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rier: an osmium photosensitizer
with unprecedented hypoxic phototoxicity for real
world photodynamic therapy†

John A. Roque III, ab Patrick C. Barrett,‡a Houston D. Cole, b

Liubov M. Lifshits, b Ge Shi,§c Susan Monro,c David von Dohlen,a Susy Kim,d

Nino Russo, e Gagan Deep,d Colin G. Cameron, *ab Marta E. Alberto *e

and Sherri A. McFarland *abc

Hypoxia presents a two-fold challenge in the treatment of cancer, as low oxygen conditions induce biological

changes that make malignant tissues simultaneously more aggressive and less susceptible to standard

chemotherapy. This paper reports the first metal-based photosensitizer that approaches the ideal

properties for a phototherapy agent. The Os(phen)2-based scaffold was combined with a series of IP-nT

ligands, where phen ¼ 1,10-phenanthroline and IP-nT ¼ imidazo[4,5-f][1,10]phenanthroline tethered to n ¼
0–4 thiophene rings. Os-4T (n ¼ 4) emerged as the most promising complex in the series, with picomolar

activity and a phototherapeutic index (PI) exceeding 106 in normoxia. The photosensitizer exhibited an

unprecedented PI > 90 (EC50 ¼ 0.651 mM) in hypoxia (1% O2) with visible and green light, and a PI > 70 with

red light. Os-4T was also active with 733 nm near-infrared light (EC50 ¼ 0.803 mM, PI ¼ 77) under

normoxia. Both computation and spectroscopic studies confirmed a switch in the nature of the lowest-

lying triplet excited state from triplet metal-to-ligand charge transfer (3MLCT) to intraligand charge transfer

(3ILCT) at n ¼ 3, with a lower energy and longer lifetime for n ¼ 4. All compounds in the series were

relatively nontoxic in the dark but became increasingly phototoxic with additional thiophenes. These

normoxic and hypoxic activities are the largest reported to date, demonstrating the utility of osmium for

phototherapy applications. Moreover, Os-4T had a maximum tolerated dose (MTD) in mice that was

>200 mg kg�1, which positions this photosensitizer as an excellent candidate for in vivo applications.
1. Introduction

Cancer remains a leading cause of death in many countries.1

There are ongoing efforts to develop adjuvant or alternative
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arta.alberto@unical.it

on (ESI) available: Supplemental
(1D and 2D NMR, HPLC, HRMS),
n, TA), computational predictions
logical evaluations, and the various
0sc03008b

icine, Virginia Polytechnic Institute and
, USA.

gy, Dalhousie University, Halifax, Nova

06
approaches that complement conventional treatment modali-
ties, e.g., surgery, radiotherapy, chemotherapy, and more
recently immunotherapy.2–4 A persistent challenge has been
resistance, either intrinsic or acquired, which causes subpop-
ulations of cancerous cells to evade treatment and potentially
metastasize.5–7 There are multiple mechanisms for resistance,
but specic physiological conditions, particularly hypoxia, are
known to drive the mutator phenotype, and increase the ability
for cancer cells to survive and persist despite the utilization of
different therapeutic approaches.7–10

Light-based therapies, such as photodynamic therapy (PDT)
and the relatively new eld of photochemotherapy (PCT), are
examples of locally administered treatments where light-
responsive prodrugs are used to selectively target tumors
while sparing healthy tissue. PDT, which has been known for
over a hundred years and is clinically approved,11–23 employs an
otherwise nontoxic photosensitizer (PS) that can be activated by
therapeutic wavelengths of light to form cytotoxic singlet oxygen
(1O2) and other reactive oxygen species (ROS). Due to this
oxygen dependence, PDT can be less effective in treating
hypoxic tumors. However, the very fact that ROS do not rely on
a single biological mechanism of action (in contrast to kinase
This journal is © The Royal Society of Chemistry 2020
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Chart 1 Molecular structures of reference compound [Os(phen)3]
2+

and Os-0T–Os-4T. The chloride salts were used unless otherwise
specified. The compounds were racemic mixtures of the D/L isomers.
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inhibitors, for example) makes it more difficult for cells to
achieve resistance to PDT.24 This motivates new approaches to
circumvent the limitations of low oxygen tension.

Alternatively, PCT has been proposed as a strategy that
exploits oxygen-independent reaction pathways (e.g., photo-
caging or photocisplatin agents) with the potential advantage of
maintaining activity toward hypoxic malignancies. Ru(II)-based
metal complexes have emerged as PCT agents with modular
architectures that can be tuned to be relatively inert in the
absence of light, to photodecompose via ligand loss with visible
light in the absence of oxygen, and to be less susceptible than
other metallodrugs like cisplatin25 to deactivation by cellular
thiols.26–41 Many of these Ru(II) coordination complexes are
relatively simple to synthesize in high purity, exhibit aqueous
solubility as their chloride salts, and have photophysical prop-
erties that can be tuned by rational design according to the well-
developed principles from the Ru(II) polypyridyl literature.23,42–47

In contrast to PDT, PCT agents rely on engaging a specic
cellular target or utilizing a specic mechanism of action, which
cancer cells may already be able to evade, particularly under
hypoxic conditions. In addition to the potential issues associ-
ated with utilizing specic mechanisms of action, PCT agents
possess some technical limitations. Phototriggered ligand
dissociation is a stoichiometric process that would require
higher dosing than a catalytic drug to achieve efficacy. In
addition, a mixture of potentially new (and difficult to identify)
decomposition products are produced in situ. The impact of
a hypoxic environment (with different pH, potential quenching
mechanisms, and protein expression levels) on the photo-
chemical process is challenging to ascertain.

Indeed, a careful review of the literature reveals that very few
systems – that are believed to be active under hypoxia – have
actually been tested against cells under low oxygen condi-
tions.41,48–54 Likewise, relatively few systems have been tested for
photodissociation in cell-free conditions under low oxygen
conditions (i.e., 0–3%).37,49,50,52,55 Performing experiments under
hypoxic conditions is challenging due to a variety of factors such
as the initial establishment of low oxygen tension or differences
in cellular growth andmetabolism – if the cells can even grow at
the desired oxygen level. A hypoxia chamber for cell incubation
and processing is required to establish and maintain a low
oxygen atmosphere, but many light devices do not t inside the
chamber and/or result in excessive heating in the chamber.
Maintaining a low oxygen atmosphere during the time of irra-
diation outside the chamber is challenging but critical since the
PCT agents are designed to release their phototoxic payloads
immediately upon light exposure. We have applied qPCR (high
transparency) lms over well plates for this purpose (up to 384
wells). While not perfectly gas impermeable, they do mitigate
gas exchange over the period of the light treatment (�20 �C,
#1.5 h). Interassay reproducibility (in terms of maintaining
hypoxia during illumination) is excellent so long as oxygen-
sensitive controls for leaky lms or poor gas exchange are
included.

We are committed to developing hypoxia active metal
complexes and have established a protocol for effective testing.
Using this rigorous experimental design for evaluation, we
This journal is © The Royal Society of Chemistry 2020
developed one compound with Glazer's group, [Ru(6,60-
dmb)2(1-NIP)]Cl2, that exhibited the largest known hypoxia
phototherapeutic index (PI) at the time of its publication (PI ¼
15 at 1% O2). This is marginal compared to good normoxic
values for PDT agents (PI > 1000), and unfortunately, it did not
work with red light (630 nm), the clinically approved wavelength
for PDT.41 Similar PIs for PCT agents that release cytotoxic
ligands and/or metal complexes have been reported.27,29,50,56

These ndings inspired us to consider other ways of
instilling hypoxic activity in Ru(II) complexes that are photo-
stable and exploit photocatalytic pathways/mechanisms for
cytotoxic effects. Our approach is to create metal complex PSs
that combine powerful 1O2 sensitization, such that some
activity can be maintained even in hypoxia, with the possibility
of light-induced electron transfer reactions via triplet intra-
ligand charge transfer (3ILCT) excited states. Our own TLD1433,
now in phase II human clinical trials (NCT03945162) for treat-
ing bladder cancer with PDT, was born out of this work.23

In the present study we demonstrate the feasibility of this
approach using Os(II) as the metal combined with the same
class of oligothienyl-appended ligands that feature in
TLD1433.23,57 The Os(II) complexes provide longer wavelength
absorption windows compared to their Ru(II) analogues, due to
the more pronounced heavy atom effect.58 Larger spin–orbit
coupling (SOC) associated with the Os(II) center also leads to
faster intersystem crossing (ISC), producing triplet states in
high yield.59,60 The prolonged excited state lifetimes character-
istic of 3ILCT states result in sensitivity to trace oxygen.61

Finally, we have previously shown that certain Os(II) complexes
are tolerated in vivo, can be panchromatically activated with
visible and near-infrared (NIR) wavelengths of light, and give
rise to phototoxic effects both in vitro and in vivo.62,63

Here we introduce an Os(II)-based PS (Os-4T) that is
extremely potent, can be activated with NIR light (733 nm), and
exhibits photocytotoxic effects in hypoxia (1% O2). To our
knowledge, this complex is the rst hypoxia-active Os(II)-based
PS and it exhibits one of the largest PIs that we have encoun-
tered to date. This PS was part of a systematic study of a family
of related [Os(phen)2(IP-nT)]Cl2 complexes, where phen ¼
1,10-phenanthroline, IP ¼ imidazo[4,5-f][1,10]phenanthroline,
and nT¼ thiophenes of varying chain lengths n (n¼ 0–4) (Chart
1). This allowed for a rigorous investigation of the effects of n on
Chem. Sci., 2020, 11, 9784–9806 | 9785
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computed ground and excited state properties, time-resolved
photophysics, and photobiology. In this report, we discuss
these studies and provide a rationale for the observed photo-
biology, along with a road map for the theory-driven design of
next-generation agents.

2. Materials and methods
2.1 Materials

Unless otherwise specied, all reagents and solvents were
purchased from commercial sources and used without further
purication. Water used for all biological experiments was
deionized to a resistivity $ 18.2 MU using either a Barnstead or
Milli-Q® ltration system. Saturated solvents for log D experi-
ments were prepared in-house using 10 mM phosphate buffer
solution (saline-free PBS) and 1-octanol (99.9%). Buffers were
checked for an accurate pH against a two-point calibrated
VWR® B10P pH meter (pHref. ¼ 4.00, 7.00; Fisher Science
Education, S25849A/B).

2.2 Instrumentation

Microwave reactions were performed in a CEM Discover micro-
wave reactor. Flash chromatography relied on the Teledyne Isco
CombiFlash® EZ Prep system with Silicycle SiliaSep silica ash
cartridges (FLH-R10030B-ISO25). Size-exclusion chromatography
was performed on a gravity column packed with Sephadex® LH-
20. NMR spectra were collected using a JEOL ECA 500 NMR
spectrometer (1H, 1H–1H COSY) at the NMR facility at the
University of North Carolina at Greensboro (UNCG) and Agilent
700 MHz NMR spectrometer (13C, 13C–1H HSQC, 13C–1H HMBC)
at the Joint School of Nanoscience and Nanoengineering at
Greensboro (JSNN). The chemical shis are reported in parts per
million (ppm) and were referenced to the residual solvent peaks.
ESI mass spectra were obtained using a Thermo Fisher LTQ
Orbitrap XL coupled to a Water's Acquity Ultra Performance
Liquid Chromatography (UPLC) stack using a BEH C18 column
at UNCG's Triad Mass Spectrometry facility. HPLC analyses were
carried out on an Agilent/Hewlett Packard 1100 series instrument
(ChemStation Rev. A. 10.02 soware) using a Hypersil GOLD C18
column (Thermo 25005-254630, guard 25003-014001) with an A–
B gradient (40 min run; 98% / 5% A; A ¼ 0.1% formic acid in
water, B ¼ 0.1% formic acid in acetonitrile (MeCN)). Reported
retention times are accurate to within �0.1 min.

2.3 Synthesis

The Os(phen)2Cl2 intermediate58 and imidazo[4,5-f][1,10]phe-
nanthroline (IP) based ligands64 were prepared according to
adapted literature procedures. The synthesis of IP-based
ligands follows the synthesis of IP-4T that is described below.
[2,20:50,200:500,2000-Quaterthiophene]-5-carbaldehyde (4T-CHO)
was prepared as previously described65 via the coupling of 5-
bromo-500-formyl-2,20:50,200-terthiophene with 2-(tributylstannyl)
thiophene, which were purchased from Alfa Aesar and Fisher
Scientic, respectively.

Complexes Os-0T–Os-4T have not previously been reported
and were isolated as their PF6

� salts. Cl� salts were obtained
9786 | Chem. Sci., 2020, 11, 9784–9806
from corresponding PF6
� salts via anion metathesis on HCl-

treated Amberlite IRA-410 resin (Alfa-Aesar, A1773436) with
methanol as the eluent. Final complexes were a racemic mixture
of D/L isomers. [Os(phen)3]

2+ and Os-0T–Os-4T were charac-
terized by TLC, 1H NMR and 1H–1H COSY NMR (Fig. S-1–S-6†),
high-resolution ESI+-MS (Fig. S-10–S-15†), and HPLC (Fig. S-16–
S-21†). COSY was not collected for [Os(phen)3]

2+. NMR assign-
ments were made in consultation with a literature source.66

Compound Os-4T required additional 13C, 13C–1H HSQC, and
13C–1H HMBC NMR data for the full assignment of the 1H NMR
signals of the quaterthiophene group (Fig. S-7–S-9†). Biological
studies were carried out on Cl� salts and photophysical
measurements were carried out on PF6

� salts.
2.3.1 IP-4T. 1,10-Phenanthroline-5,6-dione (175 mg, 0.83

mmol), 4T-CHO (200 mg, 0.56 mmol), and ammonium acetate
(1.38 g, 18 mmol) were added to a 250 mL round-bottom ask
with glacial acetic acid (100mL). The orangemixture was heated
at 100 �C for 96 hours. Once cooled, the reddish-brown mixture
was neutralized with NH4OH. The precipitate was vacuum
ltered using a Buchner funnel and washed with cold deionized
water (50 mL) and cold ether (100 mL) to obtain the desired
product as a brown solid (279 mg, 91%). 1H NMR (500 MHz,
DMSO-d6, ppm): d 9.05 (dd, J ¼ 4.2, 1.7 Hz, 2H), 8.85 (d, J ¼
7.9 Hz, 2H), 7.88–7.81 (m, 3H), 7.57 (d, J ¼ 4.7 Hz, 1H), 7.52 (d, J
¼ 3.8 Hz, 1H), 7.48 (d, J¼ 3.9 Hz, 1H), 7.41–7.36 (m, 3H), 7.32 (d,
J ¼ 3.7 Hz, 1H), 7.13 (dd, J ¼ 5.1, 3.5 Hz, 1H).

