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ABSTRACT: Three heteroleptic bis-terpyridine ruthenium(II) complexes
(Rul—Ru3) [Ru(tpy-R,)(tpy-R,)]** (tpy = 2,2':6',2"-terpyridine, R;/R, =
phenyl, 4-{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}phenyl, pyren-1-yl, or 4-
phenyl-BODIPY (boron dipyrromethene)) were synthesized and investigated
for their potential applications as photosensitizers (PSs) for photodynamic
therapy. All complexes displayed broad and intense absorption band in the
green spectral regions (450—600 nm), which arose from the spin-allowed
charge-transfer transitions mixed with ligand-localized 'mz* transitions. All
complexes show weak green emission at 513—549 nm and/or even weaker red
emission at 646—674 nm at room temperature depending on the excitation
wavelength and the solvent used. Incorporating the BODIPY motif to the 4'-
position of one of the tpy ligands in Ru2 and Ru3 drastically prolonged the
lifetimes of the lowest triplet excited states (T;) of Ru2 and Ru3 to tens of
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microseconds. This promoted the singlet oxygen formation sensitized by Ru2 and Ru3 upon green light activation, which in turn
induced significant photocytotoxicity toward the AS49 human lung cancer cell line with an ECy, value of 1.50 yM for Ru2 and 7.41
UM for Ru3 under 0.48 J-cm™ S00 nm light irradiation. Laser confocal scanning microscopy imaging revealed that Ru2 mainly
distributed to lysosomes upon cell uptake. Upon 500 nm light activation, Ru2 induced lysosomal damage and subsequent
mitochondrial membrane potential decrease. The dominant cell death pathway was apoptosis. These results demonstrated the

potential utilization of [Ru(tpy-R,)(tpy-R,)]** complexes as PSs for PDT.

KEYWORDS: bis-terpyridine ruthenium(II) complex, photophysics, photodynamic therapy, reactive oxygen species, singlet oxygen,

absorption, emission, transient absorption

B INTRODUCTION

Photodynamic therapy (PDT) is a noninvasive cancer
treatment modality, which induced cell death upon light
activation of an otherwise nontoxic drug (i.e., photosensitizer
(PS)) in the presence of adequate oxygen.' > The effectiveness
of PDT is directly related to the yield of toxic reactive oxygen
species (ROS) generated by either electron (type I) or energy
transfer (type II) from the triplet excited state of a PS to the
surrounding ground-state oxygen (*0,). Thus, PSs holding
long-lived triplet excited states and high quantum yields of
triplet excited state formation to facilitate ROS production in
high yields are highly desirable. To date, PDT is mainly utilized
to treat superficial tumors because the PSs in clinical use are
unable to efficiently absorb the low-energy, tissue-penetrating
red to near-infrared (NIR) light."* Considering the potential
clinical applications of PDT for treating deeply seated tumors
in the future, PSs with strong absorption in the red to NIR
spectral regions and long-lived triplet excited states are highly
needed.

Compared to the organic PSs currently in clinical use or in
clinical trials, d-block heavy transition-metal complexes, such
as Ru(II), Os(II), Pt(Il), and Ir(IlI) complexes, hold great
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potential as PSs for PDT due to their high quantum efficiency
for triplet excited state formation."””*~'" Among them, pseudo-
octahedral Ru(II) complexes have been receiving longstanding
attention as anticancer drugs including as PSs for
PDT~”"'~" owing to their chemical and photochemical
stability, interesting photophysical properties, and structural
diversity.H_18 Ru(II) complex TLD1433,"° a [Ru-
(N"N),(N"N)’]*-type complex (N"N refers to the diimine
ligands) incorporating an a-terthienyl-substituted imidazo[4,5-
f1[1,10]phenanthroline ligand has successfully completed the
phase 1 human clinical trials for treating bladder cancer with
PDT and is currently in phase 2 trials (ClinicalTrials.gov
Identifier NCTO03945162). This demonstrates the great
potential of utilizing Ru(II) complexes for PDT. However,
most of the reported Ru(1l) complex-based PSs for PDT bear
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tris-diimine ligands.">~"? Exploration of Ru(II) bis-terdentate
complexes such as Ru(R-tpy),”* (tpy refers to 2,2':6",2"-
terpyridine) for PDT has been very rare.””'"?97

Differing from the Ru(II) complexes containing tris-diimine
ligands, Ru(R-tpy),”* complexes have the advantages of
avoiding formation of geometric isomers when the modifica-
tion is done at the 4'-position of tpy, which may reduce the
synthetic challenges for developing new Ru(II) complexes to
tailor a specific application.”® This type of Ru(II) complexes
also exhibited relatively strong metal-to-ligand charge transfer
("MLCT) absorption in the visible spectral regions (450—600
nm). However, the distorted coordination angles of tpy to the
Ru(II) ion led to a weaker ligand field strength, facilitating the
thermally activated decay pathway associated with the low-
lying metal-centered (*MC) excited state.'® Consequently, the
Ru(R-tpy),>* complexes typically possess extremely short-lived
triplet excited states, which hamper the utilization of this type
of Ru(Il) complexes as PSs for PDT.

It has been reported that bichromophoric Ru(II) complexes
tethered with 7-conjugated organic chromophores exhibited
long-lived *z,7* states localized on the organic chromophore
as the lowest triplet excited states (T;), while the ground-state
absorption was bathochromically shifted to longer wave-
lengths.*'>***" This strategy has been apglied and well
studied in Ru(1I) tris-diimine complexes®'”**~*° but relatively
rare for Ru(R-tpy),**-type complexes.”’ >’ To the best of our
knowledge, the only reported work on applying this strategy to
Ru(R-tpy),>*-type complexes were by Ziessel's’”*" and
Hanan’s”” groups. In Ziessel's work, they attached 4,4-
difluoro-4-bora-3a,4a-diaza-s-indacene (or boron dipyrrome-
thene (BODIPY)) to one of the tpy ligands to switch the T,
state of the resultant Ru(II) complexes to the long-lived (8—30
us) BODIPY-localized *z,m* states. In addition, the intense
absorption of BODIPY in the visible spectral regions (>480
nm) drastically increased the absorption of the Ru(II)
complexes at 400—600 nm.””*® In Hanan’s work, 4-
(anthracen-9-yl)pyrimidine motif was introduced to one or
two tpy ligand(s) to extend the emission lifetime of [(an-pym-
tpy)Ru(tpy-pym-an)](PFy), to ~1.8 us, with the lowest triplet
excited state being the *z,7* state of anthracene.” However,
no applications of these complexes have ever been explored.

