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Photodynamic therapy (PDT), a combination of light, molecular oxygen and a photosensitizing dye, has gained
attention as a promising technique to treat various types of cancers. Among all the photosensitizers reported so
far, ruthenium(Il) polypyridyl complexes exhibit unique photophysical and photobiological features owing to
their photostability, ps triplet excited states, and ability to undergo both ‘type I' and ‘type II’ reactions in their
photodynamic action. We report the synthesis of a novel Ru(II) complex containing one 2,2'-biimidazole (bim)
and two tetramethylphenanthroline (tmp) ligands that sensitizes the simultaneous production of superoxide
anion (03%7) and singlet oxygen oy upon irradiation with blue-green light. To improve its solubility and
bioavailability, a zero-order degradation-controlled release formulation based on self-assembled hyaluronic acid
(HA)-poly(lactic-co-glycolic acid) (PLGA) nanoparticles (NPs) was prepared for its topical application in oral
cancer cells (TR146 cell line). These NPs (152 nm diameter) showed 70 % Ru-complex encapsulation efficiency,
high physiological stability, low polydispersity index (0.12), and a sensitizer release enhanced by the hyal-
uronidase enzyme overexpressed in many cancer cells. Both the free complex and its nanocarrier are internalized
by the TR146 cells, displaying > 90 % in vitro cytotoxicity under 470 nm activation (50 J cm™~2), highlighting
their potential as PDT agents. The Ru(II) complex loaded nanocarrier developed in this study can be potentially
effective in the treatment of oral cancers.

1. Introduction

Oral cancer represents 3 % of the annually diagnosed cancer cases in
United States. However, this rate is much higher in countries such as
India, where this oral disease accounts for more than 30 % of the cancer
cases. The standard treatment is surgery followed by radiotherapy or
chemotherapy with 5-year survival rates below 60 % [1]. For this
reason, alternative treatments are highly needed. Photodynamic therapy
(PDT) has emerged as an alternative for the treatment of different
cancerous and non-cancerous malignancies [2-5]. PDT relies on the
ability of a dye (‘photosensitizer’) to generate cytotoxic reactive oxygen
species (ROS) upon light-activation at an absorption wavelength specific
for the photosensitizer in the presence of molecular oxygen (0,). If the
dye is bound to the cell membrane or internalized, the ROS generation
leads to significant cellular damage and, eventually, cell death. In most
cases, upon collision, the triplet excited state of the photosensitizer
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transfers its energy to 0, molecules yielding the highly reactive and
short-lived singlet oxygen species (10s), through the so-called ‘Type II’
mechanism [6]. On the other hand, ‘Type I' mechanism involves an
electron transfer from the surrounding biomolecules to the photoexcited
photosensitizer with subsequent formation of superoxide anion (037)
and other ROS from O, [6]. In the presence of intracellular superoxide
dismutase (SOD), O3~ can be transformed into hydrogen peroxide
(H505) and more 30 that could be recycled during this cascade reaction
[6-9]. The accumulated H,O5 could be further transformed into the
highly toxic hydroxyl radical (HOe) that aggravates oxidative damage
enhancing PDT [6,10].

Among all the investigated photosensitizers, transition metal com-
plexes offer advantages as potential PDT agents [11]. Several labora-
tories are engaged in exciting research related to the preclinical and
clinical evaluation of such complexes [12,13]. In particular, luminescent
Ru(Il) polypyridyl complexes exhibit unique photophysical and
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photochemical features owing to their low toxicity in the dark, thermal
inertia and photostability, ps-lived triplet excited states, near diffusion-
controlled triplet quenching rate constants with 305, and their ability to
undergo Type I and Type II reactions for their photodynamic action
[14,15]. Moreover, their photoactivated properties can be tuned by a
judicious selection of their metal-chelating ligands. Noteworthy, the
a-terthienyl imidazophenanthroline Ru(II) complex TLD1433 prepared
by McFarland’s group [12] has entered phase II clinical trials in Canada
for Type I/Type II PDT of non-muscle invasive bladder cancer, under-
lining the potential usefulness of these transition metal complexes. Due
to the lack of absorption in the NIR-PDT window, these Ru(II) complexes
could be applied topically in the treatment of early-stage oral cancers
and disinfection of wounds where deep tissue irradiation is not a pre-
requisite [16,17].

However, the poor selectivity for cancerous tissues limits the clinical
application and poses challenges for using Ru(II) photosensitizers. To
overcome this limitation, the quest for specific metal-chelating ligands is
a necessity. In this context, imidazole derivatives have been identified as
biologically active compounds in multiple applications [18]. Their
antimycobacterial, antifungal and anticancer activity, both in vivo and
in vitro, have been demonstrated [19-21]. Furthermore, their imino
moiety can coordinate the Ru(Il) ion. Several Ru(Il)-imidazolate com-
plexes, such as NAMI-A or NKP-1339, have progressed to different stages
in clinical trials as potential anticancer agents and alternatives to
cisplatin [22,23]. Notably, some studies have reported the use of 2,2’
biimidazole (bim) coordination complexes as possible antitumor agents
[24]. Metal-bim complexes display anion-recognition features (sensing
of acetates and diketonates has been demonstrated with luminescent Ru
(ID)-bim complexes) [25], anion transport through lipophilic membranes
(luminescent Ir(III)-bim complexes) [26], lysosomal pH monitoring and
DNA sensors (fluorometric and colorimetric Ru(II)-bim sensors,
respectively) [27], G-quadruplex DNA-recognizing Ru(Il)-bim com-
plexes [28], and sensitizers for mitochondria-targeted PDT (cyclo-
metalated Ir(Il)-bim complexes) [29]. Moreover, the n-excessive
character of the 2,2'-biimidazole ligand results in a more negative Ru>*/
2+x redox potential [30], which favors direct electron transfer from the
photoexcited Ru(II)-bim complexes to 20, generating 03, a variation of
the type I PDT mechanism [31].

