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sorbing Ru(II) complexes act as
immunoprotective photodynamic therapy (PDT)
agents against aggressive melanoma†

Liubov M. Lifshits, ‡a John A. Roque III, ‡ab Prathyusha Konda, ‡c

Susan Monro,d Houston D. Cole, a David von Dohlen,b Susy Kim,e Gagan Deep,e

Randolph P. Thummel, f Colin G. Cameron, *a Shashi Gujar *cghi

and Sherri A. McFarland *a

Mounting evidence over the past 20 years suggests that photodynamic therapy (PDT), an anticancer

modality known mostly as a local treatment, has the capacity to invoke a systemic antitumor immune

response, leading to protection against tumor recurrence. For aggressive cancers such as melanoma,

where chemotherapy and radiotherapy are ineffective, immunomodulating PDT as an adjuvant to

surgery is of interest. Towards the development of specialized photosensitizers (PSs) for treating

pigmented melanomas, nine new near-infrared (NIR) absorbing PSs based on a Ru(II) tris-heteroleptic

scaffold [Ru(NNN)(NN)(L)]Cln, were explored. Compounds 2, 6, and 9 exhibited high potency toward

melanoma cells, with visible EC50 values as low as 0.292–0.602 mM and PIs as high as 156–360. Single-

micromolar phototoxicity was obtained with NIR-light (733 nm) with PIs up to 71. The common feature

of these lead NIR PSs was an accessible low-energy triplet intraligand (3IL) excited state for high singlet

oxygen (1O2) quantum yields (69–93%), which was only possible when the photosensitizing 3IL states

were lower in energy than the lowest triplet metal-to-ligand charge transfer (3MLCT) excited states that

typically govern Ru(II) polypyridyl photophysics. PDT treatment with 2 elicited a pro-inflammatory

response alongside immunogenic cell death in mouse B16F10 melanoma cells and proved safe for in

vivo administration (maximum tolerated dose ¼ 50 mg kg�1). Female and male mice vaccinated with

B16F10 cells that were PDT-treated with 2 and challenged with live B16F10 cells exhibited 80 and 55%

protection from tumor growth, respectively, leading to significantly improved survival and excellent

hazard ratios of #0.2.
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1. Introduction

Photodynamic therapy (PDT) is an approved anticancer modality
where light is used to activate an otherwise nontoxic photosen-
sitizer (PS) to generate cytotoxic reactive oxygen species (ROS)
through energy (Type II) or electron (Type I) transfer. Type II
formation of 1O2 is thought to be the major contributor to the
antitumor photodynamic effect, arising from three synergistic
mechanisms: direct cytotoxicity toward tumor cells, damage to
tumor vasculature, and induction of an inammatory response
that can stimulate systemic antitumor immunity.1–13 PDT is
delivered in two stages: local or systemic administration of a PS,
followed by light delivery to the site of the primary tumor. The
light can be delivered virtually anywhere in the body with today's
exible ber optic devices, and interstitial PDT (i-PDT) tech-
niques can even be used to physically implant the bers directly
inside tumors.14 The overall PDT response is determined by the
PDT regimen, which includes the PS dose as well as the light
treatment (wavelength, uence, and irradiance),15,16 and can be
tuned to enhance local or systemic effects.16
This journal is © The Royal Society of Chemistry 2020
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The most recent preclinical and clinical studies have shown
that, apart from its direct tumor-destroying capacity, PDT can
perform immunomodulatory functions. Specically, PDT stim-
ulates both innate and adaptive immune responses, destroying
distant untreated tumor cells (at either primary or metastatic
sites) and leading to the development of antitumor immunity
that can prevent cancer recurrence.15,17–28 Such therapy-induced
antitumor immunological benets form the foundation of
modern-day cancer immunotherapies. Thus, local PDT has
much unrealized promise, and has the potential to be an
important adjuvant in multimodal cancer therapy.

Pormir sodium (Photofrin), a mixture of oligomeric tetra-
pyrrolic macrocycles that is activated with 630 nm light, was the
rst approved PS for cancer therapy and remains the gold
standard in many PDT applications.7,29–32 Most second- and
third-generation PSs are also based on tetrapyrrole macrocycles
(porphyrins, chlorins, bacteriochlorins, and phthalocya-
nines),11,33–37 but are single compounds aimed at increasing
water solubility, reducing prolonged photosensitivity, and/or
improving other properties. Related systems have also been
prepared that involve coordination of a central metal ion (e.g.,
SnIV, LuIII, AlIII, PdII) to the tetrapyrrole framework to enhance
their photophysical and biological properties.38–42 Only a hand-
ful of these next-generation PSs have been approved for clinical
use or have advanced to clinical trials.13

In a marked departure from these tetrapyrrole macrocycles
and their metallated counterparts, we and others have focused
on coordination complexes of Ru(II) as light-responsive pro-
drugs.38,43–55 Ru(II) has long been at the forefront for many light-
based applications due to the rich photophysical and photo-
chemical characteristics of many of its complexes.11,13,56–68 A
wealth of photophysical studies on a variety of Ru(II) polypyridyl
complexes over more than several decades has made it possible
to tune the excited state dynamics of these systems using
rational design principles.13,69–75 In many systems, the photo-
physical properties are set by the lowest-energy metal-to-ligand
charge transfer (MLCT) excited state. However, judicious choice
of ligand combinations around Ru(II) can also lead to accessible
excited states that involve predominantly the metal (metal-
centered, MC) or one of its ligands (intraligand, IL), each of
which has its own characteristic excited state reactivity that can
be tailored according to the desired response.

The success of this approach has been demonstrated by our
own TLD1433, which is the rst Ru(II) PS to advance to human
clinical trials.13 TLD1433 completed a Phase 1b study for treating
non-muscle invasive bladder cancer (NMIBC) with PDT in 2018
and proceeded to a Phase 2 study that is currently underway
(ClinicalTrials.gov identiers NCT03053635, NCT03945162).
TLD1433 is a Ru(II) polypyridyl complex that incorporates
a polarizable p-expansive ligand having a triplet intraligand
charge transfer (3ILCT) state energy that is lower than that of the
3MLCT state. This results in a prolonged excited state lifetime due
to the signicant organic 3pp* character of the 3ILCT state that
slows competitive intersystem crossing (ISC) back to the ground
state. Prolonged triplet state lifetimes are generally longer than 10
ms74 in the absence of excited state quenchers such as oxygen and
tend to promote extremely high 1O2 quantum yields.76–82
This journal is © The Royal Society of Chemistry 2020
While many Ru(II) complexes sensitize 1O2 most efficiently
with activation in the 400–500 nm wavelength range, we have
observed that Ru(II) complexes with p-expansive ligands and
lowest-energy 3IL or 3ILCT states can produce 1O2 (and photo-
cytotoxic effects) with 630 nm light despite molar extinction
coefficients that are vanishingly small in the red spectral
region.13,80,83 In order to increase the efficiency of this process by
increasing molar extinction coefficients and extending the
absorption window into the near-infrared (NIR), we have
combined p-expanded tridentate ligands with Ru(II) to produce
lower-energy MLCT states. These NNN ligands are referred to as
chromophoric ligands herein and their p-expansion orthogonal
to the direction of the M–N bond is the key feature for extending
the absorption window into the NIR. The PDT-active ligand that
installs the low-energy 3IL state for efficient 1O2 sensitization is
also p-expansive, but extending conjugation along the M–N
bond has little effect on the MLCT energy. The challenge in
creating NIR-absorbing PSs with high 1O2 quantum yields lies in
lowering the energy of the 1MLCT state without lowering the
energy of the 3MLCT state below that of the 3IL state. For this we
chose the benzo[i]dipyrido[3,2-a:20,30-c]phenazine (dppn) ligand
due to its exceptionally low-energy 3IL state, estimated at
1.33 eV.77,84

Our primary reason for extending the absorption window for
Ru(II) complexes that use PDT-active 3IL (or 3ILCT) states was to
develop Ru(II)-based NIR PSs for melanoma PDT. Melanoma
cells contain melanin, a pigment that is well-adapted for
detoxifying ROS85,86 and that can absorb and attenuate visible
light,87 including the red wavelengths oen used for PDT.
Although PDT has produced some encouraging results both in
vitro and in vivo86,88 and in a few isolated clinical cases for
melanoma,85,86,89 pigmented melanomas have proven more
resistant to PDT90 than their amelanotic counterparts.85,86,91 To
improve PDT effectiveness against some of the most aggressive
melanomas, we set out to design Ru(II) NIR PSs with high 1O2

quantum yields that could also generate an antitumor immu-
nological response. The longer-term vision is that these NIR PSs
may provide immunotherapeutic benet in optimized PDT
regimens delivered alongside surgery.

This study systematically explores combinations of ligands
types and Ru(II) with the goal being to achieve NIR PDT effects
with a chemically well-dened PS that is stable in the absence of
light and has a high 1O2 quantum yield. The core metal-
containing scaffold (Chart 1) was inspired by a family of Ru(II)
complexes designed as catalysts for water oxidation,92 where the
tridentate 2,20-(4-(tert-butyl)pyridine-2,6-diyl)bis(1,8-
naphthyridine) (tpbn) ligand was coordinated to Ru(II) to form
robust catalysts with NIR absorption out to approximately
800 nm. We envisioned that this scaffold could be combined
with p-expansive PDT-active ligands such as dppn to build PSs
for PDT applications that might benet from the use of NIR
light. Herein, we report the results from our structure–activity
(SAR) study and identify a novel Ru(II)-based PS platform for
achieving PDT with longer wavelengths of light. We also
demonstrate that this PDT effect has the potential to create
antitumor immunotherapeutic effects in vitro and in vivo.
Chem. Sci., 2020, 11, 11740–11762 | 11741
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Chart 1 Library design for Ru(II) complexes investigated in this study.
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2. Experimental details

Full descriptions of materials, instrumentation, methods, and
synthetic details are included in the ESI.†

Ligands 2,20-(4-(tert-butyl)pyridine-2,6-diyl)bis(1,8-
naphthyridine) (tpbn),92,93 2,20-(4-(tert-butyl)pyridine-2,6-diyl)
bis(benzo[b][1,8]naphthyridine) (tpbbn),93,94 and benzo[i]dipyr-
ido[3,2-a:20,30-c]phenazine (dppn)95 were synthesized according
literature procedures. Ligand 2,6-di(1,8-naphthyridin-2-yl)
pyridine (dnp) was synthesized via a Friedlander condensa-
tion96 as described for tpbn92,93 except that 2,6-diacetylpyridine
was used instead of 4-tert-butyl-2,6-diacetylpyridine (yield:
99%). The Ru(II) complexes 1–9 have not been reported previ-
ously and were characterized by TLC, 1D 1H NMR, 2D 1H–1H
COSY NMR (see ESI† for hydrogen assignments), high resolu-
tion ESI+ mass spectrometry, and HPLC. The Ru(II) complexes
1–9 were isolated as their Cl� salts for characterization and
biological studies.

