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ABSTRACT: The relentless increase in drug resistance of platinum-based
chemotherapeutics has opened the scope for other new cancer therapies with
novel mechanisms of action (MoA). Recently, photocatalytic cancer therapy, an
intrusive catalytic treatment, is receiving significant interest due to its
multitargeting cell death mechanism with high selectivity. Here, we report
the synthesis and characterization of three photoresponsive Ru(II) complexes,
viz,, [Ru(ph-tpy)(bpy)Cl]PF; (Rul), [Ru(ph-tpy)(phen)CI]PF; (Ru2), and
[Ru(ph-tpy)(aip)Cl]JPF, (Ru3), where, ph-tpy = 4'-phenyl-2,2':6',2"-terpyr-
idine, bpy = 2,2'-bipyridine, phen = 1,10-phenanthroline, and aip = 2-

(anthracen-9-yl)-1H-imidazo[4,5-f][1,10] phenanthroline, showing photocata- NADH* \+2H*
lytic anticancer activity. The X-ray crystal structures of Rul and Ru2 revealed a Hz?z
distorted octahedral geometry with a RuN;Cl core. The complexes showed an NADH NAD*

intense absorption band in the 440—600 nm range corresponding to the metal-

to-ligand charge transfer (MLCT) that was further used to achieve the green

light-induced photocatalytic anticancer effect. The mitochondria-targeting photostable complex Ru3 induced phototoxicity with ICs,
and PI values of ca. 0.7 uM and 88, respectively, under white light irradiation and ca. 1.9 M and 3S under green light irradiation
against HeLa cells. The complexes (Rul—Ru3) showed negligible dark cytotoxicity toward normal splenocytes (ICs > SO uM).
The cell death mechanistic study revealed that Ru3 induced ROS-mediated apoptosis in HeLa cells via mitochondrial depolarization
under white or green light exposure. Interestingly, Ru3 also acted as a highly potent catalyst for NADH photo-oxidation under green
light. This NADH photo-oxidation process also contributed to the photocytotoxicity of the complexes. Overall, Ru3 presented
multitargeting synergistic type I and type II photochemotherapeutic effects.

H INTRODUCTION cell signaling cascades and/or modify gene expression

; ) . 17-19
Cancer is one of the major causes of death worldwide (ca. 10 regulation, ultimately causing tumor cell damage. This

M deaths in 2020) and it is badly affecting the global health novel concept, photocatalytic cancer therapy, has shown
index." Primarily, Pt-based anticancer drugs have been promising results in overcoming cisplatin resistance with high

Zs . L T 20
employed as chemotherapeutics in combating this disease.”™> tumor selectivity both in vivo and in vitro.”” The advantages of

However, their low tumor selectivity, adverse side effects, and photocatalytic cancer drug development could be (i) low to
acquired drug resistance have led to new initiatives toward extremely low drug dose, helpful to avoid the toxicity of metal
developing better chemotherapeutic agents and advanced (in the case of metal-based photocatalytic anticancer agents),
cancer therapies with reduced side effects, better tumor (ii) selective activation of the drug at the specified tumor site,

selectivity, and enhanced cytotoxicity.”” Recently, a new type
of photoactivated cancer therapy termed “photocatalytic
cancer therapy” has arisen as a potential non-invasive
alternative to the current cancer therapies." "' In photo-
catalytic cancer therapy, a photosensitive drug molecule is

helpful to reduce drug’s side effects, and (iii) overcoming

current drug resistance issues by multifunctional and multi-

. . L2122
targeting anticancer mechanism.

exposed to a certain wavelength of light to induce cytotoxicity Received: February 14, 2024 Ingyginicthemixtry

b

via in-cell catalytic reactions and the production of reactive Revised:  March 25, 2024 U
oxygen species (ROS)."””"° The in-cell catalytic reactions Accepted:  March 25, 2024

(such as NADH/NAD(P)H oxidation) and ROS generation Published: April 5, 2024
are ultimately reported to perturb energy metabolism and

redox state in cancer cells selectively.'”'® These further disrupt
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Figure 1. Chemical structures of the Ru(1I) photocatalysts Rul—Ru3.
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In metal-based photocatalytic cancer drug development,
NADH is one of the target molecules for in-cell catalysis, as it
has been discovered that the NADH coenzyme level in cancer
cells is higher than that of normal cells.”>~>” NADH is also
very crucial for many intracellular biochemical processes such
as (i) functions of ca. 400 oxidoreductases, (ii) ATP
generation, (iii) maintenance of in-cell redox balance and
cellular metabolism, (iv) main electron donor in the
mitochondrial electron transfer chain, etc.?*™>° Thus, system-
atic oxidation of NADH to NAD" in cancer cells using a low
nontoxic catalytic amount of the dru§ can present an
alternative cancer cell death mechanism.”'* In metal-based
photocatalytic cancer drug development research, Ir(III)
photocatalysts dominated mostly due to their excited state
photochemistry.’*~>* In 2019, for the first time, Sadler and co-
workers achieved blue light-triggered in-cell NADH oxidation
with an Ir(III) photocatalyst, which induced immunogenic
apoptosis in cancer cells by altering the intracellular NAD*/
NADH ratio.”" Subsequently, our group and Huang's group
have reported several other highly efficient green light-active
Ir(III)-based photocatalysts for photocatalytic cancer drug
development.'””'* Recently, Deng et al. achieved NIR light-
triggered anticancer activity in hypoxic tumors with the carbo/
oxaliplatin derivative of Pt(IV) prodrug by oxidizing NADH.*

