosphine to

iridium(III) ion caused a downfield shift of the signal originating from the phosphorus atom

(IrPOH: -7.15; IrPCp: −1.30 ppm; IrPLm: −1.82 ppm; IrPNr: −1.38 ppm, (Fig. 15). Most

likely, this may be due to an increase in the screening effect (known as the Shielding effect)

resulting from the formation of iridium(III) inorganic compounds. It is also noted that the

singlet characteristic for IrPOH at -7.15 ppm is shifted by about 5.5 ppm towards the higher

fields, after the addition of a fluoroquinolone molecule to the PPh2CH2- motif, which is

undoubtedly related to the change of the substituent in the vicinity of the phosphorus atom. The

coordination process also initiates changes in the 13C{1H} spectra as well as in the

1H spectra. The data obtained from the 13C{1H} and 1H NMR spectra indicate that the biggest

changes are observed for atoms close to the coordination. Namely, the H1 proton of the
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Ph2PCH2- group is undergoing an upfield shift regardless of the type of substituent attached to

the piperazine ring.

The ESI(+)MS spectra (recorded in the positive ion modality) show the corresponding

peaks of molecular ions [M+H]+ by the neutral character of these compounds only for

complexes with phosphine derivatives from fluoroquinolones. Fewer peaks corresponding to

[M-Cl]+ and [M-2Cl]+ ions were also recorded, indicating that chloride groups were easily

displaced under the appropriate conditions. In the case of the IrPOH complex, abundant

[M+Na]+ sodiated ions were detected at m/z 637, however [M - Cl]+ ions dominated at m/z 579.

In the ESI(+)MS spectra no peaks corresponding to the loss of the phosphine ligands and the

arene ring were observed. These results indicate strong metal-ligand and metal-arene bonds.

As the Me-Cl (Me: metal) bond in this type of complex is often subject to hydrolysis,

it was decided to measure their stability using UV-Vis spectroscopy. The electronic spectra

(recorded over 72 hours) of all mononuclear iridium(III) complexes were measured in a cellular

medium (DMEM with 2% DMSO), due to the poor solubility of these complexes. During the

72-hour incubation, significant changes in the intensity and shape of the characteristic

absorption band (MLCT) were observed only for IrPOH. The attachment of the

fluoroquinolone motif to the starting phosphine ligands (PPh2CH2-) changed the electronic

nature of the final complexes and most importantly increased their stability in solution. These

complexes did not dissociate or decompose under the model conditions. The stability of

complexes with phosphines derived from fluoroquinolones was also confirmed by 1H NMR

(Fig. 16 shows a selected IrPCp complex). As in the case of the UV-Vis spectra, no additional

peaks were found in the NMR spectra during the 48 h incubation with the compounds.

Figure 16 Time-dependent 1H NMR spectroscopic stability study for IrPCp in the mixed of

80% DMSO-d6 and 20% D2O for48 h of the experiment.
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Therefore, in order to confirm the hydrolysis of the IrPOH complex, experiments have

been performed using 1H NMR spectroscopy in the presence of NaCl in different concentrations

(CNaCl = 4, 23 and 104 mM), which reflect the chloride concentrations in the cell nucleus,

cytoplasm and blood plasma, respectively. Along with NaCl concentrations increased, the

decrease of aqua complex (Ir-OD2/OD) simultaneously with the increase of chloro-complex (Ir-

Cl2) was observed (Fig. 17).

Figure 17 Confirmation of hydrolysis of IrPOH. From the bottom: 1H NMR spectrum of an

equilibrium solution of IrPOH (1 mM) in a mixture of 20% DMSO-d6 and 80% D2O (v/v) at

298 K. The spectra were measured 10 min after the addition of: 4 mM NaCl; 23 mM NaCl;

104 Mm NaCl to the equilibrium solution of IrPOH.

The analysis of the NMR spectra showed that at a concentration of 104 mM [Cl-] there

was still a small amount (approx. 10%) of the aqueous form. These results illustrate that IrIII

complex at biologically relevant chloride concentrations exists as aqua form (Ir-OH2) [107].

Hydrolysis is a common mechanism of metal drug activation by displacing weakly bound

σ-donor ligands by water molecules [108]. However, inside cells, where chloride ion

concentration is lower, hydrolysis can be inhibited. On the other hand, metal complexes can

also interact with many targets inside the cell, which can also be reflected in their hydrolysis.

One of the reasons may be the interaction of metal complexes by direct substitution of chloride

by nucleobases (DNA) [44, 108, 109].

As rapid hydrolysis complexes sometimes lead to decrease cytotoxic activity due to rapid

inactivation by side reactions before achieving the intended goals. The complexes formed

during hydrolysis containing water molecules in an aqueous solution in their structure (Ir-OH2)
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react more easily with nucleobases than chloride complexes (Ir-Cl). So, it has been also decided

to investigate the hydrolysis rate of the IrPOH complex using UV-Vis spectroscopy (Fig. 18).

Figure 18 UV/Vis spectra of

IrPOH in 20 % DMSO/80% H2O

(v/v) solution over 24 h.

The spectral characteristics of mononuclear iridium(III) complexes indicate the presence

of an absorption band at high energies (<300 nm) in the UV-Vis spectra. These absorption

bands are attributed to the ligand-centered (LC) 1π-π* transitions of both the phosphine ligands

(POH and FQ). In the range of 300 to 400 nm, metal-to-ligand charge transfer (MLCT)

transitions are observed [110]. Changes in the band intensity were noted within 24 h of the

experiment (Fig. 18). The dependence on the time of Ir-OH2 formation for the IrPOH complex

was fitted to the pseudo-first-order kinetics. The value of the hydrolysis rate constant was

4.57·10-4 min-1, and the half-lives of hydrolysis were 1515.2 min. Comparing the half-lives of

the IrPOH complex with other complexes containing the iridium ion, it can be concluded that

hydrolysis occurs relatively quickly (in minutes) [14, 111]. For example, this value for the

compound [Ir(H2O)6]3+ was over 300 years [112], while trans-[IrCl4(DMSO)(Im)] [ImH]

(DMSO=dimethylsulfoxide, ImH=imidazole) compound was neutral to hydrolysis and showed

no anti-tumor activity (NAMI-A iridium analog) [113].

Additionally, it is worth mentioning that complexes with phosphine conjugates of

fluoroquinolones show intense fluorescence in solution in contrast to IrPOH. The fluorescent

properties of the complexes (IrPCp, IrPNr, IrPLm) can provide useful information on the

distribution, accumulation, and uptake of anti-cancer drugs in living cells or organisms. The

maximum emission band for the second generation antibiotics (PCp, PNr and PLm) is around

420 nm, and it is in agreement with literature data [54, 55, 57]. After coordinating the phosphine

ligands of fluoroquinolones to the iridium(III) ions, a redshift was observed in the emission

spectra, showing purple emission at a maximum wavelength of around 440 nm (Fig. 19).
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Figure 19 Normalized emission spectra for Ir(III) complexes and the corresponding

phosphine ligands; λex = 340 nm, 298 K.

To obtain qualitative information about the course of the electrochemical reaction, cyclic

voltammetry (CV) was performed for all examined complexes. It will also allow us to

understand the redox activity of the studied complexes through the production of reactive

oxygen species in cancer cells. This fact is due to the reduction or oxidation of metal centers or

the ligands surrounding them, or by their interaction with various biomolecules in the redox

pathways [108].

Cyclic voltammograms for the IrPOH complex showed one irreversible oxidation peak

at 1.5-1.7 V attributed to the phosphine ligand. In the case of complexes containing the

fluoroquinolone motif (IrPCp, IrPLm,IrPNr) two irreversible oxidation peaks at about

1.0 V and 1.25 V are observed, which are attributable to the phosphine ligand and the

iridium(III) ion. Moreover, for all investigated complexes, one quasi-reversible reduction peak

of about -0.55 V is observed, which is attributed to the phosphine ligand (Fig. 20). In addition,

both the cathode peak and the anode peak were shifted only slightly as the scan speed increased.

This shows that the redox process occurs through controlled diffusion. Using cyclic

voltammetry in conjunction with absorption spectroscopy, we can determine the electron

transfer reactions that occur without changes in the stereochemistry of the complexes. The

production of ROS in the examined systems is related to the oxidation of iridium(III) ions to

iridium(IV) ions.
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Figure 20 Cyclic voltammograms of IrPOH and IrPCp (1 mM), recorded with 0.1 M

tetrabutyl ammonium perchlorate (TBAP) as supporting electrolyte in DMF solution. Scan

rates (10 mVs-1). The potentials were referenced to the Fc0/+ redox coupe.

4.1.3.Analysis of structures in solid state [S1, S2]

In the process of crystallization by slow solvent evaporation, single crystals of all four

coordination compounds were obtained (Fig. 21). All the complexes were structurally identified

by single-crystal X-ray diffraction analysis. Details concerning crystal data and refinement are

given in publications S1 and S2. Despite similar molecular structures, the presented derivatives

crystallize in different space groups, additionally, in each case, there is only one molecule

in the asymmetric unit.

Figure 21 The monocrystal structures of the complex molecules IrPOH, IrPCp,IrPLm and

IrPNr. The solvent molecules are omitted for clarity.

Interpretation of the crystallographic data obtained for the complexes confirms (similarly

to the studies of the complex solutions) that the central iridium(III) ion is coordinated by the

cyclopentadienyl moiety, phosphorous atoms from ligands and two terminal chloride anions.
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The mononuclear iridium(III) complexes adopt half-sandwich pseudo-octahedral “three-leg

piano-stool” geometry. The bond lengths and angles are within the range typical of iridium(III)

complex compounds with cyclopentadienyl moiety and phosphine ligands. The bond lengths

P1-Ir1 in all structures were found to be on an average value of 2.3 Å, whereas distances

between P1-C11 are in the range of 1.810-1.865 Å.

In the case of the complex without the fluoroquinolone motif (IrPOH), the strongest

hydrogen bond form between the hydroxyl group (-OH) acting as a donor and the chlorine atom

(-Cl) acting as an acceptor. This intramolecular interaction gives rise to the S_1^1

motif (6).

The arrangement of molecules in complexes containing fluoroquinolone derivatives in

the crystal structure of the discussed compounds is determined by the orientation of the

piperazine ring and fluoroquinolone moiety. In each examined molecule, intramolecular

hydrogen bonds between hydroxyl groups (O70B–H70B) and oxygen atoms from carbonyl

groups (O65=C65) are observed. Among all the obtained single crystals, only in one crystal

structure - IrPCp·CHCl3, the intermolecular π-ring stacking in the unit cell is observed.

A fragment of the heterocyclic moiety of fluoroquinolone (i.e. 6-membered rings) is involved

in a strong π–π interaction with symmetry related to the other fragment of the fluoroquinolone

moiety a neighboring ligand in the unit cell. The arrangement of π – π in the structure of this

complex is a face to face pattern, with a centroid (N67 – C67 – C66 – C65 – C64 – C68) –

centroid (C69 – C68 – C64– C63 – C62 – C61) a distance of value 3.652 Å. Moreover, the

chloroform molecule represented in the IrPCp structure is located in the peripheral part of the

examined molecule. Such an arrangement allows the π - π interactions in the IrPCp molecule

(Fig. 22).

Figure 22 The packing in the crystal IrPCp·CHCl3 showing π-stacking interaction between

the fluoroquinolone rings (A) and face-to-face pattern of the π–π stacking in this complex (B).
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The conformation of the fluoroquinolone motif of examined compounds can be defined

in terms of torsion angle, defining the orientation of the piperazine ring and antibiotics moiety

(IrPCp: C13 – N13 – C61 – C62 −165.92°; IrPLm: C13 – N13 – C61 – C62 117.48° IrPNr:

C14 – N13 – C61 – C62 −165.97°). The comparative analysis of the data obtained for the

IrPLm complex with the data for the IrPCp and IrPNr complexes showed that the values of

the torsion angle described above are significantly different. As in the IrPCp and IrPNr

complexes, the solvent molecules are placed differently positioned in the molecule and the

fluorine atoms do not interact with them. The situation is different in the case of the IrPLm

complex, where weak interaction of the fluorine atom with the solvent molecule was observed.

4.2. Biological properties analysis [S1, S2, S3]

In order to characterize the biological properties of the obtained compounds, in vitro

cytotoxic activity was determined towards five selected cancer cell lines: metastatic human

melanoma (WM2664), human lung adenocarcinoma (A549), human breast adenocarcinoma

(MCF7), human pancreatic/duct carcinoma (PANC-1), human prostate carcinoma (DU-145)

and one normal which was human embryonic kidney (HEK293T) cell line. Moreover, in order

to increase the cellular accumulation of metal complexes and to control their uptake only to

neoplastic cells as compared to normal cells, which would further reduce the systemic toxicity

of the complexes, the synthesized compounds were encapsulated in micelles. Mechanistic

studies were performed for the most active compounds. Additionally, in vitro cytotoxicity

assays within multicellular tumor spheroids (3D) has been also performed. Cytotoxicity was

assessed on the basis of the IC50 value (drug concentration required to inhibit the growth of

50% of cells). As the table shows (Tab. 1), the studies were carried out in two different

approaches - after 24 h and 24 h + 48 h of incubation of compounds with cancer cells. Cell lines

were also treated with cisplatin (reference drug) in the same concentration range as the

synthesized complexes. This approach not only provides more accurate information on their

cytotoxicity, but also allows the rate of their entry into the cell to be estimated.
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50Table 1 Values of IC [µM] (concentration of a drug required to inhibit the growth of
50 % of the cells) for WM2661, A549, MCF7, PANC-1, DU-145, HEK293T cells after
24 h and 24 h + 48 h treatment with the studied compounds and cisplatin as reference

IC50 [µM] ± SD;24h

IrPOH
IrPCp
IrPLm
IrPNr

cisplatin

A549

45.8± 1.6
68.8±1.7
69.7±4.1
71.4±1.6

>100

MCF7

>1000
65.7±2.8
64.5±2.2
68.8±5.3
51.9±4.6

PANC-1

35.5±1.1
43.0±1.3
48.1±4.3
42.6±8.1

>100

DU-145

31.5±0.4
11.8±1.1
11.3±0.9
12.9±2.1

>100

WM2664

>1000
*
*
*

2.63±0.6

HEK293T

754.2±10.1
42.1±2.1
46.0±1.6
41.8±1.7
21.0±1.8

IC50 [µM] ± SD; 72h (24h + 48h)

IrPOH
IrPCp
IrPLm
IrPNr

cisplatin

22.5±1.3
29.5±0.7
27.4±1.7
29.1±1.2
71.7±3.7

>1000
35.0±0.9
33.7±3.8
31.7±0.3
17.7±8.6

139.1±2.
8.7±0.3
8.1±1.1
8.3±1.3

74.5±2.3

52.4 ± 0.9
4.8±0.1
5.1±0.4
5.5±0.2
65.5±3.6

>1000
*
*
*

8.29±0.4

834.2±11.8
28.5±1.5
28.0±1.7
21.4±1.2
10.3±2.1

* no available data

The organometallic Ir(III) complexes showed significant and differentiated cytotoxic

activity against all the tested cell lines. Comparing these data with the literature data, it is worth

noting that all complexes were characterized by higher cytotoxicity than phosphine ligands

without and with fluoroquinolone motifs (POH, PCp, PNr, PLm), regardless of the cell type

or incubation time [54, 55, 57, 58]. The activity of Ir(III) complexes for all tested cell lines was

much better after 24 h of incubation time and 48 h of regeneration time (24 h + 48 h) than after

24 h of the experiment (without recovery time – extra 48 h without complexes). This is a very

good result because the cytotoxic changes initiated in the cells during the 24-hour incubation

cannot be repaired by the cells. Most likely, their repair systems to minimize toxicity are not

sufficient, which may result in resistance breakdown. What is worth emphasizing, the

introduction of the fluoroquinolone motif in complexes significantly increased the antitumor

cytotoxicity of the final compounds against the lung, breast and melanoma cell line. Several

recent reports suggest that fluoroquinolones have the potential to be anticancer agents [61, 62,

72], which is consistent with our results. Moreover, it can be observed that prostate cancer (DU-

145) and pancreatic/duct carcinoma (PANC-1) cells were the most sensitive cell line to the

mononuclear iridium(III) complexes even with both experimental approaches. Among all tested

Ir(III) complexes, the IrPCp complex showed the most significant antitumor activity

in vitro with an IC50 value of 4.8 μM for DU-145 in 24 h + 48 h approach.

Drug encapsulation has revolutionized drug delivery research, especially in the treatment

of cancer. This is because nano-systems promote drug retention in tissues, protect against
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chemical and biological degradation, reduce non-specific side effects and toxicity of the

encapsulated drug, and increase cellular uptake. Encapsulation also eliminates the need to

dissolve a lipophilic drug in organic solvents such as DMSO, which can be toxic to human

health. For this purpose, we also encapsulated metal compounds into micelles (Fig. 23).

Detailed characteristics of the prepared nanoformulations can be found in the manuscript of

publications S2.

Figure 23 TEM images of Pluronic P-123 formulation with encapsulated IrPCp

complex (IrPCp_M).

It is worth noting that the obtained IC50 values for the complex encapsulated inside

micelles (IrPCp_M) are an order of magnitude lower than for the corresponding complexes in

case A549 cells (line most resistant to non-encapsulated Ir(III) compounds). In addition, in the

case of the most sensitive line - prostate cancer (DU-145) – the anticancer effect was about

3 times higher for IrPCp_M (Tab. 2). From these data, it is concluded that the encapsulation

of compounds in micelle increased drug accumulation in the tumor.

Therefore, IrPCp was selected as the one with the best activity for further mechanistic

studies.

Table 2 IC50 (µM) values of the investigated compounds toward

IrPCp

IrPCp_M

Cisplatin

IC50 [µM] ± SD; 24h
A549

68.8 ± 1.7

8.9 ± 0.7

>100

DU-145

11.8 ± 1.1

4.1 ± 0.6

>100

Since conventional 2D cell cultures cannot mimic the complexity and heterogeneity of

clinical tumors, three-dimensional (3D) spheroids where prospered. Compared to classic

adherent culture, spheroids can provide a microenvironment that more closely mimics the

cellular interactions observed in tumor tissues e.g. cell-cell or a cell-intercellular substance

[114]. The therapeutic potential of Ir(III) complex IrPCp_M towards 3D A549 and DU-145
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spheroidal culture was detected by fluorescence staining of live and dead cells (Fig. 24). As

illustrated, mainly live cells (green) and a relatively small number of dead cells (red)were

observed in the control spheroids (without studied complex). In contrast, a high percentage of

dead cells, especially in the inner core, were observed in spheroids treated with the

compound IrPCp_M. When DU-145 spheroids were treated with IrPCp_M, the structural

integrity of spheroids was even destroyed at the increased concentration of the studied

compound. It means that complex is highly cytotoxic.

Figure 24 (A) A549 and (B) DU-145 spheroids after treatment with increasing concentration

of IrPCp_M complex. DAPI: 4′,6-diamidino-2-phenylindole, CAM: calcein AM, PI:

propidium iodide, Hoechst 33342.

Since many aspects of the inhibitory effects of iridium complexes on cancer are still

unknown, attempts have also been made to approximate their mode of action. For precise

determination of the mode of observed cell death, flow cytometry was applied. Data analysis

proved that treatment of the cancer breast and lung cells with IrPCp complex resulted in the

vast majority of the population of apoptotic cells appearing, opposite to necrotic ones. It is

worth mentioning that inducing apoptosis has become very important in cancer drug research

and is a more desirable process of cell death than necrosis [115, 116]. This is because it does

not lead to the inflammatory process that accompanies necrosis [117].

Additionally, it was proven that IrPCp complex probably induced G2/M phase arrest.

However, in the case of line A549, the G0/G1 phase population was still observed. Many metal

complex cytotoxic agents inhibit the proliferation of cancer cells, causing the G0-, S-, or G2/M-

phase arrest cell cycle. The G2 checkpoint ensures the propagation of error-free copies of the

genome to each daughter cell by preventing cells from entering mitosis in the event of DNA

damage. Whereas, the S phase of the cell division cycle represents the period during which cells
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replicate their DNA. The arrest of the cell cycle by the compounds in this phase could result in

an inhibition of DNA replication [118].

Moreover, a study of the mitochondrial membrane potential was performed along with the

determination of caspase 3/7 activation. Mitochondria play a key role in apoptotic cell death,

and a reduction in their membrane potential (MMP) usually triggers a cascade of executive

caspases [81]. After 24 hours of incubation with IrPCp in lung cells (A549) it was observed

that the investigated complex significantly decreased the mitochondrial membrane potential.

In addition, the study clearly showed that this complex activated caspase-7 and caspase-3

simultaneously. In contrast, in prostate cells (DU145), caspase-3/7 activation decreased,

possibly indicating activation of necrotic cell death instead of apoptosis.

Localization studies revealed that Ir(III) complexes can be accumulated inside the whole

cancer cells (Fig. 25), so it has been decided to check if the complex can interact with DNA.

Several well-known DNA-binding dyes [ethidium bromide (EB; intercalation), 4′,6-diamidino-

2-phenylindole (DAPI; binding to a minor groove), and methyl green (MG; binding to a major

groove)] were used to study the mode of drug-DNA interactions.

Figure 25 Selected images of A549 cells obtained by confocal microscopy (magnification

60.00×, ex = 358 nm) after treatment with IrPCp (c = 1 μM) for 4 h (A, C). Emission spectra

of cells after treatment with IrPCp together with the reference spectra of control

untreated (B).

It was found that our complexes exhibited multimodal DNA interaction with

predominance of minor groove binding (Fig. 26). It is worth noting that the trend in the ability

to interact with CT DNA was different than in the case of previously reported complexes based

on identical phosphine ligands [57, 82]. Previously reported compounds interacted with

CT DNA mainly true by intercalation. This tendency suggests that the type of metal ions
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influences the type and intensity of intercalation with DNA. Additionally, circular dichroism

(CD) was used to confirm how the complex interacts with CT DNA. After titration of CT DNA

with the studied IrPCp, the signals in the 250-300 nm range changed slightly. This means that

the compound prefers to bind in a minor groove, consistent with the results obtained above.

This slight change also means that the IrPCp did not affect the DNA helix.

Figure 26 Stern–Volmer plots of the CT DNA-EB, CT DNA-DAPI and CT DNA-MG system

quenched by examined complexe: (A) IrPCp; (B) IrPLm; (C) IrPNr (on the left) (I0 and I-

intensity of CT DNA-EB or DAPI or MG in the absence and the presence of increasing

concentration [mM] of the compounds.

What is important and worth to emphasize IrPCp did not cause a double-strand cleavage

of DNA even at very high concentrations (Fig. 27). This experimental evidence suggests a

different mechanism of action than targeting DNA - a mechanism typical of Pt(II) drugs, mainly

based on damage to nucleic acids, e.g. intercalation. This hypothesis is also confirmed by the

results obtained by fluorescence spectroscopy and circular dichroism.

Figure 27 Agarose gel electrophoresis of pBR322 plasmid cleavage by different

concentration (10-500uM) of IrPCp in the 10 % DMF solution, ctrl: plasmid—control.

(A) 1 h of incubation; (B) 4 h of incubation; (C) 24 h of incubation.Forms of plasmid

DNA:superhelical (form I); relaxed/nicked (form II) and linear (form III) forms.

The level of intracellular reactive oxygen species generated by the test compound was

measured. The formation of reactive oxygen species (ROS) was monitored using fluorescence
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spectroscopy and a non-fluorescent 2′,7′-dichlorodihydrofluorescein diacetate (DCFH2-DA)

probe as a detector. The complex with the ciprofloxacin derivative showed the ability to induce

ROS production in DU-145 tumor cells at a much higher level than the ligand alone and the

positive control. Moreover, even after 72 hours, increased production of ROS was observed.

To confirm the type of reactive oxygen species involved in the degradation of the plasmid,

an experiment was carried out with hydrogen peroxide and with the use of DMSO (effective

scavenger of hydroxyl radical: •OH), SOD (effective scavenger of superoxide radical anion:

O2•-), and NaN3 (effective scavenger of singlet oxygen: 1O2). The IrPCp complex in the

presence of H2O2 caused marked changes in the structure of the plasmid, resulting in increased

amounts of form II (relaxed/nicked form). After the addition of a radical inhibitor (DMSO),

a clear inhibition of DNA damage was observed, suggesting the participation of the •OH in the

cleavage process. Moreover, also, a slight inhibition of DNA cleavage was observed in other

cases, i.e. NaN3 and SOD, confirming the presence of 1O2, O2
•- respectively.

Using cyclic voltammetry in conjunction with absorption spectroscopy, it can be stated

that ROS generation in the studied systems is related to the oxidation of iridium(III) ions to

iridium(VI). The analysis of my research allowed me to hypothesize that ROS are involved in

the mechanism of cytotoxic action. It was also proven that the studied iridium(III) complex

(IrPCp) is responsible for DNA damage through a ROS-dependent mechanism involving

hydroxyl radical, singlet oxygen and superoxide anion radical.

Another factor extremely important for understanding the activity of the examined

compound is knowledge about the transport processes of the studied compound into the cell.

The binding of biologically active substances to these proteins may lead to the loss or increase

in their activity or may allow the transport of the compound in the body [119]. For example,

albumin tends to accumulate in cancer tissue and inflamed tissues [120]. The expression of

transferrin is significantly increased in neoplastic cells and often correlates with the tumor stage

which makes it an attractive natural carrier for anti-cancer chemotherapeutic agents [121].

Therefore, it was also decided to determine the ability of the complex to bind human albumin

serum (HSA) and apo-Transferrin (apo-Tf) using spectroscopic methods combined with

theoretical calculations such as molecular docking. For all the complexes containing the

fluoroquinolone motif, it was noticed that with increasing concentrations, the intensity of the

emission band of human albumin (HSA) at a wavelength of 342 nm gradually decreased.

At the same time, an additional fluorescence band appeared with an emission maximum at 425

nm, which is due to the fluorescence from the starting complexes or the new system of HSA-

Ir(III) complex. These changes indicate a strong interaction of complexes with albumin,
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additionally increased polarization in the area surrounding the Trp residue and/or energy

transfer between the investigated complexes and human albumin. The binding strength

to albumin can be represented in the following order: IrPLm> IrPCp> IrPNr. This

phenomenon may be related to the presence of additional fluorine atoms in the quinolone

moiety and the methyl group attached to the piperazine ring. Additionally, the studied

compound was found to bind to HSA tryptophan residues at the site I (subdomain II A)

(Fig. 28). Molecular docking confirmed that the investigated complexes bind to HSA, where

the Ir(III) core is located at the entrance to the binding pocket and the fluoroquinolone motif

is buried deep in the binding site. In addition, hydrogen bond formation was observed between

the fluoroquinolone motif and the residue Arg218. Other hydrogen bonds have also been found

which may exist between the complex carboxylate group and the His242 residue in the case

of the IrPNr and IrPLm complexes or Arg257 in IrPCp.

Figure 28 Binding mode of HSA-phosphino iridium(III) complexes.

When investigating the interaction of the synthesized compounds with apo-transferrin

a decrease in the fluorescence intensity was also noticed (at 343 nm). This suggests that these

compounds may bind to apo-transferrin and disturb the tryptophan microenvironment.

The strength of apo-Tf fluorescence quenching by compounds can be presented in the following

order: IrPCp> IrPNr> IrPLm. However, the binding strength of the complexes with
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transferrin was lower than with albumin. This suggests that different moieties in the structure

of the complexes and different interactions are responsible for the quenching of the emissions

of these two proteins. Molecular docking shows that all complexes bind to all four possible

apo-Tf binding sites containing tyrosine or tryptophan residues and they are located between

the residues Tyr317 and Tyr647 in the apo-transferrin molecule (Fig. 29). The IrPCp and

IrPLm complexes form three hydrogen bonds with the residues Tyr317, Arg677 and Asp240.

The IrPNr complex exhibits a separate binding mode and binds to the Lys401 residue via

a hydrogen bond mediated by an oxygen-containing fluoroquinolone moiety.

Figure 29 Binding mode of apo-Tf-complexes within the #2 binding pocket.

5. Concluding Remarks

The aim of the studies presented in this thesis was to design and synthesize monometallic

iridium(III) complexes with phosphine ligands derived from fluoroquinolone antibiotics

possessing potential anticancer activity.

To achieve the assumed research goals of this work, three iridium(III) complexes with

aminomethyl(diphenyl)phosphines derived from fluoroquinolones (ciprofloxacin: PCp

(PPh2CH2Cp), lomefloxacin: PLm (PPh2CH2Lm), and norfloxacin: PNr (PPh2CH2Nr)) were

synthesized (IrPCp, IrPLm and IrPNr) as well as with phosphine without antibiotic motif

(IrPOH). Physicochemical properties of these obtained compounds in solution and solid-state

were determined using elemental analysis, mass spectrometry, cyclic voltamperometry, and

spectroscopic methods (NMR, IR, UV-Vis, fluorescence). These studies allowed us to obtain

information about the fluorescent properties, structure, purity, and stability of the Ir(III)

complexes in aqueous solutions as well as in the presence of atmospheric oxygen. For all

systems, crystal structures were determined using X-ray diffraction. In these complexes, the

central iridium(III) ion is coordinated by a cyclopentadienyl moiety, phosphorus atoms from

the ligands and two terminal chloride ligands.
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To determine their anticancer properties and the initial mechanism of their action a series

of biological tests were also carried out. The in vitro cytotoxic activity of all synthesized

compounds was determined against healthy and cancer cells (determination of IC50 using the

MTT test): human breast adenocarcinoma (MCF7), human lung adenocarcinoma (A549),

mouse colon carcinoma (CT26), human pancreatic/duct carcinoma (PANC-1), (human prostate

carcinoma (DU145), metastatic human melanoma (WM2664), human embryonic kidney

(HEK293T). This study allowed selecting the compound with the best effect and attempting to

determine its mechanism of cytotoxic action. For this purpose: (i) metal uptake and intracellular

localization were determined using ICP-MS, confocal microscopy, and commercially used

tests; (ii) the type of cell death using flow cytometry and commercially used kits; (iii) the cell

cycle and apoptosis-related proteins e.g. caspase-3/7; (iv) mitochondrial membrane

potential; (v) cellular ROS generation us; (vi) interaction complexes with DNA and serum

proteins by gel electrophoresis, fluorescence spectroscopy, circular dichroism; (vii) drug

cytotoxicity analysis on 3D tumor spheroids.

The results of these studies allowed for the formulation of a number of conclusions:

 Homonuclear Ir(III) complexes containing the fluoroquinolone motif are stable in an

aqueous solution.

 The IrPOH complex hydrolyzes in an aqueous solution. This property is biologically

important, as M–OH2 water complexes are often more reactive than the corresponding

complexes

 In the case of all complexes, two bands are observed in the UV-Vis spectra: the first being

the result of MLCT transitions and the second is attributed to the spin allowed ligand centered

(LC) 1π-π* transitions of both the phosphine ligands.

 In all complexes, irrespective of the type of phosphine ligand, the iridium(III) ion adopts

the half-sandwich pseudo-octahedral “three-leg piano-stool” geometry.

 In the aqueous solutions of the complexes containing the fluoroquinolone motif, intense

luminescence is observed as a result of the transitions inside the quinolone fragment.

 Prostate carcinoma cancer cells (DU-145) and human pancreatic/duct carcinoma were the

most sensitive cell lines to IrIII complexes.

        Introduction of the fluoroquinolone motif in complexes significantly increased the

antitumor cytotoxicity of the final compounds against the lung, breast, and melanoma cell line.
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 Of all the synthesized compounds, the IrPCp complex showed the best anticancer

properties.

 ICP-MS analysis revealed efficient iridium accumulation with increasing time, which was

assessed to be the highest in the case of prostate cells.

 The investigated complexes presumably induce G2/M phase arrest, along with caspase-

3/7 activation accompanied by a decrease in mitochondrial membrane potential.

 Precise cytometric analysis provided clear evidence for the predominance of apoptosis in

the induced cell death.

 Inorganic compounds exhibited multimodal DNA interaction with a predominance of

minor groove binding.

 Investigated iridium(III) complexes are responsible for DNA damage via a ROS-

dependent mechanism involving hydroxyl radical, singlet oxygen and superoxide anion radical.

 Additionally, the test compound was found to bind to HSA tryptophan residues at site I

(subdomain II A) and bind to all four possible apo-Tf binding sites containing tyrosine or

tryptophan residues.

 Enclosure of compounds in micelles (IrPCp_M) improved the effective accumulation of

drugs in human lung adenocarcinoma and human prostate cancer.

 In addition, it also increased the cytotoxicity of the A548 and DU-145 tumor cells by an

order of magnitude.

6. The most important achievements

 Synthesis of four new iridium(III) complexes containing phosphine ligands

with/without a fluoroquinolone motif.

 Characterization of the physicochemical properties of all compounds in a solid as well

as in a solution: (i) complexes structure and their geometry, (ii) the stability of compounds in

aqueous solutions in the presence of oxygen, (iii) the ability to hydrolyze in aqua solutions (iv)

luminescent properties, (v) electrochemical potential.

 The cytotoxicity of all compounds was tested in vitro against the five most common

cancer cell lines: lung, prostate, pancreatic, breast, and skin as well as one normal, human

embryonic kidney. Based on these results, IrPCp complex was characterized by much higher

cytotoxicity than cisplatin simultaneously being less toxic to healthy cells.

 The mode of cytotoxic action of homonuclear Ir(III) complexes has been proposed.
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 Encapsulation of inorganic compounds in Pluronic P-123 micelles to overcome low

solubility, severe side effects associated with the systemic cytotoxicity, and acquired cancer

cell resistance.

The chosen method of modifying the structure of antibiotics by phosphine motif attachment

allowed obtaining complexes with unique anticancer properties, where the mechanism of action

was initially proposed in this work. In the era of constant and frightening reports (WHO 2020

"WHO Cancer Report 2020") on the number of cases and deaths caused by neoplastic diseases.

In addition, the currently used anticancer drugs are not sufficiently selective. They cause

a number of side effects such as diarrhea, anemia, hair loss, damage to the heart, kidneys,

bladder, lungs, and nervous system, and many more. All of these facts show how important it

is to develop a system that selectively kills cancer.

7. Perspectives [S4]

Date describing physicochemical and biological properties of Ir(III)-Cu(II) complexes

(Ir(η5-Cp*)Cl2PCp-Cu(phen) – IrPCpCu; Ir(η5-Cp*)Cl2PLm-Cu(phen) – IrPLmCu; Ir(η5-

Cp*)Cl2PCp-Cu(phen) – IrPNrCu) have been presented here to demonstrate possible use and

evolution of Ir(III) complexes with phosphines derived from fluoroquinolones (Fig. 30). In

addition, a potential platform for dual drug delivery using magnetic nanoparticle systems has

been proposed.

These issues are carried out by me as part of a NCN research project, PRELUDIUM

which I am the leader.

Figure 30 Structure of heteronuclear iridium(III)-copper(II) complexes.
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7.1. Modification of biological activity and characteristic of heteronuclear
Ir(III) / Cu(II) complexes

To increase the selectivity towards neoplastic cells and to reduce the toxicity leading to

side effects, further modifications of the obtained complexes were performed. One of the

strategies adopted to overcome these limitations, scientists to find inspiration in the activity of

novel heteronuclear complexes [122 -124]. The presence of two different metals in one

molecule can improve their activity as anti-cancer agents due to interactions between different

metals with multiple biological targets or through improved chemical-physical properties of the

resulting compound [124]. Therefore, it was decided to attach a copper(II) ion to the

homonuclear complexes (IrPCp, IrPNr, IrPLm). It was proved that through many processes,

such as DNA damage or generation of ROS, Cu(II) complexes could effectively induce cancer

cells death [83, 125]. In addition, the superiority of these substances is also represented by the

fact that Cu(II) ions are already present in the human body limiting the possibility of excessive

immunological system response is low [125]. Most importantly, the introduction of a transition

metal, such as copper(II), can also give the obtained complexes unique magnetic properties

[126].

Analysis of structures in solution

All heteronuclear Ir(III)/Cu(II) complexes were characterized by mass spectrometry

recorded in the positive ion modality and infrared spectroscopy. For

the IrPNrCu and IrPLmCu complexes, the corresponding molecular ion was detected,

consistent with the expected isotopic distribution for [M]+ or [M+H]+. Only the complex with

ciprofloxacin (IrPCpCu) did not show the corresponding [M]+ molecular ion peaks. The

analysis of MS spectra showed that in all the types of complexes mentioned, chloride groups

were easily displaced. As a result, adducts with solvent molecules, e.g. H2O or CH3OH, were

observed.

In the IR spectra of fluoroquinolones, very strong bands around 1720 cm−1 were observed,

corresponding to the stretching vibrations of the C=O group of the carboxyl group (-COOH),

while in the case of complexes they were very weak or not observed in the ATR spectra.

Additionally, in the FT-IR spectra of heteronuclear IrIII/CuII complexes, two characteristic

bands were observed around 1630 and 1335 cm-1, corresponding to antisymmetric stretching

vibrations (ʋCOO-) which may be a marker of the coordination model. A model for the binding
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of phosphine fluoroquinolone ligands to the Cu2+ ion was also determined by the difference in

the ʋCOO- bands described above, which is in the range 285-339 cm-1.

Coordination of Cu(II) ions to Ir(III) complexes leads to a bathochromic shift of the

maximum wavelength of the peak emission (Fig. 31). At room temperature, a structureless

emission curve can be identified with a maximum centered at 450 nm relating to all the solutions

of Ir(III)/Cu(II) complexes. These emission patterns were obtained upon photoexcitation at

a specific wavelength of 340nm.

Figure 31 Normalized emission

spectra for heteronuclear Ir(III)/Cu(II)

complexes, homonuclear Ir(III)

complexes and the corresponding

phosphine ligands; λex = 340 nm,

298 K.

In addition, cyclic voltammetry (CV) was performed to thoroughly understand the redox

activity of the investigated heteronuclear Ir(III)/Cu(II) complexes. The cyclic voltammograms

of the complexes exhibit two irreversible oxidation peaks at around - 1.6 V and -1.1 V which

are assigned to the phosphine ligands and iridium(III) ion. One quasi-reversible reduction peak

with E1/2 of ca. 0 V is observed for all complexes and refers to the Cu(II)/(I) redox process.

Analysis of structures in solid

The coordination geometry of the iridium(III) ion in all heteronuclear complexes is the

same as that of the Ir(III) heteronuclear complexes. The complexes

IrPNrCu·(NO3)·1.75(CH4O)·0.75(H2O) and IrPCpCu·(NO3)·2.75(H2O) crystallize in the

triclinic         crystal         system,         in         the P1         space         group.         Whereas,

IrPLmCu·(NO3)·1.3(H2O)·1.95(CH4O) crystallizes in the Pbcn space group (orthorhombic

system) and contains the 1D metal-organic polymer assembled from copper(II) centers,

iridium(III) complex linkers, phenanthroline molecule and OH- ligands (Fig. 32).
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Figure 32 The monocrystal structures of the complex molecules IrPCpCu, IrPLmCu and

IrPNrCu. The solvent molecules are omitted for clarity.

In the IrPCpCu and IrPNrCu complexes Cu(II) ion adopt a distorted square-pyramidal

coordination geometry, where the copper ion is coordinated via two nitrogen atoms (from

phenanthroline ligand) and IrPNr or IrPCp complex via deprotonated carboxylate and pyridone

oxygen atoms. In the case of IrPLmCu, the packing analysis showed that the Cu(II) ion adopts

an octahedral distorted geometry, and is coordinated by four oxygen atoms (two carboxylates,

one pyridine oxygen, and one from hydroxy group) and two nitrogen atoms from

phenanthroline ligand (Fig. 33).

Figure 33 A perspective view (A and B) of the 1D polymer chain in the crystal structure of

IrPLmCu.

The presence of copper(II) ion in Cu(II) – Ir(III) heterometallic complex was also

confirmed by magnetic measurement and EPR spectroscopy. Magnetic data were acquired with

the help of the SQUID magnetometer (MPMS, Quantum Design) at the applied field of B0 =

0.5 T and, after correction to the underlying diamagnetism, transformed to the temperature

dependence of the MT product (or effective magnetic moment, (Figures 34 – left). The field

dependence of the magnetization per formula unit M = Mmol/NAμB at the constant temperature

is shown in figure 34 – right.
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Figure 34 Left - thermal dependencies of MT (half-open circles) and M (open circles) for 1 -

IrPCpCu, 2 - IrPNrCu, 3 -IrPLmCu; right - magnetization as a function of magnetic field

at 2.00 K (half-open circles) and 5.00 K (open circles) for1 - IrPCpCu, 2 - IrPNrCu , 3 -

IrPLmCu. The solid lines (on all graphs) are calculated using the HDVV spin Hamiltonian

and PHI programme.

All examine complexes magnetically behave as a mononuclear unit with SCu = 1/2

because Ir(III) ions are diamagnetic. MT vs T graph indicates the antiferromagnetic nature of

exchange interaction for complex IrPCpCu and IrPLmCu and weak ferromagnetic coupling

in compounds IrPNrCu. The magnetization data at T = 2.0 and BDC = 5.0 T saturates to M =

Mmol/(NAmB) = 0.86 μB (IrPCpCu, IrPLmCu) and 1.00 (IrPNrCu) . Theoretical calculation

of these magnetic data using the proper Hamiltonian (for an alternating Ising chain for

polymeric complex IrPLmCu or Heisenberg-Dirac-Van Vleck for IrPCpCu and IrPNrCu)

confirm the nature and strength of observed magnetic interaction.

Figure 35 Field dependencies of the AC susceptibility components for 2 at T = 2.0 K

for a set of frequencies of the AC field. Lines are a guide for the eye.
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New information was obtained from the AC susceptibility measurements. The in-phase

(M) and out-of-phase (M) components (Fig. 35) exhibit small frequency dependences with

the application of an external field of 0.2 T, indicative of the possibility of slow relaxation of

magnetization, although the maxima in  are missing. Using this data we cannot suggest SMM

or SIM behavior. However, the relaxation process for Cu(II) ions is very rare due to the absence

of a barrier to spin reversal: the axial zero-field splitting parameter D is undefined. The presence

of a relaxation process in complex IrPNrCu can be a result of geometry around Cu(II) ions.

Though the D parameter cannot be assigned to mononuclear copper(II) complexes, these are

well-known as anisotropic systems showing at least two distinct gz ≠ gx values well seen in the

EPR spectra of an axial type. Thus, even in the absence of the zero-field splitting, there exists

a magnetic anisotropy. The results of magnetic studies in the alternating field (AC) indicate

a significant role and usefulness of phosphine ligands in the functionalization of organic ligands

leading to modification of the geometry of the metal coordination sphere and, consequently, the

magnitude of anisotropy. This fact may mark an important path toward obtaining

multifunctional materials.

Figure 36 EPR frozen solution

spectra (at 77 K) of IrPCpCu in

DMSO solvent together with the

theoretical spectrum calculated.

The polycrystalline EPR spectra of the magnetically concentrated samples and also in the

frozen solution confirm the axial symmetry with dx2−y2 ground state, where the geometry can

correspond to an elongated octahedral, a square pyramidal or a square planar (Fig. 36. – an

exemplary spectrum for one of the examined complexes). The frozen solution EPR spectra

exhibit a well-defined resolution of hyperfine splitting of parallel orientation resulting from the

interaction of an unpaired electron with copper nuclei (I = 3/2). The spin Hamiltonian

parameters are obtained by computer simulation of the experimental spectra with gx = gy = g⊥

= 2.065, gz = gk = 2.211 and Ak = 164 G for IrPCpCu, gx = 2.069, gy = 2.073, gz = gk = 2.215

and Ak = 113 G for IrPNrCu, gx = gy = g⊥ = 2.098, gz = gk = 2.289 and Ak = 163 G for

IrPLmCu.
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Biological properties

The comparison of the IC50 values determined for homo- and heteronuclear complexes

(Tab. 3) showed that the presence of the second metal caused a significant increase in cytotoxic

activity against MCF7 and A549 cell lines, and most importantly a reduction in toxicity against

normal cell lines (HEK293T). Additionally, what was remarkable, despite the addition of

a second metal with phenanthroline - which is known to be toxic - there was a significant

reduction in toxicity to normal cell lines by more than 40 times than cisplatin. This suggests

that the introduction of a second metal is an effective method of minimizing toxicity to healthy

cells and may bring into play different properties of the resulting compound. Interestingly,

human lung adenocarcinoma (A549) was the most sensitive cell line to heteronuclear

IrIII/CuIIcomplexes even in the case of both experimental approaches (24 h and 24 h + 48 h

treatment with the examined compounds). In vitro cytotoxicity assays were also carried out

within multicellular tumor spheroids and efficient anticancer action on these 3D assemblies was

demonstrated.

Table 3 Values of IC50 [µM] (concentration of a drug required to inhibit the growth of 50% of the
cells) for WM2661, A549, MCF7, PANC-1, DU-145, HEK293T cells after 24 h and 24 h + 48 h
treatment with the studied compounds and cisplatin as reference

IC50 [µM] ± SD;24 h

IrPCpCu

IrPLmCu

IrPNrCu

cisplatin

A549

35.5 ± 5.6E-03

31.6 ± 7.6E-03

11.2 ± 7.8E-03

>100

MCF7

35.3± 6.5

24.2 ± 7.22

29.97 ± 0.67

51.9±4.6

DU-145
12.8 ± 2,7E-

07
14.2 ± 2.4E-

03
10.8 ± 1.9E-

04
>100

WM2664
12.8 ± 2,7E-

07
10.1 ± 2.2E-

03

9.9 ± 3.8E-03

2.63±0.6

HEK293T

786.8 ± 11.2

775.8 ± 15.7

756.8 ± 5.7

21.0±1.8

IC50 [µM] ± SD; 72 h (24 h + 48 h)
IrPCpCu
IrPLmCu
IrPNrCu
cisplatin

42.4 ± 7.3E-05
36.0 ± 2.2E-02
36.6 ± 2.8E-03

71.7±3.7

>1000
>1000
>1000

17.7±8.6

125.7 ± 3.4
126.2 ± 4.4
122.7 ± 5.4
65.5±3.6

137.1 ± 2.2
229.3 ± 25.9
155.1 ± 3.2
8.29±0.4

886.8 ± 12.7
822.8 ± 12.3
856.8 ± 15.9

10.3±2.1

In order to increase the cellular accumulation of heteronuclear complexes and to control

their uptake only to neoplastic cells, bypassing healthy cells - as was the case with homonuclear

complexes - we encapsulated compounds in liposomes. In the case of DU145 line, it can be

observed as a 10-fold decreasein cytotoxicity (Tab. 4).
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Table 4 IC50 (µg/ml and µM) values of the investigated compounds toward the
selected cancer cell lines for 24 h.

