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ABSTRACT: Ru(Il) complex photocages are used in a variety of biological
applications, but the thermal stability, photosubstitution quantum yield, and
biological compatibility of the most commonly used Ru(II) systems remain
unoptimized. Here, multiple compounds used in photocaging applications
were analyzed and found to have several unsatisfactory characteristics. To
address these deficiencies, three new scaffolds were designed to improve key
properties through modulation of a combination of electronic, steric, and
physiochemical features. One of these new systems, containing the 2,2'-
biquinoline-4,4’-dicarboxylic acid (2,2’-bicinchoninic acid) ligand, fulfills
several of the requirements for an optimal photocage. Another complex,
containing the 2-benzothiazol-2-yl-quinoline ligand, provides a scaffold for the
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creation of “dual action” agents.

B INTRODUCTION

Photolabile systems are used in a variety of applications,
ranging from materials to biomedical research.””” Photons,
coupled with compounds that can undergo photochemical
transformation, provide the ability to control the location and
timing for a physical effect through bond breakage or
formation. Such systems are often termed “photocages”.
Photocages are distinct from “photoswitches™ as the photo-
chemical transformation is irreversible in a photocage.
However, just like a photoswitch in the “off” position, it is
essential that a photocage is biologically inert when intact.
There must also be no activity from the empty “cage” to
prevent interference with the biological effects from the
released moiety (the caged ligand) under study.

While organic photocages have broad utility, metal centers
were introduced as quasi-orthogonal protecting groups that
could both expand the repertoire of the types of functional
groups that can be “caged” and also shift absorption profiles
into the visible and near-IR region. This allows for improved
medical utility due to deeper penetration of photons, and it
decreases the potential for adverse effects on cell health that is
commonly induced by UV irradiation. Ru(II) complexes have
been particularly effective for photocaging applications, and
multiple groups have explored their use for photodelivery of
drugs’™” and signaling molecules.'’~"”

In contrast to a standard photocage, metal-based systems
can provide additional functions if the released metal is active
itself. This results in “dual action” agents, where both the
released ligand and the metal center each (}Jrovide unique,
preferably complementary biological effects.”””' While many
of the desired features for optimal photocages and “dual
action” agents are shared, the most important distinction is the
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biological activity (or lack thereof) of the caging group
following light irradiation. The released inorganic caging group
is what we term the “scaffold”; it also serves as the synthetic
building block for creating the photocaged complex when
coordinated to biologically active ligands. The photochemistry
and biological activity of the photocaged complex, and thus its
utility, depends upon each of the associated spectator ligands,
the three-dimensional structure of the complex, and the nature
of the metal itself. We hypothesized that rationally varying the
ligand components and structures of the metal complex could
result in scaffolds with superior properties for photocaging
applications. Alternatively, other scaffolds would function
better as “dual action” agents.

In addition to the properties of the metal complex and
associated ligands, the “caged” organic group plays an essential
role. Different “caged” groups have been used by a variety of
researchers, including imidazole, pyridine, diazines, amines,
nitriles, and thioethers. Each of these functionalities can be
incorporated in more sophisticated organic molecules for light-
triggered release. For example, the seminal work in this area
was performed by Etchenique, who developed phototriggered
Ru(Il) complexes that released nitrogen-containing neuro-
transmitters.'°~'® The Bonnet group demonstrated that
thioethers such as N-acetylmethionine can be caged and
released,”” and Kodanko and Turro have shown a variety of
nitriles can be similarly caged, such as peptide-based protease
inhibitors.'”** Vasquez developed a Ru-coordinated histidine
building block for Fmoc/tBu solid-phase peptide synthesis,
allowing for the development of caged peptides,”* and Renfrew
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has used imidazole-containing drugs for photodelivery.*
Each of these and many other studies demonstrated different
utilities of the basic system, but, to the best of our knowledge,
there has not been a direct comparison of the most effective
“caging” scaffolds or “caged” functional groups.