On the other hand, Ru(II)-based photosensitizers with
attractive photostability, excited state chemistry, and tunable
photophysics/photochemistry are widely used in cancer
photodynamic therapy (PDT) research.”*~*" Ru(II)-based
TLD1433 from McFarland's group obtained fast-track
approval from the FDA as a green light PDT agent for
bladder cancer.”” Chao et al. developed Ru(Il)-based PDT
agents with biotin as the tumor-targeting group.”® The
complexes showed excellent phototoxicity (IC, ca. 3.3 M)
toward the cisplatin-resistant AS49R cancer cells upon
irradiation of two-photon light (800 nm, 0.27 mW cm™2, 80
MHz, 100 fs).** Turro and co-workers showed photoinduced
phosphine (—PPh;) exchange from Ru(II) polypyridyl
complexes on visible light irradiation, and these complexes
showed >4—6 toxicity against the MDA-MB-231 cells upon
blue light irradiation than dark.*” Bonnet et al. developed a tris-
heteroleptic Ru(II) prodrug with 2-methylthiomethylpyridine
(mtmp).*® This complex cleaved off mtmp after green light
irradiation (520 nm, 19 J/cm?) and bound to DNA to promote
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apoptosis.”’ Interestingly, the complex did not inhibit the
growth of tumors in the ectopic tumor models but significantly
inhibited the growth of tumors in orthotopic tumor models.”’
Recently, Glazer's group developed red light-responsive
Ru(Il)-based photocages with a CYP1B1 (cancer-associated
cytochrome P450 enzyme) inhibitor.”’ These prodrugs
released cytochrome inhibitors upon exposure to red light
(600 nm, 58.7 J/cm?).”! These inhibitors inhibited CYP1B1
with an ICy, of 300 pM.”" Gasser's group reported several
important Ru(Il) polypyridyl complexes as efficient PDT
agents.52_54

Significantly, Ru(II) complexes are being widely used for
PDT application, but the potential of Ru(II) complexes in in-
cell catalysis is not fully realized, such as in the oxidation of
NADH. Recently, our group and Huang's group showed the
usefulness of Ru(Il) photocatalysts (only 3 reports so far) for
developing green and red light photocatalytic anticancer
drugs."”'" We reported green/red light-responsive Ru(II)
complexes, viz., [Ru(bpy),(bpy-dph)]Cl, and [Ru(bnp)(tpy-
pyren)](PFy), (bpy = 2,2'-bipyridine, bpy-dph = 4,4'-
diphenyl-2,2'-bipyridine, bnp = 2,6-bis(2-naphthyridyl)-
pyridine, and tpy-pyren = 4'-(pyren-1-yl)-2,2":6',2"-terpyr-
idine), which induced apoptotic cancer cell death through
NAD(P)H oxidation and diverse ROS generation via
synergistic type I and type II pathways.'”'* Interestingly,
[Ru(bnp)(tpy-pyren)](PF4), was found to overcome drug
resistance via intracellular glycerophospholipid, lipid, and
peptide metabolism inhibition as a result of NAD(P)H
photo-oxidation."* As only three reports are available with
Ru(II) photocatalysts in photocatalytic cancer drug develop-
ment research, more investigations with Ru(II) photocatalysts
are needed to decide the fate of photoresponsive Ru(Il)
complexes in photocatalytic cancer therapy. Thus, in this work,
we have developed two green light-responsive Ru(II)
complexes, viz., [Ru(ph-tpy)(phen)CI]PF; (Ru2), [Ru(ph-
tpy) (aip) CIJPF4 (Ru3) (Figure 1), as efficient NADH photo-
oxidation catalysts. The complex [Ru(ph-tpy)(bpy)CI]PF
(Rul) was used as a control. The detailed anticancer
investigation with Ru2 and Ru3 revealed that these complexes
are remarkably phototoxic in green and visible light, which was
also supported by the DFT calculation data. The anticancer
activities of these complexes originated from their intracellular
production of ROS and photo-oxidation of NADH.
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Figure 2. (a) Absorption spectra of complexes (Rul—Ru3) in DMSO. (b) Emission spectrum of Ru3 in DMSO (4. 425 nm). ORTEP diagram of
the cationic complex of (c) Rul and (d) Ru2 with thermal ellipsoids at a 50% probability level, along with the atom numbering of the heteroatoms
in [RuNCI]PF,. The counter-anion (PF4) and hydrogens are omitted for clarity.

