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Summary
Background: The introduction of new disinfection and sterilization methods, such as antimicrobial photodynamic therapy, is urgently needed for the healthcare industry, in particular to
address the pervasive problem of antibiotic resistance. This study evaluated the efﬁcacy and
the mechanisms of photodynamic antimicrobial chemotherapy (PACT), also known as photodynamic inactivation (PDI) of microorganisms, induced by novel Ru(II)-based photosensitizers
against Staphylococcus aureus and methicillin-resistant S. aureus strains.
Methods: The photodynamic antibacterial effects of a new class of Ru(II)-based photosensitizers (TLD1411 and TLD1433) were evaluated against a strain of S. aureus (ATCC 25923) and a
methicillin-resistant strain of S. aureus (MRSA, ATCC 33592). Bacterial samples were dosed with
a range of photosensitizer concentrations (0.3—12 M) and exposed to 530 nm light (90 J cm−2 )
in normoxic conditions (ambient atmosphere) and in hypoxic conditions (0.5% O2 ).
Results: Both photosensitizers exerted photodynamic inactivation (PDI) of the microorganisms
in normoxia, and this activity was observed in the nanomolar regime. TLD1411 and TLD1433
maintained this PDI potency under hypoxic conditions, with TLD1433 becoming even more active
in the low-oxygen environment.
Conclusion: The observation of activity in hypoxia suggests that there exists an oxygenindependent, Type I photoprocess for this new class of compounds in addition to the typical
Type II pathway mediated by singlet oxygen. The intrinsic positive charge of the Ru(II) metal
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combined with the oxygen independent activity demonstrated by this class of photosensitizers
presents a new strategy for eradicating both gram-positive and gram-negative bacteria regardless
of oxygenation level.
© 2013 Elsevier B.V. All rights reserved.

Introduction
The need for new strategies to combat antimicrobialresistant microorganisms is an urgent one. Staphylococcus
aureus in particular is a versatile opportunistic pathogen
that is responsible for a wide variety of conditions, ranging from superﬁcial skin infections to severe, invasive
diseases [1,2]. Once treatable with penicillin regardless
of strain, now many of its strains are resistant to betalactams, macrolides, and even vancomycin [3], the ‘‘drug of
last resort’’. Methicillin-resistant (MRSA) and vancomycinresistant S. aureus (VRSA) are collectively recognized as a
very serious health threat, representing a major cause of
mortality and adding ﬁnancial burden to already-stretched
health care systems [4]. Hence, there is signiﬁcant practical, clinical, and commercial incentive to explore novel
approaches to treating bacterial infection, not simply relying on the one drug, one site of action model characteristic
of traditional antibiotics. Photodynamic inactivation (PDI)
of pathogenic bacteria, also referred to as photodynamic
antimicrobial chemotherapy (PACT) or antimicrobial photodynamic therapy (aPDT), is one such approach and is
speciﬁcally unique in that it has not been shown to be susceptible to antibiotic resistance [5—7].
PDI in the conventional approach combines a photosensitizing drug (PS) and light to generate cytotoxic singlet
oxygen and other reactive oxygen species (ROS). This oxidative burst leads to nonspeciﬁc damage with multi-faceted
targets, including the cytoplasmic membrane, intracellular
proteins, and DNA. Theoretical levels of cytotoxic substances released can reach up to 1012 M during light exposure
[8]. Given that the 1 O2 rate of production is 106 to 108 s−1
for most PS and that the 1 O2 produced per PS molecule
is typically 104 , bacteria are simply not equipped with
the antioxidant capacity required to combat an attack of
this magnitude. Accordingly, antibiotic resistance to PDI is
unlikely and has not been reported [9].
Numerous organic PSs have been probed for their potential to destroy pathogenic bacteria, including halogenated
xanthenes (Rose Bengal), phenothiazines (Toluidine Blue,
Methylene Blue), conjugated macrocycles such as acridines,
phthalocyanines and porphyrins, and natural products such
as hypericin [10]. While these neutral and anionic organic
PS readily inactivate gram-positive microorganisms, targeting the more elusive gram-negative bacteria (e.g., E. coli)
remains a challenge. Recently, cationic PS, including some
Ru(II) complexes, were demonstrated to possess the ability
to inactivate gram-negative species.[11] Current thinking is
that the cationic PS beneﬁts from enhanced binding through
electrostatic interactions with the negatively charged outer
membrane of gram-negative bacteria that exclude neutral
and anionic PS. Thus, increased membrane-penetration of
the cationic PS ensures that photogenerated singlet oxygen
elicits its ascribed deleterious intracellular effect toward
the microbe. This example, nicely illustrated by a Ru(II)

