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ABSTRACT: Combining the best attributes of organic
photosensitizers with those of coordination complexes is an
elegant way to achieve prolonged excited state lifetimes in
Ru(Il) dyads. Not only do their reduced radiative and
nonradiative rates provide ample time for photosensitization
of reactive oxygen species at low oxygen tension but they also
harness the unique properties of ’IL states that can act as
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discrete units or in concert with *®MLCT states. The imidazo[4,5-f ][ 1,10]phenanthroline framework provides a convenient tether
for linking 7-expansive ligands such as pyrene to a Ru(Il) scaffold, and the stabilizing coligands can fine-tune the chemical and
biological properties of these bichromophoric systems. The resulting dyads described in this study exhibited nanomolar light
cytotoxicities against cancer cells with photocytotoxicity indices exceeding 400 for some coligands employed. This potency
extended to bacteria, where concentrations as low as 10 nM destroyed 75% of a bacterial population. Notably, these dyads
remained extremely active against biofilm with light photocytotoxicities against these more resistant bacterial populations in the
10—100 nM regime. The results from this study demonstrate the versatility of these highly potent photosensitizers in destroying
both cancer and bacterial cells and expand the scope of compounds that utilize low-lying *IL states for photobiological

applications.

1. INTRODUCTION

Photosensitizers (PSs) as therapeutic agents and diagnostic
tools afford the unique opportunity to use light as an external
trigger to generate both temporal and spatial selectivity in
applications from the photodynamic therapy (PDT) of cancer
and age-related macular degeneration to photodynamic
inactivation (PDI) of microorganisms. Minimization of
collateral damage to healthy tissue and off-site toxicity is but
one key advantage that PDT holds over traditional approaches
to systemic cancer chemotherapy in particular. The localized
and immediate burst of relatively nonspecific, primitive
cytotoxic agents mediated by the PSs leads to rapid cellular
destruction and less chance for the development of intrinsic or
acquired resistance,’ and this is particularly important when
considering prolonged treatment or the widespread use of
targeted antibiotics.

Despite the promotion of PDT and PDI as powerful tools for
medicine, these strategies have not reached their full potential
owing to the poor chemical characteristics of clinically
approved PSs. These organic, porphyrin-based systems employ
triplet excited states to photogenerate cytotoxic singlet oxygen
('O,) and other reactive oxygen species (ROS) upon light
activation. This requirement for oxygen along with a tendency
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to photobleach, poor aqueous solubility, and prolonged
retention in tissues has spurred an interest in photoactive
metal complexes as alternatives.” In contrast to the organic PSs,
metal complexes possess a variety of excited state config-
urations that can be accessed through rational changes to their
inherently modular scaffolds: metal-to-ligand charge transfer
(MLCT), metal-centered (MC), ligand-centered (LC) or
intraligand (IL), intraligand charge transfer (ILCT), metal-to-
metal charge transfer (MMCT), and combinations thereof.
Such states can sensitize 'O, (Type II), participate in oxygen-
dependent and oxygen-independent Type I electron transfer
processes, form covalent adducts, and release biologically active
molecules. Judicious integration of functional PDT ligands and
coligands is capable of producing a breadth of photophysics and
photochemistry with wavelengths of light, from ultraviolet
(UV) to near-infrared (NIR).
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Low-lying *IL excited states with slow decay kinetics are of
immense interest because they can prolong the lifetimes of
Ru(Il) coordination complexes through equilibration with
MLCT states or by acting as distinct states.* Wrighton and co-
workers demonstrated in the 1970s that organic chromophores
could be tethered to metal complexes to extend their excited
state lifetimes," ® and Ford and Rogers later applied this
concept to Ru(1l) complexes in order to lengthen their typical
1 us lifetimes 10-fold.” Lifetimes in excess of 150 us*'®'" have
been reported for pure °IL states, and recently we achieved
lifetimes as long as 240 ps with S-(pyren-1-ylethynyl)-1,10-
phenanthroline (5-EPP, Chart 1)."> We found that these

Chart 1. Molecular Structures of Common Ancillary Ligands
and Functional Ligands of Interest
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lifetimes could be tuned from 22 to 270 ps in fluid solution by
changing the attachment point between the pyrenyethnyl group
and the coordinating [1,10]-phenanthroline (phen) ligand in
complexes of the type [Ru(LL),(EPP)]** or the number of
EPP ligands. Interestingly, all of these structural isomers
produced a very potent PDT effect in cancer cells, including a
metastatic melanoma model.

We have since shown that this potency in photodynamic
applications is a general phenomenon associated with
complexes derived from ligands that impart low-lying *IL
states and suitably long excited state lifetimes, notably
benzo[i]dipyrido[3,2-a:2,3'-c]phenazine (dppn)'® and 2-
(2,2":5",2" -terthiophene)-imidazo[4,5-f][1,10] phenanthro-
line (IP-TT).'"* Moreover, these nominally blue/green-
absorbing PSs can be activated in the PDT window despite
no discernible absorption of light at these wavelengths, which
underscores the efficiency of such highly photosensitizing
excited states.'> This activity appears to hold for both
contiguously fused 7-systems and true tethered dyads, whereby
the m-expansive organic chromophore is attached to a
coordinating ligand such as 2,2"-bipyridine (bpy) or phen via
a coannular bond or linker. Herein we outline the photo-

physical properties and photodynamic potency of another type
of metal—organic dyad with a low-lying °IL state.

Transition metal complexes of 1H-imidazo[4,5-f][1,10]-
phenanthroline (ip) have been well-studied as DNA probes,'
with a desire to identify frameworks that exhibit site-specific or
pH-defined interactions with certain nucleobase sequences. The
2-position of the imidazole fragment of the ip ligand serves as a
convenient handle for introducing DNA-interacting substitu-
ents, and numerous systems derived from 2-aryl substitution
have been described.'*”>' When the aryl group is a 7-expansive
unit such as pyrene, low-lying ’IL states can substantially alter
the excited state dynamics that are otherwise governed
primarily by the interaction between the lowest energy
MLCT state and a higher lying *MC state in Ru(II)
polypyridyl constructs.”>*> A series of four Ru(II) dyads that
incorporate 2-(1-pyrenyl)-1H-imidazo[4,5-f][1,10]-
phenanthroline (ippy) as the functional PDT ligand were
prepared in order to expand the repertoire of Ru(II) complexes
that exhibit unusual potency due to low-lying *IL excited states
(Chart 2). To our knowledge their in vitro PDT and PDI have
not been explored.

2. EXPERIMENTAL SECTION

2.1. Materials. 2,2'-Bipyridine (bpy), 4,4'-dimethyl-2,2’-
bipyridine (dmb), 4,4’-di-t-butyl-2,2"-bipyridine (dtbb), 1,10-
phenanthroline (phen), 1,10-phenanthroline-5,6-dione, pyrene-
1-carbaldehyde, and RuCl;-xH,O were purchased from Sigma-
Alrich and used without further purification. [Ru(bpy),ClL,]-
2H,0 and precursor complexes of other coligands [Ru-
(LL),Cl,] were prepared by established procedures.”* The
purified complexes were isolated as PF4™ salts and subsequently
subjected to anion metathesis on Amberlite IRA-410 with
methanol to yield the more water-soluble Cl~ salts for
biological experiments.