[Ru(tpbn)(dppn)(Cl)]Cl (complex 1) was obtained as a dark-
purple powder (conventional heating method: 39%;
microwave-assisted method: 30% yield). Rf ¼ 0.61 (alumina; 8%
H2O in acetonitrile). 1H NMR (MeOD-d3, 500 MHz): d 10.73 (d;
dd, J1 ¼ 5.5 Hz, J2 ¼ 1.5 Hz, 1H), 10.02 (f; dd, J1 ¼ 8.0 Hz, J2 ¼
1.5 Hz, 1H), 9.16 (g; s, 1H), 9.16 (c; dd, J1 ¼ 8.0 Hz, J2 ¼ 1.5 Hz,
1H), 9.11 (3; s, 2H), 9.00 (l; s, 1H), 8.94 (30; d, J¼ 8.5 Hz, 2H), 8.54
(40; d, J ¼ 8.5 Hz, 2H), 8.43 (e; dd, J1 ¼ 8.0 Hz, J2 ¼ 5.5 Hz, 1H),
8.30 (h, k; m, 2H), 8.27 (50; dd, J1 ¼ 8.0 Hz, J2 ¼ 2.0 Hz, 2H), 7.99
(70; dd, J1 ¼ 4.5 Hz, J2 ¼ 2.0 Hz, 2H), 7.89 (a; dd, J1 ¼ 5.5 Hz, J2 ¼
1.5 Hz, 1H), 7.71 (i, j; m, 2H), 7.32 (60; dd, J1 ¼ 8.0 Hz, J2 ¼
4.5 Hz, 2H), 7.30 (b; dd, J1 ¼ 8.0 Hz, J2 ¼ 5.5 Hz, 1H), 1.80 (4-
tBu; s, 9H). HRMS (ESI+) m/z: [M � Cl]+ calcd for C47H33ClN9Ru
860.1585; found 860.1573. HPLC retention time: 26.98 min.

[Ru(tpbn)(dppn)(4-pic)]Cl2 (complex 2) was obtained as
a maroon powder (conventional heating method: 81%;
microwave-assisted method: 77% yield). Rf ¼ 0.56 (alumina; 8%
11742 | Chem. Sci., 2020, 11, 11740–11762
H2O in acetonitrile). 1H NMR (MeOD-d3, 500 MHz): d 10.08 (f;
dd, J1 ¼ 8.5 Hz, J2 ¼ 1.5 Hz, 1H), 9.47 (d; dd, J1 ¼ 5.5 Hz, J2 ¼
1.5 Hz, 1H), 9.32 (c; dd, J1 ¼ 8.0 Hz, J2 ¼ 1.0 Hz, 1H), 9.20 (g; s,
1H), 9.17 (3; s, 2H), 9.05 (30; d, J¼ 8.5 Hz, 2H), 9.02 (l; s, 1H), 8.73
(40; d, J ¼ 8.5 Hz, 2H), 8.43 (e; dd, J1 ¼ 8.5 Hz, J2 ¼ 5.5 Hz, 1H),
8.37 (50; dd, J1 ¼ 8.0 Hz, J2 ¼ 2.0 Hz, 2H), 8.36 (h/k; d, J¼ 8.0 Hz,
1H), 8.29 (h/k; d, J ¼ 8.0 Hz, 1H), 8.13 (70; dd, J1 ¼ 4.0 Hz, J2 ¼
2.0 Hz, 2H), 7.80 (a; dd, J1¼ 5.5 Hz, J2¼ 1.0 Hz, 1H), 7.72 (i, j; m,
2H), 7.65 (200; d, J ¼ 7.0 Hz, 2H), 7.45 (b; dd, J1 ¼ 8.0 Hz, J2 ¼
5.5 Hz, 1H), 7.43 (60; dd, J1 ¼ 8.0 Hz, J2 ¼ 4.5 Hz, 2H), 7.00 (300; d,
J ¼ 6.0 Hz, 2H), 2.25 (400-Me; s, 3H), 1.77 (4-tBu; s, 9H). HRMS
(ESI+) m/z: [M � 2Cl]2+ calcd for C53H40N10Ru 459.1235; found
459.1229. HPLC retention time: 23.44 min.

[Ru(tpbbn)(dppn)(Cl)]Cl (complex 3) was obtained as a dark-
green powder (conventional heating method: 30% yield). Rf ¼
0.57 (alumina; 8% H2O in acetonitrile). 1H NMR (DMSO-d6, 700
MHz): d 10.82 (d; dd, J1 ¼ 4.9 Hz, J2 ¼ 0.7 Hz, 1H), 10.32 (f; dd, J1
¼ 8.4 Hz, J2 ¼ 0.7 Hz, 1H), 9.38 (g; s, 1H), 9.34 (3; s, 2H), 9.22 (20;
d, J ¼ 9.1 Hz, 2H), 9.17 (90; s, 2H), 9.05 (l; s, 1H), 8.99 (c; dd, J1 ¼
7.7 Hz, J2 ¼ 0.7 Hz, 1H), 8.88 (10; d, J¼ 9.1 Hz, 2H), 8.79 (e; dd, J1
¼ 8.4 Hz, J2 ¼ 4.9 Hz, 1H), 8.44 (h/k; d, J¼ 9.1 Hz, 1H), 8.35 (h/k;
d, J ¼ 7.7 Hz, 1H), 8.06 (50; d, J ¼ 8.4 Hz, 2H), 7.96 (a; dd, J1 ¼
6.3 Hz, J2 ¼ 1.4 Hz, 1H), 7.77 (i/j; dd, J1 ¼ 8.4 Hz, J2 ¼ 7.0 Hz,
1H), 7.73 (i/j; dd, J1 ¼ 7.7 Hz, J2 ¼ 7.0 Hz, 1H), 7.69 (70; dd, J1 ¼
8.4 Hz, J2¼ 7.0 Hz, 2H), 7.50 (60; dd, J1¼ 8.4 Hz, J2¼ 7.0 Hz, 2H),
7.39 (b; dd, J1 ¼ 7.7 Hz, J2 ¼ 6.3 Hz, 1H), 6.75 (80; d, J ¼ 8.4 Hz,
2H), 1.80 (4-tBu; s, 9H). HRMS (ESI+) m/z: [M � Cl]+ calcd for
C55H37ClN9Ru 960.1898; found 960.1896. HPLC retention time:
30.23 min.

[Ru(tpbbn)(dppn)(4-pic)]Cl2 (complex 4) was obtained as
a dark-purple powder (conventional heating method: 66%
yield). Rf ¼ 0.49 (alumina; 8% H2O in acetonitrile). 1H NMR
(MeOD-d3, 700 MHz): d 10.46 (f; d, J¼ 8.4 Hz, 1H), 9.74 (d; d, J¼
4.9 Hz, 1H), 9.28 (3; s, 2H), 9.21 (c; d, J ¼ 7.7 Hz, 1H), 9.18 (g; s,
1H), 9.13 (90; s, 2H), 9.05 (20; d, J ¼ 8.4 Hz, 2H), 8.93 (10; d, J ¼
This journal is © The Royal Society of Chemistry 2020
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9.1 Hz, 2H), 8.91 (l; s, 1H), 8.83 (e; dd, J1 ¼ 8.4 Hz, J2 ¼ 5.6 Hz,
1H), 8.30 (h/k; d, J ¼ 8.4 Hz, 1H), 8.22 (h/k; d, J ¼ 7.7 Hz, 1H),
8.02 (50; d, J¼ 7.7 Hz, 2H), 7.88 (a; d, J¼ 5.6 Hz, 1H), 7.79 (200; d, J
¼ 7.0 Hz, 2H), 7.74 (70; dd, J1 ¼ 8.4 Hz, J2 ¼ 7.0 Hz, 2H), 7.67 (i, j;
m, 2H), 7.53 (60; dd, J1¼ 7.7 Hz, J2¼ 7.0 Hz, 2H), 7.43 (b; dd, J1¼
7.7 Hz, J2 ¼ 5.6 Hz, 1H), 7.01 (80; d, J ¼ 8.4 Hz, 2H), 6.97 (300; d, J
¼ 6.3 Hz, 2H), 2.22 (400-Me; s, 3H), 1.81 (4-tBu; s, 9H). HRMS
(ESI+) m/z: [M � 2Cl]2+ calcd for C61H44N10Ru 509.1391; found
509.1389. HPLC retention time: 25.23 min.

[Ru(dnp)(dppn)(Cl)]Cl (complex 5) was obtained as a dark-
purple powder (conventional heating method: 30%;
microwave-assisted method: 26% yield). Rf ¼ 0.57 (alumina; 8%
H2O in acetonitrile). 1H NMR (MeOD-d3, 700 MHz): d 10.74 (d;
dd, J1 ¼ 4.9 Hz, J2 ¼ 1.4 Hz, 1H), 10.03 (f; dd, J1 ¼ 8.4 Hz, J2 ¼
1.4 Hz, 1H), 9.15 (c; dd, J1 ¼ 7.7 Hz, J2 ¼ 0.7 Hz, 1H), 9.14 (g; s,
1H), 9.09 (3; d, J ¼ 8.4 Hz, 2H), 8.99 (l; s, 1H), 8.81 (30; d, J ¼
9.1 Hz, 2H), 8.54 (40; d, J¼ 8.4 Hz, 2H), 8.45 (e; dd, J1¼ 8.4 Hz, J2
¼ 4.9 Hz, 1H), 8.38 (4; t, J ¼ 8.4 Hz, 1H), 8.29 (h,k; m, 2H), 8.27
(50; dd, J1¼ 7.7 Hz, J2¼ 1.4 Hz, 2H), 8.01 (70; dd, J1¼ 4.9 Hz, J2¼
1.4 Hz, 2H), 7.87 (a; dd, J1¼ 5.6 Hz, J2¼ 0.7 Hz, 1H), 7.69 (i, j; m,
2H), 7.33 (60; dd, J1 ¼ 7.7 Hz, J2 ¼ 4.9 Hz, 2H), 7.27 (b; dd, J1 ¼
7.7 Hz, J2 ¼ 5.6 Hz, 1H). HRMS (ESI+) m/z: [M � Cl]+ calcd for
C43H25ClN9Ru 804.0959; found 804.0955. HPLC retention time:
26.09 min.

[Ru(dnp)(dppn)(4-pic)]Cl2 (complex 6) was obtained as
a purple powder (conventional heating method: 78%;
microwave-assisted method: 51% yield). Rf ¼ 0.43 (alumina; 8%
H2O in acetonitrile). 1H NMR (MeOD-d3, 500 MHz): d 10.10 (f;
dd, J1 ¼ 8.0 Hz, J2 ¼ 1.0 Hz, 1H), 9.50 (d; dd, J1 ¼ 5.5 Hz, J2 ¼
1.5 Hz, 1H), 9.32 (c; dd, J1 ¼ 8.0 Hz, J2 ¼ 1.0 Hz, 1H), 9.19 (g; s,
1H), 9.18 (3; d, J ¼ 8.5 Hz, 2H), 9.02 (l; s, 1H), 8.91 (30; d, J ¼
8.5 Hz, 2H), 8.73 (40; d, J¼ 8.5 Hz, 2H), 8.51 (4; t, J¼ 8.5 Hz, 1H),
8.44 (e; dd, J1 ¼ 8.5 Hz, J2 ¼ 5.5 Hz, 1H), 8.38 (50; dd, J1 ¼ 8.5 Hz,
J2 ¼ 2.0 Hz, 2H), 8.36 (h/k; d, J ¼ 8.0 Hz, 1H), 8.29 (h/k; d, J ¼
8.0 Hz, 1H), 8.15 (70; dd, J1 ¼ 4.5 Hz, J2¼ 2.0 Hz, 2H), 7.81 (a; dd,
J1 ¼ 5.5 Hz, J2 ¼ 1.0 Hz, 1H), 7.72 (i, j; m, 2H), 7.65 (200; d, J ¼
6.5 Hz, 2H), 7.44 (b; dd, J1¼ 8.0 Hz, J2¼ 5.5 Hz, 1H), 7.44 (60; dd,
J1 ¼ 8.0 Hz, J2 ¼ 4.0 Hz, 2H), 7.00 (300; d, J¼ 6.0 Hz, 2H), 2.25 (400-
Me; s, 3H). HRMS (ESI+) m/z: [M � 2Cl]2+ calcd for C49H32N10Ru
431.0922; found 431.0913. HPLC retention time: 22.91 min.