In previous work, we established that steric effects could be
used to increase the quantum yields for photosubstitution
(®ps) of Ru(II) complexes used in biological applications.”>~>"
Steric clash between the coordinated ligands results in
elongation and/or distortion of metal-ligand bonds, and
distortions within the ligand structure. These structural
perturbations lower the energy of a dissociative MC (metal
centered) state, and allows for thermal population following
photoexcitation to the *MLCT (metal to ligand charge
transfer) state. Population of the *MC causes the ejection of
a ligand.””™>" This principle has been applied extensively to
inorganic photocages by incorporating spectator ligands that
induce steric clash.

Recently, we showed that electronic effects of the “caged”
group could also be employed to regulate ®pg in Ru(Il)
complexes,32 providing an alternative strategy for fine-tuning of
photochemistry. This project led us to investigate the interplay
of steric and electronic features that impact the photochemistry
of Ru(II) complexes. However, each structural modification
impacted more than the single desired property, and thus
altered the utility of a system for use as either a photocage or a
“dual action” agent. A more systematic investigation was
needed.

In this study we have focused on the impact of modulating
steric and electronic features on five key properties: (1) the
peak of the lowest energy absorption (Am.); (2) the
photosubstitution quantum yield (@pg); (3) stability under
biological conditions (defined as % of intact compound
remaining at a specific time point); (4) cytotoxicity in the
dark; (S) cytotoxicity in the light. Cytotoxicity is normally
quantified using ECy, or ICs, values, ie. the effective or
inhibitory concentration for 50% of the toxic effect. High
values for items 1—4 are generally desirable for both a
photocage and a “dual action” agent. In contrast, light-induced
cytotoxicity (associated with a low IC, value) is desired only
in the case of a “dual action” agent; it would be detrimental in
the case of a photocage.

The majority of published Ru(II) compounds for photo-
caging applications possess considerable cytotoxicity of the
intact form before irradiation, which limits the utility of these
agents. Also, while there have been notable improvements of
photophysical and photochemical features, reports of the
thermal stability are inconsistent or have not been systematic;
however, poor stability is a common problem for Ru(II) cages.
In this work, we report our advances toward optimal Ru(II)
photocages and “dual action” agents through the creation of
new Ru(II) scaffolds. In pursuit of this goal, we also aimed to
address the following key questions: (1) What is the impact of
the most common “caged” organic functional groups on @pg
and thermal stability? (2) What is the effect of bidentate
spectator ligands that contribute steric bulk on key properties?
(3) What features (electronic, steric, or both) would allow for
the optimization of photocages or “dual action” agents? Finally,
(4) how can biocompatibility be achieved?

B RESULTS

Design and Synthesis. Ru(II) complexes can potentially
release multiple ligands, but for this study we focused on a
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simple system that can only release one ligand. The complexes
were designed as [Ru(tpy)(NN)L], where tpy = 2,2":6",2"-
terpyridine, NN is a variety of bidentate ligands, and L is the
“caged” monodentate ligand that can be released upon
irradiation (Chart 1, top). The two chelating ligands were

Chart 1. Ru(IT) Complexes Investigated in This Study”

112

Bidentate ligand (N-N)
Compound Monodentate ligand (L)

1 Pyridine
2 Pyrazine 72\ 7\
3 Acetonitrile - —
N N
4 N-acetylmethionine
N N
5 Pyrazine <;\ /N
—N N=
B 7N\
6 Pyridine —N N=
7 Pyridine
8 Pyrazine
9 Pyridine
10 Pyrazine
HOOC COOH
11 Pyrazine 7\ 7 N\
= =0
S
- TeSp
12 Pyrazine N = N\

“The scheme at the top depicts the photochemical or thermal ligand
exchange of the monodentate ligand. The bidentate and monodentate
ligands are varied in the complexes as shown. Ligand structures
depicted in green reflect alterations in electronic properties, structures
in blue reflect changes in the steric properties, and ligands shown in
red exhibit a mixture of steric and electronic effects.

used as they are expected to remain bound to the metal. This
ensures only a single photochemical product resulting from the
loss of the monodentate ligand.