In this regard, we have designed and prepared a novel heteroleptic
Ru(Il)-bim complex (Figs. S1-S2, Supporting Information), with
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potentially enhanced photodynamic activity owing to the synergistic
effect of Type I and Type II mechanisms [32,33]. To enhance the
photosensitizer solubility and bioavailability, a sustained release
formulation is preferred [34]. Hyaluronic acid (HA) grafted with poly
(lactic-co-glycolic acid) (PLGA) is a known polymer combination for
fabrication of drug-loaded nanoparticles and has lately become a
research hotspot due to its unique properties [35,36]. HA is a linear,
anionic, biocompatible and biodegradable polysaccharide found mostly
in the extracellular matrix [37]. Due to its specific affinity for the CD44
receptor [38], usually over-expressed in cancer cells, HA is an efficient
encapsulation scaffold for hydrophilic drug delivery systems [39,40].
However, the loading of hydrophobic molecules in HA nanoparticles
(NPs) is usually poor. To enhance it, HA is conjugated with hydrophobic
moieties such as 5p-cholanic acid [41] or PLGA [42] to yield high pay-
loads of hydrophobic chemotherapeutic drugs [43] and photosensitizers
[44,45] into self-assembled HA-NPs. The latter can be selectively taken
up by tumor cells through receptor-mediated endocytosis and the
internalized HA-NPs can be readily degraded by the action of intracel-
lular hyaluronidase enzymes (HASE), over-expressed by tumor cells
[46], releasing the encapsulated drug.

Herein, we describe the synthesis, spectroscopic and photochemical
characterization of a novel ruthenium(II)-bim complex and its subse-
quent encapsulation in HA-PLGA NPs (Scheme 1) for topical application
in oral cancer PDT. Besides the bim ligand, two ancillary 3,4,7,8-tetra-
methy-1,10-phenanthroline ligands are included in the coordination
sphere of the Ru(Il) cation. The multiple methyl groups increase the
hydrophobicity of the complex, thus improving its internalization into
the cells. There are examples of physical encapsulation of Ru(ID)-
polypyridyl complexes into various scaffolds [47]; however, to the
best of our knowledge, this is the first report of Ru(Il)-loaded HA-PLGA
nanoparticles for PDT. The photosensitizing NPs developed in our study
exhibit high aqueous stability, low polydispersity, significant metal-
losensitizer encapsulation efficiency and a controlled release of the
photosensitizer accelerated by hyaluronidases. We also report the
evaluation of the novel Ru(I)-bim complex and its encapsulated nano-
form as a possible type I/type II PDT agent on oral cancer cells under
blue light activation.

EDC/NHS
_
DIPEA, formamide H

Ru-loaded HA-PLGA NPs

Scheme 1. Preparation of [Ru(tmp)z(bim)]2+ photosensitizer-loaded hyaluronic acid (HA)-poly(lactic-co-glycolic acid) (PLGA) NPs for PDT.
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2. Materials and methods
2.1. Chemicals

The precursor 2,2'-biimidazole (bim) ligand and ammonium hexa-
fluorophosphate were from Fluorochem whereas the 3,4,7,8-tetra-
methyl-1,10-phenanthroline (tmp) ligand was purchased from Merck.
Lithium chloride and Ru(III) chloride trihydrate were from Acros Or-
ganics. Sodium hyaluronate (2 x 10° Da) was from Lifecore Biomedical
(Chaska, MN). Lyophilized hyaluronidase (Type VIIL, from bovine testes,
300-1,000 U/mg), dihydroethidium (DHE), N,N-diisopropylethylamine
(DIPEA), potassium dioxide, anhydrous dimethylformamide (DMF),
formamide, N-hydroxysuccinimide (NHS), and N-(3-dimethylamino-
propyl)-N‘-ethylcarbodiimide hydrochloride (EDC) were from Sigma-
Aldrich, and poly(i-lactide-co-glycolide)-block-poly(ethylene glycol)-
amine (PLGA-PEG-NHj) (Mw ~ 12,000:5,000 Da) from PolySciTech
(West Lafayette, IN). Dichloromethane, methanol, dimethyl sulfoxide, 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide (MTT),
Hoechst, MitoTracker™ Deep Red FM and LysoTracker™ Red DND-99
were purchased from ThermoFisher Scientific. Acetonitrile (MeCN)
(HiPerSolv Chromanorm HPLC grade), acetone, and deuterated solvents
with tetramethylsilane (TMS) as internal reference were from VWR In-
ternational Eurolab. Ethylene glycol (+99 %) was from Scharlau
(Sentmenat, Spain). Phosphate-buffered saline (PBS) (1X, pH 7.0) was
from Corning (Corning, NY). Ultrapure water was obtained immediately
before use from a Merck Direct-Q3-UV system.

2.2. Synthesis of cis-Ru(tmp)2Cly

This precursor complex was synthesized by adapting a general pro-
tocol for the synthesis of cis-[Ru(bpy)2Cly] [48]: 87.6 mg (0.42 mmol) of
Ru(III) chloride hydrate, 200 mg (0.85 mmol) of tmp, and 106 mg (2.52
mmol) of lithium chloride were dissolved in 2 mL of anhydrous DMF. A
large excess of lithium chloride was added to avoid the formation of
unwanted homoleptic [Ru(tmp)g]2+ complex. The reaction mixture was
refluxed for 3 h under argon, then cooled down, and the Ru(II) complex
was precipitated by addition of acetone. The resulting black-purple solid
was collected by filtration and dried overnight in vacuo (62 % yield).
UV-vis (MeOH): \™®/nm (e/M~" em™") 500 (7540) 270 (131950).

2.3. Synthesis of [Ru(tmp)2(bim)]**

A mixture of 120 mg (0.18 mmol) of cis-Ru(tmp).Cl; and 30 mg
(0.22 mmol) of 2,2'-biimidazole was dissolved in 2 mL of ethylene
glycol. The solution was refluxed for 1 h under argon. The heteroleptic
Ru(Il) complex was precipitated by addition of a saturated aqueous
solution of ammonium hexafluorophosphate, filtered out and washed
with water. The resulting red-orange solid was purified by column
chromatography (silica gel; dichloromethane-methanol 9:1 v/v) (30 %
yield). 'H NMR (300 MHz, MeCN-ds, 8): 8.32 (d, J = 5 Hz, 4H), 8.04 (s,
2H), 7.74 (s, 2H), 7.19 (d, J = 1.5 Hz, 2H), 6.26 (d, J = 1.5 Hz, 2H), 2.83
(s, 6H), 2.72 (s, 6H), 2.44 (s, 6H), 2.18 (s, 6H). 3C NMR (300 MHz,
MeCN-d3, 8): 154.13, 154.12, 148.61, 147.89, 144.18, 144.03, 141.17,
135.45,134.73,129.97,129.90, 129.30, 124.87,124.84, 121.58, 18.18,
17.61, 14.93, 14.78. MS (ESI): [M] " calculated for RuCsgHsyNg, 707.2;
found, 707.2; [M]?>" calculated for RuCsgHsgNg, 354.1; found, 354.0.
UV-vis (PBS): A\™®/nm (/M ' em ™) 460 (12711), 270 (87482).