As demonstrated by Ziessel’s and others’ work, BODIPY and
its derivatives, the visible-light-harvesting chromophores, can
be attached to the scaffold of PSs to access the strong
absorption in the visible spectral regions.””***°~*>* Meanwhile,
attaching BODIPY on the ligand could extend the z-
conjugation of the ligand and induce a low-lying *z,7* state
in the complex to increase the lifetime of its T, state.’*”*
Except for BODIPY, pyrene is another type of organic
chromophore that has been frequently attached to transition-
metal complexes to extend the triplet excited state lifetime
because of the extremely long-lived and low-lying pyrene-based
Su.n* state. This strategy has been manifested in tris-diimine
Ru(II) complexes,” tris-cyclometalating Ir(IIT) complexes,™
and bis-tpy Ir(Ill) complexes.” However, attaching pyrene,
especially both the pyrene and BODIPY motifs to the tpy
ligands for preparation of Ru(R-tpy),**-type complexes for
PDT applications has never been explored.

With the aforementioned background in mind, we
developed three mononuclear [Ru(tpy-R;)(tpy-R,)]** com-
plexes (Rul—Ru3, Chart 1), where R; = 4-{2-[2-(2-
methoxyethoxy)ethoxy]ethoxy}phenyl and R, phenyl
(Rul), Ry = 4-{2-[2-(2-methoxyethoxy)ethoxy]ethoxy}phenyl
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Chart 1. Molecular Structures of Ru(II) Complexes Rul—
Ru3

and R, = 4-BODIPY-phenyl- (Ru2), and R, = pyren-1-yl and
R, = 4-BODIPY-phenyl (Ru3), as photosensitizers for in vitro
PDT. Different substituents on the tpy ligand were employed
to tune the photophysical characteristics and photosensitizing
capacities. Besides, the oligoether chain was utilized in
complexes Rul and Ru2 to improve the solubility of these
complexes in aqueous solutions. The tethered BODIPY and
pyrene moieties in Ru2 and Ru3 were used to switch the T,
states in these complexes to the BODIPY or pyrene-localized
‘mn* state and thus prolong the T, lifetimes of these

complexes.

B EXPERIMENTAL SECTION

Materials and Synthesis. All reagents and solvents were
purchased from commercial sources and used as received. 4-{4’-{2-
[2-(2-Methoxyethoxy)ethoxy]ethoxy}phenyl}tpy and 4-(pyren-1-
yl)tpy were synthesized according to the literature procedures.”>™>’
The synthetic routes for precursor compounds 1—4 and complexes
Rul—Ru3 are shown in Scheme 1. These complexes were
characterized by 'H NMR spectroscopy, high-resolution mass
spectrometry (HRMS), and elemental analyses. The "H NMR spectra
were recorded on a Bruker-400 spectrometer using tetramethylsilane
(TMS) as the internal standard. Electrospray ionization (ESI)-HRMS
analysis was conducted on a Waters Synapt G2-Si mass spectrometer.
The elemental analyses were performed at NuMega Resonance
Laboratories, Inc. in San Diego, California. The 'H NMR and ESI—
HRMS spectra for Rul—Ru3 are provided in the Supporting
Information Figures SI and S2.

Synthesis of Precursor Compounds 1—4. Compound 1. At 0
°C, NaBH, (175 mg, 4.6 mmol) was added to a solution of
terephthalaldehyde (2.5 g, 18.5 mmol) in EtOH (30 mL) and THF
(30 mL) under vigorous stirring for 6 h. Then, the mixture was
neutralized to pH S by diluted hydrochloric acid, and the organic
solvents were evaporated. Ethyl acetate was added to extract the
organic materials. The obtained crude product was purified by column
chromatography eluted with ethyl acetate and hexane (2:1, v/v) to
afford a white solid as the target compound (1.82 g, 89%). '"H NMR
(500 MHz, CDCl,): 6 9.99 (s, 1H), 7.87 (d, J = 8.1 Hz, 2H), 7.53 (d,
J = 8.0 Hz, 2H), 4.80 (s, 2H).

Compound 2. Compound 1 (2.72 g, 40 mmol), 2-acetylpyridine
(4.84 g, 20 mmol), and KOH (2.24 g, 40 mmol) were mixed in EtOH
(100 mL), and the mixture was stirred at r.t. for 2 h. After that,
ammonium hydroxide (28%, 30 mL) was added into the mixture, and
the mixture was heated to reflux for 24 h. After cooling to r.t., the
white precipitate was collected via filtration and washed with 95%

https://dx.doi.org/10.1021/acsabm.0c00647
ACS Appl. Bio Mater. 2020, 3, 6025—6038


http://pubs.acs.org/doi/suppl/10.1021/acsabm.0c00647/suppl_file/mt0c00647_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00647?fig=cht1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsabm.0c00647?fig=cht1&ref=pdf
www.acsabm.org?ref=pdf
https://dx.doi.org/10.1021/acsabm.0c00647?ref=pdf

ACS Applied Bio Materials

www.acsabm.org

Scheme 1. Synthetic Routes for Compounds 1—4 and Complexes Rul—Ru3“

(Ry-tpy)RuCly

Ru1-Ru3

“Reagents and conditions: (i) NaBH,, ethanol, tetrahydrofuran (THF), 0 °C, 6 h; (ii) 2-acetylpyridine, KOH, NH;-H, O, ethanol, reflux, 24 h; (iii)
MnO,, chloroform, r.t,, 3 days; (iv) 2,4-dimethylpyrrole, TFA (cat.), dichloromethane, r.t., 12 h; 2,3-dichloro-S5,6-dicyanobenzoquinone (DDQ),
r.t, 15 min; then BF;-OEt,, Et;N, r.t,, 3 h; (v) RuCly-3H,0, EtOH, reflux, overnight; (vi) AgBF,, acetone, reflux, 3 h; (vii) corresponding R,-tpy

ligand, NH,PFy, ethanol, reflux, 24 h.

ethanol. The crude product was recrystallized in 95% ethanol to give
compound 2 as a white solid (2.78 g, 41%). '"H NMR (400 MHz,
CDCL): & 8.81—8.74 (m, 4H), 8.70 (dt, J = 8.0, 1.1 Hz, 2H), 7.97—
7.88 (m, 4H), 7.54 (dd, J = 8.0, 0.5 Hz, 2H), 7.38 (ddd, ] = 7.5, 4.8,
1.2 Hz, 2H), 4.82 (d, J = 5.8 Hz, 2H).

Compound 3. Compound 2 (1.00 g, 2.95 mmol) was dissolved in
300 mL of chloroform. Then, 20 equiv of MnO, (4.85 g, 60 mmol)
was added. Following the thin-layer chromatography (TLC)
monitoring, the oxidation reaction was essentially completed after 3
days. The black suspension was filtered, and the solvent in the filtrate
was evaporated. The obtained white solid was pure enough without
further purification (870 mg, 87%). 'H NMR (400 MHz, CDCL;): §
10.12 (s, 1H), 8.78 (s, 2H), 8.74 (ddd, ] = 4.8, 1.8, 0.9 Hz, 2H), 8.69
(dt, J = 8.0, 1.0 Hz, 2H), 8.14—7.98 (m, 4H), 7.95—7.84 (m, 2H),
7.38 (ddd, J = 7.5, 4.8, 1.2 Hz, 2H).

