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Tracking the cellular uptake and phototoxicity of
Ru(n)-polypyridyl-1,8-naphthalimide Troger's base
conjugatesf

Sandra A. Bright,+®® MarialLuisa Erby,%® Fergus E. Poynton,® Daniel Monteyne,®
David Pérez-Morga,“® Thorfinnur Gunnlaugsson, (2 *°¢ D. Clive Williams*® and
Robert B. P. Elmes () %<

Ruthenium() complexes are attracting significant research attention as a promising class of photo-
sensitizers (PSs) in photodynamic therapy (PDT). Having previously reported the synthesis of two novel Ru(i)-
polypyridyl-1,8-naphthalimide Tréger's base compounds 1 and 2 with interesting photophysical properties,
where the emission from either the Ruli) polypyridyl centres or the naphthalimide moieties could be used to
monitor binding to nucleic acids, we sought to use these compounds to investigate further and in more
detail their biological profiling, which included unravelling their mechanism of cellular uptake, cellular
trafficking and cellular responses to photoexcitation. Here we demonstrate that these compounds undergo
rapid time dependent uptake in Hela cells that involved energy dependent, caveolae and lipid raft-
dependent mediated endocytosis, as demonstrated by confocal imaging, and transmission and scanning
electron microscopy. Following endocytosis, both compounds were shown to localise to mostly lysosomal
and Golgi apparatus compartments with some accumulation in mitochondria but no localisation was found
to the nucleus. Upon photoactivation, the compounds increased ROS production and induced ROS-
dependent apoptotic cell death. The photo-activated compounds subsequently induced DNA damage and
altered tubulin, but not actin structures, which was likely to be an indirect effect of ROS production and
induced apoptosis. Furthermore, by changing the concentration of the compounds or the laser used to
illuminate the cells, the mechanism of cell death could be changed from apoptosis to necrosis. This is the
first detailed biological study of Ru(i)-polypyridyl Tréger's bases and clearly suggests caveolae-dependent
endocytosis is responsible for cell uptake — this may also explain the lack of nuclear uptake for these com-
pounds and similar results observed for other Rufi)-polypyridyl complexes. These conjugates are potential
candidates for further development as PDT agents and may also be useful in mechanistic studies on cell
uptake and trafficking.
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1,8-Naphthalimide Troger’s base (TB) structures are unique
organic and orthogonal shaped molecular scaffolds, where two
naphthalimide units are connected together via a diazocine
moiety, which is chiral."” In the past, we have shown the
versatile application of such structures as DNA binders, ther-
apeutic agents, sensors and imaging agents, coordination com-
pounds, and polymers, where various functionalities have been
incorporated at the imide side (e.g. amines, amino acids, pep-
tides, sugars, coordination moieties, etc.) that dictate the nature
of the application.>** Likewise, Shanmugaraju and co-workers
have recently developed several excellent examples of naphtha-
limide Troger’s bases and demonstrated their application in a
range of supramolecular chemistry applications."*™*® Ru(u) poly-
pyridyl complexes are known DNA and RNA targeting agents, but
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biological profiling of such complexes has only recently been
appreciated and studied in some detail."*>® Hence, the pursuit
of Ru(u) polypyridyl complexes as cellular imaging agents and
potential theranostics is gathering pace with the recent progres-
sion of the thiophane containing TLD1433 to a phase II study for
treating non-muscle invasive bladder cancer - the first ruthe-
nium polypridyl based PDT agent to progress to clinical trials.”®
Ru(n) polypyridyl complexes exhibit many advantageous biologi-
cal properties including DNA binding, ligand exchange
potential, solubility, lipophilicity, charge, and importantly, use-
ful photophysical properties that have all driven an explosion of
interest in this class of compounds.***" In particular, their
potential as photo-activated chemotherapeutics and antimicro-
bial agents** ™ has been driven by low dark toxicity, exceptional
photostability and their aforementioned spectroscopic charac-
teristics. Recent reviews have extensively highlighted their
in vitro and in vivo investigations.>*°~°

Our interest in Ru(u) polypyridyls has focussed on novel
Ru(u) conjugates where tethering the metal centre to various
other functional subunits such as gold nanoparticles,*”*® or
appended organic chromophores®®*°>> has yielded various
modified designs that display high affinity DNA targeting,
enhanced photophysical properties, and effective DNA photo-
cleavage that we have shown can affect numerous biological
pathways and initiate apoptosis. We have also investigated the
various binding modes of metal ion complexes with oligonu-
cleotides using ultrafast spectroscopy such as transient IR
and transient absorption.*** Conjugation of Ru(u) centres
to Troger’s bases has led to systems displaying interesting
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photophysical and DNA binding behaviour.>**” Previously,
we reported the synthesis and photophysical investigation
into dinuclear Ru(u) polypyridyl complexes, with each metal
core linked by 1,8-naphthalimide Troger’s base units, 1 and 2
(Fig. 1), and we demonstrated that they possess desirable
photophysical properties, where energy transfer from the
naphthalimide moiety can be used to populate the metal-to-
ligand charge transfer (MLCT) excited state of the polypyridyl
complexes. Furthermore, preliminary investigation showed
that these complexes accumulate intracellularly in HeLa cells,
most likely in organelles within the cytoplasm. However, it was
clear to us that if we were to fully exploit the potential of this
class of compounds for medicinal chemistry applications, a
more in-depth knowledge of their underlying chemical biology
was desirable. Particularly, regarding their cellular uptake and
localisation, which has a direct effect on their downstream
biological properties. There are numerous possible routes of
entry into cancer cells from passive diffusion to various forms
of active transport.”®®' For example, pinocytosis is commonly
used to take up small samples of extracellular fluid through
invaginations in the plasma membrane and it can occur in any
cell type and is non-specific. On the other hand, phagocytosis is
reserved for specialised cells, is specific, and uses pseudopodia
for the uptake of particles greater than 0.75 um in diameter
such as cellular debris or micro-organisms.”> Receptor-
dependent endocytosis such as clathrin-dependent endocytosis;
caveolae-dependent endocytosis®® and the more recently
described clathrin/caveolae-independent (flotillin, CLIC/GEEC,
arf6) forms of endocytosis®* are also highly specific. Lipid rafts
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Fig. 1 Structures of the binuclear Ru(i)-1,8-naphthalimide containing Tréger's bases, 1 and 2.
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have been associated with both caveolae-dependent and cla-
thrin/caveolae independent endocytosis mechanisms.®®

