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A series of dirhodium(II,II) complexes of the type cis-[Rh2(μ-O2CCH3)2(dppn)(L)]
2þ, where dppn = benzo[i]dipyrido-

[3,2-a:20,30-h]quinoxaline and L = 2,20-bipyridine (bpy, 1), 1,10-phenanthroline (phen, 2), dipyrido[3,2-f:2030-h]-
quinoxaline (dpq, 3), dipyrido[3,2-a:20,30-c]phenazine (dppz, 4), and dppn (5), were synthesized and their photo-
physical properties investigated to probe their potential usefulness as photodynamic therapy agents. The ability of the
complexes to bind and photocleave DNA was also probed, along with their toxicity toward human skin cells in the dark
and when irradiated with visible light. Nanosecond time-resolved absorption measurements established that the lowest
energy excited state in 1-5 is dppn-localized 3ππ* with lifetimes of 2.4-4.1 μs in DMSO, with spectral features similar
to those of the free dppn ligand (τ = 13.0 μs in CHCl3). Complexes 1-4 photocleave DNA efficiently via a mechanism
that is mostly mediated by reactive oxygen species, including 1O2 and O2

-. The DNA photocleavage by 5 is
significantly lower than those measured for 1-4 in air, and the absence of O2 in solution or the addition of azide, SOD
(superoxide dismutase), or D2O does not affect the efficiency of the photocleavage reaction. The toxicity of 1-5
toward Hs-27 human skin fibroblasts is significantly greater upon irradiation with visible light than in the dark. In contrast
to the DNA photocleavage results, 5 exhibits the largest increase in toxicity upon irradiation within the series. These
results are explained in terms of the known ability of the complexes to transverse cellular membranes, the toxicity of the
complexes in the dark, and their photophysical properties.

Introduction

Photodynamic therapy (PDT) has received significant
attention owing to the ability of the technique to target tumor
tissue selectively through irradiation of the affected area.1-7

In general, photoactivation of PDT drugs in the presence of
oxygen results in reactive species, largely believed to be 1O2

(singlet oxygen), although superoxide and hydroxyl radicals
may alsobe involved in the photochemistry.1-7Whenoxygen
is available, 1O2 generated by the photoactivated drugs can
cause oxidative damage to biomolecules including proteins,

nucleic acids, and membrane lipids.1-7 One particular draw-
back of these systems is that in the absence of oxygen the
excited states themselves are not reactive. Therefore, when
oxygen in the vicinity of the photosensitizer is consumed, the
drug becomes inactive until a replenished supply of O2 can
diffuse into the cells or region of the tumor.1-7 In addition,
the most aggressive and drug-resistant tumors are hypo-
xic, thereby rendering these PDT drugs less effective toward
them.8 Therefore, the discovery of new PDT agents whose
action does not depend on the availability of oxygen is a
highly desirable goal.
Cationic dirhodium(II,II) complexes have been shown to

exhibit anticancer properties and are known to be potent*To whom correspondence should be addressed. E-mail: turro@chemistry.
ohio-state.edu.
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inhibitors of transcription.9 Complexes possessing ligands
with extended π-systems exhibit activity toward HeLa and
COLO-316 cancer cell lines, making these types of com-
pounds useful as potential antitumor agents.10,11 Specifically,
dirhodium(II,II) complexes based on the dipyrido[3,2-a:20,
30-c]phenazine (dppz) ligand were previously shown to exhi-
bit an increase in toxicity upon irradiation similar to
that of hematoporphyrin, a component in the PDT drug
Photofrin.12,13 In addition, the DNA photocleavage by cis-
[Rh2(μ-O2CCH3)2(dppz)2]

2þ and cis-[Rh2(μ-O2CCH3)2-
(bpy)(dppz)]2þ (bpy =2,20-bipyridine) was still active in
the absence of oxygen,12-14 making these complexes poten-
tial candidates for oxygen-independent PDT. Furthermore,
studies relating the intercalation of ligands with extended
π-systems to DNA photocleavage show evidence of en-
hanced reactivity in complexes that bind strongly to the
double helix.15 Therefore, it is desirable to synthesize related
complexes that maintain the ability to photocleave in the
absence of oxygen and are intercalators.12