The tridentate tpy ligand was included in all complexes, and
both the bidentate and monodentate ligands were then varied
to investigate the effects of ligands that contributed steric bulk,
electronic effects, or both. The monodentate ligands used were
acetonitrile, N-acetylmethionine, pyridine, and pyrazine.*® The
bidentate systems studied were 2,2'-bipyridine (bpy), 2,2’
bipyrazine (bpz), 6,6’-dimethyl-2,2’-bipyridine (dmbpy), 2,9-
dimethyl-1,10-phenanthroline (dmphen), 2,2’-biquinoline
(biq), 2,2'-biquinoline-4,4'-dicarboxylic acid (2,2’-bicincho-
ninic acid, bca), and 2-benzothiazol-2-yl-quinoline (btz-qui).
In total, 12 compounds were synthesized based on seven
scaffolds to perform a detailed structure—property analysis.
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First, we synthesized the most commonly used Ru(Il)
photocages according to published procedures (compounds
1,°* 2> 3, 42 6,>" and 9°*), and evaluated their
performance. The systems were then redesigned to improve
key properties. Compounds S, 7, 8, and 10—12 are novel
compounds and were synthesized for the first time. The
complexes were purified to ensure no contamination of either
free ligands or coordinatively unsaturated Ru(II) centers. All
the complexes are +2 charged except for complex 11, which is
neutral, as the bca ligand contains two carboxylic acids that
were deprotonated under the experimental conditions. The
complexes were characterized by "H NMR spectroscopy, ESI-
MS, X-ray, and UV/vis spectroscopy (see Figures S8—S18 and
$23—S3$ in the Supporting Information).

Structure—Property Analysis of Photocaged Systems.
As shown in Figure 1, the absorption profiles of the different
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Figure 1. Comparison of normalized UV/vis profiles of Ru(II)
complexes in H,O as a function of variation of the monodentate
ligand (A) and bidentate ligand (B). Concentrations of ~10 uM were
used in the measurements.

photocages varied slightly as a function of the monodentate
“caged” ligand (Figure 1A) and more significantly with
different bidentate ligands (Figure 1B). Both mono- and
bidentate ligands had an impact on the A, and extinction
coefficient (¢) values, with extended conjugation of the
bidentate ligands inducing bathochromic shifts, as anticipated.
In order to standardize photochemical evaluation, the @y for
all systems was determined using 470 nm light in H,O. Large
variations were observed, with ®pg ranging from <0.0001 to
0.141. The photophysical and photochemical characteristics
are shown in Table 1.

A high thermal stability is needed for compounds to serve as
useful photocages for most biological or materials applications.
The stability of each complex was assessed over 24 and 72 h
under aqueous conditions at 37 °C. First, the different
photocaging functional groups, nitrile, thioether, pyridine,
and pyrazine, were compared in complexes 1—4. Notably, the
nitrile was the only monodentate ligand that created a
thermally unstable complex (compound 3); compounds 1, 2,
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and 4 exhibited no degradation over 24 h. However, they also
exhibited 10-fold lower ®}¢ than compound 3.

Next, the effect of strain-inducing spectator ligands on
thermal stability was studied in complexes 6—10, and
compared with ®pg. Inclusion of dmbpy (6), dmphen (7),
and biq (9) into [Ru(tpy)(NN)(py)] systems resulted in an
inverse relationship between ®p¢ and stability (Figure 3A).
The compounds with the higher quantum yields (6 and 7,
>0.05) degraded by 52—76% over 24 h (Table 1, Figure 2A).
In contrast, there was a better retention of stability with an
increase in @pg when electronic features were altered by
changing the monodentate ligand from pyridine to pyrazine.
However, the extent of this effect was found to be dependent
on the identity of the strain-inducing ligand. For example,
systems 7 vs 8 that contain the dmphen ligand exhibited a 7%
increase in quantum yield upon substituting pyrazine for
pyridine, but this was associated with a 40% reduction in the
stability of the complex. The biq coligand was superior, as a
13% increase in quantum yield was associated with only a 20%
reduction in stability with replacement of pyridine with
pyrazine (complex 9, 10). However, none of the strain-
inducing ligands produced thermally stable complexes on a 72
h time scale (Figure S22). This raised an obvious challenge:
how to create a photocage with a sufficient ®pg for utility
without a concomitant loss in thermal stability.

