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complexes display interesting photophysical and photochemical 
properties and play an important role in energy and electron trans-
fer processes (Balzani, 2003; Balzani et al., 2008; Balzani et al., 
1996, Juris et al., 1988). These complexes have been shown to 
photocleave DNA via singlet oxygen (1O2) generation (Chouai 
et al., 2005; Friedman et al., 1990; Grover and Thorp, 1991; Jain 
et al., 2008; Neyhart et al., 1993). The Metal to Ligand Charge 
Transfer (3 MLCT) state of these complexes undergoes energy 
transfer to molecular oxygen (3 O2) to generate 1 O2, which reacts 
with DNA, cleaving the backbone (Chouai et al., 2005; Friedman 
et al., 1990; Grover and Thorp, 1991; Jain et al., 2008; Neyhart et 
al., 1993). 

Tumors often have low levels of oxygen; therefore, it is nec-
essary to develop PDT agents that operate in the absence of oxy-
gen. Ru(II) polypyridyl complexes with sterically bulky ligands 
are known as photocisplatin analogs and have been reported to 
covalently bind with DNA upon irradiation with visible light in the 
absence of oxygen (Dickerson et al., 2014; Dmytro et al., 2017; 
Glazer, 2013; Howerton et al., 2012; Kohler et al., 2017; Wachter 
et al., 2012; Wyland et al., 2017; Albani et al., 2015; Knoll et al., 
2014).  The bulky ligands lower the energy of the ligand field (3LF) 
state relative to the 3 MLCT state, thus resulting in photoejection 
of the ligand (Allen et al., 1984; Caspar and Meyer, 1983; Ford, 
1970; Ford, 1982; Garner et al., 2011; Malouf and Ford, 1974). 
The sterically-strained Ru(II) complexes, [Ru(biq)2(phen)]2+ and 
[Ru(biq)(phen)2]

2+, (biq = 2,2’-biquinoline, phen = 1,10-phenan-
throline), undergo photoinduced ligand exchange and bind with 
DNA under hypoxic conditions after excitation by red light (λirr 
> 600 nm or 650 nm) (Albani et al. 2015).  We have recently re-
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Photodynamic therapy (PDT) is a type of treatment that uses light along with photoactive compounds to treat cancer. Light-activated 
metal complexes with reduced side effects and increased efficacy are promising anticancer agents for PDT. In this study, the amplifica-
tion of a 1228 base pair region of plasmid pUC18 DNA was used to assess the impact of the metal complex, [Ru(biq)2(dpp)]2+  (biq = 
2,2’-biquinoline, dpp = 2,3-bis(2-pyridyl)pyrazine), on the DNA replication needed for cancer cell proliferation. The metal complex 
[Ru(biq)2(dpp)]2+ undergoes ligand exchange and binds with DNA upon light activation (λirr ≥ 550 nm). Herein, we report that the 
complex [Ru(biq)2(dpp)]2+ inhibits DNA amplification of pUC18 DNA upon activation with light under hypoxic conditions, as evalu-
ated by Polymerase Chain Reaction (PCR). Upon addition of increasing concentration of the complex, increased inhibition of DNA 
amplification was observed when irradiated for 30 minutes with visible light (λirr ≥ 550 nm). The ability of the complex to inhibit 
DNA amplification was compared with that of a well-known anticancer drug, cisplatin. This unique property of the complex to bind 
with DNA under hypoxic conditions and inhibit DNA amplification upon light activation makes this a molecule of interest for PDT.

INTRODUCTION
Preceded by only heart disease, cancer is the second leading 
cause of death in the United States according to the American 
Cancer Society. As such, there is a constant search for new an-
ticancer agents with increased efficiency and reduced harm-
ful side effects compared to existing options. Cisplatin, cis-
diamminedichloroplatinum(II), is a common chemotherapy drug, 
currently being used to treat a variety of cancers such as testicular, 
breast, lung, and bladder cancer.  The drug works by binding to 
DNA, forming covalent cross-links that distort the helical struc-
ture and prevent repair and replication, which results in apoptosis 
(Rosenberg et al., 1965; Rosenberg et al., 1969; Sherman and Lip-
pard, 1987; Wong and Giandomenico, 1999; Zang and Lippard, 
2003). Cisplatin has serious side-effects, including nephrotoxicity, 
neurotoxicity, ototoxicity, and myelosuppression (Hambley, 2001; 
Herman et al., 2008).  Due to these severe side-effects, significant 
efforts have been made towards discovering safer and more effec-
tive alternatives.

