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The search for efficient antitumor drugs with low toxicity has
sparked interest in transition metal complexes for photo-
dynamic therapy (PDT).[1] Current PDT uses reactive species
to induce damage to biomolecules.[2] Photofrin photochemi-
cally generates 1O2 leading to tumor cell death.[3] Excitation
by light in the phototherapeutic window (600–900 nm) is
needed for tissue penetration.[3] A new PDT drug, [(bpy)2Os-
(dpp)RhCl2(phen)]3+ (bpy = 2,2’-bipyridine, phen = 1,10-phe-
nanthroline, dpp = 2,3-bis(2-pyridyl)pyrazine), photocleaves
and photobinds DNA (i.e., it binds to DNA upon exposure to
light) through an oxygen-independent mechanism when using
light in the therapeutic window. Herein it is demonstrated
that this complex functions at low concentrations and inhibits
DNA replication and amplification by PCR.

DNA is often the target for metal-based drugs. Ru or Os
polyazine complexes related to the classic [Ru(bpy)3]

2+ and
[Os(bpy)3]

2+ are suggested as prototypes for future drugs. The
long-lived triplet metal-to-ligand charge transfer (3MLCT)
state of [Ru(bpy)3]

2+ can photocleave pBR322 DNA with
visible light (lirr> 450 nm) through singlet-oxygen generation
by energy transfer.[4] Very few metal complexes function for
DNA modification by using red light in the therapeutic
window, thus presenting a barrier to their implementation.[5]

Turro and co-workers reported that [(bpy)2Os(dppn)]2+

(dppn = benzo[i]dipyrido[3,2-a:2,3-c]phenazine) photo-
cleaves plasmid DNA under irradiation with low-energy
light (lirr� 645 nm) through direct triplet excited state
excitation generating 1O2.

[6] The FeIII complex [FeL(cat)-
(NO3)] (L = 9-[(2,2’-dipicolylamino)methyl]anthracene and
cat = catecholate) photocleaves plasmid (pUC19) DNA
under irradiation with red light (lirr = 633 or 785 nm) by
forming hydroxyl radicals.[7] Brewer and co-workers reported
that the Ru/Pt bimetallic complex [(Ph2phen)2Ru-
(dpp)PtCl2]

2+ (Ph2phen = 4,7-diphenyl-1,10-phenanthroline
and dpp = 2,3-bis(2-pyridyl)pyrazine) photobinds DNA
under irradiation red light (lirr� 590 nm) owing to spin-

orbital coupling allowing direct population of the 3 MLCT
excited state.[8] The complex [(biq)2Ru(phen)]2+ (biq = 2,2’-
biquinoline) photobinds DNA after excited by red light (lirr>

600 or 650 nm) through loss of a biq ligand.[9] These recently
developed PDT agents function with excitation by red light
but require molecular oxygen.

Oxygen levels in tumors are often low. PDT drugs that
function without O2 are critical to widespread application.
Metal complexes that are designed to function without O2 do
not use excitation with red light, thus making them interesting
but not applicable in clinical PDT. cis-[Rh(phen)2Cl2]

+ and
cis-[RhCl2(dppz)(phen)]+ (dppz = dipyrido[3,2-a :2’3’-c]phen-
azine) complexes can photobind DNA under UV irradiation
in an anaerobic environment.[10] cis-[Rh2(m-O2CCH3)2-
(dppz)(h1-O2CCH3)(CH3OH)]+ and cis-[Rh2(m-O2CCH3)2-
(dppz)2]

2+ photocleave DNA without molecular oxygen with
visible light (lirr> 395 nm).[11] cis-[Rh2(m-O2CCH3)2-
(dppn)(L)]2+ complexes (L = bpy, phen, dpq, dppz; dpq =

dipyrido[3,2-f:2’3’-h]-quinoxaline) photocleave DNA under
irradiation with visible light (lirr> 375 nm) without molecular
oxygen.[12] The [{(bpy)2Ru(dpp)}2RhCl2]

5+ complex photo-
cleaves DNA under irradiation with visible light (lirr�
475 nm) in an oxygen-independent environment.[13] PDT
agents that function by excitation with light in the therapeutic
window and function through an oxygen-independent mech-
anism remain elusive.