Strategies To Optimize the Photocaging Scaffold.
The suboptimal qualities of the commonly used cages
motivated the investigation of alternative approaches to change
the Ru(II) scaffold in order to increase ®pg while maintaining
stability. It is known that tris homoleptic Ru(Il) complexes
that contain the bipyrazine ligand are photolabile;%’37 this is in
contrast to the bipyridine ligand, which generally produces
photostable complexes. Accordingly, the bipyrazine ligand was
incorporated into a scaffold to form complex S. Due to the mer
arrangement of the tpy ligand, one of the bipyrazine rings is
trans to the leaving ligand, so it was anticipated that the more
electron deficient heterocycle would exert an effect through a
shared orbital. However, while the switch from bpy to bpz
resulted in a complex that was thermally stable, there was a loss
in photochemical reactivity (®pg = 0.0007 vs 0.0013 for the
analogous complex 2 with bpy). This demonstrated that
electronic modulations that work for the monodentate
ligand®>*® do not translate in this case for the bidentate
ligand. Thus, the focus shifted to ligands that induce moderate
steric clash compared to dmbpy and dmphen.

Following our demonstration of the use of 2,2-biquinoline
to make Ru(II) complexes that can be activated with red and
near-IR light for biological applications,” this ligand has been
successfully applied in the creation of several photoc-
ages.”>***°~* However, complexes containing the biq ligand
have notably higher cytotoxicity than complexes with bpy or
phen ligands. This limits the utility of big-containing systems
as photocages in live cells. With the aim of reducing toxic
effects while preserving the photoreactivity and low energy
absorption, two strategies were investigated: adding negatively
charged groups to biq to modulate physiochemical properties,
and altering the core ligand structure.

To test the first approach, the 2,2'-biquinoline-4,4'-
dicarboxylic acid (bca) ligand was incorporated, which resulted
in the neutral Ru(II) complex 11. It was anticipated that the
carboxylates would alter interactions with biomolecules
responsible for the cytotoxicity in the absence of irradiation.
In a second approach, the ligand structure of biq was modified
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Table 1. Photophysical and Biological Properties

AaMLCT (nm) (e (M™" em™))“ @ps(H,0)
1 468 (8,100)** n.d.

compound

2 430 (10,000)** 0.0013(2)
3 454 (10,900)* 0.0125(3)
4 452 (5,400)** 0.0027(2)
5 465 (6,100) 0.0007(2)
6 471 (8,000)** 0.104(1)
7 470 (12,000) 0.058(2)
8 440 (10,000) 0.132(1)
9 530 (9,000)** 0.014(2)
10 510 (9,900) 0.141(2)
11 520 (6,600) 0.121(2)
12 505 (8,300) 0.0368(4)

ICq, (uM)*
stability” dark light p1¢
100 >100 >100 -
100 >100 >100 -
84 >100 >100 -
100 >100 >100 -
100 30 + 2.8 242 + 2.1 >1.2
34 >100 42.6 + 2.5 >2.3
48 >100 66 + 9.6 >1.5
8 >100 589 + 6.3 >1.7
82 30.8 + 1.9 11 £02 2.8
63 34.6 +£ 0.3 17.7 £ 0.1 1.9
69 >100 >100 -
84 ~100 27.6 + 3.4 >3.6

“Indicates previously reported values. “Determined as % remaining at 24 h (37 °C) in H,O, calculated by optical and HPLC approaches.
“Cytotoxicity of compounds evaluated in the HL-60 cell line (averages of three measurements). This cell line was chosen as it is sensitive to a
variety of toxic agents, allowing for detection of biological effects that might not be observed in a more resistant cell line. The ICs, value of cisplatin
is 3.1 = 0.3 uM in this cell line. “The phototoxicity index (PI) is the ratio of the dark and light ICy, values.
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Figure 2. Key properties for photocages. (A) Correlation between
@y and stability (at 24 h). Green labels indicate compounds with
high stability but low ®pg; red labels indicate compounds with 4., >
500 nm; blue labels are used for compounds with strain-inducing
ligands or a labile nitrile. (B) Correlation between ®pg and
cytotoxicity ICso (dark, black; light, red; the PI is shown for
emphasis).