2.4. Time-resolved luminescence measurements

Emission lifetime determinations were performed by single photon
timing (SPT) on an Edinburgh Instruments (UK) FLS980-Xd2-T spec-
trometer, using a Horiba 470LH diode laser (463 nm, <1 ns pulse
width), an excitation 467-nm bandpass interference filter, a 500 nm-
blazed double monochromator in the emission path, and a Hamamatsu
R928P photomultiplier thermoelectrically cooled at —21 °C. Due to the
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presence of different species in the excited stated as a result of the
deprotonated forms of bim, we always report the so-called pre-expo-
nentially weighted mean lifetime (z,, = ) ;Bi7i/> ;B;) for each lumi-
nescence decay profile, calculated from the biexponential fit of the

experimental points (I;(t) = A + Zme-).

2.5. Singlet oxygen luminescence measurements

Quantum yields of singlet oxygen production (®,) were measured
with an Edinburgh Instruments LP-900 laser kinetic spectrometer
equipped with a frequency-tripled Nd:YAG laser (Minilite II, Continuum,
CA) for excitation at 355 nm, and a Hamamatsu H10330-45 NIR PMT
module for singlet oxygen emission monitoring at 1265 nm (Bentham
TM300 monochromator with a 600 grooves mm ™! NIR grating). The
PMT is fitted with a 10 KQ resistor at the signal output for proper
amplification of the signal. A pyroelectric Gentec QE12LP-S-MB energy
meter was employed to monitor the energy of the laser pulse, which was
varied from 100 to 600 pJ pulse™! to avoid (partial) saturation of the 10,
emission signal and keep it in the linear region. Absorbance-matched
(Azs5 = 0.25) solutions of [Ru(tmp)z(bim)]2+ and the reference photo-
sensitizers [Ru(dip)g]2+ (®p = 0.94 + 0.07 in air-equilibrated MeCN at
room temperature measured against a 1H-phenalen-1-one standard in
the same solvent, ®, = 0.98 + 0.07 [49] or [Ru(dpds)3]4’ (Pp=0.43 &
0.04 in air equilibrated D50 at room temperature [50]) were used for the
measurements. Typically, 40 laser shots were summed for each signal to
improve the S/N ratio.

2.6. Superoxide radical anion (03") detection

The specific O3~ probe dihydroethidium (DHE) was used. DHE is
converted by O3~ into 2-hydroxyethidium, a red-fluorescent product
(hem¥ = 620 nm) [51]. The O3 trapping experiments used [Ru
(tmp)z(bim)]2+ photosensitizer (9.0 x 10 mol LY and DHE (5.0 x
107° mol L'l) dissolved in air-equilibrated MeCN-H20 1:1 (v/v). The
solution was irradiated with a temperature-stabilized 25-mW 405-nm
diode laser (PTG-PPMT25, Laser 2000, France) under continuous stir-
ring. Steady-state fluorescence spectra (corrected for the instrument
response) were measured with a Horiba Fluoromax-4TCSPC spectro-
fluorometer fitted with a red-sensitive R928 photomultiplier (Hama-
matsu, Japan) and equipped with a 150-W xenon lamp. The fluorescence
spectrum of 2-hydroxyethidium was recorded (Aexe = 520 nm) at
different irradiation times. For control purposes, the emission of DHE
was measured at different irradiation times in the absence of the Ru(II)
photosensitizer and in the presence of [Ru(tmp)g(bim)]2+ after deoxy-
genation with argon before irradiation.

2.7. Synthesis of HA-PLGA

Hyaluronic acid (HA; 40 mg, 0.2 pmol) was dissolved in formamide
(2.5 mL) with gentle heating under vigorous stirring. After HA was
completely dissolved, 9 mg (0.047 mmol) of EDC and 5 mg (0.05 mmol)
of NHS were added at room temperature. The reaction mixture was kept
under stirring for 2 h. Then, a solution of 10 mg PLGA-PEG-NH, (0.6
pmol) and DIPEA (1 pL) in 0.5 mL of formamide was added dropwise.
The reaction mixture was maintained at room temperature for 24 h.
Finally, it was dialyzed against water for two days (Spectra/Por® cel-
lulose ester membrane, MWCO 100 kp, Repligen, Waltham, MA) and the
resulting solution was lyophilized.

2.8. Synthesis and characterization of the Ru-loaded HA-PLGA NPs

[Ru(tmp)z(bim)]2+-loaded HA-PLGA nanoparticles were prepared
by dialysis (see Scheme 1) [52]. Briefly, HA-PLGA (10 mg) and [Ru
(tmp)z(bim)]2+ (0.1 mg) were dissolved in 1 mL of 3:1 (v/v)
DMSO-DMF mixture. Then, 9 mL of deionized water was added
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dropwise at room temperature under stirring, followed by 20 min of
sonication over an ice bath with a micro-tip sonicator (Fisher Scientific,
Waltham, MA). Thereafter, the solution was dialyzed (Spectra/Por®
cellulose ester membrane MWCO 3.5-5 kp) against water for 24 h to
remove the organic solvent. Finally, the Ru-HA-PLGA NPs were filtered
through a 0.45-pm syringe filter to discard aggregates. The amount of
[Ru(trnp)z(birn)]2+ loaded into the HA-PLGA NPs was determined by
measuring the luminescence of the encapsulated photosensitizer. In
brief, 1 mg of lyophilized Ru-HA-PLGA NPs were dissolved in 1 mL of
DMSO, followed by sonication for 20 min. Then, the luminescence
spectrum of the Ru(II) complex was recorded (Aexe = 480 nm) and
compared with a calibration curve previously plotted in DMSO (1-80
umol LY. A blank was measured with the unloaded HA-PLGA NPs. The
hydrodynamic diameter, polydispersity and zeta potential of the NPs
were determined by a Zetasizer Nano ZS dynamic light scattering
apparatus (Malvern Instruments, Houston, TX). The NP size and
morphology were also evaluated with a Philips CM10 Transmission
Electron Microscopy (TSS Microscopy, Hillsboro, OR).

2.9. Drug release assay

Ru-HA-PLGA NPs in PBS (7.0 mg mL 1) were placed in a dialysis bag
(Spectra/Por® cellulose ester membrane, MWCO 100 kp, Repligen,
Waltham, MA) and immersed in 9 mL phosphate buffer (PBS, pH 7.0) in
the presence of 0 or 150 units mL~! of hyaluronidase (HASE) at 37 °C
under mild shaking. At different time points, 200 pL aliquots of the
media were withdrawn and the same volume was replaced with an equal
volume of PBS with similar concentration of HASE to maintain a con-
stant sink condition. The [Ru(tmp)g(bim)]2+ release from Ru-loaded-
HA-PLGA NPs was determined by measuring the luminescence of the
aliquots (Aexc = 480 nm) and the corresponding calibration curve in PBS
(1-80 pymol L.