There have been conflicting reports in the literature as to the
localisation of Ru(u) polypyridyl complexes with some examples
selectively localising to the nucleus of cells,®® while structurally
analogous examples (with just a structural tweak) can lead to
localisation in the endoplasmic reticulum.®” Moreover, while
the desired target for the majority of Ru(u) complexes is to
nuclear DNA (due to their interacting photophysical behaviour
and photoreactivity with DNA) it is currently unclear if nuclear
localisation is required to illicit any desired biological effect.®®

From a photodynamic therapy (PDT) perspective, the ther-
apeutic effect is mediated by the generation of reactive oxygen
species (ROS), normally produced as a by-product of oxidative
phosphorylation, and/or the formation of singlet oxygen
(*0,).%°7"* Tumour destruction is most efficient using compounds
with a long lived triplet excited state and a high quantum yield for
the generation of '0,.”> Unlike conventional chemotherapy,
photosensitisers outside the tumour region being illuminated
are not photoactivated and are easily excreted over time with
minimal side-effects. This suggests that nuclear targeting is not
necessarily required for optimal activity. Any number of subcel-
lular targets can be attacked during PDT including mitochondria
(including mitochondrial DNA), lysosomes, plasma mem-
branes and nuclei.”*”7® However, a knowledge of the location
of the photosensitizer following uptake into the cell is impor-
tant due to the transient nature of '0,.”> Such photo-induced
damage leads to cell death and can induce inflammation
and other tumour-specific immune reactions.”” Additionally,
unlike classical PDT agents, Ru(u) polypyridyl complexes can
also initiate apoptosis in cells by other means than through
the singlet oxygen activation, as recently outlined by us and
others in the field.'*”®®2 In fact, often more than one activa-
tion pathway is available to such potential therapeutics,
which makes Ru(u) polypyridyl complexes highly versatile and
exciting therapeutic candidates for cancer and other diseases.
The study of such agents in vitro and in vivo has been exten-
sively featured in the review by Poynton and co-workers
amongst others,*"#378¢

Herein, we report a detailed biological investigation of the
Ru(u) polypyridyl compounds 1 and 2 where we seek to evaluate
their imaging potential, their mechanism of uptake into cells
and subcellular localisation, together with their ability to act as
PDT photosensitisers in a cancer cell model.”® This work pro-
vides a valuable insight in to the biological fate of this class of
Ru(n)-NapTBs and may provide valuable information that aids in
the design of further candidates with therapeutic potential.

Results

Cellular uptake of 1 and 2 in HeLa and peripheral blood
mononuclear (PBMN) cells

Cell uptake experiments were performed to determine if the
compounds were taken up by cancer cells and to investigate any
effects of the compounds on cell morphology. HeLa is a human

346 | RSC Chem. Biol., 2024, 5, 344-359

View Article Online

Paper

adherent cervix epithelial adenocarcinoma cell line, and HeLa
cells were incubated with either 5 uM 1 or 2 for 2, 4, 8 or 24 h
(Fig. 2(A)). During one photon confocal microscopy, the com-
plexes were excited by a 488 nm argon laser while DAPI was
used as a nuclear stain. Results from the 2 h incubation
demonstrated 1 and 2 to be rapidly taken up into HeLa cells.
After longer incubation times both compounds were increasingly
observed at a peri-nuclear location within the cells. In most
cases, the cells tolerated the compounds well and appeared
healthy. In comparison, uptake of 1 or 2 into peripheral blood
mononuclear cells (PBMCs) from healthy individuals (n = 3) was
to a much lower level than for HeLa cells, with only a minority of
cells exhibiting compound luminescence. While this result
suggests that the compounds are preferentially taken up by
cancer cells over non-cancer cells (Fig. 2(B)), cell uptake was also
assessed and quantified by using flow cytometry in order to
confirm this observation. Results showed luminescence within
treated HeLa cells within 5 min, and the luminescence intensity
increased in a time-dependent manner with the mean lumines-
cence of compound 1 being higher than that observed for
compound 2 at the same concentration (Fig. 2(C)). The emission
spectra of the compounds within cells was also quantified by
using confocal fluorescence microscopy and showed character-
istic Ru() MLCT emission ranging from 540 nm to >750 nm,
with a maximum at 620 nm (Fig. 2(D)). These emission spectra
are consistent with the emission observed from the free com-
plexes in solution.>®

Binding of ruthenium complexes to serum proteins has
been shown to reduce the amount of free circulating Ru and
can have a significant impact on the cellular uptake and
localisation of complexes within cells.®’ ° Indeed, most serum
proteins cannot efficiently enter into cells, unless denatured or
aggregated.”™®> We wished to ascertain whether 1 or 2 may
bind to serum proteins and that the protein bound complexes
may be responsible for the mechanism of uptake as opposed to
the free complexes being uptaken. In order to investigate this
theory, HeLa cells were cultured in normal serum-containing
medium, rinsed and incubated with serum-free medium, followed
by incubation with 1 or 2 for 4 h. Confocal fluorescence micro-
scopy imaging confirmed that both compounds were successfully
taken up into cells under serum-free conditions (Fig. 3(A)). After
serum protein was ruled out as a possible mechanism for
compound uptake, we next sought to investigate whether passive
diffusion could play a significant role in their uptake. However,
passive diffusion was eliminated as an uptake route for both
compounds as no cellular internalisation was observed following
a 4 h incubation at 4 °C as observed with confocal fluorescence
microscopy (Fig. 3(B)) for either of these complexes.