L

IrPCpCu

cisplatin

HaCaT

180.47±0.108 µg/mL

200.68±2.081 µM

32.20±0.881 µM

A549

21,18±0,1430 µg/mL

9.47±0.261 µM

>100

DU145

12,56 ± 0,1746 µg/mL

1.34±0.051 µM

>100

In addition, the accumulation of liposome compounds was confirmed by ICP-MS and

a confocal microscope. For all tumor cell lines, a significant increase in iridium accumulation

was detected after incubation with compounds as compared to normal control cells.

Furthermore, analyses of the cross-sectional images, nuclei specific probe Hoechst33342 (blue)

and intensity of the emission bands of the cancer cells proved clearly that the compounds

penetrate into the tumor cells. This analysis proves that the heteronuclear complexes

accumulate in the nucleus. A precise cytometric analysis revealed a predominance of apoptosis

over the other types of cell death. Furthermore, the investigated nanoformulation may induce

changes in the cell cycle leading to S phase arrest in a dose-dependent manner.

7.2. Magnetic drug targeting – nanoformulation

A promising approach to drug delivery is to target drugs magnetically, e.g. with an

applied magnetic field, taking advantage of the fact that the drug delivery vehicle has a strong

magnetic moment. For this purpose, it was decided to use the well-known magnetic properties

of magnetite (Fe3O4) particles, which, after being minimized to nanometric structures, are

characterized by the phenomenon of superparamagnetism. In practice, this phenomenon

consists in imparting magnetic properties to nanomaterials after applying an external magnetic

field and their extinction after removing the source of the magnetic field. The fragmentation of

the material causes the separation of magnetic domains, which significantly reduces the value

of the coercivity and makes them applicable in the human body. The reason for the use of iron

oxides as magnetic nano molecules in biological applications is the fact that iron oxide

nanoparticles show low cytotoxicity, unlike other ferromagnetic materials. Moreover, they have

an easily functionalized material surface, which allows for high biocompatibility with

biological material. Nevertheless, the magnet geometry and the tumor-magnet distance are

critical to the efficient delivery of magnetic compounds.
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In the first stage, it was chosen one complex IrPOH (Ir(η5-Cp*)Cl2PPh2CH2OH), which

presents high cytotoxicity to the A549 human lung adenocarcinoma. This compound was

surrounded by a polymeric micelle doped with a properly selected amount of Fe3O4 particles

with a grain size of 10 mm. The presence of magnetite nanoparticles in examine material was

confirmed by magnetic measurements (DC) using a superconducting quantum interference

device (SQUID) within a magnetic field of 0 – 5 T (Fig. 37) at 2 and 300 K. The results clearly

show the superparamagnetic behavior of nanoparticles. The magnetization vs magnetic field

curve indicates a nonlinear variation at all measuring temperature; 2, 5, and 300K (Fig. 37).
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Figure 37 Field H dependence of magnetization M of IrPOH - M at 2 K (red circle) and

300 K (blue circle).

This sample is saturated at the low magnetic field with the Ms saturation magnetization

value (obtained as an extrapolation to the zero-field from the high field area in M (H)) of

2.1 EMU/g (at 2 K) and 1.2 EMU/g (at 300 K). The former is significantly lower than the

saturation magnetization of bulk magnetite (Ms bulk = 98 EMU/g) [127] which may be the

result of the final particle size effect and high surface area to volume ratio, the spin deflection

effect at the grain boundary or the presence of other materials in the examined species that may

lead to a reduction of the effective magnetic moment [128]. At 300 K, the coercivity (28.3 Oe)

and remanence values (0.2 EMU/g) are not discernible, indicating a superparamagnetic
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behavior while at 2 K the value of coercivity (251 Oe) and remanence (1.9 EMU/g) showing a

ferrimagnetic behavior.

The obtained core/shell structures are the starting point for further modifications

aimed at giving the magnetic nanoparticles appropriate functions and properties. Moreover,

such intelligent materials can deliver drugs directly to the diseased tissue thanks to the

magnetic field - thanks to this solution; we can avoid systemic toxicity as the drug will be

delivered only to the diseased area.
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Co-investigator in research project

 1.11.2018 – 7.11.2021 SONATA 12 NCN (2016/23/D/ST5/00269): Do copper(I)

complexes with conjugates of phosphine-peptide carriers can cause selective cancer

cells death? Synthesis, physicochemical and biological properties (start: 2017-07-12).

Amount: 452 800 PLN
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 Poster: Sandra Kozieł, Agnieszka Skórska-Stania, Barbara Pucelik, Victor Sebastiane,

Alina Bieńko, Grażyna Stochel, Agnieszka Kyzioł, Urszula K. Komarnicka

„Aktywność przeciwnowotworowa nowych kompleksów irydu(III) zawierających

fosfinowe pochodne fluorochinolonów zamkniętych w polimerowych micelach” IV

Ogólnopolskie Forum Chemii Nieorganicznej, Wydział Chemii Uniwersytetu Mikołaja

Kopernika w Toruniu, 7-9.09.2021

 Oral presentation: Sandra Kozieł, Agnieszka Skórska-Stania, Barbara Pucelik, Victor

Sebastiane, Alina Bieńko, Grażyna Stochel, Agnieszka Kyzioł, Urszula K. Komarnicka:

„Anticancer potency of novel organometallic Ir(III) complexes with phosphines derived

from fluoroquinolones encapsulated in polymeric micelles”. International Symposium

on Thermodynamics of Metal Complexes ISMEC 2021, Białystok, Polska, 16-

18.06.2021

 Flash talk and poster: Sandra Kozieł, Agnieszka Kyzioł, Alina Bieńko, Urszula K.

Komarnicka "Novel piano-stool Ru(II) and Ir(III) complexes containing

aminomethylphosphanes based on fluoroquinolones". ISABC 2019 – 15th International

Symposium on Applied Bioinorganic Chemistry; 2-5 June 2019, Nara, Japan

 Oral presentation: Sandra Kozieł "Kompleksy miedzi(I) z fosfinowym koniugatem

dipeptydu Sar-Gly-OH zawierającym motyw(p-OCH3Ph)2CH2OH. Multimodalne

interakcje DNA, aktywność prooksydacyjna i cytotoksyczna". Young scientists

conference. Analysis of the issue, analysis of results - presentation of a young scientist;

21 May 2019, Rzeszów, Poland

 Poster: Sandra Kozieł, Agnieszka Kyzioł, Alina Bieńko, Urszula K. Komarnicka

"Nowe kompleksy Ru(II) i Ir(III) z aminometylofosfinowymi pochodnymi

fluorochinolonów". Young scientists conference. Analysis of the issue, analysis of

results - presentation of a young scientist; 21 May 2019, Rzeszów, Poland

 Poster: Sandra Kozieł, Radosław Starosta, Agnieszka Kyzioł, Urszula K. Komarnicka

"Kompleksy miedzi(I) z fosfinowym koniugatem dipeptydu (SarGlyOH) w walce z

rakiem piersi - charakterystyka fizykochemiczna i biologiczna". 61. Zjazd Naukowy

Polskiego Towarzystwa Chemicznego, 17-21 September 2018, Krakow, Poland

Awards and Fellowships
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 Finalist in the "Young Talent" competition in the category of scientific success,

organized by “Dolnośląski Klub Kaptiału” (2022, Wrocław, Poland)

 Jan Mozrzymas scholarship in the field of interdisciplinary research conducted by the

Wrocław Academic Center and the city of Wrocław (2021/2022)

 Award for a distinction in a poster session: „Aktywność przeciwnowotworowa nowych

kompleksów irydu(III) zawierających fosfinowe pochodne fluorochinolonów

zamkniętych w polimerowych micelach” IV Ogólnopolskie Forum Chemii

Nieorganicznej, Wydział Chemii Uniwersytetu Mikołaja Kopernika w Toruniu, 7-

9.09.2021

 Nomination for the award: Scientist of the Future 2021 in the category: Science for a

better life in the future (2021, Wrocław, Poland)

 Scholarship of the Rector of the University of Wrocław for the best PhD students (2018-

2022)

 Scholarships of Ministry of Higher Education and Science for the best PhD students

(pro-quality scholarship, 2018-2022)

 Piotr Ludwik Sosabowski Scientific Scholarship (2019/2020)

Intership

 2018 - 2022 Italy, doctoral studies at the University of Ferrara, Department of Chemical,

Pharmaceutical and Agricultural Sciences (collaboration with Professor Stefano

Caramori)

 2018 - 2022 Poland, Jagiellonian University, Krakow; Department of Inorganic

Chemistry (total 9 months, collaboration with Professor Grażyna Stochel and Dr

Agnieszka Kyzioł)

 2021 - 2022 Poland, University of Wroclaw, Poland; Institute of Genetics and

Microbiology, Department of Microbiology (total 2 months, collaboration with

Professor Gabriela Bugla-Płoskońska and Dr Katarzyna Guz- Regner)

 1 April – 31 October, 2020 Poland, internship at Colgate-Palmolive Services (Poland)

sp.z o.o. in Świdnica

 7 November – 5 December 2018 Italy, Institute of Condensed Matter Chemistry and

Technologies for Energy (ICMATE) in Padua (collaboration with Marina Porchia and

Francesco Tisato)
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Training

 09 - 18 April 2018 Poland, Wrocław University of Science and Technology European

standardization of cosmetic products.

 15 - 20 January 2018 Poland, Wrocław University of Science and Technology

Participation in team projects of biological chemistry conducted by Professor Marcin

Drąg

 12 - 13 October 2017 Poland, Wroclaw Technology Park Accreditation of analytical

laboratories using alternative determination methods

 26 June - 08 July 2017 Poland, Wrocław University of Science and Technology

Gas chromatography

Organizational activities

 2020 – present: Chemistry teacher in Dialogue Of Culture Primary School Etz Chaim

 2019 – present: An active member of the „Stowarzyszenie Nauczycieli Przedmiotów

Przyrodniczych (PSNPP)”

 2019 – present: Laboratory classes for elementary school and high school students at

the University of Wrocław

 2020 – present: Co-managementsocial media of the Faculty of Chemistry, University of

Wrocław (instagram, facebook, website)

 2021 – 2022 Organizing an auction for the Great Orchestra of Christmas Aid (WOŚP):

"a day in the life of a mad chemist"

 2019-2020: Assistance in organizing the “Dolnośląski Festiwal Nauki” at the Faculty of

Chemistry and at the Faculty of Law, Administration and Economics of the University

of Wrocław

 1.10.2019 - 30.09.2020: Chairwoman of the council of doctoral students at the Faculty

of Chemistry, University of Wrocław.

 2015 - 2020: Member of the Students' Scientific Circle of Forensics at the Department

of Forensics at the Faculty of Law, Administration and Economics of the University of

Wrocław.
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Introduction

Herein, we present the synthesis of new complexes based on ruthenium(II) (Ru(η6-p-cymene)

Cl2PPh2 CH2 OH (RuPOH) and Ru(η6-p-cymene)Cl2P( p-OCH3Ph)2CH2OH (RuMPOH)) and iridium(III) (Ir

(η5-Cp*)Cl2P( p-OCH3Ph)2CH2OH (IrMPOH) and Ir(η5-Cp*)Cl2PPh2CH2OH (IrPOH)) containing phosphine
ligands with/without methoxy motifs on phenyl rings (P( p-OCH3Ph) 2CH2OH (MPOH) and PPh2CH2OH

(POH)). The complexes were characterized by mass spectrometry, NMR spectroscopy (1D: 1H, 13C{1H},

and 31P{1H} and 2D: HMQC, HMBC, and COSY NMR) and elemental analysis. All the complexes were
structurally identified by single-crystal X-ray diffraction analysis. The Ru(II) and Ir(III) complexes have a

typical piano-stool geometry with an η6-coordinated arene (RuII complexes) or η5-coordinated (IrIII com-
pounds) and three additional sites of ligation occupied by two chloride ligands and the phosphine ligand.

Oxidation of NADH to NAD+      with high efficiency was catalyzed by complexes containing P( p-
OCH3Ph) 2 CH2 OH (IrMPOH and RuMPOH). The catalytic property might have important future appli-
cations in biological and medical fields like production of reactive oxygen species (ROS). Furthermore, the
redox activity of the complexes was confirmed by cyclic voltamperometry. Biochemical assays demon-
strated the ability of Ir(III) and Ru(II) complexes to induce significant cytotoxicity in various cancer cell lines.
Furthermore, we found that RuPOH and RuMPOH selectively inhibit the proliferation of skin cancer cells
(WM266-4; IC5 0 ,  after 24 h: av. 48.3 µM; after 72 h: av. 10.2 µM) while Ir(III) complexes were found to be
moderate against prostate cancer cells (DU145).

ruthenium, gold, and iridium compounds have been receiving
much attention in recent years in biology and medicine.6–8 In

Methods of identifying and treating cancer are currently
undergoing significant changes because of the application of

nanotechnologies or nanomedicine.1 However, one of the sig-
nificant methods of cancer disease treatment is still
chemotherapy.2–4 Unfortunately, this kind of treatment causes
many side effects that are the result of off-target effects on
healthy tissues. Since cisplatin became one of the most widely
used anticancer drugs,5 the development of new metal-based
antitumor drugs has significantly increased; for instance,

aFaculty of Chemistry, University of Wroclaw, Joliot-Curie 14, 50-383 Wroclaw,

Poland. E-mail: urszula.komarnicka@chem.uni.wroc.pl
bFaculty of Chemistry, Jagiellonian University in Krakow, Gronostajowa 2,

30-387 Krakow, Poland
cICMATECNR, Corso Stati Uniti 4, 35127 Padova, Italy
†Electronic supplementary information (ESI) available. CCDC 2087020, 2087023,

2087025 and 2087026. For ESI and crystallographic data in CIF or other elec-

tronic format see DOI: https://doi.org/10.1039/d2dt01055k
‡First author.

This journal is © The Royal Society of Chemistry 2022

biocatalysis, organometallic complexes have been mostly
responsible for the conversion of coenzyme NAD+ 9,10 to its
reduced form NADH.8,11–15 Such organometallic compounds
including IrIII, RhIII, and RuII complexes can drive enzymatic
reactions relying on NADH as a cofactor.8,12–17 In vivo, both
NAD+ and NADH take part as cofactors in many biocatalyzed
processes (e.g. energy transfer, oxidative stress, or cell death).8

Furthermore, it has been shown that organometallic half-
sandwich Ru(II) and Ir(III) complexes exhibit excellent in vitro
and in vivo anticancer properties, but still need to be explored
in detail.17–21 Hence, ruthenium-based antitumor complexes
represent a promising alternative to platinum drugs, a number

of them being already in clinical trials.22,23 Ruthenium has a
large range of available oxidation states under physiological

conditions.24 Although the mechanism of action of ruthe-
nium-based drugs is still unclear, it is believed that the ability
of ruthenium to mimic iron in binding to biological molecules
(such as transferrin or albumin) is an important feature. This
property is mainly reflected in less toxic compounds compared

Dalton Trans., 2022, 51, 8605–8617 | 8605

https://doi.org/10.1039/d2dt01055k
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http://rsc.li/dalton
https://doi.org/10.1039/d2dt01055k


Pu
bl

is
he

d 
on

 1
2 

M
ay

 2
02

2.
 D

ow
nl

oa
de

d 
on

 6
/1

6/
20

22
 9

:4
7:

22
 P

M
.

Paper

to their platinum counterparts,25     resulting from a more
efficient delivery to cancer cells. The mechanism of action
seems to be different from that of the platinum compounds.
Therefore, ruthenium compounds have great potential as anti-
cancer agents,26,42 and different approaches of investigation

have been reviewed recently.27

Whereas the medicinal properties of ruthenium com-
pounds are well established,28–30 the development of anti-
cancer iridium compounds is a relatively new scientific

field.31,32 IrIII complexes are often considered to be relatively
inert, which is a common characteristic of low-spin d6 metal

ions and especially third-row transition metals.32 However,
iridium compounds have not only displayed potent anticancer
reactivity,33,34 but their mechanism of action (MoA) and spec-
trum of sensitivity to tumours are unlike those of the conven-

tional platinum-based drugs.35,36     Half-sandwich iridium(III)
complexes have drawn particular attention owing to their par-
ticular anticancer mechanisms, which include catalyzing the
intracellular redox reaction and inhibition of proteins (VEGF
R3, Bcl-2, etc.). These results can lead to the accumulation of
intracellular reactive oxygen species (ROS, 1O2) and lead to cell
death.37–39

One rational approach to improve the efficacy of metal com-
plexes consists of incorporating different chelating ligands
with complementary biological activity to enhance the physio-
logical targets of the metallodrug.40 In this context, P-donor
ligands represent an unquestioned tool in bioinorganic medic-
inal chemistry for improving the anticancer activity of metal
complexes.41–45 Thus, the use of phosphines (PR3–R = H, alkyl,
aryl, etc.) as auxiliary ligands has been accompanied by the
synthesis of various ruthenium and iridium complexes.
Phosphines are σ-donor and π-acceptor ligands and stabilize
mainly the low oxidation states of soft metals, and are one of
the few ligands whose electronic properties can be widely
modified in a systematic way by changing the R groups.3

Besides, they confer a lipophilic character to the compounds

View Article Online

Dalton Transactions

facilitating cellular uptake, which is essential for improving
the overall biological response.42,43 For example, RAPTA-C
exhibited preclinical antimetastatic and antiangiogenic behav-
iour in vivo, and it was able to reduce the growth of certain
primary tumours.46 This also encouraged us to introduce
phosphine ligands into the half-sandwich of ruthenium/
iridium complexes.

In this paper, we report on the syntheses, physicochemical
characterization, and biological study of the in vitro anticancer
activity of two novel piano-stool ruthenium(II) complexes Ru
(η6-p-cymene)Cl2PPh2CH2OH (RuPOH) and Ru(η6-p-cymene)

Cl2P(p-OCH3Ph)2CH2OH (RuMPOH) and two half-sandwich Ir
(III) complexes Ir(η5-Cp*)Cl2P(p-OCH3Ph)2CH2OH (IrMPOH)
and Ir(η5-Cp*)Cl2PPh2CH2OH (IrPOH) with two phosphine
ligands with/without methoxy motifs on phenyl rings,
PPh2CH2OH (POH) and P(p-OCH3Ph)2CH2OH (MPOH)
(Scheme 1).

Results and discussion
Synthetic procedures

All syntheses were carried out under an atmosphere of dry
oxygen-free dinitrogen using standard Schlenk techniques or a

glove box. The ligands Ph2P(CH2OH)2Cl (POHC),47

Ph2PCH2OH (POH),48 (p-OCH3Ph)2P(CH2OH)2Cl (MPOHC),49

and (p-OCH3Ph)2PCH2OH (MPOH)49 were prepared using pre-
viously described methods. The synthetic routes of iridium(III)
complexes IrPOH Ir(η5-Cp*)Cl2PPh2CH2OH and IrMPOH Ir(η5-
Cp*)Cl2P(p-OCH3Ph)2CH2OH and ruthenium(II) complexes
RuPOH Ru(η6-p-cymene)Cl2PPh2CH2OH and RuMPOH Ru(η6-
p-cymene)Cl2P(p-OCH3Ph)2CH2OH are presented in Scheme 1.

The complexes were found to be air stable and soluble in
polar solvents such as dichloromethane and acetone but in-
soluble in non-polar solvents such as pentane and hexane. The
analytical data of all the ruthenium(II) and iridium(III) com-

Scheme 1     Schematic view of the compounds and synthetic routes.

8606  | Dalton Trans., 2022, 51, 8605–8617 This journal is © The Royal Society of Chemistry 2022
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plexes are in good agreement with the molecular formula pro-
posed. The target complexes were characterized by 1D and 2D
NMR spectra, ESI-MS and elemental analysis. These analytical
and spectral data confirmed the stoichiometry of new com-
plexes. In addition, the molecular structures of all complexes
have been authenticated by single crystal X-ray crystallography.

Structural analysis

The crystal data and the details of data collection and structure
refinement of Ru(II) and Ir(III) complexes are given in Tables 1
and S1 and S2 in the ESI.† The Ru(II) complexes, RuPOH and
RuMPOH, have a typical piano-stool geometry with an η6-co-
ordinated arene and three additional sites of ligation occupied
by two chloride ligands and the phosphine ligand (Fig. 1). The
structure of RuPOH differs from that of RuMPOH only by the

View Article Online

Paper

action between the hydroxyl group as a donor and chlorine
atom as an acceptor (Fig. 3 and Table S2 ESI†). In complexes
RuPOH, IrPOH and IrMPOH, this interaction is intramolecular
forming S1(6), whereas in complex RuMPOH it forms the intra-
molecular motif R2(12).51

Characterization of organometallic Ru(II) and Ir(III) complexes

All complexes IrPOH, IrMPOH, RuPOH and RuMPOH were pre-

cisely characterized by 1D NMR techniques (1H, 13C{1H} and
31P{1H} NMR) and 2D NMR (COSY, HMQC and HMBC) (Fig. 4
and 5; Fig. S1–S10, ESI†) and mass spectrometry (Fig. S11–S19,
ESI†). The application of these techniques allowed the deter-
mination of the structures of the complexes in solution under
atmospheric oxygen.

phosphine ligand. In RuMPOH, two phenyl rings have
additional methoxy groups in the para-positions. The phos-
phorus atom is also bonded to the CH2–OH group.

The conformations of both molecules of RuPOH and
RuMPOH are very similar as shown in Fig. 2. The Ir(III) com-
plexes, IrPOH and IrMPOH, have a typical piano-stool geome-

try with an η5-coordinated arene and three additional sites of
ligation occupied by two chloride ligands and the phosphine
ligand (Fig. 1).

Analogically, IrPOH and IrMPOH differ from each other
only by para-substituents in the two phenyl groups bonded to
the phosphorus atom (P1). The third connection of the P1
atom in both Ir(III) complexes is also a CH2–OH group. The
hydroxyl group in IrPOH is disordered with occupancy factors
ranging from 72% for O11B to 28% for O11A. The most signifi-
cant bond lengths and bond angles involving atom Ru1 for
RuPOH and RuMPOH and involving atom Ir1 for IrPOH and
IrMPOH, respectively, are given in Table 1.

The bond lengths of P1–C for all structures are in the range
of 1.810–1.865 Å and the C–P–C angles range from 98.63° to
105.60°. The strongest hydrogen bonds in the structures
RuPOH, IrPOH and IrMPOH are intramolecular O–H Cl. The
strongest hydrogen bond in all structures is an O–H Cl inter-

Fig. 1     Asymmetric units of Ru(η6-p-cymene)Cl2PPh2CH2OH (RuPOH),
Ru(η6-p-cymene)Cl2P( p-OCH3Ph)2CH2OH (RuMPOH) and two half-
sandwich Ir(III) complexes Ir(η5-Cp*)Cl2P( p-OCH3Ph)2CH2OH (IrMPOH)
and Ir(η5-Cp*)Cl2PPh2CH2OH (IrPOH). Displacement ellipsoids are
drawn at the 50% probability level (using Mercury 2020.150).

Table 1     Comparison of the bond lengths and angles around Ir atoms for IrPOH and IrMPOH and around Ru atoms for RuPOH and RuMPOH,
respectively

Bonds

P1–Ir1
Cl1–Ir1
Cl2–Ir1
Cg1–Ir1

Angles

IrPOH
[Å]

2.3026(7)
2.4251(7)
2.4076(7)
1.8264(12)

[°]

IrMPOH
[Å]

2.3141(13)
2.3993(14)
2.4097(13)
1.827(2)

[°]

Bonds

P1–Ru1
Cl1–Ru1
Cl2–Ru1
Cg2–Ru1

Angles

RuPOH
[Å]

2.3313(9)
2.4366(9)
2.4051(9)
1.7023(15)

[°]

RuMPOH
[Å]

2.3511(5)
2.4262(6)
2.4108(6)
1.7042(9)

[°]

P1–Ir1–Cl2 88.85(3)
P1–Ir1–Cl1 89.05(2)
Cl2–Ir1–Cl1 88.41(3)
Cg1–Ir1–Cl1 121.71
Cg1–Ir1–Cl2 124.06
Cg1–Ir1–P1 132.20
5-Membered ring Cg1 = C1–C2–C3–C4–C5

89.10(5)
87.26(5)
85.26(5)
123.91
124.59
132.55

P1–Ru1–Cl2 84.79(3)
P1–Ru1–Cl1 89.29(3)
Cl2–Ru1–Cl1 85.77(3)
Cg2–Ir1–Cl1 126.38
Cg2–Ir1–Cl2 128.43
Cg2–Ir1–P1 127.91
6-Membered ring Cg2 = C4–C5–C6–C7–C8–C9

82.64(2)
87.74(2)
87.57(2)
125.24
127.62
131.45

This journal is © The Royal Society of Chemistry 2022 Dalton Trans., 2022, 51, 8605–8617 | 8607
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Fig. 2     Structure overlay diagrams (using Mercury 2020.143) of the two
molecules IrPOH—orange and IrMPOH—green and RuPOH—blue and
RuMPOH—yellow, respectively.

The 31P{1H} NMR analysis, a very useful method for the pre-
liminary determination of sample purity, was applied to verify
if the product of the synthesis is the desired one (Fig. 4 and
Fig. S1–S8, ESI†). First of all, the signal of uncoordinated phos-
phines is situated in the negative part of the spectrum (POH:
−9.33 ppm; MPOH: −13.60 ppm) and undergoes a downfield
shift as a result of phosphine coordination (RuPOH:
16.74 ppm; RuMPOH: 15.07 ppm; IrPOH: −7.15 ppm and
IrMPOH: −9.18 ppm). The absence of other signals in the
spectrum confirms that the coordination compound is the
only product of synthesis, free from phosphine derivatives
(e.g., phosphine oxides; Fig. 4 and Fig. S1–S8, ESI†).

As expected, the biggest changes in the 1H and 13C{1H}
NMR spectra (Fig. 4 and Fig. S1–S8, ESI†) upon the complexa-

View Article Online
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tion process were observed for the atoms neighbouring the
coordination metal ions: Ru(II) and Ir(III). Almost all protons
undergo an upfield shift independent of the type of metal ion
(Ir(III) and Ru(II)) and phosphine ligand (POH or MPOH). This
might be related to the electron density increase around the
ligands caused by the formation of complex compounds.
However, the signals of H(–OCH3) on the phenyl ring in the
phosphine ligand (MPOH), H(Cp*CH3) on the methyl group of

the cyclopentadienyl (Ir(III) complexes) and H1 of all complexes
undergo a downfield shift.

It is worth mentioning that after complexations, the chemi-
cal shifts of the H1 (PPh2CH2-) signals of Ir complexes are
bigger than those of Ru compounds. This means that both
phosphine ligands are bound via a phosphorus atom much
stronger than the iridium ion compared to the ruthenium
complex.

For phosphine ligands, analogous to the 1H NMR spectra,

the largest changes in the 13C{1H} NMR spectra were
observed for the C1 atom. After phosphine complexation, the
signals (C1) for all the complexes studied here (RuPOH,
RuMPOH, IrPOH and IrMPOH) shifted strongly towards
lower fields. The C1 signal is a feature strongly distinguish-
ing all inorganic compounds, where doublets of 1J (C–P) =
ca. 40 Hz for RuMPOH and IrMPOH as well as 1J (C–P) = ca.
31 Hz for RuPOH and IrPOH coupling constants were
observed.

Fig. 3     The strongest hydrogen bonds of (A) RuPOH, (B) RuMPOH, (C) IrPOH and (D) IrMPOH.

8608  | Dalton Trans., 2022, 51, 8605–8617 This journal is © The Royal Society of Chemistry 2022
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Table 2     The values of the hydrolysis rate constants [min−1] and the
half-life [min] calculated for IrPOH, IrMPOH, RuPOH, and RuMPOH

k′ [min−1]

IrPOH 4.57 × 10−4 ± 4.6 × 10−6

RuPOH 7.53 × 10−4 ± 1.3 × 10−6

IrMPOH 8.40 × 10−5 ± 4.1 × 10−7

RuMPOH 8.49 × 10−4 ± 0.5 × 10−6

t1/2 [min]

1515.2
920.4

8255.8
816.5

Fig. 4      31P{1H} NMR spectra (298 K, DMSO) of the ligands (MPOHC,
POHC, MPOH, and POH) and complexes (IrPOH, IrMPOH, RuPOH, and
RuMPOH). MPOHC and POHC are not reported.

Fig. 5     The UV/vis spectra of (A) IrMPOH, (B) RuMPOH, (C) IrPOH, and (D)
RuPOH in 20% DMSO/80% H 2 O  (v/v) solution at 298 K over 24 h; the
arrows show the change over time.

Hydrolysis studies

Hydrolysis of the Ir(III)–Z and Ru(II)–Z (Z is the leaving group in
both types of complexes) bonds represents an activation step
of organometallic anticancer complexes. M–OH2 aqua com-
plexes are often more reactive than the corresponding

complexes.37

The hydrolysis characteristics of IrMPOH, RuMPOH, IrPOH
and RuPOH were measured by UV-vis absorption spectroscopy
(Fig. 5 and Table 2), and the presence of DMSO ensured the
solubility of these complexes. As shown, the UV-vis spectra of
all complexes displayed some changes over time, which indi-

This journal is © The Royal Society of Chemistry 2022

cated the slow hydrolysis process. The time dependence of the
formation of the aqua adducts of complexes was fitted to the
pseudo-first-order kinetics (Fig. 5 and Table 2). The values of
the hydrolysis rate constants were 4.57 × 10−4 ± 4.6 × 10−6, 7.53 ×

10−4 ± 1.3 × 10−6, 8.40 × 10−5 ± 4.1 × 10−7, and 8.49 × 10−4 ± 0.5 ×

10−6 min−1 and the values of the half-life of hydrolysis were
1515.2 min, 920.4 min, 8255.8 min and 816.5 min for IrPOH,
RuPOH, IrMPOH, and RuMPOH, respectively. The values of
the hydrolytic half-life of ruthenium complexes were lower than
those of iridium compounds.

The hydrolysis of all compounds IrPOH, IrMPOH, RuPOH,
and RuMPOH in 20% DMSO-d6/80% D2O (v/v) was additionally
monitored by 1H NMR in the presence of 4.0 mM, 23.0 mM, or
103.0 mM NaCl (mimicking the chloride concentrations in the

blood plasma, cell cytoplasm, and cell nucleus, respectively)34

(Fig. 6 and Fig. S9 and S10, ESI†). DMSO was required to
ensure the solubility of the complexes in aqueous solution and
it is also a widely used solvent in preparing metal complex
stock solutions for therapeutic studies.

Hydrolysis was confirmed by the sequential addition of
NaCl (after 15 min) to the equilibrium solution. The intensity
of the aqua complex peaks associated with Ir–OD2/OD or Ru–
OD2/OD decreased with the increase in the peaks associated
with the Ir–Cl2 or Ru–Cl2 species as the NaCl concentration
increased (Fig. 6 and Fig. S9 and S10, ESI†). This would imply
that at biologically relevant chloride concentrations (i.e., in the
nucleus), the complexes would exist as Ir(Ru)–Cl rather than
the aqua species. A similar trend can be observed for different
organometallic Ir(III) and Ru(II) complexes.34,52 On the basis of
the 1H NMR data, the reaction of aqua complexes was almost
complete in 104 mM [Cl−], and ca. 10% of the aqua complexes
were observed at this concentration after 15 min with no
further change after 24 h. Extracellularly, when the chloride
ion concentration is >100 mM, hydrolysis of the complexes
may be suppressed. However, inside cells where the concen-
tration is lower (approx. 23 mM in the cytoplasm and 4 mM in
the nucleus), the complexes can be activated. However, metal
complexes can interact with many targets inside the cell,
which may also be reflected in their hydrolysis. For example,
the complexes can react by directly substituting chloride for

nucleobases (DNA).53–55

Mass spectrometry

The ESI(+)MS spectra (recorded in the positive ion modality) of
the two IrPOH and IrMPOH complexes did not show the
corresponding [M]+ molecular ion peaks according to the

Dalton Trans., 2022, 51, 8605–8617 | 8609
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Fig. 6     Confirmation of the hydrolysis of (A) RuPOH (1 mM) by 1H NMR in 20% DMSO-d6/80% D 2 O  (v/v) at 298 K. The peaks for the aqua complex are
marked in blue and the peaks for the chlorido complex are marked in red. The peaks for the chlorido complex RuPOH increased (red triangle) in
intensity while the peaks for the aqua complex decreased (blue star). (B) IrPOH (1 mM) by 1H NMR in 20% DMSO-d6/80% D 2 O  (v/v) at 298 K. The
peaks for the chlorido complex IrPOH increased (red triangle) in intensity while the peaks for the aqua complex decreased (blue star).

neutral character of these compounds, but low abundant [M +
Na]+ sodiated ions were detected at m/z 637 (Fig. S11 and S12,
ESI†) and at m/z 697 (Fig. S13 and S14, ESI†) for IrPOH and
IrMPOH, respectively. The ESI(+)MS spectra were dominated
by [M −  Cl]+ ions at m/z 579 (Fig. S11, ESI†) and m/z 639
(Fig. S13, ESI†) for IrPOH and IrMPOH, respectively. Less

abundant peaks corresponding to [M −  Cl −  HCl]+ and [M −
Cl −  HCl −  H2CO]+ ions were also recorded indicating that
chloride groups and the hydroxymethyl pendant arm of the
phosphine ligand were easily displaced.

As illustrated in Fig. S12 and S14 ESI,† the cluster peaks
arising from the experimental traces compared with those cal-
culated for the pertinent species indicate excellent superimpo-
sition. The ESI(+)MS spectra of similar Ru complexes showed

comparable results. They did not show the [M]+ molecular ion

peaks, but low abundant [M + Na]+ sodiated ions were detected
at m/z 545 (Fig. S15, ESI†) and m/z 605 (Fig. S18, ESI†) for

were determined by cyclic voltammetry in DMF solution using
0.1 M tetrabutylammonium perchlorate (TBAP) as the support-
ing electrolyte in the selected potential window from −1.0 V to

2.0 V vs. Ag/Ag+ at different scan rates (from 1 to 20 mV s−1).
The cyclic voltammograms (CVs) of all studied compounds are
presented in (Fig. 7 and Fig. S20 and S21, ESI†). The cyclic vol-
tammograms of all complexes exhibited one irreversible oxi-
dation peak at around 1.5–1.7 V which is assigned to phos-
phine ligand oxidation. One quasi-reversible reduction peak
around −0.55 V is observed for all complexes (around ΔE =
0.98 V for all complexes) and it can also be assigned to the
phosphine ligand.

Replacement of the anionic chloro ligands by the neutral
solvent molecules as in all complexes studied here produces
positively charged species (vide supra), which could be

expected to be more difficult to oxidize.56 However, the cyclic
voltamperograms of all complexes (IrPOH, IrMPOH, RuPOH,

RuPOH and RuMPOH, respectively. and RuMPOH) displayed one electrochemically reversible
Analogously to what was observed in Ir complexes, these

ESI(+)MS spectra were dominated by [M −  Cl]+ ions at m/z 487
(Fig. S15, ESI†) and 547 (Fig. S17, ESI†) for RuPOH and
RuMPOH, respectively. Additional low abundant peaks corres-
ponding to [M −  Cl −  HCl]+ and [M −  Cl −  HCl −  H2CO]+ ions
were also measured. As illustrated in Fig. S16, ESI† for RuPOH,

the experimental cluster profile of the [M + Na]+ ion at m/z 545
is in close agreement with the calculated cluster. The ESI(−)
MS spectra of the Ru complexes displayed the chlorinated [M +
Cl]− molecular ion peak at m/z 559 (Fig. S17, ESI†) and 619
(Fig. S19, ESI†) for RuPOH and RuMPOH, respectively.

Voltamperometry cyclic

Cyclic voltammetry (CV) was performed to precisely under-
stand the redox activity of the studied complexes (i.e., cellular
ROS production, vide supra). The redox potentials for all com-
plexes, the corresponding phosphine ligands, and ferrocene

8610 | Dalton Trans., 2022, 51, 8605–8617

redox wave. As shown in Fig. 6A, compounds IrPOH and
IrMPOH show reversible oxidation waves in the region of
1.2–1.5 V, which can be attributed to the metal-centered Ir(III)/
Ir(IV) oxidation. The determined oxidation potentials for the
studied iridium(III) complexes, referring to the Ir(III)/(IV) redox
process, are in agreement with the literature data for other

organometallic Ir(III) compounds with various ligands.17,57–60

The position of the cathodic peak was slightly shifted towards
the negative potential, while the anodic peak was shifted a
little towards positive potentials simultaneously with the scan
rate increase. These observations suggest a diffusion con-

trolled redox process.61 An electrochemical investigation of Ru
(II) complexes (RuPOH and RuMPOH) revealed a quasi-revers-
ible one-electron Ru(II)/Ru(III) oxidation process in the region
of 1.1–1.3 V, which is in agreement with the literature data.7,19

Thus, even though it is stated that Ru(II) arene “piano-stool”
complexes are normally unable to change their +II oxidation

This journal is © The Royal Society of Chemistry 2022
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Fig. 7     (A) Cyclic voltammograms of iridium(III) complexes (1 mM), recorded with 0.1 M tetrabutyl ammonium perchlorate (TBAP) as the supporting
electrolyte in DMF solution. Scan rates (10 mV s−1). The potentials were referenced to the Fc0 / +  redox couple. (B) The UV/vis spectra of NADH (100
μM) were determined after incubation with IrMPOH (1 μM) in CH 3 OH/H 2 O (1 : 9, v/v) at 298 K for 8 h. The arrows show the absorbance change over
time. The histogram of TONs for complex RuPOH, RuMPOH, IrPOH and IrMPOH.

state due to stabilization by the π-bonded arene ligands,19 the      adenocarcinoma     (MCF7),     metastatic     human     melanoma
studied organometallic complexes with aminomethyl(diphe-      (WM2664); human malignant glioma cell line (LN18); human
nyl)phosphines     are     prone     to     undergo     electrochemical
processes.

prostate carcinoma (DU-145), human pancreatic/duct carci-
noma (PANC-1), as well as towards two immortalized human

Catalysis of NADH oxidation

The coenzyme, nicotinamide adenine dinucleotide (NADH),
plays a vital role in the biocatalysis process. NAD+ is a ubiqui-

embryonic kidney (HEK293T), the primary line of human pul-
monary fibroblasts (MCR-5) and human keratinocyte (HaCat)
cell lines. The IC50 values (concentration of a drug required to
inhibit the growth of 50% of the cells) were assessed using two

tous cofactor utilized by more than 300 dehydrogenase different approaches—after 24 h  or 24 h  + 48 h using the 3-
enzymes. The nicotinamide region is the site of reversible
redox processes in living cells.6,17 Literature data indicated
that Ir(III) and Ru(II) complexes are able to catalyse the conver-
sion of NADH to NAD+ and induce the production of reactive
oxygen species (ROS), which provide a pathway for the mecha-

nism of oxidation.5,8,62 Therefore, the reactions between syn-

(4,5-dimethylthiazole)-2,5-diphenyltetrazoliumbromide (MTT)
method. In addition, the cells were also treated with cisplatin
at the same concentration range as our complexes and con-
sidered as a control (Table 3).

The IC50 values were determined from the plots of cell via-
bility at various concentrations of each compound by matching

thesized metal complexes and NADH were investigated appropriate dose–response curves and are presented in
(Fig. 7B and Fig. S22, ESI†). A slight decrease in the absorption
band at 339 nm and its increase at 259 nm (the absorbance of
NADH and NAD+, respectively) revealed the catalytic activity of
all investigated complexes. The turnover numbers (TONs) of
NADH are shown in Fig. 7B. The changes in metal ions led to
little variations in the catalytic activity of the complexes.
However, the substituent effect of the chelating ligands on the
catalytic activities of the Ir(III) and Ru(II) complexes showed a
similar trend as follows: RuMPOH (94.3) > IrMPOH (36.7) >
RuPOH (6.1) > IrPOH (4.5). This fact leads to the assumption
that the catalytic activity of the hydride transfer reaction in
this system is mainly determined by the ligands. Comparing

Table 2. The ligands (POH and MPOH) were inactive against
all cell lines tested with IC50 values >100 μM, regardless of the
incubation time. The lack of activity of the ligands indicates
that the activity is solely attributed to the metal–ligand com-

plexes. Starting metal complexes [Ru(η6-p-cymene)Cl2]2 and [Ir

(η5-Cp*)Cl2]2 were inactive towards the A549, MCF7, LN-18,
M266-4 and PANC-1 cancer cell lines in contrast to the Du145
cancer cell line against which they showed a moderate cyto-
toxic effect. Complementary studies show that the IC50 values
of all investigated phosphine Ru(II) and Ir(III) complexes are
>100 μM against MCF7 and LN-18 cells and thus are deemed
inactive. Tumor cell selectivity was achieved only for human

two metal ions employed in our research (Ru(II) and Ir(III)), we lung adenocarcinoma (A549), human prostate carcinoma
can conclude that complexes with ruthenium ions showed
slightly better catalytic activity.

Anticancer activity in vitro

The cytotoxicity of the complexes (IrPOH, IrMPOH, RuPOH
and RuMPOH) was tested in vitro against various cancer cell
lines: human lung adenocarcinoma (A549), human breast

This journal is © The Royal Society of Chemistry 2022

(DU-145), metastatic human melanoma (WM2664) and human
pancreatic/duct carcinoma (PANC-1) cells. At the same time,
all complexes are significantly less cytotoxic towards normal
human embryonic kidney (HEK293T), human keratinocyte
(HaCat) and human pulmonary fibroblast (MCR-5) cell lines
after 24 h and 72 h  of incubation time when compared to
cancer cell lines. For a compound to be a successful anticancer

Dalton Trans., 2022, 51, 8605–8617 | 8611
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Table 3     The values of IC 5 0  [μM] (concentration of a drug required to inhibit the growth of 50% of the cells) for cancer and normal cells after 24 h
and 24 h +  48 h treatment with the studied compounds and cisplatin as reference. IC 5 0  [μM] ±  SD

A549

24 h
RuPOH 89.5 ± 5.8
IrPOH 45.8 ± 1.6
RuMPOH 95.5 ± 5.8
IrMPOH 47.6 ± 2.6
[Ru(η6-p-cymene)Cl2]2 >100
[Ir(η -Cp*)Cl2]2 >100
POH >100
MPOH >100
cisplatin 81.3 ± 3.5
72 h (24 h + 48 h recovery time)
RuPOH 63.1 ± 2.4
IrPOH 22.5 ± 1.3
RuMPOH 65.2 ± 5.2
IrMPOH 27.6 ± 2.3
[Ru(η6-p-cymene)Cl2]2 >100
[Ir(η -Cp*)Cl2]2 >100 POH

>100
MPOH >100
Cisplatin 84.3 ± 4.5

Du145

>100
31.5 ± 0.4
>100
34.3 ± 4.7
74.3 ± 2.7
98.3 ± 5.1
>100
>100
73.5 ± 2.1

>100
52.4 ± 0.9
>100
85.8 ± 1.06
84.3 ± 6.1
>100
>100
>100
78.5 ± 5.1

WM266-4

47.2 ± 2.1
>100
48.8 ± 5.1
>100
>100
>100
>100
>100
2.63 ± 0.6

11.7 ± 1.5
>100
8.8 ± 5.1
>100
>100
>100
>100
>100
8.29 ± 0.4

MCF7

>100
>100
>100
>100
>100
>100
>100
>100
50.9 ± 7.6

>100
>100
>100
>100
>100
>100
>100
>100
34.9 ± 7.1

LN-18

>100
>100
>100
>100
>100
>100
>100
>100
56.8 ± 5.3

>100
>100
>100
>100
>100
>100
>100
>100
49.1 ± 2.1

PANC-1

85.5 ± 3.8
35.3 ± 1.1
90.2 ± 5.1
40.1 ± 1.2
>100
>100
>100
>100
12.4 ± 1.3

>100
>100
>100
>100
>100
>100
>100
>100
25.75 ± 0.02

MRC5

285.1 ± 5.1
245.2 ± 3.6
299.1 ± 2.1
247.3 ± 7.4
22.9 ± 3.9
42.1 ± 1.2
>1000
>1000
31.5 ± 4.1

274.1 ± 3.1
215.1 ± 9.1
275.6 ± 4.3
232.3 ± 4.4
52.9 ± 6.2
82.1 ± 3.1
>1000
>1000
21.48 ± 4.1

HEK293T

674.5 ± 12.4
754.2 ± 10.1
711.4 ± 9.3
792.2 ± 12.1
62.9 ± 1.2
84.1 ± 5.2
>1000
>1000
23.6 ± 2.3

875.5 ± 10.1
834.2 ± 11.8
887.5 ± 3.6
892.3 ± 11.6
112.3 ± 3.2
164.1 ± 3.2
>1000
>1000
15.56 ± 2.3

HaCat

375.5 ± 9.4
251.2 ± 0.9
321.4 ± 6.3
252.9 ± 7.9
225.9 ± 1.9
341.1 ± 5.2
>1000
>1000
26.4 ± 2.7

395.5 ± 2.7
181.8 ± 1.9
321.4 ± 2.3
195.9 ± 3.7
292.9 ± 2.5
391.1 ± 1.2
>1000
>1000
60.34 ± 2.5

drug aspirant, it is expected to efficiently inhibit the prolifer-
ation of cancer cells and cause apoptosis, but at the same time
spare the normal cells from its action, contributing to lesser or
negligible side-effects.63

Based on our observations, the type of metal ions in the
compounds has a major influence on the anticancer activity of
the compounds. Our results indicated that compounds IrPOH
and IrMPOH which carry an iridium ion, have the highest cyto-
toxicity against the A549, DU-145 and PANC-1 cancer cell lines.