The present work focuses on a related series of complexes,
cis-[Rh2(μ-O2CCH3)2(dppn)(L)]

2þ, where dppn = benzo[i]-
dipyrido[3,2-a:20,30-c]phenazine andL=bpy (1), phen (1,10-
phenanthroline, 2), dpq (dipyrido[3,2-f:20,30-h]quinoxaline,
3), dppz (dipyrido [3,2-a:20,30-c] phenazine, 4), and dppn (5).
A schematic representation of themolecular structures of the
complexes and ligands is depicted in Figure 1. The photo-
physical properties of the complexes and their ability to bind
and photocleaveDNAwere probed, along with their toxicity
toward human skin cells in the dark andwhen irradiatedwith
visible light. The known ability of 1-5 to transverse cellular
membranes, their toxicity in the dark, and their photophysi-
cal properties were used to explain the observed results.

Experimental Section

Materials. Sodium chloride, sodium phosphate, gel loading
buffer (0.05% (w/v) bromophenol blue, 40% (w/v) sucrose,
0.1 M EDTA (pH = 8.0, 0.5% (w/v) sodium lauryl sulfate),
Trizma base, Tris/HCl, and ethidium bromide were purchased
from Sigma and used as received. Calf thymus DNA was
purchased from Sigma and was dialyzed against a 5 mM Tris,
50 mMNaCl (pH= 7.5) buffer three times during a 48 h period
prior to use. The pUC18 plasmid was purchased from Bayou
Biolabs and purified using the QIAprep Spin Miniprep Spin
System from Qiagen. Methanol and dichloromethane were
dried over CaH2 and distilled under a nitrogen atmosphere
prior to use. 1,3-Diphenylisobenzofuran (DPBF) and polystyr-
ene sulfonate (PSS) were purchased from Aldrich and used
without further purification. Compounds 1-5were synthesized
by previously reported methods.10

Instrumentation. Steady-state absorption spectra were recor-
ded on a Perkin-Elmer Lambda 900 spectrometer or a HP
diode array spectrometer (HP8453) with HP8453 Win System
software. Corrected steady-state emission spectra were mea-
sured on a SPEX Fluoromax-2 luminescence spectrometer. The
home-built transient absorption instrument for measurements

on the nanosecond and microsecond time scales was previously
reported, using a frequency-tripled (355 nm) Spectra-Physics
GCR-150 Nd:YAG laser (fwhm ∼8 ns) as the excitation sou-
rce.16 A 150 W Xe arc lamp in a PTI housing (Milliarc compact
lamp housing) powered by an LPS-220 power supply (PTI) with
an LPS- 221 igniter (PTI) was used for the DNA photocleavage
experiments. The irradiationwavelengthwas selected by placing
long-pass colored glass filters (Melles Griot) and a 10 cm water
cell in the light path. The ethidium bromide-stained agarose gels
were imaged using a Gel Doc 2000 transilluminator (BioRad)
equipped with Quantity One (v. 4.1.1) software

Methods. The DNA photocleavage experiments were carried
outwith a 10 or 20μL total sample volume in 0.5mL transparent
Eppendorf tubes containing 100 μMpUC18 plasmid and 20 μM
of each metal complex. Irradiation of the solutions was per-
formed either in air or after six freeze-pump-thaw cycles in
quartz tubes equipped with a Kontes stopcock (using ∼3-fold
greater solution volume). Following irradiation, 4 μL of the
DNA gel loading buffer was added to each sample. The electro-
phoresis was carried out using a 1% agarose gel stained with
0.5 mg/L ethidium bromide in 1� TAE buffer (40 mM tris-
acetate, 1 mM EDTA, pH ∼8.2); other conditions are specified
as needed. UsingQuantity One software, background-corrected
intensity values of both form I (undamaged, supercoiled) and
form II (single-strand break, nicked, circular) bands for each
lane were calculated. The sum of the total intensity found for
both forms I and II was taken as the total sample intensity, and
percent photocleavage of each sample was calculated to be the
percent intensity of form II. The binding constants of the metal
complexes to calf thymus DNA determined by optical titrations
at room temperature were measured with 5 μMmetal complex,

