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Abstract

Ruthenium(II) polypyridine complexes of
imidazophenanthrolines are widely studied as photosensitizers for
photodynamic therapy. The effectiveness of a therapeutic drug is
manifested in its high cytotoxicity. Nowadays, the main methods
for evaluating the drug effectiveness are still expensive and time-
consuming photobiological studies on cell lines. It would be
convenient to have access to simpler but no less reliable methods
for evaluating the therapeutic efficacy. This review highlights
recent investigations on the correlations between the
photophysical behavior of ruthenium(Il) complexes and their
photobiological efficacy, as well as the possibilities of femto- and
nanosecond time-resolved photophysical studies to establish the
therapeutic efficacy.
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Over  the past
f1[1,10]phenanthroline
derivatives (Scheme 1) have attracted considerable attention in
different fields, including luminescent sensing, photodynamic
therapy (PDT), photocatalysis, creation of organic light-emitting
diodes (OLEDs) and molecular switches [1-5], as well as in
medicine as DNA intercalators [6—10]. This is caused by two
reasons: 1) the presence of a rigid and planar polyconjugated
imidazophenanthroline core; 2) easy derivatization of the latter
at the second position of the imidazole ring and the NH position.
The properties of these compounds can readily be tuned
depending on the intended application.

Scheme 1

The nitrogen atoms of the 1,10-phenathroline core can serve
as convenient coordination sites for a large series of d- and f-
elements. Therefore, imidazophenanthroline derivatives are
often considered as sensors for metal cations [11-13] and
ligands for functional metal complexes. Among different central
cations in imidazophenanthroline complexes, Ru(II) is the most
popular one. The main advantage of these complexes is their
electronic structure which ensures absorption in the visible

region of light with the formation of a long-lived excited triplet
state capable of injecting an electron into many organic and
inorganic acceptors. They also exhibit high chemical and
photoresistance. Ruthenium(II) complexes of
imidazophenanthrolines are among the most common metal-
based photosensitizers; the most significant advances in this
field are covered annually in several reviews [14—16]. The
traditional application scope of ruthenium(II)
imidazophenanthroline complexes as photosensitizers includes
photocatalysis [17, 18], dye-sensitized solar cells [19-21], and
photodynamic therapy (PDT) of cancer [22-27]. Our recent
review also highlighted the use of these complexes as pH
sensors, oxygen sensors, and photosensitizers for semiconductor
gas sensors [28].

Among the mentioned application fields of ruthenium(II)
imidazophenanthroline complexes, PDT is most urgent, widely
explored, and close to the practical application. PDT is aimed at
destroying cancer cells with reactive oxygen species (ROS)
under the action of light. ROS are formed as a result of the
activation of a special substance, a photosensitizer, with light
and the subsequent transfer of activation energy to the ROS
sources. This type of therapy is accomplished by the synergistic
action of three components: a photosensitizer (PS), molecular
oxygen, and light (usually visible light), which are individually
harmless.

The PS can be injected both locally and into the
bloodstream; then the treatment area is irradiated with the light
of the appropriate wavelength [15]. The PS undergoes a
transition from a ground state to an excited singlet state 'PS*
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and then, as a result of intersystem crossing, to an excited triplet
state “PS* which interacts directly or indirectly with molecular
oxygen according to the following two basic mechanisms.

. In the first mechanism, the excited triplet state “PS*
and surrounding biomolecules exchange an electron or a proton
to form highly reactive short-lived (about 1 ns) radicals that
react with water or molecular oxygen to form ROS destroying
the cell (for example, superoxide anion O,", hydroxyl radical
OH’, or hydrogen peroxide H,0,);

. In the second mechanism, the excited triplet state 3ps
directly transfers energy to molecular oxygen in its ground
triplet state (°0,) to form singlet oxygen ('O,). The latter has a
lifetime of no more than 40 ns in a biological environment [29]
and is one of the most effective cytotoxic reagents used in
therapy.

There is also a third oxygen-independent mechanism. Its
therapeutic effect is associated with the elimination of one of the
ligands upon PS photoexcitation and subsequent chelation of
ruthenium(Il) cations by biomolecules. As a result, the latter
lose their functionality and a cytotoxic effect is achieved. This
mechanism has been studied to a lesser extent but it has great
potential since the therapeutic effect is achieved even under
hypoxic conditions [30].