Conversely, Dynasore, a general endocytosis inhibitor, effectively
blocked uptake of compounds 1 and 2 into HeLa cells (Fig. 4(A))
after a 3 h pre-treatment with no obvious intracellular lumines-
cence being observed by confocal fluorescence microscopy. To
study this further, we used a range of inhibitors to determine
which form of endocytosis could be operating; these included the
use of chlorpromazine (which inhibits clathrin dependent endocy-
tosis), genistein (which inhibits caveolae dependent endocytosis)

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Time dependent uptake of 1 and 2 in Hela cells. HelLa cells were incubated overnight before treatment with 5 uM of 1 or 2 for the indicated time-
periods. (A) Hela cells and (B) PBMCs were imaged by confocal microscopy, compounds were excited by a 488 nm argon laser, emission 620 nm and
DAPI was excited by a 405 diode laser, emission 461 nm. (C) Hela cells were analysed by flow cytometry. The compounds were excited by a 488 nm
argon laser, with emission observed at 630 nm. Representative histograms for compounds 1 (top) and 2 (bottom) are displayed showing their uptake. (D)
Emission spectra of the compounds in Hela cells. Cells were imaged by confocal microscopy, compounds were excited by a 405 nm laser, fluorescence
emission was quantified over a range of 410-780 nm. Results are representative of three independent experiments.

and methyl-beta-cyclodextrin (MBCD) (which inhibits lipid raft experiments suggested that both genistein and MBCD blocked the
endocytosis). Results from these confocal fluorescence microscopy —uptake of 1 and 2 with the luminescence arising from the
+serum - serum 37°C

4°C
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Fig. 3 Uptake of 1 and 2 into Hela cells is not due to passive diffusion or by binding to serum. Hela cells were incubated overnight before treatment
with 5 uM of 1 or 2 for the indicated time-periods. Hela cells (A) with and without serum and (B) at different temperatures. Cells were imaged by confocal
microscopy, compounds were excited by a 488 nm argon laser, emission 620 nm and DAPI was excited by a 405 diode laser, emission 461 nm. Results
are representative of three independent experiments.
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Fig. 4 Compounds are taken up into cells via caveolae-dependent endocytosis. Hela cells were incubated overnight before being subjected to the
indicated treatment conditions. General, clathrin, caveolae and lipid raft-dependent endocytosis as assessed by (A) confocal microscopy and (B) flow
cytometry. Compounds 1 and 2 were excited by a 488 nm argon laser, emission 620 nm, DAPI was excited by a 405 diode laser, emission 461 nm. Results

are representative of three independent experiments.

compounds only being observed in, or around, the edges of the
plasma membrane. This would suggest that the compounds are
taken up into cells via caveolae- and lipid raft-dependent endocy-
tosis where chlorpromazine did not prevent any endocytosis of the
compounds (Fig. 4(A)). These experiments were also repeated and
quantified with flow cytometry and the results from these measure-
ments showed a 9-fold reduction in uptake following pre-treatment
with either genistein or dynasore (Fig. 4(B)). Interestingly, MBCD
did not reduce the intracellular fluorescence of 1 or 2 as measured
by flow cytometric analysis.

To further confirm the mechanism of endocytosis, the cells
were subjected to TEM and SEM analysis following pre-
treatment with either genistein or MBCD, and incubation with
and without compound 1. In the absence of inhibitors, cells
incubated with compound 1 displayed a typical morphology,
similar to that of the control cells; cells were polymorphic
containing a mix of lamellipodia and microvilli at the plasma
membrane as indicated by SEM. All organelles looked healthy
in cells incubated with or without compound 1 as indicated by
TEM, confirming a general lack of toxicity with compound 1.
A small amount of compound 1 could be observed as an electron
dense ‘haze’ outside of the cells but darker contrast staining
inside cells prevented observation of intracellular compound 1.

When cells were pre-treated with genistein, with or without
compound 1, invaginations or open endocytotic vesicles were
visible at the plasma membrane, where there was an inhibition
of ‘pinching-off’ of these invaginations which were all in an

348 | RSC Chem. Biol., 2024, 5, 344-359

omega-like state. Lipid droplets, swollen ER, mitophagy and
peroxyphagy were also observed (Fig. 5(A)-(D)). Cells pretreated
with genistein, and then incubated with compound 1 also
showed the above-described morphologies, but now compound
1 could be observed as an electron-dense material, that was
accumulated at the surface of the cells and at open invagina-
tions. When cells were pre-treated with MBCD, some toxicity to
the cells was observed and it was clear that MBCD induced
some degree of cell death even in the absence of these com-
plexes. In live cells, protrusions were smaller, fused together
and of variable sizes compared to untreated cells. Microvilli
were longer and more abundant. Multiple polymorphic vesicles
of variable sizes were also observed at the plasma membranes
and, along with autophagy and swollen ER particles were again
associated with inhibitor treatment. As observed for genistein
inhibition, 1 was again shown to accumulate on the outside of
the cells (Fig. 5(E)-(H)).

These results, taken together with the confocal fluorescence
microscopy studies and the flow cytometry results, suggest the
complexes prior to endocytosis, may be incorporated into
vesicles at the plasma membrane with MBCD but inhibited
from entering the cytoplasm or other organelles. With genis-
tein, the complexes were also inhibited from entering the
cytoplasm or other organelles, but additionally, they do not
appear to be physically tethered to the plasma membrane.
In this case, wash steps in sample preparation appear to
eliminate the compound from being detected via flow cytometry.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Endocytosis of compound 1 is caveoloe- and lipid raft-dependent. HelLa cells were incubated overnight before being subjected to pretreatment
for 3 h with genistein (left) or MBCD (right) followed by 4 h incubation with compound 1. Images of (A), (E) a whole cell and (B), (F) plasma membrane by
SEM. Images of (C) (G), (D) (H) cell and plasma membrane by TEM. Results are representative of two independent experiments. Invaginations — blue
arrow, Compound 1 - red arrow, lipid droplets — white arrow, extracellular vesicles — yellow arrow.