by replacement of one of the coordinating ring systems. This
bidentate ligand, 2-benzothiazol-2-yl-quinoline (btz-qui), was
used in complex 12. Complex 11 exhibited a slight increase in
thermal stability (69 vs 63%) and a slight decrease in ®pg
compared to complex 10 (0.121 vs 0.141; Table 1). Complex
12 exhibited greater stability (84% remaining at 24 h) but a 3-
fold lower ®pg than the corresponding biq complex 10.
Effect of Structure on @5 and Stability. The structure
of complex 12 was determined by X-ray crystallography in
order to rationalize the modifications in stability and ®pg. As
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expected, the inclusion of the btz-qui ligand in complex 12
resulted in a distorted octahedral geometry. In contrast to
Ru(Il) complexes containing the analogous asymmetric
pyridine—benzazole ligand,** where the two rings of the
bidentate ligand are essentially coplanar, the benzothiazole-
quinoline system of 12 exhibits a bowed shape (Figures 3A and
S1). In addition, the btz-qui ligand is tilted from the N4—Ru—
NS plane, with a NS—Ru—N4—C22 torsion angle of 17.91°
and a N4—Ru—N5—C23 torsion angle of 18.35° (Figure S1;
selected bond lengths and angles are listed in Table S2). As the
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Figure 3. Effect of structure on @ and stability. (A) Ellipsoid map of
12 with hydrogens omitted for clarity. (B) Correlation of ®pg with
selected bond angle demonstrates that there is an inverse relationship
as the bond angle approaches 90°. (C) Stability increases as the
selected bond angle approaches 90°.
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bridging carbons are below the plane of the coordinating
nitrogen, this results in slightly misdirected metal—ligand
bonds.*’

The Ru—N bond distances involving the tpy ligands are
essentially unaltered with the btz-qui ligand in comparison to
the biq ligand. However, the asymmetric btz-qui ligand
resulted in a larger disparity of Ru—N4 and Ru—NS$S bond
distances (2.075 and 2.134 A) compared to the corresponding
complex 9 containing the symmetric biq coligand (Table S2,
2.101 and 2.115 A).”* The benzothiazole ring of the btz-qui
ligand is coordinated trans to the labile pyrazine, and the Ru—
N6 bond distance for the monodentate pyrazine ligand is also
slightly shorter than distances to the pyridine in 1, 6, and 9
(from 0.012—0.026 A). However, no correlation was observed
between the bond length and @y or stability of the complexes.

The bond angles between pyrazine ligand and tpy (N2—
Ru—N6, 87.28°) or quinoline (N5—Ru—N6, 97.48°) are
nonequivalent, indicating that pyrazine is significantly tilted
toward the tpy ligand. Although the N2—Ru—NS5 bond angles
for the trans ligands are essentially identical in 9 and 12
(175.61° and 175.24°, respectively), the adjacent NS—Ru—N6
bond angle for 12 exhibits a larger distortion from the ideal 90°
(at 97.5°). Importantly, the tilts of the monodentate ligands
toward the N2 atom of the tpy ligand were found to correlate
with both the stability of complexes and ®pg in water for 1, 6,
9, and 12, as shown in Figure 3, parts B and C. This tilt results
in a misdirected metal—ligand bond, which affects partitioning
into the dissociative SMC (metal-centered state). Thus, the
angle of the bond between the ligand and metal center appears
more important than the bond lengths for photochemical and
thermal features.

Cytotoxicity Analysis. A structure—activity analysis
assessing cytotoxicity was performed aiming to identify the
scaffolds with suitable biocompatibility. Cell death was
determined after 72 h incubation with the complexes in the
dark, or following a 1 h incubation and subsequent light
exposure (22 J/cm?*) before the 72 h incubation. Notably, in
the dark, all photocages containing bpy, dmbpy, and dmphen
ligands (1—4, 6—8) were not cytotoxic at concentrations up to
100 uM. Surprisingly, the inclusion of the 2,2'-bipyrazine
ligand resulted an ICs, value of ca. 30 yM for 5. Complexes 9
and 10, which contain biq ligands, also were relatively toxic,
and exhibited ICs, values of ca. 30 uM. Thus, it was concluded
that photocages containing biq and bpz ligands should be
avoided due to their intrinsic cytotoxicity. Gratifyingly,
complexes 11 and 12, with the btz-qui and bca ligands,
exhibited ICg, values of 100 yM or higher in the dark.