B RESULTS AND DISCUSSION

Synthesis and Characterization. Ru(Il) complexes
(Rul—Ru3) were synthesized by reacting 1 equiv. of RuCl;-
xH,O with 1.0 equiv. of phenyl-terpyridine followed by the
addition of 1.0 equiv. of bpy (Rul)/phen (Ru2)/aip (Ru3) in
ethanol. The complexes were isolated as PF~ salt after adding
excess NH,PF, (Figure S1). All three Ru(II)-based complexes
were characterized by elemental analysis, HRMS, 'H NMR,
UV—vis and fluorescence spectroscopy, FT-IR, and SC-XRD
(for complexes Rul and Ru2) (Figures S2—S12). The most
abundant peak in HRMS corresponded to [M]" in acetonitrile,
confirming the formation of Rul—Ru3. In the '"H NMR of
complexes Rul—Ru3, the characteristic peaks were obtained in
the aromatic region. Interestingly, the N—H peak of the
imidazole ring of aip (6 = 14.20 ppm) disappeared upon
coordinating with the Ru(Il) center, in line with previous
studies.”° An intense metal-to-ligand charge transfer
(MLCT) band of Rul—Ru3 was observed at ca. 440—600
nm in DMSO (Figure 2a).” 7>’ Ru3 showed an additional
peak near 380 nm corresponding to aip (anthracene)-based
m—n* transition.”® The absorption of green light might be
useful for achieving green light-activated cancer therapy via in-
cell NADH oxidation.'”"* In DMSO solution, Ru3 showed an
emission band near ca. 500 nm upon 425 nm excitation due to
the presence of the anthracene moiety (Figure 2b).

X-ray Crystallography. The structures of Rul and Ru2
were determined by SC-XRD. Slow evaporation of an
acetonitrile—toluene (1:1 (v/v)) solution of the complexes
produced reddish-brown crystals for diffraction. Both com-
plexes (Rul and Ru2) crystallized in a monoclinic system with
the P12,/c space group (Table S1). The ORTEP view of the
complexes is given in Figure 2c¢,d. The unit cell packing
diagram of Rul and Ru2 is given in Figure S13. The crystal
structures of Rul and Ru2 revealed their distorted octahedral
geometry, in which the Ru center was surrounded by five N
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and one CI. Four molecules are present in the one-unit cell of
both Rul and Ru2 (Figure S13 in the Supporting
Information). The obtained crystal structures of Rul and
Ru2 were similar to previously reported Ru(Il) complexes with
the same coordination sphere.””®" The selected bond distances
and bond angles are listed in Table 1. The Ru—Cl bonds
(2.4008 A for Rul and 2.4078 A for Ru2) were the longest
among all of the coordinating bonds, indicating their presence
at the axial position. However, the observed Ru—Cl bond

Table 1. Selected Bond Distances (A) and Bond Angles
(deg) of Complexes Rul and Ru2

Rul Ru2
Ru—Cl 2.4008 (7) 24078 (8)
Ru—N1 1.954 (2) 1.950 (2)
Ru—-N2 2.069 (2) 2.064 (2)
Ru—N3 2.083 (2) 2.092 (2)
Ru—N4 2.036 (2) 2.042 (2)
Ru—N3 2.066 (2) 2.065 (2)
Cl-Ru—N1 89.07 (6) 92.02 (7)
Cl-Ru—N2 91.17 (6) 92.53 (7)
CI-Ru—N3 94.99 (6) 92.85 (7)
Cl-Ru—N4 170.48 (6) 170.97 (7)
Cl-Ru—-N3 88.47 (6) 87.90 (7)
NI1-Ru—N2 79.75 (9) 80.0 (1)
NI1-Ru—N3 174.65 (9) 173.5 (1)
NI-Ru—N4 98.01 (9) 95.8 (1)
N1—-Ru—NS$ 79.43 (9) 79.20 (9)
N2—Ru—-N3 96.64 (8) 95.5 (1)
N2—Ru—N4 96.33 (9) 93.2 (1)
N2—Ru-N$§ 159.19 (8) 159.1 (1)
N3—Ru—N4 78.37 (8) 79.7 (1)
N3—Ru—-N$ 104.12 (8) 105.3 (9)
N4—Ru—N$ 86.59 (8) 89.2 (1)
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lengths were slightly less than the previously reported
complexes with similar structures.””®" The shortest bond
length between Ru and the central nitrogen atom of the
terpyridine ligand (Ru—N1) in both complexes Rul (1.954 A)
and Ru2 (1.950 A) is comparable to the previously reported
complexes.’”®" Interestingly, in both complexes, the bond
length Ru—N4, i.e,, trans to CI7, is relatively shorter than those
of other Ru—N bonds (Table 1). The trans bond angles Cl—
Ru—N4 and N1-Ru—N3 in Rul and Ru2 are about 10°
distorted from the ideal angle. For the N2—Ru—NS$ angle, the
highest distortion of around 21° was found (159.19° and
159.1° for Rul and Ru2, respectively), in line with previous
studies.*""