These results also suggest caution while interpreting confocal or
electron microscopy results, without additional flow cytometry
techniques.

Although after endocytosis, one might expect 1 and 2 to be
routed to endosomes, lysosomes and/or to the Golgi apparatus/
complex, previous results from our group suggested that some
localised to and had a profound effect on mitochondria.”® We
therefore wished to determine the subcellular location(s) of
compounds 1 and 2 after uptake. Confocal microscopy of HeLa
cells tagged with mitochondrial, Golgi apparatus and lysosomal
markers, demonstrated the compounds to localise mostly to
lysosomes (Fig. 6(B) and (D)) and the Golgi complex (Fig. 6(A)
and (D)), with a small degree of co-localisation to mitochondria
(Fig. 6(C) and (D)) following 24 h of uptake. These results
suggest that after transport across the cellular plasma membrane
via caveosomes, 1 and 2 localise mostly to Golgi complex and
lysosomes, with a smaller amount present in mitochondria. This
result is not entirely surprising as it is known that caveosomes
fuse with the Golgi complex. Similarly, there are a number
of reports demonstrating evidence of caveosomes fusing
with lysosomes.”®*% Other reports have also demonstrated
mitochondrial®® and lysosomal localisation®” or a mixture of both
mitochondrial and lysosomal localization.”***°° In addition,
Ru(u) polypyridyl compounds complexed to a porphyrin have
been shown to mainly localise to lysosomes (in human nasophar-
yngeal carcinoma HK-1 cells'* and also to the cytoplasm of HeLa
and HK-1 cells),"®" whilst other Ru(u) polypyridyl complexes have
demonstrated nuclear localisation.*”'%>7%

From the combination of experiments reported above, it is
clear that both 1 and 2 enter HeLa cells predominantly by an
endocytotic route. Serum protein binding of compounds was
found not to be involved in endocytosis. However, further
dissections of the uptake mechanism showed that caveolae
and lipid raft-dependent endocytosis were the predominant

© 2024 The Author(s). Published by the Royal Society of Chemistry

routes of uptake. Little or no contribution to uptake was found from
passive diffusion or active transport. Caveolae-dependent endo-
cytosis has been associated with the uptake of a wide range of
molecules including nanoparticles,'°***” polyplexes,'®® liposomes'®
and albumin,”"**> and as demonstrated by Cao et al., also associated
with some ruthenium complexes, where a partial inhibition of
uptake of a Ru complex with a caveolae inhibitor was recorded.”
The endocytotic route of entry into cells leading to accumu-
lation into endosomes, lysosomes and Golgi apparatus,
explains why these compounds and possibly other similar ones,
cannot enter the nucleus as they are trapped in these organelles
and thus are not free in the cytoplasmic milieu to diffuse to,
and enter the nucleus via the nuclear pores. It could thus be
anticipated that if these compound-loaded cells were fixed
using alcohol or formaldehydes for microscopy studies, this
would result in organelle membrane permeabilisation allowing
diffusion of compound to the nuclear compartment, as found
in studies by Svensson et al."*® and Ye et al.'*" The location of 1
and 2 to the mitochondrial compartment is less pronounced
than with previous compounds from our group®® and may be
due to plasma-membrane potentially-driven uptake of the
compounds across the plasma membrane or some release from
the organelles. Either way, it is clear that the positively-charged
compounds accumulate in various organelles inside the cells,
are well tolerated, and display useful photophysics that allows
their tracking through the various cellular compartments.
Moreover, their rapid uptake and lack of toxicity in the dark
provides the potential that 1 and 2 may be useful photoacti-
vated therapeutic agents, as we demonstrate in the next section.

Light dependent cellular toxicity of 1 and 2

As many Ru(u) polypyridyl complexes are capable of efficiently
generating singlet oxygen upon light activation,"">"'* as well as
partake in (photoinduced) electron or energy transfer

RSC Chem. Biol., 2024, 5, 344-359 | 349
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Fig. 6 Compounds co-localise with lysosomes and the Golgi apparatus. Transfected Hela cells were incubated for 24 h with 1 or 2, stained with DAPI
and assessed for co-localisation. Compounds 1 and 2 were excited by a 488 nm argon laser, emission 620 nm and DAPI was excited by a 405 diode laser,
emission 461 nm. Results are representative of three independent experiments. Confocal microscopy showing compounds (red), (A) Golgi apparatus
(green) (B) lysosomes (green), (C) mitochondria (blue) and co-localisation (yellow). (D) Co-localisation quantified using Amaris software. Results are

representative of three independent experiments.

mechanisms, compounds 1 and 2 were also expected to func-
tion as possible light activated therapeutic agents, where either
of these mechanisms could operate either independently, or in
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synergy. In order to explore this, an AlamarBlue cell viability
assay was undertaken with 1 and 2. The results confirmed
that neither compounds reduced cell viability in the dark at
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Fig. 7 Light activated-1/2 potently reduce cellular viability in HeLa cells. HeLa cells were treated with a range of concentrations of 1 or 2. Cells were then
either exposed to light for 1 h to give a light dose of 18 J cm™2 and further incubated overnight or maintained in the dark. Cells were subsequently
assessed for cellular viability via an Alamar blue assay. (A) Compound 1 and (B) compound 2.
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concentrations below 10 uM. However, upon photo-activation
(using 18 J em™2) for 1 h followed by a further 23 h incubation,
a significant concentration-dependent reduction in cell viabi-
lity was observed with 1 and 2 showing ICs, values of 1.8 4+ 0.3
and 4.6 £ 0.7 uM, respectively, compared to ICs, values of
>10 uM for the non-photo-activated conditions (Fig. 7).