[Ru(tpbn)(phen)(Cl)]Cl (complex 7) was obtained as a dark-
purple powder (conventional heating method: 48% yield). Rf
¼ 0.57 (alumina; 8% H2O in acetonitrile). 1H NMR (MeOD-d3,
500 MHz): d 10.62 (d; dd, J1 ¼ 5.5 Hz, J2 ¼ 1.5 Hz, 1H), 9.08 (3; s,
2H), 8.90 (30; d, J ¼ 8.5 Hz, 2H), 8.89 (f; dd, J1 ¼ 8.0 Hz, J2 ¼
1.5 Hz, 1H), 8.49 (40; d, J¼ 8.5 Hz, 2H), 8.33 (g; d, J¼ 9.0 Hz, 1H),
8.29 (e; dd, J1 ¼ 8.0 Hz, J2 ¼ 5.5 Hz, 1H), 8.23 (50; dd, J1 ¼ 8.0 Hz,
J2¼ 2.0 Hz, 2H), 8.07 (c; dd, J1¼ 8.0 Hz, J2¼ 1.0 Hz, 1H), 7.90 (h;
d, J ¼ 9.0 Hz, 1H), 7.75 (70; dd, J1 ¼ 4.5 Hz, J2 ¼ 2.0 Hz, 2H), 7.73
(a; dd, J1 ¼ 5.5 Hz, J2 ¼ 1.0 Hz, 1H), 7.31 (60; dd, J1 ¼ 8.0 Hz, J2 ¼
4.0 Hz, 2H), 7.15 (b; dd, J1 ¼ 8.0 Hz, J2 ¼ 5.5 Hz, 1H), 1.78 (4-
tBu; s, 9H). HRMS (ESI+) m/z: [M � Cl]+ calcd for C37H29ClN7Ru
708.1211; found 708.1201. HPLC retention time: 22.74 min.

[Ru(tpbn)(phen)(4-pic)]Cl2 (complex 8) was obtained as
a dark-purple powder (conventional heating method: 79%;
microwave-assisted method: 69% yield). Rf ¼ 0.45 (alumina; 8%
H2O in acetonitrile). 1H NMR (MeOD-d3, 500MHz): d 9.44 (d; dd,
This journal is © The Royal Society of Chemistry 2020
J1¼ 5.5 Hz, J2¼ 1.5 Hz, 1H), 9.14 (3; s, 2H), 9.01 (30; d, J¼ 8.5 Hz,
2H), 8.94 (f; dd, J1 ¼ 8.5 Hz, J2 ¼ 1.5 Hz, 1H), 8.68 (40; d, J ¼
8.5 Hz, 2H), 8.35 (50; dd, J1 ¼ 8.5 Hz, J2¼ 2.0 Hz, 2H), 8.32 (g; d, J
¼ 9.0 Hz, 1H), 8.29 (e; dd, J1 ¼ 8.5 Hz, J2 ¼ 5.5 Hz, 1H), 8.19 (c;
dd, J1 ¼ 8.5 Hz, J2 ¼ 1.5 Hz, 1H), 7.92 (h; d, J ¼ 9.0 Hz, 1H), 7.92
(70; dd, J1 ¼ 4.5 Hz, J2 ¼ 2.0 Hz, 2H), 7.67 (a; dd, J1 ¼ 5.5 Hz, J2 ¼
1.0 Hz, 1H), 7.66 (200; d, J ¼ 6.5 Hz, 2H), 7.42 (60; dd, J1 ¼ 8.0 Hz,
J2 ¼ 4.5 Hz, 2H), 7.29 (b; dd, J1 ¼ 8.0 Hz, J2 ¼ 5.5 Hz, 1H), 6.97
(300; d, J ¼ 6.5 Hz, 2H), 2.23 (400-Me; s, 3H), 1.76 (4-tBu; s, 9H).
HRMS (ESI+) m/z: [M � 2Cl]2+ calcd for C43H36N8Ru 383.1047;
found 383.1041. HPLC retention time: 18.39 min.

[Ru(tpbn)(dppn)(4-mp)]Cl2 (complex 9) was obtained as
a maroon powder (conventional heating method: 29%;
microwave-assisted method: 66% yield). Rf ¼ 0.54 (alumina; 8%
H2O in acetonitrile). 1H NMR (MeOD-d3, 500 MHz): d 10.08 (f;
dd, J1 ¼ 8.0 Hz, J2 ¼ 1.0 Hz, 1H), 9.49 (d; dd, J1 ¼ 5.0 Hz, J2 ¼
1.0 Hz, 1H), 9.28 (c; dd, J1 ¼ 8.5 Hz, J2 ¼ 2.0 Hz, 1H), 9.18 (3; s,
2H), 9.17 (g; s, 1H), 9.06 (30; d, J¼ 8.5 Hz, 2H), 9.01 (l; s, 1H), 8.73
(40; d, J ¼ 8.5 Hz, 2H), 8.44 (e; dd, J1 ¼ 8.0 Hz, J2 ¼ 5.5 Hz, 1H),
8.37 (50; dd, J1 ¼ 8.0 Hz, J2 ¼ 2.0 Hz, 2H), 8.32 (h/k; d, J¼ 7.5 Hz,
1H), 8.28 (h/k; d, J ¼ 8.0 Hz, 1H), 8.14 (70; dd, J1 ¼ 4.0 Hz, J2 ¼
1.5 Hz, 2H), 7.79 (a; dd, J1¼ 6.0 Hz, J2¼ 1.5 Hz, 1H), 7.71 (i, j; m,
2H), 7.56 (200; d, J ¼ 7.5 Hz, 2H), 7.43 (60; b, m, 3H), 6.73 (300; d, J
¼ 7.0 Hz, 2H), 3.75 (400-OMe; s, 3H), 1.78 (4-tBu; s, 9H). HRMS
(ESI+) m/z: [M � 2Cl]2+ calcd for C53H40N10ORu 467.1209; found
467.1199. HPLC retention time: 23.58 min.

3. Results and discussion
3.1 Synthesis and characterization

The inspiration for the NIR Ru(II) scaffold used in our design was
the tpbn-bearing Ru(II) complex [Ru(tpbn)(4-pic)2(H2O)](PF6)2
(Chart 1) that was reported by Thummel and coworkers in 2005.92

Although designed as a water oxidation catalyst for applications
in articial photosynthesis, [Ru(tpbn)(4-pic)2(H2O)](PF6)2 exhibi-
ted several key properties that were attractive for PDT. The cata-
lyst was redox active, relatively robust, and absorbed light
panchromatically from the UV into the NIR, extending to 800 nm.
In addition, substituents on the axial pyridine ligands had
a profound inuence on the low-energy 1MLCT transitions. The
switch from electron withdrawing to electron donating groups at
the para positions red-shied the longest wavelength absorption
maxima by almost 100 nm. In the present study, we adapted this
structure to incorporate a bidentate ligand in the place of the
aqua and one of the pyridyl ligands in order to install a p-
expansive ligand with a low-energy 3IL state for effective 1O2

sensitization.
The target complexes (1–9, Chart 2) of the type

[Ru(NNN)(NN)(L)]Cln were selected for examining SARs with
regard to NIR absorption, 1O2 quantum yields, and in vitro PDT
effects. Given that the Ru(II) family was designed to have low-
energy MLCT states for NIR absorption and that 1O2 genera-
tion is most efficient when the 3IL state is below the 3MLCT, the
dppn ligand was used as the PDT ligand due to its low-energy
3IL state lying near 1.33 eV.81,83,97 We hypothesized that there
would be a minimum 3MLCT–3IL energy gap required for
effective 3IL population that would limit how far into the NIR
Chem. Sci., 2020, 11, 11740–11762 | 11743
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Chart 2 Molecular structures of Ru(II) complexes 1–9.
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the absorption could be shied while still maintaining high 1O2

quantum yields and good photocytotoxicity.
To demonstrate that the energy of the 3IL state must be

below that of the 3MLCT state for activity, the reference
compounds 7 and 8, with 1,10-phenanthroline (phen) in place
of dppn, were included since the 3IL state of phen is much
higher than the 3MLCT state but the coordination geometry
between phen and dppn remains similar. To probe the
3MLCT–3IL energy gap limit by changing the MLCT energy, the
chromophoric NNN and the axial (monodentate L) ligands were
varied in complexes containing dppn. The NNN ligand tpbbn
was used to lower the MLCT states due to its more expanded p-
system with distal benzo groups fused to each napthyridine of
tpbn. Cl as the axial ligand was also used to lower the MLCT
energy. The expectation was that the NIR absorption would red-
shi in the following order as a consequence of lowering the
MLCT energies: Cl combined with tpbbn (3) > Cl combined with
tpbn (1), 4-pic combined with tpbbn (4) > 4-pic combined with
tpbn (2).

Simple variation to the central pyridine ring of the chromo-
phoric ligand and the axial pyridyl ligands of compound 2 were
also explored to determine whether these positions could be
used to ne-tune existing properties. Compound 6 contained
2,6-di(1,8-naphthyridin-2-yl)pyridine (dnp) as the chromo-
phoric ligand, which lacked the t-Bu group of the tpbn ligand in
2, and 9 contained 4-methoxypyridine (4-mp) in place of 4-pic in
2. The corresponding chloro complexes (5 and 1, respectively),
11744 | Chem. Sci., 2020, 11, 11740–11762
were also examined given that 1, 3, 5 and 7 were synthesized as
precursors to the pyridyl complexes. Whereas the pyridyl
complexes have an overall charge of +2, the Ru(II) complexes
with chloro in the axial position have an overall charge of +1.
Complexes 1, 3, 5 and 7 and were thus expected to be less water
soluble and potentially labile.

Complexes of the formula [Ru(NNN)(NN)(Cl)]Cl 1, 3, 5, 7
were synthesized following a 2-step procedure, similar to what
was reported by Thummel and coworkers.92 RuCl3$3H2O was
reuxed with the NNN chromophoric ligand (tpbn, tpbbn, or
dnp) to give the corresponding [Ru(NNN)](Cl)3 species in situ,
which was then combined (without isolation or purication)
with the bidentate NN ligand (dppn or phen) in the presence of
TEA to give the [Ru(NNN)(NN)(Cl)]Cl complexes 1, 3, 5, 7 which
were puried on neutral alumina to afford the desired products
in 30–48% yield. Complexes 1 and 5 were also prepared using
microwave irradiation to shorten total reaction time and gave
similar yields. Although not tested, it is anticipated that 3 and 7
could also be prepared in much shorter reaction times with
microwave irradiation.