2.3.2 [Os(phen)3]
2+.While this complex may be synthesized

following a published procedure,67 it was isolated in this case as
a side-product from synthesis of another compound and
conrmed to be pure [Os(phen)3]Cl2 by 1H NMR, mass spec-
trometry and HPLC (Fig. S-1, S-10 and S-16†). 1H NMR (500
MHz, MeOD-d3, ppm): d 8.48 (d, J ¼ 8.0 Hz, 6H; 4,7), 8.32 (s, 6H;
5,6), 8.03 (d, J ¼ 5.5 Hz, 6H; 2,9), 7.66 (dd, J ¼ 8.0, 5.5 Hz, 6H;
3,8). HRMS (ESI+) m/z: [M � 2Cl]2+ calcd for C36H24N6Os
366.0833; found 366.0821. HPLC retention time: 9.43 min (97%
purity by peak area).

2.3.3 [Os(phen)2(IP)]
2+ (Os-0T). Os(phen)2Cl2 (99 mg, 0.16

mmol) and IP (35 mg, 0.16 mmol) were added to a microwave
vessel containing argon-purged ethylene glycol (2.5 mL) and
subjected to microwave irradiation at 180 �C for 15 minutes.
The resulting black mixture was transferred to a separatory
funnel with deionized water (20 mL) and CH2Cl2 (30 mL). Aer
gentle mixing, the CH2Cl2 was drained and the remaining
aqueous layer was washed with CH2Cl2 (30 mL portions) until
the CH2Cl2 was colorless. At that point, another 30 mL of
CH2Cl2 was added and allowed to settle to the bottom of the
separatory funnel. Then, saturated aqueous KPF6 (5 mL) was
added, and the mixture shaken gently and allowed to partition
over time to facilitate transfer of the product from the aqueous
layer to the CH2Cl2 layer, which was collected and concentrated
under reduced pressure. The crude product was puried by
silica gel ash column chromatography with a gradient of
MeCN, 10% water in MeCN, followed by 7.5% water in MeCN
with 0.5% KNO3 to obtain [Os(phen)2(IP)](PF6)2 as a black solid
(28 mg, 16%). A portion of the PF6

� salt was converted to its
corresponding Cl� salt [Os(phen)2(IP)]Cl2 in quantitative yield
using Amberlite IRA-410 with MeOH as the eluent. Rf ¼ 0.08
This journal is © The Royal Society of Chemistry 2020
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(0.5% KNO3, 7.5%H2O, 92%MeCN). 1H NMR (500MHz, MeOD-
d3, ppm): d 8.78 (br s, 2H; c), 8.72 (s, 1H; d), 8.48 (d, J ¼ 8.0 Hz,
4H; 4,7), 8.32 (s, 4H; 5,6), 8.06 (d, J ¼ 5.4 Hz, 2H; 2), 8.02 (d, J ¼
5.4 Hz, 2H; 9), 7.98 (d, J¼ 5.5 Hz, 2H; a), 7.68 (dd, J¼ 8.5, 5.5 Hz,
2H; b), 7.67–7.63 (m, 4H; 8,3). HRMS (ESI+) m/z: [M � 2Cl]2+

calcd for C37H24N8Os 386.0864; found 386.0856. [M� 2Cl �H]+

calcd for C37H23N8Os 771.1655; found 771.1646. HPLC reten-
tion time: 9.20 min (100% purity by peak area).

2.3.4 [Os(phen)2(IP-1T)]
2+ (Os-1T). Os(phen)2Cl2$2H2O

(66 mg, 0.1 mmol) and IP-1T (30.2 mg, 0.1 mmol) were
combined and treated according to the procedure described for
Os-0T to yield [Os(phen)2(IP-1T)](PF6)2 as a black solid (36 mg,
31%). A portion of the PF6

� salt was converted to its corre-
sponding Cl� salt [Os(phen)2(IP-1T)]Cl2 in quantitative yield
using Amberlite IRA-410 with MeOH as the eluent. Rf ¼ 0.17
(0.5% KNO3, 7.5%H2O, 92%MeCN). 1H NMR (500MHz, MeOD-
d3, ppm): d 8.87 (d, J¼ 8.1 Hz, 2H; c), 8.48 (d, J¼ 8.2 Hz, 4H; 4,7),
8.32 (s, 4H; 5,6), 8.09 (d, J ¼ 5.3 Hz, 2H; 2), 8.04 (dd, J ¼ 3.8 Hz,
1.0 Hz, 1H; d), 8.03 (d, J ¼ 5.3 Hz, 2H; 9), 7.98 (d, J ¼ 5.6 Hz, 2H;
a), 7.76 (d, J¼ 5.1 Hz, 1H; f), 7.71–7.63 (m, 6H; b, 3,8), 7.31 (dd, J
¼ 5.1 Hz, 3.9 Hz, 1H; e). HRMS (ESI+) m/z: [M � 2Cl]2+ calcd for
C41H26N8OsS 427.0802; found 427.0782. [M � 2Cl � H]+ calcd
for C41H25N8OsS 853.1532; found 853.1505. HPLC retention
time: 11.12 min (99% purity by peak area).

2.3.5 [Os(phen)2(IP-2T)]
2+ (Os-2T). Os(phen)2Cl2$2H2O

(66 mg, 0.1 mmol) and IP-2T (38.4 mg, 0.1 mmol) were combined
and treated according to the procedure described forOs-0T to yield
[Os(phen)2(IP-2T)](PF6)2 as a black solid (39 mg, 32%). The PF6

�

salt was converted to its corresponding Cl� salt [Os(phen)2(IP-2T)]
Cl2 in quantitative yield using Amberlite IRA-410 withMeOHas the
eluent and further puried using size-exclusion chromatography
on Sephadex LH-20 with MeOH as the eluent (32 mg, 88%). Rf ¼
0.18 (0.5% KNO3, 7.5% H2O, 92% MeCN). 1H NMR (500 MHz,
MeOD-d3, ppm): d 8.62 (d, J¼ 8.0 Hz, 2H; c), 8.51 (d, J¼ 8.9 Hz, 2H;
4), 8.49 (d, J ¼ 8.6 Hz, 2H; 7), 8.35 (s, 4H; 5,6), 8.21 (d, J ¼ 5.1 Hz,
2H; 2), 8.04 (d, J¼ 5.0 Hz, 2H; 9), 7.95 (d, J¼ 4.7 Hz, 2H; a), 7.90 (d,
J¼ 3.9 Hz, 1H; d), 7.74 (dd, J¼ 8.5, 5.0 Hz, 2H; 3), 7.68 (dd, J¼ 8.5,
5.0 Hz, 2H; 8), 7.53 (dd, J ¼ 8.0, 5.0 Hz, 2H; b), 7.32 (d, J ¼ 4.9 Hz,
1H; h), 7.15 (d, J ¼ 3.8 Hz, 1H; e), 7.03 (d, J ¼ 3.1 Hz, 1H; f), 6.97
(dd, J ¼ 5.0, 3.5 Hz, 1H; g). HRMS (ESI+) m/z: [M � 2Cl]2+ calcd for
C45H28N8OsS2 468.0741; found 468.0730. [M � 2Cl � H]+ calcd for
C45H27N8OsS2 935.1409; found 935.1406. HPLC retention time:
21.28 min (96% purity by peak area).

2.3.6 [Os(phen)2(IP-3T)]
2+ (Os-3T). Os(phen)2Cl2$2H2O

(66 mg, 0.1 mmol) and IP-3T (47 mg, 0.1 mmol) were combined
and treated according to the procedure described for Os-0T to
yield [Os(phen)2(IP-3T)](PF6)2 as a black solid (35 mg, 27%). The
PF6

� salt was converted to its corresponding Cl� salt
[Os(phen)2(IP-3T)]Cl2 in quantitative yield using Amberlite IRA-
410 with MeOH as the eluent and further puried using size-
exclusion chromatography on Sephadex LH-20 with MeOH as
the eluent (23 mg, 81%). Rf ¼ 0.18 (0.5% KNO3, 7.5% H2O, 92%
MeCN). 1H NMR (500 MHz, MeOD-d3, ppm): d 8.77 (d, J ¼
8.2 Hz, 2H; c), 8.50 (d, J ¼ 8.0 Hz, 2H; 4), 8.48 (d, J ¼ 8.6 Hz, 2H;
7), 8.33 (s, 4H; 5,6), 8.15 (d, J¼ 5.4 Hz, 2H; 2), 8.03 (d, J¼ 5.3 Hz,
2H; 9), 7.95 (d, J¼ 5.3 Hz, 2H; a), 7.89 (d, J¼ 3.7 Hz, 1H; d), 7.71
(dd, J ¼ 7.8, 5.3 Hz, 2H; 3), 7.66 (dd, J ¼ 8.0, 5.3 Hz, 2H; 8), 7.61
This journal is © The Royal Society of Chemistry 2020
(dd, J ¼ 7.9, 5.3 Hz, 2H; b), 7.34 (d, J¼ 5.1 Hz, 1H; j), 7.20 (d, J ¼
3.5 Hz, 2H; e,h), 7.12 (d, J¼ 3.6 Hz, 1H; f), 7.06 (d, J¼ 3.5 Hz, 1H;
g), 7.04 (dd, J ¼ 4.5, 3.5 Hz, 1H; 1H; i). HRMS (ESI+) m/z: [M �
2Cl]2+ calcd for C49H30N8OsS3 509.0680; found 509.0664. [M �
2Cl � H]+ calcd for C49H29N8OsS3 1017.1287; found 1017.1283.
HPLC retention time: 22.81 min (95% purity by peak area).

2.3.7 [Os(phen)2(IP-4T)]
2+ (Os-4T). Os(phen)2Cl2 (122 mg,

0.2 mmol) and IP-4T (90 mg, 0.16 mmol) were combined and
treated according to the procedure described for Os-0T to yield
[Os(phen)2(IP-4T)](PF6)2 as a black solid (136 mg, 60%). The
PF6

� salt was converted to its corresponding Cl� salt
[Os(phen)2(IP-4T)]Cl2 in quantitative yield using Amberlite IRA-
410 with MeOH as the eluent and a portion (57 mg) was further
puried using size-exclusion chromatography on Sephadex LH-
20 with MeOH as the eluent (42 mg, 74%). Rf ¼ 0.28 (0.5%
KNO3, 7.5% H2O, 92% MeCN). 1H NMR (500 MHz, MeOD-d3,
ppm): d 8.82 (d, J¼ 8.3 Hz, 2H; c), 8.49 (d, J¼ 8.5 Hz, 2H; 4), 8.48
(d, J ¼ 8.0 Hz, 2H; 7), 8.33 (s, 4H; 5,6), 8.12 (d, J ¼ 5.6 Hz, 2H; 2),
8.03 (d, J ¼ 5.3 Hz, 2H; 9), 7.95 (d, J ¼ 5.3 Hz, 2H; a), 7.89 (d, J ¼
3.8 Hz, 1H; d), 7.69 (dd, J ¼ 8.5, 5.5 Hz, 2H; 3), 7.66 (dd, J ¼ 8.0,
5.5 Hz, 2H; 8), 7.63 (dd, J¼ 8.5, 5.5 Hz, 2H; b), 7.33 (d, J¼ 4.0 Hz,
1H; e), 7.29 (dd, J ¼ 5.1, 1.0 Hz, 1H; l), 7.23 (d, J ¼ 3.7 Hz, 1H; f),
7.17 (dd, J¼ 3.7, 1.0 Hz, 1H; j), 7.12 (d, J¼ 3.6 Hz, 1H; h), 7.08 (d,
J ¼ 3.8 Hz, 1H; g), 7.04 (d, J ¼ 3.9 Hz, 1H; i), 7.00 (dd, J ¼ 5.2,
3.5 Hz, 1H; k). 13C NMR (175 MHz, MeOH-d3, ppm): d 153.31 (2),
153.15 (9), 151.38 (21), 151.29 (20), 150.87 (a), 150.42 (10),
149.40 (22,24), 141.39 (12), 138.30 (14), 138.15 (16), 138.06 (4,7),
137.79 (17), 136.39 (15), 136.28 (13), 132.82–132.80 (18,19,23),
132.20 (11), 131.57 (c), 129.67 (5/6), 129.65 (5/6), 129.54 (d),
129.11 (k), 127.50 (3), 127.48 (8), 127.34 (b), 126.82 (f), 126.06 (l),
126.02 (h), 125.87 (e), 125.74 (g), 125.53 (i), 125.08 (j). HRMS
(ESI+) m/z: [M � 2Cl]2+ calcd for C53H32N8OsS4 550.0618; found
550.0601. [M � 2Cl � H]+ calcd for C53H31N8OsS4 1099.1164;
found 1099.1154. HPLC retention time: 24.14 min (98% purity
by peak area).
2.4 Lipophilicity

The relative lipophilicities (or distribution coefficient, D, at pH
¼ 7.4) of the complexes were determined using a modied
“shake ask” method as described in previous work.65 A satu-
rated solution of 1-octanol with water was prepared by mixing
16mL of 1-octanol (99.9%) with 4 mL of 10mM PBS. A saturated
solution of PBS with 1-octanol was prepared by mixing 16 mL of
PBS with 4 mL of 1-octanol. The saturated solutions were
shaken for 24 h at ambient temperature (z22 �C) using a New
Brunswick Classic C25KC Incubator Shaker set at 230 rpm
before further use. Starting with 500 mL of 50 mM complex
(chloride salt) prepared in saturated 1-octanol, an equal volume
of saturated water was added to give a total volume of 1 mL. The
mixtures were shaken 200 times, centrifuged at 11 000 rpm
(z10 000 � g) for 2 minutes using a BioRad Model 16K
Microcentrifuge; the two resultant layers were then separated
with a syringe. The concentrations of the complexes in both
octanol and water layers were calculated from absorption
measurements using a microplate reader (SpectraMax M2e) and
standard curves in each solvent.
Chem. Sci., 2020, 11, 9784–9806 | 9787
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2.5 Computational details

The photophysical properties and the feasibility of Type I and
Type II photoreactions of Os(II)-compounds were explored at
DFT and TDDFT levels of theory,68 as implemented in
Gaussian09 code.69 Ground singlet and triplet state geometry
optimizations were performed in water without constraints by
using PBE0 exchange–correlation functional (XC),70 and adopt-
ing the IEFPCMmodel (integral equation formalism polarizable
continuum model)71,72 to simulate the solvent environment
(3 ¼ 80). The Os(II) metal ion was described by using the quasi-
relativistic Stuttgart–Dresden pseudopotential73 while the 6-
31+G(d,p) basis set was adopted for all the other atoms.