complex of the type [Ru(bpy)2 (dppn)]2+ , relies on the intrinsic positive charge of the Ru(II) metal and a high singlet
oxygen quantum yield for its acute activity. Consequently,
an oxygenated environment is necessary for this mechanism
of action that is not characteristic of all pathogenic targets. For instance, partial anaerobes such as MRSA thrive in
hypoxia [12]. Therefore, new strategies for PDI that unite
the attractive features of cationic Ru(II) complexes with
oxygen-independent, Type I photoprocess will prove invaluable in constructing a complete arsenal of PDI agents for
both aerobic and anaerobic conditions.
Herein we report a class of potent Type I/Type II Ru(II)based PDI agents (Fig. 1) and validate their activity against
MRSA, a pathogenic species chosen speciﬁcally because it
is able to survive and grow in conditions irrespective of
oxygen tension [12]. Compared to their organic counterparts, Ru(II) coordination complexes are known for their
unusual chemical and photochemical stabilities, structurally
modular design, and rich photophysical and photochemical
properties. Still, it remains a difﬁcult challenge to instill
Type I photochemical activity into such structures and even
more so in organic PSs. The Ru(II)-based PSs in this report
can generate singlet oxygen with close to 100% efﬁciency but
have the capacity to switch to a Type I mechanism in hypoxic
environments. This ability to mediate photoinduced electron transfer reactions directly opens up the possibility of
targeting microorganisms with PDI in hypoxic environments.

Materials and methods
General
S. aureus (ATCC 25923, Cedarlane, Canada) and methicillinresistant S. aureus (MRSA, ATCC 33592, Cedarlane, Canada),
were grown overnight at 37 ◦ C in Columbia media (BD,
Canada) either in aerobic or hypoxic atmospheric conditions as described below. Columbia agar plates were used to
grow colonies of S. aureus, whereas oxacillin-resistance agar
plates (Oxoid, Canada) were required for MRSA CFU counting. Methylene blue (MB), thioglicolate, resazurin, bovine
serum albumin (BSA) and synthetic reagents for the preparation of TLD1411 and TLD1433 were purchased from Sigma
Aldrich (Canada). Solvents were purchased from Fisher Scientiﬁc (Canada). Silica gel was purchased from Silicycle
(Canada), Amberlite IRA-410 was purchased from Fluka
(Canada), and deuterated solvents for NMR spectroscopy
were obtained from Caledon (Toronto, ON, Canada).

Instrumentation
NMR spectra were collected using a 300 MHz Bruker BZH
300/52 spectrometer at Acadia’s Center for Microstructural
Analysis and a Bruker AV 500 MHz Spectrometer at The
Nuclear Magnetic Resonance Research Resource at Dalhousie
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Fig. 1 (a) Chemical structures of TLD1411 and TLD1433, PS used in this study; (b) general synthetic scheme for the preparation
of IP-TT and its complexation to form TLD1411 and TLD1433, respectively.

University. ESI-MS spectra were obtained using a Bruker
microTOF Focus Mass Spectrometer from the Maritime Mass
Spectrometry Laboratories at Dalhousie University. Elemental analysis was obtained from Canadian Microanalytical
Service Ltd (Delta, BC, Canada). UV—Vis spectra were
collected using a Jasco V-530 (Easton, MD, US) spectrophotometer. Emission spectra were collected using a custom
built version of PTI’s QuantaMaster (London, ON, Canada)
equipped with a Red-PMT and a Hamamatsu NIR PMT for
measuring singlet oxygen quantum yields directly. Photobleaching experiments were carried out using Varian’s
Cary 300 Bio UV-visible absorption spectrometer (Agilent
Technologies, Mississauga, Canada), and high-throughput
colorimetric assays were performed on a SpectraMax M5
plate reader (Molecular Devices, Sunnyvale, USA) in ﬂuorescence mode (ex = 570 nm, em = 600 nm) following a protocol
established in-house [13]. A high-power LED, manufactured
by Theralase, Inc. (Toronto, ON, Canada) (530 ± 25 nm) with
an average irradiance of 98 ± 2 mW cm−2 served as the primary light source for all PDI experiments, and the light
source used for photobleaching measurements was a 532 nmlaser (Verdi-5W, Coherent Santa Clara, USA).