The iridium complexes were found to be moderately active
against the DU145 cancer cell line with IC50 values in the
range of 31.5–34.13 µM and 52.43–85.58 µM, respectively, for
24 h  and 24 h  + 48 h recovery time. It can be hypothesized that
the activation of cellular repair mechanisms is responsible for
this increase in IC50 value after 72 h. Furthermore, we found
that RuPOH and RuMPOH based on Ru ions selectively inhibit
the proliferation of WM266-4 skin cancer cells (after 24 h: IC50

= 47.2 ± 2.1 and 48.8 ± 5.1; after 72 h: IC50 = 11.7 ± 1.5 and 8.8
± 5.1), while Ir(III) complexes showed no cytotoxic activity (IC50

> 100 μM).
In recent years, iridium based complexes have been widely

cated that complexes (IrPOH, IrMPOH, RuPOH, and RuMPOH)
can convert NADH to NAD+ and the catalytic performance may
provide the potential pathway to induce ROS and enhance the
killing of cancer cells by an oxidant mechanism of action. Qing
Du and co-workers have synthesized, characterized and evalu-
ated the anticancer activities of some neutral fluorescent Ir(III)
and Ru(II) half-sandwich organometallic complexes containing
phosphine–sulfonate ligands. Most of these complexes display
promising anticancer activities toward HeLa and A549 cancer
cells comparable to, and for some complexes, even higher than
the clinical cisplatin. However, like in our research, the ruthe-
nium(II) complexes in this system display a lower potency than
iridium(III) complexes, which can be attributed to the combina-
torial action of the metal and phosphine ligand. These com-

plexes can also convert NADH to NAD+ and the catalytic per-
formance may provide the potential pathway to induce ROS and
enhance the killing of cancer cells by an oxidant mechanism of

action.17     The cytotoxic potential of half-sandwich organo-
metallic Ru(II) complexes towards skin cancer was also

described by Ruilin Guan and co-workers.58 They synthesized,
characterized and tested the anticancer potential of two novel

studied as anticancer agents. For instance, Li and co-workers      arene ruthenium(II) complexes with bis-phosphino amine
synthesized iridium(III) complexes bearing P^P-chelating      ligand on A375 malignant melanoma and non-malignant
ligand and all these complexes had better potent anticancer
activity than cisplatin towards A549 and HeLa cells. The
studies indicate that they can cause lysosomal damage and the

release of cathepsin B from lysosomes.64

HEK293 cell line. The Ru(II) complexes displayed a highly selec-
tive anticancer profile as they hindered cellular proliferation in
malignant melanoma cells and did not cause toxicity towards

non-malignant cells.65

Literature iridium half sandwiched complexes with
α-picolinic acid frameworks were evaluated for their anticancer
properties against lung tumor cells. These complexes could be
transferred by serum albumin and could also catalyze the con-

version of NADH to NAD+. They successfully entered tumor cells
by energy dependent mechanisms targeting lysosomes and then
mitochondria which induced apoptosis.17 Our results also indi-

8612 | Dalton Trans., 2022, 51, 8605–8617

Experimental section
Reagents

All syntheses and operations were carried out under an atmo-
sphere of dry oxygen-free dinitrogen, using standard Schlenk

This journal is © The Royal Society of Chemistry 2022
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techniques. PPh2CH2OH (POH)48 and P(p-OCH3Ph)2CH2OH
(MPOH)49 were synthesized according to the literature pro-
cedures. [Ir(η5-Cp*)Cl2]2 (>96%) was purchased from ACROS
organics (Fisher Scientific). [Ru(η6-p-cymene)Cl2]2 (1) (>98%)
and other small reagents and solvents were purchased from
Sigma Aldrich.

Methods

The NMR spectra were recorded using a Bruker Avance III
spectrometer (at 298 K; 500 MHz for 1H NMR, 125 MHz for 13C
NMR and 202 MHz for 31P) with traces of protonated solvent
as an internal reference for 1H (CDCl3: 7.26 ppm) and 13C{1H}
spectra (CDCl3: 77.36 ppm) and 85% H3PO4 in H2O as an exter-
nal standard for 31P{1H}. The signals in the spectra are defined
as: s = singlet (* – strongly broadened signal), d = doublet, dd
= doublet of doublets, t = triplet and m = multiplet. The chemi-
cal shifts are reported in ppm and the coupling constants are
reported in Hz. Elemental analysis was carried out using a
Vario EL3 CHN analyzer for C and H, and they were within
0.3% of the theoretical values. The absorption spectra were
recorded using a Cary 50 Bio spectrophotometer (Varian Inc.,
Palo Alto, CA) in the 800–200 nm range. Mass spectra were col-
lected using an LCQ Fleet ion trap mass spectrometer
(Thermo-Scientific) equipped with an ESI source operating in
the positive ion mode. Metal complexes were dissolved in
chloroform giving ca. 2 × 10−3 M stock solutions. These solu-
tions were subsequently diluted in methanol to obtain ca. 2 ×

10−5 M solutions which were directly infused into the ESI
source via a syringe pump at a flow rate of 10 μL min−1. The
ions were produced using a spray voltage of 3.5 kV and the
entrance capillary temperature was kept at 280 °C. Other
instrumental parameters were automatically adjusted to opti-
mize the signal-to-noise ratio.

Synthesis

Preparation of Ru(η6-p-cymene)Cl2PPh2CH2OH (RuPOH).
The binuclear ruthenium complex of [Ru(η6-p-cymene)Cl2]2

(0.3045 g, 0.497 mmol) was added to a solution of PPh2CH2OH
(0.2150 g, 0.994 mmol) in dichloromethane (15 mL). After few
minutes, the cloudy solution became clean and brown. The
mixture was stirred for 24 h  and then the solvent was removed
under vacuum. RuPOH is well soluble in CHCl3, CH2Cl2,
methanol, DMSO and a mixture of H2O : DMSO (100 : 1).

Yield: 88%, molar mass: 522.41 g mol−1.
Anal. calcd for RuCl2PC23H27O: C, 52.88; H, 5.21%. Found:

C, 52.84; H, 5.22%.
NMR (298 K, CDCl3): 31P{1H}: 16.74 ppm; 1H: H2,3: 0.93 d ( J

= 7.00); H11: 1.91 s; H4: 2.56 spt ( J = 7.00); H1: 4.64 s; H6,7–9:
5.27 dd ( J = 19.60; 6.20); HPh(m), Ph( p): 7.41–7.58 m; HPh(o):
7.79–7.93 m; 13C{1H}: C1: 63.28 d; C11: 17.70 s; C2,3: 21.73 s;
C4: 30.34 s; C6,8: 86.42 d ( J = 5.4); C7,9: 89.74 d ( J = 3.6); C10:
95.60 s; C5: 108.84 s; CPh(m): 128.55 d ( J = 9.1); CPh( p): 131.17 s;
CPh(i): 132.49 d ( J = 47.23); CPh(o): 133.61 d ( J = 9.1).

ESI(+)MS in CHCl3/MeOH, m/z (%): 545 (15) [Ru(p-Cym)
(Cl)2(Ph2PCH2OH) + Na]+ or [M + Na]+; 487 (100) [Ru(p-Cym)
(Cl)(Ph2PCH2OH)]+      or [M −      Cl]+; 451 (15) [Ru(p-Cym)

This journal is © The Royal Society of Chemistry 2022

View Article Online

Paper

(Ph2PCH2O)]+     or [M −  Cl −  HCl]+; 421 (20) [Ru(p-Cym)
(Ph2PH)]+ or [M −  Cl −  HCl–H2CO]+.

ESI(−)MS in CHCl3/MeOH, m/z (%): 559 (100) [Ru(p-Cym)
(Cl)3(Ph2PCH2OH)]− or [M + Cl]−.

Preparation      of      Ru(η6-p-cymene)Cl2P( p-OCH3Ph)2CH2OH
(RuMPOH). Following the method presented for RuPOH,
binuclear ruthenium complex (0.3126 g, 0.510 mmol) and P(p-
OCH3)Ph2CH2OH (0.3103 g, 1.123 mmol) gave a brown precipi-

tate. RuMPOH is well soluble in CHCl3, CH2Cl2, methanol,
DMSO and a mixture of H2O : DMSO (100 : 1).

Yield: 73%, molar mass: 582.46 g mol−1.
Anal. calc. for RuCl2PC25H31O3: C, 51.55; H, 5.36%. Anal.

found: C, 51.53; H, 5.37%.
NMR (298 K, CDCl3): 31P{1H}: 15.07 ppm; 1H: H2,3: 0.97 d ( J

= 6.98); H9: 1.89 s; H4: 2.61 spt ( J = 7.00); HOCH3: 3.86 s; H1:
4.54 s; H6,7–9: 5.25 s; HPh(o): 6.98 dd ( J = 8.66; 1.40); HPh(m):
7.77 t ( J = 9.07); 13C{1H}: C11: 17.57 s; C2,3: 21.60 s; C4: 30.18 s;
COCH3: 55.39 s; C1: 63.51 d ( J = 31.79); C6,8: 86.19 d ( J = 5.4);
C7,9: 89.31 s; C10: 95.14 s; C5: 108.76 s; CPh(o): 114.15 s; CPh(i):
123.14 d ( J = 47.23); CPh(m): 135.02 s; CPh( p): 161.68 s.

ESI(+)MS in CHCl3/MeOH, m/z (%): 605 (15) [Ru(p-Cym)
(Cl)2(p-OMe-Ph2PCH2OH) + Na]+ or [M + Na]+; 547 (100) [Ru(p-
Cym)(Cl)(p-OMe-Ph2PCH2OH)]+ or [M −  Cl]+; 511 (20) [Ru(p-
Cym)(p-OMe-Ph2PCH2O)]+ or [M −  Cl −  HCl]+; 481 (25) [Ru(p-
Cym)(p-OMe-Ph2PH)]+ or [M −  Cl −  HCl −  H2CO]+.

ESI(−)MS in CHCl3/MeOH, m/z (%): 619 (100) [Ru(p-Cym)
(Cl)3(p-OMe–Ph2PCH2OH)]− or [M + Cl]−.

Preparation of Ir(η5-Cp*)Cl2PPh2CH2OH (IrPOH). The binuc-
lear iridium complex of [Ir(η5-Cp*)Cl2]2 (0.3163 g, 0.397 mmol)
was added to a solution of PPh2CH2OH (0.1717 g, 0.794 mmol)
in dichloromethane (15 mL). After few minutes, the cloudy
solution became clean and orange. The mixture was stirred for
24 h  and then the solvent was removed under vacuum. IrPOH
is well soluble in CHCl3, CH2Cl2, methanol, DMSO and a
mixture of H2O : DMSO (100 : 1).

Yield: 78%, molar mass: 614.56 g mol−1.
Anal. calc. for IrCl2PC23H28O: C, 44.95; H, 4.59%. Anal.

found: C, 44.92; H, 4.60%.
NMR (298 K, CDCl3): 31P{1H}: −7.15 ppm; 1H: HCp(CH3): 1.40

d ( J = 2.19); H1: 4.96 d ( J = 6.64); HPh(m), Ph( p): 7.41–7.54 m;
HPh(o): 7.72–7.84 m; 13C{1H}: C1: 64.25 d; CCp(CH3): 8.08 s; CCp:
92.28 d ( J = 2.2); CPh(m): 128.15 d ( J = 9.9); CPh( p): 130.92 s;
CPh(o) 133.8 d ( J = 9.9)

ESI(+)MS in CHCl3/MeOH, m/z (%): 637 (10) [Ir(Me5Cp)
(Cl)2(Ph2PCH2OH) + Na]+ or [M + Na]+; 607 (15) [Ir(Me5Cp)
(Cl)2(Ph2PH) + Na]+ or [M −  H2CO + Na]+; 579 (100) [Ir(Me5Cp)
(Cl)(Ph2PCH2OH)]+      or [M −      Cl]+; 543 (65) [Ir(Me5Cp)
(Ph2PCH2O)]+ or [M −  Cl −  HCl]+; 513 (15) [Ir(Me5Cp)(Ph2PH)]+

or [M −  Cl −  HCl −  CH2O]+.
Preparation of Ir(η5-Cp*)Cl2P( p-OCH3Ph)2CH2OH (IrMPOH).

Following the method presented for IrPOH, binuclear iridium
complex (0.3022 g, 0.379 mmol) and P(p-OCH3)Ph2CH2OH
(0.2305 g, 0.834 mmol) gave orange precipitate. IrMPOH is
well soluble in CHCl3, CH2Cl2, methanol, DMSO and a mixture
of H2O : DMSO (100 : 1).

Yield: 84%, molar mass: 674.62 g mol−1.
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Anal. calcd for IrCl2PC25H32O3: C, 44.51; H, 4.78%. Anal.
found: C, 44.49; H, 4.79%.

NMR (298 K, CDCl3): 31P{1H}: −9.18 ppm; 1H: HCp(CH3): 1.40
d ( J = 2.19); HOCH3: 3.85 s; H1: 4.96 s; HPh(o): 9.98 dd ( J = 8.80;
1.50); HPh(m): 7.70 t ( J = 9.34); 13C{1H}: CCp(CH3): 8.35 s; COCH3:
55.35 s; C1: 64.87 d ( J = 39.06); CCp: 92.34 d ( J = 2.72); CPh(o):
113.93 d ( J = 10.9); CPh(i): 118.82 d ( J = 55.4); CPh(m): 135.57 d ( J
= 10.9); CPh( p): 161.83 s.

ESI(+)MS in CHCl3/MeOH, m/z (%): 697 (10) [Ir(Me5Cp)
(Cl)2(p-OMe–Ph2PCH2O) + Na]+ or [M + Na]+; 667 (10) [Ir
(Me5Cp)(Cl)2(p-OMe–Ph2PH) + Na]+ or [M −  H2CO + Na]+; 639
(100) [Ir(Me5Cp)(Cl)(p-OMe–Ph2PCH2OH)]+ or [M −  Cl]+; 603
(40) [Ir(Me5Cp)(p-OMe–Ph2PCH2O)]+ or [M −  Cl −  HCl]+; 573
(8) [Ir(Me5Cp)(p-OMe–Ph2P)]+ or [M −  Cl −  HCl −  CH2O]+.

Single crystal X-ray diffraction

Crystals of RuPOH, RuMPOH, IrPOH and IrMPOH suitable for
X-ray analysis were obtained under refrigeration by slow evap-
oration of a dichloromethane/methanol (1 : 1, v/v) solution
under normal oxygen conditions. The crystal data and details
of data collection and structure refinement of RuPOH, IrPOH,
RuMPOH and IrMPOH are given in Table S1, ESI.† The aro-
matic and aliphatic H atoms of all structures were included at
idealized positions and refined using a riding model, with C–
H = 0.95 Å for aromatic, 0.99 Å for methylene and 0.98 Å for
methyl H atoms, and with Uiso(H) = 1.5Ueq(C) for methyl H

atoms and 1.2Ueq(C) otherwise. The positions of the H atoms
of OH were also refined using the riding model. In the IrPOH
structure, the hydroxyl groups are disordered and hence they
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69, 103, 127, and 146 μM. The conversion of NADH to NAD+

was followed by absorption at 339 nm (εNADH = 6220 cm−1

M−1) to allow the evaluation of kinetic data. The reaction
between complex 2 (250 μM) and NADH (750 μM) in 50%
MeOH/50% H2O at 310 K at pH 7.4 was monitored by 1HNMR
spectroscopy.

Electrochemical measurements

Cyclic voltammetry (CV) for 1 mM iridium(III) and ruthenium
(II) complexes was carried out on the electrochemical analyzer
(Bio-Logic, SP-150). Three-electrode glass cell with a working
electrode – graphite disk electrode (2 mm diameter), a counter

electrode – Pt wire, and a pseudo-reference electrode – Ag wire
(Ag/Ag+, 0.01 M AgNO3, 0.1 M tetrabutyl ammonium perchlor-
ate (Bu4NClO4). All measurements were done in dimethyl-
formamide (DMF) with 0.05 M Bu4NClO4 as a supporting elec-
trolyte at room temperature with a scan rate of 10 mV s−1 in
the potential range from −0.5 to 1.2 V vs. Ag/Ag+. Scans start at 0
V vs. Ag/Ag+ in the positive potential direction. All reported
potentials were converted vs. the ferrocene/ferrocenium redox
couple (Fc0/+).66

Cell cultures

The MCF7 cell line (human breast adenocarcinoma, mor-
phology: epithelial-like, ATCC: HTB-22), PANC-1 cell line
(human pancreatic/duct carcinoma, morphology: epithelial,
ATCC: CRL-1469), A549 cell line (human lung adeno-
carcinoma, morphology: epithelial, ATCC: CCL-185), and
LN-18 cell line (brain; cerebrum; right temporal lobe, mor-

are refined in two positions with occupancy. phology: epithelial, ATCC: CRL-2610) were cultured in

Hydrolysis studies
Dulbecco’s Modified Eagle’s Medium (DMEM, Corning) with
phenol red, supplemented with 10% fetal bovine serum (FBS)

The hydrolysis characteristics of IrMPOH, RuMPOH, IrPOH and 1% streptomycin/penicillin. The WM266-4 cell line
and RuPOH in 20% DMSO/80% H2O (v/v) solution at 298 K
over 24 h were measured by UV-vis absorption spectroscopy,
and the presence of DMSO ensured the solubility of these
complexes.

The aquation of complexes IrPOH, IrMPOH, RuPOH, and
RuMPOH (each 1 mM) in 20% DMSO-d6/80% D2O (v/v) was
monitored by 1H NMR in the presence of 4.0 mM, 23.0 mM, or
103.0 mM NaCl (10 min after addition of NaCl). DMSO was
required to ensure the solubility of the complexes in aqueous
solution and also its widely used solvent in preparing metal
complex stock solutions for therapeutic studies. Hydrolysis
was confirmed by the sequential addition of NaCl (after
15 min) to the equilibrium solution. NaCl was added to aid
the assignment of species to either the Ir(Ru)–OD2 or Ir(Ru)–Cl

adducts. The percentages of each adduct were calculated

based on the 1H NMR peak integrations.

Catalytic oxidation of NADH to NAD+

The complexes were evaluated for the catalytic oxidation of
NADH to NAD+ by UV–visible spectroscopy over a 24 h period
in 0.5% MeOH/99.5% H2O at 310 K in 5 mM Na2HPO4/
NaH2PO4     buffer at pH 7.5. The complex concentration
remained fixed at 2.5 μM with varying NADH concentrations of

8614 | Dalton Trans., 2022, 51, 8605–8617

(human skin (metastasis), morphology: epithelial, ATCC
CRL-1676) was cultured in EMEM (EBSS) + 2 mM glutamine +
1% Non-Essential Amino Acids (NEAA) + 1% sodium pyruvate
(NaP) + 10% Foetal Bovine Serum (FBS). The DU-145 cell line
(human prostate carcinoma derived from the metastatic site
brain), the MCR-5 cell line (primary line of human pulmonary
fibroblasts, ATCC: CCL-171) and the HEK293T cell line
(human embryonic kidney) were cultured in a minimum
essential medium (MEM, Corning) with only 10% fetal bovine
serum (FBS). The cultures were incubated at 37 °C under a
humidified atmosphere containing 5% CO2. The cells were

passed using a solution containing 0.05% trypsin and 0.5 mM
EDTA. All media and other ingredients were purchased from
ALAB, Poland.

Cytotoxic activity

Since most of the studied compounds are insoluble in
aqueous media, they needed to be pre-dissolved in DMSO for
biological tests. Cytotoxicity was assessed by MTT assay per-
formed according to the protocols described previously.67 In

brief, 1 × 104 cells per well, seeded in a 96-well flat bottom
microtiter plate, were incubated with the tested complexes
(RuPOH, RuMPOH, IrPOH, and IrMPOH) at various concen-

This journal is © The Royal Society of Chemistry 2022
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trations for 24 h. After that time, the solutions of compounds
were washed out, the cells were washed three times with PBS
and a fresh medium was applied. Each compound concen-
tration was tested in five replicates and repeated at least three
times. The determined values of IC50 (concentration of a drug

required to inhibit the growth of 50% of the cells) are given as
mean + S.D. (Standard Deviation). Furthermore, the post-treat-
ment survival assessment of the treated cells was analyzed
under a fluorescence inverted microscope (Olympus IC51,
Japan) with an excitation filter of 470/20 nm. For this, the cells
were stained with two versatile fluorescence dyes: fluorescein

diacetate (FDA, 5 mg mL−1) and propidium iodide (PI, 5 mg

mL−1) under standard conditions in the dark for 20 min.
Before visualization the dyes were removed and the cells were
washed with PBS twice. The IC50 values were determined after
72 h  from the plots of cell viability in the presence of various
concentrations of each compound by matching the dose–
response curves and using the Hill equation (Origin 9.0)68 with
regard to the untreated cells (control), where y0     denotes
untreated cell control (which was set to 100% viability), y100

denotes lysis control (where the cells treated with 0.5% Triton
X-100 were set to 0% viability, which was found to be sufficient
to induce 100% cell death), IC50 denotes the concentration [c]
at which the viability of the cells reaches 50%, and H denotes
the Hill coefficient:

ðy100  y0bÞcH 0

ðIC50ÞHþ½cH

View Article Online
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NAD+. The type of metal ions used is not relevant in contrast
to the type of the phosphine ligand. The complexes (IrMPOH
and RuMPOH) containing phosphine with the methoxy group
on the phenyl rings P(p-OCH3Ph)2CH2OH catalyse the oxi-
dation of NADH to NAD+ with high efficiency; and (iii) the
redox activity of all complexes was confirmed by cyclic
voltamperometry.

The above-described observation can have an important
influence on understanding the cytotoxicity of the investigated
complexes. Our results indicated that compounds IrPOH and
IrMPOH have the highest cytotoxicity against the A549, DU-145
and PANC-1 cancer cell lines. The iridium complexes were
found to be moderately active against the DU145 cancer cell
line with IC50 values in the range of 31.5–34.13 µM and

52.43–85.58 µM, respectively, for a 24 h and 72 h  recovery
time. It can be hypothesized that the activation of cellular
repair mechanisms is responsible for this increase in the IC50

value after 72 h. Furthermore, it was found that RuPOH and
RuMPOH based on Ru ions selectively inhibit the proliferation
of WM266-4 skin cancer cells (after 24 h: IC50 = 47.2 ± 2.1 and

48.8 ± 5.1; after 72 h: IC50 = 11.7 ± 1.5 and 8.8 ± 5.1). These
results turned out to be very interesting and need more precise
and detailed biological investigations to understand the mode
of action of the Ir(III) and Ru(II) complexes.
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Herein we present the synthesis of new complexes based on ruthenium(II) (Ru(η6-p-

cymene)Cl2PPh2CH2OH (RuPOH), Ru(η6-p-cymene)Cl2P(p-OCH3Ph)2CH2OH (RuMPOH))

and iridium(III) (Ir(η5-Cp*)Cl2P(p-OCH3Ph)2CH2OH (IrMPOH), Ir(η5-Cp*)Cl2PPh2CH2OH

(IrPOH) containing phosphine ligands with/without methoxy motif on phenyl rings (P(p-

OCH3Ph)2CH2OH (MPOH) and PPh2CH2OH (POH)). The complexes were characterized by

mass spectrometry, NMR spectroscopy (1D: 1H, 13C{1H}, 31P{1H}, 2D: HMQC, HMBC,

COSY NMR) and elemental analysis. All the complexes were structurally identified by

single-crystal X-ray diffraction analysis. The Ru(II) and Ir(III) complexes have typical piano-

stool geometry with a η6-coordinated arene (RuIIcomplexes) or η5-coordinated (IrIII

compunds) and three additional sites of ligation occupied by two chloride ligands and the

phosphine ligand. Oxidation of NADH to NAD+ with high efficiency was catalyzed by

complexes containing P(p-OCH3Ph)2CH2OH (IrMPOH and RuMPOH). The catalytic

property might have important future applications in biological and medical fields like

production of reactive oxygen species (ROS). Furthermore redox activity of complexes was

confirmed by cyclic voltamperometry. Biochemical assays demonstrated the ability of Ir(III)

and Ru(II) complexes to induce significant cytotoxicity in various cancerous cell lines.

Furthermore we found that RuPOH and RuMPOH selectively inhibit proliferation of skin

cancer cells (WM266-4; IC50, after 24h: av.48.3 µM; after 72h: av.10.2 µM) while Ir(III)

complexes were found to be moderately active against prostate cancer cells (DU145).
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Table S1. Crystallographic experimental details.

Identification code

Crystal data

Empirical formula

Formula weight

Temperature [K]

Wavelength [Å]

Crystal system, space
group

a, b, c [Å]

β [°]

V [Å3]

Z

Radiation type

µ [mm-1]

Crystal size [mm]

Data collection

RuPOH

C23H27Cl2OPRu

522.38

100(2)

1.54184

Monoclinic, P 21

7.6065(1),
13.8332(1),
10.7154(1)

105.490(1)

1086.54(2)

2

Cu Kα

8.881

0.40 x 0.25 x 0.10

IrPOH

C23H28Cl2IrOP

614.52

293(2)

0.71073

Monoclinic, P 21/n

10.5605(1),
17.1832(2),
12.7618(1)

93.613(1

2311.19(4)

4

Mo Kα

6.089

0.20 x 0.20 x 0.20

RuMPOH

C25H31Cl2O3PRu

582.44

293(2)

0.71073

Monoclinic, P 21/n

9.6600(1),
11.1867(1),
23.5077(3)

92.598(1)

2537.71(5)

4

Mo Kα

0.916

0.50 x 0.30 x 0.20

IrMPOH

C25H32Cl2IrO3P

674.57

100(2)

1.54184

Monoclinic, P 21/n

8.5562(2),
20.6545(6),
13.9418(2)

92.251(2)

2461.95(10)

4

Cu Kα

13.313

0.10 x 0.05x 0.01

Diffractometer

Absorption correction

No. of measured,
independent            and
observed [I > 2σ(I)]
reflections

Rigaku (Cu) XtaLAB Rigaku OD
Synergy-DW VHF SuperNova            Dual
with a HyPix-Arc 150 source with an Atlas
detector detector
Multi-scan Multi-scan (CrysAlis
(CrysAlisPRO; Rigaku PRO; Rigaku OD,
OD, 2020) 2015)

9002/8981/3776 35098/6202/5185

Rigaku OD
SuperNova            Dual
source with an Atlas
detector
Multi-scan (CrysAlis
PRO; Rigaku OD,
2015)

37574/6823/5422

Rigaku (Cu) XtaLAB
Synergy-DW VHF
with a HyPix-Arc 150
detector
Multi-scan
(CrysAlisPRO; Rigaku
OD, 2020)

27876/5031/4572

R(int)

Completeness

Refinement

Data / restraints
parameters
R[F2 >
2σ(F2)], wR(F2), S

0.0360

99.7 %

/ 9002 / 1 / 261

0.0191, 0.0497, 1.201

0.0397

99.6 %

6201 / 0 / 270

0.0220, 0.0411, 1.075

0.0388

99.8 %

6823 / 0 / 297

0.0305, 0.0626, 1.069

0.0482

99.6 %

5031 / 0 / 297

0.0394, 0.1008, 1.095

Δρmax, Δρmin (e Å-3) 0.376 and -0.427 0.850 and -0.614 0.350 and -0.470 1.426 and -2.097

Rigaku OD (2015). CrysAlis PRO. Rigaku Oxford Diffraction Ltd, Yarnton, Oxfordshire, England.
Rigaku OD (2020). CrysAlis PRO. Rigaku Oxford Diffraction, Yarnton, England.
Sheldrick, G. M. (2015a). Acta Cryst. A71, 3–8



Table S2. Hydrogen-bond geometry (Å, °)

____________________________________________________________________________

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)

____________________________________________________________________________
RuPOH
C11-H11A...Cl2 0.99 2.89 3.487(4) 120.0
O11-H11...Cl1 0.80(6)                 2.30(6) 3.059(3)                   159(5)

IrPOH
C26-H26...Cl1 0.93 2.87
C32-H32...Cl2 0.93 2.96
O11B_a-H1OB_a...Cl1 0.82 2.20
O11A_b-H1OA_b...Cl2 0.82 2.32

RuMPOH
C11-H11A...Cl1 0.97 2.76
C11-H11B...Cl2 0.97 2.78
C25-H25...O34_#1 0.93 2.47
C27-H27C...Cl2_#2 0.96 2.97

3.640(3) 140.5
3.606(3) 127.6
2.957(3) 153.0
3.099(9) 159.7

3.336(2) 118.6
3.355(2) 118.4
3.313(3) 150.8
3.870(3) 157.5

C33-H33...Cl2_#3 0.93 2.83
O11-H11O...Cl1_#2 0.77(3) 2.50(3)
Symmetry transformations used to generate equivalent atoms:
#1 -x-1/2, y+1/2, -z+3/2 #2 -x, -y, -z+1 #3 -x+1/2, y+1/2, -z+3/2

3.426(2) 122.6
3.259(2) 171(3)

IrMPOH
C23-H23...Cl1#1 0.95 2.72 3.444(6) 133.5
C32-H32...Cl1 0.95 2.84 3.667(6) 145.4
C33-H33...Cl2#2 0.95 2.99 3.590(6) 122.6
O11-H11...Cl2 0.84 2.39 3.186(5) 157.2
Symmetry transformations used to generate equivalent atoms:
#1 x-1/2,-y+1/2,z+1/2 #2 x-1/2,-y+1/2,z-1/2
____________________________________________________________________________



5 6[Ir(η - [Ru(η -p-
Table S3. Cumulative NMR data (298 K, δ [ppm], J [Hz]) for ligands (in CDCl3) and iridium-complexes (in CD2Cl2).

POHC40 MPOHC42 POH41 MPOH42
Cp*)Cl2]2

a cymene)Cl2]2
IrPOH IrMPOH

31P -11.46              15.23                 -9.33                 -13.60                                                                                 -7.15                       -9.18
HPh(m)               7.52-7.21        7.25-7.82          7.60-7.31           7.25-7.82                                                                         7.41-7.54 m            7.70 t (9.34)
HPh(o)                                                                                                                                                                                                                                                                           7.72-7.84 m          6.98 dd (8.80;

1.50)
H1 4.32 d 5.03 s 4.42 d (8.39) 4.27 d (9.01) 4.97 d (6.6) 4.86 s

(7.7)
H-OH not observed 1.80 m not observed not observed not observed
H-OCH3                                                     3.87 s                                          3.74 s                                                                                                                3.85 s
CPh(i)                  135.65 d          106.89 d           135.65 d             126.28 d                                                                                                      118.82 d (55.4)

(12.0) (84.47) (12.0) (9.08)
CPh(o) 132.91 d 115.63 d 132.91 d 114.41 d 133.80 d (9.9) 113.93 d (10.9)

(17.6)              (7.54)                (17.6)                 (7.27)
CPh(m) 128.39 d 135.61 d 128.39 d 134.58 d 128.15 d (9.9) 135.57 d (10.9)

(5.6)               (9.99)                 (5.6)                 (19.07)
CPh(p) 128.64 s 164.03 s 128.64 s 160.42 s 130.92 s 161.83 s
C1 62.46 d 53.31 d 62.46 d 62.94 d 64.25 d (39.1) 64.87 d (31.06)

(13.0) (59.04)               (13.0) (14.53)
C-OCH3 55.86 s 55.23 s 55.35 s
HCp*(CH3)                                                                                                                                                                          0.96 s                                               1.40 d (2.19)          1.40 d (2.19)
H2,3                                                                                                                                                                                                                              1.29 d (6.9)
H4                                                                                                                                                                                                                               2.93 spt (7.0)
H6,7,8,9                                                                                                                                                                                                                    5.42 dd (19.2;

6.0)
H11 2.16 s
CCp*(CH3) 9.38 s 8.08 s 8.35 s
CCp*                                                                                                                                                                                    86.28 s                                              92.28 d (2.2)         92.34 d (2.72)

RuPOH

16.74
7.41-7.58 m
7.79-7.93 m

4.64 s

not observed

132.49 d
(15.2)

133.61 d (9.1)

128.55 d (9.1)

131.17 s
63.28 d (40.1)

0.93 d (7.0)
2.56 spt (7.0)
5.27 dd (19.6;

6.2)
1.91 s

RuMPOH

15.07
7.77 t (9.07)
6.98 dd (8.66;

1.40)
4.54 s

not observed
3.86 s

123.14 d
(47.23)
114.15 s

135.02 s

161.68 s
63.51 d
(31.79)
55.39 s

0.97 d (6.98)
2.61 spt (7.00)

5.25 s

1.89 s

C2,3                                                                                                                                                                                                                                    22.12 s
C4                                                                                                                                                                                                                                       30.63 s
C5                                                                                                                                                                                                                                     101.22 s
C6,8                                                                                                                                                                                                                                    80.54 s
C7,9                                                                                                                                                                                                                                    81.32 s
C10                                                                                                                                                                                                                                     96.75 s
C11                                                                                                                                                                                                                                     18.89 s

21.73 s
30.34 s

108.84 s
86.42 d (5.4)
89.74 d (3.6)

95.60 s
17.70 s

21.60 s
30.18 s

108.76 s
86.19 s
89.31 s
95.14 s
17.57 s



Figure S1. 1H, 13C{1H} and 31P{1H} NMR spectra for IrPOH (298 K, CDCl3).



Figure S2. HMQC, HMBC, COSY NMR spectra for IrPOH (298 K, CDCl3).



Figure S3.1H, 13C{1H} and 31P{1H} NMR spectra for IrMPOH (298 K, CDCl3).



Figure S4. HMQC, HMBC, COSY NMR spectra for IrMPOH (298 K, CDCl3).



Figure S5.1H, 13C{1H} and 31P{1H} NMR spectra for RuPOH (298 K, CDCl3).



Figure S6. HMQC, HMBC, COSY NMR spectra for RuPOH (298 K, CDCl3).



Figure S7.1H, 13C{1H} and 31P{1H} NMR spectra for RuMPOH (298 K, CDCl3).



Figure S8. HMQC, HMBC, COSY NMR spectra for RuMPOH (298 K, CDCl3).



Figure S9. Confirmation of hydrolysis of RuMPOH by 1H NMR in 20% DMSO-d6/80% D2O
(v/v) at 298 K. From bottom to top: 1H NMR spectrum of an equilibrium solution of
RuMPOH (1 mM); spectrum recorded 10 min after addition of NaCl (final concentration, 4
mM) to the equilibrium solution of RuMPOH; final concentration of NaCl, 23mM; final
concentration of NaCl, 104mM – respectivelyThe peaks for the chlorido complex RuMPOH
(red triangle) increased in intensity while peaks for the aqua complex decreased (blue star).

Figure S10. Confirmation of hydrolysis of IrMPOH by 1H NMR in 20% DMSO-d6/80%
D2O (v/v) at 298 K. From bottom to top: 1H NMR spectrum of an equilibrium solution of
IrMPOH (1 mM); spectrum recorded 10 min after addition of NaCl (final concentration, 4
mM) to the equilibrium solution of IrMPOH; final concentration of NaCl, 23mM; final
concentration of NaCl, 104mM – respectively. The peaks for the chlorido complex IrMPOH
(red triangle) increased in intensity while peaks for the aqua complex decreased (blue star).



Figure S11. Full ESI(+)MS spectrum of IrPOH



Figure S12. Comparison of ion peaks (experimental (top traces) vs calculated (bottom traces)) in the 630 – 650 m/z region of IrPOH. Note the
different profile of the cluster centred at m/z 637 ([Ir(Me5-Cp)(Cl)2(Ph2PCH2OH) + Na]+, containing the IrCl2 moiety) with respect to that
centered at m/z 579 ([Ir(Me5-Cp)(Cl)(Ph2PCH2OH)]+, containing the IrCl moiety), and to that centered at m/z 543 ([Ir(Me5-Cp)(Ph2PCH2O)]+,
containing the Ir ion only).



Figure S13. Full ESI(+)MS spectrum of IrMPOH.



Figure S14 Comparison of high abundant cluster ion peaks (experimental vs calculated) in the 690 – 710 m/z region of IrMPOH. Note the
different profile of the cluster centered at m/z 639 (containing the IrCl moiety) with respect to the other two profiles centered at m/z 603 and 573
(containing Ir only).



Figure S15. Full ESI(+)MS spectrum of RuPOH.



Figure S16. Comparison of the cluster ion peak of RuPOH centered at m/z 545 (experimental (top) vs calculated (bottom)) corresponding to the
sodiated [M + Na]+ ion.



Figure S17. Full ESI(+)MS spectrum of RuPOH.



Figure S18. Full ESI(-)MS spectrum of RuMPOH.



Figure S19. Full ESI(-)MS spectrum of RuMPOH.



Figure S20. Cyclic voltammetric trace of RuPOH, RuMPOH, IrPOH and IrMPOH (1 mM) as a function of scan rate, recorded with recorded

with 0.1 M tetrabutyl ammonium perchlorate (TBAP) as supporting electrolyte in DMF solution. Scan rates 1 – 100 (mV s-1). Potential (V)

versus Fc0/+.



Figure S21. CV voltammograms for ferrocene in DMF in the range of potentials from -01 V

to 1.2 V. Scan rate: 10 mV s-1.

Figure S22. UV/Vis spectra of NADH (100 μM) were determined after incubated with

RuPOH, RuMPOH, IrPOH, IrMPOH (1 μM) in CH3OH/H2O (1 : 9, v/v) at 298 K for 8 h.

The arrows show the absorbance change over time.
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Novel half-sandwich iridium(III) complexes with aminomethyl(diphenyl)phosphine derived from fluorolo-
quinolones (IrPCp, IrPSf, IrPLm, IrPNr) were studied as possible anticancer chemotherapeutics and
showed higher potency than other well-known metal-based agents i.e., Pt(II) drugs. All compounds were
characterized by elemental analysis, selected spectroscopic methods (i.e., absorption and fluorescence
spectroscopy, NMR), ESI-MS spectrometry, X-ray diffraction, and electrochemical techniques. The studied
complexes exhibited promising cytotoxicity in vitro with IC 5 0  values significantly lower than that of the
reference drug –  cisplatin. The insight into the mode of action revealed the uniform distribution of the Ir (III)
complexes in both the nucleus and cytoplasm (Pearson’s co-localization coefficient of 0.63). Precise
cytometric analysis provided clear evidence for the predominance of apoptosis in the induced cell death.
The activation of caspase-3/7 along with the decrease of mitochondrial membrane potential also
confirmed the apoptotic cell death. The investigated Ir(III) complexes may induce changes in the cell cycle
leading to G2/M phase arrest. ROS generation as a plausible pathway responsible for the cytotoxicity was
confirmed by determination of redox potentials enabling efficient ROS production. Furthermore, Pluronic
P-123 micelles loaded with selected Ir(III) complexes were proposed to overcome low solubility and to
minimize serious systemic side effects by administering the complex in a controlled manner. The resulting
nanoformulations (IrPCp_M, IrPNr_M) facilitated efficient drug accumulation for human lung adeno-
carcinoma and human prostate carcinoma (A549 and DU-145 cell lines), as demonstrated by confocal
microscopy and ICP-MS analysis. In vitro cytotoxicity assays were also carried out within multicellular
tumor spheroids and efficient anticancer action on these 3D assemblies was demonstrated.
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Introduction
Cancer has been considered one of the most threatening dis-
eases for humanity in recent decades. It is estimated that there
will be more than 22 million new cancer cases every year by
2030.1 Lots of anticancer drugs are currently being used in
clinical treatment, but over 50% of metallodrugs are platinum-
based anticancer medicines that cause severe side effects (e.g.,
hair loss, nausea and vomiting, kidney/liver damage etc.), and
many types of cancer acquired resistance to these drugs.2,3 The
abovementioned disadvantages have provided encouragement
to develop new alternative transition metal-based antitumor
agents. A variety of metal complexes with ions such as Cu, Pd,
Au and Ru have been currently proposed as new anticancer
agents. Many of them are now under extensive investigations
for potential clinical applications.4,5 Until now there have been
only a limited number of papers on the anticancer activity of
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iridium(III) complexes.6–12 Ir(III) complexes have been recently
reported to exert anticancer efficacy through the induction of

apoptosis and through interactions with DNA7,13 or protein
kinases.7,14 In general, there are two main types of iridium(III)
complexes: half-sandwich and cyclometalated.15

View Article Online

Research Article

human pancreatic/duct carcinoma (PANC-1) and one healthy
cell line of human embryonic kidney (HEK293T). The cytotoxic
effect of the selected Ir(III) complex with ciprofloxacin conju-
gated to a phosphine ligand was also examined on preformed
A549 and DU-145 spheroids. As many aspects of the cancer-

Organometallic complexes exhibit unusual characteristics, inhibiting action displayed by iridium complexes are still
such as versatile redox features, universal structure, and a wide
range of ligand substitution rates that can be used to produce

novel diagnostic agents and drugs with new modes of action.11

unknown, we also tried to approach their mode of action.
Since it is supposed that reactive oxygen species (ROS) may sig-
nificantly contribute to the general cytotoxicity of metal com-

In turn, carbon-bound cyclopentadienyl ligands provide plexes, we examined the ability of the novel Ir(III) synthesized
control over the balance between the hydrophilicity and hydro-
phobicity of the coordination complex – an important para-

meter determining efficient cell targeting and uptake.16–18

Octahedral cyclometalated Ir(III) complexes show anti-tumor
activity by inducing apoptosis,7,19 perturbing the cell cycle and
increasing the intracellular ROS level,19 and exhibit good anti-
cancer activity.20–23 Moreover, due to their large Stokes shifts,
good photostability, and long-lived and environment-sensitive
emission, iridium(III) complexes have also been widely
explored as luminescent probes for studying various molecular

pathways of cytotoxicity occurring during chemotherapy.18,21

The research on organometallic Ir(III) compounds described
herein is a continuation of our project in which phosphines

bearing fluoroquinolones: sparfloxacin (PSf ),24–28 ciprofloxacin

(PCp),27,29,30 lomefloxacin (PLm),31 and norfloxacin (PNr)28

were coordinated to various metal centers: Cu(I), Cu(II), Ru(II),
Ru(III), Ir(III). In addition to persistent research on anticancer

activity of the resulting complexes,24–31 we have also proved
that the introduction of the Ph2PCH2– moiety to fluoroquino-

lones enhances their antibacterial properties. This moiety may
generate additional interactions, so it could have an influence
on biological activity, bioavailability and toxicity of the original

drug.24–31 Thus, motivation for the current research was the
significant activity of previously studied complexes and the
reasonability of possible future structure–activity analysis.
Novel synthesized complexes with fluoroquinolone-based
phosphines, most of all copper(I) and ruthenium(II) ones,
exhibited considerable anti-proliferative activity and were
more active than the parent antibiotics, causing apoptotic
cancer cell death via the caspase-dependent mitochondrial
pathway.24–27 On the other hand, as reported in the recent
literature the excellent properties as both phosphorescent

complexes to generate ROS by cyclic voltamperometry. Finally,
the intracellular uptake of the tested complexes was studied by
ICP-MS spectroscopy and confocal microscopy.

Results and discussion
Synthesis

The half-sandwich Ir(III) complexes presented herein with ami-
nomethyl(diphenyl)phosphines derived from fluoroquinolones
(PSf (PPh2CH2Sf ), PCp (PPh2CH2Cp), PLm (PPh2CH2Lm), and
PNr (PPh2CH2Nr)) were synthesized for the first time – IrPCp,

IrPSf, IrPLm, and IrPNr, while the aminomethyl(diphenyl)

phosphines: PSf,24 PCp,29 PLm,31 and PNr 29 were synthesized
according to the literature procedure described by our group
in previous publications. All syntheses were carried out under
a nitrogen environment using Schlenk techniques. Chemical
structures of studied Ir(III) complexes are presented in
Scheme 1.

Phosphines derived from fluoroquinolones are soluble in
DMSO, CHCl3, and CH2Cl2, and poorly soluble in water,

whereas, iridium(III) complexes are insoluble in water, but they
become well soluble in water by the addition of 2% DMSO. All
synthesized complexes are stable in the solid state and under
aerobic conditions, except for phosphine ligands that are sen-
sitive to oxidation. Encapsulation of the resulting iridium(III)
compounds into polymeric micelles drastically increased their
water solubility and presumably will improve bioavailability
in vivo.

probes     and     anticancer     agents     make     Ir(III)     complexes
perfect potential candidates for the future development of

theranostics.12,19,32–34 Hence, four half-sandwich complexes
(IrPCp, IrPSf, IrPNr, IrPLm) with different phosphino-fluoro-
quinolone ligands were synthesized and their physicochemical
properties were determined using elemental analysis, 1D
NMR, UV–Vis spectroscopy and mass spectrometry (ESI-MS).
In addition, complexes were examined by means of structural
X-ray analysis. To reduce the systemic toxicity of these com-
plexes, they were encapsulated into polymeric micelles. In vitro
cytotoxic activity of all studied compounds was evaluated
against five cancer cell lines: mouse colon carcinoma (CT26),
human lung adenocarcinoma (A549), human breast adeno-
carcinoma (MCF7), human prostate carcinoma (DU-145),

This journal is © the Partner Organisations 2020

Scheme 1     Schematic view of the investigated iridium(III) complexes
with phosphanes derived from fluoroquinolones.

Inorg. Chem. Front., 2020, 7, 3386–3401 | 3387
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Characterization of organometallic Ir(III) complexes

All complexes IrPCp, IrPSf, IrPLm, and IrPNr were precisely
characterized by 1H NMR, 31P NMR, UV-Vis spectroscopy and
mass spectrometry. Application of these techniques allowed
for determining the structures of the complexes in solution
under atmospheric oxygen.

In all 31P{1H} NMR spectra of the synthesized compounds
(IrPCp, IrPNr, IrPSf, IrPLm), one characteristic peak was
observed indicating only one product of synthesis (Fig. 1).

The signal of uncoordinated aminomethylphosphane is
situated in the negative part of the spectrum (PCp: −27.4 ppm;
PSf: −35.9 ppm; PLm: −27.4 ppm; PNr: −27.5 ppm)24,29,31 and
undergoes a downfield shift to the more positive part of the
spectrum as a result of phosphine coordination (IrPCp:
−1.30 ppm; IrPSf: −3.06 ppm; IrPLm −1.82 ppm; IrPNr:
−1.38 ppm). This can be related to the increase of the shield-
ing effect resulting from the formation of coordination com-
plexes. As expected, the biggest changes in the 1H NMR
spectra (ESI, Table S3 and Fig. S2–S5†) upon the complexation
process were observed for the atoms neighboring the coordi-
nation metal. Namely, H1–H17 undergoes an upfield shift inde-
pendently of the type of substituent bonded to the piperazine
ring. However, the signals of the atoms on the phenyl ring in
the phosphine ligand (H41–H43) undergo a downfield shift.
This might be related to the increase in electron density
around the phosphine ligand caused by the formation of a
complex compound. The values of the chemical shifts of other
atoms (in the fluoroquinolone part) are not significantly
changed.

In general, M–Cl bonds in these types of complexes often
undergo hydrolysis. Thus, the aqueous stability of IrPCp,
IrPNr, IrPSf, and IrPLm was monitored in 80% DMSO-d6/20%
D2O (v/v) and 70% DMSO-d6/20% D2O by 1H NMR (Fig. S6–
S12†). After incubation for 48 h, no additional peaks were
found in the 1H NMR spectra for all complexes, suggesting
that these complexes did not suffer from ligand dissociation
or decomposition under the investigated model conditions.

The presence of DMSO ensured the solubility of the com-
plexes. Long-term stability monitoring was also performed

Fig. 1     31P{1H} NMR spectra (298 K, DMSO) of IrPCp, IrPSf, IrPLm, and
IrPNr.