Figure 1. Molecular structure of the dirhodium complexes showing
numbering scheme and ligand structures.
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and the calf thymus DNA concentration was varied from 0 to
100 μM(5mMTris/HCl, 50mMNaCl, pH=7.5). The dilution
of metal complex concentration at the end of each titration was
negligible. The DNA binding constant, Kb, was obtained from
fits of the titration data, as previously reported.12,17

Photophysical measurements were performed in a 1 � 1 cm
quartz cuvette equippedwith a rubber septum, and the solutions
were bubbled with argon for 15 min prior to each measurement,
unless otherwise noted. For determination of Φ1O2

, deareated
solutions with concentrations adjusted to obtain absorption of
0.05 at the irradiation wavelength (λexc = 450 nm) were used.
The quantum yield of singlet oxygen produced by each complex
was measured relative to [Ru(bpy)3]

2þ as the standard (Φ1O2

(0.81 in CH3OH),18 by monitoring the fluorescence quenching
of DPBF (λexc = 405 nm), a known 1O2 target.

19 Under these
conditions, the plot of fluorescence intensity of DPBF versus
irradiation time yields a slope that can be compared relative to
that of the standard and used to calculateΦ1O2

for each complex.
Human skin fibroblasts (Hs-27) were obtained from the

American Type Culture Collection, cell line CRL-1634 (Manassas).
Cells were cultured in Dulbecco’s modified Eagle medium, contain-
ing 10% fetal bovine serum (Invitrogen Life Technologies),
50 μg/mL gentamicin, 4.5 mg/mL glucose, and 4 mM L-glutamine
(Invitrogen Life Technology). Cell cultures were incubated in a
humidified atmosphere containing 5%CO2 at 37 �C. For assessing
the cytotoxicity and photocytotoxicity of different compounds,
subconfluent (50-80% confluent) monolayers of Hs-27 in 60 mm
culture dishes were used. The monolayers were washed twice with
phosphate-buffered saline (PBS) to ensure that the culture dishes
were free of any culture medium, after which time fresh PBS
containing different concentrations of each compound was added
to cover the fibroblasts. The cells were irradiated through the PBS
buffer, which does not absorb light in the visible region. After
irradiation, the cellswere removed from thedishes by trypsinization,
seeded into 24-well culture plates, and incubated for 2 to 4 days or
until the untreated control group reached confluence. N-Lauroyl
sarcosine (200μL, 40mM)was thenadded to eachwell, and the cells
were allowed to lyse for at least 15 min. Quantitative determination
of the protein content in each well was undertaken using Peterson’s
modification of the micro-Lowry method (Sigma reagent kit),20

where the lysate was treated with 200 μL of Lowry reagent for
20 min and then with 100 μL of Folin-Ciocalteu phenol reagent for
30 min or until color developed. A portion of the contents (200 μL)
of each well was transferred to a 96-well plate for absorbance
determination using a multiwell plate reader (Dynatech Labo-
ratory). The absorbance at 630 nm was monitored, which is
proportional to the total protein content and the number of cells
in each well.

Results and Discussion

Photophysical Properties. The electronic absorption
maximaof 1-5 are listed inTable 1.Complexes 1-5 exhibit
ligand-centered (LC) transitions with maxima in the 250 to
430 nm range inwater. By comparison, the free dppn ligand
exhibits absorption maxima at 318 nm (65000M-1 cm-1),
390 nm (9400 M-1 cm-1), and 414 nm (12500 M-1 cm-1)

in CHCl3.
21 Similarly, the related tridentate ligand,

3-(pyrid-20-yl)-4,5,9,16-tetraazadibenzo[a,c]naphthacene
(pydppn), exhibits comparable LC transitions at 329 nm
(66000M-1 cm-1), 398nm (13000M-1 cm-1), and421nm
(17 000 M-1 cm-1) in CHCl3.