In recent years, ruthenium-based complexes have emerged as 
promising photodynamic therapy (PDT) agents. Ruthenium-based 
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ported that the Ru(II)Pt(II) bimetallic complex, [Ru(biq)2(dpp)
PtCl2]

2+, (dpp = 2,3-bis(2-pyridyl)pyrazine), displays multifunc-
tional covalent binding with DNA upon light activation (λirr ≥ 590 
nm) through: 1) the [Ptdpp(L)2]

2+ subunit and 2) open coordination 
sites of the Ru-based chromophore, [Ru(biq)2(L)2]

2+ (L = solvent) 
in the absence of oxygen (Jain et al., 2018). 

Polymerase Chain Reaction (PCR) allows for rapid amplifica-
tion of a DNA molecule and is applicable in various biomedical 
fields including DNA fingerprinting, detection of bacteria or vi-
ruses, and diagnosis of genetic disorders. The efficiency of PCR 
depends upon structural integrity of a DNA molecule; therefore, 
the distortion of DNA structure decreases the efficiency of a PCR 
reaction and the subsequent DNA amplification produced in the 
PCR (Bingham et al., 1996; Kalinowski et al., 1992; McMahon 
et al., 1987). Jennerwein and colleagues (1991) have used PCR to 
quantify DNA lesions produced by the anticancer drug cisplatin 
with an inhibition sensitivity proportional to the size of amplified 
DNA (Jennerwein et al., 1991). The complex, [Rh2(O2CCH3)4] has 
been shown to inhibit the amplification of a 148 base pairs (bp) 
DNA fragment at a bp/mc (metal complex) ratio of 1:50 when in-
cubated for 24 hours (Rahman et al., 2007). Brewer and cowork-
ers (2013) have demonstrated that the complex [(bpy)2Os(dpp)
RhCl2(phen)]3+ (bpy = 2,2´-dipyridyl) acts as a red light-activated 
agent and inhibits DNA replication and amplification of 670 bp 
DNA at a bp/mc ratio of 50:1 when irradiated with red light for 
240 minutes (Wang et al., 2013). Complexes with Iridium centers 
containing polypyridyl-pyrazine-based ligands have been reported 
to intercalate into DNA and inhibit DNA amplification (Chandra et 
al., 2016). Recently, a Zn(II)-based polypyridyl complex has been 
reported to act as a roadblock for DNA polymerase both in vivo 
and in vitro (Kumar, 2017). 

The metal complex under investigation, [Ru(biq)2(dpp)]2+, 
displays intense ligand-based π→π* transitions in the UV region 
and MLCT transitions in the visible region (Wyland et al., 2017). 
The complex shows photoactivated exchange of the dpp ligand 
with the solvent when irradiated with visible light (λirr ≥ 550 nm) 
to generate the [Ru(biq)2(L)2](PF6)2 complex (L = acetonitrile or 
water). We have recently reported that the [Ru(biq)2(dpp)]2+ com-
plex displays covalent binding with DNA similar to cisplatin upon 
photoirradiation with visible light (Wyland et al., 2017).

In this study, the impact of the complex [Ru(biq)2(dpp)]2+ on 
DNA amplification was studied both following incubation in dark-
ness and after being subjected to photolysis using PCR (Figure 
1). The biological activity of the complex, [Ru(biq)2(dpp)]2+, was 
compared with that of cisplatin. To the best of our knowledge, the 
[Ru(biq)2(dpp)]2+ complex represents the second example in the 
literature to display photoinduced inhibition of DNA amplifica-
tion. 

MATERIALS AND METHODS
Reagents and Apparatus
All reagents were used as received unless otherwise noted. Plas-
mid (pUC18) DNA was purchased from Bayou Biolabs (Metairie, 

LA). The plasmid DNA was used for the studies because of its 
simplicity in preparation and low cost.  The Lambda DNA/Hin-
dIII molecular marker was obtained from Promega (Madison, WI). 
Electrophoresis grade boric acid, agarose, tris(hydroxymethyl)
aminomethane (TRIS), Taq DNA polymerase, and deoxyribo-
nucleotide triphosphates (dNTPs) were all obtained from Fisher 
Scientific (Waltham, MA). Forward and Reverse primers were 
obtained from Integrated DNA Technologies (Coralville, IA). The 
metal complex, [Ru(biq)2(dpp)](PF6)

2, was synthesized as previ-
ously reported (Wyland et al., 2017). 