To determine whether this photo-activated reduction of
cellular viability also induced cell death, cells were subjected
to flow cytometric Annexin V/propidium iodide (AnV/PI) analy-
sis. The results showed a small increase in the number of cells
undergoing early-stage apoptosis (AnV'/PI") and a much larger
number of cells undergoing late-stage apoptosis (AnV'/PI")
upon light activation at concentrations of 1 pM or higher
for 1 and 2 (Fig. 8(A)). In order to determine if there was
any necrotic cytotoxicity associated with photo-activated 1/2-
induced apoptosis, a lactate dehydrogenase (LDH) assay was
performed showing only a minimal increase in the release of
LDH with increasing concentration of the compounds
(Fig. 8(B)). Furthermore, PI cell cycle analysis also showed a
significant increase in cell death as indicated by a hypodiploid
(pre-G1) peak (and a corresponding decrease in G1 phase,
between photo-activated and non photo-activated compounds)
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(Fig. 8(C)). There was no change in the number of cells in the
G2/M phase of the cell cycle, regardless of treatment regime.

Given the known propensity of Ru(u) polypyridyl complexes
to initiate DNA cleavage, a Comet assay was also performed in
order to investigate intracellular nuclear DNA fragmentation
with and without light treatment. This experiment showed that
HelLa cells treated with a range of concentrations of 1 or 2 and
incubated for 24 h before being exposed to light or maintained
in the dark (Fig. 8(D)) showed some comet tails at 1 puM.
However, at higher concentrations the DNA was not visible.
We suspect that this is due to the efficiency of cell death where
DNA strand cleavage is so advanced that fragments are too
small to be retained in the gel.

Next, a second set of phototoxicity experiments were con-
ducted using 2-photon excitation. The range of light used in
PDT is most often between 600-900 nm due to strong absorp-
tion of endogenous molecules, such as haemoglobin and
cytochromes that capture most of the incoming photons.
Longer wavelengths of light can penetrate deeper into the
tissue,’** however above 900 nm, water can absorb infrared
light leading to high scattering in tissues. It is therefore
important to develop photosensitizers which absorb light
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Fig. 8 Compounds 1 and 2 potently induce photo activatable-apoptotic cell death and DNA damage. Hela cells were seeded and treated with the
indicated concentrations of 1 or 2. Where appropriate, cells were either exposed to light for 1 h to give a light dose of 18 J cm~2 and assessed for (A)
apoptotic cell death via Annexin V/PI staining, (B) necrosis via an LDH assay, (C) flow cytometric cell cycle analysis, (D) fluorescent emission via two
photon microscopy and (E) DNA damage via a comet assay. All data points were analysed using GRAPH PAD Prism software. Results are representative of

three independent experiments.
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within this 600-900 nm near-IR region of the spectrum. As
compounds 1 and 2 are activated below these wavelengths
(488 nm), we used two photon microscopy to determine if the
compounds could similarly be activated at a higher wavelength.
Two photon microscopy results showed both compounds to be
easily visualised in cells when activated at 790 nm using this
technique (Fig. 8(E)). The luminescence from the compounds
was observed, as with one photon microscopy, at 630 nm
suggesting any further mechanistic experiments would yield
the same results with either technique. Other studies have also
demonstrated the two-photon induced emission spectrum of
Ru(n) polypyridyl complexes in solution,'® in cells"*'* and
in vivo.®”11%17 However, this is the first time that we have
successfully used two-photon excitation to visualize a Ru(u)
polypyridyl based naphthalimide conjugates in vitro.

As the predominant therapeutic effect in PDT is mediated by
the generation of ROS, it was of interest to see if 1 and 2 illicit
their cytotoxic effects in a similar manner. A ROS indicator,
2/,7'-dichlorofluorescein diacetate (DCFH-DA) (10 pM), was
used to quantify any increase in the production of ROS following
photo-activation of 1 and 2 treated HeLa cells. This experiment
showed an increase in ROS production in a concentration- and
light-dependent manner (effects were more pronounced with
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compound 1) (Fig. 9(4)), suggesting ROS production as one of
the causes of cell death. Moreover, the addition of NAC (N-acetyl
cysteine), a ROS scavenger, reduced the light-dependent ROS
production, but only in cells incubated with compound 1
(Fig. 9(B)).

To investigate if the compounds by themselves, without any
photo-activation, could affect mitochondrial membrane
potential (MMP), the JC-1 MMP-sensing dye was utilised. Here,
a large and rapid decrease in the mitochondrial membrane
potential occurred after only 2 h of treatment, and again, as
seen above, complex 1 decreased the mitochondrial membrane
potential to a greater extent than that seen for 2 (Fig. 9(C)).

Confocal fluorescence microscopy was used to investigate
any effect of the compounds on mitochondrial morphology. For
this, stably transfected HeLa DsRed were used to visualise the
mitochondria. Results showed 1 to have a dramatic effect on
the mitochondria within a few minutes after a short laser
irradiation, which consisted of rounding and/or swelling of
the mitochondria. It was observed that cells irradiated with a
488 nm laser together with the 543 nm laser accelerated this
mitochondrial rounding. Moreover, the use of the mercury bulb
(white-green region) in the confocal fluorescence microscopy
made this process even more dramatic. These drastic changes
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Fig. 9 1 and 2 induce ROS production, decrease mitochondrial membrane potential and distort mitochondrial morphology in HelLa cells.
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in the mitochondrial-morphology suggest that mitochondrial
fission occurred after light exposure in the presence of 1, as the
mitochondrial morphology of the untreated cells did not
change after light exposure with any laser combination or
exposure time (Fig. 9(D)).

HeLa cells were seeded and treated with 1 or 2 as indicate
and assessed for (A) ROS production using the indicator DCFH-
DA or (B) ROS production following pretreatment (1 h) with the
ROS scavenger NAC, (C) mitochondrial membrane potential
using JC-1 or (D) mitochondrial morphology with either 4%
543 nm laser, 10% 488 nm laser and/or mercury bulb, left -
cells in the dark; right - light activation. Results are represen-
tative of three independent experiments.