22 Absorption maxima in
the ranges 259-272 and 316-329 nm are observed in
1-5, which can be associated with ligand-centered transi-
tions of the free ligands in each complex. For example,
from comparison to the spectral features of the free dppn
ligand, the absorption features observed at 316-329 nm
in 1-5 are assigned to transitions of dppn. A metal-to-
ligand charge transfer (MLCT) transition is observed in
the related complexes cis-[Rh2(μ-O2CCH3)2(bpy)2]

2þ,
cis-[Rh2(μ-O2CCH3)2(bpy)(dppz)]

2þ, and cis-[Rh2(μ-O2-
CCH3)2(dppz)2]

2þwithmaxima at 408 nm (ε=2920M-1

cm-1),23 432 nm (3100M-1 cm-1), and 434 nm (5460M-1

cm-1),12,13 respectively, which is also expected to be
present in 1-5. It is likely that this MLCT peak is indeed
present, but is obscured by the dppn features in this region
because it is weaker than the LC transitions in this
spectral range. In addition, complexes 1-5 exhibit a
significantly weaker metal-centered (MC) RhRhπ*f
RhRhσ* transition with maxima at ∼600-621 nm. This
MC transition is also observed in cis-[Rh2(μ-O2CCH3)2-
(bpy)2]

2þ and Rh2(μ-O2CCH3)4 at 512 nm (ε = 380
M-1 cm-1)23 and 585 nm (ε=241 M-1 cm-1), respec-
tively.24 As was previously reported for the related
complexes cis-[Rh2(μ-O2CCH3)2(bpy)(dppz)]

2þ and cis-
[Rh2(μ-O2CCH3)2(dppz)2]

2þ,12 complexes 1-5 are non-
emissive at 298 K in water.
Although 1-5 are not emissive, the complexes exhibit a

long-lived excited state observed by transient absorption
spectroscopy. The transient absorption spectra of 2 and
3are shown inFigure 2 indeaeratedDMSO(λexc=355nm),
with spectral features similar to those of 1, 4, and 5. The
transient absorption spectra of 1-5 in DMSO exhibit a
peak at ∼430 nm, broad bands with maxima at 520-
540 nm, with monoexponential decay lifetimes of 2.4 to
4.1 μs (Table 1). A similar transient absorption signal was
observed for 25 μM free dppn ligand in deoxygenated
CHCl3 (λexc=355 nm), with a broadmaximumat 540 nm

Table 1. Absorption Maxima, Sensitized Singlet Oxygen Quantum Yields, and
Transient Absorption Lifetimes of 1-5

complex
λabs/nm

(ε � 10-3/M-1 cm-1)a Φ1O2

b τ/μsc

1 259 (38.5), 270 (37.9), 323 (45.4),
405 (9.4), 600 (1.6)

0.7 2.7

2 261 (60.5), 325 (59.7), 406 (10.7),
618 (1.6)

0.9 2.4

3 259 (57.1), 318 (39.6), 409 (7.9),
609 (1.1)

0.8 2.4

4 272 (36.7), 329 (25.3), 390 (13.6),
430 (9.9), ∼620 (3.8)

0.4 3.5

5 260 (60.5), 316 (67.0), 410 (13.2),
621 (2.0)