Characterized fetal bovine serum (FBS) and Iscove’s
Modified Dulbecco’s Medium (IMDM) supplemented with 4
mM L-glutamine were purchased from Fisher Scientific, and
human promyelocytic leukemia cells (HL-60) were procured
from the American Type Culture Collection. Prior to use, FBS
was divided into 40 mL aliquots that were heat inactivated (30
min, 55 °C) and subsequently stored at —20 °C. Streptococcus
mutans (ATCC 25175) was purchased from the American
Type Culture Collection. Plasmid pUC19 DNA was purchased
from New England BioLabs and transformed using NovaBlue
Singles Competent Cells purchased from Novagen. Trans-
formed pUC19 was purified using the QIAprep Spin Miniprep
Kit purchased from Qiagen (yield ~ 62 yg of plasmid DNA per
20 mL culture). Water for biological experiments was deionized
to a resistivity of 18 MQ-cm using a Barnstead filtration system.
Calf-thymus DNA (activated type XV) was purchased from
Sigma and reconstituted with 5 mM Tris buffer supplemented
with S0 mM NaCl (pH 7.4) overnight at room temperature
following sonication. The concentration of the resulting DNA
solution was calculated from its absorbance at 260 nm usinsg
€360 = 6600 M~! cm™! per nucleobase of calf thymus DNA.>

2.2. Synthesis and Characterization. The ippy ligand
and final Ru(II) complexes 1—4 were synthesized according to
modified literature protocols using microwave irradiation at 180
°C for 10 min and characterized by thin layer chromatography
(TLC) and 'H nuclear magnetic resonance (NMR). The
previously unreported complexes 3 and 4 were further
characterized b;r mass spectrometry. The preparation of the
ippy ligand®**” and compounds 1*° and 2*” have been
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Chart 2. Molecular Structures of Ruthenium(II) Complexes 1—4
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reported. '"H NMR spectra were collected on PF4 salts in
CD;CN, and electrospray ionization ESI (+ve) mass spectra
were run on PF;~ or Cl” salts in acetonitrile or methanol,
respectively.

To our knowledge complexes 3 and 4 have not been
reported. These compounds were prepared by combining
Ru(4,4’-dmb),Cl, or Ru(dtbb),Cl, (0.10 mmol) and ippy
(0.10 mmol) in a microwave pressure vessel containing argon-
purged ethylene glycol (3.0 mL). The mixture was subjected to
microwave irradiation at 180 °C for 10 min. The resulting dark
red solution was diluted with water and then washed with
dichloromethane to remove residual ligand. Saturated KPF was
added dropwise (1—2 mL) to the remaining aqueous phase
until no more precipitate formed. The product was then
extracted into dichloromethane and evaporated under reduced
pressure to give a red solid. The crude material was purified on
silica, eluting with 7.5% H,O in MeCN with 0.5% saturated
aqueous KNO; to give pure product as a mixture of PFs~ and
NO;~ salts, which was subsequently dissolved in H,O with
sonication. The desired PFs~ salt was precipitated with
saturated KPFy, extracted into dichloromethane, and concen-
trated under reduced pressure to give the product as a pure salt,
which was converted to the water-soluble chloride salt on
Amberlite IRA-410 anion exchange resin.

[Ru(bpy),(ippy)1(PFq), (1). 85%. R¢ ~ 0.51 in 7.5% H,0—
MeCN, 2.5% saturated KNOs(,q).'H NMR (300 MHz,
CD;CN): 6§ 9.55 (d, ] = 9.4 Hz, 1H; d), 9.13 (d, ] = 8.3 Hz,
2H; c), 8.66 (d, ] = 8.2 Hz, 1H, e), 8.60—8.49 (m, 6H; 3,3',2),
8.39 (m, J = 8.4 Hz, 4H; 6,6'), 8.29 (d, 1H; (i), 8.18-8.02 (m,
6H; 4,b,h), 7.92—7.83 (m, 4H; 4’ kg), 7.66 (d, ] = 5.6 Hz, 2H;
Lf), 749 (t, ] = 6.6 Hz, 2H; S), 7.27 (t, ] = 6.6 Hz, 2H; §').

[Ru(phen),(ippy) ] (PFy), (2). 52%. R; = 0.63 in 7.5% H,0—
MeCN, 2.5% saturated KNOs,o. 'H NMR (300 MHg,
CD,CN): 6 942 (d, ] = 104 Hz, 1H; c), 9.19 (d, ] = 16.0
Hz, 2H; a), 8.80 (d, ] = 8.3 Hz, 4H; 2,9), 8.69 (s, 1H; c), 8.58
(d, ] = 8.2 Hz, 1H; e), 8.45-8.38 (m, 7H; 5,6)h,d,i), 8.35 (s,
2H; 4), 8.18 (d, ] = 52 Hz, 2H; 7,j), 8.14—8.09 (m, 2H; g),
8.04 (d, J = 4.6 Hz, 2H; k), 7.88—7.76 (m, 6H; 3,8,b).

[Ru(dmb),(ippy)](PFe), (3). 42%. R; ~ 0.68 in 7.5% H,0—
MeCN, 2.5% saturated KNOj(,q). 'H NMR (300 MHz,
CD,CN): 6 9.87 (d, J = 9.3 Hz, 2H ; ), 9.14 (d, J = 8.1 Hz,
2H; a), 8.46—8.31 (m, 8H; ; 3,3,6,6'), 824 (d, ] = 5.4 Hz, 1H;
d), 8.16 (m, ] = 7.4 Hz, 2H; gk), 8.04 (d, ] = 5.3 Hz, 2H; e,i),
7.81 (dd, J = 8.3, 5.2 Hz, 2H; b), 7.71 (d, J = 5.7 Hz, 2H; j,h),
7.48 (d, ] = 5.8 Hz, 2H; 1£), 7.31 (d, ] = 5.8 Hz, 2H; 5), 7.09 (d,
J = 5.8 Hz, 2H; §'), 2.60 (s, 6H; 4-CHj,), 2.50 (s, 6H; 4'-CHj).
MS (ESI+) m/z: 10353 [M — PE]%, 445.1 [M — 2PF/]*.
HRMS (ESI+) m/z for Cg3HyoNgRu: caled 445.1204, found
445.1199.

[Ru(dtbb),(ippy)](PFs), (4). 55%. R¢ ~ 0.66 in 7.5% H,0—
MeCN, 2.5% saturated KNO;(y. 'H NMR (300 MHz,
CD;CN): 6 9.57 (d, ] = 9.4 Hz, 1H; d), 9.09 (d, ] = 8.3 Hz,
2H; c), 8.66 (d, J = 8.1 Hz, 1H; e), 8.50 (m, J = 13.3 Hz, 6H;
3,3'), 8.42-8.30 (m, 4H; 6,6'), 828 (d, ] = 4.8 Hz, 2H; a), 8.17
(d, ] = 7.6 Hz, 1H; (i), 8.02 (d, ] = 5.2 Hz, 2H; gk), 7.83 (dd, ]
= 8.3, 5.3 Hz, 2H; b), 7.72 (d, ] = 6.1 Hz, 2H; j,h), 7.55-7.44
(m, 4H; 51f), 723 (d, J = 6.7 Hz, 2H; §'), 1.46 (s, 18H,
4-butyl), 1.36 (s, 18H; 4'-'butyl). MS (ESI+) m/z: 1203.5 [M
— PE]", 5292 [M — 2PF/J*. HRMS (ESI+) m/z for
CssHesNgRu: caled 529.2143, found 529.2140.