However, the first two mechanisms associated with the
formation of ROS or singlet oxygen are the main ones in both
research and practice. The PS efficiency, even in the first
approximation, depends on a significant number of parameters:
accumulation in the tumor, low dark toxicity, the ability to
absorb light in the therapeutic window (620-850 nm), as well as
the possibility of transition to a triplet excited state and its
lifetime.

One of the best results is currently demonstrated by the
polypyridine complex TLD1433 (Scheme 2).

TLD1433

Scheme 2

Fong et al. [31] reported the results of in vivo experiments
on BALB/c mice using TLD1433 and selected the optimal
conditions for therapy. Thus, irradiation of the tumor after the
drug administration with green light (525 nm, 192 J/cm?, 200
mW/cm?) led to complete regression of the neoplasm within 10
days. In the next work, this research group used the same PS in
combination with longer wavelength light [32]. Despite the high
penetrating ability of near-IR light into tissues, they failed to
reach acceptable values of in vivo toxicity towards cancer cells.
This is likely to be associated with the low values of the PS
extinction coefficient at the irradiation wavelength. However,
the authors proposed an original method for increasing the
efficiency of PDT using IR radiation—the application of

2

TLD1433 associates with transferrin. The addition of transferrin
provided high photostability, the ability to absorb near-IR light,
and selective delivery to cancer cells.
Currently, TLDI1433 is one
photosensitizers approved for use in PDT in humans and is
undergoing the second stage clinical trials [33]. The detailed
reviews on the application of ruthenium(Il) polypyridine
complexes in PDT are published almost every year [34-37].

of four metal-based

In vitro and in vivo studies are expensive and time-
consuming. As a rule, the investigation of new PSs begins with
the photophysical characteristics of the molecule since they
determine the fundamental possibility of using the complex as a
PDT agent. The transition to a triplet excited state in the case of
imidazophenanthroline polypyridine complexes of ruthenium(II)
is provided by the heavy central cation; however, the
characteristic lifetimes of their excited states in degassed
solutions are about 1 ps, which may be insufficient. The HOMO
in these complexes is localized mainly on the central cation,
while the LUMO is localized on ligands; therefore, the transition
from the ground state is called metal-to-ligand charge transfer
(MLCT), and the corresponding triplet excited state is
designated as MLCT. It is assumed that the longer its lifetime,
the more likely the energy transfer to neighboring molecules in
the cell, which means the higher the therapeutic effect.

To increase the lifetime of the *MLCT state, Stephenson et
al. [38] introduced a pyrene moiety into the structure of the
imidazophenanthroline-based ligand (Scheme 3). As a result, a
new intraligand (IL) electronic transition appeared in the
absorption spectrum of 1, which forms an excited triplet state
3IL localized on the pyrene unit. The energy of ’IL is slightly
lower than that of MLCT (by no more than 0.1 eV), which
leads to a redistribution of the excitation energy between these
states, deceleration of phosphorescence, and, as a result, to a
significant lifetime of the SMLCT state. Reichardt, McFarland,
and colleagues published a series of reports devoted to
ruthenium PSs for PDT [39-42]. A distinctive feature of these
works is the extensive use of photophysical experiments (time-
resolved luminescence and transient absorption spectroscopy) to
establish the dynamics of excited states, which dictates the
effectiveness of therapy—the main biomedical characteristic of
a PDT agent.