Synthesis
[1,10]phenanthroline-5,6-dione [1,10]. Phenanthroline
monohydrate (1.00 g, 5.04 mmol) was combined with KBr
(5.95 g, 50 mmol) in a 100 mL round bottom ﬂask and
immersed in an ice bath. Concentrated H2 SO4 (20 mL) was
added drop wise down the side of the ﬂask, followed by
concentrated HNO3 (10 mL). The resulting solution was
warmed to room temperature and then heated at 80—85 ◦ C
for 2 h. The reaction mixture was subsequently cooled to
room temperature and added to 400 mL deionized H2 O,
resulting in a yellow solution that was made slightly basic
through the addition of a saturated NaHCO3 . The product
was extracted into dichloromethane, dried over MgSO4 , and
concentrated under reduced pressure to give a yellow solid.
(0.635 g, 60%). Rf = 0.73 (2% H2 O, 43% CHCl3 , 25% Acetone,
30% MeOH + 1% NH4 OH (v/v)). 1H NMR (CDCl3 ) ␦ 7.63 (dd,
2H, b-H), 8.55 (dd, 2H, c-H), 9.16 (dd, 2H, a-H).
2-(2 ,2 :5 ,2 -terthiophene)-imidazo[4,5-f][1,10]
phenanthroline (IP-TT). 1,10-Phenanthroline-5,6-dione
(166.6 mg, 0.800 mmol), ammonium acetate (616 mg, 8.00
mmol), and 5-formyl-2,2 :5 ,2 -terthiophene (221.12 mg,
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0.800 mmol) were combined with glacial acetic acid
(4.0 mL) in a microwave reaction chamber and reacted
(300 W, 180 ◦ C) for 10 min. The deep red solution was
cooled to room temperature and neutralized by drop-wise
addition of aqueous NH4 OH until the product precipitated
as a yellow/brown solid. The solid was collected using a
ﬁne glass-sintered frit and washed with H2 O. The product
was dried under vacuum to give a tan powder in 70% yield.
Rf = (2% H2 O, 43% CHCl3 , 25% Acetone, 30% MeOH + 1%
NH4 OH). 1H NMR (DMSO-d6 ) 8.97 (d; 2H; J = 3.00 Hz; 6, 9),
8.82 (d; 2H; J = 8.01 Hz; 4, 11), 7.75—7.79 (m; 3H; 5, 10,
4 ), 7.55 (m; 1H; 5 ), 7.33—7.43 (m; 4H; 3, 3 , 4 , and 3 ),
7.14 (dd; 1H; J = 4.37 Hz; 4 ).
Ru(LL)2 Cl2 ·2H2 O (LL = bpy, dmb) [14] RuCl3 ·3H2 O (1.155 g,
4.4 mmol), 2,2 -bipyridine (bpy) or 4,4 -dimethyl-2,2 bipyridine (dmb) (1.5 g or 1.8 g, respectively, 9.6 mmol), LiCl
(2.9 g, 68.5 mmol) and 10 mL DMF were placed in a ﬂask and
heated to 160 ◦ C with stirring overnight. The mixture was
cooled to room temperature and transferred to a beaker
where 50 mL of acetone was added. The beaker was placed
in a freezer at −10 to 0 ◦ C for 2 h, then the ﬂask was removed
and allowed to warm to room temperature. The mixture was
ﬁltered and washed with water until the ﬁltrate ran clear
(>200 mL) and ﬁnally with diethyl ether (3—4 mL). The product was dried under vacuum for 2 h to afford a black product
in accordance with published data.
TLD1411. Ru(bpy)2 Cl2 ·2H2 O and IP-TP were combined in
an equimolar ratio in absolute ethanol under an argon atmosphere. The solution was reacted (300 W, 180 ◦ C for 10 min
in a Discover microwave single-vessel reactor to yield a
deep, dark red solution. Saturated KPF6 was added dropwise to the ethanolic solution until no additional product
precipitated. The crude product was isolated by ﬁltration
through a ﬁne glass-sintered frit yielding a bright red/orange
solid. Puriﬁcation was done on a silica column, eluting with
a 10% H2 O:MeCN solution containing 2.5% KNO3 , and the
principle red spot was collected (Rf = 0.46). The fractions
containing the desired product were combined, evaporated
under reduced pressure, and further dried under vacuum
to give the corresponding NO3 − complex and excess KNO3 .
To remove the unwanted salt, the product was dissolved
in H2 O with sonication. Saturated KPF6 was added, and
the product precipitated out of solution. The desired PF6 −
complex was extracted using CH2 Cl2 . The organic layer
was separated, concentrated under reduced pressure, and
dried under vacuum to give the ﬁnal pure product as a
red-orange solid in approximately 50% yield. Rf = 0.41 (10%
H2 O:MeCN + 2.5% KNO3 ). 1 H NMR (CD3 CN): 8.65 (d; 2H;
J = 7.89 Hz; C), 8.51—8.55 (m; 4H; 3, 3 ), 7.96—8.11 (m; 6H;
4), 7.85 (d; 2H; J = 5.49 Hz; 6 ), 7.72 (d; 1H; J = 3.81 Hz;
E), 7.61—7.67 (m; 4H; B, 6), 7.46 (t; 2H; J = 6.93 Hz; 6 ),
7.37 (d; 1H; J = 5.10 Hz; K), 7.06—7.30 (m; 7H; 5, D, F, G,
I, J). MS (ESI+) m/z: 440.0 [M-2PF6 ]2+ , 879.1 [M-2PF6 − 1H]+ .
HRMS (ESI+) m/z for C45 H30 N8 RuS3 ; calc. 440.0399; found
440.0382. The PF6 − complex was dissolved in a 1:1 solution
of MeCN/MeOH and converted to its corresponding Cl− salt
on Amberlite IRA-410 ion exchange resin (30 cm × 1.5 cm,
30 g of resin) eluting with MeOH. Anal. Calc. C45 H30 Cl2 N8 RuS3
· 4.065(H2 O): C, 52.77%; H, 3.75%; N, 10.94%, Found: C,
51.78%; H, 4.25%; N, 10.20%.
TLD1433. Ru(dmb)2 Cl2 ·2H2 O and IP-TP were combined in
equimolar ratios in absolute ethanol in a microwave tube
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Fig. 2 Normalized absorption spectra of PS TLD1411 and
TLD1433 and normalized emission spectra of the light source.