Basic photophysical characterization was performed on dilute
solutions (S yM) in spectroscopic-grade MeCN. Oxygen was
removed from room temperature samples by sparging a 4 mL
solution of PS in a long-neck quartz cuvette (Luzchem SC-10L)
with argon at a pressure of 50 + 10 mmHg for 30 min.
Quantum yields of emission (®,,) were estimated at room
temperature according to eq 1 (s refers to sample; r refers to
reference) using [Ru(bpy);](PF¢), as a reference (@, =
0.062*% in deoxygenated MeCN, 0.012%® in aerated acetonitrile,
and 0.38”% at 77 K in frozen 4:1 v/v ethanol—methanol).
Absorption spectra were recorded with a Jasco V-530
spectrophotometer. Steady-state luminescence spectra were
measured on a PTI Quantamaster setup equipped with a
K170B PMT for measuring ultraviolet and visible emission and
a Hamamatsu R5509-42 NIR PMT for measuring near-infrared
(NIR) emission (<1400 nm). Short phosphorescence lifetimes
(~1 ps) were measured on a PTI LaserStrobe Spectrofluor-
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ometer with an R928 stroboscopic detector, pumped by a GL-
3300 nitrogen/GL-301 dye laser (2—3 nm fwhm). Long
phosphorescence lifetimes (>1 ps) and time-resolved emission
spectra were recorded on a PTI Quantamaster setup equipped
with a gated detector with a xenon flash lamp as the excitation
source. Excited-state lifetimes were extracted from the observed
data using PTI Felix32 fitting software. Emission and excitation
spectra were corrected for the wavelength-dependence of lamp
output and detector response. Singlet oxygen quantum yields
(®,) were estimated using eq 1 relative to [Ru(bpy);](PFy),
(®, = 0.57 in aerated acetonitrile).**°

)
Q=0 ——|| =
A NI N\ m, (1)

2.3. DNA Binding by UV-Vis. Optical titrations of PSs
with DNA were carried out on a Jasco V-530 absorption
spectrophotometer equipped with an ETC-505S/ETC-505T
thermoelectric Peltier temperature controller. These titrations
were performed in a 1.0 cm X 1.0 cm X 4.5 cm quartz cuvette
(3.5 mL) purchased from Hellma Cells fitted with a Teflon-
coated magnetic stir bar. The stirring feature on the Peltier
controller was used to stir the sample solution throughout the
absorption measurement, thereby ensuring that the added CT
DNA was mixed into the sample thoroughly.

Optical titrations were carried out on 2 mL solutions of the
dyads with increasing amounts of calf thymus DNA (diluted
from S mM DNA bases stock) to give [DNA bases]/[Ru]
between 0.1 and 15. DNA was added in 0.76—10 uL
increments to solutions of compound (20 4M) in S mM Tris
with 50 mM NaCl at pH 7.4. The dilution of metal complex
concentration at the end of each titration, although negligible,
was accounted for in the binding constant analyses. The DNA
binding constant (K,) was obtained from fits of the titration
data to eq 2,*"** where b = 1 + K,C, + K,[DNA],/2s, C, and
[DNA], represent the total dyad and DNA concentrations,
respectively, s is the binding site size,® and &, & and g
represent the molar extinction coeflicients of the apparent, free,
and bound metal complexes, respectively. & was calculated at
absorption maxima >300 nm for 1—4 before the addition of
DNA, and &, was determined at these wavelengths after each
addition of DNA. The value of &, was determined from the
plateau of the DNA titration, where the addition of DNA did
not result in any further decrease in the absorption signal.
Detailed fits of the titration data were obtained using
Kaleidagraph (Synergy Software, Version 4.3).

& — & _ b— (b’ — 2K,’C,[DNA], /s)*

& — & 2K, C, )

2.4. DNA Photocleavage Assays. DNA photocleavage
experiments were performed according to a general plasmid
DNA gel mobility shift assay** ¢ with 20 uL total sample
volumes in 0.5 mL microfuge tubes. Transformed pUC19
plasmid (129 ng in 1.6 uL, >95% Form I) was added to 10 uL
of 10 mM Tris-HCI buffer supplemented with 100 mM NaCl
(pH 7.5). Serial dilutions of the Ru(Il) compounds were
prepared in ddH,O and added in § L aliquots to the
appropriate tubes to yield final PS concentrations in the range
of 1-10 uM, and deionized H,0O was added to bring the final
assay volumes to 20 L. Sample tubes were kept at 37 °C in the
dark or irradiated. PDT treatments employed visible light (7.8
mW cm™? 14 J cm™?) delivered for 30 min inside a

photoreactor (Luzchem LZC-4X photoreactor equipped with
14 LES-Vis-01 bulbs). After PDT treatment, all samples (dark
and light) were quenched by the addition of 4 uL gel loading
buffer (0.025% bromophenol blue and 40% glycerol), loaded
onto 1% agarose gels cast with 1X TAE (40 mM Tris-acetate
and 1 mM EDTA, pH 8.2) containing ethidium bromide (0.75
ug mL™") and electrophoresed for 30 min at 80 V cm ™" in 1X
TAE. The bands were visualized with UV-transillumination
(UVP transilluminator) and processed using the Gel Doc-It
Imaging system (UVP) and the GNU Image Maniupulation
Program (GIMP).

2.5. HL-60 Cell Culture. HL-60 human promyelocytic
leukemia cells (ATCC CCL-240) were cultured at 37 °C under
5% CO, in RPMI 1640 (Mediatech Media MT-10—040-CV)
supplemented with 20% FBS (PAA Laboratories, A15-701) and
were passaged 3—4 times per week according to standard
aseptic procedures. Cultures were started at 200,000 cells mL™"
in 25 cm?® tissue culture flasks and were subcultured when
growth reached 800,000 cells mL™" to avoid senescence
associated with prolonged high cell density. Complete media
was prepared in 200 mL portions as needed by combining
RPMI 1640 (160 mL) and FBS (40 mL, prealiquoted and heat
inactivated), in a 250 mL Millipore vacuum stericup (0.22 ym)
and filtering.

2.6. HL-60 Cell Viability Assays. Experiments were
performed in triplicate in 96-well microtiter plates (Corning
Costar, Acton, MA), where outer wells along the periphery
contained 200 L pH 7.4 phosphate buffered saline (PBS) with
2.68 mM potassium chloride, 1.47 mM potassium phosphate
monobasic, 0.137 M sodium chloride, and 8.10 mM sodium
phosphate dibasic to minimize evaporation from sample wells.
HL-60 cells growing in log phase (approximately 8 X 10° cells)
were transferred in 50 pL aliquots to inner wells containing
warm culture medium (25 yL) and placed in a 37 °C, 5% CO,
water-jacketed incubator (Thermo Electron Corp., Forma
Series 1T, Model 3110, HEPA Class 100) for 1 h to equilibrate.
Ruthenium compounds were serially diluted with PBS and
prewarmed before 25 uL aliquots of the appropriate dilutions
were added to the cells and incubated at 37 °C under 5% CO,
for drug-to-light intervals of 1 or 16 h. Untreated microplates
were maintained in a dark incubator, while PDT-treated
microplates were irradiated with visible light (400—700 nm,
278 mW cm™®) using a 190 W BenQ MSS10 overhead
projector or with red light (625 nm, 28.7 mW cm™?) from an
LED array (Fenol Farm, Inc.). The irradiation time was 1 h to
yield light doses of approximately ~100 J cm ™2 Both dark and
PDT-treated microplates were incubated for another 48 h at
which point prewarmed, 10 L aliquots of Alamar Blue reagent
(Life Technologies DAL 1025) were added to all sample wells
and allowed to incubate for 15—16 h at 37 °C under 5% CO,.
Cell viability was determined based on the ability of the Alamar
Blue redox indicator to be metabolically converted to a
fluorescent dye by live cells. Fluorescence was quantified with a
Cytofluor 4000 fluorescence microplate reader with the
excitation filter set at 530 + 25 nm and emission filter set at
620 + 40 nm. ECy, values for cytotoxicity and photo-
cytotoxicity were calculated from sigmoidal fits of the dose
response curves using Graph Pad Prism 6.0 according to eq 3,
where y; and y; are the initial and final fluorescence signal
intensities. For cells growing in log phase and of the same
passage number, ECs, values were reproducible to within +25%
in the submicromolar regime; +10% below 10 yM; and +5%
above 10 uM.
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2.7. S. mutans Bacterial Culture. Streptococcus mutans
stock culture (ATCC 25175, 0.5 mL) was grown on nutrient
rich BHI (Oxoid CM225) agar plates overnight in a 37 °C
incubator according to the manufacturer’s instructions in order
to establish growth colonies. To a 15 mL sterile centrifuge tube
containing S mL of 3.8% (w/v) BHI (aqueous), 2—3 individual
bacterial colonies were added, vortexed well to mix, and
incubated overnight. The tube was then centrifuged, the
supernatant was slowly removed, and the bacterial pellet was
reconstituted with a sterile 70% glycerol solution. The tubes
were stored in a —80 °C freezer. Experimental cultures were
maintained each week by making fresh overnight growths from
the frozen stock of S.mutans by transferring S0 uL of frozen
(thawed) stock to S mL of fresh BHI media and vortexed to
mix. Cell concentrations were determined using a spectropho-
tometer set at 600 nm in 1 mL cuvettes, where an O.D. of 0.3
represents approximately 10° cells mL ™%