Absorption spectra were obtained in water on the ground
state equilibrium structures, using the same basis set as for the
optimizations by employing the M06 XC-functional,74 which has
been widely tested and veried in terms of its reliable prediction
of the photophysical properties of metallic compounds.75 The
selected protocol allows a direct comparison with results
previously obtained for analogous Ru(II)-compounds.76
2.6 Spectroscopy

Spectroscopic measurements were obtained from dilute (5–20
mM) solutions of the PF6

� salts of the complex in spectroscopic
grade MeCN that had been further distilled over CaH2 under
argon. Deaerated solutions were prepared by ve freeze–pump–
thaw repetitions in custom Schlenk-style quartz cuvettes
(10 mm path length) for transient absorption measurements
and by sparging with argon in septum-capped quartz cuvettes
(10 mm path length) for emission. Ambient air was bubbled
through solutions to be used for singlet oxygen measurements.

2.6.1 UV-visible spectroscopy. UV-vis absorption spectra
were recorded using a Jasco v730 spectrometer with 5 mm path
length quartz cuvettes. Molar extinction coefficients (3) were
calculated at local peak maxima by regressing absorption versus
concentration for ve concentrations.

2.6.2 Emission spectroscopy. Steady-state emission spectra
were measured on a PTI Quantamaster spectrometer equipped
with a K170B PMT for UV to NIR (limit around 800 nm) wave-
lengths Hamamatsu R5509-42 NIR PMT detector having
a useable detection range of around 600–1400 nm. The spectra
were internally corrected for wavelength-dependent variations
in source output and detector sensitivity. The most intense
longest-wavelength peak in the excitation spectrum was used
for this measurement.

2.6.3 Singlet oxygen. Quantum yields for singlet oxygen
sensitization (FD) were measured via the intensity of the 1O2

emission at around 1276 nm, using [Ru(bpy)3](PF6)2 as a stan-
dard (FD ¼ 0.56 in aerated MeCN),77 by the relative actinometric
method shown in eqn (1), where I denotes the integrated
emission intensity, A is the absorbance of the UV-vis spectrum
at the excitation wavelength, and h is the refractive index of the
solvent. The subscript S denotes the standard.

FD ¼ FD;S

�
I

IS

��
AS

A

��
h2

hS
2

�
(1)
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The FD experiments were performed in triplicate for MeCN
solutions of the PF6

� salts. MeCN was used because water
quenches the 1O2 emission, and PF6

� salts in MeCN are
commonly used in the literature for comparison. The excitation
wavelength was the longest wavelength in the excitation spec-
trum that maximized emission at 1268 nm. The emission was
collected between 1200–1350 nm using a 1000 nm long-pass
lter. Values were generally reproducible within �5%.

2.6.4 Transient absorption spectroscopy. Nanosecond
transient absorption (TA) lifetimes and differential excited
absorption (ESA) spectroscopy were performed on an Edinburgh
Instruments LP-980 spectrometer equipped with the PMT-LP
detector. The third harmonic of a Continuum Minilite Nd:YAG
laser provided 355 nm excitation (0.1Hz,z5 ns pulse width,z7–9
mJ per pulse). ESA spectra were recorded between 350–750 nm in
10 nm intervals and were corrected to remove any contribution
from emission. TA lifetimes were measured at single wavelengths
with a bandwidth selected for optimal detector response, and t to
mono- or multiexponential decays with the instrument's L900
soware or Gnuplot. This apparatus was also used to measure
phosphorescence lifetimes.
2.7 Cellular assays

2.7.1 Metal compound solutions. Stock solutions of the
chloride salts for [Os(phen)3]

2+, Os-nT (n ¼ 0–3), and
[Ru(bpy)2(dppn)]

2+ were prepared at 5 mM in 10% DMSO in
water. Os-4T was prepared at 25 mM in DMSO due to limited
solubility in the former solvent. Cisplatin was prepared at 5 mM
in water and heated to dissolution. All stock solutions were
stored at �20 �C prior to use. Working solutions were prepared
as serial dilutions in 1� Dulbecco's phosphate-buffered saline
without Ca2+ or Mg2+ (diluted and steriltered from 10� DPBS,
Corning 20-031-CV). Cellular assays involved less than 1.2% v/v
DMSO at the highest complex concentration.

2.7.2 Cytotoxicity and photocytotoxicity. All cell culture was
performed as previously described for SK-MEL-28 malignant
melanoma cells (ATCCHTB-72).41Murine B16-F10melanoma cells
(ATCC CRL-6475) were cultured in a similar manner with the
exception that DMEM was used in lieu of EMEM. Cell lines were
generally assayed within 5 passages or 10–15 passages from receipt
of seed stock.

2.7.2.1 Normoxia. Cell viability experiments in normoxia
were performed and data analyzed as previously described.23,41

The light treatments used for full dose–response included cool
white visible (400–700 nm; maximum z450 nm), green (523
nm), and red (633 nm) light at an irradiance of 20 mW cm�2 for
a total uence of 100 J cm�2. External validation experiments
were specic to Acadia University and used a broadband BenQ
projector visible light source and red (630 nm) LED panel at an
irradiance of 33–40 mW cm�2 for a total uence of 100 J cm�2.
Plates were read with a Molecular Devices M2e (lexc ¼ 530 nm,
long-pass 570 nm, lem ¼ 620 nm) at UNCG/UTA or a Cytouor
4000 (lexc/em 530� 25/620� 40 nm) reader at Acadia University.

Specialized dosimetry experiments on the Modulight ML8500
platform included well-by-well illumination with lasers centered
at 525, 630, and 753 nm at various uences (0–400 J cm�2) and
This journal is © The Royal Society of Chemistry 2020
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constant irradiance of 300 mW cm�2. Additional experiments
with Os-4T included 384-well plates using (a) illumination with
a CivilLaser 733 nm laser (�5 mW cm�2) in tandemwith a frontal
diffuser by Medlight (model FD Frontal Light Distributor) and (b)
monitoring Os-4T performance over a month with varying
conditions (pipette tip, cell parent seed stock, plate map). The
assay procedure for a 384-well plate is outlined in SI method SM-
1. The spectral proles of the light sources are shown in Fig. S-22
and S-23.† Spectral output wasmonitored using the Luzchem SPR
ber optic detector in tandem with an Ocean Optics USB4000
spectrophotometer and an Ocean Optics UV-Vis XSR ber optic of
230 mm diameter. Irradiance was measured using a Thorlabs
Optical Power Meter PM100D and their corresponding thermal
power sensor S310C. Irradiance was generally within 5% across
entire plate area for full-plate illumination.

2.7.2.2 Hypoxia. Cell culture and compound evaluation in
hypoxia were performed as previously reported for SK-MEL-28
cells.41 Only SK-MEL-28 cells and full dose–response experi-
ments (EC50 determination) were applied in hypoxia for
comparison to normoxic data. As in our previous work,
resazurin-based cell viability endpoints had strong interference
on hypoxia-treated well plates. An additional sulforhodamine B
(SRB) endpoint was included for any hypoxic assay comparisons
due to lack of compound interference at lower concentrations.
Comparisons of results with resazurin versus SRB and the
required corrections are shown for both oxygen treatments in
Fig. S-24.† Following resazurin reads, the plates were treated in
accordance with the precedent literature.78–80 Well plates were
briey centrifuged in a prechilled (4 �C) Thermo Scientic™
Sorvall™ Legend™ RT centrifuge with swinging bucket rotor
(7500 6445, 7500 6449) at 180 � g for 5 min. Protein was
precipitated by incubation for 45 min to 1 h with nal 10% w/v
trichloroacetic acid (TCA, pre-chilled) per well at 4 �C. Super-
natant was removed via simple plate inversion and ick.
Precipitate was washed ve times with 150–200 mL per well DI
water at ambient temperature. Aerwards, protein was stained
with 50 mL per well of 1 mM SRB in 1% v/v acetic acid, briey
incubated for 15–30 min at ambient temperature (�20 �C), and
washed ve times with 200 mL per well of 1% v/v acetic acid.

Protein was nally dissolved in 200 mL per well of 10 mM
Trizma base. Well solutions were read aer 1 h incubation at
565 nm. Note that shorter incubation times can be used with
a plate shaker. Alternative endpoints (510 nm abs. or uores-
cence) were also explored but found to be less selective for SRB
due to spectral overlap with the metal complexes. Day 0 refer-
ence plates were prepared, and values subtracted from nal
readings to test treatment effect on relative changes in protein.
Rather than use as a true cytotoxicity assay as sometimes
ascribed, SRB results were interpreted similarly to the NCI60
panel,81 as a reference to the cell death response.80 Interpolated
endpoints are as follows:

GI50 ¼
�

T � T0

C � T0

�
� 100% ¼ 50% (2)

LC50 ¼
�

T � T0

T0

�
� 100% ¼ �50% (3)
This journal is © The Royal Society of Chemistry 2020
TGI ¼
�

T � T0

C � T0

�
� 100% ¼ 0% (4)

where GI50 is the concentration that causes 50% growth inhi-
bition at the assay end (T) relative to the difference of the
positive growth control (C) and day of compound addition (day
0, T0). LC50 is a measure of cytotoxicity based on 50% reduction
of protein relative to day 0. Lastly, TGI is the concentration at
which there is total growth inhibition. In this respect, both the
LC50 and TGI can be used to confer a cytotoxic effect. The
negative growth control (no cells or compound) was subtracted
prior to any further processing. All values were interpolated
against logistic 4-parameter sigmoidal curves.

For the longitudinal study or repeats of (photo)cytotoxicity
experiments (normoxic and hypoxic) with Os-4T in SK-MEL-28,
resazurin was used as the viability indicator. Results were
plotted with original run (repeat #0) using log scale EC50 and PI
values to monitor change over time. Repeats 1–5 were con-
ducted within a month of each other in 384 well-plates (see SM-
1); the study began several months aer the original run (repeat
0) in 96-well-plates. Variables were adjusted as follows to
simulate differences common in assay comparisons across long
periods of time. Repeats used different plate maps (all),
different tips (Sartorius 790352 repeats #0–1, VWR 83007-352
repeats #2–3, low retention Sartorius LH-L790352 repeats #4–5),
changed cell parent seed stock for repeats 4–5, and overhead
lights were off in #5. Serum and consumable lots were identical
for repeats 1–5. Cell passage numbers were equal and between
10–15 passages from seed stock receipt.
2.8 Maximum tolerated dose in mice

An 8 week old litter of female C57BL/6J mice, averaging 20 g per
mouse, were treated by intraperitoneal injection of Os-4T in
accordance with protocol A20-006 (approved by WFU Animal Care
and Use Committee). Mice were dosed from 25–200 mg kg�1 with
200 mL injections and 10% DMSO in 0.9% saline as the vehicle.
Solutions of Os-4T were prepared immediately with sonication
before injection. Female mice were dosed by slow intraperitoneal
injection (the lower right abdominal quadrant) only aer visible
conrmation of complete compound dissolution. Animals were
continuously monitored for 2 hours, frequently over the next 6,
and periodically for up to 2 weeks before being sacriced. Mice
were accordingly euthanized if (a) a combination of moderate
severity signs appeared, (b) a single severe sign appeared, or (c) the
study period was complete, 2 weeks post-injection. The maximum
tolerated dose (MTD) was dened as the dose that produces
moderate signs of clinical toxicity in the nal tested animal.
3. Results and discussion
3.1 Synthesis and characterization

Complexes [Os(phen)2(IP-nT)]
2+ Os-0T–Os-4T were synthesized

following adapted literature procedures.82–84 The complexes
were isolated as their PF6

� salts and puried with ash chro-
matography on silica, affording nal products in 16–60% yields.
The PF6

� salts were converted to their corresponding Cl� salts
Chem. Sci., 2020, 11, 9784–9806 | 9789
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Fig. 1 500 MHz 1H NMR spectra of reference compound [Os(phen)3]
Cl2 and Os-0T–Os-4T (Cl� salts) in MeOD-d3 at 298 K, aromatic
region.
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in quantitative yields via anion metathesis using Amberlite IRA-
410 and were further puried using size-exclusion chromatog-
raphy on Sephadex LH-20, if needed. HPLC analysis conrmed
the purities of complexes Os-0T–Os-4T to be 95% or higher
(Fig. S-17–S-21†). The structures of complexesOs-0T–Os-4Twere
conrmed using high resolution ESI+ mass spectrometry (Fig. S-
11–S-15†) and a detailed analysis of their 1D 1H NMR (Chart 2
and Fig. 1) and 2D 1H–1H COSY NMR spectra (Fig. S-2–S-6†).
Assignments were made based on the connectivities observed in
1H–1H COSY NMR and in consultation with literature sour-
ces.65,66 Compound Os-4T required additional 13C, 13C–1H
HSQC, and 13C–1HHMBCNMR experiments for full assignment
of the 1H NMR signals of the quaterthiophene group (Fig. S-7–S-
9†). The chemical shis and resolution of signals from the
thiophene ring hydrogens exhibited a concentration depen-
dence, especially for complexes with longer thiophene chains.
The best resolution of these NMR signals was obtained at
concentrations near 1.6 mM.