For light activation, samples were irradiated with light from 
a 450 W xenon arc lamp equipped with a water infrared (IR) filter 
(Newport Photonics, Irvine CA) and a 550 nm cutoff filter (New-
port Photonics, Irvine CA). Electrophoresis was performed using 
a Fisher Scientific (Waltham, MA) Model FB300 electrophore-
sis stage at 150 V (~35 mA) for 45 minutes. Gels were stained 
with 0.5 μg/mL ethidium bromide for 30 minutes followed by 30 
minutes of destaining in ddH2O. Gels were visualized on a Fisher 
(Waltham, MA) Biotech UV transilluminator and photographic re-
cords were taken using a digital camera equipped with an ethidium 
bromide filter.
Polymerase Chain Reaction
Each 50 µL PCR sample was prepared with 1.0 µL template 
containing 5.0 ng supercoiled pUC18 plasmid DNA (alone or 
mixed with metal complex and either incubated in darkness or 
subjected to photolysis), 1.0 µL of each 10 µM primer (5’-GGT-
GAAAAAAAAAAAAAAAAACCTCTGACACATGCAGCTCC 

Figure 1. The structure of complex, [Ru(biq)2(dpp)](PF6)2 (biq = 
2,2’-biquinoline, dpp = 2,3-bis(2-pyridyl)pyrazine).
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-3’ and 5’-CCTCGCTCTGCTAATCCTGTTACCAGTGG-3’), 
5.0 µL 10X Taq reaction buffer, 1 µL of Taq DNA polymerase, 1.0 
µL  10 mM dNTPs, and 40.0 µL deionized H2O in a 0.5 mL PCR 
tube. The PCR samples were incubated for 60 minutes prior to be-
ing set to run 30 thermal cycles of incubation at 95°C, 70°C, and 
68°C over the course of 90 minutes using a BIO-RAD (Hercules, 
CA) T-100 Thermal Cycler. The PCR products were analyzed by 
0.8% agarose gel electrophoresis.

RESULTS
The PCR reactions were performed after plasmid pUC18 DNA 
was incubated for 60 minutes under dark conditions with either 
cisplatin or the [Ru(biq)2(dpp)]2+ complex following photoirradia-
tion. The intense dark band in Lane 2 (Figure 2) shows that a large 
amount of DNA amplification occurred during the PCR experi-
ment. Incubation of DNA with cisplatin at a ratio of 1:5 (bp/mc) 
inhibited DNA amplification completely (Lane 3, Figure 2). The 
DNA amplification was not altered significantly in the presence 
of the same concentration of the metal complex (bp/mc, 1:5) incu-
bated in dark conditions (Lane 4, Figure 2). In contrast, DNA am-
plification was completely inhibited when the PCR was conducted 
using the same concentration of metal complex (bp/mc,1:5) irradi-
ated with visible light (λirr ≥ 550 nm) for 30 minutes under argon 
atmosphere (Lane 5, Figure 2). 

To determine the minimum bp/mc ratio needed for complete 
inhibition of DNA amplification, PCR was performed in the pres-
ence of increasing concentration of the [Ru(biq)2(dpp)]2+ complex, 
irradiated with visible light (λirr ≥ 550 nm) for 30 minutes. A de-
crease in the formation of PCR product was observed with an in-
crease in concentration of the [Ru(biq)2(dpp)]2+ complex when ir-
radiated with visible light (λirr  ≥ 550 nm) under hypoxic conditions 
(Lanes 3-6, Figure 3).  Complete inhibition of DNA amplification 
was observed at bp/mc ratio of 1:5 (Figure 3A and B). 

The impact of similar concentrations of cisplatin on DNA am-
plification was studied by incubating DNA with increasing con-
centrations of cisplatin.  When DNA was incubated with cisplatin 
in the dark at a bp/cisplatin ratio of 1:1, 1:3, 1:5 and 1:6, complete 
inhibition of DNA amplification was observed (Figure 4). 

DISCUSSION
These results show that the complex [Ru(biq)2(dpp)]2+ inhibits 
DNA amplification upon light activation though an oxygen-inde-
pendent mechanism, indicating its potential as a PDT agent. Brew-
er and coworkers (2013) have observed similar inhibition of DNA 
amplification upon light activation when DNA was incubated with 
the [(bpy)2Os(dpp)RhCl2(phen)]3+ complex (Wang et al., 2013).

To confirm that the decrease in the formation of the PCR 
product is due to the interaction of metal complex with DNA upon 
light activation and not due to the direct inhibition of the Taq poly-
merase, a similar experiment was performed with fivefold excess 
of Taq polymerase, keeping the other parameters constant. At this 
high concentration of Taq polymerase, no PCR product was ob-
served when incubated with the [Ru(biq)2(dpp)]2+ complex at a ra-

Figure 2. (A) Agarose gel electrophoresis results of PCR amplified 
products, when DNA was incubated for 60 mins with either cispla-
tin in dark or with [Ru(biq)2(dpp)]2+ under dark condition and after 
photoirradiation. Lane 1 is the molecular weight marker (24 kbp, 9.4 
kbp, 6.6 kbp, 4.4 kbp, 2.2 kbp), Lane 2 is a positive PCR control showing 
1228 bp fragment produced using pUC18 DNA as a template, Lane 3 is 
the product of PCR using pUC18 DNA incubated with cisplatin at bp/mc 
ratio of 1:5, Lane 4 is the product of PCR using pUC18 incubated with 
[Ru(biq)2(dpp)]2+ at bp/mc ratio of 1:5 in the dark. Lane 5 is the product of 
PCR using the same sample irradiated with visible light (λirr ≥ 550 nm) for 
30 minutes (bp = base pair, mc = metal complex).  (B) The relative band 
intensity of each PCR product.