2.10. Cell culture

The human buccal carcinoma cell line TR146 was obtained from
ECACC (European Collection of Authenticated Cell Cultures). The
human oral squamous cell carcinoma line (CAL27) and the Chinese
hamster ovarian cell line (CHO) were obtained from ATCC, Manassas,
VA and cultured as mentioned previously [53,54]. Briefly, TR146 cells
were cultured in DMEM/F12 medium (Fisher Scientific, Waltham, MA),
CAL27 cells were cultured in DMEM (Fisher Scientific, Waltham, MA)
and CHO cells were cultured in F-12 K media (ThermoFisher Scientific,
Waltham, MA), respectively. All cell culture media were supplemented
with 10 % FBS and antibiotic mixture containing penicillin (100 1.U./
mL) and streptomycin (100 ug mL™ D) (Mediatech, Manassas, VA), and
incubated at 37 °C in a 5 % CO, atmosphere.

2.11. Cellular uptake

TR146 cells were seeded in a 6-well plate at a cell density of 200,000
cells per well in 2000 pL of media and allowed to grow overnight.
Thereafter, the cells were treated with [Ru(tmp)z(bim)]2+ (0.25 umol
L.!) and Ru-HA-PLGA NPs (1.0 umol ! [Ru(tn1p)2(birn)]2+ equivalent).
At different time points (3 h, 6 h, 12 h and 24 h), the medium was
removed, and the cells were washed with PBS (2 x 2.0 mL), trypsinized,
and analyzed with a flow cytometer (BD FACSAria™ Cell Sorting Sys-
tem, Biosciences).

2.12. Colocalization assay

Colocalization analysis was performed as reported previously [53].
Briefly, TR146 cells were plated in 35-mm glass bottom dishes (Cellvis,
Mountain View, CA) at a cell density of 50,000 cells per dish in 2000 pL
of media and allowed to grow overnight at 37 °C under 5 % CO5. Cells
were treated with [Ru('[mp)z(bim)]2+ complex (0.25 pmol L’l) and Ru-
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HA-PLGA NPs (1.0 pmol ! [Ru(trnp)g(bim)]2+ equivalent) for 12 h and
incubated with MitoTracker® Red for 30 min prior to fixation. Cells
were then washed with PBS (2 x 2.0 mL), fixed with 4 % para-
formaldehyde solution in PBS for 15 min, washed with PBS (2 x 2.0 mL)
and counterstained with Hoechst at a concentration of 1 ug mL™". Cells
were visualized using an Olympus FLUOVIEW FV1000 confocal laser
scanning microscope (Olympus America, Center Valley, PA). Image
analysis was performed using Image-J software (National Institute of
Health, Bethesda, MD).

2.13. In vitro cytotoxicity

Dark and light-induced cytotoxicity was assessed by the colorimetric
MTT assay. TR146, CAL27 and CHO cells were plated in triplicates in 96-
well plates at a density of 5,000 cells per well in 200 pL of media and
allowed to grow. For assessing dark cytotoxicity of the compounds, cells
were treated with increasing concentrations (0.25 to 50 pmol L) of [Ru
(tmp)g(bim)]zJr or Ru-HA-PLGA NPs for 12 h. For phototoxicity assess-
ment, cells were treated with [Ru(tmp)z(bim)]2+ (0.25 pmol LY or Ru-
HA-PLGA NPs (1.0 pumol ! Ru(tmp)g(bim)]2+ equivalent) for 12 h.
After incubation, the culture media was replaced with fresh medium,
and irradiated with a 470 nm 70 mW cm 2 (min) mounted LED
(M470L3, Thorlabs, Newton, NJ) with increasing radiant energy flu-
ences (2.5, 5, 10, 25 and 50 J cm~2) and further incubated in dark at
37 °C under 5 % CO, for 24 h. Finally, a freshly prepared MTT solution
(0.25 mg mL’l) in culture media was added to each well and incubated
at 37 °C for 30 min. After removal of the medium containing MTT, the
formazan crystals formed by viable cells were dissolved in DMSO (200
pL) and the absorbance was recorded at 570 nm using a SpectraMax M5
multimode microplate reader (Molecular Devices, San Jose, CA). Cyto-
toxicity (%) for different treatment groups was calculated with respect
to the MTT assay results for the untreated control.

2.14. Statistical analysis

Statistical analysis was performed using GraphPad Prism (GraphPad
Software). All data are presented as mean + SEM, unless otherwise
stated. Parametric test (one-way ANOVA) was used for phototoxicity
studies in Fig. 5 and Supplementary Fig. S14 to calculate statistically
significant differences between multiple treatment groups. The
Brown-Forsythe test (o« = 0.05) was applied to data sets with n > 3 to
test for homogeneity of variance. During the entire analysis, no exclu-
sion test was performed, and data points were not excluded from the
analysis.

3. Results and discussion

With the aim of maximizing the cellular uptake and the photo-
generation of superoxide anion, a series of Ru(II)-complexes containing
a single 2,2'-biimidazole (bim) ligand were prepared by chelating two
2,2/-bypiridine (bpy), 1,10-phenantroline (phen) or 3,4,7,8-tetramethyl-
1,10-phenanthroline (tmp) as ancillary ligands in the pseudooctahedral
Ru(Il) coordination sphere, following a reported procedure [28]. The
uptake of the dyes in TR146 cells was studied by incubating the dyes
with the cells for 24 h, followed by analysis using flow cytometry. As
shown in Fig. S1 (Supporting Information), a strong luminescence signal
was observed when the cells were treated with the hydrophobic Ru(II)
complex ([Ru(tmp)z(bim)]2+). However, a two- order of magnitude
lower signal was observed for the other two hydrophilic Ru(II)-bim dyes.
These results are in agreement with literature results that show higher
uptake for hydrophobic Ru(Il) complexes [55,56]. Therefore, [Ru
(tmp)(bim)]?* was selected as potential candidate for type I / type II
PDT.
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3.1. Synthesis of the [Ru(tmp)g(bim)]2+ Pphotosensitizer

The chemical structure and the synthesis procedure of the hetero-
leptic complex [Ru(tmp)z(bim)]2+ containing two 3,4,7,8-tetramethyl-
1,10-phenanthroline (tmp) and one 2,2'-biimidazole (bim) ligands is
depicted in Fig. S2 (Supporting Information). Figs. S3-S5 (Supporting
Information) document the spectroscopic characterization of [Ru
(tmp)2(bim)]1%*, isolated as PFg salt, by 'H NMR, '3C NMR and ESI-MS.
The four methyl groups on the phenanthroline moiety significantly in-
crease the lipophilicity of the cationic photosensitizer reducing its sol-
ubility in water.