under argon. The solution was irradiated (300 W, 180 ◦ C
for 10 min in the Discover single-vessel microwave reactor.
To the resulting deep, dark red solution, saturated KPF6
was added drop-wise until no additional product precipitated. The crude product was isolated by ﬁltration through
a ﬁne glass-sintered frit to give a red/brown solid. Puriﬁcation was done on a silica column, eluting with a 10%
H2 O:MeCN solution containing 2.5% KNO3 , and the principle
red spot was collected (Rf = 0.54). The fractions containing the desired product were combined, evaporated under
reduced pressure, and further dried under vacuum to give
the corresponding NO3 − complex and excess KNO3 . To
remove the unwanted salt, the product was dissolved in H2 O
with sonication. Saturated KPF6 was added to precipitate
the product. The desired PF6 − complex was extracted using
CH2 Cl2 , and the organic layer was separated, concentrated
under reduced pressure, and dried under vacuum to give the
ﬁnal pure product as a red-orange solid in approximately
60% yield. Rf = 0.54 (10% H2 O:MeCN + 2.5% KNO3 ). 1 H NMR
(CD3 CN): 8.87 (d; 2H; J = 6.60 Hz; C), 8.38 (d; 4H; J = 10.1 Hz;
3, 3 ), 8.02 (m; 2H; J = 4.50 Hz; A), 7.84 (d; 2H; J = 4.02 Hz;
E), 7.74 (br; 2H; B), 7.67 (d; 2H; J = 5.67 Hz; 6 ), 7.53 (d;
1H; J = 6.42 Hz; K), 7.42 (d; 2H; J = 5.67 Hz; 6), 7.25—7.31
(m; 6H; 5 , D, F, G, I), 7.07—7.14 (m; 3H; 5, J). MS (ESI+)
m/z: 468.1 [M-2PF6 ]2+ , 1081.2 [M-PF6 ]+ . HRMS (ESI+) m/z
for C49 H38 N8 RuS3 ; calc. 468.0707; found 468.0697. The PF6 −
complex was dissolved in a 1:1 solution of MeCN/MeOH and
converted to its corresponding Cl− salt on Amberlite IRA410 ion exchange resin (30 cm × 1.5 cm, 30 g of resin) eluting
with MeOH.

Photobleaching
Photobleaching by each PS was quantiﬁed by changes in
the UV—Vis absorption spectroscopic signature at 425 nm
(Figs. 2—3). Aqueous samples of PS were exposed to 525 nm
irradiation at 200 mW cm−2 and measured in 5 min intervals
for a total of 60 min. The OD was recorded using a dual-beam
spectrophotometer set to OD 413 nm to increase sensitivity to absorbance changes. The reference solvent in the OD
measurements was either water or BSA (25 M for TLD1411,
and 33.5 M for TLD1433), where BSA was used to simulate
PDI conditions more realistically [8]. Photobleaching as a
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control and was incubated for 30 min with the PS in the
dark at 37 ◦ C. The other plate with identical bacteria and
PS concentrations was exposed to light for 10 min (total
radiance exposure of 58.8 J cm−2 ). Bacterial quantiﬁcation
was carried out using a modiﬁed Alamar Blue assay [13]
and also by manual counting. The colorimetric assay relied
on the well-known ability of metabolically active cells to
reduce nonﬂuorescing reazurin to resoruﬁn. The number of
bacteria (BC) was extrapolated through a series of exponential ﬁts adjusted to the slopes (SKRA) of a series of
kinetic ﬂuorescent measurements, bacterial strain and environmental conditions determine according to Eq. (1), where
parameters a and b are speciﬁc to a bacterial strain and environmental conditions and represent the initial slope and the
maximum signal at long times, respectively.

Fig. 3 Photobleaching of PPIX (1.3 uM in DMSO), TLD1411
(5 M) and TLD1433 (6.7 M), PPIX (1.3 M) measured at 425 nm
(normoxia) in water and in BSA, (25 M, 33.5 M) respectively,
using the light source employed for PDI (530 nm).

BC = a × 107 eSKRT/b

(1)

For manual counting, 20 L aliquots diluted in PBS were
plated on Columbia agar plates, and colonies were counted
after 24-h incubation at 37 ◦ C.

PDI under hypoxia

Fig. 4

Layout of the 96-well plate used for PDI.

function of the absorbed photon dose was calculated using
GraphPad Prism software (La Jolla, CA, USA).