2.8. S. mutans Bacterial Survival Assays. Photodynamic
inactivation (PDI) of S. mutans growing as planktonic
cultures®® and as biofilm* was probed by a modification of
published procedures. Dark and light experiments were each
performed in duplicate in 96-well microtiter plates (Corning
Costar, Acton, MA), where outer wells along the periphery
contained 200 uL of pH 7.4 phosphate buffered saline (PBS)
(no Ca’* or Mg*"). On day one, BHI broth (100 uL) was
added to cell-free control wells, while 90 uL of BHI was added
to cells-only control wells and to sample wells. The plates were
then warmed to 37 °C, and 10 uL of stock bacterial solution
(~10® CFU mL™) was added to the control cell wells and to
the sample wells. The plates were incubated overnight in a
humidified atmosphere at 37 °C to allow for biofilm formation.

2.8.1. Planktonic Assay Plates. On day two, planktonic
assay plates were prepared by transferring 200 pL of sterile PBS
(no Ca** or Mg*) to the outer wells of another set of
microtiter plates. Cell-free control wells received 100 uL of
PBS, while control cell wells and sample wells received 25 uL of
PBS. The plates were then warmed to 37 °C, and 50 uL of
planktonic bacterial cells (supernatant) from the biofilm plates
was transferred to the control cell wells and the sample wells on
the planktonic assay plates. Dilutions of aqueous stock
solutions of PSs 1—4 were prepared in PBS such that 25 uL
additions to the planktonic assay wells yielded PS concen-
trations between 1 pM and 100 yM. The addition of
prewarmed PS aliquots to the sample wells (and prewarmed
PBS to the control cell wells) gave final assay volumes of 100
L. The plates were treated analogous to the HL-60 cell
viability assay plates thereafter, except that a 37 °C incubator
was used rather than 37 °C with 5% CO,. The PS-to-light
interval was 1 h, and the data analysis was performed as
described for the HL-60 cell viability assays.

2.8.2. Biofilm Assay Plates. On day two, any residual
supernatant containing planktonic bacteria was removed from
the biofilms on the biofilm plates. The BHI broth in the cell-
free control wells was also removed for consistency. The
biofilms were washed twice with 200 L of PBS, and this wash
was also done on cell-free wells to ensure that all wells,
including controls, were treated identically. Next, 100 yL of
PBS was added to the cell-free wells, and 75 uL of PBS was
added to the biofilm control wells and sample wells. The plates
were incubated overnight at 37 °C to re-establish biofilm
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formation (in case there was any loss of integrity in the wash
steps, which can happen if the films are thin and delicate at this
stage). Prewarmed PS dilutions in PBS (25 uL) were added to
the sample wells (25 yL of prewarmed PBS was added to each
biofilm control well) to yield final assay volumes of 100 uL.
The dark and light biofilm assay plates were treated and
analyzed as described for the planktonic assay plates.

2.9. Aqueous Spectroscopy. The UV—vis spectra of
compounds 1—4 were recorded at room temperature in air-
equilibrated water (except for 4, which was dissolved in water
with 5% DMSO) in a quartz cell with 1 cm path length using a
Jasco V-670 spectrophotometer.

Emission spectra of 1—4 upon the addition of DNA in
buffered solution (5 mM Tris buffer, SO mM NaCl) were
recorded with a Jasco FP-6200 spectrofluorometer at room
temperature in an ultra micro quartz cell with 1 cm path length
and a volume of 100 uL by using a 5.7 uM solution of 1—4.
Various amounts of 1.54 mM calf thymus DNA (CT-DNA)
solution were added, and the DNA:MC ratio was adjusted to a
maximum value of 70:1 in increments of 5:1. For each ratio a
separate solution was prepared. Before each emission measure-
ment, the DNA—MC mixture was allowed to incubate for 20
min.

Resonance Raman (RR) spectra were recorded with a
conventional 90° scattering arrangement. For excitation within
the range of the MLCT absorption band, an argon ion laser was
used (Model Coherent Innova 300C, 1 = 458, 476, and 488
nm). A rotating cell was utilized to avoid photodegradation of
the sample.*® The scattered light was focused onto the entrance
slit of an Acton SpectraPro 2750 spectrometer and was
detected by a liquid nitrogen-cooled CCD camera (Princeton
Instruments). The concentration of the complex solution in the
RR measurements was optimized to obtain the maximum
signal-to-noise ratio and was in the range of 107 M.

To determine the excited-state lifetimes, nanosecond
transient absorption spectra were recorded. Nanosecond
pump-pulses were delivered by a Continuum Surelite OPO
Plus pumped by a Continuum Surelite Nd:YAG laser (pulse
duration S ns; pulse-to-pulse repetition rate 10 Hz), and a 7S W
xenon arc lamp served as the probe light. Spherical concave
mirrors were used to focus the probe light at the sample and to
refocus the light on the entrance slit of a monochromator
(Acton, Princeton Instruments). The probe light was detected
by a Hamamatsu R928 photomultiplier tube mounted on a five-
stage base at the monochromator exit slit, and the signal was
processed by a commercially available detection system
(Pascher Instruments AB). The sample was excited by pump
pulses centered at 410 nm. To test for the sensitivity of the
long-lived excited states to the presence of oxygen,*"** the
sample was prepared with and without oxygen using the
freeze—pump—thaw method.

The sample integrity was ensured by measuring absorption
spectra before and after each spectroscopic experiment. No
alterations of the absorption spectra indicative of sample
degradation during the measurement were observed.

2.10. Confocal Microscopy. In a laminar flow hood under
aseptic conditions, sterile glass-bottom Petri dishes (MatTek)
were coated with poly-L-lysine (Ted Pella) by applying 200 uL
to the dish, swirling to mix, covering, and allowing to sit. After 1
h the poly-L-lysine was poured off, and the dish was washed 3X
with sterile phosphate buffered saline (PBS) containing 2.68
mM potassium chloride, 1.47 mM potassium phosphate
monobasic, 0.137 M sodium chloride, and 8.10 mM sodium
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phosphate dibasic, pH 7.4. The dishes were left to dry,
uncovered, for approximately 15 min. HL-60 human
promyelocytic leukemia cells (ATCC CCL-240) were trans-
ferred in aliquots of 500 uL (approximately 100,000 cells) to
the poly-L-lysine-coated glass bottom Petri dishes and placed in
a 37 °C, 5% CO, water-jacketed incubator (Thermo Electron
Corp., Forma Series 1I, Model 3110, HEPA Class 100) for 15
min to allow cells to adhere to the coated dishes. Then, 500 yL
of warmed 200 uM solutions of PS made in sterile PBS was
added to duplicate dishes (for dark and light treatments) and
returned to the incubator for 30 min. After the pre-PDT
incubation period, one dish was irradiated with white light for
1S min with a 600 W Bell and Howell model 301 transparency
projector (power density = 41.7 mW cm™?, total light dose ~
7.5 ] cm™?). The dark dish was covered with foil and placed in a
drawer for the same amount of time. Cells were imaged at 15
min and at 4 h post-treatment using a Zeiss LSM 510 laser
scanning confocal microscope (Carl Zeiss Inc.) with a 40X oil
objective lens. Excitation was delivered at 458/488 nm from an
argon—krypton laser, and signals were acquired through a long
pass filter of 560 nm. Pinhole diameters for the all treatments
were 60 ym. The images were collected and analyzed using the
Zeiss LSM Image Browser Version 4.2.0.121 (Carl Zeiss Inc.).