The [Ru(NNN)(NN)(4-pic)]Cl2 complexes 2, 4, 6, 8 were
synthesized from the corresponding [Ru(NNN)(NN)(Cl)]Cl
complexes 1, 3, 5, 7 following a two-step procedure. First,
[Ru(NNN)(NN)(Cl)]Cl was reuxed with AgNO3 to facilitate
removal of the axial chloride ligand following a modied liter-
ature procedure.98 An excess of 4-pic was then added and the
reaction mixture was reuxed to give [Ru(NNN)(NN)(4-pic)]Cl2.
This journal is © The Royal Society of Chemistry 2020
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Complexes 2, 4, 6, 8 were puried on neutral alumina, affording
nal products in 66–81% yield. Complexes 2, 6 and 8 were also
prepared using microwave irradiation to shorten reaction times
signicantly. In this case, AgNO3 was not required. It is antici-
pated that 4 could also be prepared in this manner. Complex 9
was synthesized from complex 1 in a similar approach as for 2,
except 4-mp was used in place of 4-pic and was likewise
successfully prepared using microwave irradiation.

Complexes 1–9 were characterized by high resolution ESI+

mass spectrometry (Fig. S29–S37†), 1D 1H NMR and 2D 1H–1H
COSY NMR spectra (Fig. S1–S28†), and HPLC (Fig. S38–S46†).
The molecular ion peaks matching the calculated [M � Cl]+

peaks were observed for [Ru(NNN)(NN)(Cl)]Cl complexes 1, 3, 5,
7. Likewise, molecular ion peaks matching the calculated [M �
2Cl]2+ peaks were observed for [Ru(NNN)(NN)(4-pic)]Cl2
complexes 2, 4, 6, 8 and for [Ru(tpbn)(dppn)(4-mp)]Cl2 complex
9, conrming the correct molecular masses of the complexes.
Observed molecular ions exhibited isotopic patterns charac-
teristic of mononuclear Ru(II)-containing complexes, with
separation of 1 m/z between the peaks for M+ ions and 0.5 m/z
between the peaks for M2+ ions.

To conrm structures, the 1D 1H NMR and 2D 1H–1H COSY
NMR spectra of complexes 1–9 (Fig. S1–S28†) were closely
analyzed and all hydrogens assigned. Assignments were made
based on connectivity observed by 2D 1H–1H COSY NMR,
coupling constants observed in 1D 1H NMR spectra, and
precedent assignments of similar systems reported in the
literature.93,99 The process of assigning the signals in each 1H
NMR spectrum for complexes 1–9 is described in detail in the
ESI.†
Fig. 1 Steady-state UV-vis absorption spectra of compounds 1–4 and
8 (20 mM in MeCN).
3.2 Photophysical characterization

3.2.1 Absorption properties. The compounds within the
series were panchromatic absorbers from the UV into the NIR,
with the NIR cut-off determined by the ligand combinations in
a predictable manner. Generally, the electronic transitions in
these complexes could be grouped into three or four wavelength
regions (Fig. 1). Below 400 nm, ligand-localized 1pp* transi-
tions involving the polypyridyl groups of the NNN, NN, and N
ligands gave rise to intense, sharp bands with large molar
extinction coefficients (104 to 105 M�1 cm�1).69,73,100,101 Spectra
for compounds containing the dppn ligand included additional
ligand-localized 1pp* bands (3 z 104 M�1 cm�1) with charac-
teristic ne structure between 370–430 nm contributed by
transitions typical of azaaromatics.81 Much broader and less
intense bands (3 z 103 to 104 M�1 cm�1) due to 1MLCT tran-
sitions involving Ru(dp) orbitals and ligand p* orbitals of the
polypyridyl groups appeared between 400–650 nm.69,73,102–104 The
longer wavelength 1MLCT bands (3 # 103 M�1 cm�1) that
occurred beyond 650 and into the NIR were assigned to Ru(dp)
/ p* transitions involving increased p-delocalization onto the
distal polypyridyl groups of the NNN chromophoric
ligands.94,105–107

The longest wavelength absorption maxima in the NIR was
dictated by the ligand combinations around Ru(II) and ranged
from 715 to 903 nm. Generally, chloro as the monodentate
This journal is © The Royal Society of Chemistry 2020
ligand and tpbbn as the NNN chromophoric ligand produced
the largest bathochromic shis of the NIR 1MLCT transitions,
while pyridyl as the monodentate ligand and tpbn as the NNN
chromophoric ligand resulted in the smallest shis. The largest
red-shis result from an increase in the energies of the Ru(dp)
orbitals (due to the weak-eld chloro monodentate ligand) and
a concomitant decrease in the energies of the ligand-based p*

orbitals (with more extended p-conjugation in the tpbbn chro-
mophoric ligand) as exemplied by 3 having the longest NIR
absorption maximum in the series at 903 nm and 2 having the
shortest at 715 nm.

Combining the chloro ligand with the smaller chromophoric
tpbn ligand (1, 7) or 4-pic with the larger chromophoric tpbbn
ligand (4) resulted in NIR maxima (805–820 and 785 nm,
respectively) that were intermediate between these two
extremes. Minor changes to the substituents on the central
pyridyl ring of the smaller chromophoric ligand, e.g., dnp, (1 vs.
5, 2 vs. 6) or on the monodentate pyridyl ligand (2 vs. 9)
produced only minor shis in these bands. Likewise, the
bidendate NN ligand in this series (dppn or phen) had little
inuence on these maxima (1 vs. 7, 2 vs. 8) despite dppn being
much more p-extended compared to phen, supporting the
notion that the p* orbitals involved in the NIR MLCT transi-
tions of complexes containing dppn involve only the proximal
portion of this ligand.

Together, the absorption studies highlight that the
[Ru(NNN)(NN)(L)]Cln scaffold selected for this investigation
represents a reliable system for tunable NIR absorption, where
local maxima can be shied over 200 nm in the NIR, from 700 to
900 nm. Course tuning (50–100 nm) was achieved by controlling
(i) whether L was a weaker- or stronger-eld ligand, and (ii) the
degree of p-expansion for the NNN chromophoric ligand. Fine-
tuning (<20 nm) was demonstrated through substituent modi-
cations to the tpbn and 4-pic ligands of 2 (Fig. 2). The pyridyl
complexes combined with the smaller chromophoric NNN
ligand (2, 6, 8, and 9) exhibited better solubility and did not
undergo ligand dissociation during the course of the absorption
Chem. Sci., 2020, 11, 11740–11762 | 11745
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Fig. 2 Steady-state UV-vis absorption spectra of compounds 2, 6, and
9 (20 mM in MeCN).

Fig. 3 Transient absorption (TA) spectra collected for selected
compounds using lex ¼ 355 nm (t ¼ 0, 20 ns integration), 20 mM in
degassed MeCN.
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measurements (as was observed for the chloro complexes).
Therefore, these complexes were preferred for additional spec-
troscopic and biological studies. Their higher-energy NIR MLCT
transitions could also be advantageous for maximizing 1O2

sensitization. Nevertheless, the chloro and tpbbn complexes (1,
3, 4, 5, and 7) were included in some of the subsequent studies
to better understand the activities of the favored compounds.

3.2.2 Transient absorption spectroscopy. The excited states
of the pyridyl complexes (2, 4, 6, 8–9) were interrogated by
transient absorption (TA) spectroscopy using a 355 nm excita-
tion pulse (Fig. 3). The TA proles are differential spectra
derived from positive signals (arising from excited state
absorption) that are superimposed on negative signals (arising
from the ground state bleach). They offer an opportunity to
extract information on lowest-energy excited state congura-
tions and lifetimes. Compounds combining the tpbn chromo-
phoric (NNN) ligand with dppn produced the characteristic
spectral signature of the dppn-based 3IL excited state with
a maximum near 550 nm,77 while compounds 4 and 8 did not.
The excited state decays for 4 and 8 were dominated by signals
with lifetimes on the order of tens of nanoseconds (attributed to
3MLCT relaxation), while 2, 6, and 9 decayed biexponentially
with a short component that was similar to that observed for 4
and 8 (assigned as 3MLCT relaxation) but also a longer
component that reected contributions from the dppn-based
3IL state.

While the longer lifetimes were on the order of hundreds of
nanoseconds and shorter than the microsecond 3IL lifetimes in
Ru(II) diimine complexes such as [Ru(bpy)2(dppn)]

2+, the
intense and broad transient with a maximum near 550 nm in
the TA spectra displayed the characteristic signature of the
dppn-based 3IL excited state.77 These shorter lifetimes for the
3IL state in 2, 6, and 9 were attributed to substantial mixing with
the low-energy 3MLCT states in these systems. The absence of
this signature in 8, which lacked the dppn ligand and thus
a low-energy 3IL state, provided further support of this assign-
ment. The lack of the 3IL signature in the TA spectrum of 4,
11746 | Chem. Sci., 2020, 11, 11740–11762
which does incorporate the dppn ligand, was attributed to
a much lower-energy 3MLCT state afforded by the more p-
extended tpbbn chromophoric ligand. This lower energy was
reected in an 3MLCT lifetime for 4 that was twice as short as
the corresponding 3MLCT decay for the other pyridyl-based
complexes. Together, the TA data suggests that the Ru(II)
complexes containing the tpbn chromophoric ligand and dppn
lead to effective population of 3IL states within this family. It
was anticipated that these longer-lived 3IL states would be
better poised to sensitize 1O2.

3.2.3 Singlet oxygen quantum yields. The 1O2 quantum
yields (FD) for the complexes were calculated relative to
[Ru(bpy)3](PF6)2 by direct measurement of 1O2 phosphorescence
in acetonitrile with excitation at 630 nm and 753 nm (Table 1).
These excitation wavelengths were chosen based on those used
clinically for Photofrin (630 nm) and TOOKAD Soluble (753 nm).
Values for FD were also determined using the maxima from
excitation scans collected at lem ¼ 1270 nm (if different from
the two clinical wavelengths). Despite the chloro ligand being
somewhat labile in MeCN, the 1O2 quantum yields are included
for these complexes (only initial scans with fresh solutions were
used in order to limit error due to sample degradation during
the measurement). All of the chloro complexes (1, 3, 5, and 7)
were poor 1O2 generators, with FD values less than 10%, with
the exception of 5, where the value for FD was 28% using the
excitation maximum at 464 nm but <10% at the clinical
wavelengths.
This journal is © The Royal Society of Chemistry 2020
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Table 1 Spectroscopic data and singlet oxygen quantum yields (FD) for complexes 1–9

Cmpd labs/nm (log(3/M�1 cm�1)) sTA/ns (ls1 / sn/nm) FD (lex/nm)

1 234 (4.76), 318 (4.94), 365 (4.31), 409
(4.18), 560 (3.87), 805a (3.18)

n.d. 0.04b (630), 0.02 (753)

2 240 (4.79), 318 (4.95), 371 (4.37), 406
(4.12), 493 (3.88), 540 (3.75), 636
(3.22), 715a (2.98)

59 ns, 564 ns (380) 0.93b (630), 0.86 (753)
59 ns, 563 ns (540)

3 230 (4.91), 278 (4.92), 319 (4.85), 354
(4.58), 402 (4.48), 610 (3.80), 903a

(3.31)

n.d. 0.05b (464), 0.01 (630), 0.03 (753)

4 229 (4.93), 279 (4.95), 322 (4.93), 350
(4.60), 386 (4.48), 406 (4.53), 540
(3.83), 785a (3.18)

36 ns (380) 0.14b (455), 0.09 (630), 0.03 (753)
30 ns (410)
33 ns (440)
29 ns (540)