3.2. UV-light triggered ROS generation

To determine whether or not molecular oxygen had a significant
influence on the luminescence of [Ru(tmp)z(bim)]2+, we measured the
luminescence lifetimes in air-equilibrated and deoxygenated acetoni-
trile (MeCN) under 463 nm excitation. [Ru(tmp),(bim)] 2+ showed a pre-
exponentially weighted average lifetime (7, see Experimental section)
of 18 ns and 104 ns in aerated and 30-free MeCN, respectively. These
results confirm that molecular oxygen quenches the (triplet) excited
state of the complex. Therefore, we evaluated the ability of [Ru
(tmp)z(bim)]2+ to photosensitize the production of singlet oxygen D)
by monitoring the 0, emission decay at 1265 nm in air-equilibrated
solution (Fig. la). The luminescence of the unquenched metal-to-
ligand charge transfer triplet (*MLCT) excited state is also visible at

a) 1.09 g, - - - [Ru(dip),]* in MeCN
__o09]1" [Ru(dpds),]* in D,0
E‘ 08l ! . [Ru(tmp),(bim)[?* in MeCN
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o) 0.7+ R
£ o
8 0.4 1
o 039!
= 0.24|
0.141
0.04 . . .
0 50 100 150
t/ us
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650 700
Al nm
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1265 nm [50]. The production of singlet oxygen (102) was also
measured in D20 (used as a surrogate of HyO as the emission of 102 in
H,0 is extremely weak [57]). The quantum yield of 102 production (®,)
was determined by using two reference photosensitizers of the same
family namely, tris(4,7-diphenyl-1,10-phenanthroline)ruthenium(II)
dication ([Ru(dip)3]2+, ®p = 0.94 £ 0.07) in aerated MeCN, and tris
[(1,10-phenanthroline-4,7-diyl)-bis(benzenesulfonato)]ruthenate ([Ru
(dpds)s] 4', ®p = 0.43 4 0.04) in aerated D-0 solution [50]. ®4 for [Ru
(trnp)g(bim)]zJr (Fig. S6, Supporting Information) was found to be 0.22
+ 0.05 in aerated MeCN. However, 10, generation in aqueous envi-
ronment was negligible (&, < 0.01) possibly due to ca. 10-fold lower
oxygen concentration in water as compared to organic solvents, taking
into account the similar excited state lifetime in those solvents (95 ns).
The analogous homoleptic complex [Ru(tmp)g]2+ exhibits a @, value of
0.80 + 0.04 in aerated acetonitrile. This higher ®, is presumably due to
the longer excited-state lifetime of [Ru(tmp)3]2+(463 ns) than that of
[Ru(tmp)z(bim)]2+ (103 ns) in deoxygenated MeCN, since the excited
state oxidation potential of those complexes is identical (-1.03 V/NHE
and -1.05 V/NHE, respectively). This logical result is a consequence of
the higher energy of n* orbital of bim due to its n-excessive electron
density compared to phenanthroline. The excited state oxidation po-
tentials (E>*/21") have been calculated from the measured ground state
oxidation potentials (1.04 V/NHE and 0.86 V/NHE, respectively,
Fig. S7a, Supporting Information) and the approximate energy of the n*
— dyog transition (600 nm and 650 nm, equivalent to 2.06 eV and 1.90
eV, respectively, Fig. S7b, Supporting Information,). The high energy of

DMPO

DMPO + [Ru(tmp),(bim)]?*

DMPO + [Ru(tmp),(bim)]2* + light

EPR Amplitude

DMPO + [Ru(dip),]** + light

3460 3470 3480 3490 3500 3510

Magnetic Field (G)

Fig. 1. a) Decay of the 10, luminescence at 1265 nm upon excitation with 3-ns 0.5-Hz 355-nm Nd:YAG laser pulses (the depicted decays are the sum of 40 pulses) of
solutions of [Ru(tmp)z(bim)]2+ in air-equilibrated MeCN (red solid line; 7 = 77 =+ 3 ps) or D0 (black dashed line; 7 = 67 & 1 ps) (Azss = 0.25). The quantum yield of
singlet oxygen production (®,) was measured using absorbance-matched solutions of the reference photosensitizers [Ru(dip)g]ZJr in MeCN (blue dotted line; ®, =
0.94 + 0.07) or [Ru(dpds)3]4’ in DO (orange dashed-dotted line; ®, = 0.43 £ 0.04) (see text for the photosensitizer names). b) Fluorescence spectrum of HOE*
(Aexe = 520 nm) under continuous irradiation with a 50-mW 405-nm diode laser of [Ru(tmp)z(bim)]2+ (9.0 pmol LY in the presence of DHE (50.0 pmol L™1,in 1:1
(v/v) MeCN-water. c) EPR spectra in 1:1 (v/v) MeCN-water solution of (from top to bottom) DMPO (44.2 mmol L~1), DMPO with excess of KO,, DMPO with 10.0
umol L~ of [Ru(tmp),(bim)]?*, DMPO with 10.0 pmol L™ of [Ru(tmp),(bim)]?* after 300-s illumination, and DMPO with 2.1 mmol L™ of [Ru(dip)3]>* after 300-s

illumination.
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the TMP and bim n* orbitals will favor the superoxide anion O3~ gen-
eration by photoinduced electron transfer quenching from *[Ru
(tmp),(bim)1%* to 20, (E”~ = -0.33 V/NHE [57]) [31].

To confirm the production of 03, we used dihydroethidium (DHE)
which specifically reacts with O3~ [51]. The latter is a non-fluorescent
molecule that can be oxidized by superoxide yielding the red-
fluorescent product 2-hydroxyethidium (HOE', AgR* = 620 nm in
water) [58,59]. A [Ru(tmp)g(bim)]2+ solution irradiated in the presence
of DHE with a 405-nm diode laser (a wavelength where the photosen-
sitizer dye has a high absorption but that of DHE and the HOE™ being
generated is negligible (Fig. S8a, Supporting information), showed a
dramatic increase in its fluorescence (Fig. 1b) as compared to when it is
excited at 520 nm (a wavelength where only HOE" has a significant
absorption, Fig. S8a, Supporting information). The fluorescence in-
tensity decreased significantly when DHE was irradiated for the same
period of time in the absence of photosensitizer or in the presence of the
latter but in deoxygenated solution (sparged with argon before irradi-
ation; Fig. S8b, Supporting information).