3.1.1 Determining NMR assignments for complexes Os-0T–
Os-4T. The hydrogen labels used in 1H peak assignments of
[Os(phen)3]Cl2 and complexes Os-nT (n ¼ 0–4) are shown in
Chart 2. Tris-homoleptic [Os(phen)3]Cl2, which was character-
ized in detail by Pazderski et al.,66 was used to establish the
positions of the signals from hydrogens 2–9 in complexes Os-
0T–Os-4T. Hydrogens 2 and 9 were the most distinct from each
other among these four pairs. While literature assignments
have placed the chemical shi for hydrogen 2 upeld to that of 9
for similar complexes,85–88 we assign the signal for 2 downeld
to that of 9 in the Os-nT series based on the systematic changes
in the chemical shis of 2 and 9 with variation of n. Throughout
the Os-nT complex series, the chemical shi of 9 was relatively
unchanged and closely matched the chemical shi of the 2,9-
signal in the [Os(phen)3]

2+ complex, while hydrogen 2 shied
downeld relative to the chemical shi of 2,9-signal in
[Os(phen)3]

2+, with the difference in chemical shis of 2 versus 9
in Os-nT series being the most pronounced in the complexes
Chart 2 Hydrogen labels (black) and selected carbon labels (red) used i
0T–Os-4T.

9790 | Chem. Sci., 2020, 11, 9784–9806
with longer thiophene chains. The difference in chemical
shis of 2 and 9 was attributed to changes in the proximal
magnetic environment of 2. While hydrogen 9 is shielded by
the p-system of a neighboring phenanthroline ligand,
hydrogen 2 is shielded by the p-system of the neighboring IP-
nT ligand. The shielding strength of the phenanthroline
ligand remains constant throughout the Os-nT series (and is
the same as the shielding strength of the phenanthroline
ligand in homoleptic complex [Os(phen)3]

2+), which agrees
with the observation that the chemical shi of 9 did not
change throughout the series. However, as n varies, the
shielding strength of the IP-nT ligand changes and thus the
chemical shis of the signals for hydrogen 2 change as
a result. As the signal for hydrogen 2 was downeld of 9 in all
Os-nT complexes, it was hypothesized that the magnitude of
the shielding effect by the IP-nT ligand is smaller than that of
n 1H peak assignments of reference compound [Os(phen)3]
2+ and Os-

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Octanol–water distribution coefficients (log Do/w � SD) for
reference compound [Os(phen)3]

2+ and Os-0T–Os-3T (Cl� salts); SD
¼ standard deviation. The value of log Do/w for Os-4T could not be
determined due to its precipitation from the solvent mixture.
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phenanthroline, most likely due to delocalization of the
electron density into the more extended p-system of the IP-nT
ligand. A similar, but less pronounced, phenomenon was
observed for hydrogens 3 and 8. The chemical shi of
hydrogen 8 remained unchanged and closely matched the
chemical shi of the 3,8-signal in the [Os(phen)3]

2+ complex,
while hydrogen 3 shied downeld in complexes with more
thiophenes. Hydrogens 4,7, which are positioned further
away from the shielding inuence of the phenanthroline and
IP-nT ligands, were notably less affected and, as a result,
overlap when n ¼ 0–1. The signal for hydrogen 4 shis only
slightly more downeld relative to that for 7 when n ¼ 2–4.
Hydrogens 5,6 are positioned outside of the shielding inu-
ence of the neighboring ligands and appear nearly equivalent
as a singlet for n ¼ 0–4 that resembles the 5,6 singlet in the
spectrum for [Os(phen)3]

+2.
The a–b–c spin system was assigned next. It appeared as c >

a > b, repeating the pattern observed for spin systems 2–3–4 and
7–8–9, where the signal for the hydrogen in the meta-position
relative to the Os-coordinated nitrogen was shied the farthest
upeld and that for the hydrogen in the para-position appeared
the most downeld of the three. Due to similarities between
these spin systems, a appeared close to 2,9, and b appeared
close to 3,8, and c appeared relatively close to 4,7. The signal for
the imidazole-NH hydrogen was not observed, in agreement
with the literature,85,86,89 where quick exchange between the two
nitrogens of the imidazole ring occurs in solution.

In thiophene-containing complexesOs-1T–Os-4T, the signals
from the thiophenes integrated as one hydrogen each and were
assigned last. Among those, three hydrogen signals were most
diagnostic. The signal for hydrogen d was the most downeld
compared to the signals for the rest of the thienyl hydrogens
due to the strong deshielding effect of the nitrogens of the
neighboring imidazole. Another strongly deshielded hydrogen
was the hydrogen positioned closest to the sulfur (f in Os-1T, h
in Os-2T, j in Os-3T, and l in Os-4T). The signal for the most
shielded hydrogen appeared as a distinct doublet of doublets
and corresponded to the middle hydrogen of the most distal
thiophene ring (e in Os-1T, g in Os-2T, i in Os-3T, and k in Os-
4T). Using these characteristic signals as starting points, the
rest of the thiophene signals from the proximal and the most
distal thiophene ring were assigned via the observed 1H–1H
COSY correlations.

Assigning the signals from the internal thiophenes was less
straightforward and was accomplished for Os-4T with the aid of
13C–1H HSQC and 13C–1H HMBC NMR experiments (Fig. S-8
and S-9†). The two internal spin systems (f–g and h–i) were
rst established using 1H–1H COSY correlations. Then, 13C–1H
HSQC was used to identify which 13C peaks corresponded to the
thiophene hydrogens d–l. Then, 13C–1H HMBC was used to
establish diagnostic correlations, starting with hydrogens d and
e. Hydrogens d and e both correlated to two of the same 13C
peaks (132.20 ppm and 141.39 ppm), which were assumed to be
carbons 11 and 12. Hydrogen d correlated more strongly to the
peak at 132.20 ppm, and hydrogen e correlated more strongly to
the peak at 141.39 ppm, which allowed for carbon 11 and
carbon 12 to be assigned as signals at 132.20 ppm and
This journal is © The Royal Society of Chemistry 2020
141.39 ppm, respectively. In addition to correlations with d and
e, carbon 12 exhibited correlations with one more hydrogen,
which led to the assignment of this hydrogen as f. Hydrogen g
was then readily identied via its correlation to f in the 1H–1H
COSY NMR spectrum. Next, a diagnostic 13C signal at
137.79 ppm exhibited correlations to hydrogens l, j, and one
more 1H signal that was assigned as hydrogen i. This 13C signal
was assigned as carbon 17 due to the greatest possibility of both
l and j showing correlation to it. Lastly, hydrogen h was then
readily identied via its correlation to i observed in the 1H–1H
COSY NMR spectrum.
3.2 Lipophilicity

The lipophilicities of the chloride salts of the compounds,
including the reference [Os(phen)3]Cl2, were evaluated by deter-
mining their log Do/w values (Fig. 2 and Table S-1†). This
parameter reects the solubility preference of a given compound
for either octanol or aqueous PBS prepared at neutral pH, where
positive values indicate higher lipophilicity (octanol solubility)
and negative values indicate lower lipophilicity (aqueous solu-
bility).90 Among the series, the log Do/w values increased system-
atically with the number of thienyl rings appended to the IP
ligand. The compounds were essentially hydrophilic from n ¼
0 to 2 (Os-0T–Os-2T), with an abrupt switch to lipophilic at n ¼ 3
(Os-3T).Os-0Twas the only compound that wasmore hydrophilic
than [Os(phen)3]Cl2, reecting the inuence of the imidazo group
of the IP ligand (relative to phen) on aqueous solubility. The
difference in lipophilicities for Os-0T, lacking thienyl groups, to
three in Os-3T was approximately 103. The log Do/w value for Os-
4T could not be determined owing to its precipitation from the
solvent mixture under all conditions, suggesting an even greater
lipophilicity that favors self-aggregation through favorable p–p

interactions.
Chem. Sci., 2020, 11, 9784–9806 | 9791
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Fig. 3 Optimized geometries of reference compound [Os(phen)3]
2+ and Os-0T–Os-4T in a water environment at the PBE0/6-31+G**/SDD/

level of theory.
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3.3 Computational studies

3.3.1 Calculated ground state electronic structures and UV-
vis spectra. A computational investigation of the ground and
excited states of [Os(phen)3]

2+ and the Os-nT dications in water
was carried out using DFT and TDDFT calculations. Optimized
geometries for the singlet ground state indicate that the central
metal ion is surrounded by its ligands in a pseudo-octahedral
environment throughout the series and that the thiophene
rings adopt a coplanar trans conformation (Fig. 3 and Table S-
2†). The calculated ground state structures indicated that the
planarity of the rigid IP ligand extends to the rst electron-
donating thiophene ligand. Each additional thienyl group (n
¼ 2–4) appended to the coordinated IP ligand is conforma-
tionally more exible, with the terminal thiophene ring being
twisted by up to 18� with respect to the plane of the rst thio-
phene ring.

The ground state electronic structures of these complexes
can be described by the frontier molecular orbitals (HOMO�1,
HOMO, LUMO, LUMO+1) shown in Fig. S-27–S-31.† The calcu-
lated percent contribution of the Os d-orbitals, phen, IP and
thienyl chain to the frontier orbitals of each complex in the
Table 1 Calculated percent contribution of the Os d-orbital, phen, IP
LUMO+1) of reference compound [Os(phen)3]

2+ and Os-0T–Os-4T in t

%

HOMO�1 HOMO

Os Phen IP Thienyl Os Phen IP Th

[Os(phen)3]
2+ 36 64 — — 35 65 — —

Os-0T 39 42 19 0 34 46 19 0
Os-1T 30 34 34 2 34 40 25 0
Os-2T 34 35 31 0 4 47 24 25
Os-3T 34 40 25 0 1 38 17 45
Os-4T 35 42 23 0 1 32 13 55

9792 | Chem. Sci., 2020, 11, 9784–9806
singlet ground state are reported in Table 1. The nature of the
HOMO (Fig. 4) changed with the number of thienyl groups in
the chain. The considerable amount of Os d character (�35%)
in the HOMO of [Os(phen)3]

2+, Os-0T and Os-1T nearly vanished
(<5%) when two or more thiophenes were incorporated. The
increasing contribution of the distal thiophene rings to the
HOMO is illustrated by the energy trend plot in Fig. 5a. For Os-
2T through Os-4T, the HOMO orbital becomes progressively
more ligand-based and reaches a maximum value for thienyl
contribution in Os-4T. The incorporation of a polythiophene
chain (with n $ 2) thus, produces the installation of a HOMO
orbital of organic character lying at higher energies, reected by
the HOMO–LUMO gaps shown in Fig. 5a and the HOMO orbital
plots in Fig. 4. By sharp contrast, the composition of the
HOMO�1 orbital was relatively unchanged throughout the
series (Fig. S-28†), being largely comprised of Os d character
(30–39%) mixed with phen and IP (61–68%) but without any
contribution from the thiophene chains.

The lowest unoccupied molecular orbitals (LUMOs and
LUMO+1s, Fig. S-29 and S-30†) were almost exclusively localized
to the phen and IP (phen portion) ligands. The contribution of
and thienyl chain to the frontier orbitals (HOMO�1, HOMO, LUMO,
he singlet ground state 1GS

LUMO LUMO+1

ienyl Os Phen IP Thienyl Os Phen IP Thienyl

3 97 — — 2 98 — —
3 59 39 0 4 69 28 0
3 59 39 0 3 72 25 0
3 57 38 3 4 57 24 15
3 57 39 1 7 42 25 26
3 54 40 3 8 42 28 22

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 HOMO orbital plots for reference compound [Os(phen)3]
2+ and Os-0T–Os-4T, calculated in water at M06/6-31+G(d,p)/SDD/level of

theory.

Fig. 5 (a) Calculated frontier orbital energies for reference compound [Os(phen)3]
2+ and Os-0T–Os-4T. (b) Correlation of calculated and

experimental longest wavelength absorption maxima for reference compound [Os(phen)3]
2+ and Os-0T–Os-4T measured in water.
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the thienyl chain produced opposite effects on the HOMO versus
LUMO+1 orbitals and had almost no effect on the LUMOs
(Fig. 5a). While the energy of the LUMO orbital remains
constant with the same % composition regardless of the
number of thienyl groups, the LUMO+1 drops slightly in energy
with $2 thiophene rings, consistent with an increased contri-
bution from the thienyl ligand observed in the orbital compo-
sition (15, 26 and 22% in Os-2T, Os-3T and Os-4T, respectively).

The increase of the HOMO and concomitant decrease of the
LUMO+1 energies with n is reected in the calculated UV-visible
absorbance spectra of the Os-nT series (Fig. 5b, S-32, S-33 and
Table S-3†). There is a clear and systematic increase in the
absorption intensity throughout the visible region with
increasing n on going from Os-0T–Os-4T, reaching singlet–
singlet transition energies into the red.