PDI under normoxia
Cultures were grown overnight in Columbia broth. Bacterial reference aliquots were prepared by a dilution of the
overnight culture in fresh media with an OD = 600 nm of 0.3,
which is equivalent to 108 cfu mL−1 .[15] PS stock solutions
of 2 mM were prepared in puriﬁed water (MilliQ, 18.5 m),
and serial dilutions were prepared in low light conditions
to achieve ﬁnal concentrations ranging from 12 to 0.03 M.
Fig. 4 shows the layout on a typical 96-well plate along with
a timeline for the experiment in Fig. 5. Bacterial aliquots
were added to a 96 well plate (60 L per well) followed by
60 L of media with the appropriate PS dilution, including
controls for each SA strain without PS. Plates were prepared in duplicate, whereby one plate served as a dark

Fig. 5

In order to create hypoxic conditions, two 5-L bags of
Anaerogen (Oxoid, Canada) were placed in an environmental
chamber, and a mixture of 0.5% CO2 in N2 (Praxair, Toronto,
Canada) was introduced for 30 min to consume residual oxygen. All liquid reagents, including media and water, were
also sparged with 0.5% CO2 in N2 . A mixture of sodium
thioglycolate (0.68 M) and resazurin (17.45 M) was added
to the media before mixing with bacteria to ensure maximum realistic oxygen consumption. Glass tubes with rubber
stoppers were used to preserve hypoxic conditions during
bacterial incubation prior to PDT light exposure. To further
minimize O2 , all tools and plastic dishes were kept in the
chamber at 0.5% O2 ,/5% CO2 -balanced N2 for 12 h before
experiments were started. Subsequent PDI procedures were
performed as described for normoxic conditions inside the
hypoxic chamber. The CFU assay was the standard method
used to recover bacterial survival number after PDI treatment; no colorimetric assay was used (Fig. 6).

Singlet oxygen quantum yields
PS solutions were prepared in acetonitrile at 5 M, with
OD < 0.05 at their longest wavelength absorption maxima.
Excitation and emission were carried out using the PTI QuantaMaster equipped with a NIR detector, exciting the lowest
energy metal-ligant charge transition (MLCT) and collecting
direct emission from singlet oxygen between 1200—1350 nm

Experimental timeline for PDI in normoxia.
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Fig. 6

Experimental timeline for PDI in hypoxia.

using a 1000-nm long-pass ﬁlter to remove scattered photons from the excitation source. [Ru(bpy)3 ]2+ was used as
the standard, which has a known singlet oxygen quantum
yield of 0.56 in acetonitrile [16]. Relative quantum yields
were calculated according to standard methods [17].

0.05%. This poor emission of both PSs in the absence of
oxygen signals the presence of an alternate excited state
relaxation pathway that is very efﬁcient in this class of PSs
and is crucial to retaining PDI in hypoxia.

Emission quantum yields

Photobleaching

Samples of PS were prepared as indicated in the previous
section, excited at their longest wavelength absorption maxima, and monitored using PDT’s QuantaMaster equipped with
a Red-PMT. Emission was collected between 575—900 nm
in aerated acetonitrile with a 525-nm long pass ﬁlter in
place to remove stray light. [Ru(bpy)3 ]2+ was used as the
standard, which has a known emission quantum yield of
0.012 in aerated acetonitrile [18]. Relative quantum yields
were calculated in the same manner as for singlet oxygen.

The ability of a PS to resist photobleaching is an important consideration in choosing an agent for PDI, and cationic
Ru(II) complexes in particular are renowned for their excellent photostability. Photobleaching, or the degradation of a
PS with prolonged light exposure, can signiﬁcantly reduce
the potency of PDI. PPIX, a gold standard in terms of Type II
agents for PDI, was tested under the same conditions as the
TLD1400 series and showed a 55% reduction in its absorption coefﬁcient after 6.4 × 1014 absorbed photons per cm−3 ,
which culminated in a 70% overall reduction at 1.8 × 1021
absorbed photons per cm−3 (OD measured at 411 nm). By
comparison TLD1411 and TLD1433 were bleached by only
25% and 23%, respectively, in the ﬁrst 2.7 × 1019 absorbed
photons per cm−3 (Fig. 3). Overall, TLD1411 and TLD1433
were bleached by 49% and 63%, with TLD1411 being slightly
more susceptible to photobleaching in water. Importantly,
when PDI conditions were simulated with the addition of
a 1.25 fold excess of BSA, the biphasic bleaching curves
of of TLD1411 and TLD1433 were almost super imposable
(average 10% loss, P < 0.0001 in a 2-tailed ANOVA). Notably,
the TLD1400 series was bleached by only about 35% overall in BSA solution, suggesting a high resistance to bleaching
during PDI in comparison to clinical agents such as PPIX.

