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Abstract. Appending anthracene units to [(bpy)2Ru(dpp)]2+ results 
in Ru(II) agents that exhibit dynamic photoreactivity towards DNA 
and protein. [(Anthbpy)(bpy)Ru(dpp)]2+ and [(Anthbpy)2Ru(dpp)]2+ 

are the first metal-organic Ru(II) agent with dpp ligands shown to 
photomodify DNA in the presence or absence of oxygen, while also 
binding protein in an oxygen-dependent manner. 

Ru(II) photosensitizers (PSs) have been investigated 
extensively as potential agents for photodynamic anti-cancer therapy 
(PDT).1 The well-studied [Ru(bpy)3]

+2 PS mediates the oxidation of 
DNA via quenching of the [Ru(bpy)3]

2+ triplet metal-to-ligand 
charge transfer (3MLCT) excited state by molecular oxygen, 3O2, 
upon light activation.2 Ru(II) PSs that efficiently sensitize 3O2 have 
been shown to modify DNA and/or protein within cells, which 
disrupts cell homeostasis leading to necrotic and/or apoptotic 
processes.2a,3 Although Ru(II) agents that efficiently produce 1O2 are 
desirable for PDT, Ru(II) systems that exhibit multiple pathways of 
reactivity are sought in order to improve PDT efficacy.4 One 
approach has been to covalently append polycyclic aromatic 
hydrocarbon (PAH) units that independently intercalate and oxidize 
DNA.4e,5 The reactivity of these Ru(II) hybrid complexes has been 
found to be intimately associated with both the nature of the covalent 
linker and the type of chromophore appended to the Ru(II) unit, thus 
suggesting new avenues for optimizing the photoreactivity of Ru(II) 
agents for PDT.6  
       We recently described the synthesis and characterization of 
[(AnthbpyMe)(bpy)Ru(dpp)]2+ (2) and [(AnthbpyMe)2Ru(dpp)]2+ (3) 
(AnthbpyMe = 4-[N-(2-anthryl)carbamoyl]-4'-methyl-2,2'-
bipyridine; bpy = 2,2'-bipyridine; dpp = 2, 3-bis (2′-pyridyl) pyrazine 
(Figure 1).7 The PAH, anthracene, has shown substantial promise  

 
Figure 1: Structural representation of the parent molecule, [(bpy)2Ru(dpp)]2+ (1), and the anthryl 
derivatives, [(AnthbpyMe)(bpy)Ru(dpp)]2+ (2), and [(AnthbpyMe)2Ru(dpp)]2+ (3). 

for enhancing the PDT reactivity of Ru(II) complexes.7-8 Anthracene 
can by itself intercalate into the DNA double helix and, upon 

irradiation with UV light, oxidize adjacent sites in the DNA 
molecule though reactive oxygen species (ROS) or anthracene-
derived cation radicals.9 When appended to Ru(II) PSs, anthryl 
groups have been shown to promote enhanced binding to calf-
thymus (CT) DNA by intercalative π-stacking, while facilitating 
DNA photocleavage by •OH and by sensitized 3O2 mechanisms via 
the anthracene and Ru(II) units, respectively.8 We have shown that 
complexes 2 and 3 efficiently absorb light throughout the visible 
region, facilitated by several MLCT transitions with λmax = 459 nm 
(ε = 16,000 M–1cm–1) and 461 nm (ε = 21,000 M–1cm–1), 
respectively.7 Upon excitation the anthracene-[Ru]-dpp hybrid 
arrangement provides multiple pathways, singlet-singlet, triplet-
triplet, and/or singlet-triplet, for deactivation from the 3MLCT 
excited state through energy/electron transfer, which is speculated to 
enhance the PDT potency that was observed for these complexes 
against mammalian cells in preliminary experiments,7 as also 
recently suggested for anthracene-[Ru]-bpy complexes.6 
       In this study, we demonstrate that 
[(AnthbpyMe)(bpy)Ru(dpp)]2+ (2) and [(AnthbpyMe)2Ru(dpp)]2+ (3) 
can modify DNA and protein through multifaceted pathways that 
appear to be unique to the anthracene-[Ru]-dpp systems. Gel shift 
assays were used to examine the potential reactivity of the title 
complexes with biomacromolecules under diverse conditions. These 
assays have been used extensively to monitor the DNA binding 
propensity of metal-organic complexes, including oxidation of DNA 
via ROSs, by monitoring the electrophoretic migration of DNA.10 