Close inspection of the computed transitions and their
orbital compositions allowed assignment of the orbital
parentage and conguration of the experimental lowest-energy
spin-allowed, singlet–singlet bands in the UV-vis absorption
spectra (i.e., transitions occurring <550 nm). There was an
abrupt change in the nature of these lowest-energy spin-allowed
transitions with n > 2, which reected the decreased contribu-
tion of the metal-based orbitals and increased contribution of
the thienyl-based orbitals to the lowest-energy singlet–singlet
electronic transitions as thiophene rings were added. The
lowest-energy transitions had predominantly 1MLCT character
This journal is © The Royal Society of Chemistry 2020
for n # 2 (Os-0T–Os-2T), while 1ILCT character made a signi-
cant contribution to those with n $ 3 (Os-3T, Os-4T) where the
HOMO orbital was exclusively localized over the thienyl groups.
This change in the nature of the lowest-energy spin-allowed
transitions was also supported by a solvent dependence (water
versus acetonitrile, Fig. S-35†) in the experimental absorption
spectra for Os-3T and Os-4T but not for Os-0T–Os-2T.

Os-3T showed an intense band contributed mostly by
a transition centered at 484 nm (versus an experimental value of
487 nm) characterized as ILCT (48%) mixed with MLCT (29%),
and another intense band near 506 nm, which was also mixed
ILCT/MLCT (Table 2 and Fig. S-33†). Os-4T had its most intense
band bathochromically shied to 534 nm and was unequivo-
cally assigned to ILCT. The charge-transfer nature of these
ligand-localized 1pp* transitions in Os-3T and Os-4T was
corroborated by the solvent dependence of these transitions in
the experimental absorption spectra (Fig. S-34 and S-35†).

3.3.2 Excited state calculations and feasibility of Type I and
Type II photoreactions. The geometries of the lowest-energy
triplet excited states for the Os(II) IP-nT (n ¼ 1–4) complexes
were calculated and compared to their singlet ground state
conformations (Fig. S-25, S-26 and Table S-2†). There were no
differences in the Os(II) coordination sphere or the Os–N bonds
between the ground and triplet excited states. However, it is
known that the excited states of oligothiophenes adopt quinoid
type structures that are essentially planar with maximal p-
Chem. Sci., 2020, 11, 9784–9806 | 9793
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Table 2 Theoretical peak assignments for Os-0T–Os-4T

Complex lmax calc lmax exp Transitions Assignment

Os-0T 461 480 H�1 / L+1 (45%) MLCT
H�2 / L+2 (37%)

Os-1T 464 484 H�1 / L+1 (49%) MLCT
H�2 / L+2 (41%)

Os-2T 468 486 H�2 / L+2 (44%) MLCT
Os-3T 506 506 H�3 / L (48%) MLCT + ILCT

H / L (38%)
484 487 H / L+1 (48%) ILCT

Os-4T 534 520 H / L+1 (55%) ILCT
H / L (34%)

451 436 H�1 / L+5 (52%) MLCT

Fig. 6 Singlet–triplet energy gap (DS–T) for reference compound
[Os(phen)3]

2+ and Os-0T–Os-4T, in water, at the M06/6-31+G(d,p)/
SDD level of theory.

Table 3 VEA and VIP values (eV) in water for 3O2 molecule, and for
reference compound [Os(phen)3]

2+ and Os-0T–Os-4T in their singlet
and triplet states, computed at PBE0/6-31+G**/SDD. The O2 electron
affinity (�3.42 eV) was calculated at the same level of theory

[Os(phen)3]
2+ Os-0T Os-1T Os-2T Os-3T Os-4T

VEA �2.92 �2.94 �2.94 �2.94 �2.94 �2.94
VIP 5.52 5.51 5.51 5.68 5.43 5.26
VEA(T1) �5.01 �5.03 �5.02 �4.86 �4.57 �4.39
VIP(T ) 3.43 3.42 3.43 3.76 3.80 3.81
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conjugation.91,92 For the IP ligands appended with nT groups,
this was also the case. The dihedral angles (4n) for the excited
state triplets states were within 1� of the fully planar 180�

conformation. The conformational changes that occur on going
from the ground state to the excited triplet state were more
pronounced in the terminal thienyl group in each case. Across
the series the more p-extended oligothiophene chains were
subject to the largest conformational changes between the
ground and excited state, with the most dramatic differences for
Os-3T and Os-4T where rotational changes of around 18� were
calculated.

The nature of the lowest-lying triplet states of the Os-nT
dyads was examined by Mulliken spin density (MSD) calcula-
tions and was found to vary among the series. The MSD on the
Os(II) center for complexes with n# 2 was one, indicative of one
unpaired electron on the metal center as would be expected for
the 3MLCT state. No involvement of the metal was detected for
Os-3T and Os-4T, supporting the assignment of the lowest-
energy triplet states in these two complexes as the 3ILCT state.
The installation of low-lying 3ILCT states for Os-3T and Os-4T
can be thus connected with greater p expansion, which was also
responsible for a drop in the triplet state energy. The calculated
T1 state energies of [Os(phen)3]

2+, Os-0T, and Os-1T were nearly
identical (z2.09 eV), but decreased systematically with added
thiophene rings, falling to 1.45 eV in Os-4T (Fig. 6). Earlier work
has connected similar stabilization of the 3ILCT energy with
longer lifetimes in Ru(II) complexes,57,93,94 and this could
account for Os-4T having exceptional in vitro activity (vide infra).

The capacity of the triplet-state Os(II) complexes to promote
Type I and Type II photoreactions was explored. To produce the
cytotoxic singlet oxygen species, the singlet–triplet splitting
energy of the complex must be larger than that of O2, thereby
allowing energy transfer to promote the O2

3Sg
� / 1Dg transi-

tion; the lowest oxygen singlet state energy was previously
computed to be 0.90 eV,95 in good agreement with the experi-
mental value of 0.98 eV. The calculated singlet–triplet energy
gaps (DS–T) show that every compound in the series is suffi-
ciently energetic to form 1O2 through a Type II pathway (Fig. 6).

There also exists the possibility that the triplet state could
generate the superoxide anion O2c

� through Type I photoreac-
tions. This is a potentially important process since O2c

� can
9794 | Chem. Sci., 2020, 11, 9784–9806
participate in rapid bimolecular reactions that lead to other
reactive oxygen species (ROS) such as H2O2 and OHc, which in
turn could damage biomolecules.95 The O2c

� species can be
formed by direct electron transfer from the photosensitizer (PS)
to O2 (5), or by an electron transfer mechanism from a reduced
form of the PS to O2 (6). The reduced form of the PS could be
generated by autoionization reactions (7) and (8), through the
reduction of a PS T1 state by a neighboring PS in the S0 or T1

state. Such reactions were explored computationally through
the vertical electron affinity (VEA) and ionization potentials
(VIP) of each Os(II) compound and for molecular oxygen.76,96–98

The results are summarized in Table 3.

PS(T1) +
3O2 / PSc+ + O2c

� (5)

PSc� + 3O2 / PS + O2c
� (6)

PS(T1) + PS(S0) / PSc+ + PSc� (7)

PS(T1) + PS(T1) / PSc+ + PSc� (8)

The feasibility of direct electron transfer to molecular O2

through reaction (5) decreases as the thiophene chain grows, as
was previously observed for the related Ru(II) complexes.76 The
triplet states of the Os(II) complexes become weaker electron
1

This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc03008b


Fig. 7 UV-vis spectra of reference compound [Os(phen)3]
2+ and Os-

0T–Os-4T (PF6
� salts) in room temperature acetonitrile.

Table 4 Electronic absorption data for reference compound
[Os(phen)3]

2+ and Os-0T–Os-4T (PF6
� salts)

Complex labs/nm (log 3)a

[Os(phen)3]
2+ 222 (4.97), 265 (5.05), 431 (4.30), 478 (4.27), 653 (3.56)

Os-0T 220 (4.82), 261 (4.87), 434 (4.20), 480 (4.20), 655 (3.49)
Os-1T 222 (4.88), 265 (4.93), 291 (4.73), 338 (4.35), 435 (4.29), 484

(4.28), 658 (3.55)
Os-2T 222 (4.89), 265 (4.98), 288 (4.56), 382 (4.62), 432 (4.40), 486

(4.33), 658 (3.58)
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donors with increasing n, thus preventing the direct electron
transfer process in water. This process could be possible for
[Os(phen)3]

2+, Os-0T and Os-1T but can be ruled out for Os-2T–
Os-4T since the sum of VIP(T1) of the latter compounds and the
electron affinity of 3O2 are positive.

However, the T1 state of all the Os(II) compounds can
undergo indirect Type I photoreactions. The results demon-
strate that compounds in the T1 state can be reduced through
autoionization (8) with neighboring compounds in the T1 state
given that the sum of VEA(T1) and VIP(T1) is negative. Impor-
tantly, the higher electron affinity of oxygen compared to the
Os(II)-complexes suggests that any of complexes in the reduced
state is able to generate the superoxide species (6). It should be
also noted that O2c

� could behave as a further reducing agent
for Os(II) T1 states that could also be implicated in biomolecule-
damaging processes, but this was not examined.

To summarize, computational studies conclude that all of
the Os(II) complexes have the requisite triplet state energies to
sensitize 1O2 through the Type II energy transfer pathway but
only [Os(phen)3]

2+, Os-0T and Os-1T can directly form super-
oxide. However, all of the Os(II) complexes are capable of
generating superoxide through Type I autoionization photore-
actions, suggesting at least two potential modes of activity in
this class of compounds. The relative contributions of these
pathways in cells would likely depend on the local concentra-
tions of these complexes and O2 as well as the redox environ-
ment. It is possible that other intracellular mediators of
electron transfer could participate in any intracellular Type I
photochemistry.
Os-3T 222 (4.94), 265 (5.03), 413 (4.77), 487 (4.43), 658 (3.63)
Os-4T 222 (4.89), 265 (4.96), 436 (4.79), 656 (3.57)

a Absorption band maxima and extinction coefficients (M�1 cm�1)
determined in acetonitrile at room temperature.

Table 5 Emission and singlet oxygen sensitization data for reference
compound [Os(phen)3]

2+ and Os-0T–Os-4T (PF6
� salts). Excitation

wavelengths are indicated in parentheses. Emission lifetimes were
measured following a 355 nm laser pulse (<5 ns width)

Complex MLCT lem [lex] (nm) sem(ns) FD [lex] (nm)

[Os(phen)3]
2+ 718 [471] 2.1 � 102 0.53 [472]

Os-0T 732 [472] 1.8 � 102 0.43 [473]
Os-1T 737 [471] 1.7 � 102 0.42 [473]
Os-2T 740 [470] 1.8 � 102 0.49 [472]
Os-3T 743 [468] s1 1.4–2.9 � 102 0.51 [525]

s2 3.8–7.1 � 102

Os-4T 746 [470] s1 1.8–2.2 � 102 0.95 [525]
s2 1.4–1.6 � 104
3.4 Photophysical properties

The photophysical properties of the complexes were measured
as dilute solutions of the PF6

� salts in MeCN. This solvent
choice facilitates comparison with related compounds in the
photophysical literature.

3.4.1 Electronic absorption spectroscopy. The UV-vis
spectra of the Os(II) complexes exhibit three major features in
common, shown in Fig. 7 and tabulated in Table 4. Previous
investigations99,100 of [Os(phen)3]

2+ have assigned the more
intense bands between 400–525 nm (with maxima near 430 and
480 nm) to the Os(dp) / phen(p*) MLCT transitions and the
broader, weak absorption bands that taper off near 700 nm
(with maxima near 660 nm) to the analogous spin-forbidden
MLCT transitions. Added thiophenes did not inuence these
MLCT transitions (although they are somewhat obscured in Os-
3T and Os-4T), which is consistent with the computational
prediction that the LUMO is localized to the phen and IP
ligands (Table 1). The sharper and more intense peaks near and
below 300 nm were assigned to intraligand (IL) pp* transitions
on the phen/IP ligands.

Additional peaks between 330–440 nm were observed for
Os(II) compounds containing thienyl groups. These absorption
bands in Os-1T through Os-4T (338, 382, 413, and 436 nm,
respectively) increased in intensity and decreased in energy,
consistent with the increased conjugation of added thiophene
This journal is © The Royal Society of Chemistry 2020
rings, and are hence assigned to ILCT pp* transitions involving
nT of the IP-nT ligands.

3.4.2 Singlet oxygen sensitization. Quantum yields for
singlet oxygen production (FD) were measured in air-saturated
MeCN solution indirectly through the intensity of the O2

1Dg

/ 3Sg emission centered near 1268 nm (Table 5). [Ru(bpy)3]
2+
Chem. Sci., 2020, 11, 9784–9806 | 9795
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Scheme 1 Jablonski diagrams depicting the proposed decay pathways in (a) Os-1T, (b) Os-3T, and (c) Os-4T.
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(FD ¼ 0.56)77 was used as the standard, in accordance with eqn
(1). [Os(phen)3]

2+ exhibited a comparable quantum yield (FD ¼
0.53), and theOs-0T–Os-3Tmembers of the series were similarly
efficient. Unlike the other family members,Os-4T sensitized 1O2

with near-unity efficiency, reecting behavior that we have
previously observed in related tetrathienyl complexes of Ru(II).57

3.4.3 Emission. All of the Os(II) family members exhibited
a single broad, featureless emission in Ar-sparged acetonitrile at
room temperature (Table 5 and Fig. S-36†). Incorporation of IP
and IP-appended thienyl groups lowered the emission energy
compared to [Os(phen)3]

2+, but the addition of each successive
thienyl group had very little effect (3 nm shis) with no signif-
icant changes in the respective excitation spectra. The emission
proles suggest that the emissive state is 3MLCT Os(dp) / p*

and that the p* acceptor orbital is similar for each member of
the series. This is consistent with the calculated nding that the
LUMO is localized on the phen ligands and the phen portion of
the IP ligands (Table 1 and Fig. S-29†). There was no evidence of
an emissive 3ILCT state.