Results
Synthesis and characterization
TLD1411 and TLD1433 were synthesized according to a
modiﬁcation of standard procedures [19] for assembling
heteroleptic Ru(II) complexes of the type [Ru(LL)2 (LL )]2+ ,
where LL is a diimine ligand that lends stability to the
overall pseudo-octahedral coordination sphere and LL is
a photoactive ligand that is tailored to impart unique
photophysical and photochemical properties to the overall complex (Fig. 1). The complexes were prepared using
microwave irradiation (300 W, 180 ◦ C), which signiﬁcantly
reduced reaction times. A similar modiﬁcation was used
to synthesize LL , originally prepared by Batista et al.
[20] according to conventional methods, in excellent yield.
Complexation of 2-(2 ,2 :5 ,2 -terthiophene)-imidazo[4,5f] [1,10]phenanthroline (LL ), with either Ru(bpy)2 Cl2 or
Ru(dmb)2 Cl2 gave TLD1411 and TLD1433 in 50% yield and
60% yield after puriﬁcation, respectively.
Structural conﬁrmation of TLD1411 and TLD1433 was provided by ESI mass spectrometry, 1 H NMR spectroscopy, and
elemental analysis. Of importance to this work, UV—Vis
absorption spectroscopy (Fig. 2) revealed typical 1 LC and
1
MLCT transitions characteristic of Ru(II) coordination complexes, with longest wavelength absorption maxima near
420 nm and no signiﬁcant absorption past 575 nm [21,22].
Regardless of excitation wavelength, these PSs were virtually nonemissive in all solvents with aerated luminescence
quantum yields less than 0.05%, further supported by quantum yields for singlet oxygen production approaching unity
[23]. In deoxygenated solution, the emission quantum yield
for TLD1411 barely approached 0.1%, with TLD1433 only

PDI
Two independently prepared batches of TLD1411 and
TLD1433 were synthesized to ensure reproducibility of the
photobiological activity of each PS. There were no differences in the absorption spectra or sterilization efﬁcacy
between the two batches of each PS. In S. aureus, the dark
toxicity associated with TLD1433 increased with PS concentration while that for TLD1411 was independent of PS concentration in normoxia (average 1.2 logs of kill, Fig. 7, top
left). In hypoxia, however, the dark toxicity of both TLD1411
and TLD1433 increased exponentially as a function of PS concentration (Fig. 7, bottom). Due to the concentration independence of the dark toxicity under normoxia for TLD1411,
the PDI effect for TLD1411 in normoxia increased with
increasing concentration to yield over 6 logs of difference
between dark and light treatment at 12 M PS. Notably, as
little as 30 nM of PS induced a signiﬁcant PDI effect for both
TLD1411 and TLD1433 regardless of oxygenation conditions.
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Fig. 7 Bactericidal activity of TLD1411 (left) and TLD1433 (right) against S. aureus in normoxia (top) and hypoxia (bottom). Dark
toxicity: solid bars; light toxicity: open bars. Each bar is the average of 3 replicates with error bars indicated.

Overall, TLD1411 and TLD1433 were virtually nontoxic
against MRSA in the dark (<1 log of kill) in comparison to S.
aureus, leading to a much stronger PDI effect against MRSA
(Fig. 8), albeit at 12 M a critical concentration appears to
be reached showing variability in the dark toxicity between
experiments. The particular reason for this variability are
not clear at this time. As for S. aureus, nanomolar PDI is
evident in both normoxia and hypoxia, with the effect being
as large as 7.5-log fold in the non-resistant strain. Unlike
S. aureus, the PDI effect was not diminished to any extent
in hypoxia. A summary of the photosensitized sterilization
induced by TLD1411 and TLD1433 is presented in Table 1
for comparison. The TLD1400 series yielded photosensitized
log10 reductions at their most effective concentrations no
lower than 6.7 in all conditions, against S. aureus or MRSA
in normoxia or hypoxia. The average light-induced log10

Table 1 Photosensitized inactivation, measured as log10
reductions, of S. aureus and MRSA by TLD1411 and TLD1433
in two atmospheric conditions.
S. aureus

TLD1411
TLD1433

MRSA

Normoxic

Hypoxic

Normoxic

Hypoxic

7.4
6.7

7.5
6.8

6.9
8.3

7
7.5

reduction across all conditions for both PSs was 7.26,
with the highest reduction in microbial load occurring for
TLD1433 against MRSA in normoxia (log10 reduction 8.5).
As a way to investigate whether the TLD1400 series of PSs
function as Type I agents, dark and light inactivation were
tested in parallel with MB, a known Type II PS, under normoxia and hypoxia. As expected, treatment of S. aureus (and
also MRSA) in hypoxia with MB resulted in no signiﬁcant PDI
effect at concentrations as high as 480 M (Fig. 9). In contrast, the PDI efﬁcacy of TLD1411 and TLD1433 against S.
aureus in hypoxia was greater than that in normoxia at concentrations at or below 60 nM, similar in the low-micromolar
range, and slightly less at 12 M, where dark toxicity limits
the PDI effect. Against MRSA, the PDI effect generated by
TLD1411 in hypoxia was comparable at all concentrations
to normoxia. Strikingly, TLD1433 demonstrated an increased
PDI effect in hypoxia against MRSA at almost all concentrations employed. Notably, at the highest concentration
included (12 M) where PDI is not evident against MRSA in
normoxia due to a higher baseline dark toxicity, TLD1433
showed a reduction difference between dark and light conditions of 4.7 log10 in hypoxia. It should be noted that at
the concentration of the PS (0.03—12 M) and light dose
employed in these studies, MB was not effective against S.
aureus or MRSA in normoxia or hypoxia. In fact, at least
60 M MB was necessary to achieve a light-induced log10
reduction of over 3.5, and this occurred only in normoxia
against S. aureus.
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Fig. 8 Bactericidal activity of TLD1411 (left) and TLD1433 (right) against MRSA in normoxia (top) and hypoxia (bottom). Dark
toxicity: solid bars; light toxicity: open bars. Each bar is the average of 3 replicates with error bars indicated.