Altered migration of the DNA-complex adduct reflects a change in 
size, charge, and/or configuration of DNA, the latter involving 
conversion of supercoiled (SC) plasmid to open circular (OC) and/or 
linear (L) forms.  
      Figure 2 compares the effects of the Ru(II) complexes on DNA 
with and without photolysis and in the presence and absence of 
oxygen. Both title complexes, as well as the parent molecule, 
[(bpy)2Ru(dpp)](PF6)2 (1), appear to be chemically inert toward 

 
Figure 2: DNA gel shift assay for (a) [(bpy)2Ru(dpp)](PF6)2 (1), (b) [(AnthbpyMe)(bpy)Ru(dpp)](PF6)2 

(2), and (c) [(AnthbpyMe)2Ru(dpp)](PF6)2 (3). λ: DNA weight marker, C: pUC19 DNA, 1 = 5:1 
(BP:MC) incubated in the dark for 1 h, 2 = 5:1 (BP:MC) exposed to a 455 nm LED for 1 h,with 3O2 3 = 
5:1 (BP:MC) exposed to a 455 nm LED for 1h without 3O2, L = linearized pUC19 DNA. 

DNA in the dark in the presence of oxygen (lane 1), with no 
detectable change in ethidium bromide fluorescence intensity or 
migration of the SC DNA. However, upon photolysis at 455 nm 
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for 1 h in the presence of 3O2, all three Ru(II) complexes alter the 
electrophoretic mobility of plasmid DNA (lanes 2 and 3). As 
previously reported, the parent complex (1) exhibited 3O2-
dependent conversion of a substantial proportion of SC DNA to 
the OC form, but only in the presence of oxygen.10d The title 
complexes 2 and 3 modified the plasmid DNA even more 
efficiently and did so both in the presence and absence of 3O2. 
Under both conditions these complexes completely converted SC 
DNA to a mixture of OC DNA and a band with a distinctly 
different migration rate than either OC and L DNA (control lanes 
C and L). The primary difference between the two anthracene-
[Ru]-dpp systems appears to be in the efficiency of the 
conversion, with the relative intensities of the OC and 
intermediate bands differing reproducibly in the presence of 2 
versus 3.   

It is hypothesized that the photooxidation of DNA by the 
anthracene-[Ru]-dpp systems under 3O2 is facilitated independently 
by the Ru(II) PS (via 3O2) or anthracene (via •OH or anthracene-
derived radicals) unit(s) to produce OC DNA. The intermediate 
band is speculated to consist of modified forms of OC or L DNA to 
which the complex is photochemically bound.11 In the absence of 
3O2, the DNA modification is speculated to involve a •OH and/or 
anthracene-derived radical produced by the anthryl unit(s) to form 
the OC DNA, as has been reported for anthracene alone.8,9f In this 
case, the faster migrating band is speculated to consist of cross-
linked DNA product(s), as has previously been reported for several 
other anthracene derivatives.9b,11a,b Samples treated with complex 3 
also exhibited a higher degree of smearing of the lower band, which 
is attributed to the steric constraints from the two-anthryl units 
which could enhance crosslinking of DNA through the formation of 
multiple photoadducts by a single Ru(II) complex.11c,12 These results 
strongly suggest that the anthracene-[Ru]-dpp hybrid systems 
uniquely modify plasmid DNA via an 3O2-independent mechanism 
attributed to the appended anthryl unit(s).    
        To further investigate the mechanism of photooxidation and the 
participation of •OH radicals in DNA binding and cleavage by these 
complexes, we examined the effects of the •OH scavengers DMSO, 
sodium iodide, and sodium benzoate8,11c on their ability to 
photomodify DNA (Figure 3). The parent complex (1) effectively 
converted a substantial proportion of the SC DNA to the OC form 
following 1 h of photolysis at 455 nm, whether or not •OH radical 
scavengers were present (Figure 3a). The presence of these 
scavengers also appeared to have little or no effect on the activity of 
complex 2 (Figure 3b). This finding suggests that [Ru]-derived 
singlet oxygen (1O2) and anthracene-derived radicals together 
mediate the formation of OC DNA and the band of intermediate 
mobility. Anthracene-derived radicals are hypothesized to occur via 
a known 3anthracene excited state that readily photooxidizes across 
the 9,10 position of the molecule.7,13  