Compound 4. 2,4-Dimethylpyrrole (190 mg, 2 mmol) and
compound 3 (337 mg, 1 mmol) were dissolved in CH,Cl, with a
catalytic amount of TFA (2—3 drops). The mixture was stirred for 12
h at room temperature. Then, a solution of 2,3-dichloro-S,6-
dicyanobenzoquinone (227 mg, 1 mmol) in CH,Cl, was added
dropwise, and the mixture was stirred at r.t. for 15 min. Finally, BF;-
OEt, (2 mL) and triethylamine (20 mL) were added, and the
obtained mixture was stirred for another 3 h at room temperature.
The crude mixture was diluted with CH,Cl, and washed with H,O.
The organic extracts were dried over MgSO,, filtered, and evaporated
under reduced pressure. The crude product was purified via flash
chromatography on silica gel eluted with hexane and dichloromethane
(1:1, v/v) to afford compound 4 as a red solid (280 mg, 51%). 'H
NMR (400 MHz, CDCLy): § 8.79 (s, 2H), 8.75 (ddd, ] = 4.8, 1.8, 0.9
Hz, 2H), 8.71 (dt, ] = 8.0, 1.1 Hz, 2H), 8.06—8.02 (m, 2H), 7.94—
7.89 (m, 2H), 7.48—7.43 (m, 2H), 7.39 (ddd, ] = 7.5, 4.8, 1.2 Hz,
2H), 6.01 (s, 2H), 2.58 (s, 6H), 1.46 (s, 6H).

General Synthetic Procedure for Precursors and Complexes
Ru1—Ru3. RuCl;-:3H,0 (261 mg, 1 mmol) and R;-tpy (1 mmol) in
EtOH (10 mL) were heated to reflux under a nitrogen atmosphere
overnight. After the mixture was cooled to room temperature, the
precipitate was collected by centrifugation and washed with EtOH,
H,0, and ether (20 mL X 2 each). The dark red solid was dried under
vacuum to get a pure product without further purification.

A suspension of the corresponding (R;-tpy)RuCly (0.05 mmol),
AgBF, (39 mg, 0.2 mmol), and acetone (10 mL) was heated to reflux

for 3 h in the dark under a nitrogen atmosphere. The obtained dark
green suspension was filtered by Celite to remove AgCl and dried
under vacuum to remove acetone. Then, ethanol (20 mL) and Ry-tpy
(0.05 mmol) were added to the solution and the mixture was heated
to reflux for 24 h in the dark under nitrogen. After removal of the
solvent, the residue was redissolved in acetonitrile, and the solution
was added dropwise to the saturated aqueous solution of NH,PFq.
The resulting PF,~ salt precipitate was washed with water and purified
by chromatography on an Al,O; column; gradient elution from
CH,Cl, to acetone/H,0 (95:5, v/v) yielded the target complex. The
reported yield for each Ru(1I) complex is for the two-step reactions
based on the R;-tpy ligand. To obtain the CI” salts of Rul—Ru3 for
the electron paramagnetic resonance (EPR) measurements and
(photo)biological studies, anion exchange was conducted using
Amberlite IRA-410 ion exchange resin, with methanol being used as
the eluent.

Rul. Red solid (yield: 51%). '"H NMR (400 MHz, acetone-dg): &
9.43 (d, ] = 9.8 Hz, 4H), 9.07 (dd, ] = 8.0, 4.1 Hz, 4H), 833 (d, ] =
8.8 Hz, 4H), 8.15—8.06 (m, 4H), 7.83 (dd, J = 12.2, 5.1 Hz, 4H), 7.77
(t, ] = 7.4 Hz, 2H), 7.70 (d, ] = 7.4 Hz, 1H), 7.41—7.30 (m, 6H),
4.37—4.31 (m, 2H), 3.95-3.91 (m, 2H), 3.75-3.70 (m, 2H), 3.69—
3.65 (m, 2H), 3.63 (dd, J = 5.7, 3.9 Hz, 2H), 3.52 (dd, ] = 5.7, 3.9 Hz,
2H), 3.32 (s, 3H). ESI-HRMS (m/z): calcd. for [C,oH,,N4O,Ru]*,
441.1241; found, 441.1241. Anal. Calcd (%) for C,H,,F1,NO,P,Ru:
C, 50.22; H, 3.78; N, 7.17. Found: C, 50.10; H, 4.14; N, 7.28.

Ru2. Red solid (yield: 20%). "H NMR (400 MHz, acetone-dg): &
9.62 (s, 2H), 9.42 (s, 2H), 9.12 (d, ] = 7.9 Hz, 2H), 9.07 (d, J = 7.7
Hz, 2H), 8.64 (d, ] = 8.3 Hz, 2H), 8.34 (d, ] = 8.7 Hz, 2H), 8.11 (dd,
J = 6.5, 4.5 Hz, 4H), 7.86 (dd, ] = 15.3, 8.3 Hz, 6H), 7.44—7.22 (m,
6H), 6.21 (s, 2H), 4.39—4.28 (m, 2H), 3.98—3.88 (m, 2H), 3.78—
3.70 (m, 2H), 3.69—3.57 (m, 4H), 3.55—3.43 (m, 2H), 3.32 (s, 3H),
2.56 (s, 6H), 1.60 (s, 6H). ESI-HRMS (m/z): caled. for
[Cy,H;,BF,N;O,Ru]*, 564.1816; found, 564.1805. Anal. Calcd (%)
for C¢,Hs,BF,N;O,P,Ru-3.5H,0: C, 50.28; H, 4.36; N, 7.57. Found:
C, 50.22; H, 4.11; N, 7.85.

Ru3. Red solid (yield: 33%). 'H NMR (400 MHz, acetone-d): &
9.61 (s, 2H), 9.44 (s, 2H), 9.11 (d, ] = 8.2 Hz, 2H), 9.04 (d, ] = 8.1
Hz, 2H), 8.72—8.61 (m, 4H), 8.53—8.43 (m, 3H), 8.41—8.34 (m,
3H), 8.25—8.21 (m, 1H), 8.18—8.08 (m, 4H), 8.01 (d, ] = 5.7 Hz,
2H), 7.96 (d, ] = 7.9 Hz, 2H), 7.90 (d, ] = 5.4 Hz, 2H), 7.45 (dd, ] =
6.8, 6.0 Hz, 2H), 7.38 (dd, ] = 7.3, 5.8 Hz, 2H), 6.66 (s, 2H), 2.59 (s,
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6H), 1.70 (s, 6H). ESI-HRMS (m/z): calcd. for
[Cy¢sH,BE,NgRu]*, 545.1526; found, 545.1513. Anal. Caled (%)
for CeH, BF,,NyP,Ru-3.3CH,CL: C, 49.41; H, 325; N, 6.75.
Found: C, 49.32; H, 3.05; N, 6.98.