We further proved the generation of O3~ by electron paramagnetic
resonance (EPR) spectroscopy using 5,5-dimethyl-1-pyrroline-N-oxide
(DMPO) as the spin-trap agent [60]. As shown in Fig. 1c, no EPR signals
were observed when DMPO and [Ru(tmp)z(birn)]2+ were incubated in
dark. In contrast, after 5 min illumination, a characteristic paramagnetic
DMPO-03~ adduct was observed with an EPR spectrum similar to that of
potassium superoxide (KO3) in DMPO solution. For comparison, the

— Free dye
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same experiment was carried out in the presence of the longer lived 3[Ru
(dip)g]2+ (o = 6 ps) [50], a photosensitizer dye which exclusively
generates 102 (see above). In this case, no EPR signal was observed after
irradiation (Fig. 1c), thus confirming the photogeneration of O3~ by [Ru
(tmp)a(bim)]**.

3.3. Preparation and characterization of Ru-HA-PLGA NPs

To increase the bioavailability of the hydrophobic [Ru
(tmp)g(bim)]2+, it was encapsulated in HA-PLGA nanoparticles. HA-
PLGA nanoparticles have been previously demonstrated to efficiently
encapsulate hydrophobic drugs in the PLGA core while the hydrophilic
HA shell assists in stabilizing the nanoparticles in aqueous environments
[36,39]. The procedure followed for the synthesis of the Ru-loaded HA-
PLGA NPs is depicted in Scheme 1. Briefly, an amine-terminated
PEGylated PLGA (PLGA-PEG-NH,) was conjugated to hyaluronic acid
by EDC/NHS coupling. The successful chemical functionalization of HA
was confirmed by 'H NMR (Fig. S9, Supporting Information). The
presence of PLGA chains is essential for promoting self-assembly and
encapsulation of the hydrophobic [Ru(tmp)z(bim)]2+. Encapsulation of
the dye was carried out firstly by dispersing both entities, the HA-PLGA
scaffold and [Ru(tmp)g(bim)]zﬂ in a DMF-DMSO (3:1 v/v) mixture
followed by slow addition of deionized water until the solution turned
turbid. In order to facilitate the diffusion of dye molecules into the
polymer core, the suspension was ultrasonicated and, finally, the
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Fig. 2. a) UV-vis absorption spectra of the [Ru(tmp)z(bim)]2+ (7.0 x 107° mol L") (blue solid line), HA-PLGA NPs (black dotted line), and Ru-HA-PLGA NPs in
water. The Ru-HA-PLGA NPs showed absorption bands characteristic of [Ru(tmp)g(bim)]2+. b) Evolution of the Ru-HA-PLGA particle size in PBS (pH = 7.0) and
acetate buffer (pH = 5.0) at 37 °C for 4 days, as monitored by DLS. While the particle size at pH 5 was found to be higher, there was no significant change in size, over
a period of 4 days, under both the conditions. Data are presented as mean + S.D (n > 3). c¢) Evolution of the Ru-HA-PLGA particle size in PBS (pH = 7.0) at 37 °C for
48 h, in the absence and in the presence of 150 units mL~' of hyaluronidase (HASE), monitored by DLS. Non-linear fit (red curve, r* = 0.998) to the exponential
association function f(x) = Ymaxx(1 — e ) with the following parameters: yma = (874 + 34) nm; k = (40 & 4) x 107> h™! is shown for the HASE treated Ru-HA-
PLGA NPs. d) Release of the [Ru(tmp)z(bim)]2+ from the Ru-HA-PLGA NPs, as studied for 48 h, in the absence and presence of 150 units mL ! of HASE in PBS (pH =
7.0) at 37 °C. Non-linear fit to an exponential association function f(x) = ymaxx(1 — ¢™™), defined by the following parameters: ypay = (33 + 1) nm and k = (51 + 7)
x 102 h™! (2 = 0.965) and Ymax = (13.1 £ 0.8) nm and k = (0.8 + 0.3) h~! ( = 0.849) are shown as red and black lines, respectively.
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obtained nanoparticles were subjected to dialysis for removing non-
encapsulated photosensitizer molecules and the DMF-DMSO solvent
mixture, as reported previously [52]. Once the Ru-HA-PLGA NPs were
prepared their absorption spectrum was recorded and compared to that
of the free complex in aqueous solution (Fig. 2a). The characteristic Ru
(ID)-broad absorption band at 470 nm assigned to an allowed MLCT
transition was also observed in the Ru-HA-PLGA NPs, suggesting that the
spectroscopic properties of the photosensitizer were not affected after
encapsulation.

Transmission electron microscopy (TEM) images confirmed the
successful synthesis of the HA-PLGA NPs (Fig. S10, Supporting Infor-
mation) and their properties are depicted in Table 1. While the diameter
of the NPs in the absence of the photosensitizer, as analyzed by TEM,
was 50 nm, a larger hydrodynamic diameter was observed by dynamic
light scattering (143 + 2 nm; Table 1). This significant difference might
be ascribed to shrinkage of the NPs due to dehydration during sample
preparation and TEM imaging, performed under high vacuum, as has
been reported previously for nanoparticles synthesized with hydrophilic
polymers [61]. The addition of 0.1 mg of [Ru(tmp)z(bim)]2+ per 10 mg
of HA-PLGA resulted in a slight increase in size to 152 + 6 nm (DLS).
Preparations with higher amounts of [Ru(tmp)z(birn)]zJr led to an in-
crease in nanoparticle size (>200 nm) (data not shown). All the nano-
formulations described above showed a negative zeta potential (Table 1)
demonstrating the presence of the ionized HA on their surface, at pH 7.0.
PLGA nanoparticles synthesized from PLGA-PEG-NH, showed a lower
zeta-potential (0 to —2 mV), further confirming the presence of HA on
the surface on the nanoparticles. This is in agreement with previous
studies where the PEGylated PLGA has been reported to have close to
neutral zeta-potential [62]. For further studies, Ru-HA-PLGA NPs pre-
pared with 0.1 mg Ru(II) complex per 10 mg HA-PLGA were used as they
showed the “ideal” size (diameter < 200 nm) required for in vivo ap-
plications [34]. The photosensitizer encapsulation efficiency and the
loading content in NPs were determined by luminescence analysis of the
extracted complex after generating a calibration curve in DMSO. A 70 +
9 % encapsulation efficiency of [Ru(tmp)g(bim)]2+ in the HA-PLGA NPs
was achieved, highlighting the high efficiency of the preparation pro-
cedure, as compared to previous studies which have reported lower
encapsulation efficiencies, ranging from 10 to 45 % [63,64].