5 233 (4.47), 250 (4.43), 318 (4.66), 366
(4.04), 405 (3.91), 436 (3.63), 813a

(2.85)

n.d. 0.28b (464), 0.09 (630), 0.07 (753)

6 237 (4.80), 255 (4.66), 318 (4.95), 371
(4.41), 408 (4.13), 493 (3.89), 725a

(3.02)

120 ns, 334–367 ns (380) 0.77 (630), 0.82b (640), 0.34 (753)
81 ns, 340–411 ns (540)

7 224 (4.65), 266 (4.53), 319 (4.37), 364
(4.18), 406 (3.71), 553 (3.67), 821a

(3.12)

n.d. 0.06b (455), 0.04 (630), 0.05 (753)

8 264 (4.74), 318 (4.63), 350 (4.44), 370
(4.39), 416 (3.83), 501 (3.82), 725a

(3.08)

62 ns (400) 0.17b (455), 0.10 (630), 0.10 (753)
62 ns (560)

9 237 (4.91), 318 (5.09), 370 (4.48), 406
(4.25), 498 (4.00), 725a (3.12)

67–79 ns, 358–384 ns (390) 0.69 (630), 0.75b (632), 0.69 (753)
357–361 ns (530)

a Longest wavelength absorption maximum. b Maximum singlet oxygen quantum yield.
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Complexes containing the tpbn, or related dnp, chromo-
phoric ligand combined with dppn and a pyridyl-based mono-
dentate ligand (2, 6, 9) gave the largest 1O2 quantum yields.
Compound 2, derived from 4-pic, was the most efficient
producer of 1O2 (FD ¼ 93% with lex max ¼ 630 nm and 86% with
lex ¼ 753 nm). The [Ru(NNN)(dppn)(N)]2+ scaffold tolerated
changes to either the 4-position of the central pyridine (6) or
monodentate pyridine-based ligand (9) with only a slight loss of
efficiency for 1O2 production, with the exception 6 exhibiting
a wavelength dependence and suffering a loss in efficiency at
753 nm (FD ¼ 0.34) compared to 630 nm (FD ¼ 0.77).

By contrast, the pyridyl-based complexes derived from the p-
expanded tpbbn ligand (4) or lacking the dppn ligand (8) were
poor 1O2 generators, with values of FD near 10% or less using
the longer (clinical) wavelengths and only slightly higher when
excited at their excitation maxima (14 and 17%, respectively).
These were also the two pyridyl complexes that lacked the dppn-
based 3IL transient in their TA spectra and exhibited only the
shorter 3MLCT lifetime.

Complexes 2, 6, and 9 were the complexes that had the
largest 1O2 quantum yields, displayed the characteristic 3IL
signature, and had the longest excited state lifetimes. These
observations suggest that the presence of the longer-lived
excited state lifetime exhibited by 2, 6, and 9 is correlated
with larger quantum yields for 1O2 sensitization. Thus, we
assign efficient 1O2 production to the accessible 3IL state iden-
tied in TA spectra for the Ru(II) complexes containing tpbn,
dppn, and a pyridyl-based monodentate ligand. We anticipated
This journal is © The Royal Society of Chemistry 2020
that such complexes based on this scaffold, with accessible and
longer-lived 3IL states, would be most active for PDT.

3.3 Photobiological studies

3.3.1 Cellular assays. The dark and light cytotoxicities for
1–9 were measured in three melanoma lines growing as 2D
adherent monolayers. The cell lines were chosen to represent
different sexes (male human SKMEL28 vs. female human A375)
and species (murine B16F10 vs. human SKMEL28 and A375)
since our in vivo work would use a murine line. They also differ
in their pigmentation (melanotic B16F10), aggressiveness, and
melanosome stages.108,109 Briey, cells growing in log phase
were seeded, dosed with compound (1 nM to 300 mM), and then
incubated for 48 h before cell viability was determined using the
resazurin assay for cytotoxicity. To determine photocytotoxicity,
an analogous set of plates were prepared but were irradiated 16–
19 h aer compound addition. Dose–response curves were
prepared from both dark and light conditions and analyzed to
provide dark and light EC50 values, the effective concentration
to reduce relative viability by 50%. Phototherapeutic indices
(PIs), or the light-induced amplication of cytotoxicity, were
calculated as the ratios of the dark EC50 values to the light EC50

values. Specialized treatment protocols (hypoxia, light dosim-
etry, immunology, etc.) are described as they are discussed.

Across the family, compounds with +1 charge (i.e., those
containing the anionic chloro monodentate ligand) aggregated
in aqueous solutions of high ionic strength. The chloro
compounds were labile at room temperature in some
Chem. Sci., 2020, 11, 11740–11762 | 11747
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coordinating solvents, did not display the desirable 3IL signa-
ture in the TA spectra, and had low 1O2 quantum yields. By
contrast, compounds with +2 charge (i.e., those containing the
neutral pyridine-based monodentate ligand) were readily water-
soluble and stable in coordinating solvents under ambient
conditions. Family members with substituted pyridines (4-pic,
4-mp) combined with dppn as the bidentate ligand exhibited
the desired 3IL TA signature and had the highest 1O2 quantum
yields. Therefore, we focused on the substituted pyridine-based
compounds (2, 6, 9) as the most suitable members for photo-
biological studies, but compared to their chloro counterparts
and other reference compounds when appropriate.

3.3.2 Dark cytotoxicity. The dark cytotoxicities for the nine
compounds in all three cell lines are illustrated in the activity
plots shown in Fig. 4 (black lled circles) and tabulated in
Tables S4–S6.† The dark EC50 values ranged from 15 to 256 mM
in the SKMEL28 cell line, with compound 1 being the most
cytotoxic and 7 being the least (both chloro compounds). The
range for the pyridine-based counterparts was smaller, from
approximately 50 to 130 mM where 4 was the most cytotoxic and
8 the least. The dark cytotoxicity in both chloro and pyridine
compounds roughly paralleled lipophilicity for soluble
compounds (Fig. S48†).

Using compound 2 as a reference point because it had the
highest 1O2 quantum yield (FD ¼ 0.93) and potential as a pho-
totherapeutic lead, we were interested in comparing dark
Fig. 4 In vitro cytotoxicity and photocytotoxicity dose–response para
melanoma cell lines with compounds 1–9. Treatments include dark (0 J
633 nm (red triangle), 523 nm (green inverted triangle), and visible (peakm
and (d–f) show PI, where PI is the ratio of dark to light EC50 values. All li

11748 | Chem. Sci., 2020, 11, 11740–11762
cytotoxicity in terms of SARs for 2 and its close relatives.
Replacing 4-pic in 2 with the anionic chloro ligand as in 1
reduced the charge on the Ru(II) compound from +2 to +1 and
increased the dark toxicity by seven-fold. Expanding the chro-
mophoric ligand in 2 by fusing two additional benzene rings as
in 4 doubled the dark cytotoxicity. Removal of the t-Bu group of
the central pyridine ring of the chromophoric ligand in 2 as in 6,
replacing dppn with phen as in 8, or changing 4-pic to 4-mp as
in 9 had only a modest effect. Replacing dppn for phen in 8
decreased dark toxicity whereas the other twomodications in 6
and 9 slightly increased toxicity. A closer look at lipophilicities
within this comparison group (Fig. S48 and Table S1†) reveals
a signicant correlation between dark cytotoxicity in SKMEL28
and lipophilicity. Correlation in either A375 or B16F10,
however, was not signicant. The general trends are the same
for A375 and B16F10 but with subtle distinctions. Changing the
pyridine ligand as in 9 relative to 2 brings their dark toxicities
within error of each other in the additional lines. Instead of
doubling the toxicity, the expanded chromophore in compound
4 only slightly increased toxicity from 2 (51.1 vs. 62.6 mM) in
A375. Additionally, compounds with dppn are more cytotoxic in
A375 than either SKMEL28 or B16F10 while those with phen (7,
8) are much less cytotoxic.

Generally, compounds with the lowest dark cytotoxicity
(largest EC50 values) are most desirable as phototherapeutic
compounds. Excluding the chloro compounds, which had other
meters in A375 (a and d), B16F10 (b and e), and SKMEL28 (c and f)
cm�2; black circles) and 100 J cm�2 doses of 733 nm (purple cross),
axima�450 nm; open blue square). Plots (a–c) show Log (EC50� SEM)
near-scale values are listed in the ESI.†

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Correlation plot of PI and FD for SKMEL28 cells using 633 nm
illumination or excitation, respectively.
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undesirable properties, the pyridine-based compounds 2, 6, 8,
and 9 were the least dark toxic toward all three melanoma cell
lines (dark EC50 values $ 46.3 mM) with their magnitude and
order of toxicity not deviating signicantly between the lines. Of
these, 2, 6, and 9 had the largest 1O2 quantum yields (and dis-
played the characteristic 3IL TA signature for dppn) and thus
might be expected to exhibit the widest phototherapeutic
margins.

3.3.3 Photocytotoxicity. The photocytotoxicities of the
compounds in the series were assessed using 100 J cm�2 doses
of broadband visible (400–700 nm, 19 mW cm�2), green
(523 nm, 18.5 mW cm�2), red (633 nm, 20 mW cm�2) and NIR
(733 nm, 9 mW cm�2) light. The spectral output of the applied
light sources are shown in Fig. S49.† Comparisons of the pho-
tocytotoxicity values are shown in Fig. 4.

With light activation, the cytotoxicities exerted by the
compounds increased by as much as 360-fold. The extent of
light amplication depended on the wavelength(s) used and the
particular compound, with shorter wavelengths (e.g., visible
irradiation containing signicant contributions from the bluer
wavelengths) generally producing greater light-related cytotox-
icity. Light of any wavelength had very little effect on the cyto-
toxicity of compound 8, which contained phen as the bidentate
ligand instead of dppn, and conrmed that both the high 1O2

quantum yield and long 3IL state lifetime imparted by the dppn
ligand were crucial for generating phototoxic effects.

Compounds 2, 6, and 9, having the highest 1O2 quantum
yields and the characteristic 3IL state signature in their TA
spectra, were the most phototoxic compounds in the series
across all light treatments and all cell lines. Light EC50 values
toward the SKMEL28 cell line ranged from 0.292 mM to
0.602 mM with broadband visible light, from 0.407 mM to 0.720
mM with 523 nm green light, from 0.798 mM to 1.52 mM with
633 nm red light, and from 1.29 mM to 1.56 mM with 733 nm
NIR light. The order of potency toward SKMEL28 generally was
2 > 6 > 9, but with a few discrepancies in the trend depending on
wavelength. The A375 and B16F10 melanoma cell lines proved
to be slightly more resistant, but compounds 2, 6, and 9 were
still the most photocytotoxic. In both B16F10 and A375 the
order of potency reversed with 9 > 6 > 2 being the general trend.
Interestingly, the wavelength-dependence for photocytotoxicity
appeared to be different across the three cell lines and also
between compounds. For example, compound 2 in A375 and
B16F10 exhibited almost no difference in its EC50 values
between the visible and 733 nm NIR treatments. For compar-
ison, the difference between the visible and NIR EC50 values for
2 in SKMEL28 was 5-fold.