The polymerase chain reaction (PCR) enables the rapid
amplification of specific DNA fragments in vitro and has seen
widespread application in research since the discovery of
thermostable polymerases in the mid-1980s.[14] PCR has been
used as an in vitro method to assess DNA modification or
damage in a few cases where there is significant thermal
stability of DNA–metal complex adducts.[15] Lippard and
other researchers reported that the anticancer drug cis-
[Pt(NH3)2Cl2] (cisplatin) predominantly binds to two adjacent
guanines, thereby inhibiting DNA synthesis.[16] Eastman
reported that PCR detects DNA modification by cisplatin
with an inhibition sensitivity that is proportional to the size of
the amplified DNA fragments and the efficiency of the DNA
modification by the drug; a base pair/metal complex (bp/mc)
ratio of 35:1 is required for inhibiting the replication of
a 150 bp DNA fragment.[17] The inhibition of amplification of
a 148 bp DNA fragment by [(Rh2(O2CCH3)4] requires a bp/
mc ratio of 1:50 when incubated at 37 8C for 24 h, and
inhibition of amplification of a 1450 bp DNA fragment at the
same conditions requires a bp/mc ratio of 1:5.[18]

The metal complex [(bpy)2Os(dpp)RhCl2(phen)]3+

(Scheme 1) couples one Os to a cis-{RhIIICl2} center. It
displays intense absorption through the UVand visible region

[*] J. Wang, J. Newman Jr., Dr. S. L. H. Higgins, K. M. Brewer,
Prof. K. J. Brewer
Department of Chemistry, Virginia Tech
Blacksburg, VA 24061-0212 (USA)
E-mail: kbrewer@vt.edu

Prof. B. S. J. Winkel
Department of Biological Sciences, Virginia Tech
Blacksburg, VA 24061-0212 (USA)

[**] Acknowledgements are provided to Virginia Tech for support of this
work.

Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201207083.

.Angewandte
Communications

1262 � 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2013, 52, 1262 –1265

http://dx.doi.org/10.1002/anie.201207083


with a bpy p!p* transition at 284 nm, dpp p!p* transition
at 336 nm, Os(dp)!bpy(p*) CT at 413 nm, and Os(dp)!
dpp(p*) CT at 521 nm. A weaker, broad transition centered at
750 nm (e = 2.9 � 103

m
�1 cm�1) in the low-energy visible

region is a 1GS to Os(dp)!dpp(p*) 3MLCT transition
(1GS = singlet electronic ground state). Population of the
3MLCT is followed by electron transfer to populate the
damaging Os!Rh 3MMCT (metal-to-metal charge transfer)
state, which leads to DNA modification. This complex
photobinds and photocleaves DNA under red light in the
therapeutic window through an oxygen-independent mecha-
nism.[19]

The oxygen-independent photomodification of DNA by
the [(bpy)2Os(dpp)RhCl2(phen)]3+ supramolecule is demon-
strated in Figure 1. This unique reactivity is unprecedented in
the literature and demonstrates the promise of this class of
supramolecules as PDT agents. By using our previously
described photochemical protocol,[19] solutions (1 mL) were
prepared containing supercoiled pUC18 plasmid DNA

(10 mg) with and without metal complex at a 5:1 bp/mc
ratio. The samples were then treated under argon (i.e., in the
absence of molecular oxygen) under different light regimes.
The resulting gel mobility shift assays demonstrated again
that [(bpy)2Os(dpp)RhCl2(phen)]3+ photobinds pUC18 DNA
within 60 min of irradiation with red light at lirr� 590 or
645 nm and photocleaves most of the DNA by 240 min, with
the majority of the supercoiled form (SC) of the plasmid
converted to the open circular form (OC; Figure 1A, C).