3388  | Inorg. Chem. Front., 2020, 7, 3386–3401
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using UV-Vis spectroscopy in DMEM (Dulbecco’s Modified
Eagle’s Medium) with 2% DMSO (Fig. S13†). During 72 h  of
incubation no significant changes in the intensity and shape
of the characteristic absorption band (MLCT) were observed.
In general, the study suggests that all of the Ir(III) complexes in
the investigated system have sufficient stability for further
investigation of biological activity and chemical reactivity.
These results are comparable to the stability observed for other

reported metal complexes.19,35–38

Spectral characterization of the iridium(III) complexes indi-
cates the intense absorption bands at high energies (<300 nm)
which can be assigned to the spin-allowed 1π–π* electronic
ligand-centered (LC) transitions arising from phosphine
derived from fluoroquinolones.39

Furthermore, according to the neutral character of all
iridium(III) complexes, ESI-MS analysis confirmed the mole-
cular ion peaks [M + H]+ in the positive ion modality. Less

abundant peaks corresponding to [M −  Cl]+ and [M −  2Cl]+

ions were also recorded indicating that chloride groups of the
cyclopentadienyl ligand were easily displaced. The peaks
corresponding to the loss of the phosphine ligands and the
arene ring are not observed which indicates the strong metal
to ligand and metal to arene bond (ESI, Fig. S14–S21†).

Structural analysis

The products of all syntheses were recrystallized in order to
obtain pure complexes. Their purity was confirmed using
elemental analysis, while the single crystals were analysed by
the X-ray diffraction technique (Fig. 2, Tables S1 and S2†). All
obtained iridium(III) complexes crystallized in different space
groups and there is only one molecule in the asymmetric unit
in each case. Every structure contains also chloroform mole-
cules (disordered in the case of IrPLm, and IrPNr).

The complexes adopt the expected half-sandwich pseudo-
octahedral “three-leg piano-stool” geometry, where the cyclo-
pentadienyl moiety served as the top of the stool and the three
leg sites were occupied by phosphorous atoms from ligands

Fig. 2     The crystal structures of the complex molecules IrPCp, IrPLm
and IrPNr. The solvent molecules are omitted for clarity. Blue dashed
lines represent the intramolecular hydrogen bond.

This journal is © the Partner Organisations 2020
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and two terminal chloride anions.40–42 The bond angle values
P–Ir–Cl and Cl–Ir–Cl are found to be in the range of
86.04–90.45° thus suggesting the pseudo-octahedral arrange-

ment of atoms around the metal center.42 The bond distances
between iridium atoms and phosphorus atoms of complexes
IrPCp, IrPLm and IrPNr were found to be on an average 2.3 Å,
whereas the Ir–Cl1 and Ir–Cl2 bond distances of complexes
IrPCp, IrPLm and IrPNr were found to be on an average 2.4 Å

and are comparable with earlier reported complexes.40,41

The conformation of the antibiotic fragment of complexes
can be defined in terms of torsion angle, defining the orien-
tation of the piperazinium ring and fluoroquinolone moiety
(IrPCp: C13–N13–C61–C62 −165.92°; IrPLm: C13–N13–C61–
C62 117.48° IrPNr: C14–N13–C61–C62 −165.97°). The different
value of this angle for IrPLm is a result of weak interactions of
the fluorine atom, F62, with the chloroform molecule. In the
case of IrPCp and IrPNr, solvent molecules are differently posi-
tioned relative to the complex molecule, so fluorine atoms do
not interact with them. Another interesting feature of all struc-
tures is the presence of intramolecular hydrogen bonds
between hydroxyl groups O70B–H70B and oxygen atoms from
carbonyl groups O65vC65.

Intermolecular π-ring stacking in the unit cell is observed
only in one crystal structures – IrPCp·CHCl3 (Fig. 3). A frag-
ment of the heterocyclic moiety of fluoroquinolone (i.e. 6-
membered rings) is involved in a strong π–π interaction with a
symmetry related to the other fragment of the fluoroquino-

lone moiety a neighbouring ligand in the unit cell (Fig. 3A).43

As observed in the single crystal structure, the π–π stacking in
complex IrPCp is a face-to-face pattern, with a centroid (N67–
C67–C66–C65–C64–C68)–centroid (C69–C68–C64–C63–C62–
C61) distance of 3.652 Å (Fig. 3B). It is worth mentioning that
the solvent molecule presented in the IrPCp structure is
located in the peripheral part of the complex molecule (i.e.
near the cyclopentadienyl anion) allowing π–π stacking inter-
actions in the IrPCp complex.

Luminescence properties

Fluoroquinolone antibiotics (HCp, HSf, HLm , HNr) and their
phosphine derivatives (PCp, PSf, PLm, PNr) are characterized
by intense luminescence in PBS (phosphate buffered saline)
with the addition of DMSO (<2% (v/v). In general, the
maximum of the emission band for PCp, PNr, and PLm is
located around 420 nm, while that for PSf is located at 540 nm
upon excitation at 340 nm.25,29–31 The emission spectra for all

View Article Online

Research Article

Fig. 3     Packing diagram of complex IrPCp·CHCl3 showing (A) π-stacking
interaction between the fluoroquinolone rings (B) face-to-face pattern
of the π–π stacking in complex IrPCp.

resulting Ir(III) complexes with phosphine ligands were
obtained at 298 K and are presented in Fig. 4, whereas the
corresponding excitation spectra are shown in Fig. S22.†

After the coordination of PCp, PLm, and PNr to iridium(III)
ions a redshift in the emission spectra for resulting complexes
was observed. Only in the case of IrPSf the blue-shift was
noticed. Under ambient conditions, all complexes displayed a
purple emission with the maximum wavelength at 440 nm for
IrPCp, IrPNr, and IrPLm and at 475 nm for IrPSf.

Thus, the ligand structure appears to have an influence on
the emission wavelength of the studied Ir(III) complexes. This

This journal is © the Partner Organisations 2020

Fig. 4      Normalized emission spectra for Ir(III) complexes and the corres-
ponding phosphine ligands; λex =  340 nm, 298 K.

Inorg. Chem. Front., 2020, 7, 3386–3401 | 3389
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is in agreement with previous observations made for the Cu(I)
and Ru(II) complexes. The complexes with the ligand bearing
sparfloxacin, the third generation fluoroquinolone, are charac-
terized by the maximum of emission significantly shifted
towards shorter wavelengths. This is probably due to the most
extensively developed and substituted chemical structure for
this antibiotic affecting the electronic properties of the entire
complex.

Cytotoxic study in vitro

The cytotoxicity of the four novel organometallic Ir(III) com-
plexes was evaluated against five selected cancer cell lines:
CT26, A549, MCF7, PANC-1, DU-145 and one normal HEK293T
cell line. IC50 values (concentration of a drug required to

inhibit the growth of 50% of the cells) were assessed in two
different approaches – after 24 h or 24 h  + 48 h  using
the 3-(4,5-dimethylthiazole)-2,5-diphenyltetraazolium bromide

(MTT) method.6,44–46 Cells were also treated with cisplatin in
the same concentration range as Ir(III) complexes and con-
sidered as a control. IC50 values were determined from the

plots of cell viability at various concentrations of each com-
pound by matching appropriate dose–response curves and are
presented in Table S4.† The investigated complexes IrPCp,
IrPSf, IrPLm, and IrPNr exhibited significant and diversified
cytotoxic activity against all studied cell lines. Of note, all Ir(III)
complexes were characterized by a higher cytotoxicity than the
ligands (PCp, PSf, PLm, PNr), regardless of the cell type or the
incubation time. A similar observation was made in the case of
complexes of other metals such as copper or ruthenium
studied by our group with these types of phosphine

ligands.24–27,29,31

Notably, all the half-sandwich Ir(III) complexes displayed
higher cytotoxicity than cisplatin against all cell lines except
for the MCF7 cell line after 24 h  incubation. Presumably, Ir(III)
complexes exhibited a different cross-resistance profile from
cisplatin. The activity of these complexes for all studied cell
lines was higher after 24 h of incubation with compounds and
48 h  of recovery time (24 h  + 48 h), when compared with the
experimental approach in which cytotoxicity was determined
just after 24 hours. This indicates that the cytotoxic changes
initiated in the cells during 24 h  incubation cannot be repaired
by cells and their repair systems minimizing toxicity are not
sufficient, which may result in overcoming the resistance. Of
note, the cytotoxicity of Ir(III) complexes was also evaluated
against non-tumor cells (HEK293T). The results indicate
similar or slightly lower toxicity profiles toward a normal cell
line than that determined for cisplatin.

Interestingly, prostate carcinoma cancer cells (DU-145) were
the most sensitive cell line to iridium(III) complexes even in
the case of both experimental approaches. Among all tested
complexes, the IrPSf complex showed the most significant
antitumor activity in vitro with an IC50 value of 3.5 μM and
4.1 μM for DU-145 and CT26, respectively (in 24 h  + 48 h
approach). In both cases SI (selectivity index – IC50 (normal
cell line)/IC50 (cancer cell line)) was determined to be ca.
6 related to the HEK293T cell line. In general, the cytotoxic

3390  | Inorg. Chem. Front., 2020, 7, 3386–3401
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activity of Ir(III) complexes with phosphine conjugated with
sparfloxacin (IrPSf ) exhibited the most prominent activity
in vitro towards all tested tumor cell lines. It is evident that the
combination of two or even more new structural elements
brings into play different properties of the resulting com-
pound. This, in turn, may result in improving the spectrum of
biological activity, novel mechanisms of action or modification
of the pharmacokinetic profile of the drug.21 Thus, the highest
activity of IrPSf can be explained by the modified activity of the
resulting new complex involving two modes of action – associ-
ated with the metal center and ligand. Importantly, HSf apart
from exhibiting significant antimicrobial activity also inhibits
the human ether-a-go-go-related gene (hERG) potassium chan-
nels, which are overexpressed in a wide range of tumors.24–26

In addition, human pancreatic/duct carcinoma (PANC-1)
was also found to be a sensitive cell line, when recovery time
was applied. To confirm the determined cytotoxicity, viable
and dead cells were survival stained with fluorescein diacetate
(FDA) and propidium iodide (PI) after treatment and the effect

was visualized under a fluorescence microscope (Fig. 5). FDA
was used as a versatile fluorescent dye in the form of a cell-per-
meant esterase substrate. Only in viable cells with suitable
enzymatic activity fluorescein is intracellularly generated and
serves as a viability probe, while PI was applied as a red-fluo-
rescent cell viability dye, which is excluded from live cells with
intact membranes, but penetrates dead or damaged cells and
binds to DNA and RNA by intercalating between the bases.

Cytotoxicity in vitro was also precisely analyzed by flow cyto-
metry allowing the determination of the mode of cell death.
Cell staining with Annexin-V and 7-AAD (7-Aminoactinomycin
D) after treatment enables quantitative evaluation of apoptosis
and/or necrosis induction by the investigated compounds
(IrPCp, IrPSf, IrPLm, IrPNr). The percentage of viable, early/
late apoptotic and necrotic cells upon treatment with the com-
pounds for the two selected cell lines (A549, DU-145) is pre-
sented in Fig. S23.† By extension, analysis of cell death of A549
and Du-145 cells after exposure to IrPCp, IrPSf, IrPLm, IrPNr
complexes at 100 µM for 24 h + 48 h  revealed that proportions
of late apoptotic cells after treatment with IrPCp, IrPSf, IrPLm,
IrPNr were 28.53%, 37.56%, 46.17%, and 5.17%, respectively
in the case of D-145 cells. This corresponds to 99.07%,
96.10%, 98.77%, and 95.26% of the overall toxicity (early and
late apoptosis, necrosis), respectively. Of note, most of the
appearing dead cells are the population of early or late apopto-
tic cells.

Fig. 5     Selected images of A549 cells treated with IrPSf in IC 5 0  (magnifi-
cation 20.00×, bar 50 μm). The green cells with normal morphology are
viable ones (fluorescein diacetate, FDA), while round red cells are dead
(propidium iodide, PI).

This journal is © the Partner Organisations 2020
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Cellular uptake

It has been recently demonstrated that organometallic Ir(III)
complexes are capable of entering cells in either an energy-
dependent or an energy-independent mode. For instance,
induction of apoptosis in cancer cells may be realized by tar-
geting lysosomes, mitochondria or the endoplasmic reticulum
and causing lysosomal damage, serious changes in mitochon-
drial     membrane potential,     and endoplasmic     reticulum

stress.47,48 However, to cause all these changes which result in
cell death, efficient and selective accumulation inside cancer

cells over normal cells is firstly necessary. Both the chemical
structure and the relatively high hydrophobicity can promote
efficient accumulation inside cancer cells. In addition, appro-

priate pharmaceutical nanoformulations can be prepared to
ensure selective drug delivery to the interior of the cell and to
provide biological effects only at the target site (vide infra).

Cellular accumulation of iridium(III) compounds after treat-
ment of the tested cells was determined by the ICP-MS tech-
nique. Time-dependent cellular uptake of IrPCp, IrPSf, IrPLm,

and IrPNr complexes is given in Fig. S24.† ICP-MS analysis

revealed efficient iridium accumulation with increasing time,
which was assessed to be the highest in the case of DU-145

cells (ca. 900 and 1300 ng mg−1 protein for 24 h  and 24 h  +
48 h, respectively) among all tested Ir(III) compounds. On the
other hand, the uptake was at the lowest level for A549 cells
after     24     hours     of     incubation     with     Ir(III)     complexes.
Nonetheless, the A549 cells were chosen for confocal analysis
since they do not exhibit auto fluorescence which would
render the analysis impossible. Thus, these results, together
with confocal analysis enabling the calculation of Pearson’s
co-localization coefficient (PCC) (Fig. 6) and determination of
hydrophobic/hydrophilic properties (Table 1, vide infra), clearly
support an efficient pattern of cellular uptake into tumor cells

View Article Online

Research Article

Fig. 6     Selected images of A549 cells obtained by confocal microscopy
(magnification 60.00×, ex =  358 nm) after treatment with IrPSf (c =  1
μM) for 4 h (A1, A2, B1, B2). In addition, emission spectra of cells after
treatment with IrPSf together with the reference spectra of control
untreated (A3), cross-sectional images (C), and colocalization of IrPSf
(green) and nuclei specific probe Hoechst33342 (blue) determined
along with quantification analysis by Zen software (Zeiss, Jena,
Germany) (D).

Table 1     Calculated log P values for ligands (PCp, PSf, PLm, PNr) using
program ACD/log P49 and complexes (IrPCp, IrPSf, IrPLm, IrPNr) using
program ALOGPS 2.150

of the studied organometallic iridium(III) complexes.
Uniform distribution of IrPSf inside A549 cells clearly con-

firms the sufficient uptake of the metal complex and its
observed cytotoxicity in vitro. The cross-sectional analysis of
images and emission spectra of the tested compound revealed
consistency in intensity emission visible inside the whole cell.
This indicates the uniform distribution of the Ir(III) complex

Ligands

PCp 5.81
PSf 6.35
PLm 6.86
PNr 5.97

Complexes

IrPCp 7.73
IrPSf 7.44
IrPLm 7.51
IrPNr 7.26

throughout the cells and no favorable accumulation in any cel-
lular compartments or organelles.

Furthermore, to confirm the co-localization of IrPSf (green
signal) with the nuclei-specific probe (Hoechst 33342, blue
signal) more clearly, the spectral profiles for these components
were defined. The obtained profiles are presented in Fig. 6D,
while the detailed co-localization study, performed with
ImageJ plugin, is presented in Fig. S25.† The analysis allowed

for calculating Pearson’s co-localization coefficient (PCC)
which was found to be 0.63. The resulting value presumably
means a high agreement of IrPSf co-localization between the
nucleus and cytoplasm. Accordingly, this suggests that a sig-
nificant part of the IrPSf complex reaches the cell nucleus.

The pharmacological activity of many substances correlates
with their lipophilicity (hydrophobicity); thus this physico-

This journal is © the Partner Organisations 2020

chemical parameter is helpful for both design of new metal
compounds and explanation of correlation between the bio-
logically activity and chemical structure. The octanol–water
partition coefficient (log P) value provides information about
hydrophobicity that is usually a factor relevant for efficient cell
uptake and the resulting biological activity.48 log P values for
IrPCp, IrPSf, IrPLm, and IrPNr complexes and the corres-
ponding ligands were determined and are presented in
Table 1.

For the investigated Ir(III) complexes, the determined log P
values are significantly higher than those for their parent
ligands. The performed calculations clearly indicate the strong
hydrophobic character of the investigated compounds. These
supplementary theoretical data confirm effective penetration
into cancer cells, however, despite the high log P values

Inorg. Chem. Front., 2020, 7, 3386–3401 | 3391
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because of poor solubility of the studied iridium(III) complexes
in water we decided to encapsulate them into polymeric
micelles (vide infra). As expected, the successful and efficient
uptake of poorly soluble half-sandwich Ir(III) complexes will be
enhanced by the relevant unique features of Pluronic P-123.
This hydrophobic copolymer is capable of interacting with cell
membranes resulting in decreased microviscosity, pore for-
mation on the membrane, and thus accelerated transmem-

brane drug translocation.27

Analysis of the cell cycle and apoptosis-related proteins

The cell cycle analysis along with the determination of cas-
pases 3/7 activation has been performed. First, to understand
the impact of the selected Ir(III) complexes (IrPCp, IrPSf ) on
cell growth, the A549 and DU145 cell cycles after treatment
were evaluated by flow cytometry (Fig. 7). The analysis
revealed that the tested compounds probably induced G2/M
phase arrest. In the case of DU145 cells the interruption of
chromatin synthesis may occur (less cells are in the G0/G1
phase and the number of cells in S phase are increased). On
the other hand, for A549 the G0/G1 phase population is still
observed. Our results are in agreement with other authors
concluding that the metal center plays a key role in the cell

cycle arrest.51 Many cytotoxic agents based on metal com-
plexes inhibit tumor cell proliferation by causing cell cycle
G0-, S-, or G2/M-phase arrest. The G2 checkpoint prevents
cells from entering mitosis when DNA is damaged and
ensures the propagation of error-free copies of the genome to
each daughter cell. The Cdk1/cyclin B1 complex controls the
cell cycle progression from the G2 phase to the M phase by
regulating the phosphorylation or dephosphorylation of

View Article Online
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proteins. In addition, actin remodeling in coordination can
ensure proper execution of G2/M checkpoint arrest and is

crucial for entry into mitosis.9,52–57

Secondly, the activation of caspases 3 and 7 (cysteine pro-
teases involved in both the initiation and execution phases of
apoptosis) was studied (Fig. 7). Indeed, activation of these
executioner caspases is usually taken as a hallmark of apopto-
sis after cytochrome c leaks out from mitochondria during the

intrinsic pathway of apoptosis.51,52 After 24 hours of incu-
bation with IrPCp and IrPSf complexes in the case of A459
cells the activation of both caspases increases with the
increased concentration of complexes, whereas, in the case of
DU145 cells at higher concentrations of Ir(III) complexes the
caspase-3/7 activation decreases. This probably indicates the
activation of necrotic cell death instead of apoptosis in the
case of these the most sensitive cells for treatment with the
studied compounds.

Polymeric micelles

To enhance the cellular accumulation of metal complexes
and to control their uptake only into tumor cells over normal
ones, we encapsulated metal compounds into Pluronic
P-123 micelles (Fig. 8, vide infra). Detailed characterization of
prepared nanoformulations, including hydrodynamic dia-
meter, zeta potential, drug loading content (LC), and encap-
sulation efficiency (EE), is shown in Table S5.† The deter-
mined LC and EE values proved the effective loading of the
Ir(III) complexes inside the Pluronic P-123 micelles. The
mean micelle size of IrPCp_M and IrPNr_M was less than
30 nm, while zeta potential of stable micelles was ca.
−1.5 mV (pH = 7.4). The latter value can be explained by the
slightly negative potential of Pluronic P-123 comprising the

uncharged PEO ( polyethylene oxide) amphiphilic blocks.27

The spherical morphology and homogeneous particle size
distribution were also confirmed by transmission electron
microscopy (Fig. 8). These physical characteristics meet all
the necessary requirements to ensure efficient delivery of the
resulting nanoformulations into the pathological tumor
microenvironment and to facilitate efficient release of metal
complexes due to micelle aggregation at the lower pH of
tumor cells.

Fig. 7     Cell cycle analysis of A549 (A) and DU145 (B) cells after the treat-
ment with investigated compounds (IrPSf, IrPCp) and cisplatin (CDDP,
reference). Caspase activation after treatment with IrPSf, IrPCp and cis-
platin (CDDP, reference compound). Analyses were performed using the
caspase-Glo® 3/7 assay. A549 (C) and DU145 (D) cells were incubated
with or without each compound for 24 h. The results are expressed as
the ratio of the mean relative light units (RLU) obtained with treatment to
the mean RLU obtained without treatment.

3392 | Inorg. Chem. Front., 2020, 7, 3386–3401

Fig. 8     TEM images of Pluronic P-123 formulation with the encapsu-
lated IrPCp complex (IrPCp_M).

This journal is © the Partner Organisations 2020
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Table 2     Values of IC 5 0  [µM] for A549 and DU-145 cells after 24 h treat-
ment with IrPCp, IrPNr, IrPCp_M, and IrPNr_M

IC50 [µM] ± SD; 24 h

IrPCp
IrPCp_M
IrPNr
IrPNr_M

A549

68.8 ± 1.7
8.9 ± 0.7

71.4 ± 1.6
10.1 ± 0.4

DU-145

11.8 ± 1.1
4.1 ± 0.6

12.9 ± 2.1
3.1 ± 0.5

For the in vitro study we selected two polymeric nanoformu-
lations of Ir(III) complexes (IrPCp_M, IrPNr_M), that exhibited
the lowest cytotoxicity in the form of free compounds (IrPCp,
IrPNr) to prove the rationality and sense of encapsulation.
Cytotoxicity in vitro was determined for the least and the most
sensitive cell lines according to the above-described studies –
A549 and DU-145, respectively (Table S4†). IC50 values for both
complexes in solution and the corresponding nanoformula-
tions are presented in Table 2.

Of note, the determined IC50 values for IrPCp_M and

IrPNr_M are one order of magnitude lower than those in the
case of the corresponding complexes studied in solution for
A549 cells (the most resistant line towards not encapsulated Ir
(III) compounds), while, in the case of the most sensitive line
(DU-145), this activity was about 3 times lower. Thus, prepared
FDA-proved Pluronic P-123 nanoformulations with encapsu-
lated organometallic Ir(III) complexes presumably will guaran-
tee biocompatibility with improved pharmacokinetics and
pharmacodynamics.

Spheroid assembly

Having established the optimal conditions for spheroid for-
mation, the effect of the selected Ir(III) complex with ciprofloxa-
cin conjugated to the phosphine ligand (IrPCp_M) was exam-
ined on preformed A549 and DU-145 spheroids. Of note, in
the monolayer culture, these cell lines displayed a marked
difference in sensitivity to the Ir(III) complexes (Table S4†),
while, the selected complex exhibited the highest increase of
cytotoxicity when encapsulated, as demonstrated by IC50

values (Table 2, vide supra).
Therefore, these conclusions were drawn after analysing

the results of both studied systems: solution and polymeric
nanoformulation of this particular Ir(III)complex. The results
of live/dead assay employing fluorescence images are shown
in Fig. 9. As illustrated, a relatively small number of dead
cells were observed in control spheroids. The low-intensity
signal of PI may be attributed to the intratumoral-like necro-
tic area in the tumour. In contrast, a high percentage of red
fluorescent cells was observed in the compound-treated
spheroids. In the more IrPCp_M-sensitive DU-145 spheroids,
the earlier onset of cytotoxicity manifested due to an increase
in red and a decrease in green fluorescence (after treatment
with increasing concentration of nanoformulation). In this
case, the major outcome of IrPCp_M treatment of DU-145
spheroids was spheroid disruption (Fig. 9, bottom right
corner).53

This journal is © the Partner Organisations 2020

Fig. 9     Labelled (A) A549 and (B) DU-145 spheroids treated with the
Pluronic P-123 Ir(III) complex (IrPCp_M) after treatment with increasing
concentration of complex 0.1 ×  IC5 0, IC5 0, and 10 ×  IC 5 0  for 48 h. Z-
projections of stack registered with a fluorescence microscope. Ir-
Complex dose indicated by a triangle at the left. DAPI: 4’,6-diamidino-2-
phenylindole, CAM: calcein AM, PI: propidium iodide.

Cellular ROS generation and mitochondrial damage

For the first time, to give insights into the possible mode of
action of the studied novel organometallic iridium(III) com-
plexes the ability of complexes (IrPCp, IrPSf, IrPLm, IrPNr) and
their corresponding ligands (PCp, PSf, PLm, PNr) to generate
reactive oxygen species (ROS) was studied. It is well documen-
ted that metal-based agents that target altered biochemical
pathways in cancer cells are powerful candidates as new che-
motherapeutics, especially if more than one pathway is tar-
geted simultaneously. Any drug that is able to cause global cel-
lular effects, for instance by disrupting the redox balance in
cells, may be advantageous, given the heterogeneous nature of
solid tumors. In general, cancer cells are more active than
normal cells with regard to reactive oxygen species generation
which is directly associated with the behavior of
mitochondria.54,58 In particular, any oxidative damage of mito-
chondrial respiratory chain components, caused indirectly or
directly by the metal ions, can lead to disturbances in the

mitochondrial respiration process.56–63

Herein, we investigated novel half-sandwich organometallic
Ir(III) cyclopentadienyl complexes as potent cytotoxic anti-
cancer agents, and their mode of action can be based, among

Inorg. Chem. Front., 2020, 7, 3386–3401 | 3393
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Fig. 10     The ROS generation monitored by H 2 DCF-DA assay in DU-145
cells during steady incubation with complexes (IrPCp, IrPSf, IrPLm,
IrPNr) and their corresponding ligands (PCp, PSf, PLm, PNr) for 24, 48
and 72 h in c  =  1 µM. K(+): H 2 O 2  as positive control and Kl(−): negative
control, cell without compound.

View Article Online

Inorganic Chemistry Frontiers

(especially caspase 3 responsible for apoptotic cell death).26

Thus, these results support the assumption that the mitochon-
drial pathway leads to the induction of the observed apoptosis
(vide supra).

Presumably, the generated ROS can be involved in cytotoxic
action and the resulting type of cell death. This is in agree-
ment with other authors, who showed that Ir(III) complexes,
both organometallic and cyclometalated, are highly potent
chemotherapeutics with the mode of action largely based on
ROS generation. For instance, the half-sandwich tetraphenyl-
ethylene Ir(III) complexes were reported as powerful antineo-
plastic agents effectively catalyzing the conversion of NADH to
NAD+ and inducing ROS accumulation inside cells. Thus, this
points to an oxidation-based anticancer mechanism of these
organometallic complexes that could as well specifically

others, on the generation of reactive oxygen species. ROS gene-
ration was detected with the application of a nonfluorescent
2′,7′-dichlorodihydrofluorescein diacetate (DCFH2-DA) probe
as a ROS detector and monitored by fluorescence spectroscopy.
The obtained results, presented in Fig. 10, were related to the
fluorescence intensity of positive control cells (K(+); in the
presence of extra H2O2) and negative control (K(−); control

untreated cells).
All investigated phosphine derivatives of the antibiotics

(PCp, PSf, PLm, PNr) and their Ir(III) complexes (IrPCp, IrPSf,
IrPLm, IrPNr) displayed the ability to induce ROS generation
in DU-145 tumor cells at a level much higher than the positive
control. Of note, the studied complexes induced ROS gene-
ration at a significantly higher level (about two times higher)
than their uncoordinated ligands. In addition, the increased
ROS production by the investigated Ir(III) compounds was
noticed over all studied time periods.

It is well-known that around 90% intracellular ROS is gen-
erated in mitochondria – which are the major source of super-
oxide radicals (precursor of most ROS species). Furthermore,
excessive amounts of reactive oxygen species can damage
lipids, proteins and DNA, which is obviously associated with

changes of mitochondrial functions.64 Herein, to designate the
significance of mitochondrial disorder in ROS production and
finally cancer cell death induced by Ir(III) complexes, the vari-
ation in the mitochondrial membrane potential (MMP) was
monitored using the JC-10 probe (Fig. S26†). Gentamicin,
which causes an increase in MMP and ciprofloxacin with its
opposite effect on MMP were used as a positive and a negative
control, respectively.26

As clearly seen in Fig. S26,† the studied Ir(III) complexes
caused a significantly higher MMP decrease, when compared
with the corresponding organic ligands and control drug
(ciprofloxacin). This means that cell treatment with the investi-
gated Ir(III) inorganic compounds resulted in the increase of
permeability of the mitochondrial membrane. Decrease in
MMP leads to the release of cytochrome c into the cytoplasm.
Then, cytochrome c, in the presence of ATP, interacts with the
Apaf-1 factor and activates the initiator caspase 9. This inter-

accumulate in lysosomes, resulting in lysosomal damage, and
eventually induce apoptosis.48 Likewise, Liu et al. demon-
strated that novel cyclometalated iridium(III) phosphine-imine
(P^N) complexes can induce apoptosis by depolarization of the
mitochondrial membrane potential, ROS overproduction and

ROS-mediated DNA damage.34

Electrochemical characterization

Furthermore, cyclic voltammetry (CV) was performed to pre-
cisely understand the redox activity of the studied complexes
(i.e., cellular ROS production, vide supra). The redox potentials
for all Ir(III) complexes, the corresponding phosphine ligands,
and ferrocene were determined by cyclic voltammetry in DMF
solution using 0.1 M tetrabutyl ammonium perchlorate (TBAP)
as the supporting electrolyte in the selected potential window

from −1.0 V to 1.0 V vs. Ag/Ag+ at different scan rates (from 1
to 20 mV s−1). The cyclic voltammograms (CVs) of all studied
compounds are presented in Fig. S27–S32.† The cyclic voltam-
mograms of the complexes exhibit two irreversible oxidation
peaks at around 1.0 V and 1.25 V which are assigned to the
phosphine ligands and the iridium ion, respectively. The deter-
mined oxidation potentials for the studied iridium(III) com-
plexes, referring to the Ir(III)/(IV) redox process, are in agree-
ment with literature data for other organometallic Ir(III) com-

pounds with various ligands.52,65,66     The additional peak
(around 1.0 V) can be safely associated with irreversible oxi-
dation processes within the ligand moiety on comparing with

the electrochemical data of ligands alone.27 One quasi-revers-
ible reduction peak around −0.55 V is observed for all com-
plexes (around ΔE = 0.98 V for all complexes) and it can also
be assigned to the phosphine ligand.

The position of the cathodic peak was slightly shifted
towards the negative potential, while the anodic peak was
shifted a little towards positive potentials simultaneously
with the scan rate increase. These observations suggest a

diffusion controlled redox process.67 However, it can be pre-
sumed that the electron transfer reactions take place without
changes in the stereochemistry of the complexes that can be
monitored by UV-vis spectroscopy. In the UV-vis spectra no
significant changes were observed, indicating the formation

action usually triggers a cascade of executive caspases of completely new chemical compounds, as only a decrease

3394  | Inorg. Chem. Front., 2020, 7, 3386–3401 This journal is © the Partner Organisations 2020
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in absorption was detected after the electrochemical study
(data not shown).

Regrettably, cancer cells can acquire resistance towards

View Article Online
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imitating three-dimensionality and the complexity of tumour
structure, was explored and the anticancer potential of the
selected novel organometallic Ir(III) complex (IrPCp_M) encap-

anticancer compounds, in particular the ones that are sulated in Pluronic P-123 micelles was clearly proved.
designed to activate apoptosis, for instance metal compounds.
This is mainly by up-regulation of pro-survival factors, invol-
ving inhibitors of apoptosis proteins (IAPs) that in turn block
caspases required to activate the apoptosis cascade. However,
in the case of Ir(III) complexes studied herein, cytotoxicity may
be based on other possible actions such as ROS generation
(vide supra), affecting mitochondria or interactions with DNA
(vide infra). In such a case, other pathways leading to cell death
are possible such as energy deficiency or distortion of the DNA
structure as key consequences, respectively. Thus, even if the
caspase cascade is blocked successfully, cell growth can still be
halted through ATP deficiency or tackling of DNA synthesis,
giving rise to catastasis or resulting in dramatic increase in

cytotoxicity.39,58

Conclusions
Iridium-based anticancer agents, including organometallic
iridium(III) complexes, have currently attracted attention as
promising anticancer agents with potency higher than Pt(II)
drugs in the clinic. Herein, we present for the first time four
novel half-sandwich Ir(III) complexes with phosphines conju-
gated with fluoroquinolones as ligands (IrPCp, IrPSf, IrPLm,
IrPNr). All complexes were precisely characterized by elemental
analysis, selected spectroscopic methods (i.e., absorption and
fluorescence spectroscopy, NMR), ESI-MS, X-ray diffraction,
and electrochemical techniques. In addition, we have studied
their cytotoxic effects in vitro towards selected cancer cell lines:
CT26, A549, MCF7, PANC-1, and DU-145, and the normal
HEK293T cell line. We demonstrated in vitro that the studied
complexes are characterized by lower IC50 values than that of
cisplatin, exhibit the ability to induce apoptotic cell death in
predominance,     and     possess     a     high     selectivity     index.
Furthermore, preliminary investigation on the elucidation of
action of the selected Ir(III) compounds allowed us to formulate
the following general conclusions: (i) Pearson’s co-localization
coefficient of 0.63 indicates uniform distribution of complexes
in both nucleus and cytoplasm, (ii) the tested compounds pre-
sumably induce G2/M phase arrest, (iii) both the activation of
caspase-3/7 and the decrease of mitochondrial membrane
potential confirm the apoptotic pathway of cell death, and (iv)
redox potentials enable efficient ROS generation. Also, we con-
tinued herein investigations on the potential of Pluronic
P-123 micelles as suitable nanocarriers of metal complexes
overcoming low solubility, serious side effects connected with
systemic cytotoxicity of metal complexes, and preventing acqui-
sition of resistance. The resulting nanoformulations (IrPCp_M,
IrPNr_M) enabled efficient drug accumulation inside A549 and
DU-145 tumor cell lines and allowed more efficient cytotoxic
action, when compared with the corresponding solutions of
complexes. Finally, the 3D model of cell culturing (spheroids),

This journal is © the Partner Organisations 2020

Experimental
Reagents

All starting materials, including 2nd (HCp, HNr, HLm) and 3rd

(HSf ) generation fluoroquinolones (>98%), [Ir(η5-Cp*)Cl2]2
(>96%), Pluronic P-123 and other small chemicals and solvents
were purchased from Sigma Aldrich and used without further
purifications. All syntheses were performed using standard
Schlenk techniques, under an atmosphere of dry oxygen-free
dinitrogen. All solvents were deaerated prior to use.

Characterization of organometallic iridium(III) complexes

Single crystals of IrPCp·CHCl3, IrPLm·1.5CHCl3      and
IrPNr·2CHCl3 were collected on a SuperNova diffractometer
using graphite monochromatic MoKα radiation at 293 K, 100 K
or 293 K, respectively. Data processing was undertaken with

CrysAlisPRO.68      The structures were solved using direct
methods and for refinement the non-H atoms were treated ani-
sotropically. The main calculations were performed with
SHELXL69 and figures were plotted with MERCURY.70 The
crystal data, experimental details and refinement results are
summarized in Tables S1 and S2.† Crystallographic data
of the structures have been deposited at the Cambridge
Crystallographic Data Centre with CCDC reference numbers
1996074 (IrPCp·CHCl3), 1996071 (IrPLm·1.5CHCl3) and 1996073
(IrPNr·2CHCl3).†

Elemental analyses (C, H and N) were carried out with a
Vario Micro Cube – Elementar. NMR spectra were recorded
using a Bruker Avance II 300 MHz spectrometer in CDCl3 with
traces of CHCl3 as an internal reference for 1H and 85% H3PO4

in H2O as an external standard for 31P{1H}. Mass spectra were
recorded with a Bruker MicrOTOF-Q II spectrometer with an
ESI ion source under the following conditions: nebulizer

pressure: 0.4 bar, dry gas: 4.0 l min−1 heated to 180 °C. Data
were recorded in the positive ion mode, while profile spectra
were recorded in the mass range 50–3000 m/z; end plate offset
−500 V; capillary voltage 4500 V; mass resolving power of the
instrument – over 18 000. Mass calibration was done using the
cluster method with a mixture of 10 mM sodium formate and
isopropanol (1 : 1, v/v) before the run. In order to record the
spectra the compounds were dissolved in chloroform.
Excitation and emission spectra were recorded at 298 K using
a Cary Eclipse fluorescence spectrophotometer.

Synthesis of organometallic iridium(III) compounds

IrPCp – [Ir(η5-Cp*)Cl2PCp]. Binuclear iridium complex 1
(0.100 g, 0.126 mmol) was added to solution of PCp (0.146 g,
0.276 mmol) in dichloromethane (10 ml). The resulting
mixture was stirred for 24 h. After that, it was evaporated to
dryness giving a solid orange residue of the product. IrPCp is
well soluble in CHCl3, CH2Cl2 and DMSO.

Inorg. Chem. Front., 2020, 7, 3386–3401 | 3395
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Yield: 80%. Anal. found: C, 47.01; H, 4.32; N, 4.00%.
Anal. calc. for C40H44Cl2FIrN3O3P·CHCl3 (C41H45Cl5FIrN3O3P):
C, 47.02; H, 4.33; N, 4.01%.

NMR (298 K, CDCl3): 31P{1H}: −1.30 (P1, s); 1H: 1.11–1.33
(H72,73, m, 4-H), 1.35 (H1, d, 2.2 Hz, 15-H), 2.39 (H13,14, bt,
4.8 Hz, 4-H), 2.99 (H12,15, bt, 4.8 Hz, 4-H), 3.47 (H71, m, 1-H),
4.07 (H11, s, 2-H), 7.16 (H69, d, 7.1 Hz, 1-H), 7.44–7.53 (H43,44,
m, 6-H), 7.92 (H63, d, 13.3 Hz, 1-H), 8.00–8.11 (H42, m, 4-H),
8.72 (H67, s, 1-H), 15.02 (H70, s, 1-H).

+ESI-MS (CHCl3/H2O, m/z): 928.21 [M + H]+, 892.23
[M −  Cl]+, 888.28 [M −  2Cl + CH3OH]+, 856.26 [M −  2Cl]+.

Crystals of IrPCp·CHCl3 suitable for X-ray analysis were
obtained under refrigeration by slow diffusion of hexane
into a solution of the complex in chloroform under normal
oxygen conditions. Crystal data: C41H45Cl5FIrN3O3P, M =
1047.22 g mol−1, crystal size: 0.20 × 0.20 × 0.02 mm, crystal
system: triclinic, space group: P1, a = 9.0544(4) Å, b =
11.8197(5) Å, c = 20.8951(8) Å, α = 85.841(3)°, β = 86.837(3)°, γ =
67.930(4)°, V = 2065.94(16) Å3, Dcalc (Z = 2) = 1.683 g cm−3,
θ range for data collection: 4.042 to 71.700°, Mo Kα radiation
(λ = 1.54184 Å), μMo = 9.983 mm−1, reflections collected/
unique: 28 428/7969, [Rint = 0.0886], completeness to θ full =
99.9%, final R indices [I > 2σ(I)]: R1 = 0.0440, wR2 = 0.1081,
R indices (all data): R1 = 0.0544, wR2 = 0.1169, GOF = 1.026,
largest diff. peak and hole: 1.919 and −1.931 e Å−3, data/
restraints/parameters: 7969/0/504, T = 293 K.

IrPSf – [Ir(η5-Cp*)Cl2PSf ]. Following the method presented
for IrPCp, 1 (0.101 g, 0.126 mmol) and PSf (0.164 g,
0.278 mmol) gave a brown precipitate. IrPSf is well soluble in
CH2Cl2, DMF and DMSO.

Yield: 80%. Anal. found: C, 50.97; H, 4.87; N, 5.65%. Anal.
calc. for C42H48Cl2F2IrN4O3P: C, 51.01; H, 4.89; N, 5.67%.

NMR (298 K, CDCl3):31P{1H}: −3.06 (P1, s); 1H: 0.72 (H16,17,
d, 6.4 Hz, 6-H), 1.04–1.20 (H72,73, m, 4-H), 1.33 (H1, d, 2,2 Hz,
15-H), 2.45 (H12,15, m, 2-H), 2.80 (H13,14, m, 2-H), 3.07 (H13,14,
m, 2-H), 3.87 (H71, m, 1-H), 4.25 (H11, s, 2-H), 6.41 (H63, bs,
2-H), 7.43–7.51 (H43,44, m, 6-H), 7.98–8.13 (H42, m, 4-H), 8.61
(H67, s, 1-H), 14.65 (H70, bs, 1-H).

+ESI-MS (CHCl3/H2O, m/z): 989.25 [M + H]+, 949.32
[M −  2Cl + CH3OH]+, 919.32 [M −  2Cl]+.

IrPLm – [Ir(η5-Cp*)Cl2PLm]. Following the method pre-
sented for IrPCp, 1 (0.101 g, 0.126 mmol) and PLm (0.153 g,
0.278 mmol) gave an orange precipitate. IrPLm is well soluble
in CHCl3, CH2Cl2 and DMSO.

Yield: 80%. Anal. found: C, 44.20; H, 4.15; N, 3.72%. Anal.
calc. for C40H45Cl2F2IrN3O3P·1.5CHCl3 (C41.5H46.5Cl6.5F2IrN3O3P):
C, 44.23; H, 4.16; N, 3.73%.

NMR (298 K, CDCl3): 31P{1H}: −1.82 (P1, s); 1H: 0.62 (H16, d,
6.3 Hz, 3-H), 1.34 (H1, d, 2.2 Hz, 15-H), 1.50 (H72, t, 7.0 Hz,
3-H), 2.14–3.14 (H12,13,14,15, m, 7-H), 4.15 (H11, dd, J1 = 40 Hz,
J2 = 16 Hz, 2-H), 4.40 (H71, qd, J1 = 7.2 Hz, J2 = 3.3 Hz, 2-H),
7.39–7.56 (H43,44, m, 6-H), 7.87 (H63, dd, J1 = 12.0 Hz, J2 =
1.7 Hz, 1-H), 7.99–8.15 (H42, m, 4-H), 8.55 (H67, s, 1-H), 14.68
(H70, s, 1-H).

+ESI-MS (CHCl3/H2O, m/z): 948.22 [M + H]+, 914.26
[M −  Cl]+, 906.28 [M −  2Cl + CH3OH]+, 878.28 [M −  2Cl]+.

3396  | Inorg. Chem. Front., 2020, 7, 3386–3401

View Article Online

Inorganic Chemistry Frontiers

Crystals of IrPLm·1.5CHCl3 suitable for X-ray analysis were
obtained under refrigeration by slow evaporation of chloro-
form/methanol (1 : 1, v/v) solution under normal oxygen con-

ditions. Crystal data: C41.5H46.5Cl6.5F2IrN3O3P, M = 1126.91 g mol−1,
crystal size: 0.100 × 0.100 × 0.050 mm, crystal system: mono-
clinic, space group: I2/a, a = 24.6249(3) Å, b = 8.35470(1) Å, c =
44.3459(6) Å, α = 90°, β = 104.3440(10)°, γ = 90°, V = 8839.03
(18) Å3, Dcalc (Z = 8) = 1.694 g cm−3, θ range for data collection:
2.215 to 31.772°, Mo Kα radiation (λ = 0.71073 Å), μMo =
3.501 mm−1, reflections collected/unique: 154 041/13 616,
[Rint = 0.0395], completeness to θ full = 99.9%, final R indices
[I > 2σ(I)]: R1 = 0.0321, wR2 = 0.0716, R indices (all data): R1 =
0.00.0394, wR2 = 0.0734, GOF = 1.059, largest diff. peak and
hole: 3.325 and −0.922 e Å−3, data/restraints/parameters:
13 616/3/541, T = 100 K.

IrPNr – [Ir(η5-Cp*)Cl2PNr]. Following the method presented
for IrPCp, 1 (0.100 g, 0.126 mmol) and PNr (0.144 g,
0.278 mmol) gave an orange precipitate. IrPNr is well soluble
in CHCl3 and CH2Cl2.

Yield: 80%. Anal. found: C, 42.60; H, 4.01; N, 3.63%. Anal.
calc.     for     C39H44Cl2FIrN3O3P·2CHCl3       (C41H46Cl8FIrN3O3P):
C, 42.65; H, 4.02; N, 3.64%.

NMR (298 K, CDCl3):31P{1H}: −1.38 (P1, s); 1H: 1.35 (H1, d,
2.2 Hz, 15-H), 1.54 (H72, t, 7.3 Hz, 3-H), 2.39 (H13,14, bt, 4,6 Hz 4-
H), 2.97 (H12,15, bt, 4,6 Hz, 4-H), 4.07 (H11, s, 2-H), 4.25 (H71,
q, 7.2 Hz, 2-H), 6.64 (H69, d, 6.9 Hz, 1-H), 7.42–7.54 (H43,44,
m, 6-H), 7.96 (H63, d, 13.2 Hz, 1-H), 8.00–8.11 (H42, m, 4-H), 8.62
(H67, s, 1-H), 15.09 (H70, s, 1-H).

+ESI-MS (CHCl3/H2O, m/z): 916.21 [M + H]+, 980.24
[M −  Cl]+, 876.29 [M −  2Cl + CH3OH]+, 844.27 [M −  2Cl]+.

Crystals of IrPNr·2CHCl3 suitable for X-ray analysis were
obtained under refrigeration by slow evaporation of chloro-
form/acetone (1 : 1, v/v) solution under normal oxygen con-

ditions. Crystal data: C41H46Cl8FIrN3O3P, M = 1154.58 g mol−1,
crystal size: 0.300 × 0.300 × 0.200 mm, crystal system: monocli-
nic, space group: P21/n, a = 10.1356(2) Å, b = 17.3727(3) Å, c =
25.6237(4) Å, α = 90°, β = 93.137(1)°, γ = 90°, V = 4505.13(14) Å3,
Dcalc (Z = 4) = 1.702 g cm−3, θ range for data collection: 3.075
to 71.674°, Mo Kα radiation (λ = 1.54184 Å), μMo = 10.818
mm−1, reflections collected/unique: 69 550/8730, [Rint = 0.1085],
completeness to θ full = 99.8%, final R indices [I > 2σ(I)]: R1 =
0.0642, wR2 = 0.1514, R indices (all data): R1 = 0.00710, wR2 =
0.1560, GOF = 1.108, largest diff. peak and hole: 2.658 and
−2.947 e Å−3, data/restraints/parameters: 8730/
0/533, T = 293 K.