3.3.4 Phototherapeutic indices (PIs). The structural varia-
tions that led to lower dark cytotoxicities also resulted in the
best photocytotoxicity proles with all wavelengths in all three
cell lines. Therefore, the PIs, which are the true measure of
light-induced cytotoxicity, were the largest for these three
compounds as well. Across all cell lines, the order of PI potency
for 2, 6, and 9 varied based on wavelength. Their PI values in
SKMEL28 ranged from 156 to 360 with visible light, 131 to 248
with 523 nm light, 62 to 132 with 633 nm light, and 60 to 71 with
733 nm light treatments. The general order of compound
This journal is © The Royal Society of Chemistry 2020
potency by PI for 2, 6, and 9 largely followed their light EC50

values. In the more resistant lines, PIs were attenuated by 50%
or more. For example, in the most resistant line A375, values
ranged from 52 to 75 with visible light and 29 to 35 with 733 nm
light, with both 523 and 633 nm falling between these two
ranges. The attenuated activity in A375 and B16F10 could be
due to a combination of their greater endogenous defenses
against ROS, differences in melanosome stages and overall
pigmentation, and/or greater aggressiveness compared to
SKMEL28.108,109

Although the PI values were somewhat attenuated at 733 nm
compared to the other light treatments, the fact that 2, 6, and 9
had sizeable PIs with NIR light means that we can now push the
activation of Ru(II) systems beyond the red/far-red wavelengths
(630–670 nm) that had been the limit for single-photon PDT
with Ru(II) polypyridyl complexes. Our orthogonal strategy for
accessing the NIR window with polypyridyl complexes has been
to combine Os(II) with p-expanded ligands and was described by
us for [Os(biq)2(NN)]Cl2 in 2017. We used a high uence at
808 nm (600 J cm�2) to achieve PI values between 6 and 12 in
human U87 glioblastoma and HT1376 bladder cancer cell
lines.110 While these compounds were NIR active, certain char-
acteristics limited their utility and suited them as model
systems for later generations. More recently, we have reported
an Os(II) complex ([Os(phen)2(IP-4T)]Cl2, where IP-4T is imidazo
[4,5-f][1,10]phenanthroline appended with quaterthiophene)
with a submicromolar light EC50 value and PI of 77 at 733 nm.111

Our choice of 733 nm for the present Ru(II) series is still within
the PDT window and produces greater activity than that re-
ported for the [Os(biq)2(NN)]Cl2 examples (71 vs. 12) with
800 nm activation (Fig. 6) and is of similar activity to our
recently reported [Os(phen)2(IP-4T)]Cl2. To our knowledge, the
present series gives the largest NIR PIs (60–71) for Ru-based
photosensitizers without the use of special measures such as
two photon absorption68 or upconverting nanoparticles.112

The PI values of the nine compounds investigated were
signicantly correlated to their 1O2 quantum yields, demon-
strating the potential role of ROS as the mediator for cell death.
Fig. 5 shows the correlation of 1O2 quantum yield and PI in the
Chem. Sci., 2020, 11, 11740–11762 | 11749
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Fig. 6 Panchromatic PDT example of compound 2 in SKMEL28 cells
at high irradiance from 455–810 nm using the ML8500 platform.
Values shown are in duplicate and are the mean � standard deviation
(SD). Treatments include dark (black circle, 0 J cm�2), 455 nm (blue
square, 25 J cm�2, 100 mW cm�2), 525 nm (green inverse triangle, 100
J cm�2, 300 mW cm�2), 630 nm (red triangle, 200 J cm�2, 300 mW
cm�2), 753 nm (grey X, 200 J cm�2, 300 mW cm�2), 810 nm (grey
diamond, 400 J cm�2, 400 mW cm�2). Light-only controls are avail-
able in Fig. S50.†
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SKMEL28 cell line using 630 nm, the clinically approved wave-
length used for Photofrin. Two clusters were apparent: (i)
compounds with the lowest 1O2 quantum yields that had the
smallest PI values, and (ii) compounds with the highest 1O2

quantum yields that also had the largest PI values.
To conrm the critical role of oxygen in the observed pho-

toactivity, we screened the family under low oxygen tension
using SKMEL28 cells (where the compounds exhibited the
largest PI values under normoxia). [Ru(bpy)2(dppn)]Cl2 was
included as an internal control for oxygen-dependence because
it has a comparably high 1O2 quantum yield (FD ¼ 0.75 in
MeCN), similar to compounds 2, 6, and 9, but is not photoactive
in 1% hypoxia.77,79,81,113 Regardless of the light treatment, the
compounds lost almost all of their photocytotoxicity toward
SKMEL28 cells (PIs# 3) at 1% oxygen (Table S7†). Although not
tested, a similar loss of activity would be expected in the more
resistant cell lines. This absolute dependence on molecular
oxygen suggests that these compounds exert their photo-
cytotoxic effects through ROS-based mechanisms.

While the pyridyl complexes such as 2, 6, and 9 were
completely stable to ligand dissociation at 37 �C for extended
periods of time in the absence of a light trigger, 100 J cm�2

doses of broadband visible (400–700 nm, 19 mW cm�2), green
(523 nm, 18.5 mW cm�2), red (633 nm, 20 mW cm�2) and NIR
(733 nm, 9 mW cm�2) light resulted in changes to the UV-vis
and HPLC spectra of the complexes that were consistent with
dissociation of the monodentate pyridyl ligand to form the
aquated product and free ligand as well as oxidation83 of the
dppn ligand. The quantum yields for these competing photo-
chemical pathways were not determined, but the amount of
photoproduct formed was related qualitatively to photon energy
where visible light resulted in the most photoproduct and NIR
the least. The photosubstitution pathway, which might be ex-
pected to lead to oxygen independent photocytotoxicity, did not
yield any photocytotoxic effects in hypoxia. Likewise, the PIs
were highly correlated to 1O2 quantum yields. These observa-
tions point toward a very minor role, if any, for the photo-
substitution pathway.

3.3.5 Validation. Given the variability that can result in
cellular assays across laboratories using different assay
methods, cells of different passage number, and culture
conditions, we assayed the top three compounds in two
different cell lines (B16F10 and SKMEL28) across two additional
laboratories (Dalhousie University and Acadia University) by two
different researchers (Konda and Monro) using slightly
different assay conditions (noted in experimental). The dark
cytotoxicities were greater at both Dalhousie and Acadia
Universities, likely due to a longer (1 day) total incubation
period. Compounds 2 and 6 were similar in their dark EC50

values while 9 had 2- to 3-fold greater toxicity in SKMEL28 and
B16F10, respectively. While the PIs were smaller when 2, 6, and
9 were tested elsewhere, they were still active. Visible PIs were
comparable for all three compounds in SKMEL28 cells.
Discrepancies arose for 630 nm treatments regarding
compound 9 with a two-fold smaller PI at Dalhousie University
in B16F10 and two-fold greater PI values for compounds 6 and 9
at Acadia University in SKMEL28. In light of these efforts,
11750 | Chem. Sci., 2020, 11, 11740–11762
compounds 2, 6, and 9 remained strong candidates for further
photobiological study.

3.3.6 Photocytotoxicity at higher light doses. The light
sources used in the standard dose–response assay described
previously are limited in the irradiances that can be delivered to
an entire microplate. In order to control the irradiance more
precisely and to explore higher uences and irradiances, we
performed photocytotoxicity experiments using the Modulight
illumination system (ML8500, Modulight Inc.) which has the
unique feature of well-by-well illumination using different light
conditions. In Fig. 6 compound 2 is highlighted for its
panchromatic activity in SKMEL28 from 455 to 810 nm. Higher
uences were required with longer wavelengths (namely, 753
and 810 nm), and 976 nm was ineffective regardless of the u-
ence (data not shown). The high uences and irradiances used
in these light treatments did not cause any loss in cell viability
in the absence of compound (Fig. S50†). All light treatments
with 2 reduced cell viability by$60% down to 2.5 mM except for
810 nm, where lower activity correlated with photon energy as
described earlier (Fig. 4). The most potent effects were obtained
with 455 to 630 nm (EC50 ¼ 0.5 to 1 mM), followed by 753 nm
(EC50 ¼ 2.02 mM), and lastly 810 nm with roughly 10 to 20%
viability reduction compared to dark controls between 2.5 and
10 mM. Compounds 6 and 9 followed similar trends. Compound
2 maintained its potency at the higher irradiances, where PDT
effects can be reduced due to PDT-induced oxygen depletion in
more advanced tissue or 3D models.114–116

3.3.7 Photocytotoxicity at lower light doses. The effects of
lower uence and irradiance were examined with the light
sources used in Fig. 4 (visible, 523 nm, 633 nm, and 733 nm).
For all three compounds and light treatments (Fig. S51–54†),
photocytotoxicity could be maintained at lower uence or irra-
diance. Fluences 1/20 to 1/2 of that used for the data shown in
Fig. 4 (5 to 50 J cm�2 vs. 100 J cm�2) yielded single micromolar
activity (Fig. 7). Notably, the Modulight's 20 nm longer 753 nm
treatment (Fig. 6) provided comparable cell kill, between
This journal is © The Royal Society of Chemistry 2020
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Fig. 7 Fluence dependence (�SD) of compound 2 against SKMEL28
cells with 733 nm treatment at 10mW cm�2 and fluences ranging from
0–50 J cm�2.
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1–5 mM, as the 733 nm condition in Fig. 7. For added perspec-
tive, treatment times were the same or up to ten times longer in
Fig. 7 compared to the high uence and high irradiance applied
in the 753 nm treatment in Fig. 6. The question arose whether
Fig. 8 Compound 2-PDT induces cell death in B16F10 melanoma cell
cytometry assay. Contour plots are depicted in (a) where the lower left qu
upper left represents necrotic cells, and upper right represents apoptotic
PS-treated (PS). Corresponding data to (a) is represented as box plots in

This journal is © The Royal Society of Chemistry 2020
the compound activity would improve at low irradiance as re-
ported in some PDT examples.115,117

The contrast in activities between the three leads 2, 6, and 9
became clearer at 10 J cm�2 with varying irradiance between 2–
10 mW cm�2 (Fig. S53–S54†). At this low uence, a stronger
wavelength dependence was observed with increasing potency
in the order of 733 nm < 633 nm < 523 nm # vis. In general,
increased irradiance resulted in increased activity for these
leads in SKMEL28. We only tested their irradiance dependence
across a small range, however, and further study is required to
probe how far this dependence extends, whether it increases
asymptotically or plateaus below the maximum tested values of
100–400 mW cm�2. This is only a limited example of the
compound behavior, since other models (e.g., tissue, ex vivo)
would require their own dosimetry optimizations.

3.3.8 Maximum tolerated dose (MTD). Compound 2 was
chosen for additional longer-term studies. In preparation, its
safety prole in mice was determined according to the metric of
maximum tolerated dose (MTD) in a dose-escalation study
using intraperitoneal injection (IP). Observable toxicity was only
line. (a and b) In vitro cell death analysis using Annexin V – 7AAD flow
adrant represents live cells, lower right represents pre-apoptotic cells,
or dead cells. Top panel of (a) is non-treated (NT) and bottom panel is
(b).

Chem. Sci., 2020, 11, 11740–11762 | 11751
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apparent at the higher doses 75–100 mg kg�1. The MTD was
determined to be 50 mg kg�1 and acceptable for in vivo
immunological experiments.