3. RESULTS AND DISCUSSION

3.1. Synthesis and Characterization. Compounds 1°°
and 2% have been reported; 1 was previously studied in the
context of its remarkable luminescent oxygen sensing and 2 for
its DNA affinity and photocleavage. We prepared dyads 1—4 in
a similar manner except that microwave irradiation at 180 °C
for 10 min was used to facilitate reaction times. 'H NMR
spectra were assigned for the dyads based on the chemical shifts
reported for 1 and 2 (Supporting Information), and the
structures of 3 and 4 were further confirmed by mass
spectrometry. The PF~ salts of the dyads were used to study
their spectroscopic properties in MeCN, and the corresponding
CI” salts were employed to study their spectroscopic properties
in water and to explore their biological interactions in aqueous
buffer.

The UV—vis absorption spectra collected in MeCN for the
Ru(II) dyads in this study were a composite of bpy or phen LC
(or IL) transitions below 300 nm, ippy LC or pyrene-based
transitions near 370 nm, and typical MLCT transitions around
450—460 nm with shorter wavelength shoulders at 420—430
nm (Figure S8, Supporting Information). The extinction
coefficients agree with commonly accepted values for 'LC x
— 7% and 'MLCT dz — n* electronic transitions (Table
1).%7* Similar spectra were collected in water (Figure 1), but
the longest-wavelength MLCT absorption bands underwent 4—
19 nm bathochromic shifts (Table 2).

Table 1. Absorption Maxima and Corresponding Extinction
Coeflicients for Compounds 1—4 Collected in Aerated
MeCN

compd Amax abs (nm) (log €)
1 234 (4.86), 282 (5.00), 368 (4.59), 424 (4.29), 456 (4.31)
2 22(2 (4.)98), 260 (5.05), 280 (4.82), 374 (4.61), 422 (4.36), 448
4.36

3 234 (4.70), 282 (4.89), 370 (4.46), 428 (4.12), 464 (4.18)
4 230 (4.87), 282 (5.04), 368 (4.62), 430 (4.35), 462 (4.34)

Normalized absorbance (A.U.)

0.0 —_——
250 300 350

—

T - T T L
400 450 500 550 600
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Figure 1. UV—vis absorption spectra of 1 (blue), 2 (green), 3
(orange), and 4 (red) in water. The data are normalized to the
maximum value of the low-energy LC band centered near 370 nm.

Table 2. Absorption and Emission Spectroscopic Data for
Complexes 1—4

absorption emission

Adyier (nm) Avrer (nm)®

compd  Ayrer (nm)®  Avier (nm)b

1 456 460 4 595
2 448 467 19 590
3 464 472 8 611
4 462 471 9 614

“Measured in water. “Measured in MeCN.

Resonance Raman spectra of 1 in water were recorded with
excitation at 458, 476, and 488 nm in order to confirm that the
longest wavelength MLCT transition involved ippy rather than
another coligand (Figure 2). To identify the vibrational
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Figure 2. Resonance Raman spectra of 1 in water recorded upon
excitation at (A) 458, (B) 476, and (C) 488 nm. (D) Resonance
Raman spectrum of [Ru(bpy);]** as a reference with an excitation
wavelength of 458 nm. All spectra were normalized to the intensity of
the bipyridine band at 1490 cm™' (denoted with an asterisk). The
bands that are associated with the ippy ligand are highlighted.

signatures associated with the bpy ligands, the homoleptic
complex [Ru(bpy);]** was measured as a reference with an
excitation wavelength of 458 nm. By comparison with the
spectrum of [Ru(bpy),]**, the bands at 300, 1367, 1427, 1457,
and 1572 cm™" were assigned to vibrational modes of the ippy
ligand. As longer excitation wavelengths were employed, the
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overall contribution of the ippy-related modes to the RR
spectra increased as would be expected if the lowest-energy
MLCT transition were Ru(dz) — ippy(z*).*®

Compounds 1—4 were weakly emissive (@, = 0.13—1.5%)
in MeCN (Table 3). This broad, structureless luminescence

Table 3. Emission Parameters for Compounds 1—4
Collected in Deaerated MeCN

compd A, (nm) 7. (us)? Tomn (us)? @, (X 1073)° @7
1 618 125 (0.15) 833 (0.85) 42 0.73
2 641 078 (045)  87.7 (0.55) 13 0.83
3 635 120 (0.60)  58.1 (0.40) 7.5 0.84
4 635 111 (051)  46.5 (0.49) 15 ~1

“Measured using stroboscopic detection. *Measured using a gated
detector and constrained in the fit of the stroboscopic biexponential
decay. “Measured relative to aerated [Ru(bpy);]** (@, = 0.012) as
the standard. “Measured relative to aerated [Ru(bpy),]** (@4 = 0.57)
as the standard. Numbers in parentheses are pre-exponential factors
for the biexponential fits normalized to 1 for the respective lifetimes.
Errors are 10% for lifetime measurements, 20% for @, owing to weak
emission, and 5% for ®,.

was centered between 618 and 641 in MeCN, with 2 being the
most red-shifted (and 1 being the least). All emission maxima
were blue-shifted in water by 20—50 nm, but their relative
ordering did not parallel what was observed for MeCN. In fact,
the emission maximum of 2 in water was shifted hypsochromi-
cally compared to the other compounds (Table 2).*

3.2. Photophysical Properties. While the lifetime of dyad
1 was previously reported as a single exponential with 7 = 2.5 us
(deaerated MeCN)® and considered to be long relative to the
usual *MLCT state lifetimes of Ru(Il) polypyridyl complexes
(~0.6—1 pus), we resolved this emission into two components,
7, = 1.3 pus and 7, = 83 us (Table 3). The contribution of 7, to
the overall emission of 1 using stroboscopic methods was
minor, but gated collection on a phosphorescence detector
enabled precise determination of 7,, which was subsequently
used in a biexponential fit of the stroboscopic data. For
complexes 2—4, the same procedure was used to extract 7; and
75, but in these systems 7, was clearly visible using stroboscopic
detection. Across the series, 7, and 7, ranged between 0.78—
125 and 58—88 us (deaerated MeCN), respectively, and
appear to be a general phenomenon associated with these dyads
(Table 3).