Fig. 9 Bactericidal activity of MB against S. aureus in normoxia and hypoxia. Dark toxicity: solid bars; light toxicity: open bars.
Each bar is the average of 3 replicates with error bars indicated.

Discussion
While TLD1411 and TLD1433 have their highest-wavelength
absorption maxima in the blue region of the spectrum, a
400-nm light source would be expected to have its intensity reduced by a factor of 50 in tissue applications [24].

Since both PSs absorb green light in measurable yields (log
 = 3.17 and 3.34, respectively), a 530-nm exciting light
source was used in order to ensure up to 2-mm in penetration
depth [25,26] for sterilization of bacteria inside tissue, e.g.,
infected wounds. In this scenario, the delivered light dose is
expected to be reduced only to 37% of the incident radiant

Ru(II) PS mediated PDI of S. aureus and MRSA
exposure [27]. Because MB has been suggested as a PS for
local disinfection (e.g., of wounds and ulcers) in the face of
rampant rates of infection by MRSA [7], it was used as a reference compound in the present study. MB is approved for
clinical use in a variety of capacities due to its low toxicity
in humans, and as a PS speciﬁcally, it has shown effectiveness against gram-positive bacteria such as S. aureus and
MRSA [28,29]. MB functions as a prototypical Type II PS, and
in our conditions, as expected, MB photosensitizing activity
was signiﬁcantly diminished in hypoxia as demonstrated in
Fig. 9 for S. aureus. It should be noted that not all traces
of oxygen can be completely removed from the chamber,
and this is exempliﬁed by marginal PDI by MB at high concentration. However, Wang et al. [30] have shown that the
effective [1 O2 ] is a function of the ratio ([3 O2 ]/[3 O2 ] + ␤),
where ␤ has been measured in the range of 11 M for various PS. Hence, below 0.1 M 3 O2 , the ability to generate
effective 1 O2 is reduced by two orders of magnitude. For
example, the light toxicity of MB at the highest concentration employed (480 M) in normoxia was 6.38 log10 reduction
in microbial load while in hypoxia, microbial kill was only
2.91 log10 units which could have been achieved at a [3 O2 ]
of 1 nM. Assuming similar dark toxicities under both conditions, MB was nearly 3000-fold less effective at low oxygen
tension, supporting a primarily Type II photosensitization by
MB. Two important points regarding the ensuing discussion
are that (i) MB does not function as a Type I agent [31], and
(ii) the concentrations of MB needed to achieve similar light
kill to the TLD1400 series in both normoxia and hypoxia are
up to 16,000-fold greater, and over 3 orders of magnitude for
hypoxic conditions speciﬁcally. In other words, the TLD1400
class of PDI agents displays an unprecedented photodynamic
effect against S. aureus and MRSA in the low-nanomolar
regime, even under hypoxic conditions.
Equally important, the magnitude of photosensitized
sterilization by the TLD1400 series is exceedingly large when
comparison to other PS. Inactivation of MRSA by reported
PDI agents ranges between 2 and 6 log10 reductions with
standard light doses [32—34] whereas the best performer
against MRSA in this study, TLD1433, produced an 8.3 log10
reduction in microbial load in normoxia (and was only
reduced to 7.5 in hypoxia). Moreover, both PSs in all conditions (at their most effective concentrations) produced
log10 reductions above 6.5, with the least effective condition
(TLD1433 against S. aureus) still generating photosensitized
microbial kill 5-fold greater than the best known PSs.
The differences in susceptibility of S. aureus and MRSA to
PDI by the TLD1400 series was similar to what has been documented for other classes of photosensitizers. Kossakowska
et al. [35] tested a range of S. aureus strains, ﬁnding MRSA
more susceptible to PDI treatment by 1.1 to 1.8 log10 units
for PPArg, TBO and ALA photosensitizers. Other studies show
differences ranging from 0.04 to 1.69 log10 for SnCe6 [36]
and XF porphyrin derivatives [37]. Szpakowska et al. show
a similar trend with a difference of 37.5 M on the highest
MIC value for MRSA compared to S. aureus [38]. It has been
suggested that the increased PDI susceptibility of a given S.
aureus or MRSA strain to a particular PS could be related to
the ability of the PS to act as substrate for multidrug resistant pumps [39,40], in particular active efﬂux appears to be
involved in staphylococcal responses to cationic antimicrobial substances. For example, the staphylococcal multidrug