 

Figure 3: DNA gel shift assay for (a) [(bpy)2Ru(dpp)](PF6)2, (b) [(AnthbpyMe)(bpy)Ru(dpp)](PF6)2, 
and (c) [(AnthbpyMe)2Ru(dpp)](PF6)2 using a 5:1 BP:MC ratio. λ: DNA weight marker, C = pUC19 
DNA, 1 = MC + DNA + hν, 2 = DMSO + MC +DNA + hν, 3 = NaI + MC + DNA + hν, 4 = NaCl + 
MC + DNA + hν, 5 = sodium benzoate + MC + DNA + hν, L= linearized pUC19 DNA. hν = 455 nm 
LED irradiation with 3O2. 

         
In contrast, although complex 3 displayed no change in 

reactivity toward DNA in the presence of DMSO (Figure 3c, lane 2), 
samples containing sodium-based scavengers exhibited a distinctly 
different profile (Figure 3c, lanes 3 – 5). In this case, complex 3 
converted SC DNA to OC DNA and the intermediate-mobility band, 
but also produced a third band with accelerated mobility. A salt-

induced change in interaction of anthracene with DNA, from 
intercalative to non-intercalative binding, has previously been 
hypothesized to facilitate cleavage of the DNA backbone.9c,14 This 
effect, together with the presence of the second anthryl unit in 
complex 3, could facilitate the formation of cross-linked DNA. This 
conclusion is further supported by the finding that the non-sodium 
based •OH radical scavenger, 5,5-dimethyl-1-pyrroline N-oxide 
(DMPO), display little to no reduction in the light-mediated 
conversion of SC DNA to the OC or L form by complex 2 or 3 

(Figure S1). 
         To examine the modes of binding in further detail, the apparent 
DNA binding constants, Kb, of the three complexes were compared.  
In these experiments, UV-vis spectroscopy was used to monitor the 
MLCT (λmax) during titration with CT DNA in the dark (Table 1; 
ESI).8,15 The results suggest that complex 2 can efficiently intercalate 
into the DNA duplex via the anthracene motif, as indicated by the 
two orders of magnitude enhancement in Kb relative to the parent 
complex (1). In contrast, complex 3, with two anthryl units, 
exhibited a Kb similar to 1, suggesting that steric constraints may 
impede intercalation into the DNA duplex. However, the presence of 
two anthracene units could facilitate inter/intra crosslinking of DNA 
without influencing the MLCT transition. The results suggest that 
appending a second anthryl unit to the Ru(II) PS may negatively 
impact non-covalent intercalation, while still facilitating other 
binding modes that allow for DNA crosslinking.  
 

Table 1: Results of absorption titration experiments  
Complex Kb/M

–1 

[(bpy)2Ru(dpp)](PF6)2 (1) 4.50 × 103 
[(AnthbpyMe)(bpy)Ru(dpp)](PF6)2 (2) 3.50 × 105 
[(AnthbpyMe)2Ru(dpp)](PF6)2 (3) 

Standard deviation ± 10% 
4.50 × 103 

  

Alternative targets for metal-organic Ru(II) agents are proteins 
that, like DNA, are abundant and essential cellular 
macromolecules.16 The disruption of protein functionality within 
cells can trigger oxidative stress and threaten cell viability.17 The 
oxidation of proteins can be mediated by Ru(II) PSs through 
sensitization of 3O2, ROS production, and/or direct attack by protein-
derived radicals upon light activation.18 We therefore tested the 
propensity of our anthracene-[Ru]-dpp complexes to bind to and 
disrupt a prototypical protein, bovine serum albumin (BSA), by 
monitoring effects on electrophoretic migration and/or protein 
abundance by sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE). 
         Figure 4 displays SDS-PAGE analysis of the interaction of 
complexes 1, 2, and 3 with BSA, with and without photolysis and in 
the presence and absence of oxygen at a 1:1 protein-to-metal 
complex (P:MC) molar ratio. The three complexes displayed very 
similar behavior under these conditions. The migration and intensity 
of the bands in the first four lanes of each panel were 
indistinguishable, suggesting that the complexes do not interact with 
and/or covalently bind to BSA in the dark at either RT or 37°C in the 
presence of 3O2 (lanes RT and 37°C) or following photolysis in the 