Scheme 3

Stephenson et al. [38] demonstrated high cytotoxicity of the
proposed structure against human leukemia cancer cells upon
irradiation with light. The PDT agents are evaluated based on
three parameters: the values of ECs, (effective concentration
necessary to reduce cell viability to 50%) in the dark and upon
irradiation, as well as the phototherapeutic index (PI), PI = ECs,
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(dark)/ECs, (light). The proposed structure features the
following characteristics: ECs, (dark) = 165 uM, ECs, (light) =
400 nM, and PI = 413 towards human promyelocytic leukemia
cell line (HL-60) when irradiated with full-spectrum visible
light. The effectiveness of new metal-based PSs for PDT is often
compared to that of the widely used chemotherapeutic agent
cisplatin (cis-[Pt(NH3),Cl,]). This drug is not photoactive—its
cytotoxic effect is based on the ligand exchange with DNA in
the cell, which leads to its apoptosis. The value of ECs, for
cisplatin towards HL-60 cells ranges within 3—-6 uM depending
on the incubation time [43]. Thus, PS 1 is 50-30 times safer in
the dark than the clinically used drug. However, when the area
of PS concentration is exposed to light, its cytotoxic effect
exceeds that of cisplatin by 10 times. This clearly indicates the
advantages of PDT over chemotherapy: the overall non-toxicity
with the increased efficiency in the area of light exposure. The
efficiency of 1 also extends to biofilms, dense colonies of
bacteria, where its concentration of only 10 nM was enough to
kill 75% of the bacterial population. The results of this study
demonstrate the versatility of 1 in killing both cancerous and
bacterial cells and expand the scope of metal complexes that
have low-lying *ILs for photobiological applications.
Subsequently the same research group [44] used nanosecond
transient  absorption and  time-resolved
spectroscopy to determine the number of excited states and their
lifetimes. The kinetics of recovery of the transient absorption

luminescence

allowed the authors to calculate the nonradiative relaxation
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lifetime: 50 ps (Fig. 1A). The emission decay kinetics showed
two radiative lifetimes, 0.6 and 26 us, which correspond to
spontaneous and delayed phosphorescence (Fig. 1B). The
deceleration is accomplished due to the equilibrium between
emitting *MLCT state and non-emitting *IL level lying lower in
energy.

Then spectroscopy
femtosecond scale, the existence of two processes with lifetimes
of 3 and 39 ps was demonstrated. The faster process was
associated with the vibrational relaxation of the *MLCT state,

using transient absorption on

while the second one, according to the authors, relates to the
rotation of the pyrene moiety relative to the
imidazophenanthroline unit for the formation of the °*IL. To
confirm this assumption, the femtosecond transient absorption
kinetics was studied depending on the medium density. Figures
2A and 2B show the transient absorption spectra (at 1 and 100
ps) after photoexcitation and transient absorption traces at 560
nm in four different solvents, respectively. In each case, the
experimental transient absorption growth kinetics
approximated by two lifetimes. As expected, the longer lifetime
correlated with the medium viscosity and also inversely
depended on the solvent polarity (Fig. 2C). More polar solvents
(e.g., DMSO) better compensate for the dipole state formed
during the transition of an electron from the metal cation to the
remote pyrene moiety, and therefore facilitate the transition to
this state and reduce the characteristic transition time.
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Figure 1. Nanosecond transient absorption spectra recorded for 1 in water upon pumping at 410 nm at different delay times (A). Emission decay
kinetics recorded for 1 in water at 600 nm pumping at 410 nm (B). (Reprinted with permission from C. Reichardt et al., J. Phys. Chem. A, 2015, 119,
3986-3994. DOI: 10.1021/acs.jpca.5b01737. Copyright (2015) American Chemical Society)
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Figure 2. Transient absorption data collected for 1 (A, = 403 nm) in acetonitrile (ACN) (orange), butyronitrile (BCN) (red), dimethylsulfoxide
(DMSO) (brown), and 1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone (DMPU) (black). Transient absorption spectra at 1 (dashed line) and 100
ps (solid line) normalized to the maximum positive AOD signal of the 100 ps spectra (A). Transient absorption traces at 560 nm for all solvents (B).
Symbols represent experimental data, while solid lines refer to the curve obtained from the global fit. The kinetic traces are normalized to the
maximum AOD signal at long delay times. Dependence of 1, on the viscosity and polarity of the solvents (C). (Reprinted with permission from C.
Reichardt et al., J. Phys. Chem. A, 2015, 119, 3986-3994. DOI: 10.1021/acs.jpca.5b01737. Copyright (2015) American Chemical Society)
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Hence, time-resolved spectroscopy techniques allowed for
establishing the main processes that during
photoexcitation of 1 in neutral aqueous solutions and also
showed their effectiveness in model cell systems. The resulting
Jablonski diagram for 1 in an aqueous solution is depicted in
Fig. 3.