The electronic absorption signatures for compounds 1—4
were summations of the individual organic and inorganic units,
indicating that these dyads are weakly coupled systems with
distinct chromophores. When the inorganic-contributed
SMLCT state is in close energetic proximity (~500 cm™) to
the organic z7* triplet, these two configurations can exist in
equilibrium.*® The 377* state of pyrene has been estimated at
16900 cm™Y, or 2.1 €V,>? and 16 400 cm ™!, or 2.0 eV, when
appended to Ru(II)-coordinating ligands such as bpy or phen.*
We assume that the energetics of this °IL state are similar in
ippy and coordinated ippy and also isoenergetic with *MLCT
states estimated near 1.9—2.0 eV from the emission maxima of
1—4. However, equilibrated *MLCT and *IL states would be
expected to decay with a common rate that is a linear
combination of the intrinsic deactivation rates for the two
states, giving rise to single exponential kinetics.* Instead dyads
1—4 decay via a double exponential process. Given the small
SMLCT—’IL energy gaps inferred across this series and

biphasic kinetics, two possibilities emerge: (1) luminescence
occurs from both states, each with a distinct lifetime, or (2)
luminescence is from a single state in which 7, represents pre-
equilibrium relaxation of the emitting state and 7, involves
decay from the equilibrated mixture via the expected single rate
constant. Gated emission measurements could not isolate the
second component 7, as a distinct spectral profile with *IL
characteristics, and 77 K emission (deaerated 4:1 EtOH—
MeOH) led to monoexponential decays between S and 10 us
for all four complexes. Therefore, we tentatively ascribe the
biexponential process we observe to (2): luminescence from a
single emitting state, where 7, is pre-equilibrated relaxation
from the MLCT state and 7, involves relaxation of the
equilibrated mixtures through the *MLCT channel.
Biexponential decay kinetics were also observed for the dyads
in deaerated water, and the details for compound 1 are
described as an example. If the aqueous photophysical profile of
dyad 1 mirrors that observed in MeCN, then 7, was shortened
from 1.3 ps to 650 ns and 7, from 83 to 20.3 us (Figure 3A, red
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Figure 3. (A) Emission decay kinetics at 600 nm collected with pump
pulses centered at 410 nm for oxygen-containing (blue) and oxygen-
free (red) 1 in water. Inset displays the complete decay of the oxygen-
free species. Symbols represent experimental data, while solid lines
refer to the respective mono- or biexponential fitting curves. (B)
Transient absorption kinetics recorded at 380 (violet), 450 (blue), 475
(green), 510 (orange), 5SS (red), and 650 nm (magenta) for 1 in
water (A, = 410 nm). Oxygenated kinetics are displayed in the full
graph, and oxygen-free kinetics are shown in the inset.
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curve), which again suggests close energetic proximity of the
lowest-lying *MLCT state and the pyrene-localized IL state
with slow equilibration kinetics and efficient *MLCT
decay.'”**>* When oxygen was introduced to the environment,
7, was quenched entirely and 7; (570 ns) was attenuated only
slightly (Figure 3A, blue curve). Assignment of 7, to pre-
equilibrated >MLCT emission'***>* suggests that the equili-
brated mixture (7,) plays a more important role in excited state
quenching processes by molecular oxygen. Therefore, the high
'0, quantum vyields, 100% for dyad 4 (Table 3), can be
attributed to the influence of *IL states on the excited state
trajectory of these systems. Not only are the excited states of
these PSs extremely sensitive for luminescent oxygen sensing
applications as in the case of 1 (Kgy = 0.2393 Torr 1),*® but
also they are poised to act as potent photobiological agents for
PDT applications.

The biphasic relaxation kinetics of 1 in water were also
probed by transient absorption spectroscopy at different
wavelengths with 410 nm excitation (Figure 3B). As expected
for dyad systems with strong contributions from weakly
coupled pyrenyl units, 4., = 380 nm gave a negative signal
in the TA spectrum, attributed to the ground state bleach due
to 'mr* pyrenyl absorption. At longer probe wavelengths,
positive signals corresponded to ground state recoveries on the
us time scale. In oxygen-free solution, 1 decayed mono-
exponentially with a lifetime of 26 us that coincided with 7,
extracted from the oxygen-free, aqueous emission experiments.
In aerated water, relaxation occurred with a single time constant
of 1.6 us, which was similar to 7, measured by emission in
deaerated MeCN but slightly longer than that measured by
emission in oxygen-free or aerated water. The monoexponential
decay (7,) in oxygen-containing water was expected, given that
7, was completely quenched in the analogous emission
experiments, but the absence of the fast component (7;) in
oxygen-free solution should be considered. If the excited state
absorption of the MLCT and °IL configurations are over-
lapping and the *zz* — n transition is sufficiently intense, it is
possible that 7, is present but cannot be resolved with transient
absorption. Regardless, observation of 7; and 7, in both the
aqueous emission and TA experiments combined with biphasic
kinetics in at least two solvents via emission measurements
argue that low-lying ’IL states drastically influence the excited
state dynamics in these dyads. Consequently, the sensitivity
that has been documented for these *IL states toward oxygen
and other excited state quenchers'>~"*** indicates that 1—4 will
follow suit as potent PSs for PDT.

3.3. DNA Binding. DNA binding of the chloride salts of
compounds 1—4 to CT DNA was monitored by absorption and
emission spectroscopy. The absorption titrations were carried
out on 20 uM PS in the presence of increasing amounts of
DNA with [DNA bases]/[PS] = 0.1-15. The binding
constants calculated (4 > 300 nm) from fits of the binding
isotherms to eq 2 ranged from 1.68 X 10° to 7.99 X 10° M
([DNA] in bases), with K, for 3 and 4 being 4- to S-fold larger
than that calculated for 1 or 2 (Table 4). The reported K;, for 2
is 3.14 x 10° M~ ([DNA] in bases),27 which is very close to
our value. By comparison, K, values for a nonintercalating
metal complex such as [Ru(phen);]** and a known intercalator
such as [Ru(phen),dppz]** are 1.65 X 10* and >10" M
([DNA] in bases), respectively. While optical titrations alone
are not sufficient to classify the mode of PS binding to DNA,
the binding constants and site sizes are similar to other known
intercalators that stack on the DNA helix,*****> and pyrenyl

Table 4. DNA Binding Constants and Binding Site Sizes
Measured for Compounds 1—4 (20 M in 5 mM Tris and 50
mM NaCl at pH 7.4) and Calf Thymus DNA ([NP]/[PS] =
0.1-15); Error Limits: K,,s = +10%

compd K, [10° M7!] s [base pairs]
1 1.68 0.41
2 3.33 0.31
3 7.99 0.36
4 6.55 0.21

units are known to stack with DNA base pairs.***” Therefore, it
is reasonable to assign the predominant mode of interaction
with DNA as intercalation by the ippy ligand. In the present
series, steric bulk on the coligands amplified the strong DNA
binding interactions provided by the pyrenyl-containing ippy
ligand.

As was the case in both MeCN and water, emission from
complexes 1—4 was also very weak in aqueous buffer. In the
presence of DNA, the emission from each complex increased
almost 10-fold (Figures 4A and S1—S3, Supporting Informa-
tion) and reached a plateau at [DNA bp]/[PS] = 30:1 (Figure
4B). This light switch effect is not observed for nonintercalating

12

Emission intensity

T T T T u T T
500 550 600 650 700
Wavelength (nm)

1.0 e B R o
2 T TR
£ 0.8 i .
pd 1
5 X
S ,

w 4
£ 06 :
L) 1
° 1
2 1
E0.4- b 4 I
o 1
2 |
£ 1
0248 1
x I
T T L T 'II T T T T
0 10 20 30 40 50 60 70
CDNA!CRU

Figure 4. (A) Emission spectra of 1 (5.7 uM) recorded upon
excitation at A., = 480 nm in the absence (black curve) and presence
(red curves) of increasing amounts of CT DNA (28.5—399 uM base
pairs) in buffer. (B) Integrated emission intensity of 1 (blue square), 2
(green circle), 3 (orange triangle), and 4 (red cross) for different
[DNA]/[PS]. The data were normalized to the maximum emission
intensity of each complex.
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complexes of the type [Ru(bpy);]** or [Ru(phen);]** that lack
solvent-interacting heteroatoms or conformational flexibility
but has been documented extensively for [Ru(bpy),dppz]**
since its first report in 1990.%® This light reporting feature of the
Ru(Il)-ippy dyads, albeit attenuated relative to Ru(II)
complexes of dppz, provided a convenient handle for imaging
the PSs in live cells and discerning viability. It is not limited to
DNA but appears to be a more general molecular light switch
mechanism that can be activated in other hydrophobic
environments such as lipid membranes and certain proteins.
The inability of the imidazole unit to participate in hydrogen
bonding interactions and the induced rigidity across the
imidazole—pyrenyl coannular bond are key factors that may
suppress nonradiative relaxation pathways and enhance
emission when the dyads are associated with biological
macromolecules.