623
efﬂux pump QacA mediates resistance to a broad spectrum
of monovalent and divalent antimicrobial cations [41]. The
existence of efﬂux activity in S. aureus is strain dependent
and could be more predominant in certain MRSA strains,
such as HPV107. Hence, the efﬂux activity could link with
a phenotype of reduced susceptibility toward several biocidal compounds. As well, this phenomenon could explain
differences in dark toxicity proﬁles against the two strains
as a function of oxygen tension. It is premature to make a
deﬁnitive statement based on the current set of studies, but
work is underway to address the role of efﬂux activity in PDI
in the maintenance and dissemination of important resistant strains of microorganisms in the hospital setting and,
increasingly, in the community [42].
The stark potency of the TLD1400 series as PDI agents is
not surprising from the point of view of structure-activity
relationships. A detailed structural analysis reveals multiple
design features that converge to enhance the photodynamic effect for this class of compounds. Brieﬂy, the basic
construct of the PS design is a pseudo octahedral coordination sphere provided by three diimine ligands centered
on Ru(II). Two identical ancillary ligands (LL = bpy or dmb,
Fig. 1) lend stability to the overall complex but also provide
handles for ﬁne-tuning properties such as water solubility
for drug delivery, lipophilicity for membrane penetration,
and electronics for light absorption and photoreactivity. The
remaining ligand IP-TT can be considered the coarse control
in that its properties impart absolute limits on the magnitude of Type I and Type II photoreactivity the PS provide.
IP-TT is a very special motif that incorporates the ideas and
principles behind optoelectronic materials [20] derived from
oligothiophenes with the right number of thiophene units to
bind with high afﬁnity to DNA and other biomolecules. Oligoand polythiophenes are n-dopable and p-dopable, acting as
the perfect electron conduit in either direction, oxidation
or reduction [43]. The free carrier phenomenon is widely
known in materials chemistry but has not been exploited
to its full potential in the photosciences, namely photobiological applications. In the TLD1400 series, the optimal
number of thiophenes is that which maintains the soughtafter photoredox properties while ensuring processibility. In
other words, both solvent-insolubility and photoreactivity
increase with increasing number of thiophenes so there is
a useful limit or trade-off, and we have found three to be
optimal in PDI against S. aureus and MRSA. Therefore, the
TLD1400 series is based on one IP-TP ligand and two identical ancillary ligands, bpy in the case of TLD1411 and dmb
in TLD1433. Incorporating the IP-TT ligand in a Ru(II) coordination complex was strategic for a number of reasons, not
least of which is that the overall cationic structure is known
to penetrate gram-negative bacterial cell walls with ease,
and the visible light absorption by Ru(II) complexes enables
the most common light sources to be used with the PS.
Visible light absorption by the TLD1400 series produces
excited states that initiate both Type I and Type II photoprocesses. At normal oxygen tension, these PS generate
singlet oxygen with 100% efﬁciency, yet in hypoxic conditions, they display the remarkable ability to switch to
Type I behavior owing to the IP-TP unit that can simultaneously act as an excited state oxidant and reductant. In this
study, we demonstrate that different ancillary ligands can
be combined with IP-TP to give PDI in hypoxia and that this
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activity is potent and applicable to MRSA (Fig. 8), a dangerous microbe that adapts to all levels of oxygen. To illustrate,
the PDI effect in both TLD1411 and TLD1433 is operative on a
sub-micromolar level with light toxicities (log10 reductions)
of greater than 7 at sub-micromolar concentrations and over
4 as low as 30 nM for TLD1411 against S. aureus in hypoxia.
A similar effect was found for TLD1433. Against MRSA, log10
reductions of 6 were achieved with as low as 600 nM TLD1433
in hypoxia, with the PDI effect in hypoxia being greater than
in normoxia at sub-micromolar concentrations. This ability
to initiate Type I activity in hypoxia is further supported by
the observation that the TLD1400 series exhibits little to
no luminescence upon excitation in deoxygenated solution.
Therefore, another nonradiative pathway, apart from singlet
oxygen sensitization or ﬁrst-order ROS generation, must be
operative in this class of PS. In the present case, two excited
PS molecules could generate a charge-transfer pair, consisting of a PS radical anion and a PS radical cation that serve
as reactive species. Such radical pairs have been implicated
in photobiological damage elsewhere [31]. Details of this
photophysical phenomenon are still under investigation as
are studies regarding the inﬂuence of the ancillary ligand
identity on the overall photobiological activities exhibited
by the TLD1400 series of PS, in particular toward their application to PDI in gram-negative strains.

Conclusion
There is a recent recognition that Ru(II) complexes might
prove useful as PDI agents, particularly for virulent strains
of infectious disease, including gram-negative pathogens,
owing to their intrinsic cationic charge. However, these PS
will continue to suffer from the inability to destroy microbial
targets at low oxygen tension, and since precise knowledge
of oxygen tension in a wound, for example, is not possible,
the best PDI agent will be one that can function regardless of
oxygen tension. In this report, we have demonstrated that it
is possible to instill Type I activity into a simple mononuclear
Ru(II) complex using principles derived from coordination
and materials chemistry. This activity was outlined for S.
aureus and MRSA in hypoxia, and proved to be as effective,
or more effective in some cases, than normoxia. Equally
important, the TLD1400 series is active at concentrations of
over 3 orders of magnitude lower than the gold standard PS
MB. This photodynamic potency applies to bacterial cells and
cancer cells alike, and therefore, represents a new paradigm
for designing Type I PS using Ru(II) that extends to other
clinical applications.
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