Emission lifetimes were measured with a 355 nm laser pulse
(pulse width z 5 ns) excitation. The 2.1 � 102 ns lifetime of the
series archetype [Os(phen)3]

2+ in MeCN compared well to the
literature lifetime in CH2Cl2 (315 ns)67 and is shorter than that
of the analogous [Ru(phen)3]

2+ complex (s z 500 ns).101,102 The
Fig. 8 Transient absorption profiles for (a) [Os(phen)3](PF6)2, Os-0T–Os-
DOD ¼ 0 is indicated by the dashed line of the corresponding color.

9796 | Chem. Sci., 2020, 11, 9784–9806
similarity of the lifetimes (z200 ns) across the series further
supports the conclusion that the 3MLCT state involves the phen-
based LUMO as thep* acceptor in all the complexes. Complexes
Os-3T and Os-4T also exhibited delayed emission (s2 ¼ 3.8–7.1
� 102 ns and 14–16 ms, respectively), which indicates that the
3MLCT state can be populated from a state different than the
initially-formed 1MLCT state that leads to prompt 3MLCT
emission (s2 z 200 ns). This proposed model is illustrated in
the Jablonski diagram in Scheme 1. Given that the estimated
3MLCT energy from emission measurements for Os-4T was
about 1.66 eV and the computed value for the 3ILCT state was
1.45 eV, we hypothesized that this energetic proximity could
enable the longer-lived 3ILCT state to act as an excited state
energy reservoir for delayed 3MLCT emission. This
3MLCT–3ILCT gap was estimated to be even smaller for Os-3T.

3.4.4 Transient absorption spectroscopy. The excited
triplet states of the series were also examined using nanosecond
transient absorption (TA) spectroscopy and analyzed in the
context of related Ru(II) and Os(II) complexes.103–105 The differ-
ential excited state absorption (ESA) spectra were measured in
degassed (5� freeze–pump–thaw) MeCN with a 355 nm laser
excitation pulse (z5 ns) and corrected for emission. The full
relaxation spectra of the complexes are available in the ESI
2T, and (b) Os-3T and Os-4T, showing the indicated integration slices.

This journal is © The Royal Society of Chemistry 2020
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Table 6 Transient absorption lifetimes at selected wavelengths

Complex Wavelength (nm) s1 (ns) s2 (ns) s3 (ns)

[Os(phen)3]
2+ 360 2.2 � 102

440 2.1 � 102

480 2.1 � 102

600 2.0 � 102

Os-0T 350 1.7 � 102

440 1.9 � 102

480 1.8 � 102

600 1.8 � 102

Os-1T 360 1.6 � 102

440 1.6 � 102

480 1.7 � 102

600 1.8 � 102

Os-2T 390 1.6 � 102

440 1.5 � 102 4.0 � 102

490 1.7 � 102 3.9 � 102

600 1.5–1.7 � 102 2.9–5.5 � 102

Os-3T 430 2.8–4.5 � 102 7.4 � 102

610 3.6–4.8 � 102 7.1 � 102

Os-4T 440 2.6 � 102 3–4 � 103 12 � 103

660 2.4 � 102 3–4 � 103 12–13 � 103
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(Fig. S-37–S-43).† The TA and emission data were used to
construct the Jablonski diagrams in Scheme 1.

The ESA spectra of [Os(phen)3](PF6)2 and Os-0T through Os-
2T (Fig. 8a) were qualitatively similar, featuring three regions. A
strong bleach with peaks at around 440 and 480 nm corre-
sponding to the loss of the ground state 1A1 / MLCT transi-
tion. A broad, weaker bleach spanned z525–680 nm, also
corresponding to loss of the MLCT transition. The absorption
below 400 nm arises from a new excited state transition on the
3MLCT radical anion ligand. The lifetimes were mono-
exponential and essentially the same (z150–200 ns) at all
wavelengths for each compound (Table 6), indicating that the
phen-based LUMO is involved in all these cases. The TA life-
times also corresponded well with the emission lifetimes (Table
5), indicating that phosphorescent decay of the phen-based
3MLCT state is the dominant relaxation pathway in these four
compounds.

In contrast, Os-3T and Os-4T exhibited ESA spectra consis-
tent with long-lived ligand-based triplet states (Fig. 8b) and
which qualitatively resembled the spectra of the IP-nT ligands
alone (Fig. S-44 and S-45†). The bleach in the 400–450 nm
region corresponds to the loss of the strong pp* transition,
which peaks at around 413 nm and 436 nm in the ground state
UV-vis absorbance spectra of the Os-3T and Os-4T complexes,
respectively, and at 408 nm and 424 nm for the free IP-3T and
IP-4T ligands. The broad and intense positive absorption in the
ESA spectra of Os-3T and Os-4T was characteristic of transitions
associated with one or more ligand-localized 3pp* states, which
computational studies indicated were 3ILCT in nature. These
bands resembled those observed in the ESA spectra of the
uncomplexed IP-3T and IP-4T ligands, indicating that the
initially excited 1ILCT and/or 1MLCT states populate 3ILCT
states centered on the thiophene-containing ligand. The lack of
this signature in the complexes with n # 2 suggests that this
This journal is © The Royal Society of Chemistry 2020
state is not energetically accessible and/or is not a dominant
relaxation pathway in systems with less p-conjugated chains.

Os-0T and Os-1T displayed similar TA kinetics to
[Os(phen)3](PF6)2, with only one lifetime (s1 ¼ 200 ns) assigned
as the emitting 3MLCT state. This state was also observed for the
other Os(II) complexes. The decay of the TA signal for Os-2T had
an additional component (s2) that was slightly longer than s1
and not observed in the emission measurements. While this
state could have 3ILCT character, its contribution was weak (3–
5% relative to s1) and the TA spectral signature for Os-2T was
almost identical to the 3MLCT signature of Os-0T and Os-1T
(Fig. 8a).

The TA lifetimes of Os-3T and Os-4T were in agreement with
their emission lifetimes and corroborated the model proposing
delayed 3MLCT emission through a second channel (Scheme 1).
The TA kinetics of Os-3T were described by time constants of s1
< 500 ns and s2 z 700 ns, corresponding to the prompt and
delayed kinetics observed in the emission measurements. The
shorter component was assigned to prompt emission from the
3MLCT state, while the longer component was assigned to the
decay of an 3ILCT state of similar energy via population of the
emitting 3MLCT state. The involvement of the 3ILCT was
invoked based on its computed energy being very similar to that
of the 3MLCT state and the characteristic signature of the 3ILCT
state observed in the TA spectrum that was absent from the
complexes with fewer thiophene rings.

A similar model was invoked for Os-4T, which displayed
three lifetimes in the TA measurements. The prompt decay (s1
z 250 ns) was assigned to the emitting 3MLCT state and agreed
with the shorter component (s1) in the emission measurements.
The longest TA lifetime (s3 z 12 ms) agreed with the lifetime for
delayed emission (s2 ¼ 14–16 ms) and was ascribed to the
emitting 3MLCT state populated from a lower-energy 3ILCT
state. The intermediate component (s2 z 3–4 ms) was not
Chem. Sci., 2020, 11, 9784–9806 | 9797
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observed in the emissionmeasurements and was assumed to be
nonradiative decay of the dark 3ILCT state back to the ground
state. In this model, the 3ILCT state has two discrete decay
pathways whereby the longer lifetime could reect the uphill
process for 3MLCT population due to the larger 3MLCT-3ILCT
energy gap for Os-4T relative to Os-3T (Scheme 1).
3.5 Biological results

3.5.1 Cytotoxicity and photocytotoxicity toward cancer cells
3.5.1.1 Normoxic cellular assays. The dark and light cyto-

toxicities for [Os(phen)3]Cl2 through Os-4T were measured in
SK-MEL-28 human skin melanoma cells growing as 2D
adherent monolayers. 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 viability assay for cytotoxicity. To determine photo-
cytotoxicity, an analogous set of plates were prepared but were
irradiated 15–22 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%. PIs, or the
light-induced amplication of cytotoxicity, were calculated as
the ratios of the dark EC50 values to the light EC50 values. For
highly potent compounds, the assay was adjusted to include
a wider concentration range (10�12 to 300 mM). Any deviations
from this method (hypoxia, different cell lines, etc.) are
described as they are discussed. All of the complexes exhibited
excellent solubility in high ionic strength solvents (DPBS,
media) up to 50 mM, with [Os(phen)3]Cl2 as most soluble (>300
mM).

3.5.1.2 Dark cytotoxicity. The Os(II) oligothienyl complexes
as well as reference compounds [Os(phen)3]Cl2 and Os-0T were
relatively nontoxic toward SK-MEL-28 cells in the absence of
a light treatment (Fig. 9a and Table S-4†), with dark EC50 values
ranging from 158 to 35.7 mM. The least dark cytotoxic
compound of the series was the reference compound
[Os(phen)3]Cl2 (EC50 ¼ 158 mM), and the most dark cytotoxic
compound was Os-2T (EC50 ¼ 35.7 mM). The dark cytotoxicities
of Os-1T, Os-3T, and Os-4T (EC50 ¼ 65.1 mM) were intermediate
at 65–75 mM. These dark cytotoxicities did not correlate with the
lipophilicities of the complexes, which increased with number
of thienyl units. The reason behind the almost two-fold greater
dark toxicity for Os-2T, with two thienyl groups, is unclear but
agrees with our observations for other Os(II)- and Ru(II)-oligo-
thiophene complexes (unpublished results).

3.5.1.3 Photocytotoxicity. The photocytotoxicities of the
compounds in the series were assessed using a light uence of
100 J cm�2 with broadband visible (400–700 nm, 21 mW cm�2),
green (523 nm, 18 mW cm�2), and red (633 nm, 18 mW cm�2)
light. The spectral output of the light sources is shown in Fig. S-
22 and S-23,† and the comparisons of the photocytotoxicity as
EC50 values are shown in Fig. 9a.

The measured light EC50 values, which reect contributions
from both the dark and light cytotoxicity of each complex,
generally increased with n in Fig. 9a and Table S-4.† The refer-
ence compound [Os(phen)3]Cl2 was considered relatively
9798 | Chem. Sci., 2020, 11, 9784–9806
inactive, with visible EC50 values of 40–100 mM regardless of the
light condition. The visible-light photocytotoxicities of the other
compounds spanned almost six orders of magnitude. The
values for compounds with n ¼ 0–2 were in the 1–3 mM range,
while that for Os-3T was nanomolar (EC50 ¼ 153 nM). Os-4T was
notable in its activity, with its visible EC50 value of 18 pM. These
photocytotoxicities were attenuated slightly (but still within an
order of magnitude) with the longer green (523 nm) and red
(633 nm) wavelengths of light. However, the photocytotoxicity
exerted by Os-4T exhibited a strong wavelength-dependence. Its
18 pM EC50 value fell to 1 nM with green light and 10 nM with
red light. These EC50 values are still considered to be quite
potent, but the wavelength dependence suggests a possible
change in the mechanism with one mechanism clearly being
more efficient than another.

3.5.1.4 Phototherapeutic index (PI). Because the photo-
cytotoxicity, quantied as an EC50 value, contains contributions
from any inherent dark cytotoxicity, the PI is the more appro-
priate benchmark for light-induced toxicity. The trends for the
light EC50 values were reected in the PIs that are compared in
Fig. 9 and Table S-4.† Light had very little effect on the cyto-
toxicity of reference compound [Os(phen)3]Cl2 (PI ¼ 2–4,
regardless of wavelength). The PIs for compounds with n ¼ 0–2
were larger than the reference compound, but still relatively low
overall: <50 with visible light and near 10 or less for both green
and red light. Os-3T had PI values that were generally ten-fold
greater (PIvis ¼ 369, PIgreen ¼ 103, PIred ¼ 83) despite having
a 1O2 quantum yield (FD ¼ 51%) that was similar to that of
[Os(phen)3]Cl2 and Os-0T�Os-2T. The spike in phototoxic
effects for Os-3T is most likely due to the low-energy 3ILCT state
that becomes accessible at n$ 3 as supported by computational
studies and TA measurements.

Os-4T stood out among the series, not only with its near
unity 1O2 quantum yield and long triplet excited state lifetimes
(3–4 ms and 14–16 ms), but also its exceptionally large PIvis that
exceeded 106. Even with attenuation at the lower-energy wave-
lengths, PIs were still >56 000 and >6500 with green and red
light, respectively. McKenzie et al. have reported that a ratio of
PI to light dose > 100 is rare.107 In this respect, Os-4T's visible
and green PIs are among the largest in the literature and very
intriguing.

Os-4T did have amuch higher 1O2 quantum yield (FD¼ 95%)
and the longest triplet excited state lifetime relative to the other
compounds in the family. However, Os-4T is not unique in
terms of its triplet state lifetime or its near unity 1O2 quantum
yield. Other complexes have such characteristics and even
longer lifetimes.23 It is also not particularly unusual in terms of
its ground state absorption properties and ILCT triplet cong-
uration; other complexes have similar proles and exhibit less
potency (i.e., Os-3T as one example).23 There were also no clear
differences between compounds of the present family in terms
of their computed excited state reactivities with oxygen or
autoionization capacity, except that the complexes with n # 2
could directly form superoxide. The lower-energy 3ILCT states in
Os-4T, including the additional s2 z 3–4 ms process that was
observed in the TA kinetics of Os-4T but absent for Os-3T, could
be a starting point for better understanding this unique
This journal is © The Royal Society of Chemistry 2020
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Fig. 9 Summary resazurin-based (photo)cytotoxicity ofOs-0T–Os-4T compared to reference compound [Os(phen)3]Cl2 against SK-MEL-28 in
normoxia (18.5–21%O2;106 left-column (a and c)) and hypoxia (1% O2; right-column (b and d)). The phototherapeutic index (PI) as the ratio of light
to dark cytotoxicity is plotted in (c) and (d). Figures are labelled as dark (no light; black circles) and 100 J cm�2 treatments at �20 mW cm�2 as
cool white visible (blue, open square), 523 nm (green, triangle) and 633 nm (red, inverted triangle). Results are tabulated in Tables S-4–S-7.†
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compound. The pronounced wavelength-dependence for the
activity of Os-4Tmay also support that initially populated 1ILCT
states are more efficient at producing the reactive triplets
important for phototoxic effects.