3.4 Immunogenic potential of compound 2-mediated PDT
(2-PDT)

It is becoming more evident in the realm of cancer research that
there is an urgent need to develop therapies that do not simply
kill cancer cells but also induce an immunological response
against the tumor to confer long term protection and prevent
relapse. Given the importance of the immunological response
in melanoma, compound 2 was selected for further investiga-
tion of its immunological potential as a PDT agent. The B16F10
mouse melanoma cell line was used for in vitro characterization
since this is the cell line that would be used for subsequent in
Fig. 9 Compound 2-PDT stimulates multiple immunological pathways
compound-2, only light or treated with both compound 2 and light (2-PD
TLR3); (b) proinflammatory cytokines (IL6, TNFa, CXCL10); (c) antigen p
resented relative to untreated samples and normalized to control gene,

11752 | Chem. Sci., 2020, 11, 11740–11762
vivo immunological studies in a syngeneic mouse model. In this
cell line, the EC50 and PI630 values for compound 2 activated by
clinically-approved 630 nm light were approximately 1.40 mM
and 37, respectively, using a uence of 100 J cm�2 and irradi-
ance of 22.8 mW cm�2. Cell death analysis (with Annexin-V/
7AAD staining by ow cytometry), using this EC50 value but
with a uence of 25 or 50 J cm�2 (22.8 mW cm�2), revealed the
existence of pre-apoptotic (Annexin-V +ve/7AAD �ve)118 and
apoptotic (Annexin-V +ve/7AAD +ve)118 populations alongside
some smaller fraction of live B16F10 cells (Fig. 8a and b) where 2
in the absence of light treatment showed no dark cytotoxicity.
Therefore, 1.40 mM was determined to be a suitable concen-
tration to use for the subsequent immunological experiments,
which require some fraction of live and pre-apoptotic cells for
analysis.
in vitro. qRT-PCR analysis of B16F10 cells untreated, treated only with
T), for genes associated with (a) type 1 interferon pathway (IFNb, IFIT1,
resentation – MHC-I molecule (TAP1, b2M, H2D). Fold changes rep-
GAPDH.

This journal is © The Royal Society of Chemistry 2020
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3.4.1 Pro-inammatory immune response with 2-PDT.
Cancers harbor suppressive microenvironment in which the
antitumor immune responses are dampened via various
immune evasion strategies. Thus, therapies which overturn
such cancer-associated immunosuppression go on to induce
clinically desired antitumor immunity. In this context, the effect
of compound 2-PDT on the expression of various immunolog-
ical markers known to be involved in inammatory processes in
B16F10 melanoma cells was examined. As revealed by quanti-
tative real-time polymerase chain reaction (qRT-PCR) analysis,
compound 2-PDT upregulated the gene expression of several
type I interferon pathway molecules (IFNb, IFIT1, and TLR3;
Fig. 9a),119–121 proinammatory cytokines (IL6, TNFa, and
CXCL10; Fig. 9b),119–121 and molecules involved in antigen
presentation (TAP1, b2M, and H2D; Fig. 9c)121,122 in the B16F10
melanoma cell line. While some of these markers were also
upregulated with only light treatment in the absence of the
Fig. 10 2-PDT induces immunogenic cell death in B16F10 melanoma m
cytometry 4 h post compound 2-PDT for cellular ROS (CM-H2DCFDA) an
HSP90 and HSPA1B 12 h post-2-PDT in B16F10 cells in vitro. (c) Analysis o
4 h post-2-PDT in B16F10 cells in vitro. Representative histograms assoc
post-2-PDT in B16F10 cells in vitro. (e) Analysis of HMGB1 release from B1
treatment, PS only, light only, PS and light (2-PDT). F ¼ sample beyond

This journal is © The Royal Society of Chemistry 2020
compound, the level was signicantly lower compared to
treatment with compound 2-PDT. These results indicate that 2-
PDT promotes a strong pro-inammatory immune response in
the B16F10 melanoma cell line, which is a prerequisite to the
initiation of innate and adaptive antitumor immunity.

3.4.2 Immunogenic cell death induction (ICD) with 2-PDT.
The process of therapy-driven generation of antitumor immunity is
oen preceded by ‘immunogenic’ death of cancer cells. Consid-
ering the pro-inammatory effects of 2-PDT, we then explored
whether the photocytotoxicity by 2-PDT involved any immunolog-
ical mechanisms with a focus on the process of immunogenic cell
death (ICD) through a multifaceted analysis of diverse immuno-
logical parameters. First, ROS induction as well as endoplasmic
reticulum (ER) stress-induced ER chaperone expression123–128 was
examined following 2-PDT. Flow cytometry analysis captured the
induction of ROSmolecules at both the cellular andmitochondrial
level (Fig. 10a), and qRT-PCR analysis revealed an increase in the
odel in vitro. (a) Mean fluorescence intensity of ROS analysis with flow
dmitochondrial ROS (MitoSOX). (b) qRT-PCR analysis of ER chaperones
f surface expression of ER chaperone Calreticulin using flow cytometry
iated with the bar graph (c, bottom). (d) Extracellular ATP analysis 12 h
6F10 cells in vitro 24 h post-2-PDT. Treatment conditions represent no
upper limit of detection in (e), >60 ng mL�1

Chem. Sci., 2020, 11, 11740–11762 | 11753
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gene expression of ER chaperones HSP90 and HSPA1B (Fig. 10b).
Together, these data showed that 2-PDT induced ROS and cell
stress—key hallmarks of ICD—in cancer cells.

Other important ICD hallmarks were also assessed,
including damage-associated molecular patterns (DAMPs) such
as the translocation of ER chaperone calreticulin (CALR) to the
plasma membrane, secretion of adenosine triphosphate (ATP),
and release of high mobility group box 1 protein (HMGB1)
extracellularly.121 The effect of 2-PDT on CALR, HMGB1 and
ATP121 in B16F10 cells was tested at various time points, with
those time points producing optimal expression of ICDmarkers
highlighted in Fig. 10. Flow cytometry analysis of B16F10 cells
4 h post-2-PDT showed a signicant increase in surface calre-
ticulin expression compared to nontreated (NT) cells or cells
treated with PS or light only (Fig. 10c) alongside extracellular
release of ATP 12 h post-treatment (Fig. 10d). A signicant
increase in extracellular HMGB1 was also detected in the
supernatant collected from the cells 24 h post 2-PDT (Fig. 10e).
These results suggest that 2-PDT-treated B16F10 cells trigger
DAMPs associated with ICD. Together, these analyses
Fig. 11 Compound 2-PDT induced immunogenic cell death confers pro
(a) Schematic representation of the in vivo mouse experiment. C57BL/6N
cells (vaccination) and challenged with untreated B16F10 cells 7 days po
and survival. (b) Tumor growth curves for unvaccinated and vaccinated fe
free survival curves of unvaccinated and vaccinated C57BL/6NCrl femal

11754 | Chem. Sci., 2020, 11, 11740–11762
demonstrate that compound 2-PDT-induced photocytotoxicity
in B16F10 melanoma cells is accompanied by ICD.

3.4.3 Effects of vaccination with 2-PDT treated B16F10 cells
on melanoma progression in vivo. The therapeutic relevance of
2-PDT induced ICD in vitro was examined in vivo with an
immuno-competent, syngeneic B16F10 tumor model. The gold
standard approach to evaluate the therapeutic and anticancer
potential of ICD consists of vaccination with the in vitro-treated,
ICD-undergoing cancer cells followed by a challenge with the
live cancer cells of the same antigenic origin.121 B16F10 cells
were treated with 2-PDT and ICD-undergoing cells collected at
4 h and 12 h post-2-PDT were combined for the vaccination.
Either PBS- or 2-PDT-treated B16F10 cells were injected subcu-
taneously (SC) into the le ank of C57BL/6 female and male
mice. The mice were then challenged with untreated B16F10
cells by injection into the right ank. These mice were assessed
for tumor growth and survival (Fig. 11a).

Female and male C57BL/6 mice that received the vaccination
showed either no tumor growth or reduced tumor growth as
compared to unvaccinated mice (Fig. 11b–d). This analysis
showed either delayed or no tumor growth with 80% protection
tection against rechallenge in vivo in B16F10 mouse melanoma model.
Crl mice were injected with PBS or compound 2-PDT treated B16F10
st-vaccination on the opposite flank and monitored for tumor growth
male and male mice. Each line represents one mouse. (c and d) Tumor
e (c) and male mice (d).

This journal is © The Royal Society of Chemistry 2020
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from tumor growth in female mice and 55% protection in male
mice. Survival studies revealed a signicant improvement of
tumor-free survival in vaccinated female and male mice as
compared to unvaccinated mice (Fig. 11c and d). Hazard ratios,
which estimate treatment risk, were strongly favorable with
values of 0.1 for females and 0.2 for males, denoting low risk for
mice treated with the 2-PDT vaccine. Given that the vaccination
and challenge injections were done on bilateral anks, this data
indicates an abscopal effect and generation of systemic immu-
nity. Together, these data conrm the induction of ICD with 2-
PDT in the B16F10 syngeneic mouse melanoma model and also
highlight differences in the PDT-induced antitumor response
based on the sex of the mice.

It is becoming increasingly apparent that biological sex
determines the progression and therapeutic outcomes in
several cancers.129 In the context of melanoma, men have
a higher incidence as well as mutation burden compared to
women130,131 It has also been noted that men and women show
varied responses and outcomes to cancer therapies like check-
point blockade therapy.132–139 In congruence, we observed that
the percentage of melanoma tumor-free mice following vacci-
nation was greater in female mice and that tumor survival rates
were also higher for this cohort.

While tumor growth itself was comparable in unvaccinated
female and male mice, differences in tumor development and
survival in the vaccinated groups suggest that there may be
variations in immune responses elicited by female and male
mice toward B16F10 melanoma. Sex-dependent biases in
immune responses to both self-antigens and foreign antigens
have previously been documented in both animal models as
well as in humans, with an overall higher innate and adaptive
immune responses in women as compared to men.129,140,141 In
the context of C57BL/6 mice, female mice display superior
tumor-specic CD8+ T cell responses against B16F10 melanoma
in response to checkpoint inhibitor therapy compared to male
mice.133 Similar sex-biased differences have also been reported
in pro-inammatory and anti-inammatory cytokines associ-
ated with various stages of B16F10 melanoma development in
female and male C57BL/6 mice.142 We believe that similar
variations in tumor-specic immune responses are responsible
for the sex-biased differences observed in our study. Further
characterization is required to outline the underlying differ-
ences in sex-biased immune parameters for 2-PDT.

4. Conclusions

This multi-dimensional study denes the SARs for achieving the
requisite photophysical properties to elicit PDT effects with
NIR-absorbing Ru(II)-based PSs. All of the investigated
compounds exhibited NIR absorption beyond 700 nm, which
was tunable over 200 nm. Combining the tpbbn chromophoric
ligand with the chloro axial ligand (3) led to the longest NIR
absorption (lmax ¼ 900 nm) that extended past 1000 nm. The
smaller chromophoric tpbn ligand combined with the axial
chloro ligand (1, 5, 7) or the combination of the larger tpbbn
ligand and the pyridyl monodentate ligand (4) blue-shied the
NIR maximum to 790–800 nm, and the smaller tpbn ligand
This journal is © The Royal Society of Chemistry 2020
combined with the pyridyl axial ligand (2, 6, 9) resulted in lmax

near 720 nm. The identity of the bidentate ligand (phen versus
dppn) had little impact on the NIR absorption proles of
otherwise identical complexes.