0.4 4.1

a In water. b In methanol (λirr = 450 nm). c In deareated DMSO
(λexc = 355 nm, fwhm ∼8 ns).
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and τ = 13.0 μs. An increase in the transient absorption
signal at λ<420 nm is also observed for free dppn. The
apparent shift in the maximum of this peak to lower
energies in 1-5 is explained by the overlap of the ground
state absorption bleach with maxima at ∼410 nm contri-
buting to the transient absorption signal. On the basis of
the comparison of the maxima and lifetimes of the
transient absorption signals of 1-5 to those measured
for the free dppn ligand, the excited state observed for the
dirhodium complexes is assigned as arising from the 3ππ*
centered on the dppn ligand.
Since the mechanism of action of PDT agents currently

in use relies on the production of 1O2, the quantum yield
of photosensitized 1O2 production (Φ1O2

) for 1-5 was
measured inmethanol (Table 1). For the sake of compari-
son, it is noted that Photofrin has Φ1O2

= 0.17.25 It is
interesting to note that Φ1O2

for 1-3 is ∼2-fold greater
than those for 4 and 5. This trend is unexpected, since the
excited state lifetimes of 4 and 5 are longer than those of
1-3, which should result in greater photosensitization of
1O2 in the former. A possible explanation for the differ-
ence inΦ1O2

is the aggregation of the more hydrophobic 4
and 5 in alcohols and water, a trend that has been
reported for cationic complexes of Ru(II) and Rh2(II,II)
possessing ligands with extended π-systems.12,13

DNA Binding and Photocleavage. Prior relative visco-
sity experiments revealed that,with lower concentrations of
complex (up to 60 μM) andDNA (200 μMDNA), 1 and 2
intercalate between the DNA bases effectively, but 3-5 do
not.10 By using greater concentrations of the probe (up to
300 μM) and 1 mMDNA, some intercalation by 3 and 4 is
also apparent (Supporting Information). Relative viscosity
measurements of 5 at high concentration were not possible
owing to the lower solubility of this complex. Owing to the
juxtaposed nature of the two dppn ligands on the complex
and the results from the relative viscosity measurements at
low concentrations, it is believed that 5 does not intercalate

between theDNAbases. A lack of change in viscosity upon
increased concentrations of complex was previously repo-
rted for the related complexes cis-[Rh2(μ-O2CCH3)2(bpy)-
(dppz)]2þ and cis-[Rh2(μ-O2CCH3)2(dppz)2]

2þ, which are
not intercalators.12,13

Changes in the absorption spectra of 1-5 upon addi-
tion ofDNAwere also observed. These hypochromic and
bathochromic shifts are often associated with intercala-
tion of the complexes, however, aggregation of cationic
hydrophobic complexes enhanced by the presence of the
polyanionic DNA backbone has a similar effect.12,26,27 In
order to distinguish between these two mechanisms, the
changes in absorption of 1-5 were also recorded in the
presence of a similar concentration of the random-coil
polyanion polystyrene sulfonate (PSS). A comparison of
the absorption spectra recorded in the presence of 100 μM
DNA (bases) and 100 μM PSS reveals that 1-3 indeed
intercalate between the DNA bases, whereas the absorp-
tion shifts observed for 4 and 5 are a result of enhanced
aggregation effected by the polyanion. Complex 3 exhi-
bits absorption changes due to contributions from both
intercalation and aggregation. The shifts in the absorp-
tion of 1 and 2 as a function of DNA concentration were
used to estimate their DNA binding constants, resulting
in values of 1.2� 106 and 1.0� 105M-1, respectively. The
values are consistentwith those of other intercalators.26,27

Figure 3a compares the photocleavage of 100 μM
pUC18 plasmid DNA in air in the presence of 1-5. The
plasmid-only control is shown in lane 1, illustrating the
mobility of both the major supercoiled form (form I) and
the trace nicked, circular form (form II) present in the

Figure 2. Transient absorption spectra of (a) 0.15 mM 2 and (b) 0.30
mM 3 in DMSO collected 20 ns after the excitation pulse (λexc = 355 nm,
fwhm ∼8 ns).