Exposure to light increased the cytotoxicity of several
complexes. To determine if toxicity was due to singlet oxygen
('0,) production, Singlet Oxygen Sensor Green, a fluorescent
reporter, was used to determine the ability of the compounds
3—5 and 9—12 to create this toxic species. Tris(bipyridine)-
ruthenium(1I) ([Ru(bpy);]**) was used as a positive control,
with a quantum yield for 'O, production (Agy) of 0.22. In
contrast to [Ru(bpy);]**, none of the compounds exhibited
'0, production (Figure S7). An alternative explanation would
be that the released ligands are toxic. There has been some
controversy over tris-bidentate complexes that eject strained,
bidentate ligands, where it is questioned if the ligand-deficient
metal or the liberated ligand is the cytotoxic species.**™°
However, the complexes that were most effective for cell killing
ejected the monodentate pyridine and pyrazine, both of which
are inactive.”’ This supports the interpretation that the specific
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structure of the ligand-deficient Ru(IlI) complex is the
component responsible for the observed activity, and this
facilitates the construction of “dual action” agents.

In contrast to photocages, low ICg, values would be desired
for scaffolds used to create dual action agents. While complex 9
was the most potent (ICy = 11 M), this complex has a small
phototoxicity index (PI, Table 1, Figure 3B) due to the
cytotoxicity of the complex in the dark. Complex 10 suffers
from the same issue, but has a 10-fold higher @y than 9. While
the ICy, for complex 12 is more modest (27.6 uM), the lower
toxicity in the dark (56% viable cells at 72 h post addition of
100 1M 12) makes this the most promising scaffold. However,
the specific mechanism by which the compound exerts a toxic
effect remains to be established. Depending on the biological
target of this complex, there may be the potential for synergy
with a carefully chosen organic ligand.

B DISCUSSION

Ru(II) complexes have been used extensively for photocaging
approaches. This includes applications in biology, as addressed
in this report, but also in materials, for example for
development of molecular machines,”” surface modification,”
or regulation of hydrogel properties.”* However, to our
knowledge there has not been a comparison of the properties
of the most commonly used Ru(II) photocaging scaffolds or
photoreleasable functional groups. As a result, scientists are
utilizing systems that may not be optimal for the chosen
application. Moreover, there are significant limitations to some
of the most commonly applied Ru(II) photocage scaffolds.
The most prominent drawbacks are lack of thermal stability
and significant cytotoxicity.

Here, we considered five key properties: (1) absorption A, ;
(2) ®pg; (3) stability under biological conditions; (4)
cytotoxicity in the dark; and (S) cytotoxicity in the light.
These parameters are depicted in the radar charts shown in
Figure 4. In our view, an optimal “pure photocage” would
exhibit long wavelength absorption, moderate @y (to provide
for facile activation by light but still allow for handling under
experimental conditions), high thermal stability, and low
cytotoxicity both before and after light activation. In contrast,
an ideal “dual action” agent would have the same features,
except for the fact that the scaffold would be cytotoxic
following activation with light. It is the balance of these five
features, rather than any one feature, that defines a good
photocage or dual action scaffold.

Accordingly, the impact of both the photocaged functional
group and the bidentate spectator ligand on each of these
properties was assessed. The caged functional group was found
to have a minor impact on A, (Figure 1A), but caused
significant variation in ®pg and stability (Figure 2A).
Unfortunately, while nitriles have the higher ®pg, this comes
at the cost of some stability (16% degraded over 24 h). Either
pyrazine or thioether functional groups were found to be
preferable when thermal stability is an important feature, as
these functional groups exhibited 100% stability over the same
time period. Notably, none of the photocaged groups caused
cytotoxicity in the dark or in the light. As the identity of the
photocaging functional group (nitrile, thioether, pyridine, or
pyrazine) can be changed if this is not essential for the activity
of the liberated ligand, this information allows for the rational
choice of the metal-binding component for improved
photocages.