The absorption studies underscored that the pyridyl
complexes combined with the smaller chromophoric tpbn ligand
(2, 6, 9) had higher stabilities and better aqueous solubilities.
Structural modications to the axial monodentate pyridyl ligand
or the central pyridyl group of the tpbn chromophoric ligand
were well tolerated and did not substantially impact the energies
or relative molar extinction coefficients of the major electronic
transitions observed for this sub-family. Therefore, R1 and R2

(Chart 1) represent convenient handles for ne-tuning the
chemical, biological, and photophysical properties of this new
structure class while maintaining NIR absorption.

Compared to the rest of the compounds, 2, 6, and 9 had the
largest 1O2 quantum yields by a wide margin. A detailed pho-
tophysical investigation revealed that these were the only
compounds with accessible 3IL states. Given that the NIR
absorption is set by the energies of theMLCT states and that 1O2

is generated most effectively from 3IL states, there exists
a fundamental limit with regard to how much the MLCT state
energies can be lowered without compromising the PDT effect.
In other words, the 3MLCT state cannot be lower in energy than
the 3IL state, which explains why the 1O2 quantum yields for 2,
6, and 9 were largest and also suggests that in the present
system, the 3MLCT–3IL energy gap, estimated at 0.22 eV, is
sufficient for 3IL population. This assertion was also corrobo-
rated in the in vitro cellular studies where 2, 6, and 9 gave the
largest PI values, regardless of the wavelengths of light used in
the investigated melanoma cell lines. Importantly, wavelengths
longer than 700 nm yielded photocytotoxic effects with single-
digit micromolar EC50 values.

These compounds lost activity in hypoxia, pointing toward
PDT (e.g., ROS) as the source of photocytotoxicity. Given the
immunostimulatory potential of PDT and the importance of the
immune response for melanoma outcomes, compound 2 was
selected for further investigation in this context. Treatment of
B16F10 melanoma cells with 2-PDT stimulated immunological
responses and resulted in a signicant upregulation of several
immune-associated genes from the type 1 interferon pathway,
proinammatory cytokines, and the antigen-presentation
pathway. 2-PDT also induced both mitochondrial and cellular
ROS alongside a signicant upregulation of ER chaperones
HSP90 and HSPA1B gene expression, translocation of calreti-
culin to the plasma membrane, and secretion of ATP and
HMGB1 into the extracellular media. These results conrmed
that compound 2-PDT induces bonade ICD markers in vitro.

The immunogenicity of 2-PDT was also conrmed in
a syngeneic mouse model in vivo. Vaccination with 2-PDT
treated B16F10 cells conferred protection against tumor growth
upon challenge with live B16F10 cells, statistically improving
tumor-free survival in female and male vaccinated mice as
compared to the unvaccinated group. These results also indi-
cate the generation of systemic immunity as revealed from the
abscopal effect. The percentage of melanoma tumor-free mice
following vaccination as well as overall survival rates were
Chem. Sci., 2020, 11, 11740–11762 | 11755
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greater for females, underscoring that tumor-specic immune
responses may be responsible for the sex-biased differences that
have been observed clinically with regard to melanoma inci-
dence, mutation burden, and response to therapy.

This study shows that 2-PDT (with clinically-approved red
light) destroys melanoma cells directly as well as indirectly by
ICD-mediated generation of anti-tumor immune responses.
Additional studies are underway to explore the optimum PDT
regimen (including NIR wavelengths) and to delineate the
therapeutic potential and understand the different immune cell
mediators involved. Overall, these results identify compound 2
as a PS that could potentially be used for eliciting systemic
effects through local delivery of melanoma PDT.
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67 T. Mede, M. Jäger and U. S. Schubert, “Chemistry-on-the-
Complex”: Functional Ru II Polypyridyl-Type Sensitizers as
Divergent Building Blocks, Chem. Soc. Rev., 2018, 47(20),
7577–7627, DOI: 10.1039/c8cs00096d.

68 L. K. McKenzie, H. E. Bryant and J. A. Weinstein, Transition
Metal Complexes as Photosensitisers in One- and Two-
Photon Photodynamic Therapy, Coord. Chem. Rev., 2019,
379, 2–29, DOI: 10.1016/j.ccr.2018.03.020.

69 A. Juris, V. Balzani, F. Barigelletti, S. Campagna, P. Belser
and A. von Zelewsky, Ru(II) Polypyridine Complexes:
Photophysics, Photochemistry, Eletrochemistry, and
Chemiluminescence, Coord. Chem. Rev., 1988, 84, 85–277,
DOI: 10.1016/0010-8545(88)80032-8.

70 K. Kalyanasundaram, Photochemistry of Polypyridine and
Pophyrin Complexes, Acad. Pr, London, 1992.

71 V. Balzani, A. Juris, M. Venturi, S. Campagna and S. Serroni,
Luminescent and Redox-Active Polynuclear Transition
Metal Complexes †, Chem. Rev., 1996, 96(2), 759–834, DOI:
10.1021/cr941154y.

72 V. Balzani, A. Credi and M. Venturi, Photochemistry and
Photophysics of Coordination Compounds: An Extended
View, Coord. Chem. Rev., 1998, 171, 3–16, DOI: 10.1016/
S0010-8545(98)90005-4.

73 V. Balzani and A. Juris, Photochemistry and Photophysics of
Ru(II)polypyridine Complexes in the Bologna Group. From
Early Studies to Recent Developments, Coord. Chem. Rev.,
2001, 211(1), 97–115, DOI: 10.1016/S0010-8545(00)00274-5.

74 N. D. McClenaghan, Y. Leydet, B. Maubert, M. T. Indelli and
S. Campagna, Excited-State Equilibration: A Process
Leading to Long-Lived Metal-to-Ligand Charge Transfer
Luminescence in Supramolecular Systems, Coord. Chem.
Rev., 2005, 249(13–14), 1336–1350, DOI: 10.1016/
j.ccr.2004.12.017.

75 S. Campagna, F. Puntoriero, F. Nastasi, G. Bergamini and
V. Balzani, Photochemistry and Photophysics of
Coordination Compounds: Ruthenium, in Photochemistry
and Photophysics of Coordination Compounds I, ed. V.
Balzani and S. Campagna, Springer Berlin Heidelberg,
Berlin, Heidelberg, 2007, vol. 280, pp. 117–214, DOI:
10.1007/128_2007_133.

76 Y. Liu, R. Hammitt, D. A. Lutterman, L. E. Joyce,
R. P. Thummel and C. Turro, Ru(II) Complexes of New
Tridentate Ligands: Unexpected High Yield of Sensitized 1

O 2, Inorg. Chem., 2009, 48(1), 375–385, DOI: 10.1021/
ic801636u.
This journal is © The Royal Society of Chemistry 2020
77 Y. Sun, L. E. Joyce, N. M. Dickson and C. Turro, Efficient
DNA Photocleavage by [Ru(Bpy)2(Dppn)]2+ with Visible
Light, Chem. Commun., 2010, 46(14), 2426, DOI: 10.1039/
b925574e.

78 R. Lincoln, L. Kohler, S. Monro, H. Yin, M. Stephenson,
R. Zong, A. Chouai, C. Dorsey, R. Hennigar,
R. P. Thummel and S. A. McFarland, Exploitation of Long-
Lived 3 IL Excited States for Metal–Organic Photodynamic
Therapy: Verication in a Metastatic Melanoma Model, J.
Am. Chem. Soc., 2013, 135(45), 17161–17175, DOI: 10.1021/
ja408426z.

79 B. A. Albani, B. Peña, N. A. Leed, N. A. B. G. de Paula,
C. Pavani, M. S. Baptista, K. R. Dunbar and C. Turro,
Marked Improvement in Photoinduced Cell Death by
a New Tris-Heteroleptic Complex with Dual Action:
Singlet Oxygen Sensitization and Ligand Dissociation, J.
Am. Chem. Soc., 2014, 136(49), 17095–17101, DOI: 10.1021/
ja508272h.

80 G. Shi, S. Monro, R. Hennigar, J. Colpitts, J. Fong,
K. Kasimova, H. Yin, R. DeCoste, C. Spencer,
L. Chamberlain, A. Mandel, L. Lilge and S. A. McFarland,
Ru(II) Dyads Derived from a-Oligothiophenes: A New
Class of Potent and Versatile Photosensitizers for PDT,
Coord. Chem. Rev., 2015, 282–283, 127–138, DOI: 10.1016/
j.ccr.2014.04.012.

81 C. Reichardt, S. Monro, F. H. Sobotta, K. L. Colón,
T. Sainuddin, M. Stephenson, E. Sampson, J. Roque,
H. Yin, J. C. Brendel, C. G. Cameron, S. McFarland and
B. Dietzek, Predictive Strength of Photophysical
Measurements for in Vitro Photobiological Activity in
a Series of Ru(II) Polypyridyl Complexes Derived from p-
Extended Ligands, Inorg. Chem., 2019, 58(5), 3156–3166,
DOI: 10.1021/acs.inorgchem.8b03223.

82 N. P. Toupin, S. Nadella, S. J. Steinke, C. Turro and
J. J. Kodanko, Dual-Action Ru(II) Complexes with Bulky p-
Expansive Ligands: Phototoxicity without DNA
Intercalation, Inorg. Chem., 2020, 59(6), 3919–3933, DOI:
10.1021/acs.inorgchem.9b03585.

83 H. Yin, M. Stephenson, J. Gibson, E. Sampson, G. Shi,
T. Sainuddin, S. Monro and S. A. McFarland, Vitro
Multiwavelength PDT with 3IL States: Teaching Old
Molecules New Tricks, Inorg. Chem., 2014, 53(9), 4548–4559.

84 S. P. Foxon, M. A. H. Alamiry, M. G. Walker,
A. J. H. M. Meijer, I. V. Sazanovich, J. A. Weinstein and
J. A. Thomas, Photophysical Properties and Singlet
Oxygen Production by Ruthenium(II) Complexes of Benzo[
i ]Dipyrido[3,2- a:20,30- c ]Phenazine: Spectroscopic and
TD-DFT Study, J. Phys. Chem. A, 2009, 113(46), 12754–
12762, DOI: 10.1021/jp906716g.

85 P. Mroz, Y.-Y. Huang, A. Szokalska, T. Zhiyentayev,
S. Janjua, A.-P. Nii, M. E. Sherwood, C. Ruzié,
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O. Kepp, J. L. Schultze, T. Tüting, F. Belardelli, L. Bracci,
V. La Sorsa, G. Ziccheddu, P. Sestili, F. Urbani,
M. Delorenzi, M. Lacroix-Triki, V. Quidville, R. Conforti,
J.-P. Spano, L. Pusztai, V. Poirier-Colame, S. Delaloge,
F. Penault-Llorca, S. Ladoire, L. Arnould, J. Cyrta,
M.-C. Dessoliers, A. Eggermont, M. E. Bianchi, M. Pittet,
C. Engblom, C. Prschke, X. Préville, G. Uzè,
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F. André, G. Kroemer and L. Zitvogel, Cancer Cell-
Autonomous Contribution of Type I Interferon Signaling
to the Efficacy of Chemotherapy, Nat. Med., 2014, 20(11),
1301–1309, DOI: 10.1038/nm.3708.

120 M. Budhwani, R. Mazzieri and R. Dolcetti, Plasticity of Type
I Interferon-Mediated Responses in Cancer Therapy: From
This journal is © The Royal Society of Chemistry 2020
Anti-Tumor Immunity to Resistance, Front. Oncol., 2018, 8,
322, DOI: 10.3389/fonc.2018.00322.
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