Photophysical Studies. The PF~ salts of Rul—Ru3 were used
for the photophysical studies because of their better solubility in
organic solvents. The electronic absorption spectra were recorded on
a Varian Cary S0 spectrophotometer. Emission spectra were measured
on a HORIBA FluoroMax 4 fluorometer/phosphorometer. Using the
relative actinometry method,”® emission quantum yields of Rul—Ru3
were deduced using [Ru(bpy);]Cl, in degassed acetonitrile (A, =
436 nm, @, = 0.097)* as the reference. The nanosecond transient
absorption (TA) data, including the TA spectra and triplet lifetimes,
were measured in nitrogen-purged (~40 min) acetonitrile solutions
on a laser flash photolysis spectrometer (Edinburgh LP920). A 35S
nm third-harmonic output of a Quantel Brilliant Nd:YAG laser with
4.1 ns pulsewidth and 1 Hz repetition rate was used as the excitation
source.

For evaluation of the singlet oxygen generation quantum yields of
Rul—Ru3 in air-saturated CH;CN, the comparative method was
employed with [Ru(bpy);]Cl, in aerated CH;CN (@, 0.57)*
being used as the reference complex. The instrument used was an
Edinburgh TL900 transient luminescence spectrometer that was
equipped with an EI-P Germanium detector to monitor the emission
of the singlet oxygen at 1270 nm. To eliminate the scattered light
from the laser, a silicon cutoff filter (>1100 nm) was used. The
excitation source was the third-harmonic output (355 nm) of a
Quantel Nd:YAG laser. The singlet oxygen emission intensity at zero
time delay was measured and compared to that of the optically
matched (Az5s,m = 0.5 in a 1 cm cuvette) reference complex under the
identical excitation condition. The following equation was applied to
calculate the ®,*

2
o

I(;ef As Moot

where I is the singlet oxygen emission intensity at t = 0, A is the
absorbance at 355 nm in a 1 cm cuvette, n is the refractive index of
the solvent, and the suffixes “s” and “ref” stand for the sample and the
reference, respectively.

Computational Methodologies and Details. Density func-
tional theory (DFT)*' was utilized to optimize the ground-state
singlet geometry of the complexes using the PBEO functional.* The
LANL2DZ basis set*’ with incorporated core pseudopotentials was
used for Ru(II), and the 6-31G* basis set** was used for remaining
atoms. The effects of the solvent (acetonitrile) were considered via
the conductor-like polarizable continuum model (CPCM)* in both
geometry optimizations and excited-state calculations. Vertical
excitation energy and their oscillation strength were calculated using
linear response time-dependent DET (TDDFT)* with the same
functional and mixed LANL2DZ/6-31G* basis set as for the ground-
state calculations. The calculated absorption spectral profile was
generated using the Gaussian distribution function with 0.08 eV line
width to mimic the thermal broadening of the spectra.

The calculated absorption spectra of all complexes followed a
qualitative trend with experimental absorption spectra, while the
optical transitions were blue-shifted by about 0.4 eV. This is a well-
known problem*”*® of the hybrid-type functionals such as PBEO,
where the addition of 25% of Hartree—Fock (HF) exchange to the
exchange—correlation term does not completely resolve the spurious
self-interaction problem,*”*® leading to failures in enerigi_es of
excitations with the long-range charge-transfer character.””** To
correct this behavior, we applied a scissor operator approach, which is
a common practice in solid-phase calculations,™ with all calculated
spectra being red-shifted by a constant of 0.4 eV. This shift resulted in
a good agreement between the calculated and experimental spectra for
the studied complexes.

To calculate the phosphorescence energies, the lowest-energy
excited state with the triplet spin multiplicity was optimized using an
analytical gradient TDDFT method** by applying the same functional

s ref
@ = % x
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and basis sets as in the ground-state calculations. The nature of the
electronic transitions was predicted by the natural transition orbitals
(NTOs),*® which showed the spatial charge density distribution of
the electron—hole pair contributing to the optical transition. All
calculations were done in Gaussianl6 software packages,56 and all
NTO images were plotted in VMD visualization software.®’”

Electron Paramagnetic Resonance (EPR) Measurements.
EPR spectroscopy was used to investigate the generation of free
radicals upon light activation. Ru2 or Ru3 was dissolved in a mixture
of water and acetonitrile (1:4, v/v) with 100 mM 4-OH-TEMP
(radical scavenger) and irradiated with a $32 nm light of 200 mW-
cm™2 The mixture was measured on a Bruker A200 X band EPR
spectrometer after light irradiation at room temperature. The standard
parameters for EPR measurements were set as follows: microwave
power = 1.62 mW, modulation frequency = 100.00 kHz, modulation
amplitude = 1.00 G, sweep field width = 60 G, and sweep time = 60 s.

Cell Culture. A549 cells were obtained from Siwang Yu (Peking
University, School of Pharmaceutical Sciences, Beijing, People’s
Republic of China) and have been proven to be negative for
mycoplasma contamination. Cells were cultured in a 37 °C incubator
with 5% CO,. All cells were supplemented in Dulbecco’s modified
Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS), 100
U-mL™" penicillin, and 100 pg-mL™" streptomycin (all were from
M&C Gene Technology Ltd., Beijing).

Dark Cytotoxicity and Phototoxicity. The dark and light
cytotoxicity of Ru2 and Ru3 was studied by Cell Counting Kit-8
(CCK-8, Selleck Chemicals LLC). A549 cells were seeded in 96-well
plates (NEST) at a density of 5000 cells per well in 100 L overnight.
Then, the cells were incubated for 24 h under strictly subdued light
conditions with different concentrations of Ru2 or Ru3 ranging from
10 nM to 100 uM. The cells were subsequently irradiated with a 300
W Xe lamp using a 500 nm bandpass filter to give a power density of
0.80 mW-cm ™ for 0, 1, or 10 min (corresponding to 0, 0.048, or 0.48
J-em™?, respectively) and were incubated for 24 h in the dark. Cell
viabilities were detected by Cell Counting Kit-8 (CCK-8). ICs, values
were calculated using Origin software.

Confocal Microscopy. A total of 200 000 A549 cells were seeded
in a 35 mm laser confocal Petri dish (NEST) in 2 mL of DMEM with
10% FBS and incubated in a 37 °C incubator with 5% CO, for 24 h.
Then, the cells were refreshed in phosphate-buffered saline (PBS) and
incubated with 5 yM Ru2 or Ru3 at 37 °C for 4 h. Afterward, the cells
were washed twice with PBS and incubated with Hoechst 33342
(DOJINDO), Lyso-Tracker Red (Beyotime), ER-Tracker Red
(Beyotime), or MitoRed (KeyGEN BioTECH) for 30 min. The
cells were then imaged on a Zeiss LSM880 fluorescence confocal
microscope.