Figure 3. Ethidium bromide-stained agarose gels with 100 μM pUC18
plasmid and 20 μM complex (5 mM Tris, pH = 7.5, 50 mM NaCl).
(a) Photocleavageby 1-5 in air (λirrg 375nm, 20min), where lanes 1, 2, 4,
6, 8, and10are dark controls and lanes 3, 5, 7, 9, and11are irradiated: lane
1, plasmid only; lanes 2 and 3, 1 ; lanes 4 and 5, 2; lanes 6 and 7, 3; lanes 8
and 9, 4; lanes 10 and 11, 5. (b) Photocleavage by 4 (λirr >385 nm,
12 min): lane 1, plasmid only, dark; lane 2, irr. in air; lane 3, irr. in
D2O; lane 4, irr. with 2 mM NaN3; lane 5, irr. after six freeze-pump-
thaw cycles; lane 6, irr. with 2 units SOD.
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samples. It is clear from Figure 3a that none of the
complexes cleave DNA in the dark, but 1-4 efficiently
generate single-strand breaks (SSBs, form II) upon irra-
diation with visible light (λirr g 375 nm) for 20 min with
percent formation of form II ranging from 64% to 68%
(Table 2). Irradiation of 5 in air results in significantly
lowerDNAphotocleavage, 43%, compared to 1-4under
similar irradiation conditions (Figure 3a, lane 11). For
complexes 1-4, the DNA photocleavage is associated
with the formation of reactive oxygen species, as illus-
trated by the DNA photocleavage of 4 under various
experimental conditions shown in Figure 3b. Lane 3
shows greater photocleavage in D2O compared to H2O
(lane 2), indicative that 1O2 plays a role in the reactivity,
since the lifetime of 1O2 is 3-fold greater in D2O than
H2O.28 The addition of known radical and reactive oxy-
gen species scavengers, sodium azide (lane 3) and super-
oxide dismutase (SOD, lane 5), as well as subjecting the
sample to six freeze-pump-thaw (FPT) cycles (lane 4),
thereby rendering the sample devoid of oxygen, result in
decreased cleavage.28 As was previously reported for
related dirhodium complexes, there appears to be a
dominant O2-dependent pathway andminor O2-indepen-
dent reactivity.12 The results shown in Figure 3b for 4 are
representative of those also measured for 1-3. The DNA
photocleaveage by 5 is relatively invariant in D2O, after
FPT cycles, and in the presence of azide and SOD, results
that support a DNA damage mechanism that is indepen-
dent of oxygen. Since the quantum yields of photosensi-
tized 1O2 are similar for 4 and 5, the difference in DNA
photocleavage ability of the two complexes can be attri-
buted to the ability of 4 to partially intercalate between
the DNA bases, thus generating 1O2 within the DNA
local environment. Given the fact that 5 does not inter-
calated between the DNA bases, 1O2 produced upon
irradiation is likely not in the vicinity of the duplex.

Toxicity and Phototoxicity. The toxicity of 1-5 toward
two cancer cell lines, HeLa and COLO-316, was pre-
viously investigated in the dark.10 The data revealed that
1-4 induce apoptosis, whereas 5 does not. It is believed
that, owing to its hydrophobicity, 5 does not transverse
the cellular membrane as well as the other complexes.
Furthermore, the toxicity of complexes 1 and 5 in the dark
toward Hs-27 human skin fibroblasts was previously
examined in relation to the partition coefficient of each
complex,29 also known to be related to the ability of
molecules to transverse cellular membranes.10 A similar
result is observed with the Hs-27 cell line presented here,

where complexes 4 and 5 exhibit significantly lower toxi-
city in the dark, with LC50 (LC50 = concentration re-
quired to kill 50% of the cells) values of 355 and 384 μM,
respectively, compared to 51-200 μM for 1-3 (Table 2).
For the Hs-27 cell line, it appears that complexes 4 and 5
do not transverse the cellular membrane as well as 1-3.
This trend is supported by the partition coefficients (P)
previously reported, also listed in Table 2 as log(P), which
show that 4 and 5 are significantly more hydrophobic
than 1-3. Although the log P value for 4 is closer to 1-3
than 5, it has been previously noted that a linear progres-
sion of permeability with ring additions is not followed in
this series of complexes possibly due to the direct stacking
of the diimine ligands.10