Solubility, Stability, and Lipophilicity. The solubility of
the complexes (Rul—Ru3) was measured in different solvents.
Complexes were soluble in nonchlorinated polar solvents like
acetone, DMF, DMSO, and acetonitrile and partially soluble in
methanol, ethanol, and H,0. The photostability of the
complexes (Rul—Ru3) was monitored via time-dependent
UV—vis studies under white light. Rul—Ru3 in PBS-DMSO
(99:1 v/v) showed no marked changes in spectra and
absorbance (Figure S14), revealing that these complexes
might be used as stable photocatalysts. To assess the
lipophilicities of the complexes, their partition coefficients
(log P,,,) were determined in octanol and water. The log P, ,,
parameter reflects the distribution of the complex between
water and octanol, providing insights into the potential cellular
uptake through passive diffusion.””"** A positive log P, ,, value
indicates a preference for the octanol layer, while a negative
value suggests a preference for water.”””% The log P,,,, values
for the complexes Rul, Ru2, and Ru3 were 1.25, 1.47, and
2.31, respectively (Figure S15). The log P, values increased
from Rul to Ru3, aligning with the enlargement of the
lipophilic moiety in the bidentate N,N-ligand. Considering the
established correlation between cellular uptake, lipophilicity,
and cytotoxicity,*>* it is plausible to anticipate that Ru3 could
show the highest cellular uptake and phototoxicity within the
series.

DFT Calculation. The DFT calculations were performed
for Rul—Ru3 to understand their electronic structure and
photophysical properties. To optimize the structure, the
@wB97X-D function was applied with the def2-SVP basis set
for all atoms in water using the CPCM implicit solvation
model.”” The optimized structures of Rul—Ru3 indicated that
the Ru(II) center is coordinated with N,N,N-donor and N,N-
donor ligands and one CI atom in a distorted octahedral
manner with a Ru™N;CI coordination core, similar to the
crystal structure of the complexes (Figure 3). The frontier
molecular orbitals (FMOs) of Rul—Ru3 revealed that the
highest occupied molecular orbital (HOMO) is distributed
partially on the Ru center and, to some extent, the N,N-donor
moiety (Figure S16). The lowest unoccupied molecular orbital
(LUMO) resides on the N,N,N-donor phenyl terpyridine
moiety for all complexes. Further, we have calculated the
absorption and emission energies at the TD-wB97X-D/
def2TZVP level of theory in water. The lowest S, — S;
transition energy is ~2.5 eV (Table S2) for these complexes,
and natural transition orbital (NTO) plots (Figure 3) show
'MLCT from Ru to the N,N,N-donor ligand. Next, we have
optimized the triplet states of these complexes using the
UwB97X-D/def2-SVP level of theory and determined the
singlet—triplet energy gap (AEgr), spin density plots, and
SOMO plots at the UwB97X-D/def2-SVP level of theory. For
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Figure 3. Top, center, and bottom of each image, respectively, display
the virtual natural transition orbital (NTO,), occupied natural
transition orbital (NTO,) for S, — S, transition, and optimized
structures of Rul—Ru3.

Rul and Ru2, SOMO and SOMO-1 are predominantly
localized on the metal center and the N,N,N-donor ligand,
whereas for Ru3, SOMO is located on Ru and N,N,N-donor
ligand and SOMO-1 on anthracene (Figure S17). The spin
density plots also reveal that spin is localized on Ru and the
N,N,N-donor ligand (Figure S18). The calculated lowest triplet
energies for Rul, Ru2, and Ru3 are 2.23, 1.91, and 1.96 eV
respectively, which are higher than that for *0, (0.98 eV),
suggesting that these complexes can generate singlet oxygen
(Table S3).

Green Light-Induced Photocatalytic Oxidation of
NADH. NADH, a crucial molecule for cellular redox balance
maintenance, serves as an electron carrier and coenzyme in
several metabolic pathways.”*~>" Its pivotal involvement in
electron transfer, energy production, and enzyme regulation
makes it necessary for the normal functioning of cells and
overall cellular health.”>™" Any unnatural alteration in the
intracellular NADH concentration can disrupt the mitochon-
drial ETC, intracellular redox harmon_}f, and energy production,
ultimately leading to cell death.”>™*" This concept has been
used by Sadler and co-workers to achieve light-triggered
anticancer activity with an Ir(IIlI) complex.”’ Further, Huang's
group and our group generalized this concept with both Ir(III)
and Ru(II) complexes to produce synergistic oxygen-based
ROS generation and NADH oxidation to obtain light-trig%ered
anticancer effects against different cancer cell lines. *~'*
Henceforth, the NADH photo-oxidation ability of Rul—Ru3
was investigated using UV—vis spectroscopy by monitoring the
intensity of the NADH characteristic band at 339 nm and the
NAD" characteristic band at 259 nm in a PBS-DMSO (99:1 v/
v) solution."*'**® Rul—Ru3 (10 M) did not show any
changes in the absorption spectra of NADH (240 M) in the
dark (Figure S19b—d in the Supporting Information). Upon
green light (525 nm, 50.2 J cm™) irradiation, Ru2 and Ru3
decreased the characteristic absorbance of NADH significantly
and simultaneously increased the absorbance of the NAD*
characteristic band (Figure 4a,b). Rul on green light exposure
caused NADH oxidation but with low turnover frequency
(TOF) (ca. 109 h™') (Figure S19a in the Supporting
Information). This result indicated the photo-oxidation of
NADH by Ru2 and Ru3 upon green light exposure. Ru2
oxidized NADH with a turnover frequency (TOF) of ca. 55.5
h™. The TOF of Ru3 was ca. 1182 h™!, the most potent
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Figure 4. Photocatalytic oxidation of NADH (240 M) by Ru2 (10 uM) (a) and Ru3 (6 uM) (b) in a PBS-DMSO (99:1 v/v) (pH = 7.4) solution
(light source: 525 nm, 50.2 J cm™2). (c) Detection of H,0, generation by Ru3 (6 uM) during NADH (240 uM) oxidation under dark (D) and
light irradiation (L) in a DMSO-PBS (99:1 v/v) solution (light source: 525 nm, 50.2 J cm™2).