Preparation of micelles

Polymeric micelles with encapsulated Ir(III) compounds were
prepared by the thin-film hydration method adopted by us pre-

viously.27 In brief, Pluronic P-123 (PEO-PPO-PEO triblock copo-
lymer) was dissolved in CHCl3 under reflux, while a metal
complex was added to the hot solution. The solvent was slowly
evaporated resulting in a thin film that was dried under
reduced pressure. Then, a small volume of PBS was added
under sonication leading to the formation of micelles with
encapsulated Ir(III) complexes. The concentration of the non-

This journal is © the Partner Organisations 2020
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encapsulated Ir(III) complex was determined by the ICP-MS
technique (PerkinElmer ELAN 6100), whereas, drug loading
content (LC) and encapsulation efficiency (EE) were calculated
according to previously defined equations.27 In addition, the
size and zeta potential were examined by the dynamic light

View Article Online
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fluorescence inverted microscope (Olympus IC51, Japan) with
an excitation filter 470/20 nm. For this, cells were stained with
two versatile fluorescence dyes: fluorescein diacetate (FDA,

5 mg mL−1) and propidium iodide (PI, 5 mg mL−1) under stan-
dard conditions in the dark for 20 min. Before visualization

scattering technique (DLS, Zetasizer Nano ZS, Malvern dyes were removed and cells were washed with PBS twice.
Instruments). Micelle morphology was also examined by trans-
mission electron microscopy (FEI™ Tecnai G2 T20). Micelles
were dropped in a carbon coated copper grid, dried at room
temperature and stained with a negative staining agent (phos-
photungstic acid) following a reported procedure.71 The size
distribution was determined from the enlarged TEM micro-
graphs, using ImageJ software, counting at least 200 particles
in different images.

Cell lines

The MCF7 cell line (human breast adenocarcinoma, mor-
phology: epithelial-like, ATCC: HTB-22), A549 cell line (human
lung adenocarcinoma, morphology: epithelial, ATCC:
CCL-185), CT26 cell line (mouse colon carcinoma, mor-
phology: fibroblast, ATCC: CRL-2638), and PANC-1 cell line
(human pancreatic/duct carcinoma, morphology: epithelial,
ATCC: CRL-1469) were cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM, Corning) with phenol red, supplemented
with 10% fetal bovine serum (FBS) and 1% streptomycin/peni-
cillin. The DU-145 cell line (human prostate carcinoma),
derived from the metastatic site, and brain and HEK293T cell
lines (human embryonic kidney) were cultured in minimum
essential medium (MEM, Corning) with only 10% fetal bovine
serum (FBS). Cultures were incubated at 37 °C under a humidi-
fied atmosphere containing 5% CO2. Cells were passaged
using a solution containing 0.05% trypsin and 0.5 mM EDTA.
All media and other ingredients were purchased from ALAB,
Poland.

Cytotoxic study in vitro

Since most of the studied compounds are insoluble in
aqueous media, therefore they needed to be pre-dissolved in
DMSO for biological tests. Cytotoxicity was assessed by MTT
assay performed according to the protocols described pre-
viously.62 In brief, 1 × 104 cells per well were seeded in a
96-well flat bottom microtiter plate in 0.2 mL of culture
medium. Cells were incubated with the IrPCp, IrPNr, IrPSf,
IrPLm     complexes     at     various     ranges     of     concentrations
(0.01–1 mM) for 24 hours. In the first approach after that time,
solutions of compounds were washed out, and cells were
washed three times with PBS and IC50 values were assessed at

once (24 h). While, in the second approach after 24 h  incu-
bation     with compounds,     drug-containing     medium     was
replaced with a fresh one and cells were left to recover for
additional 48 hours (24 h + 48 h). Each compound concen-
tration was tested in five replicates and repeated at least three
times. Determined values of IC50 (concentration of a drug

required to inhibit the growth of 50% of the cells) are given as
mean + S.D. (Standard Deviation). Furthermore, post-treatment
survival assessment of the treated cells was analyzed under a

This journal is © the Partner Organisations 2020

Cellular uptake

A549 and Du-145 cells at a density of 2 × 106 cells per 2 mL
were seeded on 6-well plates and were incubated with IrPCp,
IrPNr, IrPSf, and IrPLm complexes (1 μM) for 24 h  or 24 h +
48 h at standard conditions (37 °C, 5% CO2). Additional wells
were incubated with medium alone as a negative control.
Then, compound solutions were removed; the cells were
washed twice with PBS buffer, and trypsinized. Measurement
of the concentration of iridium ions was carried out using a
mass spectrometer (ELAN 6100 PerkinElmer) with an induc-
tively coupled plasma (ICP-MS). For analysis, the collected
cells were mineralized in 1 mL of 65% HNO3 at 60 °C for 1 h.
The iridium content under each condition is expressed as ng

mg−1 protein. The protein content was assessed with Bradford

Protein Assay (Thermo Scientific™).72 The experiment was
repeated at least 3 times and results are presented as mean
value + S.D.

Confocal microscopy visualization

Confocal laser scanning microscopy (CLSM Nikon) was used to
visualize the intracellular accumulation of the selected poly-
meric formulation of the Ir(III) complex (IrPSf ) into A549 cells.
In brief, A549 cells at a density of 5 × 105 cells per mL were
seeded on coverslips in 6-well plates and incubated for 24 h
allowing proper adhesion. Then, the growth medium was
replaced with a medium containing 1 μM IrPSf and incubated
for 4 h  at 37 °C in a humidified atmosphere containing 5%
CO2. After this time, the cells were washed twice with PBS

buffer and fixed by treating firstly with 2.5% glutaraldehyde in
PBS and secondly with an increasing concentration gradient of
ethanol (20, 40, 60, 80 and 99%). Samples were directly
imaged under a Nikon A1 confocal laser scanning system (CM)
attached to an inverted microscope Nikon Ti (Japan). A 1009
objective lens (Nikon Plan Apo VC/1.40 oil) was used. The
samples were excited with diode lasers (405 and 488 nm).
Fluorescence spectra were recorded using a 32-channel spec-
tral detector. Colocalization analysis performed with ImageJ
plugin.

Three-dimensional culturing in vitro

For hanging drop formation, the lid from a tissue culture dish

was removed and 5 × 105 A549 or DU-145 cells in 10 μl drops
were placed on the bottom of the lid. In each case, the cell sus-
pension was homogeneous and did not contain aggregates,
since it determines the size and uniformity of spheroids.
Then, the lid was inverted onto the PBS-filled bottom chamber
and incubated at 37 °C/5% CO2/95% humidity. The sphere
growth was monitored daily and incubates until either cell
sheets or aggregates were formed. Once sheets were formed,

Inorg. Chem. Front., 2020, 7, 3386–3401 | 3397
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they were transferred to 96-well plates coated with Geltrex
matrix and incubated with completed growth medium until
spheroids were created. Using optimal growth conditions, a
period of 4–7 days was found to be optimal for spheroid
assembly. The direct effect of drug toxicity was examined on
spheroids derived from both A549 and DU-145 cell lines. For
cytotoxicity assessment, spheroids were grown and were moni-
tored for 5–7 days. After this time, the spheres were treated
with the tested Pluronic P-123 formulation of IrPCp (IrPCp_M)
at increasing doses (0.1 × IC50, IC50, and 10 × IC50, IC50 deter-
mined for the corresponding Pluronic P-123 nanoformula-
tions), and the plates were further incubated at 37 °C. Forty-
eight hours after treatment, the spheroids were stained with
4′,6-diamidino-2-phenylindole (DAPI), calcein AM (CAM), and
propidium iodide (PI) to estimate the live/dead cells popu-
lation for one hour, washed and visualized using a fluorescent
microscope. For manual acquisition, the images from each
well were recorded using an inverted microscope (Olympus). A
10× objective was primarily used, switching to a 4× objective
when an object area was too large. To analyse the images taken

on standard and video microscopes, Fiji software was used.53

Cell cycle analysis

The cells (A549, DU-145) were seeded at the density of 5 × 104.
To quantify the cell cycle phase distribution, the cells
were treated with IrPSf, IrPCp and CDDP at 5 μM con-
centrations for 24 h and stained with Vybrant® DyeCycle™
Ruby stain (Invitrogen) followed by flow cytometry using BD
FACSCalibur™ (BD Bioscience).

Caspase activation

Caspase activation was determined using the caspase-Glo 3/7
assay (Promega) according to the manufacturer’s instructions.

Cells (2 × 104 cells per well) were seeded in black-walled
96-well plates and treated for 24 h  with 1 μM or 5 μM IrPSf,
IrPCp and CDDP and incubated for 1 h  at room temperature.
Luminescence was measured with a Tecan infinite M200Pro
plate reader (Tecan).

Generation of reactive oxygen species

Cellular production of reactive oxygen species (ROS) was deter-
mined by photometric tests using Cyto-ID®Hypoxia/Oxidative
Stress Detection Kit (Thermo Fisher) and was carried out as
described previously.73 The assay was performed in 96-well

plates, where the cells were seeded at a density of 105 cells per

View Article Online
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incubated for 24 h  under standard conditions (37 °C, 5% CO2).
Then, they were washed twice with PBS buffer and incubated
with JC-10 for 1 hour. Afterwards, emission was measured at
two different excitation wavelengths (λex = 540 nm, λem =
570 nm and λex = 485 nm, λem = 530 nm). The results
are presented as the intensity ratio of red to green emission
(mean + S.D.).

Electrochemical characterization

Cyclic voltammetry (CV) for 1 mM iridium(III) complexes was
carried out on an electrochemical analyzer (Bio-Logic, SP-150).
A three-electrode glass cell with a working electrode – graphite

disk electrode (2 mm diameter), a counter electrode – Pt wire,
and a pseudo-reference electrode – Ag wire (Ag/Ag+, 0.01 M
AgNO3, 0.1 M tetrabutyl ammonium perchlorate (Bu4NClO4)
was used. All measurements were performed in dimethyl-
formamide (DMF) with 0.05 M Bu4NClO4 as the supporting
electrolyte at room temperature with scan rate 10 mV s−1 in
the potential range from −0.5 to 1.2 V vs. Ag/Ag+. Scans start at
0 V vs. Ag/Ag+ in the positive potential direction. All reported
potentials were converted vs. the ferrocene/ferrocenium redox
couple (Fc0/+).73
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Table S1. Crystallographic experimental details.

Parameters
Moiety formula
Formula weight (g∙mol-1)
Crystal description
Crystal size (mm)
Temperature (K)
Type of radiation
Crystal system
Space group
a (Å)
b (Å)
c (Å)
α (°)
β (°)
γ (°)
Volume (Å3)
Z
Density calc. (g/cm3)

Absorption coeff. (mm
-1

)
F(000)
θmin – θmax (°)

hkl range

Reflections collected
Independent reflections
Rint

Completeness to θfull (%)

Absorption correction type

Tmax and Tmin

Data/restraints/parameters
Goodness of fit F2

R1, wR2 [I>2σ(I)]
R1, wR2 (all data)
Largest diff. peak and hole (e Å-3)

IrPCp∙CHCl3

IrCl5PN3O3C41H45

1047.22
yellow plate
0.20 x 0.20 x 0.02
130
Cu Kα
Triclinic
P 1
9.0544(4)
11.8197(5)
20.8951(8)
85.841(3)
86.837(3)
67.930(4)
2065.94(16)
2
1.683
9.983

1044
4.042 to 71.700
-11 ← h ← 11
-14 ← k ← 14
-25 ← l ← 25

28428
7969
0.0886
99.9

multi-scan

1.000 and 0.219
7969 / 0 / 504
1.026
0.0440, 0.1081
0.0544, 0.1169
1.919 -1.931

IrPLm∙1.5CHCl3

IrCl6.5PN3O3C41.5H46.5

1126.91
light orange plate
0.10 x 0.10 x 0.05
100
Mo Kα
Monoclinic
I 2/a
24.6249(3)
8.35470(1)
44.3459(5)
90
104.3440(1)
90
8839.03(18)
8
1.694
3.501

4488
2.215 to 31.772
-32 ← h ← 35
-11 ← k ← 11
-63 ← l ← 64

154041
13616
0.0395
99.9

multi-scan

1.000 and 0.871
13616 / 3 / 541
1.059
0.0321, 0.0716
0.0394, 0.0734
3.325, -0.922

IrPNr∙2CHCl3

IrCl8PN3O3C41H46

1154.58
yellow prism
0.30 x 0.30 x 0.20
130
Cu Kα
Monoclinic
P 21/n
10.1356(2)
17.3727(3)
25.6237(4)
90
93.1370(1)°
90
4505.13(14)
4
1.702
10.818

2296
3.075 to 71.574
-12 ← h ← 12
-21 ← k ← 21
-31 ← l ← 31

69550
8730
0.1085
99.8

multi-scan

1.000 and 0.158
8730 / 0 / 533
1.108
0.0642, 0.1514
0.0710, 0.1560
2.658, -2.947



Table S2.Selected bond lengths (Å) and angles (°) for crystallized complexes.

C1-C5

C1-C2

C2-C3

C3-C4

C4-C5

C(Cp*ring)-C(Cp*CH3)

Ir1–C1

Ir1–C2

Ir1–C3

Ir1–C4

Ir1–C5

Ir1–CCp*(average)

Ir1–Ccentroid

Ir1–P1

Ir1–Cl1

Ir1–Cl2

P1–C11

P1–C41

P1–C51

P1–Ir1–Cl1

P1–Ir1–Cl2

Cl1–Ir1–Cl2

Ccentroid–Ir1–P1

Ccentroid–Ir1–Cl1

Ccentroid–Ir1–Cl2

Ir1–P1–C11

Ir1–P1–C41

Ir1–P1–C51

C11–P1–C41

C11–P1–C51

C41–P1–C51

IrPCp∙CHCl3

1.428(8)

1.432(8)

1.455(8)

1.410(8)

1.457(8)

0.9600

2.159(5)

2.153(5)

2.251(5)

2.236(5)

2.177(5)

2.219(5)

1.824

2.2919(1)

2.4195(1)

2.4114(1)

1.863(5)

1.827(5)

1.823(5)

90.45(5)

90.03(4)

86.04(4)

129.78

124.56

123.42

116.34(17)

111.59(18)

115.83(18)

100.4(2)

101.2(2)

110.1(2)

IrPLm∙1.5CHCl3

1.403(5)

1.450(5)

1.431(4)

1.429(4)

1.454(4)

1.495(8)

2.226(3)

2.169(3)

2.172(3)

2.149(3)

2.235(3)

2.190(2)

1.820

2.308(6)

2.418(6)

2.408(6)

1.854(3)

1.814(3)

1.826(3)

90.18(2)

86.75(2)

87.52(2)

132.99

123.04

123.13

111.27(9)

116.09(9)

106.68(12)

103.49(12)

103.49(12)

106.10(12)

IrPNr∙2CHCl3

1.447(12)

1.420(13)

1.422(14)

1.439(13)

1.434(12)

0.9600

2.226(8)

2.219(8)

2.158(9)

2.179(8)

2.139(8)

2.184(2)

1.814

2.310(6)

2.411(6)

2.416(2)

1.864(8)

1.817(8)

1.835(8)

89.43(7)

86.77(7)

89.45(8)

132.93

132.93

132.93

112.1(2)

116.4(3)

111.0(3)

107.1(4)

104.8(4)

104.6(4)

Ccentroid – center of gravity of cyclopentadienyl anion;
Ir1–CCp* (average) – average calculated from: Ir1–C1, Ir1–C2, Ir1–C3, Ir1–C4, Ir1-C5

C(Cp*ring)-C(Cp*CH3) – average calculated from: C1-C1A, C2-C2A, C3-C3A, C4-C4A, C5-C5A



IrPCp·CHCl3

IrPLm·1.5CHCl3

IrPNr·2CHCl3

Fig. S1. The best view of crystal cells of IrPCp·CHCl3, IrPLm·1.5CHCl3 and IrPNr·2CHCl3, respectively.



Table S3. Cumulative NMR data for ligands and iridium-complexes.

Dimer Ir

P1

H1 1.69 s

H11

H12, 15

H13, 14

H16

H17

H42

H43, 44

H63

H67

H69

H70

H71

H72

H73

PCp [1]

-27.4

3.29 d (2.9)

3.37

2.90

7.34-7.47

7.95 d (13.8)

8.71 s

7.34-7.47

15.01 s

3.53 m

1.18 m

PSf [2]

-35.9

3.93 bs

3.20 m

3.93 m

0.94 d (5.9)

7.29-7.65

6.46 bs

8.62 s

14.54 bs

3.93 bs

1.07-1.21 m

PLm [3]

-28.8

2.80 bs

2.95-3.45

0.97 d (5.7)

7.03-7.60

7.84 d (11.4)

8.52 s

14.65 bs

4.39 d (3.6)

1.48 t (3.7)

PNr [4]

-27.5

3.29 d (2.8)

3.36 m

2.89 m

7.33-7.46

7.95 d (13.0)

8.63 s

6.82 d (6.8)

15.13 bs

4.31 m

1.56 m

IrPCp

-1.30

1.35 d (2.2)

4.07 s

2.99 bt (4.8)

2.39 bt (4.8)

8.00-8.11 m

7.44-7.53 m

7.92 d (13.3)

8.72 s

7.16 d (7.1)

15.02 s

3.47 m

1.11-1.33 m

IrPSf

-3.06

1.33 d (2.2)

4.25 s

2.45 m

2.80-3.07 m

0.72 d (6.4)

7.98-8.13 m

7.43-7.51 m

6.41 bd

8.61 s

14.65 bs

3.87 m

1.04-1.20 m

IrPLm

-1.82

1.34 d (2.2)
4.15 dd
(40.0;16.0)

2.14-3.14 m

0.62 d (6.3)

7.99-8.15 m

7.39-7.56 m
7.87 dd (12.0;
1.7)
8.55 s

14.68 s
4.40 qd (7.2;
3.3)
1.50 t (7.0)

IrPNr

-1.38

1.35 d (2.2)

4.07 s

2.97 bt (4.6)

2.39 bt (4.6)

8.00-8.11 m

7.42-7.54 m

7.96 d (13.2)

8.62 s

6.64 d (6.9)

15.09 s

4.25 q (7/2)

1.54 t (7.3)

[1] A. Bykowska, R. Starosta, A. Brzuszkiewicz, B. Bażanów, M. Florek, N. Jackulak, J. Król, J. Grzesiak, K. Kaliński, M. Jeżowska-Bojczuk, Polyhedron,
2013, 60, 23-29.

[2] U. K. Komarnicka, R. Starosta, K. Guz-Regner, G. Bugla-Płoskońska, A. Kyzioł, M. Jeżowska-Bojczuk, J. Mol. Struct., 2015, 1096, 55-63.
[3] U. K. Komarnicka, R. Starosta, A. Kyzioł, M. Płotek, M. Puchalska, M. Jeżowska-Bojczuk, J. Inorg. Biochem., 2016, 165, 25-35.
[4] A. Bykowska, R. Starosta, U. K. Komarnicka, Z. Ciunik, A. Kyzioł, K. Guz-Regner, G. Bugla-Płoskońska, M. Jeżowska-Bojczuk, New J. Chem., 2014,

38, 1062-1071.
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Fig. S2. 1H NMR spectra for IrPCp (298 K, CHCl3-d)
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Fig S6. Time-dependent 1H NMR spectroscopic stability study for IrPCp in 80% DMSO-d6/20%

D2O over 48 h.

Fig. S7. Time-dependent 1H NMR spectroscopic stability study for IrPLm in 70% DMSO-d6/30%

D2O over 48 h.

Fig. S8. Time-dependent 1H NMR spectroscopic stability study for IrPLm in 80% DMSO-d6/20%

D2O over 48 h.

Fig. S9. Time-dependent 1H NMR spectroscopic stability study for IrPNr in 70% DMSO-d6/30%

D2O over 48 h.



Fig. S10. Time-dependent 1H NMR spectroscopic stability study for IrPNr in 80% DMSO-d6/20%

D2O over 48 h.

Fig. S11. Time-dependent 1H NMR spectroscopic stability study for IrPSf in 70% DMSO-d6/30%

D2O over 48 h.

Fig. S12. Time-dependent 1H NMR spectroscopic stability study for IrPSf in 80% DMSO-d6/20%

D2O over 48 h.



Fig. S13. Stability of the all complexes (IrPNr, IrPLm, IrPCp, IrPSf) in cellular medium (DMEM with

2% DMSO; during 72h experiments).

Fig. S14. Full ESI(+)MS spectrum of IrPNr.



Fig. S15. Experimental and simulated spectra of [Ir(η5-Cp*)PNr + CH3OH]+

Fig. S16. Full ESI(+)MS spectrum of IrPSf.



Fig. S17. Experimental and simulated spectra of [Ir(η5-Cp*)PSf + CH3OH]+

Fig. S18. Full ESI(+)MS spectrum of IrPCp.



Fig. S19. Experimental and simulated spectra of [Ir(η5-Cp*)PCp + CH3OH]+

Fig. S20. Full ESI(+)MS spectrum of IrPLm.



Fig. S21. Experimental and simulated spectra of [Ir(η5-Cp*)PLm + CH3OH]+

Fig. S22. Excitation spectra of IrPCp, IrPNr, IrPLm and IrPSf



Table S4. Values of IC50 [µM] (concentration of a drug required to inhibit the growth of 50% of the cells)
for CT26, A549, MCF7, PANC-1, DU-145, HEK293T cells after 24h and 24h + 48h treatment with the
studied compounds and cisplatin as reference.

IC50 [µM] ± SD;24h

IrPCp

IrPSf

IrPLm

IrPNr

cisplatin

CT26 A549

-* 68.8±1.7

-* 64.8±2.8

-* 69.7±4.1

-* 71.4±1.6

>100 >100

MCF7

65.7±2.8

61.8±4.1

64.5±2.2

68.8±5.3

51.9±4.6

PANC-1

43.0±1.3

40.3±4.1

48.1±4.3

42.6±8.1

>100

DU-145

11.8±1.1

9.1±0.5

11.3±0.9

12.9±2.1

>100

HEK293T

42.1±2.1

44.1±1.2

46.0±1.6

41.8±1.7

21.0±1.8

IC50 [µM] ± SD; 24h + 48h

IrPCp

IrPSf

IrPLm

IrPNr

cisplatin

6.4±0.3

4.1±0.7

5.8±0.2

5.6±0.4

80.4± 2.3

29.5±0.7

26.7±1.6

27.4±1.7

29.1±1.2

71.7±3.7

35.0±0.9

29.3±0.2

33.7±3.8

31.7±0.3

17.7±8.6

8.7±0.3

7.8±0.6

8.1±1.1

8.3±1.3

74.5±2.3

4.8±0.1

3.5±0.8

5.1±0.4

5.5±0.2

65.5±3.6

28.5±1.5

23.0±1.7

28.0±1.7

21.4±1.2

10.3±2.1

* no available data



Fig. S23. Percentage analysis [%] of the number live, early/late apoptotic and necrotic cells after 24h + 48h of incubation of A549 and Du-145 cell lines with

IrPCp, IrPNr, IrPSf, IrPLm in c = 100 μM. Scatter plots: left bottom – live cells, right bottom – early apoptotic cells, right top – late apoptotic cells, left top –

necrotic cells.



Fig. S24. Time-dependency of final intracellular iridium concentration expressed as ng Ir per mg protein
after 24h and 24h* (24h + 48h) of incubation with the A549, MCR7, PANC-1, DU-145 and HEK293T cell
lines for IrPCp, IrPNr, IrPSf, IrPLm complexes in c = 1 μM.

Fig. S25. Co-localization analysis performed with ImageJ plugin - Coloc2 which implements and performs
the pixel intensity correlation over space.

Fig. S26. Influence of studied complexes (IC50) on intensity of JC-10 fluorescence in treated DU-145 cells.
Alteration in MMP is given as an emission ratio 570 nm/530 nm. (ctrl – untreated cells, ciprofloxacin – a
negative control, gentamicin – a positive control).



[mV]19 ± 1

18 ± 2

Table S5. Hydrodynamic diameter and Zeta potential determined by DLS technique as well as loading
content and encapsulation efficiency determined by ICP-MS technique for selected Pluronic P-123
formulations.

Formulation Hydrodynamic Zeta LC ± S.D. EE ± S.D. [%]
diameter [nm] potential [%]

IrPCp_M           (PDI = 0.5 ± 0.1)           -1.5 ± 0.4       19.5 ± 2.9          99.5 ± 1.2

IrPNr_M            (PDI = 0.4 ± 0.1)           -1.6 ± 0.3       29.8 ± 2.2          98.0 ± 0.5

Fig. S27. Cyclic voltammograms of iridium(III) complexes (1 mM), recorded with 0.1 M tetrabutyl
ammonium perchlorate (TBAP) as supporting electrolyte in DMF solution. Scan rates (10 mVs-1). The
potentials were referenced to the Fc0/+ redox couple.

Fig. S28. Cyclic voltammetric trace of IrPSf(1 mM) as a function of scan rate, recorded with recorded with

0.1 M tetrabutyl ammonium perchlorate (TBAP) as supporting electrolyte in DMF solution. Scan rates 1 –

100 (mV s-1). Potential (V) versus Fc0/+.



Fig. S29. Cyclic voltammetric trace of IrPCp(1 mM) as a function of scan rate, recorded with recorded with
0.1 M tetrabutyl ammonium perchlorate (TBAP) as supporting electrolyte in DMF solution. Scan rates 1 –
100 (mV s-1). Potential (V) versus Fc0/+.

Fig. S30. Cyclic voltammetric trace of IrPCp(1 mM) as a function of scan rate, recorded with recorded with

0.1 M tetrabutyl ammonium perchlorate (TBAP) as supporting electrolyte in DMF solution. Scan rates 1 –

100 (mV s-1). Potential (V) versus Fc0/+.



Fig. S31. Cyclic voltammetric trace of IrPCp(1 mM) as a function of scan rate, recorded with recorded with
0.1 M tetrabutyl ammonium perchlorate (TBAP) as supporting electrolyte in DMF solution. Scan rates 1 –
100 (mV s-1). Potential (V) versus Fc0/+.

Fig. S32. CVvoltammograms for ferrocene in DMF in the range of potentials from -01 V to 1.2 V. Scan

rate: 10 mV s-1.
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Abstract: A  group of cytotoxic half-sandwich iridium(III) complexes with aminomethyl(diphenyl)
phosphine derived from fluoroquinolone antibiotics exhibit the ability to (i) accumulate in the
nucleus, (ii) induce apoptosis, (iii) activate caspase-3/7 activity, (iv) induce the changes in cell
cycle leading to G2/M phase arrest, and (v) radicals generation. Herein, to elucidate the cytotoxic
effects, we investigated the interaction of these complexes with D N A  and serum proteins by gel
electrophoresis, fluorescence spectroscopy, circular dichroism, and molecular docking studies. D N A
binding experiments established that the complexes interact with D N A  by moderate intercalation
and predominance of minor groove binding without the capability to cause a double-strand cleavage.
The molecular docking study confirmed two binding modes: minor groove binding and threading
intercalation with the fluoroquinolone part of the molecule involved in pi stacking interactions and the
Ir(III)-containing region positioned within the major or minor groove. Fluorescence spectroscopic data
(HSA and apo-Tf titration), together with molecular docking, provided evidence that Ir(III) complexes
can bind to the proteins in order to be transferred. Al l  the compounds considered herein were found to
bind to the tryptophan residues of H S A  within site I  (subdomain I I  A). Furthermore, Ir(III)
complexes were found to dock within the apo-Tf binding site, including nearby tyrosine residues.

Keywords: arene iridium(III) complexes; fluoroquinolones; DNA-binding studies; protein-binding
studies; drug delivery; reactive oxygen species

1. Introduction

There is a massive development in exploiting the medicinal properties of organometal-
lic compounds in recent years, which have become an alternative to the clinically used
anticancer drugs based on platinum (e.g., cisplatin, carboplatin, nedaplatin). These
organometallic complexes with novel mechanisms of action have the ability to broaden
the spectrum approach to tumors, reduce side effects, and overcome drug resistance [1–3].
The iridium(III) organometallic complexes have been rising stars and possess unique
properties such as potential redox features, universal structure, wide range of ligand
sub-stitution rates, higher cellular uptake efficiency, large stokes shifts and lower toxicity
[4–8]. Moreover, because of the fundamental differences between the chemistry of
iridium and platinum complexes, one can also expect diverse mechanisms of action [9].
Furthermore, combining two or even more multifunctional structural elements brings
into play differ-ent properties of a compound and may result in improving the
spectrum of biological activity, novel mechanisms of action, or modification of the
pharmacokinetic profile of the drug [4–9]. For example, half-sandwich Ir(III)
compounds containing phosphines derived from fluoroquinolones can be outstanding
examples of this popular strategy of
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combining structural elements currently being used to design new therapeutics. It is worth
noting that quinolones are currently undergoing many structural modifications, including
the formation of coordination compounds, aimed not only at overcoming the growing
antibiotic resistance of microbes but also potential alternatives to established anticancer
chemotherapeutic agents [10]. This paper is a continuation of our ongoing projects focused
on cytotoxic activity of iridium(III) complexes bearing phosphines derived from fluoro-
quinolones: ciprofloxacin (HCp) [11], sparfloxacin (HSf) [12], lomefloxacin (HLm) [13], and
norfloxacin (HNr) [11].

Since deoxyribonucleic acid plays a significant role in storing and expressing genetic
information in a cell [13–15], it is the main target for several anticancer medicines, steroids,
and several classes of drug [3]. Many small molecules exert their anticancer activities via
binding with D N A ,  which usually causes damage to D N A  in cancerous cells, inhibiting
their division, and finally leading to cell death [1,3]. Moreover, most antibiotics and an-
ticancer drugs tend to interact with D N A  noncovalently through three selective modes:
(i) A  groove-bound fashion (minor or major grooves) stabilized by a mixture of
hydropho-bic, electrostatic, and hydrogen-bonding interactions; (ii) an intercalative
association of planar, heteroaromatic moieties between the D N A  base pairs and (iii)
electrostatic bind-ing [16]. Therefore, DNA-binding studies of Ir(III) complexes
performed by us may be valuable in recognizing a specific site of interaction or
conformation of deoxyribonucleic acid, which would help to understand the precise
mode of their cytotoxic action.

Furthermore, there have been numerous reports on the investigation of interactions
between serum proteins with metal complexes such as CuII  [17,18], RuIII , RuII [19,20], PtIV,
or PtII [21,22]. In general, linking proteins with metal complexes can change their biologi-
cal activity. For example, some in vitro and in vivo studies have shown that treatment of
cancer cells with albumin-NAMI-A or transferrin-NAMI-A adducts (NAMI-A: (ImH)[trans-
RuCl(4)(dmso)(Im)], Im is imidazole), resulting in a significant reduction in biological activ-
ity compared with the parent ruthenium complex [23]. On the other hand, the transfer of
another ruthenium compound, KP1019 (trans-[tetrachlorobis(1H-indazole)ruthenate(III)]),
to the cell was promoted by transferrin. Furthermore, cell fractionation studies showed
that after only 2 h of exposure as much as 55% of the intracellular KP1019 was found in
the nuclear fraction [24]. In this case, the biological activity increased significantly. Thus,
investigating the binding of an anticancer drug with biomacromolecules is the first step to
understanding the corresponding mechanism. In addition, the apparent volume of distri-
bution and the rate of drug elimination are influenced by drug interactions at the protein
binding level [25]. Biomacromolecules perform several significant functions necessary in
normal biological processes that ensure their proper functioning, establishing them as an
important field of research in chemistry and medicine.

Human serum albumin (HSA) is one of the most abundant proteins in plasma, ac-
counting for 55–65% of all blood proteins. H S A  is involved in the transport of metal
ions and metal complexes with drugs through the bloodstream [13,26–28]. Additionally,
albumin has shown remarkable promise as a carrier for anticancer agents based on several
key characteristics: (1) The ability to extend the half-life of rapidly cleared medicines in the
bloodstream; (2) the capability of interacting with different molecules that could be either
peptidyl or non-peptidyl in structure; (3) increased uptake and metabolism by fast-growing,
nutrient-starved cancer cells; (4) the potential to increase the uptake of the medicine by
cancer cells; or, (5) on the other hand, slow down or prevent it from reaching the target
tissues. Albumin is a remarkable carrier protein that has the potential to overcome barriers
to the delivery of many promising anticancer agents. The report on plasma protein bind-
ing is currently accepted as an F D A  (The United States Food and Drug Administration)
requirement for the early screening of a potential therapeutic agent [21,29,30].

Transferrin (Tf) is responsible for the mobilization of iron by binding two Fe3+ ions
in sites containing two tyrosine residues, a single histidine and asparagine residues, and
a carbonate ion, in an overall octahedral environment [31,32]. Transferrin (Tf) transports
iron ions to virtually all tissues through the transferrin receptor (TfR, CD71), which is
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located on cell surfaces. Expression of the TfR is significantly upregulated in a variety of
cancer cells, and in many cases, increased expression correlates with tumor stage and is
associated with poor prognosis. It is expressed more abundantly in cancer tissues than in
normal ones because of the higher iron demand for faster cell growth and division of the
cancer cells [33–35]. Based on this fact, transferrin can be an attractive natural carrier for
anticancer metal ions [21,36,37] and other chemotherapeutic drugs [38,39]. In blood serum,
only 30% of transferrin remains in holo-form while 70% stays in its apo-form (apo-Tf) and
can be utilized for binding various ions at the same specific sites as iron [16,34].

The information presented above encouraged our group to explore the interactions of
DNA-iridium(III) complexes and protein-iridium(III) complexes in more detail. To realize
our goal, we undertook a series of experiments: (i) We tested the ability of iridium(III)
complexes to interact with D N A  (intercalation, major or minor groove binding) using
different methods, e.g., fluorescence spectroscopy, gel electrophoresis, and molecular
docking; (ii) to monitor structural changes of D N A ,  circular dichroism (CD) study was
performed; additionally, (iii) to evaluate the ability of studied complexes to H S A  and
apo-Tf binding, we applied different approaches based on fluorescence spectroscopy,
circular dichroism (CD) and molecular docking.

2. Results and Discussion
2.1. Synthesis, Physicochemical and Biological Characterization

In this paper, we used four half-sandwich Ir(III) complexes (IrPCp—Ir(5-Cp*)Cl PCp,
IrPSf—Ir(5-Cp*)Cl2PSf, IrPLm—Ir(5-Cp*)Cl2PLm, IrPNr—Ir(5-Cp*)Cl2PNr, where Cp* is
pentamethylcyclopentadienyl) with phosphines conjugated with fluoroquinolones as
ligands, which were synthesized according to the literature procedure described by our
group in previous publications (Scheme 1) [11–14]. Al l  complexes were precisely character-
ized by selected methods, i.e., absorption and fluorescence spectroscopies, ESI-MS, NMR,
and electrochemical techniques.

Scheme 1. Organometallic iridium(III) complexes used in this study.

The products of all syntheses were recrystallized in order to obtain pure complexes.
Their purity was confirmed using elemental analysis, while the single crystals were col-
ored by the X-ray diffraction technique (Figure 1) [14]. Additionally, long-term stability
monitoring was performed using UV-Vis  spectroscopy in DMEM (Dulbecco’s Modified
Eagle’s Medium) with 2% DMSO. During 72 h of incubation, no significant changes in the
intensity and shape of the characteristic absorption band (MLCT) were observed.
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Figure 1. Scheme of cytotoxic action mechanism of Ir(III) complexes described by our group in a
previous paper (Kozieł, S. et al., Inorganic Chemistry Frontiers, 2020, 7, 3386–3401).

It is noteworthy that the analysis of the luminescence spectra showed that IrPCp,
IrPNr and IrPLm are characterized by a red luminescence. Only in the case of IrPSf, the
blue luminescence was noticed. It should be noted that the complexes’ fluorescent
property provides useful information about the distribution, accumulation, and uptake of
the anticancer drugs in living cells or organisms. In addition, we studied their cytotoxic
effects in vitro toward selected cancer cell lines: CT26 (mouse colon carcinoma), A549
(human lung adenocarcinoma), MCF7 (human breast adenocarcinoma), PANC-1 (human
pancreatic/duct carcinoma), DU-145 (human prostate carcinoma), and normal HEK293T
(human embryonic kidney) cell line (Figure 1) [14].

We demonstrated in vitro that the studied complexes are characterized by lower IC50

values than cisplatin, exhibit the ability to induce apoptotic cell death in predominance, and
possess a high therapeutic index. Additionally, preliminary investigation on the mode of
action in the selected Ir(III) compounds allowed us to formulate the following conclusions:
(i) Pearson’s co-localization coefficient of 0.63 indicates a uniform distribution of complexes
in both the nucleus and cytoplasm; (ii) the tested compounds presumably induce G2/M
phase arrest; (iii) both the activation of caspase-3/7 and the decrease of mitochondrial
membrane potential confirm the apoptotic pathway of cell death; and (iv) redox potentials
enable efficient ROS generation [14]. Many aspects of cancer-inhibiting action displayed by
iridium complexes are still unknown. For this reason, in previous [14] and current papers
we are trying to understand their mode of action.

2.2. Interaction with D N A
2.2.1. Competitive Fluorescence Studies and D N A  Degeneration

It is well known that the cytotoxic activity of various drugs (e.g., fluoroquinolones) de-
pends on interaction with D N A  [1]. Since we proved that investigated Ir(III) complexes can
accumulate inside of the cancer nucleus, we decided to study the mode of Ir(III) complex-
DNA interactions. Several well-known D N A  binding dyes with well-established binding
modes were used: ethidium bromide (EB; intercalation), 40,6-diamidino-2-phenylindole
(DAPI; binding to a minor groove), and methyl green (MG; binding to a major groove).
The compounds that can bind to D N A  more strongly than the above-mentioned binding
dyes (EB, DAPI,  or MG) reduce the DNA-binding dye emission due to the replacement
of dye [40,41]. The emission spectra of the C T  DNA-binding dye complex were mea-
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sured at different concentrations of the investigated compounds, (Figure 2; Supplementary
Materials, Figures S1–S4).

Figure 2. Stern–Volmer plots of the C T  D N A -E B  (intercalation), C T  D N A - D A P I  (binding to a minor groove) and C T
DNA-MG (binding to a major groove), system quenched by (A) IrPCp; (B) IrPLm; (C) IrPNr; (D) IrPSf; (I0 and I—intensity of
C T  D N A -E B  or D API  or MG in the absence and the presence of increasing concentration [mM] of the compounds; (E)
Fluorescence quenching of D A P I - D N A  (C =  5  10 5 M) by IrPSf (molar ratios 0.5–10) in 50 mM pH 7.4 phosphate buffer
(axis: y—fluorescence intensity; x—wavelength).

The intensity of the C T  DNA-EB,  C T  D N A - D A P I  or C T  D N A -M G  characteristic
emission band significantly decreased with increasing molar ratio (0.5–10) for all discussed
compounds (IrPCp, IrPNr, IrPLm, IrPSf, PCp, PNr, PLm, PSf) (Supplementary Materials,
Figures S1–S4). This observed fluorescence quenching indicates that studied compounds
intercalated between D N A  base pairs and are bound in a minor groove of D N A .  Due to the
negligible binding of the compounds to D N A  through the major groove, the corresponding
results will not be discussed in detail; however, spectra and Ksv  values are presented in
Supplementary Figure S4 and Table 1, respectively. Observed spectral changes clearly
revealed that complexes exhibited multimodal D N A  interaction with the predominance
of minor groove binding. In order to confirm the quenching mechanism, the fluorescence
quenching was analyzed according to Stern–Volmer equations; determined Ksv values are
presented in Table 1.



Pharmaceuticals 2021, 14, 685 6 of 25

Table 1. Determined Ksv  values for the studied phosphines and Ir(III) complexes.

Intercalation

PCp                        7.62  101
PNr                        5.27  102
PLm                       2.59  102
PSf                         2.05  102

IrPCp                      1.42  103
IrPNr                      1.54  103
IrPLm                      1.48  103
IrPSf                       1.51  103

Ksv [M 1]

Minor Groove Binding

Ligands

7.43  103
1.57  103
1.91  102
7.39  103

Complexes

1.23  104
8.25  103
6.25  103
1.36  104

Major Groove Binding

0.03  101
0.25  101
0.14  101
0.13  101

3.25  101
0.46  101
2.13  101
0.41  101

Worthy of note is that all noncovalent interactions of iridium(III) complexes with D N A
were stronger than the interactions of the corresponding phosphine ligands. Fluorescence
quenching plots for C T  D N A - EB  complex showed that studied Ir(III) complexes tend to
interact with negatively charged D N A  phosphate chains. The strength of the compounds’
interactions with D N A  is similar for all complexes discussed (Figure 2; Supplementary
Materials, Figure S1, Table 1). Notably, the trend in its ability to displace intercalator EB
from C T  D N A  was different than in the case previously studied by our group regarding
ruthenium(II) and copper(I) complexes based on the same phosphine ligands [11,13,41–44].
This trend suggests that the type of metal ions (Cu(I), Ru(II), Ir(III)) have a significant
influence on the type and intensity of intercalations with D N A .

Furthermore, we conducted a similar competitive experiment using D API  Figure 3,
and Figures S2 and S3 in Supplementary Materials. Observed fluorescence quenching of
C T  D N A - D A P I  complex clearly indicates that iridium(III) complexes and their ligands
are able to bind in the D N A  minor groove. The displacement of bound D API  from its
binding site on C T  D N A  is much stronger than when EB is used. In order to confirm
the quenching mechanism, the fluorescence quenching was analyzed according to Stern–
Volmer equations (Figure 3A) and K D S V  (dynamic quenching constant) values, which are
presented in Figure 3B. Based on Stern–Volmer plots (Figure 3A), the strength of C T
DNA-D API  fluorescence quenching formed the following order: IrPSf > IrPCp > IrPNr >
IrPLm. This result suggests that from the perspective of more efficient binding in minor
groove D N A ,  the presence of the cyclopropane substituent in the antibiotic structure plays a
crucial role (Figure 3B).

Considering the results presented above, we can expect that the resulting com-
plexes will not exhibit high genotoxicity, as opposed to previously reports of similarly
mixed copper(I) or ruthenium(II) complexes bearing phosphines derived from fluoro-
quinolones [11,41–44] that exert high systemic toxicity related to strong intercalations
with D N A .

Circular dichroism (CD) study was conducted to monitor the structural changes after
the interaction of studied iridium(III) complexes with C T  D N A .  The C D  spectrum of C T
D N A  exhibited two bands: a positive band at 276 nm (– base stacking) and a negative
band appearing at 248 nm (helicity of B-DNA), Figure 4A–D [45]. The interaction between
C T- D N A  and complex molecules can be determined by the spectral variation of these two
peaks. Upon groove binding or electrostatic binding modes, there will only be a
slight spectral change in these two peaks since complex molecules do not exert a strong
effect on the aggregation of D N A  base pairs and D N A  spiral. On the other hand, if
complex molecules are inserted into D N A  double helix chains, these two peaks will show
noticeable spectral change [46,47]. After C T  D N A  titration by Ir(III) compounds, the
bands slightly changed, which is consistent with the binding method suggested above—the
predominance of minor groove binding. This slight change means that iridium(III)
complexes did not
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affect D N A  structure. Furthermore, these results are fully consistent with those obtained
using gel electrophoresis techniques (Figure 4E1–E3).

Figure 3. (A) Stern–Volmer plots of the C T  DNA–DAPI  (binding to a minor groove) system quenched
by IrPCp, IrPLm, IrPNr, IrPSf; (B) determined K D S V  (dynamic quenching constant) values for the
studied Ir(III) complexes.

We proved that our complexes exhibited multimodal D N A  interaction (minor groove
binding and intercalation). Since intercalation usually results in relatively large changes in
the double helix structure, we assumed that all iridium(III) complexes cause severe D N A
cleavage. The binding ability of iridium(III) complexes with another D N A  model—pBR322
plasmid D N A ,  was studied by gel electrophoresis as a target. The degree of plasmid
degradation, which is naturally present in a superhelical form (form I), to determine the
ability of the compounds to induce single- and/or double-strand damage of the D N A  was
checked. This process can lead to the formation of the relaxed/nicked (form II) and linear
(form III) forms. The degree of D N A  degradation was determined in a wide range of the
tested compounds’ concentrations (from 10 to 500 M) at three different incubation times: 1
h, 4 h, and 24 h (Figure 4E1–E3).

In reality, iridium(III) complexes, the same as ligands, [11–13] did not cause damage
to the double strand of D N A  in a short incubation time (Figure 4E1,E2). It is worth noting
that after only 24 h of incubation (Figure 4E3), these complexes were able to cause a single-
strand plasmid cleavage. Our observation confirmed our previous results vide supra that
these complexes can probably interact with D N A  not only through intercalation but also
different ways, e.g., covalent or different noncovalent interactions (electrostatic interactions
and groove binding).

It is well-known that hydrogen peroxide is a source of hydroxyl radicals and a strong
D N A  oxidant in the presence of transition metal ions and their complexes, as we demon-
strated in our previous studies focused on copper(I) complexes [48,49].
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Figure 4. Circular dichroism spectra of C T  D N A  with: (A) IrPCp; (B) IrPLm; (C) IrPSf; (D) IrPNr; (E) agarose gel
electrophoresis of pBR322 plasmid cleavage by IrPCp, IrPSf, IrPLm and IrPNr in a DMF (each in the 10% DMF) solution,
ctrl: plasmid—control. (E1) 1 h of incubation; (E2) 4 h of incubation; (E3) 24 h of incubation.

It was proven by cyclic voltamperometry, and fluorescence spectroscopy that the
studied herein Ir(III) compounds can generate high levels of ROS, therefore the effect of
additional H2O2 on the overall ROS production and the associated D N A  damages caused
by this radical pathway [14]. Furthermore, to confirm the generation of particular types of
ROS involved in plasmid degradation, the experiment using DMSO (effective scavenger
of OH),  SOD (effective scavenger of O2

 ), [50] and NaN 3  (effective scavenger of 1O2) was
performed [51]. In order to exclude the effect of the hydrogen peroxide influence on
plasmid D N A  degradation, we performed an additional gel electrophoresis for H2 O2  in
different concentrations (Supplementary Materials, Figure S8).

Al l  complexes in presence of hydrogen peroxide caused distinct changes in the plasmid
structure, resulting in increased amounts of the nicked form (Figure 5A lines 3, 8, and
Figure 5B lines 3, 8). When the hydroxyl radical inhibitor—DMSO—was added to the
reaction mixtures, evident inhibition of the D N A  damage was observed, suggesting the
involvement of hydroxyl radical in the cleavage process (Figure 5A lines 4, 9, and Figure 5B
lines 4, 9). Furthermore, slight inhibition of the D N A  cleavage was observed in the other
cases viz., NaN3  (Figure 5A lines 5, 10, and Figure 5B lines 5, 10) and SOD (Figure 5A lines 6,
11, and Figure 5B lines 6, 11) validating the presence of singlet oxygen and superoxide
anion radical, respectively.