The above results show that, although only accumulating in
the mitochondria to a smaller extent than other organelles (see
discussion above), both complexes 1 and 2 are capable of
inducing rapid effects on the mitochondrial morphology, and
that they reduce the mitochondrial membrane potential as well
as inducing a large amount of ROS production following light
activation with PDT. Additionally, it is likely that both 1 and 2
also exert their effects on mitochondria indirectly through
activation of signalling pathways, through release from both the
Golgi apparatus and lysosome vesicles, or possibly via transport
directly from the plasma membrane into the cytoplasm. These
results are in good agreement with results published for
several Ru(u) polypyridyl complexes that have also been reported
to reduce the mitochondrial membrane potential upon light
activation.’”°*"'®™° 1n fact, through some of our own work, we

Actin
Light activation

Dark

Fig. 10 Effect of 1 and 2 on actin and a-tubulin in Hela cells.
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have demonstrated reduced mitochondrial membrane potential
with other Ru(u) polypyridyl compounds upon light activation,
increasing intracellular ROS production.”® The Warburg effect,
where cancer cells produce most of their ATP through glycolysis
even under aerobic conditions, may explain why non-photoac-
tivated cells can remain healthy and viable despite such a great
reduction in the mitochondrial membrane potential, indicative of
mitochondrial damage.

Importantly, given the observed lack of nuclear penetration,
and hence DNA binding, of either 1 or 2, it might have been
expected that they would not show such light-dependent cell
death. However, potent light and ROS-dependent cell death was
found, suggesting a different mode of action to what might
have been expected. When compared to structurally simpler
Ru(u) complexes, 1 and 2 are more potent with lower IC5, values
and wider therapeutic intervals.®® ICs, values were comparable
with literature reports of other Ru compounds.'**"*** This data
together with an absence of toxicity in cells without light
treatment, suggest 1 and 2 as potentially suitable PDT agents.

The effect of 1 and 2 on F-actin and «-Tubulin

Finally, to probe the effects of 1 and 2 on the cytoskeleton
structure, their binding to, actin and tubulin filaments were
next investigated through the use of cellular imaging. For this,
fixed samples were used where HeLa cells were incubated with
1 or 2 (5 uM) for 24 h and either incubated in the dark or
illuminated for 1 h, followed by a further 23 h incubation.
Samples were then stained for either F-actin or tubulin with
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DAPI used to visualise the nucleus. The confocal fluorescence
microscopy images showed that there was no obvious change in
the actin structure after light treatment (Fig. 10(A)), however, cell
shrinkage was evident in these samples. On the other hand, a
drastic tubulin disruption was shown to occur after light treat-
ment with compounds 1 and 2, with evidence of depolymerised-
microtubules fragments around the nucleus after light exposure.
This was supported by the fact that cells that were not subjected
to light activation stayed healthy, showing no morphological
changes indicating that cells can tolerate either complex extre-
mely well in the absence of light activation (Fig. 10(B)).

These results confirm that compounds 1 and 2 have a
profound effect on microtubules. Tubulin appeared depoly-
merised and was most likely a late downstream effect of apopto-
sis. Previous studies have shown other PDT agents cause damage
to the cytoskeleton, however to the best of our knowledge, this is
the first study to demonstrate the effect of Ru(u) polypyridyl PDT
compounds on actin and tubulin. For example, studies on the
photosensitizing effects of zinc(u)-phthalocyanine (ZnPc) on the
cytoskeleton of HeLa cells showed photodamage to microtubules,
actin microfilaments and intermediate filaments of keratin, as
well as on o-actinin."*

HeLa cells were seeded and treated with the indicated
concentrations of 1 or 2 for 48 h. Where appropriate, cells were
either exposed to light for 1 h to give a light dose of 18 ] cm ™.
Cells were then fixed in paraformaldehyde and stained for DAPI
and actin/tubulin. Image viewing using Olympus FV1000 con-
focal microscopy with a 60x oil immersion lens and analysed
using FluoView Version 7.1 Software. DAPI was excited by a 405
laser, emission 461 nm (A) Actin: phalloidin 488 (ex 488 nm, em
518 nm). (B) Tubulin: anti-a-tubulin (ex 633 nm, em 647 nm).
Results are representative of three independent experiments.

Conclusion

Given the reported applications of Ru(u) polypyridyl complexes as
DNA binding and photoreactive agents, it is true that many of the
reported examples either haven’t been assessed in vitro, or have
been shown not to enter the nucleus of cells in live cell imaging
studies.®” Thus, a study of the detailed mechanism of uptake and
cell trafficking of this important group of compounds, which have
such potential for cellular imaging applications or photoactivated
light therapy, is needed to facilitate further use within such
settings and with the view of developing more targeting and
potent analogues. Here, we sought to use the two Ru(u)-
polypyridyl-1,8-naphthalimide Troger’s base complexes 1 and 2,
which are rapidly uptaken by HeLa cells (and do not show any
degree of ‘dark toxicity’ up to a concentration of 10 uM), to
investigate the detailed mechanism of the cellular uptake, cellular
trafficking and cellular responses. We have confirmed that both 1
and 2 are rapidly taken up into HeLa cells within 2 h while uptake
into non-cancerous PBMCs under the same conditions was mini-
mal. The mechanism of uptake into cancer cells was determined
to be caveolae and lipid raft-dependent endocytosis where 1 and 2
were efficiently endocytosed even under serum free conditions.
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Following endocytosis, 1 and 2 accumulated in several organelles
including lysosomes, the Golgi apparatus, and to a lesser extent,
the mitochondria.

Upon photoactivation in the visible region, both compounds
1 and 2 induce a large amount of ROS that causes rapid
distortion of mitochondrial morphology by inhibiting fusion,
destruction of mitochondrial function and loss of mitochondrial
proteins into the cytoplasm. These events trigger the initiation of
signal-transduction pathways and the induction of apoptosis.
Finally, cytoskeleton and DNA damage was also observed, and
thought to be an indirect result of ROS formation that may
diffuse through the cell or a downstream effect of apoptosis.