Detection of Lysosomal Damage. A549 cells were seeded in
24-well plates (NEST) at a density of S0 000 cells per well in 1 mL
overnight. Then, the cells were stained with Ru2 or Ru3 (5, 10, 20, or
40 uM, respectively) for 4 h and irradiated with a SO0 nm light of 0.80
mW-cm ™ for 6 min (0.288 J-cm™2). After 24 h incubation, cells were
washed with PBS and stained with Lyso-Tracker Red (Beyotime).
Cells were then monitored by flow cytometry.

Annexin V-PE/7-AAD Apoptosis Assay. A549 cells were seeded
in 24-well plates (NEST) at a density of S0 000 cells per well in 1 mL
overnight. Then, the cells were stained with Ru2 or Ru3 (S, 10, or 20
UM, respectively) for 4 h and irradiated with a S00 nm light of 0.80
mW-cm ™ for 3 min (0.144 J-cm™2). After 24 h incubation, cells were
washed with PBS and stained with Annexin V-PE and 7-AAD (Bioss).
Cells were then monitored by flow cytometry.

Mitochondria Membrane Potential (MMP) Detection. A549
cells were seeded in 24-well plates (NEST) at a density of 50 000 cells
per well in 1 mL overnight. Then, the cells were stained with Ru2 or
Ru3 (5, 10, or 20 uM, respectively) for 4 h and irradiated with a 500
nm light of 0.144 J-cm™2. After 6 h incubation, cells were washed with
PBS and stained with tetramethylrhodamine ethyl ester (TMRE,
BestBio) for 15 min. Cells were then detected by flow cytometry.
Data were processed using Origin software.
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B RESULTS AND DISCUSSION

Electronic Absorption. The UV—vis absorption spectra of
Rul—Ru3 in acetonitrile are displayed in Figure 1, and the
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Figure 1. Experimental (upper panel) and calculated (lower panel)
UV—vis absorption spectra of Rul—Ru3 in acetonitrile at room
temperature. Calculations were performed using the TDDFT method
with PBE1 functional and LANL2DZ/6-31G* basis set. The
calculated spectra were red-shifted by 0.40 eV for better match with
the experimental spectra.

normalized spectra in different solvents are shown in Figure S3
of the Supporting Information. The absorption band maxima
and molar extinction coefficients in acetonitrile are summar-
ized in Table 1. All complexes displayed well-resolved

Table 1. Photophysical Parameters for Complexes Rul—
Ru3 in Acetonitrile

Agps/DM Aer/ DM )
(log &/L-mol™"-cm™")* ol Ayt /nm (zr/ps)? @4
Rul 282 (4.74), 309 551 603 (—)° 0.05
(4.78), 491 (4.41) (648°);
0.0024
Ru2 283 (4.77), 310 513; 425 (27.2), 622 0.23
(4.84), 498 (4.98) 0.0051 (31.0)
Ru3 277 (4.95), 310 525, 668; 420 (0.91), 520 0.13
(4.92), 498 (4.82) 0.0011 (0.63,79.2), 578

(1.12)

“Absorption band maxima (4,,) and molar extinction coefficients
(loge) at room temperature. ~“Emission band maxima () and
quantum yields (®,,) at room temperature, A, = 436 nm, ¢ = 1 X
107 mol L%, The reference used was a degassed acetonitrile solution
of [Ru(bpy);]Cl, (@, = 0.097, A, = 436 nm). The emission
lifetimes were too short or the signals were too weak to allow for the
lifetimes to be measured on our LP920 instrument. “Emission
wavelength upon excitation at 491 nm. 9Nanosecond TA band
maxima (A _r ) and triplet excited state lifetimes (1) were measured

at room temperature. “The 71 of Rul was too short to be reliably
determined on our instrument. “The singlet oxygen quantum yield
upon excitation at 355 nm (Azs = 0.5 in a 1 cm cuvette).
[Ru(bpy);]Cl, in aerated CH;CN (®, = 0.57) was used as the
reference.

6029

absorption bands in the regions of 250—400 nm, which are
assigned to ligand-localized spin-allowed 'z,7* transitions. In
contrast, the poorly resolved absorption bands in the regions of
400—600 nm are tentatively attributed to charge-transfer
transitions (metal-to-ligand charge transfer ("MLCT), ligand-
to-metal charge transfer ('LMCT), ligand-to-ligand charge
transfer ('LLCT), or intraligand charge transfer ('ILCT))
mixed with 'z,7* transitions. For Rul—Ru3, the energies of
these low-energy absorption bands are quite similar. However,
the molar extinction coefficients are drastically larger in Ru2
and Ru3 compared to that in Rul. Moreover, this band in Ru2
is sharper, while in Ru3 is broader. This difference should
originate from the BODIPY-localized Iz,7% transition at ca.
480 nm in both Ru2 and Ru3. In Ru3, the broadened
absorption band at the longer wavelength side should be
attributed to the 'ILCT transition from the pyren-1-yl-based 7
orbital to the #* orbital localized on the tpy on which pyren-1-
yl is attached. This attribution is supported by the similar
energy of the 'ILCT transition in the Ir(III) complexes bearing
pyren-1-yl-substituted tpy ligands.”> Additional evidence
supporting the aforementioned assignments comes from the
TDDFT calculation results (Supporting Information Figure
S4), from which the resultant natural transition orbitals
(NTOs) (Tables 2 and S1—S3) confirmed the assignments
discussed above. For example, the electron density of the holes
for the S state in Rul, Sy state in Ru2, and S, state in Ru3 are
distributed on the Ru(II) ion and the 4'-phenylpyridine or 4’-
(pyren-1-yl)pyridine component on the R;-tpy or R,-tpy
ligand, while the electron density distributions of the electrons
are delocalized on the Ru(II) ion and the same tpy ligand
where R; or R, is attached. These distributions resulted in
transitions with mixed ‘ILCT/'MLCT/'LMCT/ z,z* config-
urations. For the S;, state in Rul, S, state in Ru2, and S,
state in Ru3, the holes are mainly on the Ru(Il) ion and the
tpy ligand that has the R, substituent attached, whereas the
electrons are delocalized on the metal and both tpy ligands,
leading to LLCT/"MLCT/'LMCT/'%,z* transitions. For
Ru2 and Ru3 that bear the BODIPY component, 'z,z*
transitions localized on the BODIPY motif, i.e., S, state in Ru2
and Sg state in Ru3, are also major contributors to the low-
energy absorption bands in these two complexes.
Photoluminescence. The steady-state emission spectra of
complexes Rul—Ru3 were measured in acetonitrile, THF
(with 5% acetonitrile), dichloromethane (with 5% acetoni-
trile), and toluene (with 10% acetonitrile) at room temper-
ature, and the normalized spectra are illustrated in Figures 2
and SS. The emission maxima (/,,,) and quantum yields (®,,,)
are summarized in Tables 1 and S4. All three complexes
exhibited very weak emission in all solvents used, with a
quantum yield being varied between 0.11% and 7.50%. Upon
436 nm excitation, the emission of all complexes in acetonitrile
was dominated by the green emission and the emission
quantum yields were the lowest. However, the emission in the
other solvents (i.e, THF, dichloromethane, and toluene)
became stronger and exhibited dual emission, especially in
toluene, in which the red emission at 652 nm for Rul was the
dominant one. In contrast, when excited at 491 nm, Rul in
acetonitrile gave rise to a very weak emission at 648 nm, and its
lifetime was too short (<10 ns) to be measured on our
instrument. Comparing the 648 nm emission of Rul to that
from the parent complex [Ru(Ph-tpy),]*" (r = 1 ns),'* the
similar emission energy, short lifetime, and featureless emission
profile imply that this emission likely originated from the
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Table 2. NTOs of the Major Transitions Contributing to the Absorption Band of 400—600 nm, Calculated Using the TDDFT
Method with PBE1 Functional and LANL2DZ/6-31G* Basis Set in Acetonitrile