To evaluate the stability of the Ru-HA-PLGA NPs, the NPs were
suspended in PBS with pH 7.0 and in acetate buffer with 5.0, respec-
tively, for 4 days at 37 °C, to imitate healthy tissue and acidic micro-
environment of the tumor. Fig. 2b shows that the environmental pH
significantly alters the NP size, and a larger diameter was observed in
acidic medium (152 + 6 and 219 + 7 nm at pH 7.0 and pH 5.0,
respectively). This is not without precedent for HA-PLGA NPs [52], and
is due to the protonation of carboxylic acid groups in HA at lower pH
values leading to decrease in electrostatic repulsion and hence aggre-
gation of the NPs. Despite this effect, the NP size did not change
significantly for 4 days, demonstrating good physical stability in that pH
range. This increased stability may be ascribed to the presence of the
biodegradable PLGA chemically conjugated to the HA backbone [35].

The degradation of the HA-PLGA scaffold in the presence of hyal-
uronidase enzyme (HASE) and the release of the [Ru(tmp)z(bim)]2+,
was also evaluated. Upon incubation with HASE, the mean diameter

Table 1
Physico-chemical characterization of Ru-HA-PLGA NPs.
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dramatically increased to 615 + 11 nm within 48 h (Fig. 2c), suggesting
partial HA degradation and nanoparticle loosening, as reported previ-
ously [52]. These results are in good agreement with the drug release
profile measured in the presence of HASE (Fig. 2d): in the first 12h, 12.4
+ 0.6 % of [Ru(tmp)z(bim)]2+ was released under physiological con-
ditions. However, the release rate of [Ru(tmp)g(bim)]2+ from the NPs
was much higher in the presence of HASE (38 + 1 %). Both, the
degradation and drug release curves, were successfully fitted to an
exponential association function (Fig. 2¢ and 2d). While conventional
nanoformulations might undergo hydrolytic degradation, the NPs
developed in our study rely on the action of hyaluronidase enzymes
overexpressed and secreted by cancer cells which could facilitate [Ru
(tmp)g(bim)]ZJr release in the tumor microenvironment and in the tumor
cells thereby enhancing tumor specificity and activity [65].

3.4. Cellular uptake and subcellular localization

The intracellular uptake and subcellular localization of [Ru
(tmp)z(bim)]zJr and the Ru-HA-PLGA NPs in TR146 cells were analyzed
by flow cytometry (Fig. 3) and confocal fluorescence microscopy
(Fig. S11, Supporting Information). A gradual increase in the intracel-
lular [Ru(tmp)z(bim)]2+ luminescence intensity was observed, for both
the [Ru(trnp)z(bim)]2+ treated and Ru-HA-PLGA NP treated cells over
the 24 h incubation period. To further investigate if the internalization
of Ru-HA-PLGA NPs is mediated by the CD44 receptor, a competitive
assay with free HA was performed and analyzed by flow cytometry. As
shown in Fig. S12 (Supporting Information), a 22 % reduction (P < 0.01)
in the cellular uptake of Ru-HA-PLGA NPs was observed in the presence

40
O Ru(ll) dye N Ru-HA-PLGA

12 24

Incubation time (h)

Fig. 3. Flow cytometry analysis of TR146 cells treated with free [Ru
(tmp),(bim)1%* (0.25 pmol L™) or Ru-HA-PLGA NPs (1.0 pmol L™ of [Ru
(trnp)z(bim)]2+ equivalent) performed at different times. Luminescence values
are normalized to the non-treated control for the respective time points. Data
are presented as mean + S.D (n > 3).

Ru complex/ HA-PLGA TEM mean diameter (nm) DLS mean diameter (nm)* PDI*" ¢ (mVv)* Ru complex encapsulation Ru complex content (%)°
(mg/mg) efficiency (%)"
0/10 50 + 10 143 £ 2 0.07 £ 0.02 -9.8 £ 0.6 - -
0.1/10 70 £ 20 152 £ 6 0.12 £ 0.05 9+1 70+ 9 0.15 + 0.03

2 In phosphate buffer (1X) at pH 7.0.
b polydispersity index.
¢ By weight.
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of free HA. However, the decrease in luminescence was observed to be
just 10 % (P < 0.05) when the cells were treated with [Ru
(tmp)z(bim)]2+ in the presence of free HA. These results suggest that the
Ru-HA-PLGA NPs are being taken up by TR146 cells through CD44
receptor-mediated endocytosis [52]. The latter highlights the CD44
targeting potential of Ru-HA-PLGA NPs.

As shown in Fig. 3, a strong [Ru(trnp)z(bim)]2+ luminescence signal
was observed even for short incubation times. The high lipophilicity and
the cationic character of the [Ru(trnp)z(bim)]2+ determines its rapid
uptake and, possibly, its intracellular localization. For instance, some
reports have demonstrated that those features lead to an increased
accumulation of [Ru(trnp)z(bim)]2+ in the mitochondria [66]. There-
fore, confocal fluorescence microscopy with commercial MitoTracker®
Red was performed to evaluate the accumulation of the dye and the Ru-
HA-PLGA NPs in mitochondria. The fluorescence emission from the [Ru
(tmp)2(bim)]%* complex, depicted in Fig. 4, overlaps with the fluores-
cence of MitoTracker® Red, suggesting mitochondrial co-localization.
To corroborate it, the Pearson’s correlation coefficient (r) was deter-
mined for the Ru(Il) dye (0.73) and the Ru-HA-PLGA NPs (0.64). In
contrast, a significantly lower co-localization (r = 0.35 and 0.40,
respectively) was observed with LysoTracker® (Fig. S13, Supporting
Information). These results confirm that [Ru(tmp)z(bim)]2+ preferen-
tially accumulates in the mitochondria even when encapsulated in the
HA-PLGA NPs. This is of special interest due to the key role that mito-
chondria plays in the cells including ATP generation, regulation of cell
proliferation and apoptosis [67]. In this context, several studies have
confirmed the enhancement of apoptosis by mitochondria-targeted PDT
through photoinactivation of antiapoptotic proteins (Bcl2 and Bcl-xL)
[68-73], thus wunderlining the promising potential of [Ru
(tmp)2(bim)]?* as PDT agent.