NADH photocatalyst among these complexes. The better
NADH photo-oxidation ability of Ru3 might be due to its low
AE, value. Importantly, Ru3 was a better photocatalyst than
the first reported Ir(III)-based NADH oxidation photo-
catalyst.”’ Ru3 also showed equivalent or better NADH
oxidation TOF than other reported Ru(II)/Ir(III)-based
photocatalysts (Table S4). Overall, the observed excellent
NADH photo-oxidation ability of Ru3 might contribute to its
phototoxicity via in-cell NADH oxidation.'”'* Furthermore,
upon green light irradiation (light source: 525 nm, 50.2 J
cm™?), Ru3 generates H,0, in the presence of NADH (Figure
4c). This indicates that molecular O, is involved in the
catalytic process, like the Ir(III) photocatalysts reported in the
literature.'*~'>*" O, is probably involved in the regeneration
of the Ru(Il) active catalyst."*™"

Cellular Uptake. The adequate internalization of any dru.
candidate is a crucial factor for high therapeutic value.”””’
High in-cell uptake of cancer therapeutic agents is reported to
enhance their anticancer potential.””~”" Uptake studies were
conducted by quantifying the cellular ruthenium content using
inductively coupled plasma mass spectrometry (ICP-MS) in
HelLa cells (Figure S20 in the Supporting Information).
Following 6 h of incubation with the Rul—Ru3 complexes (10
uM) in the dark, the cells were lysed and processed in a 2%
HNOj; solution. Table 2 reveals that Ru3 exhibited the highest

Table 2. Intracellular Ru Content for Rul—Ru3 after 6 h of
Incubation with HeLa Cells

complex Ru content in whole cell lysate (ng/10° cells)
Rul 524 £22
Ru2 587 + 3.1
Ru3 80.2 + 4.7

internalization, with a Ru content of 80.2 + 4.7 ng/10° cells,
followed by Ru2 (58.7 + 3.1 ng/10° cells) and Rul (52.4 +
2.2 ng/10° cells). These results align with the log P, ,, values of
the complexes. The highest intracellular uptake of Ru3 is
certainly due to its higher lipophilicity.”””*”* Thus, Ru3 might
act as a much better photocytotoxic agent.

Cytotoxicity Studies. The sufficient cellular uptake of
Rul—Ru3 encouraged us to evaluate their cytotoxicity against
the HeLa cancer cell line and normal splenocyte in both the
dark and white/green light by MTT assay.” Rul—Ru3
showed no notable dark toxicity toward the normal cells
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(ICsp > SO uM) (Table 3 and Figure S21). In the dark, Rul—
Ru3 did not show any significant cytotoxicity (ICs, > 60 M)
toward HeLa cells (Table 3 and Figure S22). However, upon
white light (400—700 nm, 5.0 J cm™) exposure, the
cytotoxicity of Rul—Ru3 was enhanced significantly (Table
3 and Figure $23). Among the complexes, Ru3 (IC;, = 0.75 +
0.12 uM) showed better activity as compared to Rul (ICq, =
6.84 = 0.21 uM) and Ru2 (ICy, > 10 #M) against HeLa cells.
A similar trend of photocytotoxicity was observed under green
light (ICso: Ru3 = 1.9 + 0.2 uM; Rul = 8.4 + 5.0 uM; Ru2 >
10 uM) (Figure S24). The high anticancer effect of Ru3 might
be due to its higher cellular uptake and the presence of
photoresponsive aip ligand with much higher 7-conjugation.
Previous reports have shown that the presence of an imidazole
ring in aip causes cell cycle arrest and subsequently induces
apoptosis against cancer cells.”*”* Also, Chao et al. reported
the dark toxicity of [Ru(ph-tpy)(bpy)Cl]ClO, on 48 h of
incubation against HeLa cells.”® Tt showed an ICj, of ca. 51.4
UM under those conditions.”® With respect to our previous
work, Ru3 showed better activity than [Ru(bpy),(bpy-
dph)]Cl, (ICs, = 0.3 uM)."® Ru3 showed similar or better
anticancer responses than some of the previously reported
Ru(II)-based phototherapeutic agents with similar structures in
HeLa cells (Table 2).'%**””=%" For example, [Ru(bpy)(dppn)-
(phpy)]PF4 gave an ICs, value of 7 M in HeLa cells, but in
the dark.”” [Ru(dppz-X,);](PFs), (X = H and F) showed no
toxicity in the dark, but upon light irradiation (light source:
9.27 J ecm™), it showed ICy, values of ca. 2 and 5.5 uM,
respectively.”® [Ru(bipy),dppz-7-acetoxy](PF4), showed no
dark toxicity (>100 uM) but showed ICs, of ca. 9.0 and S.5
UM on changing light dose from 2.58 to 9.27 J cm™?
respectively.*® [Ru(dqpCO,Me)(ptpy)](PF¢), showed no
dark toxicity (>100 uM) toward HeLa cells even after 48 h
of incubation, but on treatment of light (6.95 J cm™), it
showed moderate toxicity (ICs, = 25.3 + 4.7 uM).).”” Besides
that, ICs, values of Rul—Ru3 are much better than those of
the clinically used photosensitizer S-ALA (151.1 M) and
cisplatin (25.3 uM) upon green light irradiation (29.56 J
cm™?). The choice of light in PACT plays a vital role in
achieving anticancer activity.10