Overall, the investigated complexes (IrPCp, IrPNr, IrPLm, IrPSf) are not presumably
capable of double-strand plasmid damage leading to the formation of a linear form of
plasmid (form III). Since it is well-known that cancer cells show obstinately high levels of
intracellular ROS that can be involved in iridium-based redox reactions (Ir(III)/(IV) com-
plexes), D N A  oxidative damage by radicals cannot be excluded. However, any oxidative
D N A  damages are not desirable for any new chemotherapeutics, as they may contribute to
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overall genotoxicity [48]. The low level of damage of genetic material should be considered
a privilege of these new complexes.

Figure 5. Agarose gel electrophoresis of pBR322 plasmid cleavage by: (A) IrPCp and IrPNr. Lanes: 1,
plasmid control; 2, plasmid + 50 M IrPCp; 3, plasmid + 50 M IrPCp + 50 M H2O2; 4, plasmid +  50 M
IrPCp +  50 M H2 O2 +  DMSO; 5, plasmid +  50 M IrPCp + 50 M H2 O2 +  0.1 M NaN3 ; 6, plasmid
+ 50 M IrPCp + 50 M H2O2 + 0.62 M SOD; 7, plasmid + 50 M IrPNr; 8, plasmid +  50 M IrPNr +  50 M
H2 O2 ; 9, plasmid +  50 M IrPNr +  50 M H2 O2  +  DMSO; 10, plasmid +  50 M IrPNr +  50M H2 O2  +  0.1
M NaN3 ; 11, plasmid +  50M IrPNr +  50 M H2O2 +  0.62 M SOD; 12, plasmid +  DMF; (B) by IrPLm and
IrPSf. Lanes: 1, plasmid control; 2, plasmid +  50 M IrPLm; 3, plasmid +  50 M IrPLm +  50 M H2 O2 ;
4, plasmid +  50 M IrPLm +  50 M H2 O2  +  DMSO; 5, plasmid +  50 M IrPLm +  50 M H2 O2  +  0.1 M
NaN3 ; 6, plasmid +  50 M IrPLm +  50 M H2O2 +  0.62 M SOD; 7, plasmid + 50 M IrPSf; 8, plasmid + 50 M
IrPSf + 50 M H2O2; 9, plasmid +  50 M IrPSf +  50 M H2 O2 +  DMSO; 10, plasmid +  50 M IrPSf + 50M
H2 O2 +  0.1 M NaN3 ; 11, plasmid +  50M IrPSf + 50 M H2 O2 +  0.62 M SOD; 12, plasmid +  DMF.

2.2.2. Molecular Docking Study of the Interactions between D N A  and Ir(III) Complexes

The binding poses obtained from docking simulations performed for each of the metal
complexes studied herein were clustered with a 2 Å  RMSD threshold. Considering that the
absolute value of the difference in the lowest binding energy associated with any pair of
clusters is below 2.8 kcal/mol, which is close to the standard deviation of AutoDock force
field [52] employed for scoring, analysis of the results was essentially based on the cluster
size. About 30 clusters of binding poses were obtained for particular ligands (28, 30, 27,
and 31 for IrPCp, IrPNr, IrPLm, and IrPSf, respectively).

Two binding modes were obtained overall, including minor groove binding and
threading intercalation with the fluoroquinolone part of the molecule involved in pi stack-
ing interactions and the Ir(III)-containing region positioned within the major or minor
groove. The majority of the binding poses correspond to minor groove binding followed
by intercalation coupled with major groove binding (Table 2). At  most, 17% of the total
number of binding poses exhibited threading intercalation accompanied by minor groove
binding. The representative structures associated with both of the prevailing binding
modes are presented in Figure 6.
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Table 2. The percentage of binding poses representing the particular binding mode in DNA-phosphino iridium(III)
complexes for all the docking results (“All clusters”) or the largest clusters (“Clusters with at least six members”).

IrPCp IrPNr IrPLm IrPSf

Minor groove
binding

Intercalat ion and
major groove binding

Intercalat ion and
minor groove

binding

Number of
binding poses

Al l
Clusters

47%

41%

12%

100

Clusters
with at Least
6 Members

59%

41%

-

61

Al l
Clusters

48%

44%

8%

100

Clusters
with at Least
6 Members

42%

58%

-

53

Al l
Clusters

60%

34%

6%

100

Clusters
with at Least
6 Members

89%

11%

-

53

Al l
Clusters

47%

36%

17%

100

Clusters
with at Least
6 Members

81%

19%

-

37

Figure 6. Representative structures of the binding modes of DNA-phosphinoiridium(III) complexes: top, minor groove
binding; and bottom, threading intercalation.

Since numerous clusters featured a limited number of members, suggesting that a
particular binding mode is significantly less likely, we performed a similar analysis using
the clusters encompassing at least six members (Table 2). Focusing on the largest clusters
further reinforced the conclusion of dominant minor groove binding and major groove
binding-coupled intercalation, as no binding poses were found representing intercalation
with the Ir(III) part of the complex positioned within the minor binding groove. Except for
DNA- IrPNr complexes, minor groove binding appears to be predominant. In particular,
the dual binding mode of intercalation associated with major groove binding might account
for as little as 11% in the case of DNA- I rPLm complexes (Table 2). Interestingly, DNA-
IrPNr complexes described in the most populated clusters appear to favor intercalation
and major groove binding over the minor groove binding, which may be linked to the
highest value of Ksv for intercalation of this particular ligand compared with the remaining
phosphinoiridium(III) compounds (Table 1). It was concluded from the analysis of Ksv
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values that major groove binding is also present in the complexes studied herein, albeit to
a modest extent. While no major groove binding was observed in the docking results, the
positioning of the Ir(III) part of the intercalated ligands in the major binding groove may
explain the experimental findings. Overall, the docking results appear to be in
agreement with the Ksv  values, supporting multimodal binding of Ir(III) complexes with
the prevalence of minor groove binding.

2.3. Possible Reaction with Proteins
2.3.1. Human Serum Albumin Interaction Study

Interest in studying the interaction of metal ions and their compounds with blood
plasma proteins, especially with serum albumin (HSA), the most abundant protein in
plasma involved in the transport of drugs through the bloodstream, is increasing [27,53].
This molecule has two main binding sites: site I  is located in subdomain I I A  and site I I  is
located in subdomain IIIA. However, only the first binding site contains tryptophan residue
that possesses intrinsic fluorescence—Trp-214 residue (with an excitation wavelength of
295 nm) [54,55]. Changes in the appearance of the Trp-214 residue emission band in HSA,
in the presence of the tested compounds, may indicate changes in the protein’s conforma-
tion, the association of its subunits or denaturation, or the binding of the compound to
protein [53,56]. For all the tested compounds (except phosphine ligands) with an increase
of concentrations, the intensity of the H S A  emission band at 342 nm gradually decreased
with the simultaneous appearance of an additional fluorescence band with an emission
maximum at 425 nm (Figure 7, Supplementary Figure S5) that can be assigned to the
fluorescence from the starting complexes or new system HSA-Ir(III) complex.

Figure 7. (A) Fluorescence quenching of H S A  (C = 5  10 5 M) by IrPNr, (molar ratios 0.5, 1, 1.5, 2, 3, 4, 5, 6) in 50 mM pH 7.4
phosphate buffer; (B) Stern–Volmer plots of H S A  (C =  10 M) quenching by PCp, PNr, PSf, PLm, IrPCp, IrPNr, IrPSf, IrPLm
(I0 and I—intensity of H S A  in the absence and presence of the increasing amounts of the compounds, respectively).

Changes in the intensity and shift of the band maximum toward longer wavelengths
indicate the strong interaction of each complex with HSA,  increased polarization in the
area surrounding the tryptophan residue and/or the energy transfer between the tested
compounds and H S A  [13]. The strength of albumin quenching can be presented in the
following order: IrPSf >  IrPLm >  IrPCp >  IrPNr (Figure 7, Ksv  values, Table 3). This
phenomenon can be related to the presence of additional fluorine atoms in the quinolone
moiety and methyl group attached to the piperazine ring. Furthermore, the affinity of
H S A  for all the considered Ir(III) complexes with fluoroquinolone derivatives is much
higher than for copper(I) complexes with the same organic derivates [11,13,41–43]. It
is noteworthy that the tendency of the strength of H S A  quenching is different from ob-
servations for all complexes (Cu(I) and Ru(II)) with the same phosphines derived from
fluoroquinolones [11,41–44].
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Table 3. Determined Ksv  values for the studied phosphines and Ir(III) complexes.

Ksv [M 1]

PCp                                  0.21  101                                          IrPCp
PSf                                   0.11  101                                            IrPSf

PLm                                  0.53  101                                          IrPLm
PNr                                   0.19  101                                           IrPNr

2.08  106

5.67  106

5.06  106

6.98  105

2.3.2. Molecular Docking Study of the Interactions between Human Albumin and
Ir(III) Complexes

The largest clusters obtained from the docking of particular Ir(III) complexes either
correspond to the lowest binding energy structures (59 and 33-member clusters for IrPNr
and IrPLm, respectively) or differ by at most 0.5 kcal/mol from the lowest binding energy
observed within a given cluster (27 and 37 member clusters for IrPCp and IrPSf, respec-
tively). Considering the significant difference in the size between the first and remaining
clusters for each of the compounds studied herein (i.e., the size of the second largest cluster
constituting about 56, 27, 21, and 32% of the number of members in the first largest cluster of
IrPCp, IrPNr, IrPLm, and IrPSf, respectively), the most probable binding mode was
associated with the representative structure of the largest cluster.

The binding mode of particular complexes is presented in Figure 8. Al l  the compounds
considered herein were found to bind up to 5 Å  of Trp214 residues. In the case of IrPLm,
IrPNr, and IrPSf, the shortest distance to Trp214 is equal to 2.91, 3.24, and 3.54 Å,  respec-
tively, whereas IrPCp-Tyr214 separation amounts to 4.94 Å.  Presumably, such a distance
is short enough to affect the experimentally observed fluorescence quenching of Trp214.
Despite the longer distance to Trp214 residue characterizing the IrPCp complex, all four
complexes appear to occupy the same region of the binding site located in H S A  subdomain
I I A  (see the left side panel in Figure 8).

IrPCp, IrPNr, and IrPLm feature similar binding modes with the Ir(III) core located at
the entrance of the binding pocket and fluoroquinolone part buried deeply in the binding
site. This binding mode facilitates the formation of at least two hydrogen bonds. In
particular, the hydrogen bond between the oxygen atom present in the quinolone moiety
and Arg218 residue was observed in all three complexes (see the right- side panel in Figure 8
for a close-up view of interactions). Another hydrogen bond might occur between the
compound carboxylate group and His242 (IrPNr and IrPLm) or Arg257 residue (IrPCp).
In the case of the IrPNr complex, the quinolone oxygen atom could also be hydrogen-
bonded to Lys199 residue. Possible hydrophobic interactions may occur between the
phenyl ring of phosphine ligand in IrPCp, IrPNr, IrPLm complexes and Pro447, Cys448,
and Cys437 residues.

Unlike the three complexes discussed above, IrPSf binds in the opposite way, i.e., with
the Ir(III) part buried in the binding pocket. Accordingly, the hydrogen-bonding pattern
observed in IrPCp, IrPNr, and IrPLm complexes are no longer possible, as the molecule
region surrounding Ir(III) core is essentially nonpolar. However, the fluoroquinolone
moiety can still be engaged in hydrogen-bonding with Lys444 and Asp451 residues. The
nonpolar cyclopentadienyl ligand is surrounded by the hydrophobic patch of Cys200,
Cys245, Cys246, and Cys253 residues.

Despite the presumably different binding mode of IrPSf, a similar number of interac-
tions characterizing binding of all the iridium complexes analyzed herein appears to be in
line with the experimental results demonstrating minor differences in the binding strength
of these compounds. Moreover, the distinct binding mode of the IrPSf complex might
account for the strongest binding of this particular compound, as shown in the fluorescence
quenching experiment.



Pharmaceuticals 2021, 14, 685 13 of 25

Figure 8. Binding mode of HSA-phosphinoiridium(III) complexes. The docked compounds are
shown in ball-and-stick representation. Trp214 residue is shown in stick representation in the panels
on the left side. In the right side panels are all the H S A  residues within 3 Å  of the metal complexes.
The selected distances are given in Å.  Hydrogen atoms are not shown for clarity.
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2.3.3. Apo-Tranferrin Interaction Study

Interactions between Ir(III) complexes and their parent fluoroquinolones-based ligands
with the second selected transporter protein, apo-transferrin (apo-Tf), were studied in detail.
The protein apo-Tf has been recently considered and investigated as a possible transporter
of metal complexes [57].

A  solution of apo-Tf was titrated with increasing concentrations of all the tested
compounds, and the fluorescence intensity of apo-Tf was monitored spectrophotometrically
(Figure 9A; Supplementary Materials, Figures S6 and S7). At  the same time, Ksv  values
were determined from Stern–Volmer plots (Figure 9B, Table 4). The fluorescence intensity
of apo-Tf at 343 nm decreased gradually, suggesting that investigated compounds can
penetrate the apo-transferrin structure and interrupt the tryptophan’s microenvironment.

Figure 9. (A) Fluorescence quenching of apo-Tf (C =  3.6  10 6 M) by IrPCp (molar ratios 0.5, 1, 1.5, 2, 3, 4, 5, 6, 7, 8, 9, 10) in
50 mM pH 7.4 phosphate buffer; (B) Stern–Volmer plots of apo-Tf (C = 3.6 M) quenching by IrPCp, IrPNr, IrPSf, IrPLm, PCp,
PNr, PSf, PLm (I0 and I—intensity of H S A  in the absence and presence of the increasing amounts of the compounds,
respectively); (C) Circular dichroism spectra of apo-transferrin with Ir(III) complexes.

Table 4. Determined Ksv  values for the interactions of studied phosphine and Ir(III) complexes.

Ksv [M 1]

PCp                                  0.45  101                                          IrPCp
PSf                                   1.10  104                                            IrPSf

PLm                                  1.52  102                                          IrPLm
PNr                                   4.56  101                                           IrPNr

2.18  104

1.32  104

1.99  104

2.02  104

Furthermore, as depicted in Table 4, the Ksv  for all complexes ranged from 1.32  104 to
2.18  104 M 1. Thus the interaction between Ir(III) complexes and apo-Tf follows a
static quenching mechanism. The strength of apo-Tf fluorescence quenching by complexes
can be presented in the following order: IrPCp >  IrPNr >  IrPLm >  IrPSf. Among all
studied complexes, IrPSf was the least efficient in interactions with apo-Tf; this can be
explained by the most extensively substituted structure of sparfloxacin, which contains
the largest number of substituents among all studied antibiotics. In-depth analysis of
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Stern–Volmer plots leads to conclusion that from the perspective of more efficient binding
to apo-Tf, the absence of the methyl group substituent in the piperazine motif plays a
crucial role. Moreover, the complexes interact with apo-transferrin more strongly than
organic derivatives.

In order to monitor Ir(III) complex binding, C D  spectra of apo-transferrin were
recorded (Figure 9C) where three regions—visible (320–600 nm), aromatic (230–320 nm),
and intrinsic (180–260 nm)—deliver different information about protein structure [58].
The bands in the C D  spectrum of apo-transferrin in the 230–320 nm (aromatic) range are
attributed to the optical activity of tyrosine and tryptophan residues. As  in HSA,  the
dichroism in the intrinsic region (180–260 nm) of apo-transferrin is related to secondary
structure [59]. Changes in this region of the spectrum when the protein is incubated with
metal complexes indicate that the drugs affect the conformation. The presented results
(Figure 9C) indicate that a 10-fold excess of the Ir(III) complexes did not alter the helical
structure of the protein. These results may be of great importance since transferrin needs
to be recognized by specific receptors to be delivered into the cells. Given that two tyrosine
residues are directly involved in the binding of iron, and tryptophan residue is in close
proximity [31,32], it is reasonable to assume that the studied Ir(III) complexes are binding
at the specific binding sites for Fe3+ ions (see Figure 9C).

Remarkably, the interactions of Ir(III) complexes with studied proteins revealed a
diverse mode of the fluorescence quenching, as determined orders of quenching altered
differently—HSA: IrPSf > IrPLm > IrPCp > IrPNr; apo-Tf: IrPCp > IrPNr > IrPLm > IrPSf.
This diverse mode suggests that different parts of the complexes and different interactions
are probably responsible for the emission quenching of H S A  and apo-Tf.

2.3.4. Molecular Docking Study of the Interactions between Apo-Transferrin and
Ir(III) Complexes

Al l  the predictions regarding possible apo-Tf binding pockets yielded relatively consis-
tent results encompassing four binding sites presented in Figure 10. In particular, binding
pockets #1 and #3 correspond to iron-binding sites located in C- and N-lobes of apo-Tf, and
the #2 binding pocket is positioned at the interface between the two lobes, whereas the #4
binding pocket is located in the proximity of the C-lobe iron-binding site. Remarkably, all
four binding pockets involve nearby tyrosine or tryptophan residues that can be disturbed
by binding of the metal complex.

Ir(III) complexes were found to dock within all four binding sites considered herein.
The lowest interaction of energy characterized binding poses was determined for the #2
pocket. A l l  the compounds docked in this particular binding site consistently yielded
a lower binding energy value by approximately 3 kcal/mol compared to the binding
poses established for the remaining binding pockets. This fact suggests that the binding
of iridium(III) complexes is the most favorable in the case of the #2 pocket, but other
binding modes are also possible. Considering that the binding energy difference between
the #2 pocket and the remaining predicted binding sites exceed the standard deviation of
AutoDock force field [52] used for ranking the complexes, #2 pocket binding modes will be
discussed in further detail. By pursuing the same reasoning as the H S A  docking results,
the most plausible binding poses were assumed to be associated with the largest cluster
obtained for particular Ir(III) complexes.

Noticeably, the largest clusters were either found to feature the lowest binding energy
(27 and 31 member clusters of IrPNr and IrPSf compounds, respectively) or to differ by
1.7 kcal/mol at most from the lowest energy cluster (which is well within the 2.5 kcal/mol
standard deviation of AutoDock force field [52]), as observed in the case of the 34 member
cluster of IrPLm. The largest cluster obtained of the apo-Tf-IrPCp complex consisted of
31 members, closely followed by the second largest cluster at 25 members, featuring a
similar binding mode and energy. The difference in the binding energy that characterizes
these two clusters and the lowest energy cluster obtained for the apo-Tf-IrPCp complex
does not exceed 1 kcal/mol, further justifying the choice of this particular binding mode.
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Figure 10. The predicted binding pockets within apo-Tf structure. The N- and C-lobes of apo-Tf are shown in orange and
light green colors. The location of #1, #2, #3, and #4 binding sites is specified by the docked IrPCp shown in blue, red,
yellow, and dark green colors, respectively.

The representative structures of the largest clusters obtained for iridium(III) complexes
occupying the #2 binding pocket are demonstrated in Figure 11. Al l  the docked compounds
are wedged between Tyr317 and Tyr647 residues. In the prevalent binding mode featured
by IrPCp, IrPLm, and IrPSf compounds, the shortest distances between fluoroquinolone
moiety and Tyr317 residue are equal to 2.11, 2.00, and 1.77 Å,  respectively. The shortest
separation between the metal core of these complexes and Tyr647 residue is within the
3.2–3.8 Å  range. IrPNr complex is oppositely positioned to the remaining compounds, with
the fluoroquinolone part-Tyr647 distance of 2.00 Å  and the metal core separated by 3.46 Å
from Tyr317 residue. At  least three hydrogen bonds can be formed in the binding mode
displayed by IrPCp, IrPLm, and IrPSf. The oxygen atoms present in the fluoroquinolone
moiety are prone to hydrogen-bonding interactions with the side chain of Arg677 and
the backbone nitrogen atom of Tyr317 residues, whereas Asp240 residue is positioned
close enough to certain nitrogen atoms of a piperazine ring, facilitating the formation of
another hydrogen bond. The amino group of the IrPSf fluoroquinolone part might engage
in an additional hydrogen bond with Glu318 residue (see Figure 11). The hydrophobic
interactions of IrPCp, IrPLm, and IrPSf compounds may be mediated by Cys402, Leu404,
Val405, Met382, and Cys674 residues positioned within 4 Å  of particular metal complexes.
The distinct binding mode of IrPNr features two possible hydrogen-bonding interactions
between oxygen- bearing fluoroquinolone moiety and Lys401 residue (Figure 11). Nonpolar
residues close enough to participate in hydrophobic interactions with IrPNr include Cys227,
Leu228, and Cys241 residues.
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Figure 11. Binding mode of apo-Tf-complexes within the #2 binding pocket. The docked compound’s molecules are
shown in ball-and-stick representation. A l l  the apo-Tf residues within 3 Å  of the metal complexes are presented in stick
representation. The selected distances are given in Å.  Hydrogen atoms are not shown for clarity.

Overall, the binding mode of the representative structures from the largest clusters of
the #2 binding pocket might indicate the strongest binding of IrPSf featuring an additional
hydrogen bond to amino substituent at the fluoroquinolone aromatic rings. Although this
conclusion is not exactly supported by the experimental data demonstrating the weakest
binding of IrPSf by apo-Tf (Table 4), it should be kept in mind that the possible multiple
binding mode of iridium(III) complexes (i.e., engaging other binding pockets) cannot be
excluded based on the current results and may affect the general binding characteristics.

3. Materials and Methods
3.1. Materials

Calf thymus D N A  (CT DNA),  human serum albumin (HSA), apo-transferrin (apo-Tf),
pBR322 D N A ,  sodium azide (NaN3 ), DMSO, superoxide dismutase (SOD), methyl green,
DAPI,  ethidium bromide (EB), and other chemicals and solvents were purchased from
Sigma–Aldrich (Hamburg, Germany). A l l  solvents were deaerated before use.

3.2. Methods
3.2.1. Physical Measurements

Single crystals of IrPCpCHCl3 ,  IrPLm1.5CHCl3 , and IrPNr2CHCl3  were collected on
a SuperNova diffractometer using graphite monochromatic MoK radiation at 293 K,  100
K,  or 293 K ,  respectively. Data processing was undertaken with CrysAlisPRO (Yarn-
ton, England) The structures were solved using direct methods, and for refinement, the
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non-H atoms were treated anisotropically. The main calculations were performed with
S H E L X L .  Crystallographic data of the structures was deposited at the Cambridge Crys-
tallographic Data Centre with C C D C  reference numbers 1996074 (IrPCpCHCl3 ), 1996071
(IrPLm1.5CHCl3 ), and 1996073 (IrPNr2CHCl3 ).

Elemental analyses (C, H ,  and N)  were conducted with a Vario MICRO Cube (Ele-
mentar, Auckland, New Zealand). NMR  spectra were recorded using a Bruker Avance
II  300 MHz spectrometer in C D C l  with traces of C H C l  as an internal reference for 1 H
and 85% H3PO4 in H2 O as an external standard for 31P{1H}. Mass spectra were recorded
with a Bruker MicrOTOF-Q I I  spectrometer with an ESI ion source under the
following nebulizer pressure conditions: 0.4 bar, dry gas: 4.0 l min 1 heated to 180 C.
Data were recorded in the positive ion mode, while profile spectra were recorded in the
mass range of 50–3000 m/z; end plate offset—500 V; capillary voltage 4500 V; mass
resolving power of the instrument—over 18,000. Mass calibration was done using the
cluster method with a mixture of 10 mM sodium formate and isopropanol (1:1, v/v)
before the run [14].

3.2.2. Characterization of Organometallic Iridium(III) Complexes

Al l  iridium(III) complexes (IrPCp, IrPNr, IrPLm, IrPSf) were synthesized according
to the literature procedure described by our group [14].

Data for [Ir(h5-Cp*)Cl2PCp] (IrPCp)

Yield: 80%. Anal. found: C,  47.01; H ,  4.32; N,  4.00%. Anal. calc. for
C40 H44 Cl2 FIrN3 O3 PCHCl3 (C41H45 Cl5 FIrN3O3P): C,  47.02; H,  4.33; N,  4.01%.

NMR (298 K ,  CDCl3 ) :  P{ H}:  1.30 (P , s); H:  1.11–1.33 (H , m, 4-H), 1.35 (H  ,
d, 2.2 Hz ,  15-H), 2.39 (H13,14, bt, 4.8 Hz ,  4-H), 2.99 (H12,15, bt, 4.8 Hz ,  4-H), 3.47 (H71, m,
1-H), 4.07 (H11, s, 2-H), 7.16 (H69, d, 7.1 Hz ,  1-H), 7.44–7.53 (H43,44, m, 6-H), 7.92 (H63,
d, 13.3 Hz,  1-H), 8.00–8.11 (H42, m, 4-H), 8.72 (H67, s, 1-H), 15.02 (H70, s, 1-H).

+ ESI-MS (CHCl3 /H2 O, m/z): 928.21 [M +  H]+ , 892.23 [M   Cl]+ , 888.28 [M   2Cl +
CH3 OH]+ ,  856.26 [M   2Cl]+ .

Crystals of IrPCpCHCl3  suitable for X-ray analysis were obtained under refrigera-
tion by slow diffusion of hexane into a solution of the complex in chloroform under nor-
mal oxygen conditions. Crystal data: C41H45Cl5 FIrN3 O3P, M =  1047.22 g mol 1, crystal
size: 0.20  0.20  0.02 mm; crystal system: triclinic, space group: P1, a =  9.0544(4) Å,  b =
11.8197(5) Å,  c =  20.8951(8) Å,   =  85.841(3),  =  86.837(3),  =  67.930(4), V  =
2065.94(16) Å3 , Dcalc (Z  =  2) =  1.683 g cm 3,  range for data collection: 4.042 to 71.700,
Mo Kradiation ( =  1.54184 Å), Mo = 9.983 mm , reflections collected/unique: 28 428/7969,
[Rint =  0.0886], completeness to full = 99.9%, final R indices [I > 2(I)]: R1 = 0.0440, wR2 =  0.1081, R
indices (all data): R1 =  0.0544, wR2 =  0.1169, GOF = 1.026, largest diff. peak and hole: 1.919
and  1.931 e Å , data/restraints/parameters: 7969/0/504, T  =  293 K.

Data for [Ir(h5-Cp*)Cl2PSf] (IrPSf)

Yield: 80%. Anal. found: C, 50.97; H,  4.87; N, 5.65%. Anal. calc. for C42H48Cl2F2IrN4O3P:
C, 51.01; H,  4.89; N,  5.67%.

NMR (298 K ,  CDCl3 ):31P{1 H}:  3.06 (P1, s); 1 H: 0.72 (H16,17, d, 6.4 Hz,  6-H), 1.04–1.20
(H72,73, m, 4-H), 1.33 (H1 , d, 2,2 Hz ,  15-H), 2.45 (H12,15, m, 2-H), 2.80 (H13,14, m, 2-H), 3.07
(H13,14, m, 2-H), 3.87 (H71, m, 1-H), 4.25 (H11, s, 2-H), 6.41 (H63, bs, 2-H), 7.43–7.51 (H43,44, m,
6-H), 7.98–8.13 (H42, m, 4-H), 8.61 (H67, s, 1-H), 14.65 (H70, bs, 1-H).

+ ESI-MS (CHCl3 /H2 O, m/z): 989.25 [M +  H]+ , 949.32 [M   2Cl +  CH 3 OH] + ,  919.32
[M   2Cl] .

Data for [Ir(h5-Cp*)Cl2PLm] (IrPLm)

Yield: 80%. Anal. found: C,  44.20; H ,  4.15; N,  3.72%. Anal. calc. for
C40 H45 Cl2 F2 IrN3 O3 P1.5CHCl3 (C41.5H46.5Cl6.5F2IrN3O3P): C,  44.23; H,  4.16; N,  3.73%.

NMR (298 K ,  C D C l  ): P{ H}:  1.82 (P , s); H:  0.62 (H  , d, 6.3 Hz ,  3-H), 1.34 (H  ,
d, 2.2 Hz ,  15-H), 1.50 (H72, t, 7.0 Hz ,  3-H), 2.14–3.14 (H12,13,14,15, m, 7-H), 4.15 (H11, dd,
J1 =  40 Hz,  J2 =  16 Hz ,  2-H), 4.40 (H71, qd, J1 =  7.2 Hz ,  J2 =  3.3 Hz ,  2-H), 7.39–7.56
(H43,44,
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m, 6-H), 7.87 (H63, dd, J =  12.0 Hz ,  J =  1.7 Hz ,  1-H), 7.99–8.15 (H42, m, 4-H), 8.55 (H67, s,
1-H), 14.68 (H70, s, 1-H).

+ ESI-MS (CHCl3 /H2 O, m/z): 948.22 [M +  H]+ , 914.26 [M   Cl]+ , 906.28 [M   2Cl +
CH3 OH]+ ,  878.28 [M   2Cl]+ .

Crystals of IrPLm1.5CHCl3 suitable for X-ray analysis were obtained under refriger-
ation by slow evaporation of chloroform/methanol (1:1, v/v) solution under normal oxy-
gen conditions. Crystal data: C41.5H46.5Cl6.5F2IrN3O3P, M =  1126.91 g mol 1, crystal size:
0.100  0.100  0.050 mm, crystal system: monoclinic, space group: I2/a, a =  24.6249(3) Å,
b =  8.35470(1) Å,  c =  44.3459(6) Å,   =  90,  =  104.3440(10),  =  90, V  =  8839.03(18) Å3 ,
Dcalc (Z  =  8) =  1.694 g cm 3,  range for data collection: 2.215 to 31.772, Mo K
radiation ( =  0.71073 Å), Mo =  3.501 mm , reflections collected/unique: 154 041/13
616, [Rint =  0.0395], completeness to  full =  99.9%, final R  indices [I >  2(I)]: R1 =  0.0321,
wR2 =  0.0716, R  indices (all data): R1 = 0.00.0394, wR2 = 0.0734, GOF = 1.059, largest diff.
peak and hole: 3.325 and  0.922 e Å , data/restraints/parameters: 13 616/3/541,
T  =  100 K.

Data for [Ir(h5-Cp*)Cl2PNr] (IrPNr)

Yield: 80%. Anal. found: C,  42.60; H ,  4.01; N,  3.63%. Anal. calc. for
C39 H44 Cl2 FIrN3 O3 P2CHCl3 (C41 H46 Cl8 FIrN3O3P): C,  42.65; H,  4.02; N,  3.64%.

NMR (298 K,  C D C l  ): P{ H}:  1.38 (P , s); H:  1.35 (H , d, 2.2 Hz,  15-H), 1.54 (H , t,
7.3 Hz ,  3-H), 2.39 (H13,14, bt, 4,6 H z  4-H), 2.97 (H12,15, bt, 4,6 Hz ,  4-H), 4.07 (H11, s, 2-H),
4.25 (H71, q, 7.2 Hz,  2-H), 6.64 (H69, d, 6.9 Hz,  1-H), 7.42–7.54 (H43,44, m, 6-H), 7.96 (H63, d,
13.2 Hz,  1-H), 8.00–8.11 (H42, m, 4-H), 8.62 (H67, s, 1-H), 15.09 (H70, s, 1-H).

+ ESI-MS (CHCl3 /H2 O, m/z): 916.21 [M +  H]+ , 980.24 [M   Cl]+ , 876.29 [M   2Cl +
CH3 OH]+ ,  844.27 [M   2Cl]+ .

Crystals of IrPNr2CHCl3  suitable for X-ray analysis were obtained under refrig-
eration by slow evaporation of chloroform/acetone (1:1, v/v) solution under normal
oxygen conditions. Crystal data: C41 H46 Cl8 FIrN3 O3 P, M =  1154.58 g mol 1, crystal size:
0.300  0.300  0.200 mm, crystal system: monoclinic, space group: P2 /n, a =  10.1356(2) Å ,
b =  17.3727(3) Å ,  c =  25.6237(4) Å ,   =  90,  =  93.137(1),  =  90, V  =  4505.13(14) Å3 , Dcalc

(Z  =  4) =  1.702 g cm 3,  range for data collection: 3.075 to 71.674, Mo K  radiation ( =
1.54184 Å), Mo =  10.818 mm , reflections collected/unique: 69 550/8730, [Rint =
0.1085], completeness to  full =  99.8%, final R  indices [I >  2(I)]: R1 =  0.0642, wR2 =
0.1514, R  indices (all data): R1 = 0.00710, wR2 = 0.1560, GOF = 1.108, largest diff. peak and
hole: 2.658 and  2.947 e Å , data/restraints/parameters: 8730/0/533, T  =  293 K.

3.2.3. Interaction with Calf Thymus D N A

The stock solution was prepared by dissolving of the calf thymus (CT D N A )  in 50 mM
phosphate buffer saline (PBS) (pH =  7.4). The C T  D N A  concentration (C =  5  10 5 M) was
determined by a UV spectrophotometer using the molar absorption coefficient 6600 M 1m 1 at
258 nm [60]. The stock solution was stored at 4 C  and used for > 6 days. The luminescent
complexes of C T  D N A  with EB (ethidium bromide), DAPI  (40,6-diamidyno 2-fenyloindol),
and MG (methyl green) were prepared by mixing the substrates in the equimolar ratio
(C C T  DNA-fluorescent dye =  5  10 5 M; 50 mM of the phosphate buffer at pH =  7.4). The
solution of the C T  D N A  fluorescent dye system was titrated in different molar ratios (0.5, 1, 2,
3, 4, 5, 6, 7, 8, 9, and 10) with the tested substances (dissolved in DMSO) and incubated for 1
h for each portion of the investigated compounds. The final concentration of DMSO was 2%
in each sample. Photoluminescence measurements were recorded at 298 K  using a Cary
Eclipse Fluorescence Spectrophotometer. The excitation wavelength was 510 nm for the
C T  DNA-EB complex, 358 nm for the C T  D N A - D API  complex, and 633 nm for the C T  DNA-
MG complex. The Inner Filter Effect was considered and the corrected intensity of the
emission band was calculated using Equation (1) [13], where: Abs—absorbance at
analyzed emission wavelength; If—uncorrected emission intensity.

I  2.303 Abs
cor 1 10Abs (1)
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In order to confirm the quenching mechanism, the fluorescence quenching was ana-
lyzed according to Stern–Volmer in Equation (2):

I  
=  1 +  Ksv [C] (2)

where I0 and I are the fluorescence intensities in the absence and presence of the quencher,
respectively, K S V  is the Stern–Volmer quenching constant, and [C] is the concentration of
the quencher, respectively.

In same case, it was clearly observed that both static and dynamic quenching occur
simultaneously where a nonlinear curve is observed. In such cases, extended Stern–Volmer
plots can be used to describe the new situation with the following Equation (3) [61–63].

1  
[
( I/ I0 )  

=  K D S V ( I
/

I 0 )  +  V (3)

where I0 and I are the fluorescence intensities in the absence and presence of the quencher,
respectively; K D S V  is the dynamic quenching constant; [C] is the concentration of the
quencher, and V  is the volume of the sphere of action. We drew the plots of ([1 (I/I0 )]/[C])
versus I/I0 .  K D S V  is the slope of the plot and the static quenching constant V  is calculated
from the intercept of the plot.

The spectra of circular dichroism were recorded using a spectropolarimeter JASCO
J-715 (CD and MCD).

3.2.4. D N A  Strand Break Analysis

The ability of IrPCp, IrPNr, IrPSf, IrPLm, and phosphine ligands to induce single- or
double-strand breaks in plasmid D N A  was tested with the pBR322 plasmid (C =  0.5 mg/mL).
A l l  compounds were dissolved in DMF; the concentration was kept constant (10% by
vol-ume) in the final solution with/without hydrogen peroxide (H2O2, C  = 50 M),
superoxide dismutase (SOD, C  =  0.62 M), dimethyl sulfoxide (DMSO, C  =  1.4 mM), or
sodium azide (NaN3 , C  =  40 mM) [64]. The reaction was also monitored after the
addition of various groove binders: methyl green (MG, C  =  10 mg/mL), and 4 ,6-
diamidino-2-phenylindole (DAPI, C  = 5 mg/mL) [48,65,66]. After incubation for 1 h at
37C, reaction mixtures (20 L)  were mixed with 3 L  of loading buffer (bromophenol blue in
30% glycerol) and loaded on 1% agarose gels, containing EB, in TBE buffer (90 Mm Tris–
borate, 20 mM EDTA,  pH =  8.0). Gel electrophoresis was performed at a constant
voltage of 100V (4 Vcm-1) for 60 min. The gel was photographed and processed with a
Digital Imaging System (Syngen Biotech, Wroclaw, Poland).

3.2.5. Interaction with Human Serum Albumin

Human serum albumin (HSA) was dissolved in 50 mM phosphate buffer saline (PBS)
(pH = 7.4), C  (HSA)  5  10  5 M. The solution of the H S A  was titrated at different molar
ratios (0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9 and 10) by IrPCp, IrPNr, IrPSf, IrPLm and phosphine
ligands (dissolved in DMSO) and incubated for 1 h with any portion from each of the
investigated compounds. The final volume of DMSO was 2% in each sample. Afterward,
substances were incubated with H S A  solution for 1h at room temperature. The excitation
wavelength was equal to 295 nm.

3.2.6. Interaction with Transferring

Apo-transferrin (apo-Tf) solution was prepared by dissolving the solid protein in
50 mM of phosphate-buffered saline (PBS) (pH =  7.4), C  (apo-Tf)  3,6  10  6 M. The
solution of the Tf was titrated in different molar ratios (0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9, and 10)
by IrPCp, IrPNr, IrPSf, IrPLm with corresponding phosphines (dissolved in DMSO) and
incubated for 1h with any portion from each of the investigated compounds. The final
volume of DMSO was 2% in each sample. The excitation wavelength was equal to 295
nm.
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The spectra of circular dichroism were recorded using a spectropolarimeter JASCO J-715
(CD and MCD).

3.2.7. Molecular Docking

Docking of Ir(III) complexes was performed with the program AutoDock4 (4.2.6
Release) [67] using Lamarckian Genetic Algorithm. Preparation of ligands and receptors
was conducted with the program AutoDockTools [67] using the default settings unless
stated otherwise. Each docking simulation consisted of 100 independent docking runs
with the maximum number of energy evaluations set to 25  106. The original AutoDock4
parameter file was modified to incorporate iridium parameters obtained from the AutoDock
website [68]. The details for particular receptors are outlined in further detail. The binding
poses that resulted were clustered with a 2 Å  RMSD threshold.

D N A  docking was conducted using D N A  hexamer d(CGATCG)2 (PDB code 1Z3F [69])
as the receptor. After removing the intercalating agent present in the crystal structure,
two gaps facilitating possible intercalation remained in the structure. The search space
described by a three-dimensional grid was set to cover the entire D N A  molecule. In
particular, the center of the grid was aligned with the geometric center of the receptor. The
grid spacing was equal to 0.375 Å.  The grid dimensions corresponded to 26.25, 26.25, and
30 Å  along the x, y, and z  axes, respectively.

A  high-resolution crystal structure of human serum albumin (PDB code 1N5U [70])
was employed as the receptor in H S A  docking. A  cubic grid of 26.25 Å  size and 0.375 Å
spacing was centered at the side chain nitrogen atoms of Trp214 residue.

The possible binding pockets within apo-Tf structure were determined using the
ligand-binding site predictions provided by DeepSite [71], ConCavity [72], and
PrankWeb [73,74] tools with default settings. A  crystal structure of human serum apo-
transferrin (PDB code 2 H AV  [75]) was used as the receptor for both binding pocket pre-
diction and further docking simulation. The number of ligand binding sites predicted
with DeepSite, ConCavity, and PrankWeb was equal to 2, 3, and 6, respectively.
When considering the mutual arrangement of these binding pockets, four receptor sites
were selected, essentially covering all the predictions obtained with the tools applied
herein. Separate docking simulations were conducted for each of the selected binding
pockets. The respective four cubic grids with 26.25 Å  edge length were centered at the
following sets of coordinates: x1 =  42.818, y1 =  7.435, z1 =  21.026, x2 =  36.325, y2 =
1.776, z2 =  3.335, x3 =   23.178, y3 =   4.200, z3 =  12.921, x4 =   55.864, y4 =  3.726, and
z4 =   18.111 (in Å  units with respect to the original coordinates of 2 H AV  crystal
structure).

4. Conclusions
The mode of binding of four Ir(III) complexes (Ir(5-Cp*)Cl2Ph2PCH2Cp; IrPCp, Ir(5-

Cp*)Cl2Ph2PCH2Sf; IrPSf, Ir( -Cp*)Cl2Ph2PCH2 Lm; IrPLm, Ir( -Cp*)Cl2Ph2PCH2 Nr;
IrPNr)) with C T D N A  and serum proteins human albumin and apo-transferrin was inves-
tigated using various techniques (fluorescence spectroscopy, circular dichroism, and gel
electrophoresis) and molecular docking studies.

In our investigation, we proved that: (i) Interaction of Ir(III) complexes with D N A
is possible by noncovalent modes without a double-strand cleavage; (ii) D N A  damage is
possible via a ROS-dependent mechanism involving hydroxyl radicals, singlet oxygen, and
superoxide anion; (iii) compounds interact with macromolecules such as H S A  and apo-Tf;
additionally, the molecular docking study indicated that all the compounds considered
herein were found to (iv) bind to the tryptophan residues of H S A  within site I, and/or (v)
to dock within all the four predicted binding sites of apo-Tf, which include nearby tyrosine
or tryptophan residues.

This experimental evidence indicates a mechanism of action different from D N A
targeting typical of Pt(II) drugs. Its noticeable activity concerns the interaction with D N A
with a predominance of groove binding potentially related to negligible genotoxicity, and a
high level of ROS generation.
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Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ph14070685/s1, Figure S1. Fluorescence quenching of EB–CT D N A  (C =  5  10 5 M) by
IrPCp, IrPNr, IrPLm and IrPSf (molar ratios 0.5, 1, 1.5, 2, 3, 4, 5, 6, 7, 8, 9 and 10) in 50 mM pH 7.4
phosphate buffer (axis: y—fluorescence intensity; x—wavelength), Figure S2. Fluorescence
quenching of DAPI-CT  D N A  (C =  5  10 5 M) by IrPCp, IrPNr, IrPLm and IrPSf (molar ratios 0.5, 1,
1.5, 2, 3, 4, 5, 6, 7, 8, 9, 10) in 50 mM pH 7.4 phosphate buffer (axis: y—fluorescence intensity;
x—wavelength), Figure S3. Fluorescence quenching of DAPI -C T  D N A  (C =  5  10 5 M) by PCp,
PNr, PLm and PSf (molar ratios 0.5, 1, 1.5, 2, 3, 4, 5, 6, 7, 8, 9, 10) in 50 mM pH 7.4 phosphate buffer
(axis: y—fluorescence intensity; x—wavelength), Figure S4. Fluorescence quenching of DAPI-CT
D N A  (C =  5  10 5 M) by IrPCp, IrPNr, IrPLm and IrPSf (molar ratios 0.5, 1, 1.5, 2, 3, 4, 5, 6, 7, 8, 9, 10)
in 50 mM pH 7.4 phosphate buffer (axis: y—fluorescence intensity; x—wavelength), Figure S5.
Fluorescence quenching of H S A  (C =  5  10 5 M) by IrPCp, IrPNr, IrPLm and IrPSf (molar ratios 0.5,
1, 1.5, 2) in 50 mM pH 7.4 phosphate buffer (axis: y—fluorescence intensity; x—wavelength),
Figure S6. Fluorescence quenching of apo-Tf (C =  3.6  10 6 M) by IrPCp, IrPNr, IrPLm and IrPSf
(molar ratios 0.5, 1, 1.5, 2, 3, 4, 5, 6, 7, 8, 9, 10) in 50 mM pH 7.4 phosphate buffer (axis: y—fluorescence
intensity; x—wavelength), Figure S7. Fluorescence quenching of apo-Tf (C = 3.6  10 6 M) by PCp,
PNr, PLm and PSf (molar ratios 0.5, 1, 1.5, 2, 3, 4, 5, 6, 7, 8, 9, 10) in 50 mM pH 7.4 phosphate buffer
(axis: y—fluorescence intensity; x—wavelength). Figure S8. Agarose gel electrophoresis of pBR322
plasmid cleavage by H2 O2 in different concentrations.
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Multi experimental and molecular docking studies on the
DNA, albumin and apo-transferrin interaction with
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ABSTRACT: Group of cytotoxic half-sandwich iridium(III) complexes with
aminomethyl(diphenyl)phosphine derived from fluoroquinolone antibiotics exhibits ability to
(i) accumulate in nucleus, (ii) induce apoptosis, (iii) activate caspase-3/7 activity, (iv) induce the
changes in cell cycle leading to G2/M phase arrest and (v) radicals generation. Herein, to
elucidate the cytotoxic effects, we investigated the interaction of these complexes with DNA
and serum proteins by gel electrophoresis, fluorescence spectroscopy, circular dichroism, and
molecular docking studies. DNA binding experiments established that the complexes interact
with DNA by moderate intercalation and predominance of minor groove binding without any
capability to cause a double-strand cleavage. Molecular docking study confirmed two binding
modes: minor groove binding and threading intercalation with fluoroquinolone part of the
molecule involved in pi stacking interactions and the Ir(III)-containing region positioned
within the major or minor groove. Fluorescence spectroscopic data (HSA and apo-Tf titration),
together with molecular docking provided evidence that Ir(III) complexes are able to bind to
the proteins in order to be transferred. All the compounds considered herein were found to
bind to the tryptophan residues of HSA within site I (subdomain II A). Furthermore, Ir(III)
complexes were found to dock within the apo-Tf binding site, which includes nearby tyrosine
residues.

Keywords: arene iridium(III) complexes; fluoroquinolones; DNA-binding studies; DNA
cleavage; proteins-binding studies; drug delivery;reactive oxygen species; anticancer activity



Figure S1. Fluorescence quenching of EB–CT DNA (C = 5 × 10-5 M) by IrPCp, IrPNr, IrPLm and IrPSf (molar ratios 0.5, 1, 1.5, 2, 3, 4, 5, 6, 7, 8, 9 and 10) in 50 mM pH 7.4
phosphate buffer (axis: y – fluorescence intensity; x – wavelength).



Figure S2. Fluorescence quenching of DAPI-CT DNA (C = 5 × 10-5 M) by IrPCp, IrPNr, IrPLm and IrPSf (molar ratios 0.5, 1, 1.5, 2, 3, 4, 5, 6, 7, 8, 9, 10) in 50 mM pH 7.4
phosphate buffer (axis: y – fluorescence intensity; x – wavelength).