3.5. Cytotoxicity of [Ru(tmp)g(bim)]2+ and Ru-HA-PLGA NPs

The in vitro dark cytotoxicity of [Ru(tmp)z(birn)]zJr and Ru-HA-
PLGA NPs was firstly evaluated on TR146 cells. Fig. 5a shows the
cytotoxicity (%) with increasing concentrations of free [Ru
(tmp)z(bim)]2+ and Ru-HA-PLGA NPs, as determined by the MTT cell
viability assay. Ru-HA-PLGA NPs displayed a significantly lower cyto-
toxicity throughout the investigated concentration range with 12 h of

Free dye NT

Ru-HA-PLGA NPs

Journal of Photochemistry & Photobiology, A: Chemistry 436 (2023) 114349

incubation. ICsq values of 0.65 = 0.14 umol L™! and 2.7 + 0.3 ymol L™!
were measured in the dark for [Ru(tmp)z(bim)]2+ and the Ru-HA-PLGA
NPs, respectively. These values are lower than those observed under
similar conditions for other Ru(Il) polypyridyl complexes, for which
typical ICsq values in the range of 10 to > 100 umol L™ have been re-
ported [74,75]. The higher dark toxicity of [Ru(tmp)z(bim)]2+ might be
attributed to the biimidazole ligand, that has been shown to confer
cytotoxicity to the metal complexes [24,28,29]. The lower toxicity of the
Ru-HA-PLGA NPs suggests improved biocompatibility when encapsu-
lated into the hydrophobic core of the PLGA-HA formulation. It can
therefore be concluded that the encapsulation in HA-PLGA NPs increases
the stability of [Ru(tmp)z(bim)]2+, enhancing its circulation time and
releasing it specifically in the tumor microenvironment by the action of
HASE, thereby significantly reducing off target effects.

Significant cytotoxicity was observed when the TR146 cells, incu-
bated with the free and NP-encapsulated photosensitizer, were irradi-
ated with blue light (470 nm) at radiant energy fluences ranging from
2.5 to 50 J em 2 (Fig. 5b). No significant cytotoxicity was detected when
the TR146 cells were exposed to the highest light dose in the absence of
the photosensitizer. A significant cytotoxicity (P < 0.0001) was
observed even when the lowest fluence (2.5 J cm’z) was applied.
Interestingly, when a 50 J cm 2 fluence was used, a 93 + 2 % cell killing
was measured, underlying the photoactivity of the photosensitizer and
its nanoformulation. The notable phototoxicity of [Ru(trnp)g(bim)]2+
and the Ru-HA-PLGA NPs might be attributed to their accumulation in
the mitochondria and possibly a combined Type I/Type II photosensi-
tization. This fact allows us to work at sub-uM photosensitizer concen-
tration, a value 10- to 100-fold lower than those of other Ru(II)
polypyridyl complexes reported in the literature [75,76]. We further
investigated the cytotoxicity of [Ru(tmp)g(birn)]2+ in another oral
cancer cell line (CAL27) and in a non-cancerous cell line (CHO) (see
Fig. S14, Supporting Information). While more than a 65 % cell killing
was measured for CAL27 or TR146 cell lines when a low fluence (10.0 J
cm~2) was applied, only 27 =+ 4 % toxicity was observed for the non-
cancerous CHO cell line, thus revealing a preferential accumulation
and toxicity of the sensitizer in malignant cells.
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Fig. 4. Confocal microscopy analysis of subcellular localization of [Ru(tmp)z(bim)]2+ dye and Ru-HA-PLGA NPs in TR146 cells. a) non-treated TR146 cells (NT); b)
TR146 cells treated with the [Ru(tmp)z(bim)]z‘ (0.25 pmol L™Y); ¢) TR146 cells treated with Ru-HA-PLGA NPs (1.0 umol ! [Ru(tmp)z(bim)]z’ equivalent). Right:
Fluorescence intensity profile plots were generated to study colocalization along the white line on the merged images. Nuclear staining (Hoechst) (blue); Mito-
chondria staining (green); [Ru(tmp)z(bim)]2+ (red). Incubation time, 24 h; scale bar, 20 pm.
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Fig. 5. a) Cytotoxicity (%) of [Ru(tmp)g(bim)]2’ and
Ru-HA-PLGA NPs on TR146 cells in the dark. Data are
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4. Conclusions

A novel ruthenium(II) complex containing 2,2'-biimidazole and tet-
ramethylated phenanthroline was synthesized as a potential PDT agent
for oral cancer management. This complex has the uncommon ability to
simultaneously photosensitize the generation of 10, and O3~ reactive
oxygen species, through type I and II PDT, upon blue light irradiation.
Superoxide generation is a consequence of the n-rich character of the
bim ligand, that raises the HOMO of the photoexcited dye promoting
electron transfer to nearby Os. The high lipophilicity of the cationic
photosensitizer leads to an increased intracellular uptake, with prefer-
ential accumulation in the mitochondria. The uptake selectivity could be
further improved by encapsulating the Ru(II) dye into hyaluronic acid-
—poly(lactic-co-glycolic acid) nanoparticles targeting the overexpressed
hyaluronic acid receptors (CD44) in different tumor types. We demon-
strate successful encapsulation of the Ru(Il) complex without loss of
photodynamic activity of the photosensitizer. Although, the biimidazole
moiety confers [Ru(tmp)g(bim)]2+ a higher dark toxicity, its encapsu-
lation in hyaluronic acid-poly(lactic-co-glycolic acid) nanoparticles
significantly reduced its dark toxicity while providing the selectivity
necessary to target tumor cells. While we establish the phototoxicity of
the photosensitizer and its nanoformulation, future studies will be
focused on studying the efficacy of the compound under hypoxia and in
clinically relevant tumor models. Structural modifications including
functionalization of the two ancillary polypyridyl ligands with electron-
withdrawing or electron-donating groups or the use of n-expanded tri-
dentate ligands will be attempted to shift the absorption profile of the
ruthenium-based dye towards the IR region to enhance its efficacy in
deep seated tumors [77]. In summary, the Ru dye developed in this
study shows high phototoxicity under blue light and can potentially be
used on early oral cancers, photodisinfection procedures and manage-
ment of viral infections including COVID-19 which is associated with
hypoxia and hypoxemia [78]. Importantly, several previous studies have
demonstrated the use of blue/green light for imaging and photodynamic
therapy with different photosensitizers. Early studies with Photofrin
have also suggested a distinct advantage of the use of green light (515
nm) in providing tumor control and limiting damage to healthy tissue in
mesothelioma and bladder cancer models [79,80]. While the results
reported in this study are encouraging, further investigations are how-
ever required to establish the photodynamic activity of the new Ru(I)-
bim complexes on complex in vitro and in vivo models.
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