PCR amplification of a 670 bp region of pUC18 was then
used to evaluate the potential effects of photochemical DNA
modification or cleavage on the DNA replication needed for
cancer cell proliferation. The PCR sample preparation was
described in detail in the Supporting Information. The imaged
electrophoresis gels in Figure 1B, D demonstrate that the title
complex inhibits DNA replication and amplification after
irradiation with red light in the absence of molecular oxygen.
The gel includes: a l DNA ladder (lane l), a negative PCR
control using deionized H2O as a template (lane C�),
a positive PCR control with pUC18 DNA as a template
showing the amplified 670 bp DNA (lane C +), a sample of
PCR using pUC18 DNA incubated with [(bpy)2Os-
(dpp)RhCl2(phen)]3+ at a 5:1 bp/mc ratio for 240 min under
argon in the absence of light (lane MC), and the same sample
after irradiation for 60 min (lane 60) or 240 min (lane 240)
with red light at lirr� 590 or 645 nm. Figure 1B, D show no
DNA product in lane C� owing to the absence of a DNA
template. Intense dark bands of the correct predicted size
(670 bp) are observed in the positive control C + , as well as in
the dark control (lane MC), where the pUC18 DNA was
incubated with the [(bpy)2Os(dpp)RhCl2(phen)]3+ complex
without light irradiation. The intense dark bands indicate that
a large amount of DNA amplification occurred during the
PCR experiment and the DNA amplification was not affected
by the presence of metal complex in the absence of light. In
contrast, no DNA amplification was observed when PCR was
conducted using the same samples of pUC18 DNA incubated
with [(bpy)2Os(dpp)RhCl2(phen)]3+ and then irradiated with
red light at either lirr� 590 or 645 nm under argon for 60 min
(lane 60) or 240 min (lane 240). The inhibition of DNA
amplification was observed even at 60 min, when full photo-
binding had occurred, but photocleavage was still incomplete
(Figure 1A, C). This unique result shows complete inhibition
of DNA amplification by [(bpy)2Os(dpp)RhCl2(phen)]3+

through a red-light-dependent, oxygen-independent mecha-
nism, demonstrating ideal behavior for PDT drug develop-
ment.

A new experiment was then conducted to determine
whether [(bpy)2Os(dpp)RhCl2(phen)]3+ also caused DNA
photomodification and photodamage-mediated inhibition of
DNA replication and amplification at lower DNA bp/mc
ratios. A solution (1 mL) was prepared containing pUC18
DNA (100 mg) and [(bpy)2Os(dpp)RhCl2(phen)]3+ complex at
a 50:1 bp/mc ratio and either kept in dark under argon for
240 min or irradiated with red light at lirr� 590 under argon
for 60 or 240 min (Figure 2).

Figure 2A shows that the [(bpy)2Os(dpp)RhCl2(phen)]3+

complex photobinds pUC18 DNA after 60 min irradiation at
lirr� 590 nm at the 50:1 bp/mc ratio, but causes only a small

Scheme 1. The structure of complex [(bpy)2Os(dpp)RhCl2(phen)]3+.