Figure 3.  (A) Agarose gel electrophoresis results of PCR amplified 
product when DNA was incubated for 60 mins with increasing con-
centrations of metal complex, [Ru(biq)2(dpp)]2+, photolyzed with vis-
ible light (visible light at λirr ≥ 550 nm for 30 minutes). In Gel A, Lane 
1 is the molecular weight marker (24 kbp, 9.4 kbp, 6.6 kbp, 4.4 kbp, 2.2 
kbp), Lane 2 is a positive PCR control showing the 1228 bp fragment 
produced using pUC18 DNA as a template, Lane 3-6 is the product of 
PCR using pUC18 incubated with the complex, [Ru(biq)2(dpp)]2+, at bp/
mc ratio of 1:1, 1:3, 1:5 and 1:6, respectively (bp = base pair, mc = metal 
complex). (B) The relative band intensity of each PCR product. 

Figure 4.  (A) Agarose gel electrophoresis on PCR amplified product 
when DNA was incubated for 60 mins with increasing concentrations 
of cisplatin. Lane 1 is the molecular weight marker (24 kbp, 9.4 kbp, 
6.6 kbp, 4.4 kbp, 2.2 kbp), Lane 2 is a positive PCR control showing the 
1228 bp fragment produced using pUC18 DNA as a template, Lane 3-6 is 
the product of PCR using pUC18 incubated with cisplatin, at bp/cisplatin 
ratio of 1:1, 1:3, 1:5 and 1:6, respectively (bp = base pair, mc = metal 
complex). (B) The relative band intensity of each PCR product.
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tio of 1:5 (bp/mc) and irradiated with visible light (λirr ≥ 550 nm) 
for 30 minutes, confirming that the inhibition of DNA amplifica-
tion is due to the interaction of metal complex with DNA rather 
than direct inhibition of the Taq polymerase. 

In order to determine the minimum concentration of pho-
tolyzed metal complex needed for complete inhibition of DNA 
amplification, PCR reactions were performed where DNA was 
incubated with increasing concentration of metal complex (bp/
mc ratios of 1:1, 1:3, 1:5 and 1:6) and irradiated with visible light 
(Figure 3). The inhibition of DNA amplification at a higher con-
centration of the metal complex is due to the binding of the metal 
complex with DNA upon light activation, which leads to the dis-
tortion of DNA structure and therefore, decreases the efficiency 
of a PCR reaction. Chandra and Kumar (2016, 2017) have shown 
similar inhibition of DNA amplification due to interactions with 
iridium and ruthenium-containing compounds in the dark (Chan-
dra et al., 2016; Kumar, 2017). When DNA was incubated with 
similar concentrations of cisplatin in the dark at bp/cisplatin ratio 
of 1:1, 1:3, 1:5 and 1:6, complete inhibition of DNA amplification 
was observed (Figure 4). Cisplatin inhibits DNA amplification by 
binding to the DNA segment, altering its shape, and thus prevent-
ing it from being replicated.  

Selective inhibition of DNA amplification upon light activation 
under hypoxic conditions makes the designed [Ru(biq)2(dpp)]2+ 

complex a molecule of interest for PDT. Additionally, the PCR con-
ditions used in these experiments included 30 cycles of incubation 
at 95°C, 70°C, and 68°C over the course of 90 minutes, indicating 
substantial thermal stability of the photomodified DNA product 
responsible for inhibition of DNA amplification. The unique prop-
erties of this complex are imparted by lower energy of the 3LF 
state relative to the 3MLCT state, thus resulting in ejection of the 
dpp ligand upon photoactivation and creating open coordination 
sites for covalent binding with DNA. As a result of covalent in-
teractions with DNA upon photoirradiation, the [Ru(biq)2(dpp)]2+ 

complex acts as a roadblock for DNA polymerase. 
These studies show that the complex [Ru(biq)2(dpp)]2+ in-

hibits DNA amplification upon light activation, demonstrating 
promise as a potential PDT agent. This complex undergoes ligand 
dissociation upon activation with light, thereby opening the coor-
dination sites to bind with DNA. The mechanism of DNA damage 
does not require reactive oxygen species. Upon light activation 
at a 1:5 bp/mc ratio, the DNA damage caused by the complex is 
sufficient to inhibit DNA amplification by PCR. Furthermore, this 
modification to DNA is stable at the 95°C thermal cycling needed 
for PCR. Future work is underway to investigate the in vivo bio-
reactivity of [Ru(biq)2(dpp)]2+ and related metal complexes using 
cancer cell lines.
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