PS 1 contains an imidazole moiety sensitive to pH. The
protonation or deprotonation of this unit can have a strong effect
on the excited states at physiological pH values and can also
provide additional selectivity to the PS towards the cells

occur

featuring pH abnormalities due to metabolic changes. Reichardt
et al. [45] studied the effect of protonation on the dynamics of
excited states and, consequently, the physiological activity of 1.
The research objects were three aqueous solutions with a
predominant content of the neutral (designated as RuH),
protonated (RuH,), and deprotonated (Ru) imidazole rings. The
mentioned forms of 1 were obtained in situ by adjusting the pH
value with a strong acid or base. As expected, the changes in the
protonation state of the imidazole unit affected the electronic
nature of the excited state.

The picosecond dynamics of the protonated form RuH, was
found to be similar to that of neutral RuH and included *MLCT
vibrational relaxation (1, = 1.6 ps) and subsequent rotation of the
pyrene moiety relative to the imidazole system (1, = 18 ps) (Fig.
4A). Additionally, a process was observed that was associated
with the fast reverse energy transfer from the ’IL state to the
3MLCT one (13 = 195 ps), which was not detected in the case of
RuH. The lifetimes of spontaneous and delayed
phosphorescence during protonation changed only slightly (Tep
=0.9 ps, Tem =24 ps for RuH and 1., = 0.6 ps, Ty = 26 ps for

RuH,), and the nonradiative relaxation time with °IL also
remained unchanged (13 = 52 ps). This implies that 1 is equally
effective as a photosensitizer in neutral and protonated forms
(Figs. 4B and 4C). In the case of the deprotonated form Ru, only
spontaneous phosphorescence from the *MLCT state was
detected (te;;; = 0.6 ps). The absence of delayed emission
suggests that the energy gap between the *MLCT and “IL states
is larger than that for RuH and RuH,. In the picosecond region,
a process of energy transfer from the *MLCT state to the *IL one
with the lifetime of 1; = 830 ps was revealed. This also indicates
a significant difference in the energy of the *MLCT and *IL
states, which prohibits delayed emission (Fig. 4D).

Thus, the highly photosensitizing *IL states can be achieved
by changing the protonation state of the imidazole moiety. The
charge of a therapeutic molecule can significantly affect its
cellular uptake, localization, and affinity for certain biological
targets. It is also known that some ruthenium(Il) complexes
exhibit pH-dependent DNA binding. This opens the way to an
additional mechanism for controlling the PDT selectivity
towards some unhealthy cells by the pH-dependent population
of the *IL states and PS charge control.

In the next work, Reichardt et al. [46] adjusted the
properties of model research systems closer to the real ones by
selecting the optimal parameters of the environment. The
photophysical behavior of 1 was studied in a simulated body
fluid (SBF) with high ionic strength, a more physiologically
suitable solvent that contains a complex mixture of ions at pH
7.4. The femtosecond studies revealed an additional process
occurring in the photoexcited state (t3 = 764 ps). It was assumed
to be caused by the interaction of the highly concentrated ions
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Figure 3. Jablonski diagram representing the established photophysics of 1 in water. Red and blue arrows indicate processes on the picosecond and
microsecond time scales, respectively. Corresponding time constants obtained by freeze—pump-thaw degassing. (Reprinted with permission from C.
Reichardt et al., J. Phys. Chem. A, 2017, 121, 5635-5644. DOI: 10.1021/acs.jpca.7b04670. Copyright (2017) American Chemical Society)
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Figure 4. Structures of the non-planar and planar “IL state (A). Jablonski schemes of the three protonation states RuH (B), RuH, (C), and Ru (D)
based on the femtosecond transient absorption experiments upon excitation at 403 nm. (Reprinted with permission from C. Reichardt et al., J. Phys.
Chem. A, 2016, 120, 6379-6388. DOI: 10.1021/acs.jpca.6b05957. Copyright (2016) American Chemical Society)
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with the imidazophenanthroline ligand. This process was
observed in high ionic strength SBF but was not observed in
water, simple buffers, or low ionic strength SBF. The dynamics
of the photoinduced states was also studied in an aqueous
solution of DNA. In the presence of the biomolecule, the
the pyrene moiety the
imidazophenanthroline unit for the formation of the ’IL state
appeared to be accelerated (from 39 to 18 ps). The increased rate
of coplanarization of the pyrene and imidazole units was
associated with the intercalation of 1 into the DNA molecule,