Excited States
and Properties®

Hole

Electron

Rul

Sio

391 nm
(447 nm)
1=0.202

Ru2 S(,
430 nm
(499 nm)

£=0.571

N

421 nm
(487 nm)
1=0.583

Sis

391 nm
(447 nm)
1=0.227

Ru3 Sz
457 nm
(536 nm)

£=0.565

£=0.589

“Wavelengths in parentheses represent the wavelengths after a 0.4 eV red shift for better comparison with the experimental data.

similar emitting state to that for [Ru(Ph-tpy),]*, i.e., the fast-
decayed *MLCT state. In addition, the NTOs shown in Table
3 indicate that the T,; state of Rul also has
SILCT/*z,n*/°LMCT characters. For the green emission
obtained at 436 nm excitation, we speculate it being the
fluorescence from the 'MLCT/'LMCT/'ILCT/ z,z* state.
For Ru2 and Ru3, the short-wavelength emission upon 436
nm excitation appeared to be a mirror image to the lowest-
energy absorption band. Considering the involvement of 'z,7*
transition of BODIPY in these absorption bands of these two
complexes and the fluorescence of BODIPY, the emission
bands at ca. 520 nm in Ru2 and Ru3 can be assigned to
fluorescence from the lz,7* state of BODIPY. Ru2 and Ru3
also possessed another weak emission band at 650—670 nm in
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almost all solvents tested except for Ru2 in acetonitrile.
Considering the similar energy of this emission band in Ru2
and Ru3 to the red-emission band in Rul (648 nm), this band
is tentatively assigned to the SMLCT/’ILCT /a7 />)LMCT
states for Ru2 and Ru3. Such attribution is supported by the
NTOs of the T, states of Ru2 and Ru3 (see Table 3), which
have a similar energy to the emitting T state of Rul. Although
very rare, emission emanating from a higher triplet excited
state has been reported for some Ru(Il) tris-diimine
complexes.'”**** Dual emission was also previously reported
for Ru(1I) tris-diimine complexes.”***

Transient Absorption (TA). Because the emitting state
might not be the lowest triplet excited state (T,) in some
transition-metal complexes,19’20’58’60’61 including some Ru(II)

https://dx.doi.org/10.1021/acsabm.0c00647
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Figure 2. Normalized experimental emission spectra of Rul—Ru3 in
deaerated acetonitrile at room temperature when excited at 436 nm.
The inset shows the emission spectrum of Rul in deaerated
acetonitrile (¢ = 5 X 107 mol-L™") upon excitation at 491 nm.

19,20,58,5
complexes,'”*>*%** we conducted the nanosecond TA

measurements to understand the T;-state characteristics of
Rul—Ru3. The time-resolved TA spectra upon 355 nm
excitation for these complexes are displayed in Figure 3, and
the TA band maxima and T,-state lifetimes deduced from the
decay of TA signals are compiled in Table 1.

As shown in Figure 3, all complexes possessed similar TA
spectral features with bleaching occurring in the regions of
440—530 nm (which are consistent with their 'CT/'mz*
absorption bands in their corresponding UV—vis absorption
spectra) and broad positive absorption bands at 530—800 nm.
In view of the similarly short (<10 ns) TA and emission
lifetimes for Rul and the similar spectral feature to the other
reported Ru(tpy) (N*N"N)** complexes,”’ we assign the
observed TA spectrum of Rul to its
SMLCT/’ILCT/3x,z* />)LMCT state that emits. For Ru2, the
TA signals were much stronger and longer-lived (ca. 30 us)
and the TA spectral feature resembled those of the BODIPY-
pendant complexes reported in the literature.”**"** Therefore,
the origin of the TA is attributed to the BODIPY-centered
*m,n* excited state. The NTOs displayed in Table 3 indicate
that the T state of Ru2 is exclusively localized on the BODIPY

component. Thus, the observed TA of Ru2 emanated from its
long-lived T state.

The TA of Ru3 comprised two components with significant
distinctions in spectral feature and lifetime. The spectral
feature of the relatively short-lived TA component resembled
more that of Rul, but its lifetime was longer than that of Rul.
Considering the similar SMLCT /’ILCT/*z,7* />LMCT nature
of the T, state of Ru3 to that of the T, sate of Rul, we
tentatively attribute this shorter-lived component to the T,
state of Ru3. Its longer lifetime could be ascribed to the
admixture of the pyrene-localized *z,7* configuration in the
emitting T, state of Ru3. Determination of this T,-state
lifetime by the decay of TA signals but not by the decay of
emission signals is likely due to the very weak red-emission
signals. In contrast, the much longer-lived TA species (79.2 ys)
gave rise to distinctively different TA signals, likely emanating
from the BODIPY-localized 37,7* state, which is the T, state of
Ru3, as demonstrated by the NTOs shown in Table 3. The
presence of long-lived T states in Ru2 and Ru3 would benefit
their application as PSs for PDT, which would be manifested in
the following sections.