ROS Generation. ROS are naturally formed as byproducts
of cellular metabolism in various physiological processes in the
human body.*>*' However, increased ROS levels can cause
oxidative stress or inflammation and damage cells and cellular
components.”” Therefore, in photoactivated cancer therapy,
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Table 3. ICy, (#M) Values of Rul—Ru3 and Some Ru(II)-Based Complexes against HeLa Cells in the Dark and upon Light
Irradiation

HeLa splenocytes
light (wavelength) (nm)

complex dark 400—-700 525 350 420 PI (400—700 nm) PI (525 nm) dark
Rul” 942 + 2.8 6.8 +£0.2 85+ 5.0 13.77 11.11 556 + 1.3
Ru2” 955 +2 >10 >10 NA NA 79+ 3
Ru3“ 662 + 2 0.75 + 0.12 19 £ 02 88.37 34.52 757 £ 2.2
[Ru(ph-tpy) (bpy)C1]CIO," S1.4
[Ru(bpy),(bpy-dph)]CL° 140.7 0.3 469
[Ru(bpy) (dppn) (phpy) JPFs? 7
[Ru(dppz-H,);] (PFe),” >100 2
[Ru(dppz-F,);](PFq),° >100 S.S
[Ru(bipy)2dppz-7-acetoxy] (PF); >100 9 5.5
[Ru(dqpCO,Me) (ptpy)](PFq),* >100 253 + 47
cisplatin” 165 25.3
5-ALA" >10000 151.1 6.6

“White light irradiation; light treatment: incubation time of 6 h, total irradiation = 5.0 ] cm™ over 30 min. Recovery time of 18 h. Green light
irradiation; light treatment: 1ncubat10n time of 6 h, total irradiation = 50.2 J cm™2 over 30 min. Recovery time of 18 h. Dark treatment: incubation
time of 6 h, recovery time of 18 h. “Dark treatment: incubation tlme of 48 h (from ref 76). “Green light irradiation (525 nm, 29.56 J cm™?). Light
treatment: 1ncubat10n time of 8 h, total irradiation = 29.56 J cm™2. Recovery time of 40 h. Dark treatment: incubation time of 8 h, recovery time of
40 h (from ref 13). “Dark treatment: incubation time of 2 h, recovery time of 24 h (from ref 77). “Dark treatment: incubation time of 48 h, light
1rrad1at10n (420 nm, 9.27 J cm™2). Light treatment: incubation time of 4 h, total irradiation = 9.26 J cm™ over 20 min. Recovery time of 44 h (from
ref 78)./Dark treatment: incubation time of 48 h, light irradiation (350 nm, 2.58 J cm™2). Light treatment: incubation time of 4 h, total irradiation =
2.58 J cm™? over 10 min. Recovery time of 44 h. Light irradiation (420 nm, 9.27 J cm™?). Light treatment: incubation time of 4 h, total irradiation =
9.27 J cm™? over 20 min. Recovery time of 44 h (from ref 46). $Light irradiation (420 nm, 6.95 J cm™2). Light treatment: incubation time of 4 h,
total irradiation = 6.95 J cm™ over 30 min. Recovery time of 44 h. Dark treatment: incubation time of 4, 48 h, recovery tlme of 44 h (from ref 79).

hGreen light irradiation (525 nm, 29.56 J cm™2). Light treatment: incubation time of 8 h, light irradiation = 29.56 J cm™2. Recovery time of 40 h.
Dark treatment: incubation time of 8 h, recovery time of 40 h (from ref 10).
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Figure 5. (a) Time-dependent decrease in the absorbance of DPA, indicating 'O, generation by Ru3 (10 #M) in a PBS-DMSO (99:1 v/v) solution
upon green light irradiation. (b) Time-dependent degradation of MB, indicating OH® generation by Ru3 (10 M) in a PBS-DMSO (99:1 v/v)
solution on green light irradiation (light source: 525 nm, 50.2 J cm™2). (c) In-cell ROS generation by Ru3 + dark, Ru3 + white light (400—700 nm,
5.0 J cm™), and Ru3 + green light (light source: 525 nm, 50.2 J cm™2) in HeLa cells after 30 min of incubation. Scale bar: 400 um.