Figure S3. Fluorescence quenching of DAPI-CT DNA (C = 5 × 10-5 M) by PCp, PNr, PLm and PSf (molar ratios 0.5, 1, 1.5, 2, 3, 4, 5, 6, 7, 8, 9, 10) in 50 mM pH 7.4
phosphate buffer (axis: y – fluorescence intensity; x – wavelength).



Figure S4. Fluorescence quenching of DAPI-CT DNA (C = 5 × 10-5 M) by IrPCp, IrPNr, IrPLm and IrPSf (molar ratios 0.5, 1, 1.5, 2, 3, 4, 5, 6, 7, 8, 9, 10) in 50 mM pH 7.4
phosphate buffer (axis: y – fluorescence intensity; x – wavelength).



Figure S5. Fluorescence quenching of HSA (C = 5 × 10-5M) by IrPCp, IrPNr, IrPLm and IrPSf (molar ratios 0.5, 1, 1.5, 2) in 50 mM pH 7.4 phosphate buffer (axis: y –
fluorescence intensity; x – wavelength).



Figure S6. Fluorescence quenching of apo-Tf (C = 3.6 × 10-6 M) by IrPCp, IrPNr, IrPLm and IrPSf (molar ratios 0.5, 1, 1.5, 2, 3, 4, 5, 6, 7, 8, 9, 10) in 50 mM pH 7.4
phosphate buffer (axis: y – fluorescence intensity; x – wavelength).



Figure S7. Fluorescence quenching of apo-Tf (C = 3.6 × 10-6 M) by PCp, PNr, PLm and PSf (molar ratios 0.5, 1, 1.5, 2, 3, 4, 5, 6, 7, 8, 9, 10) in 50 mM pH 7.4 phosphate
buffer (axis: y – fluorescence intensity; x – wavelength).



Figure S8. Agarose gel electrophoresis of pBR322 plasmid cleavage by H2O2 in different concentrations.
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Novel heteronuclear IrIII-CuII coordination comounds ([Ir(η5-Cp*)Cl2PCp-Cu(phen)](NO3)·1.75(CH3OH)·0.75(H2O) (1), [Ir(η5-
Cp*)Cl2PNr-Cu(phen)](NO3)·1.75(CH3OH)·0.75(H2O) (2), [Ir(η5-Cp*)Cl2PLm-Cu(phen)](NO3)·1.3(H2O)·1.95(CH3OH) (3), Ir(η5-
Cp*)Cl2PSf-Cu(phen)]) (4) bearing phosphines derived from fluoroquinolones: sparfloxacin (HSf), ciprofloxacin (HCp),
lomefloxacin (HLm), and norfloxacin (HNr) have been studied as possible anticancer chemotherapeutics. All compounds
were characterized by ESI-MS spectrometry, selected spectroscopic methods (i.e., IR, fluorescence and EPR), cyclic
voltammetry, variable-temperature magnetic susceptibility measurements and x-ray diffractometry. Importantly, the
crystal structure of Ir(η5-Cp*)Cl2PLm-Cu(phen)] features the 1D metal-organic polymer. It is worth mentioning that all
Ir(III)-Cu(II) compounds exhibit weak magnetic interactions. Surprisingly, one of the studied systems [Ir(η5-Cp*)Cl2PNr-
Cu(phen)] exhibits a slow magnetic relaxation under the moderate DC magnetic field, which is extremely rare in the case of
Cu(II) complexes. Investigation of IrIII-CuII complexes cytotoxicity in vitro reveals their high anticancer potential towards
human prostate carcinoma cells simultaneously with low toxicity against healthy cells. Furthermore, liposomes loaded
with red-ox active [Ir(η5-Cp*)Cl2PCp-Cu(phen)] were prepared to overcome low solubility and minimize serious systemic
side effects. Confocal microscopy and an ICP-MS analysis showed that liposomal [Ir(η5-Cp*)Cl2PCp-Cu(phen)] effectively
accumulates inside human lung adenocarcinoma and human prostate carcinoma cells with colocalization in nuclei. A
precise cytometric analysis revealed a predominance of apoptosis over the other types of cell death. Furthermore, the
investigated nanoformulation may induce changes in the cell cycle leading to S phase arrest in a dose-dependent manner. In
vitro cytotoxicity assays were also carried out within multicellular tumour spheroids and efficient anticancer action on these
3D assemblies was demonstrated.

Introduction
Cancer is a group of diseases that are counted as one of the
most life-threatening in the whole world.1 In accounts of the
Global Cancer Observatory is reported that in 2020 there were
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over 9 million deaths because of cancer and around 19 million
new cases.2     One of the most used metal-based drugs in
chemotherapy is the ones that contain Pt(II) compounds.3

The effectiveness of drugs is still hindered by clinical
problems, including acquired or intrinsic resistance, a limited
spectrum of activity, and high toxicity leading to side effects.4

One of the strategies adopted to overcome these limitations,
scientists     to     find     inspiration     in     the     activity     of     novel
heteronuclear complexes.5 When we incorporate two different
cytotoxic metals into the same molecule, it may improve their
activity as antitumor agents, because of the interaction
between different metals with multiple biological targets, or
through the improved chemicophysical properties of the
resulting heteronuclear compound. Therefore, in certain cases
where a particular type of cancer develops a resistance
mechanism that renders one of the metals redundant, the
second or third metal might still show some activity. Through
the years, several heteronuclear complexes were both
synthesized and tested, also with some noticeable results that
have been widely described. 5-10 One of the most successful
compounds is BBR3464 (novel triplatinum compound), which
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was once in Phase II clinical trials for the treatment of patients
with melanoma, pancreatic, lung, ovarian and gastric tumors.
It was shown that the complex interacts with the phosphate
backbone of DNA and has a larger affinity towards single-
strand DNA than cisplatin.10 G. Zhu and colleagues patented a
series of platinum-ruthenium complexes named Ruthplatins
with better or comparable activity than cisplatin against a
number of cell lines (even towards cisplatin-resistant cell lines.
The introduction of the ruthenium centre led to the complexes
being less toxic towards healthy MRC-5 lung fibroblast cells
compared to the cisplatin control.11

Consequently, to this innovative approach, in our research, we
decided to incorporate two metal ions in our research:

Journal Name

there are no studies about SMM based on Cu(II) complexes
probably due to the fact that this ion have been overlooked for
many years in terms of slow magnetic relaxation (SMR)
because of the absence of the barrier to spin reversal: the axial
zero-field splitting parameter D is undefined. In 2017 Boca and
co-workers23 has provided clear evidence that mononuclear
Cu(II) complex with S = 1/2 show a field supported SMR of the
order of seconds at low temperature. SMR was controlled
essentially by the Raman process. Even after this significant
discovery, in our opinion, only one other case has been found.
In this manuscript, we provide an important continuation of
this story.
In the last few years, many researchers around the world have

copper(II) and iridium(III). It was proved that through many been working on the development of iridium(III)
processes, such as DNA damage or generation of ROS, Cu(II) organometallic complexes and have succeeded in proving that
complexes could effectively induce cancer cells death. In iridium(III) complexes are substitutes for platinum-based
addition,     the     superiority     of     these     substances     is     also drugs.3,24-32 These complexes have unique properties such as
represented by the fact that Cu(II) ions are already present in potential redox features, universal structure, and wide range
the     human     body     limiting     the     possibility     of     excessive of ligand substitution rates, higher cellular uptake efficiency,
immunological system response is low.12 Most importantly, the
introduction of a transition metal with unpaired electrons can

large stokes shifts and lower cytotoxicity.3,24-26,30,31 Various
mechanisms are responsible for the antitumor activity of

also give the obtained complexes additional magnetic iridium(III) compounds, such as inhibition of protein activity,
functionality such     as     SIM,     SMM     or     superparamagnetic catalyzing cellular redox reactions and damaging specific
behavior which present slow relaxation of magnetization. After subcellular organelles. These amazing properties of iridium(III)
the discovery of first SMM - {Mn12OAc} complex,13 numerous complexes make them a rising star for novel curative
transition metal complexes14      flooded the literature with
record-breaking ground-state spin (S=83/2 for a Mn19 cluster)
reported by Powell and co-workers15 and effective energy
barrier for the magnetization relaxation (Ueff=86 K for a Mn6
cluster) by Brechin and co-workers16 SMMs can be envisaged

anticancer agents that can bring and monitor the beneficial
response concurrently.3,24-32

Additionally, to circumvent the previously mentioned side
effects, our potential bioactive molecules will be locked in
liposome. Liposomal technology has attracted great interest in

for     many     potential     applications     such     as     high-density the nanomedicine field owing to the liposomal features of low
information storage, spin valves, spintronic, and quantum
computing. Whereas superparamagnetic materials can applies
in medicine as targeted delivery of drugs or genes, tissue

toxicity, biodegradability, and easy cellular uptake.33-35 This
nanocarriers have already been proven to successfully deliver
both hydrophilic and hydrophobic molecules to cancer cells

engineering, targeted destruction of tumor tissue through and     liposomes     could     also     provide     protection     against
hyperthermia, magnetic transfect ions, chelation therapy and
tissue engineering.17-22 However to the best of our knowledge

complexes speciation in the bloodstream as well as targeting
possibilities in solid tumors.35,36

Scheme 1 Schematic view of the compounds and synthetic routes. The solvent molecules are omitted for clarity.

The research on anticancer compounds described herein is a FQ: fluoroquinolone antibiotic) bearing fluoroquinolones:
continuation of our project in which phosphines (Ph2P-CH2-FQ,

2 | J. Name., 2012, 00, 1-3

sparfloxacin (HSf), ciprofloxacin (HCp), lomefloxacin (HLm),

This journal is © The Royal Society of Chemistry 20xx
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and norfloxacin (HNr) were coordinated to various metal The     new     four     heteronuclear     complexes     IrIII/CuII       were
centers: Cu(I), Cu(II), Ru(II), Ir(III).4,37-41 The results described
above     confirmed     that     this     mononuclear     complex     with
phosphine was a good choice for designing new biological
agents. Therefore we decided to extend our studies. Here, we
investigate the dual nature of the iridium(III)-copper(II) ([Ir(η5-
Cp*)Cl2PCp-Cu(phen)](NO3)·1.75(CH3OH)·0.75(H2O) (1), [Ir(η5-
Cp*)Cl2PNr-Cu(phen)](NO3)·1.75(CH3OH)·0.75(H2O) (2), [Ir(η5-
Cp*)Cl2PLm-Cu(phen)](NO3)·1.3(H2O)·1.95(CH3OH)     (3),     Ir(η5-
Cp*)Cl2PSf-Cu(phen)] (4)) merger with phosphine derivatives
of fluoroquinolones (Ph2PCH2Cp (PCp), Ph2PCH2Nr (PNr),
Ph2PCH2Lm (PLm), Ph2PCH2Sf (PSf)) and phenanthroline as an
auxiliary ligand. The coordination of two different metal ions

synthesized (Scheme 1) by stirring at room temperature
[Cu(phen)(NO3)2] with 1 equiv. of IrFQ ([Ir(η5-Cp*)Cl2PFQ]),
reported by us in a recent study.26 Binuclear complexes are
soluble in CH3OH, DMSO and CH2Cl2 and poorly soluble in
water, where as they can be solubilized in water containing 2%
of DMSO. The syntheses to mononuclear IrFQ complexes (incl.)
were carried out under a nitrogen environment using Schlenk
techniques.     Chemical     structures     of     studied     Ir(III)/Cu(II)
complexes are presented in Scheme 1.
The new compounds were characterized by elemental analysis
and by IR and mass spectrometry: Compounds 1, 2 and 3 were
also characterized by single crystal X-ray diffraction

would significantly impact the scope of action and could      techniques.     In     addition,     encapsulation     of     the     resulting
potentially generate interactions with cells through different      heteronuclear      Ir(III)/Cu(II)      compounds      into      liposomes
mechanisms. To take the above issues into account, firstly,
their physicochemical properties were determined using X-ray
diffraction, elemental analysis, cyclic voltamperometry, mass
spectrometry (ESI-MS), spectroscopic techniques and variable-
temperature     magnetic     susceptibility     measurements.     The
cytotoxicity of the compounds was evaluated in vitro against
lung, breast, melanoma and prostate tumor cell lines and one
non-tumor human embryonic kidney cell lines. Based on the
findings mentioned above, in this study we carried out a
preclinical investigation into the therapeutic potential of
complex IrPCpCu encapsulated inside liposomes toward 3D
lung and prostate cancer cell cultures and proposed an
explanation of the working mechanism of this new complex.

Results and discussion
Synthesis

drastically increased their water solubility and presumably will
improve bioavailability in vivo.
X-ray

The single crystals of [Ir(η5-Cp*)Cl2PCp-
Cu(phen)](NO3)·1.75(CH3OH)·0.75(H2O) (1), [Ir(η5-Cp*)Cl2PNr-
Cu(phen)](NO3)·1.75(CH3OH)·0.75(H2O)        (2) and [Ir(η5-
Cp*)Cl2PLm-Cu(phen)](NO3)·1.3(H2O)·1.95(CH3OH)     (3)     were
analysed by the X-ray diffraction technique (Fig. 1, Figs. S1-S4,
Tables     S1     and     S2†).     All     obtained     iridium(III)-copper(II)
complexes crystallized in two different space groups (1 and 2:
crystal system: triclinic, space group: P1 and 3: crystal system:
orthorhombic, space group: Pbcn). Importantly the crystal
structure of 3 features the 1D metal-organic polymer
assembled from Cu(II) centers, Ir(III) complex linkers, phen
(1,10-phenantroline) molecule and OH- ligands (Fig. 2). Every
structure also contains solvent molecules and anions (H2O,
NO3- or OH-).

Figure 1. The crystal structures of the complex molecules IrPCpCu (1), IrPNrCu (2) and IrPLmCu (3). The solvent molecules are omitted for clarity.

The coordination geometry of the iridium ion in the all Ir(III)- octahedral “three-leg piano-stool” geometry, where the
Cu(II) complexes adopts the expected half-sandwich pseudo-

This journal is © The Royal Society of Chemistry 20xx

cyclopentadienyl moiety served as the top of the stool and the
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three leg sites were occupied by phosphorous atom from
ligand and two terminal chloride anions.26-29 The bond angle
values P–Ir–Cl and Cl–Ir–Cl, suggesting the pseudo-octahedral
arrangement of atoms around the metal center, are found to
be in the range of 86.73–124.2°. They turned out to be higher

Journal Name

Interestingly, the analysis of the 3 packing reveals that the
coordination geometry around CuII ion is distorted octahedral
(Fig. 1, Fig. S4†). CuII ion is coordinated by four oxygen atoms
(two carboxylate, one pyridine oxygen, and one from OH-
group) and two nitrogen atoms from phenanthroline ring

than     values     obtained     for     previously     described     by     us      leading to 3 polymer formations. This unit with two bridging
mononuclear Ir(III) complexes with the same phosphine      OW1 and O70 atoms is formed with Cu1–Cu1 distance of
ligands (the bond angle values P–Ir–Cl and Cl–Ir–Cl are in the
range of 86.04–90.45°).26 The bond distances between iridium
atoms and phosphorus atoms of complexes 1, 2 and 3 were
found to be on an average 2.3 Å, whereas the Ir–Cl1 and Ir–Cl2
bond distances of complexes 1, 2 and 3 were found to be on
an average 2.4 Å and are comparable with earlier reported
mononuclear Ir(III) complexes.26-28

CuII ion in all Ir(III)-Cu(II) complexes is coordinated via
nitrogen atoms (from phenanthroline ligand) and IrP(FQ)

4.193(1) Å, similarly to that observed for CuII complexes with
other quinolones and aromatic diimines.42-45 Additionally, the
binuclear unit is stabilized by a pair of π-stacking interactions
between phen and lomefloxacin fragments.

(where: FQ: fluoroquinolone) complex via deprotonated
carboxylate and pyridone oxygen atoms forming a distorted
square-pyramidal coordination geometry (Fig. 1, Figs. S1-S3†).
Average bond lengths for 1 and 2 complexes are as follows:
Cu1–N91: 2.002, Cu1–N81: 2.013, Cu1–O65: 1.918 and Cu1–
O70: 1.914 Å. Additionally, in the case of 1 bond lengths
between Cu1 and O1W (from water molecule) equals 2.232(1)
Å, for 2 bond lengths Cu1-N (from NO3- ion) value is equal
2.351(1) Å.

Figure 3 Packing diagram of complex 1 showing (A) π-stacking interaction between the
fluoroquinolone rings (B) offset pattern of the π–π stacking in complex 1.

Figure 2 A perspective view (A and B) of the 1D polymer chain in the crystal structure
of 3.

4 | J. Name., 2012, 00, 1-3

Interactions between two independent fused-ring fragments:
the fluoroquinolone rings and the phen ligands can be found
as well in cases of 1 and 2. As it could be expected, this leads
to interesting molecular packing of the complexes stabilized by
π-stacking interactions (Fig. 3, Figs. S1-S4†ESI). The distances
from the two centroids of ciprofloxacin (1 complex) or
norfloxacin (2 complex) to the phen plane are 3.484 and 3.375
Å. Additionally, the conformation of the antibiotic fragment of
complexes can be defined in terms of torsion angle, defining
the orientation of the piperazine ring and fluoroquinolone
moiety (1: C13–N13–C61–C62 −157.56°; 3: C13–N13–C14–
C15−128.45° 2: C14–N13–C61–C62 −153.29°). Those values
differ from torsion angle of piperazine ring and antibiotic motif
for analogic monometallic Ir(III) complexes with the same
phosphine ligands (Ir(η5-Cp*)Cl2PCp: C13–N13–C61–C62
−165.92°; Ir(η5-Cp*)Cl2PLm: C13–N13–C61–C62 −117.48° Ir(η5-
Cp*)Cl2PNr: C14–N13–C61–C62 −165.97°).26      The value of
torsion angle for 3 is significantly lower than values of torsion
angle of both complexes 1 and 2. This phenomenon can be
explained by forming dimmer by 3 where many various
interactions exist.
Electrospray ionization mass spectrometry (ESI-MS)

All complexes in this study were also characterized by high-
resolution mass spectrometry. In almost every case, a
molecular-ion peak was present and consistent with the

This journal is © The Royal Society of Chemistry 20xx
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expected isotopic distribution for a protonated parent ion,
[M]+ or [M + H]+. Only 1 did not show the corresponding [M]+

molecular ion peaks, but [IrPCpCu-2Cl-2H+CH3OH]+ ions were
detected at m/z 1129.264 (Fig. S5-S8†). Less abundant peaks
corresponding to [M – Cl]+ and [M – 2Cl]+ ions were also
recorded indicating that chloride groups were easily displaced.
Surprisingly, we can also observe adducts with solvent
molecules either H2O or CH3OH. A solvent molecule, can
occupy the coordination site vacated by chloride ions.
Additionally, peaks corresponding to the loss of the phosphine
ligands and the arena ring are observed, which indicates poor
metal-to-ligand and metal-to-arena binding. As illustrated in
figure S5-S8†, the cluster peaks arising from the experimental
traces compared with those calculated for the pertinent

ARTICLE

attributed to the antisymmetric and symmetric stretching
vibrations of (COO-), which can be the marker of the
coordination model. The bands with medium intensity around
1630 cm-1 and 1335 cm-1 are assigned to the νas(COO-) and
νs(COO-) stretching vibrations, respectively (Tab. 1). We have
determined the model of binding the used ligands to Cu2+ by
showing Δ parameter (Δ=(νas(COO-) νs(COO-)). In the studied
complexes Δ parameters are in the range of 285-339 cm-1,
which indicates the monodentate (unidentate) coordination of
the carboxylate group in 1-4, because Δ is larger than in ionic
compounds.46

Table 1 The characteristic discussed bands in FT-IR spectra of complexes 1-4

species indicate excellent superimposition.
Infrared spectroscopies

Comp νas(COO-)
lex              [cm-1]

1 1618
1* 1630
2 1627
2* 1632
3 1619
3* 1633
4 1630
4* 1632

νs(COO-)
[cm-1]

1333
1334
1308
1335
1321
1327
1292
1293

  
[cm-1] 

285
296
319
297
298
306
338
339

ν(C=O) (C=N)
[cm-1]           [cm-1]

pyridine
group

1583 1517
1587 1519
1584 1519
1587 1520
1585 1520
1588 1522
1576 1519
1583 1520

Cu-         Cu
O            -N 

[cm-1]         [cm-

1] 

520          543
524          548
501          554
523           ov
512          523
512          540
ov            ov
ov ov

Abbreviations: ν- stretching vibrations, νas- antisymmetric stretching vibrations,
νs-symmetric stretching vibrations, ov- overlapped band; * in MeOH

Nevertheless, the strong bands observed at 1624 cm-1, 1628
cm-1, 1612 cm-1 and at 1645 cm-1 in the FT-IR spectra of
Ph2PCH2Cp, Ph2PCH2Nr, Ph2PCH2Lm,
ligands are     assigned to     ν(C=O)py

Ph2PCH2Sf
stretching

phosphine
vibrations,

Figure 4 The FT-FIR spectra of complexes 1-4.

The FT-IR spectra of the four novel iridium(III)-copper(II)
complexes in the far infrared region are shown in fig. 4 (and in
Fig. S9, ESI for MIR region). The characteristic (C-H) stretching
vibrations generate in the spectral range of 3057-2853 cm-1

the medium peaks in the FT-ATR spectra of discussed
complexes. In the free ligands a strong band near 1720 cm-1 is
assigned to the (C=O) stretching vibrations of their carboxylic
group (-COOH),47 which is very weak or not observed in ATR
spectra of these complexes. Besides, in the FT-IR spectra of the

respectively. These peaks are shifted to lower frequencies in
the range of 1558-1568 cm-1 for the FT-IR spectra of studied
iridium-copper complexes indicating decrease in the stretching
force constant of the C=O bond as consequence of the
coordination of the oxygen atom to the Cu2+ ions. In the FT-IR
spectrum     of     free     phen     (1,10-phenanthroline)     ligand     a
characteristic band around 1586 cm-1     is due to (C=N)
stretching vibrations and is shifted to a lower frequency in FT-IR
spectra of 1-4 (=69-64 cm-1). This shift indicates the
coordination of the pyridine nitrogen atoms of phen to the
cooper ions (from nitrogen atom to the empty d-orbital of the
metal ion) in a bidentate model.46

Actually, the FT-IR spectroscopy can be used as a good
analytical tool to follow the coordination of organic ligands
with metal ions,48 which we confirm by analysis in FIR spectral
region of the studied complexes 1-4. The coordination marker
bands: ν(Cu-O) and ν(Cu-N) are found in the FT-IR spectra of
these complexes, i.e. at 520, and 543 cm-1 for complex 1, at
554 cm-1 and 501 cm-1 for complex 2, respectively. These
bands are absent in the spectra of free Ph2PCH2Cp, Ph2PCH2Nr,
Ph2PCH2Lm,     Ph2PCH2Sf     ligands     and     phen.     Nevertheless,
dissolving the obtained complexes in methanol hardly changes

novel complexes are observed two characteristic bands

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5
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their structures, which can be seen in the comparison of the
spectra in the solid state with methanol solutions (Fig. 4).
EPR Spectroscopy

The polycrystalline EPR spectra of the magnetically
concentrated samples were recorded at room temperature
and liquid nitrogen temperature (Fig. S10, ESI). There is no
change in the line shape, line width and resolution as a
function of temperature for all complexes. The anisotropic EPR
spectral features can be associated to the axial symmetry
having     dx2−y2      ground     state,     where     the     geometry     can
correspond to an elongated octahedral, a square pyramidal or
a square planar. At X–band, the EPR spectra for 1, 2 and 4
showed an asymmetry in the perpendicular region with gx =
2.091; gy =2.092, gz = 2.21 (gav =2.13) for 1, gx = 2.075; gy =
2.151, gz = 2.11(gav =2.11) for 2 and gx = 2.091; gy = 2.132, gz =
2.212 (gav =2.14) for 4. (see ESI, Figure S10). These values are in
the range usually observed in compounds with distorted
square-pyramidal geometry. The EPR spectra for 3 are typical
of Cu(II) ion coordinated in distorted octahedron with gx =
2.091; gy =2.131, gz = 2.291 (gav =2.17) for 3 in agreement with
its structure.
The frozen solution EPR spectra of compounds 1 and 2 at 77 K
exhibit a well-defined resolution of hyperfine splitting of
parallel orientation resulting from the interaction of an
unpaired electron with copper nuclei (I = 3/2). The spin
Hamiltonian parameters are obtained by computer simulation
(sim Fig. S11, ESI) of the experimental spectra with gx = gy = g⊥

= 2.065, gz = gk = 2.211 and Ak = 164 G for 1, gx = 2.069, gy =
2.073, gz = gk = 2.215 and Ak = 113 G for 2, gx = gy = g⊥ = 2.098,
gz = gk = 2.289 and Ak = 163 G for 3 and gx = gy = g⊥ = 2.068, gz =
gk = 2.301 and Ak = 146 G for 4. Hence, the EPR parameters of
all complexes in frozen solutions are also consistent with the
axial symmetry of the Cu(II) coordination sphere.
Furthermore, the change of the parameters upon dissolving
complexes 1, 2 and 4 strongly suggest the replacement of the
labile water or NO3- ligands in the binuclear molecule by the
solvent molecules in the solutions as was found in many other
similar complexes.49,50

Luminescence properties

All heteronuclear IrIII/CuII complexes emit in fluid solution at
room temperature upon photoexcitation in the absorption
manifold at 340 nm. The emission was structure less, and
peaked at 450 nm. A particular case is constituted by complex
4 that manifest an emission peak cantered at 540 nm (Fig. 5).

Journal Name

incorporation of another metallic centre to Ir(η5-Cp*)Cl2PSf,
causes the red-shift of 4 in comparison to the Ph2PCH2Sf, but
blue-shift towards the Ir(η5-Cp*)Cl2PSf. Therefore, the 1 (λmax
= 448 nm), 2 (λmax = 442 nm), as well as 3 (λmax = 470 nm)
exhibited a purple emission, whereas 4 (λmax = 513 nm) –
green emission (see ESI, Figure S13-S14)

Figure 5 Emission spectra obtained for heteronuclear complexes IrIII/CuII in DMF, C
approx. 0.05M.

It could be concluded that the emission wavelength
associated with these bimetallic Ir-Cu complexes is firmly
related to the nature of the chosen ligand. While 1, 2 and 3
seem to be subjected to the same spectroscopic trend only 4
looks to manifest a different emission pattern.26 The outcome
of conducted luminescence experiments corresponds to our
previous findings, not only for Ir(III) complexes, but also for
Ru(II), as well as Cu(I).11,25,26

Electrochemical characterization

Moreover, the emission intensity was stronger in DMF
compared to DMSO, probably due to stronger solvation
interaction in the case of DMSO, which enhances the non-
radiative deactivation of these species (see ESI, Figure S12). So,
for this reason we decided to conduct all the spectroscopic
measures in DMF. The spectroscopic energy was around 3.2 eV
for 1, 2, 3 complexes and 2.85 eV for 4 indicating a negligible
influence of the solvent in tuning the excited state energetic.
The coordination of Cu(II) to Ir(III) complexes, that were
described by us previously, such as Ir(η5-Cp*)Cl2PCp, Ir(η5-
Cp*)Cl2PLm, Ir(η5-Cp*)Cl2PNr leads to the bathochromic shift
of the peak emission maximum wavelength. However, the

6 | J. Name., 2012, 00, 1-3

Figure 6 Cyclic voltammetry of binuclear complexes IrIII/CuII in DMF (50mV/s from -2.1
to +1.6 vs SCE, TBAPF6 0.1M as supporting electrolyte).
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The cyclic voltammetry of iridium binuclear complexes at 50
mV/s in purged DMF is reported in Fig. 6. The scans were
recorded by scanning first in the cathodic direction (towards
negative voltage) and then moving back to positive values. At

ARTICLE

4). The complex appearance of the voltammetric waves in the
0/+1.3 V range of the full scan is mostly originated by the
oxidation of decomposition products generated during the
cathodic scan at potentials more negative than -0.9 V vs SCE.

negative     voltage,     we     observed     two     major     irreversible DC susceptibility
reductive waves, the first at ca. -1.1 V vs SCE for all      Magnetic data was acquired with the help of the SQUID
heteronuclear complexes IrIII/CuII      (wave 2°) followed by      magnetometer (MPMS, Quantum Design) at the applied field
another more intense reduction wave centred at ca. -1.6 V vs
SCE (wave 3°) that, upon back scanning, results in a first anodic
feature at +0.2 V (wave n°4) followed by a convolved response
spanning the voltage range +0.4, +1.3 V (waves n° 5, 6) (see
Fig. S15, ESI). On the opposite, the restriction of the voltage
scan to -0.3/+0.3 V vs SCE only makes evident the clean quasi
reversible process of Cu(II)/(I) with E1/2 of ca. 0 V (peak 1 and

of B0 = 0.5 T and, after correction to the underlying
diamagnetism, transformed to the temperature dependence
of the MT product (or effective magnetic moment, (Figures 7
– left). The field dependence of the magnetization per formula
unit M1 = Mmol/NA μB at the constant temperature is shown in
figure 7 – right.

Figure 7 Left - thermal dependencies of MT (half-open circles) and M (open circles) for 1 - ([Ir(η5-Cp*)Cl2PCp-Cu(phen)], 2 - [Ir(η5-Cp*)Cl2PNr-Cu(phen)] , 3 -[Ir(η5-Cp*)Cl2PLm-
Cu(phen)], 4 – Ir(η5-Cp*)Cl2PSf-Cu(phen)]; right - magnetization as a function of magnetic field at 2.00 K (half-open circles) and 5.00 K (open circles) for 1 - IrPCpCu, 2 - IrPNrCu , 3 -
IrPLmCu, 4 – IrPSfCu . The solid lines (on all graphs) are calculated using the HDVV spin Hamiltonian and PHI.51

All examine complexes magnetically behave as a mononuclear
unit with SCu = 1/2 because IrIII ions are diamagnetic. Assuming
g = 2.0, the expected high-temperature value for S = 1/2 spin
system is eff = g[S(S + 1)]1/2 = 1.73 B. The experimental data
for 1-4 compound show a value of eff = 1.80 B for 1 (χMT =
0.41 cm3mol-1K) eff = 1.75 B for 2 (χMT = 0.39 cm3mol-1K) eff =
1.74 B for 3 (χMT = 0.38 cm3mol-1K) eff = 1.73 B for 4
(χMT = 0.38 cm3mol-1K) at T = 300 K. The χMT (and/or the
effective magnetic moment) (Fig. 7 left) for 1 and 3 decreases
slowly with lowering the temperature down to T = 25 K. Below

To fit and interpret the magnetic susceptibility data of
examined complexes, first it is necessary to find all possible
magnetic pathways. As mentioned in the structural discussion,
complexes 3 can be viewed as a monometallic chain in which
the neighboring Cu(II) ions are bridged either by carboxylate
groups of phosphino-fluoroquinolone ligands or OH- linkers
with Cu···Cu separation of 3.470 Å and 4.193 Å, respectively.
Considering above the susceptibility data was analyzed using a
Hamiltonian [eq. 1] for an alternating Ising chain shows in
scheme S1, ESI52:

50 K, a rapid decrease of the χMT was registered reaching the
value χMT = 0.33 cm3mol–1K (1.62 μB) for 1 and χMT = 0.29 ᵃ� = ∑

 / 
[−2ᵃ� ᵄ�         ᵄ�   − 2ᵃ� ᵄ�  ᵄ�         − ᵅ�ᵯ�ᵃ�(ᵄ�     − ᵄ�  )], eq. 1

cm3mol–1K (1.51 μB) for 3 at 1.8 K. This feature indicates
antiferromagnetic nature of exchange interaction. Compounds
2 and 4 exhibit weak ferromagnetic coupling (systematic
increase of χMT value with the temperature) with similar
strength (Figure 7 - left), which can be seen from the almost
the same position of the maximum T. The magnetization data
at T = 2.0 and BDC = 5.0 T saturates to M1 = Mmol/(NAB) =
0.86 μB (1, 3) and 1.00 (2, 4) which confirms the presence of
some weak antiferromagnetic interaction in the case of 1 and
3. A significant contribution of the temperature independent
paramagnetism (TIP) is reflected in the slopes of the χMT
dependencies at higher temperatures.

This journal is © The Royal Society of Chemistry 20xx

where ᵄ�       denotes the z – component of the 2n-th spin in a
linear chain, J1 and J2 are.

The zero-field susceptibility of alternating antiferromagnetic
Ising chain is:

ᵱ� = 
 

    

  

 
    (     )

 , eq. 2

where ᵃ� = 
    

, ᵃ�  = 
   

.
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The best agreement with the experimental magnetic data for 3
was obtained with J1 = –0.82 cm–1, J2 = –0.29 cm–1, gav(Cu) =
2.09 and TIP = 66·10–6 cm3mol–1, R = Σ[(χT)exp – (χT)calc]2/
Σ[(χT)exp]2     = 2.42·10–5     (solid blue line in Figure 7A). The
calculated curve matches the magnetic data well. The obtained
result suggests that the stronger antiferromagnetic exchange
interaction is mediated through the doubly oxygen bridge of
carboxylate group (the higher J value, shorter Cu···Cu contact)

Journal Name

procedure. The least squares fit of the experimental data by
this expressions leads to the following results:, gav(Cu) = 2.09,
zJ’ = -0.09 cm-1, TIP = 138 × 10−6 for 1 (red lines in Fig. 7A) and
gav(Cu) = 2.11, zJ’ = 0.15 cm-1, TIP = 192 × 10−6 for 2 (green lines
in Fig. 7A) and gav(Cu) = 2.14, zJ’ = 0.28 cm-1, TIP = 226× 10−6
for 4 (black lines in Fig. 7A). The discrepancy factor is 2.09 ×10-5

(1), 6.93×10-6 (2) and 3.57×10-6 (4). These data indicate that a
weak exchange interaction between nearest copper atoms in

which correspond to the magneto-structural correlations      the crystal lattices can exist of antiferromagnetic in 1 and
presented in the literature.53,54 For dimers with planar or near-      ferromagnetic     in     2     and     4     nature.     The     temperature-
planar cores [Cu2(µ2-O)2]2+, the exchange coupling constant (J)
depends on the value of the Cu - O - Cu (φ) angle and the Cu-O
bridge distance (R) especially expressed by the φ / R ratio, and
from more complicated factors such as geometry around
paramagnetic centers.55-57 Thus for φ ˃ 97.5o the interac on is
predicted to be antiferromagnetic (S = 0 ground state) and for
φ ˂ 97.5o the ground state is equal 1 (S = 1) and interaction
should be ferromagnetic. The small magnitude of this
interaction may be due to the asymmetry of the oxide bridge
(two different R values, one much shorter 2.058 Å and the
other much longer 2.220 Å) causing distortion of the OH
geometry and an unusually long distance Cu ⋯ Cu.
Complexes 1, 2 and 4 can be considered     as mononuclear
species which create supramolecular one-dimensional
polymeric architecture through π-stacking interactions and
system of hydrogen bonds between the water molecule and
oxygen atoms from carbonyl groups with shortest Cu ··· Cu
contact 4.196 (1), 4.904 (2) Å.
The intermolecular interactions in all monomeric complexes
was calculated using the well-known PHI program51 which
allows the simultaneous fitting of T(T) and M(H)
dependencies. The TIP was also included into the fitting

independent paramagnetic term is bigger than usually found.
Although the origins of the observed phenomenon are unclear,
it was verified by repeated measurements.
AC susceptibility

New information was obtained from the AC susceptibility
measurements. They were performed first at low temperature
T = 2.0 K for a set of representative frequencies of the
alternating field (f = 1.1, 11, 111, and 1111 Hz) by ramping the
magnetic field from zero to BDC     = 1 T with the working
amplitude BAC = 0.3 μT. There was no absorption signal (out-of-
phase susceptibility component χ’’) at the zero-field owing to a
fast magnetic tunneling. With the increasing external field, this
component raised, and only for complex 2 passed through a
maximum between 0.1 and 0.2 T at the highest frequencies
(Figure 8). This behavior indicates that 2 can exhibit the field
induced slow magnetic relaxation. Subsequent experiments
were done at a fixed external magnetic field BDC = 0.1 T (the
maximum     of     the     high-frequency     signal)     changing     the
frequency between f = 0.1 to 1500 Hz for a set of
temperatures between T = 1.8 and 12 K (Figure S16, ESI).

Figure 8 Field dependencies of the AC susceptibility components for 2 at T = 2.0 K for a set of frequencies of the AC field. Lines are a guide for the eye.

The in-phase (M) and out-of-phase (M) components
exhibit small frequency dependences with the application of
an external field of 0.2 T, indicative the possibility of a slow
relaxation of magnetization, although the maxima in  are
missing. Using this data we cannot suggest SMM or SIM
behaviour. However, the relaxation process for Cu(II) ions is
very rare due to the absence of a barrier to spin reversal: the
axial zero-field splitting parameter D is undefined. However,
some S = 1/2 spin systems such V(IV), low-spin Mn(IV), Ni(I,

8 | J. Name., 2012, 00, 1-3

III), only three example of Cu(II) , Os(V), Ir(IV), Fe(III) and Ru(III)
complexes show a slow magnetic relaxation (SMR) that is
supported by the external magnetic field.58-62 The presence of
a relaxation process in complex 2 can be a result of geometry
around Cu(II) ions. Though the D parameter cannot be
assigned to mononuclear copper(II) complexes, these are well-
known as anisotropic systems showing at least two distinct gz ≠
gx values well seen in the EPR spectra of an axial type. Thus,
even in the absence of the zero-field splitting, there exists a

This journal is © The Royal Society of Chemistry 20xx
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magnetic anisotropy. Additionally, the rest complexes not
exhibit a relaxation process. This may be due to the presence
of higher square-pyramidal geometry distortion in 2 (’ = 0.26),
which should lead to a greater difference between gx and gy

and thus greater anisotropy of g tensor than those for 1, 3 and
4.
Partition Coefficients (log P)

The cytotoxic potency of a drug is generally related to its
cellular     accumulation, which is     in turn     related to     its
lipophilicity. In general, hydrophobicity is considered to play a
crucial role in structure–activity correlations and in
determining the biological properties of the drug.26     The
octanol–water partition coefficients (log P) for all complexes
were determined and are listed in Table S3, ESI.
The complexes containing Cu(phen) ligands show substantially
lower lipophilicity than mononuclear complexes, which is in
accordance with the hydrophilic nature of the diimine ligands
and the enlargement of the planar area.63

Cytotoxic study in vitro

The cytotoxicity of the four novel heteronuclear IrIII-CuII

complexes was evaluated against five selected cancer cell
lines: A549, MCF7, DU-145, WM2664 and one normal HEK293T
cell line in vitro. IC50 values (concentration of a drug required
to inhibit the growth of 50% of the cells) were assessed in two
different approaches – after 24 h or 24 h + 48 h using the 3-
(4,5-dimethylthiazole)-2,5-diphenyltetraazolium bromide
(MTT) method. Cells were also treated with cisplatin in the
same concentration range as complexes and considered as a
control. IC50 values were determined from the plots of cell
viability at various concentrations of each compound by
matching appropriate dose–response curves      and are
presented in Table S4, ESI.
Notably, all the heteronuclear IrIII/CuII complexes displayed a
higher cytotoxicity than cisplatin against all cell lines except
from the WM2664 cells after 24 h incubation. Interestingly,
lung carcinoma cancer cells (A549) were the most sensitive cell
line to heteronuclear IrIII-CuII complexes even in the case of
both experimental approaches. Among all tested complexes,
the 4 complex showed the most significant antitumor activity

ARTICLE

in vitro with an IC50 value of 0.6 μM against A549, which was
more than 100 times more effective than the reference drug
cisplatin. This activity against A549 cells was higher after 24 h
of incubation with the compound and 48 h of regeneration
time (24 h + 48 h), compared to the experimental approach
where cytotoxicity was determined after 24 h. This indicates
that cytotoxic changes initiated in cells during the 24h
incubation, cannot be repaired by the cells, and their repair
systems that minimize toxicity are not sufficient, which may
result in breaking down the resistance. In addition, compound
4 elicited moderate cytotoxicity against other tumor cell lines
(except MCF7 after 72 h). Therefore, this suggests that the
introduction of the third-generation fluoroquinolone
(Ph2PCH2Sf) causes a significant increase in cytotoxicity to
A549 cells compared to the complexes containing the second-
generation        fluoroquinolones (Ph2PCH2Nr, Ph2PCH2Cp,
Ph2PCH2Lm). This is consistent with our previous observations
about cytotoxicity mononuclear IrIII complexes with the same
phosphine ligands.26

The results obtained for the tested complexes show that their
activity against WM2664 is in the same range as for cisplatin
after 24h. Such good cytotoxicity in vitro was accomplished
with very low toxicity profiles toward normal cell lines. A
comparison of the IC50 values shown by heteronuclear (([Ir(η5-
Cp*)Cl2PSf-Cu(phen)]     (4),     ([Ir(η5-Cp*)Cl2PLm-Cu(phen)]     (3),
([Ir(η5-Cp*)Cl2PCp-Cu(phen)] (1), ([Ir(η5-Cp*)Cl2PNr-Cu(phen)])
(2) vs mononuclear (([Ir(η5-Cp*)Cl2PSf, ([Ir(η5-Cp*)Cl2PLm,
([Ir(η5-Cp*)Cl2PCp,     ([Ir(η5-Cp*)Cl2PNr)     indicated     that     the
presence of second metal caused a significant decrease in the
toxicity against HEK293T cell line.26     In line A549 the SI
(selectivity index - IC50 (normal cell line) / IC50 (cancer cell line))
was found to be approximately 1290 for the 4 complex.
Remarkably, such a high value was achieved despite the
addition of a second metal with phenanthroline, which is
known to be toxic.64 This suggest that the introduction of a
second metal is an effective method of minimizing toxicity to
healthy cells and may bring into play different properties of
the resulting compound.

Figure 9 TEM images of empty liposome (A, B) and liposomes loaded with IrIII/CuII complex (1a; C, D).

Characterization of liposomes

Negative staining TEM images revealed spherical shape
with smooth surface and laminar character of homogeneous

This journal is © The Royal Society of Chemistry 20xx

liposomal dispersion (Fig. 9). Statistical analysis of liposome
size resulted from TEM analysis (ImageJ) is in agreement with
DLS data (Table S5, ESI). Although the size differences between
TEM and DLS can be explained by the technique differences,
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where in TEM the nanoparticles are dried and the size should
be smaller after shrinking than in DLS.65 The average size of
empty liposomes was ca. 135 nm, while these loaded with

Journal Name

Table 2 IC50 (µg/ml and µM) values of the investigated compounds toward the selected
cancer cell lines for 24 h. (1a: 0.25mg/mL and 1b: 0.5mg/mL)

IrIII/CuII complex ca. 110 nm, both with polydispersity index
indicating a quite narrow size distribution. The Zeta potential
(the electrostatic repulsion of the particle surface) was
examined in PBS (pH = 7.4), resulting in negative values for

HaCaT

L 180.47±0.108 µg/mL

1a 260,92±0,172µg/mL

A549

21,18±0,1430 µg/mL

12,31±0,1302 µg/mL

Du145

12,56 ± 0,1746 µg/mL

1,744±0,1322 µg/mL

empty and loaded liposomes (ca. -30 mV and -42 mV,
respectively) and indicating a stable dispersion.
Cytotoxicity – IC50 determined by MTT

200.68±2.081 µM

1b 200.20±0.118 µg/mL

9.47±0.261 µM

7,257±0,1245 µg/mL

1.34±0.051 µM

1,559 ± 0,1278 µg/mL

The anticancer activity of the tested iridium liposomes was
evaluated by their cytotoxicity, determined by MTT assay
against cancer (A549, Du145) and non-cancer (HaCaT) cells.
The IC50 values (concentration at which 50% of the cells are
not able to grow any longer) for the tested compounds after
24h are summarized in Table 2. The cytotoxic activity of the

154.14±1.051 µM

CDPP 9,694±0,2063 µg/mL

32.20±0.881 µM

5.58±0.121 µM

17,16±0,1814 µg/mL

56.99±0.481 µM

1.20±0.071 µM

20,56 ± 0,2189 µg/mL

68.28±2.081 µM

used carriers (liposome, L), the reference compound cisplatin
(CDPP) and complex ([Ir(η5-Cp*)Cl2PCp-Cu(phen)] (1)
encapsulated inside liposomes in two different concentrations
(1a: 0.25mg/mL and 1b: 0.5mg/mL) were also determined.
It was observed, that the empty liposome exhibited no
cytotoxicity, while IC50 values for liposomes loaded with the
Ir/Cu compounds (1a and 1b) were lower than for CDDP.

In the case of Du145 line, it can be observed as a 10-fold
decrease for complex accumulated inside the liposome.
Moreover, the compounds exhibited relatively lower cytotoxic
activity against normal cells - human keratinocytes.

Figure 10 Cellular Uptake. Accumulation of compounds (1a – IrPCpCu_L0.25; 1b - IrPCpCu_L0.5) in cells as a function of incubation time. B. Accumulation of 1a in A549 and DU-145
cells. Green fluorescence–phalloidin, blue fluorescence-tested compounds C. Cell cycle analysis. HaCaT, A549 and Du145 cells were treated with investigates compounds for 24 h
and then staining by PI. D. Cell death mechanisms. Annexin V-FITC/PI double staining of A549 and DU145 spheroids treated with investigated compounds for 24 h. E. A549 (on top)
and Du145 (on bottom) spheroids—representative live/death fluorescence images of spheroids subjected to 1a and corresponding control untreated spheroids grown in the same
culturing conditions.

Anticancer activities in vitro

To investigate the mechanism underlying the activity of
liposomes loaded with IrIII/CuII complex in selected cell lines

10 | J. Name., 2012, 00, 1-3

(HaCat, A549 and Du145), and to locate their possible targets
in the cell, total cellular uptake and confocal microscopy were
first performed. Cellular accumulation of 1 liposomes after
treatment of the tested cells was determined by the ICP-MS

This journal is © The Royal Society of Chemistry 20xx
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technique. Time-dependent cellular uptake of 1a and 1b
liposomal compounds is given in Fig. 10A. The results obtained
confirm that a higher accumulation of liposomes in cells is
observed with the increase of time. The highest accumulation
of the compound was observed after 24h. The compound 1a

ARTICLE

The results obtained on 2D cell culture encouraged us to
investigate the antitumor activity of the selected IrIII-CuII

complex (1a) also in 3D A549 and DU-145 spheroidal culture.
In addition, compared to classic adherent culture, spheroids
can provide a microenvironment that more closely mimics the

accumulated to a greater extent because a smaller amount of      cellular      interactions      observed     in     tumor      tissues.     The
the compound was encapsulated in the liposomes, making      therapeutic potential of synthesized compounds on 3D
them smaller in size. Moreover, we indicated the main
accumulation of 1a in nuclei (Fig. 10B)

spheroids was detected by fluorescence staining of live and
dead cells (Fig. 10E). For untreated 3D spheroid with normal

It is noteworthy that the accumulation of 1 differed morphology and structure mostly we observed live cells and a
significantly between cancer and normal cells, showing lower
accumulation in the non-cancer HaCaT cell line. These results
fully corroborate the differences between the cytotoxicity of
loaded nanoformulations against the cancer lines and against
the normal cell line.