Singlet Oxygen Generation. It is well known that
reactive oxygen species (ROS) such as singlet oxygen ('O,),
superoxide anion (O,”*), or hydroxy free radical (*OH) are
the active species that kill the tumor cells during PDT via
reacting with lipids, proteins, and/or nucleic acids to induce
extensive tissue dysfunction and injury. The efficiency of a PS
to generate ROS plays a key role in determining the outcome
of PDT. For most of the reported PSs, 'O, produced via
energy transfer from the T, sate of a PS to the ground-state
oxygen (type II mechanism) is typically the major player in
PDT. To evaluate the feasibility of Rul—Ru3 as PSs, electron
paramagnetic resonance (EPR) spectroscopy, which is a
powerful tool to detect ROS generation in solutions and in
biological systems,”” was applied to detect 'O, formation by
these complexes. Because the 'O, generation is a bimolecular
process, a PS with long-lived T, state is a prerequisite for
efficient 'O, generation. Based on this criterion, Rul with a
short-lived T, state will not be able to act as a PS. Thus, only
Ru2 and Ru3 were investigated for their 'O, generation.

Figure 4 displays the 4-OH-TEMPO adduct signals from the
solutions of Ru2 or Ru3 in water/acetonitrile (1:4, v/v) with
100 mM 4-OH-TEMP (singlet oxygen trapper) after

Table 3. NTOs for the Triplet Excited State(s) (T,) of Rul—Ru3, Calculated with the PBE1 Functional and LANL2dz/6-31G*

Basis Set in Acetonitrile

Rul

HOTO

Ru2

Ru3
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Figure 3. Time-resolved nanosecond transient difference absorption spectra of complexes Rul—Ru3 in deaerated acetonitrile at room temperature

after 355 nm laser pulse excitation. Ay = 0.4 in a 1 cm cuvette.

irradiation with a 532 nm light of 200 mW-cm ™% The 4-OH-
TEMPO adduct signals in solutions with Ru2 or Ru3 were
salient than those in the reference solution, indicating the
generation of 'O, by these two complexes. The signal
intensities increased with increased complex concentration
and irradiation time. For solutions with the same concentration
of complex (the PS) and the same irradiation time, the one
with Ru2 induced much stronger signals than the one with
Ru3. The stronger signal induced by Ru2 is attributed to its
longer-lived triplet excited state, suggesting that Ru2 could
exhibit stronger phototoxicity and be a more efficient PS for
PDT.

To quantitatively measure the 'O, generation efficiency of
Rul—Ru3 in CH,CN, the emission intensity of 'O, at 1270
nm was monitored and compared to that of the reference
complex [Ru(bpy);]Cl, in CH;CN (®, = 0.57)* under
identical excitation conditions. The obtained ®, values for
these complexes are listed in Table 1, which follow the order
Ru2 > Ru3 > Rul and are consistent with the aforementioned
trends observed for Ru2 and Ru3 from the EPR results.

(Photo)cytotoxicity. To demonstrate the feasibility of
Ru2 and Ru3 as PSs for PDT, a human lung cancer cell line
(AS549) and the CCK-8 cell viability test kit were used to
quantify their in vitro PDT effect. A5S49 cells were incubated
for 24 h under strictly subdued light conditions with different
concentrations of Ru2 or Ru3 ranging from 10 nM to 100 yM.
Cells were subsequently irradiated with a 500 nm light of 0.80
mW-cm™? for 0, 1, or 10 min (corresponding to 0, 0.048, or

6032

0.48 J-cm™ fluence) and were incubated for 24 h in dark
conditions (Figure S). The effective concentrations to reduce
cell viability by 50% (ECs,) were then assessed for different
conditions and are listed in Table 4. Both complexes exhibited
weak dark cytotoxicity, but Ru2 was slightly less toxic than
Ru3 without light irradiation. Upon 500 nm light irradiation,
the toxicity of both complexes increased, manifesting the PDT
effect. The ECy, value of Ru2 with 0.48 J-cm™ irradiation (i.e.,
10 min irradiation) decreased to 1.50 uM, corresponding to a
phototherapeutic index (PI) of 35.3, which is more phototoxic
than Ru3 (with an EC, value of 7.41 uM and a PI value of
4.90) under the same PDT conditions. This result shows that
Ru2 can induce cell death more significantly than Ru3 upon
500 nm light irradiation for 10 min, implying that Ru2 is a
better PS than Ru3 upon 500 nm light activation toward AS49
cells. This trend corresponds to the trend of 'O, generation
efficiency (Table 1), suggesting that 'O, could be the major
player in the PDT process of these complexes. Moreover, the
PDT effects of both complexes are much stronger than the
reported [Ru(terpy)(terpy-X)]** (X = H, CI, Br, OMe,
COOH, COOMe, NMe,) complexes upon 480 nm activation
(3.1 J-em™2) toward Hela cells.”!

Intracellular Distribution. Organelle targeting is an
important property of photosensitizers relating to their
induced cell death pathways and cytotoxicity efficacy. To
identify the intracellular PDT mechanisms of these Ru(II)
complexes, the localization of Ru2 and Ru3 in different cell
organelles was investigated via confocal laser scanning
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Figure 4. X band EPR spectra of complexes Ru2 (a, b) and Ru3 (¢, d) with different concentrations or irradiation times. The complexes were
dissolved in mixed water and acetonitrile (1:4, v/v) with 100 mM 4-OH-TEMP and irradiated with a 532 nm light of 200 mW-cm ™2
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Figure 5. In vitro PDT dose—response curves for (a) Ru2 and (b) Ru3 toward AS549 cells. The samples were treated with no light (black) or

irradiated with 0.80 mW-cm™ light for 1 min (blue) or 10 min (red).

Table 4. EC;, Values (M) for Ru2 and Ru3 under Different
Irradiation Conditions

dark light (1 min)“ light (10 min)®

ECs ECs, PI° ECs PI°
Ru2 53.0 23.9 2.22 1.50 35.3
Ru3 36.3 11.1 3.27 7.41 4.90

“Irridiated with a 500 nm light of 0.80 mW-cm™ for 1 min.
YIrridiated with a 500 nm light of 0.80 mW-cm™ for 10 min.
“Phototherapeutic index, PI = ECy, (dark)/ECs, (light).

microscopy (CLSM). A549 cells were stained with S M Ru2
or Ru3 for 4 h and costained with different cell organelle
trackers including Hoechst 33342%° (blue tracker for the
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nucleus), Lyso-Tracker Red®* (red tracker for the lysosome),
ER-Tracker Red (red tracker for the endoplasmic reticulum),
and MitoRed® (red tracker for mitochondria). Then, the cells
were observed under confocal microscopy. As illustrated in
Figure 6, the green emission from Ru2 well overlapped with
the red fluorescence from Lyso-Tracker Red but not with the
emission of the nucleus tracker or ER-Tacker. These results
imply that Ru2 is mainly localized in the lysosomes. The
aggregated spots that did not colocalize with lysosomes were
probably either aggregates of Ru2 attached to the plasma
membrane or those inside the vesicles. Therefore, lysosomes
could be crucial targets for PDT-induced cell death for Ru2.
For Ru3, its intracellular emission was too weak to allow for a
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Figure 6. Fluorescence imaging of live AS49 cells stained with Ru2 (S
#M) and the related fluorescent dyes that target different organelles.
Ru2 was observed as bright green in the cytoplasm.

reliable determination of its intracellular localization with
CLSM.