controlled ROS generation has been used to selectively destroy proteins, and cell membranes, ultimately triggering apoptosis
cancer cells while sparing healthy ones.”’ ROS are reported to or necrosis.”"’"* In photocatalytic cancer therapy, the
damage cancer cells by primarily damaging their DNA, photoresponsive metal complexes are reported to produce
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Figure 6. Confocal images of HeLa cells incubated with Ru3 (15 M), the nucleus-specific blue-emitting dye Hoechst, and MitoTracker Red
(MTR). Panel (i) shows blue emission of nucleus staining dye Hoechst (4., ~ 405 nm and A, ~ 460 nm), panel (ii) shows red emission of MTR
(Aex ~ 630 nm and 4, ~ 650 nm), panel (iii) shows green emission of Ru3 (4., ~ 488 nm and A, ~ S00 nm), panel (iv) shows a bright field

image, and panel (v) shows a merged image. Scale bars, 10 ym.

H,0,, OH®, and O,*" (as the byproducts of NADH oxidation)
in addition to 'O, (via a type II energy transfer pathway).*”"*
The encouraging photophysical properties, DFT calculation
data, and enhanced light-triggered cytotoxicity indicated that
Rul—Ru3 could have a notable ROS generation tendency. To
examine the 'O, production efficiency of Rul—Ru3, 9,10-
diphenyl anthracene (DPA) has been used. In the dark, Rul—
Ru3 (10 M) did not cause any notable change in DPA-based
absorbance, indicating inefficiency in 'O, generation without
light. However, Rul—Ru3 efficiently generated 'O, upon
green light exposure (Figure Sa and Figure S25ab in the
Supporting Information). Ru3 emerged as a more potent 'O,
generator than Rul and Ru2, as demonstrated by a notable
decrease in the DPA-based absorption bands. This observation
indicates that the high photocytotoxicity of Ru3 partially can
be due to light-induced high amounts of 'O, generation.
Furthermore, the OH® generation tendency of Rul—Ru3 was
determined with methylene blue (MB), an OH® probe. A
similar trend of activity was obtained for OH® generation by
Rul—Ru3 (Figure Sb and Figure S25c in the Supporting
Information) in the presence of NADH. The OH® generated
due to the homolysis of H,0, formed during the photo-
oxidation of NADH (as discussed above). All of these data
indicated that Ru3 is an efficient type-I and type-II PS.

Furthermore, the in-cell ROS generation by Ru3 was
visualized by DCFDA assay in HeLa cells using fluorescence
microscopy.”’ "> The nonfluorescent ROS marker 2',7'-
dichlorofluorescin diacetate (DCFH-DA) converts to highly
green fluorescent 2’,7'-dichlorofluorescin (DCF) by the
intracellular ROS.5°"%* As shown in Figure Sc, Ru3 generated
significant ROS at its ICs, concentrations only after light
(white or green) exposure, being inactive under dark
conditions, revealing that the remarkable phototoxicity of
Ru3 is also due to its highly efficient in-cell ROS generation
(in addition to NADH oxidation). A similar ROS-mediated
anticancer mechanism was also observed with the other
Ru(II)-based photosensitizers like [Ru(tpy)(N,N)(py)](PFq),
(where, NN = 2,2'-bipyridine, 6,6'-dimethyl-2,2’-bipyridine,
benzo[i]-dipyrido[3,2-a:2",3'-c]phenazine, and 3,6-dimethyl-
benzo [i]dipyrido [3,2-a:2,3’-c]phenazine) and chiral [Ru-
(Ph,phen), (xS,kN-(Ac-RGDH-NH,))]Cl, (where Ph,phen =
4,7-diphenyl-1,10-phenanthroline).”* "%

Cellular Localization, Mitochondrial Dysfunction, and
Cellular Apoptosis. The luminescence characteristics of the
complexes serve as an important tool for monitoring their
intracellular distribution.'>*”% The green emission from Ru3
(on 488 nm laser excitation), in HeLa cells, affirms its potential
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for cellular imaging (Figure 6). The merged image, combining
nuclear staining with Hoechst dye (blue fluorescent) and
complex-based green emission, indicated cytosolic localization.
Furthermore, the merged image with MitoTracker Red (MTR,
red fluorescent) suggested the localization of Ru3 in
mitochondria, with a Pearson correlation coefficient (PCC)
of 0.74 (Figure 6).