The     activity     of     the     tested     compounds     is     certainly
associated with cell cycle disruption. Previously published
works confirm that cell cycle arrest is a characteristic of many
compounds with anticancer properties. The cell cycle is divided
into three main phases: the G0/G1 phase, the S phase, and the
G2/M phase.66 DNA content was measured using propidium
iodide (PI) and analyzed by flow cytometry (Fig. 10C). Before
the experiment, the cells were synchronized and then the test
compounds were added at different concentrations. Iridium
liposomes strongly inhibit the ability of the cell to further
divide regardless of the dose used. Compound 1a, even at
1000-fold dilution, arrests the cell cycle in the S phase for the
A549 line and shows similar effects to CDDP. In studies on the
Du145 cell line, an approximately 3-fold increase in S-phase
cells was obtained for this compound compared to the
reference compound. The cell cycle of normal cells (HaCaT)
was not as strongly inhibited as for cancer cells. A similar effect
could be observed for empty carriers (L). These results indicate
that the tested compounds induce cell cycle disruption.

Induction of apoptosis in response to anti-cancer drugs is
one of the major mechanisms for cancer cell death. Most
tumor cells remain sensitive to certain apoptotic stimuli from
chemotherapeutic agents. The apoptosis-inducing ability of
drugs appears to be a primary factor in determining their
efficacy.40 The results obtained confirm that the cell death
mechanisms are very similar for the iridium liposomes tested.
Interestingly, compounds with lower iridium concentrations
(1a) induce a high percentage of cells in late apoptosis (Fig.
10D). In the case of the Du145 line, less toxicity of the
compounds is observed, particularly for the 1b compound, for
which the percentage of apoptotic cells is also the highest.
Analyzing the cell death mechanisms induced by iridium
liposomes, it can be observed that compounds with lower
iridium concentration were more effective and the percentage
of living cells was 7% for line A549 and 18% for line Du145,
respectively. Compared to cisplatin, a significantly higher
percentage of late-apoptotic cells than necrotic cells were
observed after     treatment     with the     tested compounds.
Apoptosis is a more desirable cell death process because it
does not lead to the inflammatory process that occurs with
necrosis.

This journal is © The Royal Society of Chemistry 20xx

small amount of dead cells mainly in the superficial regions. In
contrast, after spheroid treatment by complex, we observed a
significant increase in dead cells after spheroid treatment by
complex.

Conclusions
The present work demonstrates the synthesis,
physicochemical characterization, and anticancer activity in
vitro of ([Ir(η5-Cp*)Cl2PCp-Cu(phen)] (IrPCpCu (1)), [Ir(η5-
Cp*)Cl2PNr-Cu(phen)]       (IrPNrCu (2)),       [Ir(η5-Cp*)Cl2PLm-
Cu(phen)] (IrPLmCu (3)), Ir(η5-Cp*)Cl2PSf-Cu(phen)] (IrPSfCu
(4)) complexes. All inorganic compounds were characterized
by ESI-MS spectrometry, selected spectroscopic methods (i.e.,
IR, fluorescence and EPR), cyclic voltammetry, and variable-
temperature magnetic susceptibility measurements. Three of
four complexes were structurally identified by single-crystal X-
ray diffraction analysis.
The coordination geometry of the iridium(III) ion in all IrIII-CuII

complexes     adopts     the     expected     half-sandwich     pseudo-
octahedral “three-leg piano-stool” geometry, where the
cyclopentadienyl moiety served as the top of the stool and the
three leg sites were occupied by phosphorous atom from
ligand and two terminal chloride anions. CuII ion in all IrIII-CuII

complexes is coordinated via nitrogen atoms (from
phenanthroline ligand) and IrP(FQ) complex (where: FQ:
fluoroquinolone) via deprotonated carboxylate and pyridone
oxygen atoms      forming      a      distorted square-pyramidal
coordination geometry in case of IrPCpCu (1) and IrPNrCu (3)
complexes.     Importantly,     the     crystal     structure     of     Ir(η5-
Cp*)Cl2PLm-Cu(phen)] features the 1D metal-organic polymer
and the analysis of 3 packing reveals that the coordination
geometry around CuII ion is distorted octahedral.
Furthermore, investigation of the elucidation the behavior of
the IrIII-CuII compounds allowed us to formulate the following
general conclusions: (i) All complexes exhibit intense emission
in solution; (ii) Redox activity of all complexes was confirmed
by cyclic voltamperometry; (iii) All complexes are
characterized by weak magnetic properties. Surprisingly, one
of the studied systems [Ir(η5-Cp*)Cl2PNr-Cu(phen)] exhibits a
slow magnetic relaxation under the moderate DC magnetic
field, that is extremely rare in case of Cu(II) complexes; (iv) The
heteronuclear IrIII/CuII complexes displayed higher cytotoxicity
than cisplatin against all cell lines (A549, MCF7, Du-145) except
for the WM2664 cell line., (v) After encapsulation of complex 1
in liposomal formulation a 10-fold cytotoxicity decrease
toward Du145 line was observed., (vi) Liposomes loaded with
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[Ir(η5-Cp*)Cl2PCp-Cu(phen)] effectively accumulates inside command, respectively. Crystallographic data of the structures
human lung adenocarcinoma and human prostate carcinoma have been deposited at the Cambridge Crystallographic Data
cells with colocalization in nuclei. (vii) A precise cytometric Centre     with     CCDC     reference     numbers     2175515:     [Ir(η5-
analysis revealed a predominance of apoptosis over the other
types of cell death; (viii) Efficient anticancer action in 3D
multicellular tumour spheroids Du-145 was demonstrated.
All this data show unique properties of the presented here IrIII-
CuII complexes and their huge potential in various medical
treatments. Redox, luminescence and magnetically active
complexes with anticancer effectiveness (preliminarily proved
in vitro) can be proposed for magnetic resonance imaging
(MRI), targeted delivery via magnetic field control, targeted
destruction of tumor tissue through hyperthermia or reactive

Cp*)Cl2PLm-Cu(phen)](NO3)·1.3(H2O)·1.95(CH3OH); 2175516:
[Ir(η5-Cp*)Cl2PNr-Cu(phen)](NO3)·1.75(CH3OH)·0.75(H2O)     and
2175517: ([Ir(η5-Cp*)Cl2PCp-
Cu(phen)](NO3)·1.75(CH3OH)·0.75(H2O).
Elemental analyses (C, H and N) were carried out with a Vario
Micro Cube – Elementar. Mass spectra were recorded with a
Bruker MicrOTOF-Q II spectrometer with an ESI ion source
under the following conditions: nebulizer pressure: 0.4 bar, dry
gas: 4.0 l min−1 heated to 180 °C. Data were recorded in the
positive ion mode, while profile spectra were recorded in the

oxygen species (phototherapy). We believe that IrIII-CuII mass range 50–3000 m/z; end plate offset −500 V; capillary
compounds are promising agents to further more detail
investigations as an anticancer drugs.

Experimental methods
General procedures

All starting reagents (iridium and ruthenium), 2nd (HCp, HNr,
HLm) and 3rd (HSf) generation fluoroquinolones (>98%),
phosphanes, [Cu(phen)(NO3)2], [Ir(η5-Cp*)Cl2]2 and solvents
were purchased from Sigma Aldrich and used without further
purifications. All solvents were deaerated prior to use.
Anhydrous Dimethylsulphoxide (DMSO) (34869-1L CAS: 67-68-
5 ≥99.7%) and dimethylformamide (227056-1L CAS: 68-12-2
≥99.8%) were purchased from Sigma Aldrich.
Tetrabuthylammoniumhexafluorophosphate      (TBAPF6) was
obtained from Alfa Aesar (CAS: 3109-63-5 98%). Electrodes for
cyclic voltammetry were a platinum wire counter electrode
(Matech Ø0.5mm 99.9%) a SCE reference (303/SCG/6) and
glassy       carbon       disk working      electrode from       Amel
Electrochemistry (303/SCG/6). Mononuclear complexes (IrPSf,
IrPLm,                  IrPNr                  and                  IrPCp)26                           and
aminomethyl(diphenyl)phosphines (PSf,67     PLm,38     PNr37     and
PCp68) were synthesized as described previously.
Characterization of organometallic iridium(iii) complexes

X-Ray quality crystals were obtained by slow evaporation
mother liquor. SCXRD measurements for 1 and 3, were
performed on a Rigaku Oxford Diffraction XtaLAB Synergy-R
DW diffractometer equipped with a HyPix ARC 150° Hybrid
Photon Counting (HPC) detector using CuKα (λ = 1.54184 Å).
For structure 2 a Xcalibur Gemini Ultra diffractometer
equipped with Ruby CCD detector using CuKα (λ = 1.54184 Å)
was employed. All measurements were performed at 100 K.
Data were processed using the CrystAlisPro software. The
structures were solved by intrinsic phasing with SHELXT (2015
release) and refined by full-matrix least-squares methods
based F 2 using SHELXL. For all structures, H atoms bound to C
atoms were placed in the geometrically idealized positions and
treated in riding mode, with C-H = 0.95 Å and Uiso(H) =
1.2Ueq(C) for C-H groups, and C-H = 0.98 Å and Uiso(H) =
1.5Ueq(C) for CH3 groups. The N- and O-bonded hydrogen
atoms which were at initial stage of refinement located from
difference maps and then constrained with AFIX 13 and AFIX 3
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voltage 4500 V; mass resolving power of the instrument – over
18 000. Mass calibration was done using the cluster method
with a mixture of 10 mM sodium formate and isopropanol
(1 : 1, v/v) before the run. In order to record the spectra the
compounds were dissolved in chloroform.
Electronic absorption spectroscopy was carried out with an
UV-Vis spectrophotometer (Agilent Technologies, Cary300 UV-
Vis).
Steady state luminescence spectra were acquired with an
Edinburgh Instruments FS920 spectrofluorimeter equipped
with a R928 phototube detector.     The spectroscopic energy
E00 was obtained from the crossing of the normalized
absorption and emission spectra.
FT-IR     spectra     of     complexes     were     recorded     using     a
BrukerVertex 70V vacuum spectrometer equipped with a
diamond ATR cell with resolution of 2 cm-1 in the middle-
infrared (4000500 cm-1) and far-infrared (600–100 cm–1)
regions at room temperature as solid state and methanolic
solutions (c = 0.80%) as well. The spectral data were collected
and further elaborated using Bruker OPUS software.
Direct current (DC) magnetic measurements in the
temperature range 1.8-300 K (BDC = 0.1 T) and variable - field
(0-5 T) (at low temperature) were performed using a Quantum
Design        SQUID-based        MPMSXL-5-type magnetometer.
Corrections were based on subtracting the sample – holder
signal and contribution χD estimated from the       Pascal
constants.69 Variable-temperature (2–7 K) alternating current
(AC) magnetic susceptibility measurements under different
applied static fields in the range of BDC = 0–1.0 T were carried
out with Quantum Design Physical Property Measurement
System (PPMS). Magnetic measurements were carried out by
crushing the crystals and restraining the sample in order to
prevent any displacement due to its magnetic anisotropy.
EPR spectroscopy
Electron paramagnetic resonance (EPR) spectra were
measured using a Bruker ELEXYS E 500 Spectrometer equipped
with NMR teslametr and frequency counter at X-band. The
experimental spectra were simulated with use of computer
programs (S=1/2) written by Dr. Andrew Ozarowski from
NHMFL, University of Florida. The solid compounds dissolved
in water and a few drops of DMSO were added to the samples
to ensure good glass formation at liquid nitrogen temperature.
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Synthesis of heterometallic iridium-copper complexes Cyclic     voltammetry     was     carried     out     with     an     Autolab

The Ir(III)/Cu(II) complexes 1–4 were prepared according to
following general synthetic procedure: a solution of the
[Cu(phen)(NO3)2] (1 equiv) in methanol (5 mL) was slowly
added to a stirred solution of mononuclear complexes Ir(III) (1
equiv) in the same solvent (20 mL) and the mixture was stirred
at room temperature for 24 h in the dark. Suitable crystals for
X-ray diffraction were obtained from slow evaporation of a
solution in CH3OH.
Data for [Ir(η5-Cp*)Cl2PCp-Cu(phen)] (1)
Yield: 84%, Molar mass: 1300.196 g/mol. Anal. Calcd for
C52H53Cl2CuFIrN5O4P·(NO3)·2.75(H2O): C, 48.04; H, 4.54; N,
6.46%. Found: C, 48.05; H, 4.55; N, 6.47%.
ESI(+)MS in CH3OH, m/z: 1129.264 (theor.: 1129.274) (100%)
[IrPCpCu-HCl-Cl+CH2OH]+; 1099.260 (theor.: 1099.263) (3%)
[IrPCpCu-2Cl]+; 858.280 (theor. 858.281) (6%)     [IrPCpCu-2Cl-
Cu(phen)+H]+; 787.176 (theor.: 787.178) (27%) [IrPCpCu-
IrCl2+O]+; 573.122 (theor.: 573.123) (9%) [IrPCpCu-IrCl2-
PPh2CH2]+; 564.131 (theor.: 564.133) (5%) [IrPCpCu-2HCl+CH2-
OH]2+; 549.126 (theor.: 549.127) (6%) [IrPCpCu-HCl-Cl]2+
Data for [Ir(η5-Cp*)Cl2PNr-Cu(phen)] (2)
Yield: 89%, Molar mass: 1353.226 g/mol. Anal. Calcd for
(C51H52Cl2CuFIrN6O6P)·(NO3)·1.75(CH4O)·0.75(H2O): C, 46.82; H,
4.51; N, 7.25%. Found: C, 46.83; H, 4.52; N, 7.27%.
ESI(+)MS in CH3OH, m/z: 1157.199 (theor.: 1157.201) (100%)
[IrPNrCu]+; 1123.246 (theor.: 1123.240) (1%) [IrPNrCu-Cl+H]+;
916.222 (theor.: 916.218) (4%) [IrPNrCu-Cu+H]+; 894.226
(theor.: 894.221) (4%) [IrPNrCu-Cu(phen)-HCl-OH+CH2OH]+;
759.183 (theor.: 759.183) (17%) [IrPNrCu-IrCl2]+
Data for [Ir(η5-Cp*)Cl2PLm-Cu(phen)] (3)
Yield: 88%, Molar mass: 1357.29 g/mol. Anal. Calcd for
C52H52Cl2CuF2N5O3PIr·(NO3)·1.3(H2O)·1.95(CH4O): C, 48.26; H,
4.81; N, 6.19%. Found: C, 48.28; H, 4.82; N, 6.20%.
ESI(+)MS in CH3OH, m/z: 1191.175 (theor.: 1191.204) (100%)
[IrPLmCu]+; 1149.285 (theor.: 1149.280) (5%) [IrPLmCu-HCl-
Cl+CH2OH]+; 948.229 (theor.: 948.225) (38%) [IrPLmCu-Cu]+;
912.253     (theor.:     912.248)     (5%)     [IrPLmCu-Cu(phen)-Cl]+;
908.303 (theor.: 908.297) (4%) [IrPLmCu-Cu(phen)-
2Cl+CH2OH]+;     878.293     (theor.:     878.287)     (3%)     [IrPLmCu-
Cu(phen)-2Cl+H]+; 791.191 (theor.: 791.187) (76%) [IrPLmCu-
IrCl2]+;     593.131     (theor.:     593.129)     (43%)     [IrPLmCu-IrCl2-
PPh2CH2]+

Data for [Ir(η5-Cp*)Cl2PSf-Cu(phen)] (4)
Yield: 78%, Molar mass: 1231.69 g/mol. Anal. Calcd for
C54H55Cl2CuF2N6O3PIr: C, 52.66; H, 4.50; N, 6.82%. Found: C,
52.65; H, 4.49; N, 6.81%.
ESI(+)MS in CH3OH, m/z: 1230.208 (theor.: 1230.234) (58%)
[IrPSfCu]+; 989.243(theor.: 989.251) (4%) [IrPSfCu-
Cu(phen)+H]+;     947.300(theor.:     947.308)     (52%)     [IrPSfCu-
Cu(phen)-2HCl+CH2OH]+; 919.307(theor.: 919.313) (12%)
[IrPSfCu-Cu(phen)-2Cl+H]+; 832.210 (theor.: 832.216) (48%)
[IrPSfCu-IrCpCl2]+; 634.158 (theor.: 832.156) (12%) [IrPSfCu-
IrCpCl2-PPhCH2]+; 594.651 (theor.: 594.649) (4%) [IrPSfCu-
2HCl+CH2OH]2+

Electrochemical characterization

This journal is © The Royal Society of Chemistry 20xx

PGSTAT302N potentiostat-galvanostat. A single compartment
cell of the type GC/SCE/Pt containing a deoxygenated
supporting electrolyte made of 0.1 M TBAPF6 in DMF was
used. Typically, an analytic concentration of 0.5 mM was
adopted. Voltammetric cycles were performed at 50mV/s,
scanning from open circuit to negative potentials and
backwards.

Preparation of liposomes

Cholesterol (100 mg) and phosphatidylcholine (200 mg) were
dissolved in dichloromethane (4.5 ml). After mixing 150 µl of
the solution was transferred to each Eppendorf tube (30
pieces, 1.5 ml).The solvent was blown out by nitrogen during
rotating. This way liposome film was formed on the walls of
tube. Each Eppendorf tube contained 10 mg of liposome. The
complexes (2, 1, 0.5, 0.25 and 0.125 mg) were dissolved in
dichloromethane (300 µl) and added to Eppendorf tube with
liposome solution (10 mg in 150 µl of CH2Cl2). The solutions
were homogenized in ultrasonic bath (10 min) and then blown
out by nitrogen. Water (1 ml) was poured on the film and
Eppendorf tube was homogenized in ultrasonic bath to form
light brown or light green liposome suspension. The samples
were shaken and heated on Thermomixer comfort for 15 min
at 60 ºC.

TEM characterization of liposomes

Liposomes morphology was analyzed by using a FEI™ Tecnai
T20 Microscope operated at 200 kV. The size was determined
from the enlarged TEM micrographs, using commercially
available software ImageJ, counting at least 50 particles in
different images.

DLS characterization of liposomes

The     average     hydrodynamic     diameter     and     electrokinetic
potential were determined by the dynamic light scattering
(MADLS; Zetasizer Ultra, Malwern). Measurements were
performed in PBS (pH = 7.4) at room temperature.

Cell cultures

MCF7 cell line (human breast adenocarcinoma, morphology:
epithelial-like, ATCC: HTB-22), A549 cell line (human lung
adenocarcinoma, morphology: epithelial, ATCC: CCL-185) and
and HaCaT (human keratinocyte) were cultured in Dulbecco’s
Modified Eagle’s Medium (DMEM, Corning) with phenol red,
supplemented with 10% fetal bovine serum (FBS) and with 1%
streptomycin/penicillin.     WM266-4     cell     line     (human     skin
(metastasis), morphology: epithelial, ATCC CRL-1676) were
cultured in EMEM (EBSS) + 2mM Glutamine + 1% Non-Essential
Amino Acids (NEAA) + 1% Sodium Pyruvate (NaP) + 10% Foetal
Bovine Serum (FBS). DU-145 cell line (human prostate
carcinoma) and HEK293T cell line (human embryonic kidney)
were cultured in minimum essential medium (MEM, Corning)
with only 10% fetal bovine serum (FBS). Cultures were
incubated at 37°C under a humidified atmosphere containing
5% CO2. Cells were passaged using a solution containing 0.05%
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trypsin and 0.5 mM EDTA. All media and other ingredients
were purchased from ALAB, Poland.

Cytotoxic activity

Since most of the studied compounds are insoluble in aqueous
media, therefore they needed to be pre-dissolved in DMSO for
biological tests. Cytotoxicity was assessed by MTT assay
performed according to the protocols described previously.70

In brief, 1 × 104 cells per well, seeded in 96-well flat-bottom
microtiter plate, were incubated with the tested complexes (1,
2, 3 and 4) at various concentrations for 24 h. After that time,
solutions of compounds were washed out, cells were washed
thee time with PBS and fresh medium was applied. Each
compound concentration was tested in five replicates and
repeated at least three times. Determined values of IC50

(concentration of a drug required to inhibit the growth of 50%
of the cells) are given as mean + S.D. (Standard Deviation).
Furthermore, post-treatment survival assessment of the
treated cells was analyzed under a fluorescence inverted
microscope (Olympus IC51, Japan) with an excitation filter
470/20 nm. For this, cells were stained with two versatile
fluorescence dyes: fluorescein diacetate (FDA, 5 mg/mL) and
propidium iodide (PI, 5 mg/mL) in standard conditions in the
dark for 20 min. Before visualization dyes were removed and
cells     were     washed     with     PBS     twice.     IC50 values     were
determined, after 72 h, from the plots of cell viability in the
presence of various concentrations of each compound by
matching dose–response curves.
Cellular uptake

A549 and Du-145 cells at a density of 2 × 106 cells per 2 mL
were seeded on 6-well plates and were incubated with 1a and
1b (2mL) for 24 h (37 °C, 5% CO2). Additional wells were
incubated with medium alone as a negative control. Then,
compound solutions were removed; the cells were washed
twice with PBS buffer, and trypsinized. Measurement of the
concentration of iridium ions was carried out using a mass
spectrometer     (ELAN     6100     PerkinElmer) with     inductively
coupled plasma (ICP-MS). For analysis, the collected cells were
mineralized in 1 mL of 65% HNO3 at 60 °C for 1 h. The iridium
content under each condition is expressed as ng mg−1 protein.
The protein content was assessed with Bradford Protein Assay
(Thermo Scientific™).71 The experiment was repeated at least 3
times and results are presented as mean value + S.D
Confocal laser scanning microscopy

The intracellular uptake of 1a was studied in the A549 and
DU145 cancer cells according to the previously applied
protocol.40 In brief, before imaging, A549 and Du145 cells were
seeded on microscopic slides at a density of 1 × 105 cells. Cells
were kept for 24 h at 37 °C in a 95% atmospheric air and 5%
CO2 humidified atmosphere. After being washed with fresh
medium, the cells were incubated in the dark with 1 μM
solution of 1a prepared growth medium for 2 h. Next, cells

Journal Name

and the slide was transferred to the microscope stage and cells
were visualized under a confocal microscope Zeiss LSM 880
(Carl Zeiss, Jena, Germany) with a 63 × oil immersion objective.
Images were analyzed by Zeiss ZEN Software.
Cell death analysis by flow cytometry

Annexin V Apoptosis Detection Kit FITC (Invitrogen) and
Propidium     Iodide     (Thermo     Fischer     Scientific,     Waltham,
Massachusetts, USA) were used to distinguish cell death
(apoptotic and necrotic cells) induced by studied compounds
quantitatively due to the previously described protocol.72 In
brief, the studied compounds 1a and 1b (in a broad range of
concertation     ranging     between     100     and 0.01 µM)     were
incubated for 24 h with A549 and HaCaT cells (seeded at
density 5 × 105 cells/mL) in 12-well plates. After this time, the
compound solutions were removed, and the cells were
washed twice with PBS buffer (phosphate-buffered saline,
pH = 7.4). Trypsin was added to the cells and then they were
left for 10 min at 37 °C in a humidified atmosphere containing
5% CO2. The cells were collected, centrifuged, and separated
from the supernatant, then washed twice with 0.5 ml PBS
buffer (buffer phosphate saline NaCl, KCl, Na2HPO4, KH2PO4)
and suspended in Binding Buffer. Fifteen minutes before
measuring, cells were stained with Annexin V-FITC and PI and
incubated in the dark. Viable and dead (early apoptotic, late
apoptotic, and necrotic) cells were detected using the
BDAccuri flow cytometer (BD Biosciences). The experiment
was repeated at least 3 times.
Cell cycle analysis

The A549, Du145 and HaCaT cells (3 × 105/well) were seeded in
12-well plates and treated with various concentrations of 1a,
1b and cisplatin (CDDP) for 24 h. Synchronization of A549,
Du145 and HaCaT cell cultures was performed by serum
starvation protocol. Serum starvation is widely used for
synchronizing donor cells by arresting them in the G0/G1
phase of the cell cycle.73     Cell cultures were seeded and
incubated in a growth medium with 20% FBS overnight to
synchronize the cell cultures. Then the cultures were rinsed by
PBS and changed to serum-free medium. After serum
starvation for 18 h, the cells were passaged and released into
the cell cycle by the addition of serum. Then cells were treated
with 1a, 1b and CDDP for 24 h. For FACS analysis, cell samples
were harvested with trypsinization and stained with propidium
iodide (20 ug/mL). Cell cycle phase distributions were analyzed
by flow cytometry (BD Bioscience). Experiments were reaped
at least three times.

Three-dimensional culturing in vitro

For hanging drop formation, the lid from a tissue culture dish
was removed and 5 × 105 A549 or DU-145 cells in 10 μl drops
were placed on the bottom of the lid. In each case, the cell
suspension was homogeneous and did not contain aggregates,
since it determines the size and uniformity of spheroids. Then,

were stained with phalloidin-atto488 (Sigma Aldrich) to the lid was inverted onto the PBS-filled bottom chamber and
visualize the cytoskeleton and then incubated for 10 min with
Hoechst 33342 for nuclear staining. After this incubation, at
37 °C, in the dark, the cells were washed with HBSS two times,
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incubated at 37 °C/ 5% CO2/ 95% humidity. The sphere growth
was monitored daily and incubates until either cell sheets or
aggregates were formed. Once sheets were formed, they were
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transferred to 96-well plates coated with Geltrex matrix and
incubated with a completed growth medium until spheroids
were created. Using optimal growth conditions, a period of 4–
7 days was found to be optimal for spheroid assembly. The
direct effect of drug toxicity was examined on spheroids
derived from both A549 and Du-145 cell lines. For cytotoxicity
assessment, spheroids were grown and were monitored for 5–
7 days. After this time, the spheres were treated with the
tested liposomal formulation of 1 (1a) at increasing doses (0.1
×     IC50,     IC50,     and     10     ×     IC50,     IC50 determined     for     the
corresponding Pluronic P-123 nanoformulations), and the
plates were further incubated at 37 °C. Forty-eight hours after
treatment, the spheroids were stained with 4′,6-diamidino-2-
phenylindole (DAPI), calcein AM (CAM), and propidium iodide
(PI) to estimate the live/dead cells population for one hour,
washed and visualized using a confocal microscope Zeiss LSM
880 (Carl Zeiss, Jena, Germany) with a 10 × oil immersion
objective. Images were analyzed by Zeiss ZEN Software.74
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Novel heteronuclear IrIII-CuII complexes ([Ir(η5-Cp*)Cl2PCp-Cu(phen)](NO3)·1.75(CH3OH)·0.75(H2O) (1),

[Ir(η5-Cp*)Cl2PNr-Cu(phen)](NO3)·1.75(CH3OH)·0.75(H2O) (2), [Ir(η5-Cp*)Cl2PLm-Cu(phen)] (3), Ir(η5-

Cp*)Cl2PSf-Cu(phen)](NO3)·1.3(H2O)·1.95(CH3OH) (4) bearing phosphines derived from

fluoroquinolones: sparfloxacin (HSf), ciprofloxacin (HCp), lomefloxacin (HLm), and norfloxacin (HNr)

have been studied as possible anticancer chemotherapeutics. All compounds were characterized by ESI-MS

spectrometry, selected spectroscopic methods (i.e., IR, fluorescence and EPR), cyclic voltammetry, variable-

temperature magnetic susceptibility measurements and x-ray diffractometry. Importantly, the crystal

structure of Ir(η5-Cp*)Cl2PLm-Cu(phen)] features the 1D metal-organic polymer. It is worth mentioning that

all Ir(III)-Cu(II) inorganic compounds exhibit weak magnetic interactions. Surprisingly, one of the studied

systems [Ir(η5-Cp*)Cl2PNr-Cu(phen)] exhibits a slow magnetic relaxation under the moderate DC magnetic

field, that is extremely rare in case of Cu(II) complexes. Investigation of IrIII-CuII complexes cytotoxicity in

vitro reveals their high anticancer potential towards human prostate carcinoma cells simultaneously with low

toxicity against healthy cells. Furthermore, liposomes loaded with red-ox active [Ir(η5-Cp*)Cl2PCp-

Cu(phen)] was prepared to overcome low solubility and minimize serious systemic side effects. Confocal

microscopy and an ICP-MS analysis showed that liposomal [Ir(η5-Cp*)Cl2PCp-Cu(phen)] effectively

accumulates inside human lung adenocarcinoma and human prostate carcinoma cells with colocalization in

nuclei. A precise cytometric analysis revealed a predominance of apoptosis over the other types of cell

death. Furthermore, the investigated nanoformulation may induce changes in the cell cycle leading to S

phase arrest in a dose-dependent manner. In vitro cytotoxicity assays were also carried out within

multicellular tumour spheroids and efficient anticancer action on these 3D assemblies was demonstrated.



Table S1. Crystallographic experimental details
Parameters IrPNrCu·(NO3)·1.75(CH4O)·0.75(H2O)
Moiety Formula (C51H52Cl2CuFIrN6O6P)·(NO3)·1.75(CH4O)·0.75(H2O)
Formula weight (g·mol-1) 1353.19
Crystal description blue
Crystal size (mm) 0.26 × 0.12 × 0.04
Temperature (K) 293
Type of radiation Cu Kα
Crystal system Triclinic
Space group P-1
a (Å) 10.801 (2)
b (Å) 13.114 (3)
c (Å) 20.180 (5)
α (°) 100.01 (2)
β (°) 99.95 (2)
γ (°) 91.82 (2)
Volume (Å3) 2766.9 (11)
Z 2
Density calc. (mg/m3) 1.624
Absorptioncoeff. (mm-1) 6.81
F(000) 1364
θmin – θmax (°) 4.2–66.9
hkl ange 12 ← h ← - 12

15 ← k ← - 14
23 ← l ← - 24

Reflections collected 33507
Independent reflections 9814
Rint 0.037
Completeness to θfull (%)              99.5
Absorptioncorrectiontype analytical
Tmax and Tmin 0.773, 0.389
Data/restraints/parameters 9814/6/786
Goodness of fit F2 1.240
R1, wR2 [I>2σ(I)] 0.0442, 0.1082
R1, wR2 (all data) 0.0455, 0.109
Largest diff. peak and hole 0.99, -0.89
(eÅ-3)

IrPCpCu·(NO3)·2.75(H2O)
C52H53Cl2CuFIrN5O4P·(NO3)·2.75(H2O)
1300.15
pale green
0.25 × 0.10 × 0.05
100
Cu Kα
Triclinic
P-1

10.531 (3)
15.039 (4)
18.734 (5)
66.38 (3)
82.87 (3)
78.35 (2)
2659.4 (14)
8
1.624
7.028
1309
3.2–74.2
13← h ← - 13
17 ← k ← - 18
21 ← l ← - 23
43007
10849
0.034
99.7
gaussian
1.000, 0.320
10849/0/877
1.039
0.0508, 0.1250
0.0601, 0.132
2.03, -3.49

IrPLmCu·(NO3)·1.3(H2O)·1.95(CH4O)
C52H53.5Cl2CuF2IrN5O3.5P·(NO3)·1.3(H2O)·1.95(CH4O)
1348.02
green
0.28 × 0.11 × 0.06
100
Cu Kα
Orthorhombic
Pbcn
48.765 (5)
15.889 (2)
14.660 (3)

11359 (3)
8
1.577
6.63
5445
3.9 – 67.5
58 ← h ← - 58
16 ← k ← - 19
17 ← l ← - 17
63264
10196
0.053
99.8
gaussian
1.000, 0.304
10196/36/855
1.127
0.0630, 0.1677
0.0665,
2.29, −2.31



Table S2. Selected bond lengths (Å) and angles (°) for crystallized complexes
IrPNrCu·(NO3)·1.75(CH4O)·0.75(H2O) IrPCpCu·(NO3)·2.75(H2O)

C6 – C10 1.447(10) 1.451(8)
C6 – C7 1.433(9) 1.412(9)
C7 – C8 1.454(8) 1.463(9)
C8 – C9 1.440(9) 1.414(10)
C9 – C10 1.449(9) 1.447(9)
C(Cp*ring)-C(Cp*CH3)

Ir1 – C6 2.235(6) 2.245(6)
Ir1 – C7 2.224(6) 2.237(6)
Ir1 – C8 2.198(7) 2.142(6)
Ir1 – C9 2.195(6) 2.155(6)
Ir1 – C10 2.203(6) 2.154(6)
Ir1 – CCp*(average) 2.211(0) 2.186(6)
Ir1 – Ccentroid

Ir1 – P1 2.312(16) 2.291(15)
Ir1 – Cl1 2.410(2) 2.411(15)
Ir1 – Cl2 2.427(4) 2.448(17)
P1 – C11 1.839(5) 1.846(6)
P1 – C21 1.815(5) 1.822(6)
P1 – C31 1.812(5) 1.816(6)
Cu1 – O70A 1.911(4) 1.917(17)
Cu1 – O70A’ - -
Cu1 – O65A 1.917(4) 1.919(17)
Cu1 – O65B - -
Cu1 – N91 2.019(5) 1.999(13
Cu1 – N81 2.014(5) 2.013(12)
Cu1 – O1N 2.351(6) -
Cu1 – O1W - 2.32(2)
FQcentroid – phenCentroid

P1 – Ir1 – Cl1 87.57(1) 86.73(5)
P1 – Ir1 – Cl2 124.2(2) 91.14(6)
Cl1 – Ir1 – Cl2 86.96(13) 88.39(5)
Ccentroid – Ir1 – P1

Ccentroid – Ir1 – P1

Ccentroid – Ir1 – P1

Ir1 – P1 – C11 114.44(18) 112.06(19)
Ir1 – P1 – C21 111.4(2) 113.2(2)
Ir1 – P1 – C31 118.76(19) 117.1(2)
C31 – P1 – C21 105.5(2) 107.1(3)
C31 – P1 – C11 104.4(3) 101.2(3)
C21 – P1 – C11 100.4(2) 104.8(3)
N91 – Cu1 – N81 82.1(2) 81.6(5)
O70A – Cu1 – O65A 94.52(16) 93.7(7)
O70A – Cu1 – O65B - -
O70A – Cu1 – O70’

O65A – Cu1 – N81 90.9(2) 88.9(6)
O65B – Cu1 – N81

O70A – Cu1 – N81 172.94(19) 174.5(6)
O70’ – Cu1 – N81

O65A – Cu1 – N91 162.68(19) 158.8(7)
O65B – Cu1 – N91

O70A – Cu1 – N91 91.43(18) 94.4(6)
O70A’ – Cu1 – N91

O1N – Cu1 – N91                          81.7(2)                                                          -
O1N – Cu1 – N81                          86.88(19)                                                      -

IrPLmCu·(NO3)·1.3(H2O)·1.95(CH4O)
1.44(4)
1.40(4)
1.46(3)
1.51(4)
1.46(3)
1.4862
2.19(4)

2.21(3)

2.18(2)

2.19(2)

2.21(2)

2.196
1.835
2.304(18)
2.407(18)
2.413(18)
1.859(7)
1.814(7)
1.819(7)
2.057(12)
2.220(14)
1.923(19)
1.959(18)
2.004(7)
1.991(8)
-2.298(3)
3.743
87.93(6)
90.19
88.28
134.59
121.28
121.68
114.0(2)
118.6(3)
116.0(2)
103.8(3)
97.2(3)
104.4(3)
82.1(3)
88.2(6)
95.9(6)
71.69
91.0(6)
91.1(6)
157.1(5)
108.2(3)
167.9(6)
167.5(6)
94.4(4)
86.2(4)



O1N – Cu1 – O65A 113.91(18)
O1N – Cu1 – O70A 95.02(18)
O1W – Cu1 – N91 -
O1W – Cu1 – N81 -
O1W – Cu1 – O65A -
O1W – Cu1 – O65B -
O1W – Cu1 – O70A -
O1W – Cu1 – O70A’ -
Ccentroid – centre of gravity

-
-
102.9(8)
93.4(10)
96.4(9)
-
-
-

88.6(3)
108.2(3)
103.1(5)
83.6(5)
94.3(4)
164.5(4)

Ir1–CCp* (average) – average calculated from: Ir1–C1, Ir1–C2, Ir1–C3, Ir1–C4, Ir1-C5

C(Cp*ring)-C(Cp*CH3) – average calculated from: C1-C1A, C2-C2A, C3-C3A, C4-C4A, C5-C5A



Figure S1 A perspective view of the complex IrPCpCu showing (A) π-stacking interaction between the
fluoroquinolone rings (B) packing diagram.

Figure S2 A perspective view of the complex IrPNrCu showing (A) π-stacking interaction between the
fluoroquinolone rings (B) packing diagram.

Figure S3 Packing diagram of complex IrPLmCu



Figure S4 Packing diagram of complex IrPNrCu showing (A) π-stacking interaction between the
fluoroquinolone rings (B) offset pattern of the π–π stacking in complex IrPNrCu.



Figure S5 (a)



Figure S5 (b)

Figure S5 (c)



Figure S5 (d)

Figure S5 (e)



Figure S5 (f)

Figure S5 (g)



Figure S5 (h)

Figure S5 (i)

Figure S5 (a) ESI mass spectrum of IrPLmCu(phen). ESI(+)MS in CH3OH, m/z: 1191.175 [IrPLmCu(phen)]+;
1149.285 [IrPLmCu(phen)-HCl-Cl+CH2OH]+; 948.229 [IrPLmCu(phen)-Cu(phen)+H]+; 912.253
[IrPLmCu(phen)-Cu(phen)-Cl]+; 908.303 [IrPLmCu(phen)-Cu(phen)-2Cl+CH2OH]+; 878.293[IrPLmCu(phen)-
Cu(phen)-2Cl+H]+; 791.191[IrPLmCu(phen)-IrCl2]+; 593.131 [IrPLmCu(phen)-IrCl2-PPh2CH2]+(b)experimental
and simulated spectra of [IrPLmCu(phen)+H]+(c) experimental and simulated spectra of[IrPLmCu(phen)-2Cl-
2H+CH3OH]+(d) experimental and simulated spectra of [IrPLmCu(phen)-Cu(phen)]+(e)experimental and simulated
spectra of [IrPLmCu(phen)-Cu(phen)-Cl]+(f)experimental and simulated spectra of [IrPLmCu(phen)-Cu(phen)-
2Cl-H+CH3OH]+(g)experimental and simulated spectra of[IrPLmCu(phen)-Cu(phen)-2Cl+H]+(h)experimental and
simulated spectra of[IrPLmCu(phen)-IrCl2]+(i)experimental and simulated spectra of[IrPLmCu(phen)-IrCl2-
PPh2CH2]+



Fig. S6 (a)



Fig. S6 (b)

Fig. S6 (c)



Fig. S6 (d)

Fig. S6 (e)



Fig. S6 (f)

Fig. S6 (g)



Fig. S6 (h)

Figure S6 (a) ESI mass spectrum of IrPCpCu(phen). ESI(+)MS in CH3OH, m/z: 1129.264 [M-HCl-Cl+CH2OH]+;
1099.260 [M-2Cl]+; 858.280 [M-2Cl-Cu(phen)+H]+; 787.176 [M-IrCpCl2+O]+; 573.122 [M-IrCpCl2-PPhCH2]+;
564.131 [M-2HCl+CH2OH]2+; 549.126 [M-HCl-Cl]2+     (b)experimental and simulated spectra of [M-HCl-
Cl+CH2OH]+(c) experimental and simulated spectra of[M-2Cl]+(d) experimental and simulated spectra of [M-2Cl-
Cu(phen)+H]+(e)experimental and simulated spectra of [M-IrCpCl2+O]+(f)experimental and simulated spectra of[M-
IrCpCl2-PPhCH2]+(g) experimental and simulated spectra of [M-2HCl+CH2OH]2+(h)experimental and simulated
spectra of [M-HCl-Cl]2+



Fig. S7 (a)



Fig. S7 (b)

Fig. S7 (c)



Fig. S7 (d)

Fig. S7 (e)



Fig. S7 (f)

Figure S7 (a) ESI mass spectrum of IrPNrCu(phen). ESI(+)MS in CH3OH, m/z: 1157.199 [M]+; 1123.246 [M-
Cl+H]+; 916.222 [M-Cu(phen)+H]+; 894.226 [M-HCl-OH+CH2OH]+; 759.183 [M-IrCpCl2]+; (b) experimental and
simulated spectra of [M]+; (c) experimental and simulated spectra of [M-Cl+H]+(d) experimental and simulated
spectra of [M-Cu(phen)+H]+(e) experimental and simulated spectra of [M-HCl-OH+CH2OH]+(f) experimental and
simulated spectra of [M-IrCpCl2]+



Fig. S8 (a)



Fig. S8 (b)

Fig. S8 (c)



Fig. S8 (d)

Fig. S8 (e)



Fig. S8 (f)

Fig. S8 (g)



Fig. S8 (h)

Figure S8 (a) ESI mass spectrum of IrPSfCu(phen). ESI(+)MS in CH3OH, m/z: 1230.208 [M]+; 989.243 [M-
Cu(phen)+H]+; 947.300 [M-Cu(phen)-2HCl+CH2OH]+; 919.320 [M-Cu(phen)-2Cl+H]+; 832.210 [M-IrCpCl2]+;
634.158 [M-IrCpCl2-PPhCH2]+; 594.651 [M-2HCl+CH2OH]2+ (b) experimental and simulated spectra of [M]+ (c)
experimental and simulated spectra of [M-Cu(phen)+H]+ (d) experimental and simulated spectra of [M-Cu(phen)-
2HCl+CH2OH]+ (e) experimental and simulated spectra of [M-Cu(phen)-2Cl+H]+ (f) experimental and simulated
spectra of [M-IrCpCl2]+ (g) experimental and simulated spectra of [M-IrCpCl2-PPhCH2]+ (h) experimental and
simulated spectra of [M-2HCl+CH2OH]+



Figure S9 The FT-IR spectra of complexes 1-4 in the MIR spectral region



Figure S10 The X-band EPR spectra of 1 - 4 at 77 K together with the spectrum calculated by computer simulation

of the experimental spectra with spin Hamiltonian parameters given in the text.



Figure S11 EPR frozen solution spectra (at 77 K) of compounds 1 - 4; in DMSO solvent together with the

theoretical spectrum calculated using the parameters given in the text.
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Figure S12 Emission spectra obtained for IrPLmCu(Phen) and RuPLmCu(Phen) both in DMF and DMSO

solution.

Figure S13 Normalized emission spectra for heteronuclear Ir(III)/Cu(II) complexes, homonuclear Ir(III)

complexes and the corresponding phosphine ligands; λex = 340 nm, 298 K.



Figure S14 Excitation spectra of IrPCpCu, IrPNrCu, IrPLmCu and IrPSfCu
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Figure S15 Cyclic voltammetry of the mononuclear fragments of Iridium complexes in DMF (50mV/s from
-2.1 to +1.6 vs SCE, TBAPF6 0.1M as supporting electrolyte).
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Scheme S1 Alternating Ising chain.



Figure S16 Temperature dependence of (a) the in-phase and (b) out-of-phase molar susceptibility of 2.

Table S3. Calculated log P values for ligands using program
ACD/log P1     and complexes using program ALOGPS
2.150.2,3

Ligands  Homonuclear Heteronuclear IrIII-CuII

IrIII complexes                     complexes
PCp 5.81 IrPCp 7.73 IrPCpCu 3.47
PSf 6.35 IrPSf 7.44 IrPSfCu 3.83
PLm 6.86 IrPLm 7.51 IrPLmCu 3.92
PNr 5.97 IrPNr 7.26 IrPNrCu 3.55



Table S4 Values of IC50 [µM] (concentration of a drug required to inhibit the growth of 50% of the cells) for
WM2661, A549, MCF7, DU-145, HEK293T cells after 24h and 24h + 48h treatment with the studied
compounds and cisplatin as reference

IC50 [µM] ± SD;24h

A549 MCF7 DU-145 WM2664 HEK293T

IrPCpCu

IrPLmCu

IrPNrCu

IrPSfCu

Cisplatin
(CDDP)

35.5± 5.6E-03

31.6± 7.6E-03

11.2± 7.8E-03

18.1± 1.3E-03

56.99±1.3E-03

35.3± 6.5

24.2± 7.2

30.00± 0.7

10.5± 0.8

51.9±4.6

12.8±2.7E-07

14.2± 2.4E-03

10.8± 1.9E-04

10.1± 2.9E-03

68.28±1.3E-03

5.15± 4.1E-03

10.1± 2.2E-03

9.9± 3.8E-03

6.2± 2.4E-03

2.6±0.6

786.8 ± 11.2

775.8 ± 15.7

756.8 ± 5.7

676.8 ± 9.2

21.0±1.8

IC50 [µM] ± SD; 72h (24h + 48h)

IrPCpCu

IrPLmCu

IrPNrCu

IrPSfCu

Cisplatin
(CDDP)

42.4± 7.3E-05

36.0± 2.2E-02

36.6± 2.8E-03

0.6± 2.9E-04

71.7±3.7

>1000

>1000

>1000

>1000

17.7±8.6

125.7± 3.4

126.2± 4.4

122.7± 5.4

53.6± 0.40

65.5±3.6

137.1± 2.2

229.3± 25.9

155.1± 3.2

212.2± 10.5

8.3±0.4

886.8± 12.7

822.8± 12.3

856.8± 15.9

776.8± 15.3

10.3±2.1

Table S5 Hydrodynamic diameter and Zeta potential determined by DLS technique as well as loading content and encapsulation
efficiency determined by ICP-MS technique for selected liposome formulations
Formulation Diameter [nm] (TEM, Hydrodynamic diameter [nm] Zeta potential [mV]

ImageJ)                                              (DLS)                                             (pH = )
L                              135.8 ± 21.0 nm                          146.8 ±13.6, PDI = 0.01                          -30.2 ± 2.7 mV
1a                            83.7 ±18.4 nm                             108.8± 24.7, PDI = 0.05                          -42.3 ± 6.2 mV
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