Lysosomal Damage. Lysosomes are not only an
important organelle to recycle obsolete cellular molecules but
also involved in various cellular processes including plasma
membrane repair, apoptosis, cell signaling, and energy
metabolism.”® To confirm the important role of lysosomes in
the pathway of PDT-induced cell death by Ru2, flow
cytometry was applied to detect the photoinduced lysosomal
damage by Ru2. AS49 cells were stained with Ru2 (5, 10, 20,
and 40 uM, respectively) for 4 h and irradiated with a 500 nm
light of 0.8 mW-cm™ for 6 min (0.288 J-cm™?), Lyso-Tracker
Red was then applied to reflect the lysosomal damage. The
fluorescence intensity of Lyso-Tracker Red correlates with the
integrity of the lysosome membrane, i.e,, the lower the Lyso-
Tracker Red fluorescence intensity, the stronger the damage to
the lysosome. As shown in Figure 7, 20 or 40 uM Ru2 caused
significant lysosomal damage. This result indicates that Ru2
accumulated in lysosomes induced lysosomal damage upon
light activation.

Mitochondrial Membrane Potential (MMP) Change.
The CLSM results indicate that Ru2 mainly accumulated in
lysosomes after uptake by cells. However, mitochondria have
been extensively involved in cell damage/death due to PDT
treatment. To understand whether Ru2-mediated PDT caused

u

3 6x10°

4x10°

2x10°~

Fluorescence Intensity / a

0 5 10 20 40
Concentration / uM

Figure 7. Quantitative column plot of the flow cytometry of lysosome
damage detection. Data are plotted as the mean + sd; n = 3
biologically independent samples. **P < 0.01 and versus dimethyl
sulfoxide (DMSO) control.

mitochondria damage, changes in the mitochondrial mem-
brane potential (MMP) were detected by flow cytometry via
the TMRE test,”” which is a cell permeant and positively
charged dye readily accumulating in the negatively charged
mitochondria. The MMP was characterized by the intensity of
the orange-red fluorescence of TMRE along the x-axis, while
mitochondria of decreased membrane potential failed to
sequester TMRE. As shown in Figure 8, the decrease of

1.4x10°

1.2x10°

1.0x10°

Fluorescence Intensity

8.0x10*

Control 5 10 20
Concentration / uM

Control
5uM
/ 10puM
1/ 20puM

LI B B AL B B L LR AL B
10° 10' 102 10° 10* 10° 108
Fluorescence Intensity

Figure 8. Contour plots for the flow cytometry results of A549 cells
stained with TMRE 6 h after Ru2-PDT treatment. Fluorescence
intensity of TMRE is shown on the x-axis, and Ru2 concentration is
displayed on the y-axis. The inset represents the quantitative column
plots of the flow cytometry result. Data are plotted as the mean + s.d,;
n = 3 biologically independent samples. **P < 0.01 and versus DMSO
control.

MMP was significant for the A549 cells, which were incubated
with § or 20 #M Ru2 and irradiated with a 500 nm light of
0.144 J-cm 2 The higher the photosensitizer concentration,
the greater the MMP decrease, which reflects the mitochon-
drial dysfunction during PDT.

The result indicates that mitochondrial damage occurred in
the form of Ru2-induced cell death. However, the intracellular
distribution experiment discussed earlier indicated that the
lysosome was the direct target of the sensitizer and the
distribution of Ru2 in mitochondria was not obvious (Figure
6). Thus, there was no evidence to support direct
mitochondrial damage by PDT of Ru2. In a previous report
using phthalocyanine 4 (Pc4) as the sensitizer, lysosomal iron
release induced PDT-mediated mitochondrial dysfunction and
subsequent cell killing, probably through iron uptaking by the
mitochondria and formation of ROS via the Fenton reaction.
Therefore, we speculate that mitochondrial damage is a
secondary injury induced by lysosomal damage.

Cell Death Pathway. PDT can cause cell death through
different pathways, e.g, autophagy, apoptosis, or necrosis,
depending on factors including the nature and concentration of
PSs, irradiation time, etc.”” To explore the pathway of Ru2-
induced cell death, flow cytometry was applied to identify the
early apoptotic cells (Annexin V-PE+/7-AAD—) and the late
apoptotic cells (Annexin V-PE+/7-AAD+) or necrotic cells
(Annexin V-PE—/7-AAD+).”" AS49 cells were first stained
with Ru2 (S, 10, 20 uM) for 4 h and irradiated with a S00 nm
light of 0.144 J-cm > The PDT-treated cells were then
incubated for 24 h under strictly subdued light conditions
before detection. As shown in Figure 9, the percentages of late
apoptotic cells represented in Q2 increased to 10, 13, and 19%
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Figure 9. Flow cytometry of AS49 cells cocultured with 5, 10, or 20 uM Ru2. The plot shows Annexin V-PE on the x-axis and 7-AAD on the y-axis.

upon treatment of 5, 10, and 20 yM Ru2 and light,
respectively. The higher the photosensitizer concentration,
the more the cells underwent apoptotic death. This trend
correlates well with the trends of 'O, generation and the cell
viability studies discussed in the previous sections. Although
the decreased MMP observed in Figure 8 is usually relevant to
apoptosis, we believe that lysosomal damage upon light
activation mainly drives the cells to apoptotic death
considering the lack of distribution of Ru2 in mitochondria.
The exact mechanism of how lysosomal damage caused cell
death and the role of mitochondrial dysfunction warrant
further investigation.

B CONCLUSIONS

Three Ru(II) bis-terpyridine complexes were synthesized, and
their photophysics and in vitro PDT effects were investigated.
By attaching 7-conjugated BODIPY and/or pyrenyl motif to
the terpyridine ligands, we were able to dramatically increase
the absorptivity of the Ru(R-tpy),”* complexes in the green
spectral regions (450—600 nm) and prolong the T-state
lifetimes to tens of microseconds in Ru2 and Ru3. The long-
lived T states in these two complexes promoted singlet oxygen
generation upon green light excitation and consequently
caused significant cell death toward the AS49 lung cancer
cell line. The PDT effect of Ru2 was much stronger than that
of Ru3 due to its higher singlet oxygen generation ability. Ru2
was found to mainly distribute in lysosomes. Upon 500 nm
light activation, Ru2 induced lysosomal damage and MMP
decrease. The cell death pathway was predominantly via
apoptosis. These preliminary results suggest that Ru(R-tpy),*'-
type complexes with appropriate 7-conjugated pendants could
act as long-wavelength activatable PSs.
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