Figure 1. Agarose gel analysis of the effects of the metal complex at
a 5:1 bp/mc ratio on plasmid DNA migration and PCR amplification
after photolysis at lirr�590 nm (A,B), or lirr�645 nm (C,D). In (A)
and (C), the l lane is a l HindIII molecular weight marker, lane C is
pUC18 DNA control, lane MC is pUC18 DNA incubated with
[(bpy)2Os(dpp)RhCl2(phen)]3+ at 5:1 (bp/mc) for 240 min under argon
(i.e., without molecular oxygen) in the dark, and lanes 60 and 240 are
the same sample incubated under irradiation with red light (lirr�590
or 645 nm) for 60 min or 240 min under argon. In (B) and (D), the
l lane is a l HindIII molecular weight marker, lane C� is a negative
PCR control using deionized H2O as a template, lane C + is a positive
PCR control showing the 670 bp fragment produced using pUC18
DNA as a template, lane MC shows the product of a PCR using
pUC18 DNA incubated with [(bpy)2Os(dpp)RhCl2(phen)]3+ at a bp/mc
of ratio 5:1 for 240 min under argon in the dark. Lanes 60 and 240 are
the results of PCR using the same sample irradiated for 60 or 240 min
with red light (lirr�590 or 645 nm).
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amount of cleavage even after 240 min, as evidenced by
conversion of only a small fraction of the supercoiled form of
pUC18 DNA to open circular DNA. This new result that
a sample with a 50:1 bp/mc ratio irradiated with red light
leads to detectable DNA modification is significant. There is
a much lower effect on DNA migration at the 50:1 bp/mc
ratio than observed at the 5:1 ratio under otherwise identical
conditions (Figure 1A). However, the PCR analysis shows
complete inhibition of DNA amplification after photolysis of
the solution containing DNA and metal complex for 60 or
240 min with red light (lirr� 590 nm) in the absence of
oxygen. This result suggests that even very small amounts of
the complex are sufficient to inhibit DNA amplification.

The [(bpy)2Os(dpp)RhCl2(phen)]3+ complex can act as
a red-light-activated agent to impede DNA replication and
amplification, and this modification to DNA is stable at the
94 8C thermal cycling needed for PCR. The unique properties
of this complex are imparted by the direct 1GS!3MLCT
excitation made possible by the large degree of spin-orbital
coupling in Os complexes. The lowest lying, photoactive
3MMCT state provides for facile light-activated ligand sub-
stitution at the Rh site, through chloride loss seen in ESI mass
spectra of photolyzed samples.[19] Although red-light-acti-
vated ligand substitution at the Rh site is efficient, thermal
substitution at Rh occurs at high temperatures, thereby
providing stable photomodification of DNA by this Os/Rh
complex.

This study shows [(bpy)2Os(dpp)RhCl2(phen)]3+ can act
as a red-light-activated agent to impede DNA replication and
amplification, thus showing promise as a PDT drug for clinical
applications. This complex can photomodify DNA under
excitation with red light in the therapeutic window, thereby
resulting in sufficient DNA modification and damage to
inhibit DNA amplification by PCR, even when only modest
levels of photobinding and photocleavage are detected in
conventional gel mobility shift assays. Furthermore, there is
no impact in the dark upon the incubation of this complex

with DNA, thereby making this activity very specific for light
exposure. Moreover, the PCR conditions used herein
included 35 cycles of incubation at 94, 58, and 72 8C over
the course of 180 min, thus indicating substantial thermal
stability of the photomodification responsible for inhibition of
DNA amplification. The supramolecule [(bpy)2Os-
(dpp)RhCl2(phen)]3+ is designed to provide an Os chromo-
phore for excitation with light in the therapeutic window and
a cis-{RhCl2} site for DNA photobinding and oxygen-inde-
pendent cleavage. Short-time photolysis shows both DNA
photobinding and photocleavage impede DNA amplification
with low-energy light (lirr� 645 nm) and low metal complex
loading. Compared to their normal counterparts, cancer cells
exhibit high rates of DNA replication and cell replication. The
results of the PCR analysis described herein suggest that
DNA photomodification and photodamage induced by
[(bpy)2Os(dpp)RhCl2(phen)]3+ under irradiation with red
light will inhibit DNA replication, thereby disrupting the
cell division cycle, thus making [(bpy)2Os(dpp)RhCl2-
(phen)]3+ a promising PDT agent.[20] Work is under way to
investigate in detail the bioreactivity of the metal complex
[(bpy)2Os(dpp)RhCl2(phen)]3+ and other related supramole-
cules with varied subunits.[21]
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