rotation  of relative  to

which leads to conformational restrictions on the rotation of the
pyrene moiety relative to the imidazole unit. Furthermore, in the
presence of DNA, the lifetimes of delayed phosphorescence and
nonradiative relaxation of the *IL were equalized (37.5 and 40
ps, respectively). The authors suggested the presence of two
close but different *IL excited states for 1, both with coplanar
pyrene and imidazophenanthroline units (Fig. 5C). These states
differ in the overlapping with the *MLCT state and,
consequently, in the probability of mutual energy transfer with
this level. In an aqueous solution (as well as in a buffer solution
with pH 7.4 and SBF with pH 7.4), one of them is responsible
for delayed phosphorescence (green arrow in Fig. 5A), while the
second one (characterized by a lower probability of interaction
with *MLCT) leads to nonradiative relaxation (blue arrow in
Fig. 5A). During intercalation, 1 loses its conformational
mobility, and one of the IL states becomes inaccessible (Fig.
5B), while the remaining one participates in equiprobable
processes of delayed phosphorescence and nonradiative
relaxation, which causes the equality of their lifetimes.

The photobiological activity of PSs such as 1 is ultimately
determined by the nature and lifetimes of excited states as well
as the deactivation channels. Therefore, defining the state
responsible for photobiological activity and then establishing the
effect of biological parameters on this state are urgent tasks. The
considered work emphasizes the importance of investigations on
the models close to the real systems and the convenience of
photophysical methods for this purpose.

However, the research group of Prof. Reichardt went further
and reported the results of in cellulo study of ultrafast excitation
processes using time-resolved spectroscopy [47]. The widely

5

studied phenazine-containing complex 2 was chosen as a main
research object (Scheme 4).
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The experiments were carried out on HepG2 cancer cells.
They were incubated with a solution of complex 2, fixed on a
substrate, and studied using a special device which combined
laser scanning microscopy with pump-probe spectroscopy. This
unit was called a transient absorption microscope.

Using emission microscopy, the authors confirmed the
localization of 2 in the nuclei of HepG2 cells where the PS
interacts with DNA. The results of time-resolved studies in
cellulo showed characteristic =~ photoinduced picosecond
dynamics of 2, which, however, seems to depend on the cellular
localization. Unfortunately, the experimental conditions may
lead to cell damage. This means that DNA fragments can enter
the intracellular compartment where they can interact with 2
under various conditions. Nevertheless, this is a pioneering work
that demonstrated for the first time the possibility of application
of picosecond photophysical methods for investigation of the
behavior of PS in a cell. This approach brings laboratory
biochemical and physical studies as close as possible to the
biomedical application of future PDT agents. The results
obtained show the necessity and possibility of exploring the
photoinduced processes of coordination compounds for
intracellular use in a real target biological environment.

In the latest work on ruthenium-containing PSs, Reichardt,
McFarland, and co-workers [48] studied the correlations

between photocytotoxicity and photophysical data. The previous
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Figure 5. Jablonski diagrams of the deactivation pathways in the nanosecond time regime for 1 in water, Tris—HCI/NaCl buffer solution, or SBF (A)
or in Tris—HCI/NaCl containing salmon sperm DNA (B). Two possible conformations of 1 (after planarization on the ultrafast time scale) that give
rise to the double potential of the *IL state (C). (Reprinted with permission from C. Reichardt et al., J. Phys. Chem. A, 2017, 121, 5635-5644. DOL:

10.1021/acs.jpca.7b04670. Copyright (2017) American Chemical Society)
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reports demonstrated the importance of the low-lying *IL level
for increasing the lifetime of the excited state. It was
hypothesized that the lifetime of the excited state is proportional
to the photocytotoxicity. However, to establish a reliable
correlation, it is necessary to study a set of PSs with a large
spread in the lifetimes of the excited state. The authors selected
eight complexes of ruthenium and osmium f1-f8 which differ
markedly in the configuration of the triplet state and lifetime
(Scheme 5).