3.4. Photodynamic Activity. 3.4.1. DNA Photodamage.
Light-responsive agents can damage biomolecules directly or
can sensitize the production of reactive intermediates (ROS,
RNS, etc.) that, in turn, damage biological macromolecules.
This photobiological activity can be readily discerned using
plasmid DNA as a probe. The topological integrity of
supercoiled, circular DNA (Form I) is extremely sensitive to
single- and double-strand breaks (ssb and dsb) as well as
nucleobase oxidation, which translates to indirect strand
scission under gel electrophoretic conditions (pH 8.5). One
ssb is sufficient to cause complete relaxation to nicked, circular
DNA (Form II), where no supercoils remain, and as a result,
Form II DNA migrates more slowly than Form I when
electrophoresed through an agarose gel. Two interstrand ssbs
that occur within about 16 base pairs or frank dsbs produce
linear DNA (Form III), which migrates between Forms I and II
on an agarose gel. Agents that facilitate DNA catenation or
condensation produce other noncanonical forms of DNA that
are characterized by unique banding and migration patterns.
Extremely aggregated DNA, for example, has almost no gel
electrophoretic mobility and stays near the loading well (Form

Incubation of plasmid pUC19 DNA (20 uM bases) with PSs
1—4 (1-10 uM) followed by exposure to a moderate visible
light treatment resulted in almost complete conversion of Form
I to Form II DNA in the case of 1—3 at PS-to-NP ratios (r;) of
only 0.5 (Figure 5). Compound 4 produced Form II DNA at
lower r; and facilitated aggregation to yield Form IV DNA at
higher r,. In the control treatments, DNA exposed to light only
(Lane 2) and DNA exposed to the highest concentration of PS
in the dark (Lane 13), no photocleavage was observed.
However, the PSs at 10 yM did cause DNA to aggregate in
the absence of a light trigger. Faint banding in some lanes can
be attributed to PS interference with the fluorescent indicator
dye (ethidium bromide) used to image the DNA bands; this
interference results from competition for intercalative binding
sites, fluorescence quenching, or loss of DNA structural
integrity. The strong affinity of these compounds for DNA
coupled with their high 'O, singlet oxygen quantum yields
make 1—4 potent DNA photocleavers. Moreover, their long-
lived triplet excited states result in extreme sensitivity to trace
amounts of oxygen and other excited-state quenchers,*® which
could lead to DNA photodamage even at low oxygen tension.
Provided that the photoreactivity of these dyads is mediated by
reactive intermediates rather than DNA-specific mechanisms,
this photodynamic activity is anticipated to extend to other
biomolecules determined by subcellular localization. Impor-

1234567 8910111213

(a)

————— — —

(b)

e e -

Ll B R

(c)

(d)

LA B N N N N N

Figure S. DNA photocleavage of pUC19 plasmid (20 uM bases)
dosed with compound 1 (a), 2 (b), 3 (c), or 4 (d) and 14 J cm™ of
visible light. Gel mobility shift assays employed 1% agarose gels (0.7S
ug mL™" ethidium bromide) electrophoresed in 1x TAE at 8 V em™
for 30 min. Lane 1, DNA only (—hv); lane 2, DNA only (+hv); lane 3,
1.0 uM PS (+hv); lane 4, 2 uM PS (+hv); lane 5, 3 uM PS (+hv); lane
6, 4 uM PS (+hv); lane 7, S uM PS (+hv); lane 8, 6 uM PS (+hv);
lane 9, 7 uM PS (+hv); lane 10, 8 uM PS (+hv); lane 11, 9 uM PS
(+hv); lane 12, 10 uM PS (+hv); and lane 13, 10 uM PS (—hv).
Forms I, II, and IV DNA refer to supercoiled plasmid, nicked circular
plasmid, and aggregated plasmid, respectively.

tantly, activity of this magnitude is well-poised for in vitro PDT
in cancer cells and photodynamic inactivation (PDI) of
microorganisms.

3.4.2. In Vitro PDT against Human Leukemia Cells. To test
the effectiveness of compounds 1—4 as PDT agents in cancer
cells, the human promyelocytic leukemia (HL-60) cell line was
used as a standard model with the Alamar Blue assay for high-
throughput quantification of cell viability.'>"****” At high
concentrations of PS, visual cell counts using a hemocytometer
were required due to PS interference with the emission of the
indicator dye. Briefly, cells were dosed with increasing PS
concentration (1 nM to 300 uM), allowed to incubate for a
period of time (PS-to-light interval, #,,), and subjected to either
a dark treatment or a light treatment. All cells were then
incubated for 48 h, followed by the addition of Alamar Blue and
further incubation for 16 h. Total cell-PS incubation times
were 65 or 80 h for #,, = 1 h and #,, = 16 h, respectively. The
standard light treatment used was visible light from a projector
delivered over 1 h (100 J cm™). Effectiveness as an in vitro
PDT agent was assessed by comparing dark and light
cytotoxicities as ECs, values (effective concentrations necessary
to reduce cell viability to 50%) and their ratio (photo-
therapeutic index, PI), where PI = ECg, (dark)/ECs, (light).

In the HL-60 model, #,, = 1 h and 100 J cm™ of visible light
produces nanomolar light toxicities and PIs >100 from PSs that
possess what we call highly photosensitizing excited states
(Figure 6 and Table S). Such potency in Ru(Il) complexes is
derived most often from pure low-lying ’IL states or
SIL—MLCT equilibrium mixtures and can lead to PDT in
the therapeutic window (600—850 nm) even when molar
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Figure 6. In vitro PDT dose—response curves for complexes 1 (a), 2 (b), 3 (c), and 4 (d) in HL-60 cells. PDT-treated samples were irradiated with

100 J cm™? of white light with a PS-to-light interval of 1 h.

Table 5. EC;, Values Calculated from Fits of the in Vitro
PDT Dose—Response Curves in Figure 6 and Their
Corresponding PI Values

ECs (M)
compd dark light PI
1 165 0.4 413
2 111 0.4 278
3 69 0.4 173
4 26 0.2 130

extinction coefficients for absorption of red light are very low
(<100 M~' em™!)."*!* The large 7-surface area that produces
low-lying ’IL states is a convenient platform for DNA binding
as well as association with lipophilic membranes and proteins,
and the long excited-state lifetimes that characterize these
systems provide ample time for generating reactive inter-
mediates or reacting directly with biomolecules. The prolonged
lifetimes are particularly sensitive to quenching by molecular
oxygen at low oxygen tension,12’26 which is an attractive feature
for retaining activity in hypoxic environments (e.g., cancer cells
and tumors).?>¢!

As expected for excited state configurations involving long-
lived %IL states, nanomolar light ECyy values (0.2—0.4 uM)
were obtained for compounds 1—4 (Figure 6) on cells of early
passage growing in log phase (n = 4). Dark cytotoxicities
increased in the order 1 < 2 < 3 < 4, with 4 being over six times
more toxic than 1 in the dark. Despite the relatively high dark
toxicity of 4, its PI was 130, and the PI values for the other
complexes spanned 173—413. Although the absolute numbers
for ECs, values and PIs varied slightly, this trend held across
cells of varying passage number and culture.