3.5.1.5 Hypoxic cellular assays. The compounds were also
assessed for their abilities to maintain a phototoxic response
toward SK-MEL-28 cells under low oxygen conditions (hypoxia,
1% O2). We have been investigating photobiological agents
under hypoxic conditions, and have developed an optimized
protocol for these difficult experiments.41 Multiple parameters
required optimization, including: incubation time in hypoxia
prior to light treatment (DLI in hypoxia), the method for
maintaining hypoxia during the light treatment (e.g., low gas
permeable lms versus irradiating inside the hypoxia chamber),
the post-PDT incubation period, and the cell viability determi-
nation protocol since metabolic viability indicators such as
resazurin are strongly affected by hypoxic media. The repro-
ducibility of this new protocol was evaluated over the past few
years and found fairly robust with routine screens. The use of
internal control(s) known to be strongly oxygen-dependent for
their activity proved to be invaluable for experiment validation.
Furthermore, passive gas exchange (surface-level) is only
feasible to qualify hypoxic conditions if an appropriate time is
allotted. We suggest that effective experiments to evaluate bio-
logical systems under hypoxia require either conrmation of
(low) dissolved oxygen levels or sufficient measures to both
control and maintain low oxygen at the point of light treatment.
Without rigorous experimental design, studies may give
misleading or irreproducible results. Unfortunately, this biases
This journal is © The Royal Society of Chemistry 2020
compounds to appear more promising than they truly are, dis-
tracting researchers from better agents or scaffolds remaining
to be discovered.

These assays were run in parallel with normoxic assays
(Fig. 9b and d) using our optimized hypoxia method41 and
included [Ru(bpy)2(dppn)]Cl2 as an O2-dependent reference
photosensitizer. Briey, cells were equilibrated in hypoxia 2–3 h
before treatment with the compounds and kept in hypoxia
throughout the experiment ($16 h). To mitigate any interfer-
ence with the resazurin cell viability dye in hypoxia as we
previously reported,41 the samples were allowed to recover in
normoxia aer the light treatment. We have found post-
irradiation recovery in normoxia to be a robust strategy for
preserving the reliability of the resazurin indicator, conrmed
by the absence of phototoxic effects for compounds that rely on
oxygen for photocytotoxicity. The results are shown in Fig. 9 and
tabulated in Table S-5.†

Almost all of compounds had dark EC50 values in hypoxia
that were within about 10% of those in normoxia, with some
compounds being slightly less dark toxic in hypoxia and others
being slightly more. The exception was Os-2T, which showed
a two-fold reduction in dark cytotoxicity in hypoxia. The pho-
tocytotoxicities of [Os(phen)3]Cl2 and Os-0T–Os-3T were very
similar to their dark cytotoxicities, giving rise to PI values that
were less than 2 in most cases and thus considered inactive as
hypoxic phototoxic agents. Os-4T, again, was a notable excep-
tion. While its phototoxic effects were attenuated by several
orders of magnitude, EC50 values were still submicromolar
(651–835 nM) with PIvis,green ¼ 91 and PIred ¼ 71 (Table S-5†). A
Chem. Sci., 2020, 11, 9784–9806 | 9799
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striking observation was that the wavelength-dependence that
was observed in normoxia (Fig. 9) was almost absent in hypoxia,
suggesting that the photocytotoxicity in the two different oxygen
conditions may derive from different excited states and/or
pathways.

Since Os-4T stood out for its remarkable activity and because
its activity in hypoxia was much larger than any we had previ-
ously published,41 we used sulforhodamine B (SRB) as
a secondary endpoint to conrm the activity determined with
resazurin as the cell viability indicator. This additional
endpoint conrmed the activity of Os-4T in hypoxia with total
growth inhibition (TGI) values of 140–170 nM for light-treated
samples (Tables S-6 and S-7†). The SRB quantication also
revealed that the resazurin-interference observed previously for
hypoxic experiments was not an issue for more potent
compounds (dened as compounds with subnanomolar EC50 in
the normoxic resazurin assay) such as Os-4T.

Clearly, there remains much work to be done in order to
understand the potency observed for Os-4T. Before attempting
a mechanistic understanding, we rst wanted to validate and
test the robustness of our ndings (e.g., reproducibility within
our own lab and across different laboratories and researchers)
and to explore the scope of this activity (e.g., hypoxia, NIR, other
cell lines).

3.5.1.6 In-house validation. To validate the photocytotoxicity
we observed for Os-4T, we tested the reproducibility of this
response in normoxia and hypoxia several months aer the
initial screen was conducted. The results are compiled in
Fig. 10, Tables S-8 and S-9,† where 0 represents the initial data
obtained for Os-4T from Fig. 9, and 1–5 are repeats of that
experiment performed over a one-month period where certain
factors were purposely varied: location of the various Os-4T
concentrations on the microplate (by row), pipette tips used for
serial dilution of the Os-4T stock solution, SK-MEL-28 seed
stock batch, and room lighting. Consumables were of the same
lot number and all cells were between 10–15 passages. Each
repeat consisted of three replicates. In Fig. 10, hypoxic data
points (1% O2) are connected by dashed lines with open shapes
and normoxic data points are connected by solid lines and solid
shapes.

The dark cytotoxicity associated with Os-4T did not change
substantially between the repeated experiments in either
oxygen condition, with the average dark EC50 value being 62.8
mMwith less than 7% variation. The photocytotoxicities and PIs
for Os-4T showed variation across the repeated experiments
compared to the dark cytotoxicity, but the variation was notably
less than that for the normoxic condition. In hypoxia, the vari-
ation in phototoxic effects was relatively consistent across the
three light conditions, with average EC50 values and PIs ranging
from 351 nM to 1.80 mM and 32 to 167, respectively. The average
hypoxic EC50 value and PI across the three light conditions were
0.816 mM and 90, respectively, with the exception of the repeat 3
(which was not included in the average because 1% O2 was not
maintained for that specic experiment).

The larger variation in normoxic photocytotoxicities and
PIs also exhibited a wavelength dependence, with the most
variation in the visible light condition (222%). The EC50 value
9800 | Chem. Sci., 2020, 11, 9784–9806
ranges were greatest for the visible light treatment (0.0178 to
8.91 nM) and least for red (10.0 to 46.2 nM), with green being
intermediate (1.16 to 25.4 nM). The values for PIvis varied from
103 to 106, while values for PIred were consistently >103 and
PIgreen ranged between 103 and 104. The average normoxic
EC50 values for the visible, green, and red light treatments
were 1.62 nM, 11.7 nM, and 30.8 nM, respectively. The corre-
sponding average values for PI were on the order of 106, 104,
and 103, respectively.

Together, the data indicates that the phototoxic mecha-
nism that is operative in normoxia with shorter wavelengths of
light is subject to a much greater degree of variability (three
orders of magnitude) and different from the hypoxic photo-
toxic mechanism. Despite the variation, Os-4T remained
extremely potent in normoxia even for the least potent repeat.
Importantly, the hypoxic activity that we observed in the
original set of experiments was conrmed across repeated
screening and even the least potent repeats were still consid-
ered potent for hypoxia.

3.5.1.7 External validation. The family, excluding
[Os(phen)3]Cl2, was further evaluated for their (photo)cytotox-
icities in two cell lines in another laboratory by different
researchers, whereby SK-MEL-28 was the humanmelanoma cell
line used in-house (but not from the same seed stock) and the
mouse B16-F10 melanoma cell line was an additional line. The
assay was similar, including the light wavelengths and uences
employed, but the light sources and irradiances were different
than those used to generate the data in Fig. 9.

While the Os(II) complexes were already relatively nontoxic to
SK-MEL-28 cells in the absence of a light trigger, they were two-
fold less dark toxic in the external validation experiments
despite using similarly low cell passage numbers and had EC50

values that ranged from 123 to 238 mM (Fig. 11a and Table S-
10†). The overall trend in photocytotoxicities followed the in-
house trend, with potency increasing with the number of thio-
phenes rings in the chain. The PIvis ofOs-4T (Fig. 11b) was at the
lower end of the range measured in-house at approximately 5 �
104 (visible EC50 ¼ 2.91 nM), but its PIred was ten-fold larger
than in-house at 1.5 � 104 (red EC50 ¼ 9.44 nM). In the case of
shorter-wavelength visible light, the attenuated PIvis externally
measured could arise from the inherent variability already
noted at the shorter wavelengths (Fig. 10) in combination with
the different light source and higher irradiance used. For the
larger PIred measured externally, the discrepancy could be due
to different light sources and irradiances having been used and
that the external SK-MEL-28 cells were more dark-resistant
compared to those that were used in-house.

To test the robustness of this response toward melanoma
cells, the external validation study also compared the activities
of the compounds toward a highly pigmented murine B16-F10
cell line since melanoma cells can vary widely in pigmenta-
tion108 and pigmentation can reduce phototoxic effects.109,110

The compounds were also relatively nontoxic to the highly
pigmented murine B16-F10 cell line in the dark (Fig. 11c and
Table S-10†). Their dark EC50 values were 140–190 mM and 300
mM for Os-0T–Os-3T and Os-4T, respectively. Os-3T and Os-4T
This journal is © The Royal Society of Chemistry 2020
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Fig. 10 Summary of Os-4T interassay performance in SK-MEL-28 with various factors changed across each repeat as described in the
experimental. Normoxic points are connected by solid lines and labelled as dark (no light; black circles) and 100 J cm�2 treatments at �20 mW
cm�2 as cool white visible (blue, square), 523 nm (green, inverted triangle) and 633 nm (red, triangle) � log(SEM). SEM ¼ standard error of the
mean. Hypoxic treated plates (1% O2) are connected by dashed lines and open shapes for the same color scheme.

Fig. 11 Summary resazurin-based (photo)cytotoxicity ofOs-0T–Os-4T in normoxia against human amelanotic SK-MEL-28 (a and b) andmurine
melanotic B16-F10 (c and d) cell lines. Figures are labelled as dark (no light; black circles) and 100 J cm�2 treatments using 33 mW cm�2 visible
(blue, open square) or 40 mW cm�2 633 nm (red, inverted triangle).
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were less dark toxic toward the B16-F10 cell line relative to the
SK-MEL-28 line.

Their photocytotoxicity trends with increasing n paralleled
those in SK-MEL-28 (external validation), with nanomolar
activity for Os-3T and Os-4T (Fig. 11c and d). However, their
visible EC50 values were larger across the series compared to SK-
MEL-28 and indicated greater resistance to visible light-induced
toxicity in the B16-F10 cell line, where EC50 values ranged from
15 nM for Os-4T to 7.04 mM for Os-0T. Only Os-0T and Os-4T
were attenuated with red light in B16-F10 with respect to red
EC50 values in the SK-MEL-28 cell line: ten-fold for Os-0T and
two-fold for Os-4T. Despite this attenuation, Os-3T and Os-4T
had similar PI values as those measured in the SK-MEL-28 cell
line for both light conditions due to their lower dark cytotoxicity
toward the murine B16-F10 cell line. For Os-4T, the visible and
This journal is © The Royal Society of Chemistry 2020
red PIs were still >20 000 and >18 000, respectively and were
comparable to those measured externally for the SK-MEL-28 cell
line. The absence of a difference in photocytotoxicity between
the visible and red light treatments in the B16-F10 cell line for
Os-4T, which was observed for SK-MEL-28 (both in-house and
externally), may reect the ability of increased melanin (from
more advanced melanosome stages)108 in the highly pigmented
B16-F10 cells to absorb the shorter wavelengths.

3.5.1.8 Fluence and irradiance. The scope of photoactivity
toward the SK-MEL-28 cell line was explored further for Os-4T
using monochromatic laser light with a smaller bandwidth
rather than LEDs, with the opportunity to precisely deliver
various uence and irradiance combinations well-by-well
(37 �C, 5% CO2) using the Modulight ML8500 platform. The
response as a function of light uence was explored at two
Chem. Sci., 2020, 11, 9784–9806 | 9801
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Fig. 13 Dose–response (�SD) of Os-4T in SK-MEL-28 cells with
733 nm light at 100 J cm�2 and 5 mW cm�2. Dark (sham) treatments
are black filled circles and 733 nm violet crosses.
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different concentrations (0.5 and 1.0 mM) and wavelengths (525
and 630 nm; Fig. 12a and b). Higher concentrations combined
with larger uences yielded greater potency following what
would be expected for PDT dosing (mM J cm�2). Green light was
more effective than red light at lower uences for the two
concentrations tested, but the two wavelengths both yielded
maximal and indistinguishable potency around 100 J cm�2 and
higher. The irradiance dependence in Fig. 12c and d was
explored using a uence of 100 J cm�2 and 525 nm light (100
nM) or 630 nm light (250 nM), which were conditions where the
Modulight illumination system gave sub-maximal potency. In
this region, we were able to observe that lower irradiances
yielded higher photocytotoxicity and that the higher concen-
tration used for the red-light condition was more susceptible. In
other words, the phototoxicity with red light can be improved at
a dened uence by lowering the irradiance and increasing the
concentration of Os-4T. This exibility is advantageous when
progressing to in vivo models.