DOI: 10.1021/acs.inorgchem.9b02065
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Figure 4. Radar charts for comparison of the key features for
photocages (A) and dual action agents (B). (A) The “ideal pure
photocage” (dashed green) compared with a hypothetical negative
control (solid red), compound 9 (dashed orange), and 11 (solid
blue). The axes scale from center to perimeter as follows: Absorbance,
420—630 nm; Ppg, 0—15%; stability (%) and ICs, for cytotoxicity
(uM), 0—100. The desired parameters for an “ideal pure photocage”
are indicated in parentheses. (B) The “ideal dual action agent”
(dotted green) compared with the hypothetical negative control
(solid red), compound 9 (dashed orange), and 12 (solid aqua). Note:
the axes scales and desired parameters are the same as for part A
except for the ICq, (light), which scales from 1—100 uM from the
center to perimeter. For a dual action agent, a low value is preferred.

The bidentate ligand had a larger impact on A,,,,,; shifts of up
to 100 nm were achieved by changing the chelating ligand
(Figure 1B). There was also a 200-fold range in values for @y,
but enhanced photolability was associated with decreased
thermal stability. The effect was structure dependent; notably
poor thermal stabilities were found with complexes containing
the dmbpy and dmphen ligands compared to biq or bca
complexes with comparable @y values (compounds 7, 8, 10,
and 11; Figure 2A). Photocages containing big, bca, and btz-
qui ligands all exhibited longer wavelength A, values, and
good @p. The thermal stabilities were in the range of 63—84%
at 24 h, making them potentially useful for shorter biological
experiments. However, these findings demonstrate that
complexes containing the biq ligand should be avoided in
many experiments due to their intrinsic cytotoxicity, which
does not require light activation. In contrast, compounds 7 and
8 exhibited low dark toxicities, but given their poor stability,
these do not appear to be highly biocompatible scaffolds.

The redesign of the Ru(Il) scaffold by incorporating
carboxylic acids or changing one-half of the biq ligand resulted
in complexes 11 and 12. Both complexes exhibited low toxicity
in the dark. In contrast to commonly used Ru(II) photocages,
it appears that the scaffolds including the bca and btz-qui
ligands are more biocompatible, and thus, suitable for
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photobiological applications. Of course, the effect of each
complex is anticipated to depend on several variables,
including the specific cell line used, the compound exposure
time, light dose, and time period of the experiments.”
However, these results suggest that inclusion of negatively
charged groups or other ligand modifications can be used to
abrogate the cytotoxicity of Ru(II) complexes. This will be
addressed in another report.

Notably, in complexes containing bidentate ligands other
than bpy, photoejection was associated with an increase in
cytotoxicity. However, PI values were generally modest. Of all
the scaffolds that were nontoxic in the dark, the [Ru(tpy)(btz-
qui)] scaffold in 12 provided the most significant increase in
cytotoxicity (Figure 2B). These results encourage the use of
this system in the development of “dual action” agents.

In contrast, the [Ru(tpy)(bca)] scaffold in 11 is preferred
for pure photocaging applications. This system is nontoxic
both in the dark and following activation by light. This lack of
toxicity is desirable in cases where the activity of the liberated
ligand is the focus, and effects of other active species in the
biological environment will only confuse the results. Moreover,
the complex has a high ®pg in water, and sufficient stability to
allow for experiments that require hours of exposure time. We
propose that the use of this scaffold will improve the
performance of Ru(II) based photocages.

B CONCLUSION

This work demonstrates the steric, electronic, and physi-
ochemical features that can be used to tune photochemistry of
Ru(II) complexes. While the results are most directly relevant
for work that utilizes these coordination complexes for
biological applications, the findings are also applicable for
any systems that rely on Ru(II) photochemical trans-
formations. Scientists can use the data described here to
choose the optimal scaffold for their specific application needs
based on the various characteristics of 4, ®Pps, stability, and
biological compatibility both before and after light-mediated
release of coordinated ligands.
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