Like Ru(II) complexes of dppn'"® and IP—TT"* containing
bpy and dmb coligands, 1—3 produced red PDT despite having
no appreciable ground state absorption in this regime.
However, their light ECy, values with 625 nm activation (#,
=1h, 100 J cm™) were more than ten times less potent than
the corresponding dppn and IP—TT complexes under identical
conditions. PI values for red PDT with these dyads ranged from

1.3 to 5.2 and light cytotoxicities were 20—32 uM; with longer
PS-to-light intervals (#,, = 16 h), the red light toxicities of some
of the PSs increased by as much as 5-fold with PIs of almost 10.
The order of light ECs, values paralleled those for visible light
activation except that 3 was slightly more potent than 1 and 2,
and the PI for 4 was marginal owing to a higher dark toxicity
relative to the other dyads. The attenuated red PDT in this
series could be ascribed to the pre-equilibrium contribution of
the >MLCT to excited state relaxation as well as the existence of
an equilibrium mixture rather than pure IL states, but this is
speculation at this point.

3.5. Cellular Uptake and Localization. HL-60 cells were
also used to monitor cellular uptake given that dyads 1—4
exhibit the light-switch effect when bound to DNA (Figures 4
and S1—S3, Supporting Information) or sequestered in other
hydrophobic environments. The weak luminescence of these
PSs in polar media affords the opportunity to image the
distribution of these compounds in live cells where they
become luminescent. While other techniques (e.g,, ICP-MS or
AAS) are better suited for quantitative determination of total
uptake and subcellular distribution, laser scanning confocal
microscopy is an excellent tool for probing cellular uptake and
localization in real time (before photobleaching and photo-
degradation become limiting factors).

The minimal dark cytotoxicity of compounds 1-3 at low
concentrations of PS (Figure 6a—c) can be rationalized by
limited cellular uptake in the absence of a light trigger (Figure
7a). However, when the outer lipid membrane was
compromised, as in the case of dead or dying cells, these
dyads acted as cell viability indicators (Figure 7a, black arrows).
Delivery of a PDT treatment (visible light, 25 J cm™ over 15
min) produced strong red luminescence from the cytosol in a
majority of the cell population and some nucleoli (Figure 7b).
Apart from the nucleoli (white arrows), very little discernible
emission was detected from the nucleus after a 1.25 h total
incubation period (t,, = 1 h). The onset of photocytotoxicity
was rapid so subcellular localization was not tracked as a
function of time. Light was necessary for cellular uptake of 1-3,
assuming that uptake is directly proportional to intracellular
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(b)

Figure 7. (a) Laser scanning confocal microscopy images of HL-60
cells dosed with 3 (100 uM). (b) HL-60 cells dosed with 3 (100 xM)
and incubated for 1 h prior to treatment with visible light (25 J cm™).
Images were collected with 4., = 458/488 nm and a 560 nm long-pass
filter for emission. The diameter of a healthy HL-60 cell is 11—12 ym
for scale.

luminescence. Therefore, we infer that initial photoreactivity at
the lipid membrane facilitates subsequent influx of the PSs.
This orthogonal selectivity serves as an extra layer of protection,
preventing very strong DNA intercalators from acting as
genotoxins or cytotoxins toward healthy, nonirradiated cells.
The consequence of prolific cellular uptake of a potentially
cytotoxic compound was exemplified in the case of dyad 4,
which was cytotoxic to HL-60 cells in the dark at lower
concentrations (Figure 6d). Compounds 1 (lowest dark
cytotoxicity) and 4 (highest dark cytotoxicity) were compared
for their effect on HL-60 cells at relatively high concentration
(100 M) with and without a light treatment (Figure 8). While
cellular influx of 1 and ensuing cytotoxicity were acutely
dependent on a light treatment (Figure 8a, right panel),
compound 4 was taken up by cells regardless of whether light
was delivered. Luminescence from both the dark- and light-

treated samples was evident in addition to gross morphological
changes and clustering. The visual confirmation of a larger PI
for 1 follows what might be expected from the incorporation of
lipophilic coligands (dtbb) in the architecture of dyad 4,
namely, that increased dark cytotoxicity narrows the therapeutic
window for this member of the series. Nevertheless, it should
be noted that 4 was twice as potent as the other dyads with
visible light activation, giving rise to a visible PI well over 100.
Hence, 4 can be delivered to cells in concentrations of up to 10
UM without causing dark cytotoxicity. The major limitation
with 4 is the absence of a PDT effect with red light.

3.5.1. PDI of S. mutans. In order to highlight the scope of
photodynamic activity for this series, we also probed their
abilities to annihilate bacteria through a similar process using
visible light activation. We used the oral bacterium S. mutans in
planktonic culture as a model. The terms photodynamic
inactivation (PDI) and photodynamic antimicrobial therapy
have become part of the lexicon to describe PDT applied to
bacteria. Compounds 1—4 invoked PDI against S. mutans at
nanomolar concentrations, and 1 eliminated more than 75% of
the bacterial population at concentrations as low as 10 nM
(Figure 9). All of the dyads destroyed almost 100% of the
bacteria with little to no dark toxicity at 1 M. Importantly, this
potency was not only maintained against S. mutans growing as
biofilm, but it was also surpassed with respectable PlIs (Figure
10). When microorganisms grow as a community and become
irreversibly attached to surfaces (biofilms), their phenotypic
properties are notably altered and they become notoriously
resistant to antimicrobial agents.” These Ru(Il) dyads
destroyed 100% of the biofilms at 1 yM with almost no dark
toxicity. At concentrations of 100 nM, all four of the PSs
destroyed at least 70—75% of the biofilms, and 2 was active at
10 nM. This remarkable PDI is currently being developed to
treat opportunistic bacteria that cause infections in wounds and
colonize implanted surgical devices.

4. CONCLUDING REMARKS

Ru(II) dyads derived from 7-expansive organic chromophores
represent a general approach to achieving highly photosensitiz-
ing states in transition metal complexes that are extremely
sensitive to oxygen and other quenchers, and thus offer the
opportunity for activity at low oxygen tension, Type I/II
photoswitching, and PDT in the therapeutic window. We have
demonstrated this phenomenon for Ru(II) coordination
complexes containing contiguous 7 frameworks such as dppn,
and for the linked scaffolds EPP and IP—TT, and now ippy.
The common factor among these dyads is the existence of a
low-lying, long-lived *IL state that can significantly impact the
photophysical dynamics of these systems. In general, the light
cytotoxicities against both cancer cells and bacteria are very
high, with dark toxicities heavily influenced by the identity of
the ancillary ligands. Inclusion of lipophilic dtbb coligands
increased the dark cytotoxicity and, consequently, diminished
the PI for visible PDT and abrogated the red PDT effect
altogether. In a separate report, we will demonstrate that
changing the coligand identity can overcome some of these
salient challenges and is also a tunable element for improving
further the light toxicities and Pls, including high potency in the
PDT window. Studies are also underway to document the
femtosecond dynamics in these families of Ru(Il) dyads with
low-lying °IL states and to explore their collective potential as
PSs for multiwavelength PDT in specialized applications.
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Figure 8. Comparison of HL-60 cells dosed with 1 (a) or 4 (b). HL-60 cells were dosed with PS and either left in the dark (left) or incubated for 1 h

prior to a treatment with 38 J cm™> of visible light (right). Images were collected with A, = 458/488 nm and a 560 nm long-pass filter for emission.
The diameter of a healthy HL-60 cell is 11—12 ym for scale.
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