 
 Figure 4: SDS-PAGE assay for (a) [(bpy)2Ru(dpp)](PF6)2, (b) [(AnthbpyMe)(bpy)Ru(dpp)](PF6)2, 
and (c) [(AnthbpyMe)2Ru(dpp)](PF6)2. BSA = bovine serum albumin control, RT = 1:1 (P:MC) 
solution in the dark for 1 h at room temperature,, 37°C = 1:1 (P:MC) solution in the dark for 1 h at 
37°C, and FPT = 1:1 (P:MC) solution under 455 nm irradiation for 1 h without 3O2. 

3O2 = 1:1, (P:MC) 
solutions, under 455 nm irradiation for 1 h with 3O2. 

 
absence of 3O2 (lane FPT). However, a substantial decrease in 
fluorescence intensity was observed when the protein-complex 
solutions were photolyzed in the presence of 3O2 (lane 3O2). This 
suggests that the reported complexes can modify BSA via an 3O2-
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mediated mechanism, resulting in degradation of the protein and/or 
the production of high-molecular-weight cross-linked products 
through protein-derived radical reactions.16b,19 No high molecular 
mass products were observed in these experiments, suggesting that 
the complexes degrade BSA, with absolute dependence on light and 
3O2. This is in contrast to the 3O2-independent interaction of (2) and 
(3) with DNA, indicating that the anthracene-[Ru]-dpp complexes 
interact with these two biological macromolecules through different 
mechanisms. 
     The light- and 3O2-mediated reactivity of these complexes was 
further investigated across a range of concentrations. Figure 5 
displays the results of SDS-PAGE assays for solutions of protein-to-
metal complex (P:MC) at 10:1, 1:1, and 1:10 molar ratios, 
photolyzed for 1 h in the presence of 3O2. At a 10:1 ratio, all three 

 
Figure 5: SDS-PAGE assay for (a) 10:1 (P:MC), (b) 1:1 (P:MC), and (c) 1:10 (P:MC) solutions 
containing BSA and (1) [(bpy)2Ru(dpp)](PF6)2 (1), (2) [(AnthbpyMe)(bpy)Ru(dpp)](PF6)2 (2), or (3) 
[(AnthbpyMe)2Ru(dpp)](PF6)2 (3) under 455 nm irradiation for 1 h with 3O2. BSA = BSA control 
without complex. 

complexes appeared to have a minimal effect on fluorescence of the 
BSA band in these gels (Figure 5a). However, at ratios of 1:1 and 
1:10 P:MC (Figure 5b and c) all of the samples showed evidence of 
photo-oxidation of the protein.  Moreover, the two anthracene-
containing complexes showed evidence of covalent binding to the 
protein, remaining associated with the protein bands even under the 
denaturing conditions of this assay, indicated by the red fluorescence 
emanating from the [Ru] core in lanes 2 and 3, Figure 5c.  It was 
also observed that complex 3 displays a lower activity toward BSA 
as compared to complex 2, which can be attributed to steric 
interference from the second anthryl unit, as also observed for 
binding to DNA.    

In summary, DNA gel shift and SDS-PAGE assays established 
that complexes 2 and 3 mediate DNA and protein damage upon 
photoactivation. The complexes were shown to bind and efficiently 
photocleave DNA in the presence or absence of 3O2, while 
modification of BSA displayed absolute dependence on the presence 
of light and 3O2. This study also demonstrated that appending a 
second anthryl unit to the [(bpy)2Ru(dpp)]2+ PS can negatively 
impact intercalative binding properties and may facilitate the 
formation of cross-linked DNA.  The second anthryl unit also 
appears to reduce binding affinity for protein. This is the first study 
to show metal-organic complexes 2 and 3 are able to modify 
different biomacromolecules through various modes of interaction. 
The reported complexes offer versatile photomodification pathways 
toward biomacromolecules and show promise as potential PDT 
agents. In addition, the dpp ligands in these complexes offer the 
potential to chelate additional metals and further diversify their 
activity.  
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