The results here further demonstrate the utility of Ru(u)
polypyridyl complexes as strong candidates for development as
a new molecular systems for light activated therapeutics in the
treatment of cancer. While complexes such as those studied
here require activation with light in the visible region, using a
two-photon excitation strategy these complexes could be acti-
vated with light at 790 nm, thereby enabling their activation
deeper in tissues. Moreover, the ability to understand the
underlying mechanism of action will allow for rational design
of future candidates. We are in the progress of developing
alternative systems based on these results with the view of
enhancing both their targeting and therapeutic nature.

Materials and methods

Compounds 1 and 2 were synthesised and described as pre-
viously reported.>®

Cell culture

HeLa cell line was cultured in DMEM + Glutamax medium
supplemented with 10% (v/v) FBS, pen-strep (50 pg ml~'). For
phototoxicity studies, cells were treated with the indicated
concentration of the compounds, or a control, for 24 h, before
being washed with fresh media and irradiated using a Hama-
matsu L2570 200 W HgXe arc lamp equipped with a NaNO,
filter to give light doses of ~18 J cm ™2, followed by incubation
for a further 24 h before being analysed. The radiation spec-
trum of the light source is shown in Fig. S1 (ESIt). A sodium
nitrate liquid filter was used to exclude light at wavelengths
lower than 390 nm.

HeLaDsRed cells were stably transfected with pDsRed2-mito
plasmid (Clontech, CA, USA) which encodes a fusion fluores-
cent protein and mitochondrial targeting sequence from sub-
unit VIII of human cytocrome ¢ oxidase.

Peripheral blood mononuclear cells (PBMCs)

Fresh peripheral blood (10 ml) was collected with written
informed consent from healthy volunteers (n = 3) in EDTA-
anticoagulant tubes. Peripheral blood was diluted with an
equal volume of RPMI medium and PBMCs were isolated via
lymphoprep Ficoll gradient centrifugation. PBMCs were resus-
pended in DMEM (Glutamax) medium supplemented with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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10% (v/v) FBS, 50 ug ml~" penicillin/streptomycin and seeded
and treated as required.

Live subject statement

Written informed consent was obtained from all subjects
according to the guidelines specified in the Declaration of
Helsinki. The study was approved by the St James’s Hospital
and Federated Dublin Voluntary Hospitals’ Joint Ethics Com-
mittee, Dublin, Ireland.

Confocal fluorescence microscopy

Live cells. Following the required treatment, cells were
washed with PBS followed by the addition of fresh media and
DAPI (0.2 pg ml™%), and viewed using an Olympus FV1000
confocal microscope with a 60x oil immersion lens. Image
analysis was performed using FluoView Version 7.1 Software.
Compounds were excited by a 488 nm argon laser, emission
590-670 nm, DAPI was excited by a 405 nm diode laser,
emission 425-475 nm. For endocytosis studies, cells were pre-
treated for 3 h with dynasore or 2 h with chlorpromazine,
genistein or MBCD before treatment with compounds for a
further 4 h. For co-localisation experiments, HeLa cells were
transfected with either a Golgi or lysosomal-GFP (excitation
488 nm, emission 495-550 nm) or a mitochondrial-CFP marker
(excitation 405 nm, emission 470-500 nm). Images were then
overlaid and analyzed using the Imaris 3D software analyzer
(Bitplane).

Fixed cells. Following the required treatment cells were
washed twice with PBS and fixed in 3% paraformaldehyde
solution in PBS for 10 min at room temperature. For imaging
of actin, samples were washed in PBS and stained for 20-
30 min at room temperature (5% BSA, 0.2% Triton X-100 in
PBS, phalloidin 488 (excitation 488 nm, emission 495-550 nm)).
For imaging of microtubules, samples were stained overnight at
4 °C with (5% BSA, 0.2% Triton X-100 in PBS, anti-o-Tubulin).
Cells were washed twice with PBS before staining with anti-
mouse Alexa 633 (excitation 633 nm, emission >650 nm) for 1 h
at room temperature. Samples were subsequently stained with
DAPI and imaged as outlined above.

Electron microscopy

For scanning electron microscopy, cells were fixed with 2.5%
glutaraldehyde overnight and rinsed in cacodylate buffer 0.1 M,
pH 7.0. After serial dehydration in increasing concentrations of
ethanol and finally acetone, samples were dried at CO, critical
point, then opened and mounted on scanning electron micro-
scopy stubs. Observations were performed with an ESEM
Quanta F200 (FEI-Thermo Fisher) microscope and secondary
electron images captured with an Everhart-Thornley detector.
Images were analyzed and processed by iTEM software. For
transmission electron microscopy analyses of thin sections,
cells were fixed with 2.5% glutaraldehyde (EM grade, electron
microscopy sciences) and post-fixed twice in 1% OsO4 (with
1.5% ferrocyanide). Samples were stained with uranyl acetate
(UA), serially dehydrated in increasing ethanol concentrations,
and embedded in epoxy resin (Agar 100 resin, Agar Scientific

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Ltd, UK). Sectioning was done on a Leica EM UC7 ultramicro-
tome and ultrathin (50-70nm thick) sections were further
stained with UA and lead citrate by electron microscopy stan-
dard procedures. Observations were made on a Tecnai 10
electron microscope (FEI-Thermo Fisher) and images were
captured with a Veleta CCD camera and processed with SIS
iTem software (Olympus).

Cellular uptake of the compounds. Following the required
treatment, cells were trypsinised, washed twice with PBS,
resuspended in 400 pl of ice cold PBS supplemented with 2%
FBS and assayed for flow cytometry (FACS Calibur, Bectin
Dickson). Analysis was performed using appropriate gates
counting 10000 cells and the CELLQUEST software package.
The compounds were excited by a 488 nm argon laser, with
emission observed between 593 and 633 nm. The percentage of
luminescence in the cells was analysed and graphed as the
mean £ S.E.M in GRAPHPAD Prism software.