For each PS, the following parameters were determined: the
luminescence lifetime, nonradiative lifetime, ROS production
efficiency, singlet oxygen quantum yield, and the values of ECs,
on human melanoma cells SKMEL28 and human leukemia cells
HL60 upon two types of irradiation (broadband white and
monochromatic red light) and in the dark.

A strong correlation between the photobiological activity
and ROS production efficiency was revealed. The production of
ROS is directly proportional to the lifetime of the triplet excited
state and singlet oxygen quantum yield. Compounds f1-£3, f5
with the lifetimes of nonradiative relaxation of 22.9, 14.2, 17.1,
and 12.1 ps, respectively, proved to be effective PDT agents
with the high cytotoxic activity in the light, even when irradiated
with red light for which the extinction coefficients are very low,
as well as the low dark cytotoxicity. On the contrary,
compounds f4, f6-f8 with the lifetimes of less than 1 ps
appeared to be significantly less active. It is worth noting that,

8

under other conditions being equal, osmium complex f4 features
a much lower values of PI than its ruthenium analog f1. The use
of a heavier metal results in the lower MLCT energy and
greater spin—orbit coupling (SOC). This leads to a decrease in
the lifetime of the excited state, which in turn reduces the
efficiency of ROS generation. Nevertheless, the key advantage
of f4 over f1 is the ability to absorb light in the biological
window, which makes these osmium complexes promising
objects for further studies as PDT agents. It is important to note
that the photophysical parameters determined in an acetonitrile
solution turned out to be reliable indicators of the aqueous
photobiological activity. This simplifies the search for
promising photobiological agents.

The authors plotted a number of two-dimensional
correlations of the parameters determined and then proposed the
use of three-dimensional maps in the coordinates ROS
production—Transient absorption lifetime—Photocytotoxicity. In
different cases, different parameters of cytotoxicity are
important. For example, for a tumor-selective PDT agent, the
best characteristic is ECs since it is quickly accumulated only in
the tumor and does not have time to significantly harm the body
(Fig. 6A). For a non-selective PS, the phototherapeutic index PI
comes to the fore. It is important for the PS which is evenly
distributed throughout the body to exert the cytotoxic effect only
in the area of irradiation, so its PI must be as high as possible

(Fig. 6B).
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Figure 6. Correlation between the transient absorption lifetime, half-life from the ROS assay, and in vitro ECsy values (A) or PI values (B) for
complexes f1-f8 in SK-MEL-28 cells after irradiation with visible (black) or red (red) light. The green and red areas show the classification of the
compounds as effective or ineffective photobiological agents, respectively. (Reprinted with permission from C. Reichardt et al., Inorg. Chem., 2019,
68, 3156-3166 (Supporting Information). DOI: 10.1021/acs.inorgchem.8b03223. Copyright (2019) American Chemical Society)

The works discussed above show great potential of transient
absorption spectroscopy for establishing the efficacy of
coordination compounds with a triplet excited state as PDT
agents. The optical methods revealed significant differences in
the photophysical behavior of the studied compounds in simple
solutions and model biological media SBF. Nevertheless, it was
demonstrated that the efficiency of the metal-based PSs can be
evaluated in the first approximation in a photophysical
laboratory without recourse to time-consuming biological
experiments. Many current reviews conclude that, although most
of the Ru(ll) polypyridine complexes bearing various ligands
were characterized and studied in vitro, there is a lack of
knowledge about their biological and metabolic characteristics.
As shown above, modern instrumentation for time-resolved
photophysical studies gives an opportunity to look into the cell
and enables the investigations on the PS behavior in the
biological environment. Nevertheless, there are a number of
important physical and biological issues that need to be resolved
for wider application of ruthenium(II) polypyridine complexes
in PDT: an increase in the PS absorption in the biological
window due to the red shift of the MLCT band or an increase in
the probability of two-photon absorption; targeted delivery of
this type of PSs to the tumor; determination of PS metabolism
before and after therapy.
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