In addition to the ability to enter cells, photocytotoxi-
city also depends on the reactivity of each complex when
excited with light. The LC50 values for 1-5 irradiated for
30 min with visible light show that the most and least
phototoxic compounds are 3 and 1, respectively, and 2, 4,
and 5 exhibit similar toxicities. It is possible that the more
hydrophobic complexes 4 and 5 are bound within the
cellular membrane, and photoexcitation initiates reacti-
vity toward phospholipids, ultimately resulting in cell
death.30 In contrast, complexes 1-3 are able to penetrate
the cellular membrane and can, therefore, damage intra-
cellular components through the formation of reactive
oxygen species. Work is currently underway to elucidate
the differences in mechanism for these systems.
The values of the increase in toxicity toward Hs-27 of

1-5 upon irradiation are listed in Table 2, ranging from
5.7- to 8.1-fold for 1-3. These values are similar to the
5.5-fold increase previously measured by us for hemato-
porphyrin, a key component of the PDT drug Photofrin,
under similar experimental conditions, with LC50

dark =
22 ( 1 μM and LC50

irr = 3.8 ( 0.2 μM. In contrast, the
increase in toxicity of 4 and 5 when irradiated was
measured to be 21 and 24, respectively, making them
potential candidates for PDT. It should be noted that this
greater increase in 4 and 5 compared to hematoporphyrin
reflects the lower toxicity of the complexes in the dark, a
desirable property for a PDT agent.

Conclusions

The photophysical properties of the series of complexes
cis-[Rh2(μ-O2CCH3)2(dppn)(L)]

2þ (L= bpy (1), phen (2),
dpq (3), dppz (4), and dppn (5)) were investigated, and it was
found that the lowest energy excited state in 1-5 is dppn-
localized 3ππ* with lifetimes of 2.4-4.1 μs in DMSO. Com-
plexes 1-4 photocleave DNA efficiently via a mechanism
mediated by reactive oxygen species, whereas the lower
reactivity of 5 toward DNA is independent of the presence
of oxygen. It should be noted, however, that all complexes
also exhibit a photocleavage pathway that is independent of
oxygen. Therefore, a direct comparison of the DNA photo-
cleavage efficiency and quantum yield of photosensitized 1O2

production is not possible. The toxicity of 1-5 toward Hs-27
human skin fibroblasts is significantly enhanced upon irra-
diation with visible light as compared to in the dark, with a
21- and 24-fold increase in toxicity for 4 and 5, respectively.
This increase is significantly greater than that measured

Table 2. DNA Photocleavage, LC50 Values Irradiated and in the Dark, and
Partition Coefficients for 1-5

LC50/μM
a

complex % form IIa dark irradiatedb increase log(P)c

1 64 200( 20 30( 5 6.7 0.32
2 68 178( 17 22( 4 8.1 0.30
3 66 51( 5 9( 3 5.7 0.41
4 66 355( 18 17( 3 21 0.62
5 43 384( 24 16( 4 24 1.02

aSee text; 5% error. b λirr= 400-700 nm, 30min. cFrom ref 10,(0.03.

(28) Rosenthal, I.; Ben-Hur, E. Int. J. Radiat. Biol. 1995, 67, 85–91.
(29) Angeles-Boza, A. M.; Chifotides, H. T.; Aguirre, J. D.; Chouai, A.;

Fu, P. K.-L.; Dunbar, K. R.; Turro, C. J. Med. Chem. 2006, 49, 6841–6847. (30) Girotti, A. W. Compr. Ser. Photosci. 2001, 3, 233–250.
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under similar experimental conditions for hematoporphyrin
(5.5-fold). The dramatic increase in toxicity upon irradiation
of 4 and 5 makes them potentially useful as PDT agents.
Experiments designed to gain further understanding of the
mechanism of photoinduced cell death in the presence of
these complexes are currently underway.
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