For the adenosine triphosphate (ATP) biosynthesis,
required for cell survival and growth, mitochondria are
essential.” Overload of ROS is reported to damage
mitochondria via oxidative stress.”® The alteration of
mitochondrial membrane potential (AY,) indicates mito-
chondrial dysfunction and damage.*® As Ru3 produced in-cell
ROS on light activation, here, the alteration of AY,, was
visualized by JC-1 assay using fluorescence microscopy.*® JC-1
dye produces red fluorescence when internalized within the
mitochondria at high membrane potential (A¥m), whereas at
low membrane potential, JC-1 becomes green fluorescent.”” As
shown in Figure 7, in the dark, Ru3 could not change the

Dark White light Green light

Control

Ru 3

Figure 7. Visualization of the mitochondrial membrane potential
change by Ru3 + light via the JC-1 assay. Incubation of Ru3 with
HeLa cells for 4 h at IC;, concentration was followed by 20 min white
light (400—700 nm, 5.0 J cm™2) or green light (525 nm, 50.2 J cm™?)
irradiation. Scale bars, 100 ym.

AY,, as indicated by the red fluorescence from JC-1, the same
as the control. In contrast, in the cells with Ru3 + light
treatment, J-monomer-based green fluorescence was observed
(Figure 7), indicating a change in AW,. Overall, the above
results indicate that Ru3 selectively changes the AW only
after light activation. This change in AW, could be a signature
of cellular apoptosis through mitochondrial pathways.”~*
The excellent light-activated cytotoxic effects of Ru3 and the
change in AY, by Ru3 + light pushed us to study the
underlying cell death mechanism induced by Ru3 in the
presence of light in HeLa cells. The changes in nuclear

https://doi.org/10.1021/acs.inorgchem.4c00650
Inorg. Chem. 2024, 63, 7493—-7503


https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c00650/suppl_file/ic4c00650_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.4c00650/suppl_file/ic4c00650_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c00650?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c00650?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c00650?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c00650?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c00650?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c00650?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c00650?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.inorgchem.4c00650?fig=fig7&ref=pdf
pubs.acs.org/IC?ref=pdf
https://doi.org/10.1021/acs.inorgchem.4c00650?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Inorganic Chemistry

pubs.acs.org/IC

morphology were examined using Hoechst/PI dual staining at
the ICy, concentration of Ru3 to determine the mode of cell
death. Nuclei of both live and apoptotic cells can be stained
with Hoechst 33342 dye. When Hoechst 33342 binds to the
nuclei of living cells, it is reported to emit a light blue
fluorescence, whereas on binding to the apoptotic cells’ nucle,
it is known to produce bright blue fluorescence. PI can only
stain the nuclei of cells with compromised nuclear membranes
and emits red fluorescence.*>™"” The result shown in Figure
526 revealed that Ru3 did not show any cell death in the dark
condition but produced apoptotic cell death responses
(evident from round stressed cells, loss of cellular networks,
bright condensed nuclei, and staining of the nuclei by PI) in
the presence of both green light and white light (Figure 8 and

PI Hoechst/PI

Hoechst

Figure 8. Green light-triggered apoptosis of HeLa cells induced by
Ru3 (750 nM) costained with Hoechst and PI. Scale bars, 100 ym.

Bright Field

Control

Ru3

Figure S27). Henceforth, from the above observations, it can
be concluded that Ru3 + light treatment promotes apoptosis in
HeLa cells via ROS production and NADH photo-oxidation
through a change in the AW .

B CONCLUSIONS

In this work, we have synthesized, characterized, and evaluated
the visible and green light-activated detailed anticancer
activities of three terpyridine-based Ru(Il) photocatalysts
(Rul—Ru3). The distorted octahedral geometry with a
RuN;Cl core of the complexes was evident from the single-
crystal structures of complexes Rul and Ru2. The photostable
complexes showed an MLCT band at ca. 440—600 nm, which
was very useful for the green-light NADH oxidation photo-
catalytic and photosensitizing activities (for ROS generation)
of the complexes in an aqueous solution. Ru2 and Ru3 worked
as efficient photocatalysts for NADH oxidation in an aqueous
medium under green light exposure. The TOF of Ru3 was
much higher than [Ir(ttpy) (pq)CI]PF.”" Moreover, the
efficiency of Ru3 for the photocatalytic NADH oxidation
was in the range of the most potent Ru(II)-based catalysts
reported so far.”~"* In the process of catalysis, molecular O,
was converted to H,0, via a type-I pathway. Ru2 and Ru3 also
behaved as good green light photosensitizers to produce 'O,
via the type-II pathway. Ru3 also showed a higher intracellular
uptake than Rul and Ru2. The efficient intracellular uptake,
good NADH oxidation, and ROS generation power of Ru3
within mitochondria made it an excellent green light anticancer
agent. Rul—Ru3 did not show any significant toxic effect
toward normal splenocytes and HeLa cancer cells under dark
conditions but showed remarkable nanomolar apoptotic
toxicity upon irradiation of visible light or green light. Ru3
has good PI values of ca. 88 and 34, respectively, upon white
light or green light irradiation, which clearly indicates its
selective anticancer activity upon light exposure. The green
light-activated apoptotic antitumor activity of Ru3 was the
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outcome of the synergism between its NADH oxidation
capacity and ROS generation ability. The apoptotic cell death
was initially started from the depolarization of mitochondria
upon light irradiation. Overall, this study is a timely
contribution to the progress of photocatalytic cancer drug
development research. Moreover, this study also indicates that
Ru(Il)-based photocatalysts have a future as multifunctional
photocatalytic anticancer agents.
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