3.5.1.9 Near-infrared (NIR) activation. We also investigated
the photocytotoxicity of Os-4T toward SK-MEL-28 cells using
wavelengths in the so-called PDT window (700–900 nm) despite
minimal absorption in this region. Only high concentrations
($10 mM) combined with very high uences ($400 J cm�2)
yielded a marginal response (14% viability reduction) with
753 nm delivered at an irradiance of 300 mW cm�2 (Fig. S-46†).
However, shortening the excitation by only 20 nm produced
a substantial change in the NIR response of Os-4T. When
733 nm light was delivered at low irradiance (5 mW cm�2), we
observed submicromolar response with EC50 ¼ 0.803 mM and
a PI733 nm of 77 with 100 J cm�2

uence (Fig. 13). This was the
same uence (albeit at lower irradiance) used in the dose–
response data plotted in Fig. 9, where the molar extinction
coefficient at 733 nm for Os-4T was less than 300 M�1 cm�1.
Fig. 12 Dosimetry experiments on the Modulight ML8500 (37 �C, 5%
dependence of (a) 500 nM or (b) 1 mMOs-4T against SK-MEL-28 at 300 m
of compound cytotoxicity. Light treatments included 10–300 J cm�2 o
dependence ofOs-4Twith either no light (left, dark, black bar), (c) 630 nm
25–300 mW cm�2.

9802 | Chem. Sci., 2020, 11, 9784–9806
This NIR photocytotoxicity was sensitive to oxygen tension and
disappeared in hypoxia (1% O2, PI733 nm ¼ 1).

3.5.1.10 Maximum tolerated dose (MTD) in mice. Since our in
vitro models indicated low dark toxicity (and even lower in the
murine line), maximum tolerated dose (MTD) studies were
performed on female C57BL/6J mice to gauge whether in vivo
phototoxicity experiments were a logical next step. The mice
treated by intraperitoneal injection of Os-4T were observed to
experience mild toxicity at doses above 100 mg kg�1. At the
three tested doses of 100, 125, and 200 mg kg�1—all animals
displayed signs of stress (intermittent hunching, ears laid
back), were subdued but responsive, and experienced weight
loss. Their irregular behavior, however, resolved aer 2 h. Since
no signs of moderate toxicity were detected over the 2 week
study, the intraperitoneal MTD of Os-4T was determined to be
CO2) in triplicate (�SD) with viability based on resazurin. Fluence
W cm�2. The left-most column is a dark (no-light; black bar) reference
f either 525 nm (left bar, green) or 630 nm (right bar, red). Irradiance
and 250 nM, or (d) 525 nm and 100 nM treatments at 100 J cm�2 and

This journal is © The Royal Society of Chemistry 2020
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$200 mg kg�1. Since the complex Os-4T is highly phototoxic in
normoxia, active in hypoxia, active in the photodynamic
window at 733 nm, and nontoxic in mice, we plan to investigate
this compound for its in vivo light-triggered antitumor
properties.

4. Conclusions

This study highlights the structure–activity relationships for
a series of [Os(phen)2(IP-nT)]Cl2 complexes from n ¼ 0 to 4 with
respect to ground and excited state geometries and congura-
tions, 1O2 quantum yields, excited state lifetimes, and dark and
light cytotoxicities toward melanoma cells in normoxia and
hypoxia using various light parameters. Our hypothesis was that
an abrupt switch in photophysical behavior would occur at
some critical n, where a lowest energy 3ILCT state would
dominate the excited state dynamics and lead to increased
sensitivity to oxygen that might be maintained even in hypoxia.
This strategy was applied successfully for the analogous Ru(II)
series and resulted in TLD1433, which is the rst non-
tetrapyrrole-based metal complex to enter human clinical
trials for treating cancer with PDT. Replacement of Ru(II) with
the heavier Os(II) center serves to shi the optical window for
activation to longer wavelengths with higher quantum yields for
triplet state formation for all of the complexes, while keeping
the highly reactive 3ILCT state at the requisite energy for potent
phototoxicity only for certain values of n.

The computational studies corroborated the critical point (n$
3) for switching to a lowest lying 3ILCT state as determined by TA
spectroscopy and did suggest that the 3ILCT state forOs-4Twould
be better positioned energetically to dominate the photophysics,
but did not explain the unusual reactivity of Os-4T. While the
high 1O2 quantum yield and prolonged lifetime for Os-4T could
explain why this compound stood out among the series, these
factors cannot be solely responsible for the picomolar potency
and PI > 106 with visible light. An interesting facet to its activity
was that the photocytotoxic response with visible light (enriched
in the shorter, bluer wavelengths) varied by over three orders of
magnitude with repeated experiments in normoxia, but even at
its least potent was nanomolar with PIs >104. Even at its least
potent, it still has one of the largest PIs reported. This potency
was attenuated with the longer green and red wavelengths of
light, but was not subject to the large variation in response
observed with the shorter wavelengths. These results seem to
point toward a different mechanism of action for the phototoxic
effect with visible light. Interestingly, there was no drastic varia-
tion in the visible light response in hypoxia, and there was also
almost no difference in the potencies between the shorter and
longer wavelengths in hypoxia. This observation points toward
a different phototoxic mechanism in hypoxia (at least with visible
light) compared to normoxia.

While we are currently investigating the mechanism, we felt
it more urgent to conrm our potency in an additional mela-
noma cell line and by other researchers given that results can be
highly variable between laboratories running cytotoxic assays,
especially with the added complexity of the light treatment
(different light sources, wavelengths, uences, irradiances, etc.).
This journal is © The Royal Society of Chemistry 2020
While the PI of Os-4T with visible light in normoxia measured
externally was at the lower end of the range we measured in-
house (but still low nanomolar with a PI > 104), the red PI was
ten-fold higher. In the highly pigmented mouse melanoma
cells, these PIs were attenuated but still >104.

The photocytotoxicity of Os-4T demonstrated an irradiance
dependence, where larger PIs were obtained with lower irradi-
ance. This afforded the opportunity to optimize the light
parameters to achieve a response with NIR light at 733 nm,
where the EC50 value was still submicromolar with a PI of
almost 102. Given this versatility and robustness in response
combined with its high aqueous solubility, we examined the
MTD inmice and found thatOs-4T was tolerated very well (MTD
> 200mg kg�1 by intraperitoneal injection). As we demonstrated
for our previous Os(II) panchromatic absorbers in an in vivo
investigation, Os-4T is yet another example that dispels the
myth that Os (regardless of oxidation state) is an inherently
toxic metal that cannot be used in medicine

The unprecedented photoactivities observed for Os-4T will
certainly be explored using more sophisticated models in
future work. In addition, next steps are aimed at delineating
the mechanism of action across the different wavelengths and
oxygen concentrations, which would lay the foundation for
increasing activities in hypoxia and with NIR wavelengths of
light while developing our understanding of the photo-
physical relationship to photocytotoxicity in compounds of
this class.
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34 J.-A. Cuello-Garibo, E. Pérez-Gallent, L. van der Boon,

M. A. Siegler and S. Bonnet, Inorg. Chem., 2017, 56, 4818–
4828.

35 J. K. White, R. H. Schmehl and C. Turro, Inorg. Chim. Acta,
2017, 454, 7–20.

36 S. Bonnet, Dalton Trans., 2018, 47, 10330–10343.
37 M. H. Al-Afyouni, T. N. Rohrabaugh, K. F. Al-Afyouni and

C. Turro, Chem. Sci., 2018, 9, 6711–6720.
38 A. Li, C. Turro and J. J. Kodanko, Chem. Commun., 2018, 54,

1280–1290.
39 D. Havrylyuk, M. Deshpande, S. Parkin and E. C. Glazer,

Chem. Commun., 2018, 54, 12487–12490.
40 D. Havrylyuk, K. Stevens, S. Parkin and E. C. Glazer, Inorg.

Chem., 2020, 59, 1006–1013.
41 J. Roque, D. Havrylyuk, P. C. Barrett, T. Sainuddin,

J. McCain, K. Colón, W. T. Sparks, E. Bradner, S. Monro,
D. Heidary, C. G. Cameron, E. C. Glazer and
S. A. McFarland, Photochem. Photobiol., 2020, 96, 327–339.

42 A. Juris, V. Balzani, F. Barigelletti, S. Campagna, P. Belser
and A. von Zelewsky, Coord. Chem. Rev., 1988, 84, 85–277.

43 K. Kalyanasundaram, Photochemistry of polypyridine and
porphyrin complexes, Acad. Pr., London, 1992.

44 V. Balzani, A. Juris, M. Venturi, S. Campagna and S. Serroni,
Chem. Rev., 1996, 96, 759–834.

45 V. Balzani, A. Credi and M. Venturi, Coord. Chem. Rev.,
1998, 171, 3–16.

46 V. Balzani and A. Juris, Coord. Chem. Rev., 2001, 211, 97–
115.

47 S. Campagna, F. Puntoriero, F. Nastasi, G. Bergamini and
V. Balzani, 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.

48 C. L. Evans, A. O. Abu-Yousif, Y. J. Park, O. J. Klein,
J. P. Celli, I. Rizvi, X. Zheng and T. Hasan, PLoS One,
2011, 6, e23434.

49 W. Feng, C. Gao, W. Liu, H. Ren, C. Wang, K. Ge, S. Li,
G. Zhou, H. Li, S. Wang, G. Jia, Z. Li and J. Zhang, Chem.
Commun., 2016, 52, 9434–9437.
This journal is © The Royal Society of Chemistry 2020

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sc03008b


Edge Article Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

3 
ag

os
to

 2
02

0.
 D

ow
nl

oa
de

d 
on

 1
4/

02
/2

02
6 

19
:4

5:
07

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
50 L. N. Lameijer, D. Ernst, S. L. Hopkins, M. S. Meijer,
S. H. C. Askes, S. E. Le Dévédec and S. Bonnet, Angew.
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H. Kostrhunova, L. Markova, J. Kasparkova, S. Nonell,
J. Ruiz, V. Brabec and V. Marchán, Angew. Chem., Int. Ed.,
2019, 58, 6311–6315.

55 M.-D. Li, N.-K. Wong, J. Xiao, R. Zhu, L. Wu, S.-Y. Dai,
F. Chen, G. Huang, L. Xu, X. Bai, M. R. Geraskina,
A. H. Winter, X. Chen, Y. Liu, W. Fang, D. Yang and
D. L. Phillips, J. Am. Chem. Soc., 2018, 140, 15957–15968.

56 A. Li, R. Yadav, J. K. White, M. K. Herroon, B. P. Callahan,
I. Podgorski, C. Turro, E. E. Scott and J. J. Kodanko,
Chem. Commun., 2017, 53, 3673–3676.

57 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,
Coord. Chem. Rev., 2015, 282–283, 127–138.

58 E. M. Kober, J. V. Caspar, B. P. Sullivan and T. J. Meyer,
Inorg. Chem., 1988, 27, 4587–4598.

59 Photochemistry and photophysics of coordination compounds.
1, ed. G. Accorsi and V. Balzani, Springer, Berlin, 2007.

60 Photodynamic therapy: From Theory to Application, ed. M.
Abdel-Kadel, Springer, New York, 2013.

61 G. E. Shillito, C. B. Larsen, J. R. W. McLay, N. T. Lucas and
K. C. Gordon, Inorg. Chem., 2016, 55, 11170–11184.

62 S. Lazic, P. Kaspler, G. Shi, S. Monro, T. Sainuddin,
S. Forward, K. Kasimova, R. Hennigar, A. Mandel,
S. McFarland and L. Lilge, Photochem. Photobiol., 2017,
93, 1248–1258.

63 E. C. Glazer, Photochem. Photobiol., 2017, 93, 1326–1328.
64 Z. Wang, in Comprehensive Organic Name Reactions and

Reagentsang, 2010, vol. 3.
65 G. Ghosh, K. L. Colón, A. Fuller, T. Sainuddin, E. Bradner,

J. McCain, S. M. A. Monro, H. Yin, M. W. Hetu,
C. G. Cameron and S. A. McFarland, Inorg. Chem., 2018,
57, 7694–7712.

66 L. Pazderski, T. Pawlak, J. Sitkowski, L. Kozerski and
E. Szłyk, Magn. Reson. Chem., 2010, 48, 450–457.

67 W. J. Vining, J. V. Caspar and T. J. Meyer, J. Phys. Chem.,
1985, 89, 1095–1099.

68 M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, G. Scalmani, V. Barone,
B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato,
X. Li, H. P. Hratchian, A. F. Izmaylov, J. Bloino, G. Zheng,
J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota,
R. Fukuda, J. Hasegawa, M. Ishida, T. Nakajima,
This journal is © The Royal Society of Chemistry 2020
Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery
Jr, J. E. Peralta, F. Ogliaro, M. Bearpark, J. J. Heyd,
E. Brothers, K. N. Kudin, V. N. Staroverov, R. Kobayashi,
J. Normand, K. Raghavachari, A. Rendell, J. C. Burant,
S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam,
M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo,
J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev,
A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski,
R. L. Martin, K. Morokuma, V. G. Zakrzewski, G. A. Voth,
P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels,
Ö. Farkas, J. B. Foresman, J. V. Ortiz, J. Cioslowski and
D. J. Fox, Gaussian09, Gaussian, Inc., Wallingford, CT, 2009.

69 M. E. Casida, in Recent developments and applications of
modern density functional theory, ed. J. M. Seminario,
Elsevier, Amsterdam, Netherlands, 1996, pp. 155–192.

70 C. Adamo and V. Barone, J. Chem. Phys., 1999, 110, 6158–
6170.

71 M. Cossi and V. Barone, J. Chem. Phys., 2000, 112, 2427–
2435.

72 J. Tomasi, B. Mennucci and R. Cammi, Chem. Rev., 2005,
105, 2999–3094.
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