Two photon microscopy. Following the required treatment,
cells were washed with PBS followed by the addition of fresh
media and DAPI (0.2 pg ml™'), and imaged using a Carl Zeiss
LSM 710 NLO microscope (RCSI, Dublin, Ireland) with an
Achroplan 63X/0.9NA water immersion objective. Image pre-
paration was performed using FIJI.">> Compounds and DAPI
were excited by a 790 nm two photon laser (2% laser power),
excitation was collected by non-descanned detectors using a BP
565-610 & SP 485 filter respectively.

Alamar blue viability assay. Following the required treat-
ment, Alamar blue (20 pl) (BioSource) was added to each well
and incubated at 37 °C in the dark for 4 h. Plates were then read
on a fluorescence plate reader (SpectraMax Gemini, Molecular
Devices) with excitement and emission wavelengths of 544 nm
and 590 nm respectively. The antiproliferative effect of each
compound, expressed as percentage cell viability compared to
vehicle treated controls, was determined by non-linear regres-
sion analysis calculating an approximate ICs, value ([Dose]
when response is equal to 50% cell viability).

Cell death assays

PI cell cycle analysis. Samples were trypsinised, rinsed with
PBS, resuspended in 100 pl ice-cold PBS and 1 ml ice-cold 70%
(v/v) ethanol and fixed overnight at 4 °C. Samples were subse-
quently centrifuged and resuspended in 200 pl PBS. RNase
A (12.5 pl of 10 mg ml™') and propidium iodide (37.5 ul of
1 mg ml~") were added to samples which were then incubated
for 30 min at 37 °C. Cell cycle analysis was performed at 488 nm
using a Becton Dickinson FACS Calibur flow cytometer. The
Macintosh-based application CellQuest was then used to ana-
lyse the data of 10000 gated cells once cell debris had been
excluded.

AnnexinV/PI staining. Samples were trypsinised, and har-
vested by centrifugation at 300 x g for 5 min and resuspended
in 500 ul of 1x AnnexinV binding buffer (20x Ca®*" Annexin V
Binding buffer: 10.9 mM Hepes, 140 mM NacCl, 2.5 mM CaCl,,
pH 7.4 in PBS). Cells were centrifuged at 300 x g for 5 min and
stained with 50 pl anti-Annexin V antibody (1/33.3 dilution in
binding buffer). Samples were then vortexed and incubated for
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10 min in the dark on ice followed by the addition of 500 ul of
binding buffer before being harvested by centrifugation at
300 x g for 5 min. The pellet was then resuspended in 500 pl
PI (1 mg ml~* PI diluted 1/2000 in binding buffer). Cells were
kept on ice until analysed on a FACS CyAn machine. The
488 nm laser was used to excite the FITC conjugated Annexin
V and the PI: FITC Annexin V was detected in FL1 (Em: 530 nm),
PI was detected in FL3 (Em: 613 nm) and the compounds were
detected in FL4 (Em: 680). Cell analysis was performed on the
CyAn using appropriate gates counting 10 000 cells and using
Summit software package. The standard compensation was
performed using the untreated control, cells stained only with
Annexin V or PI, cells stained with both AnnexinV/PI and by
excluding the fluorescence of the compounds. The percentage
of fluorescence into the cells was analysed using Flow Jo
software.

CytoTox 96® non-radioactive cytotoxicity assay. At the
experimental end-point, lysis Solution (10x) was added in
triplicate to cells not treated as positive control and incubated
for 45-60 min at 37 °C; 50 pl of supernatant was then trans-
ferred to an enzymatic assay plate; 50 pl of Reconstituted
Substrate Mix was added to each well of enzymatic assay plate
followed by incubation for 30 min at room temperature,
protected from light; 50 pl of stop solution was then added to
each well. Absorption was measured using a microplate reader
at 490 nm. The LDH production was determined by subtracting
the average absorbance values of the background culture
medium from each group; the control lysed cells represented
the LDH production/release.

Comet assay. Comet assays were performed as previously
described.”?

Mitochondrial assays

Determination of intracellular ROS. Cells were pretreated
with either 5 mM NAC or vehicle for 1 h prior to compound
treatment. Cells were then incubated with media containing
10 uM DCFH-DA for 30 min before the end of compound
treatment. Cells were then harvested by trypsinisation and
washed and resuspended in containing DRAQ-7 (1.5 uM) was
added 20 min before analysis to exclude dead cells. Sample
were then analysed on a CyAn flow cytometer. Compounds
were excited by a 488 nm laser, emission 680 nm, DCFH-DA was
excited by a 488 nm laser, emission 530 nm and DRAQ7 was
excited by a 633 laser, emission 665 nm.

Determination of the mitochondrial membrane potential.
After treatment, cells were harvested by scraping and treated
with 0.25 mM of carbonyl cyanide m-(trifluoromethoxy) phe-
nylhydrazone (FCCP), a depolarising/uncoupling compound,
15 min before adding JC-1. Samples were then treated with
2.5 ug ml~" of JC-1 while vortexing followed by incubation for
20 min in the dark at 37 °C. Cells were then washed with PBS
and centrifugated for 5 min at 300 x g at room temperature.
Cells were resuspended in 500 pl PBS before CyAn analysis. The
488 nm laser was used to excite the monomeric JC-1 green
fluorescence was detected in FL1 (Em: 530 nm), the aggregate
JC-1 orange/red fluorescence was detected FL2 (Em: 575 nm)
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and the compounds were detected in FL4 (Em: 680). Cell
analysis was performed on the CyAn using appropriate gates
counting 10 000 cells and using Summit software package. The
percentage of fluorescence within the cells was analysed using
Flow Jo software. The ratio of red/green mean fluorescence
values represent the mitochondrial AY and were expressed as a
percentage of the untreated control which is taken as 100%.

Mitochondrial morphology. HeLaDsRed cells were prepared
for live confocal microscopy. A 543 nm laser was used for
viewing mitochondria using an Olympus IX81-DSU Spinning
Disk Confocal Microscope with a 60x oil immersion lens.
Image analysis was performed using IQ2 Software.
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