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ABSTRACT: In this work, we demonstrate for the first time
that [Ru(bpy),(R-OQN)]* complexes (bpy = 2,2’-bipyridine,
R-OQN = S-chloro-8-oxyquinolate or S-bromo-8-oxyquino-
late) are able to generate hydroxyl radicals and cleave DNA
effectively upon visible light irradiation. The potent electron-
donating ability of the R-OQN-based non-innocent ligands
gives the complexes a high reducing capability, favoring the
generation of superoxide anion radicals from which hydroxyl
radicals may be generated. More interestingly, halogen
substitution plays an important role. When the 5-Cl- or $-
Br-8-oxyquinolate ligand is replaced by 8-oxyquinolate or S-

CH;-8-oxyquinolate, the corresponding complexes lose their hydroxyl radical-generation and DNA photocleavage abilities. These
findings open new applications for the non-innocent ligand-based Ru(II) complexes in the fields of biology and medicine, such as

in photodynamic therapy (PDT).

1. INTRODUCTION

By virtue of spatiotemporal selectivity in manipulating DNA
functions, DNA photocleavers can confine cell death within
diseased tissues, showing promising applications in photo-
dynamic therapy (PDT), a noninvasive treatment modality for
malignant tumors.”” In this context, Ru(I) complex-based
DNA photocleavers have been extensively studied because of
their rich and tunable photophysical, photochemical, and redox
properties.” They can photocleave DNA via a singlet oxygen
('0,), which is generated by energy transfer from the lowest-
lying triplet excited state (the MLCT state in general, but the
ligand-centered 3z7* state in some cases) to O,." Alternatively,
some Ru(Il) complexes based on electron-deficient ligands
such as tap, hat, and bpz (tap = 1,4,5,8-tetraazaphenanthrene,
bpz = 2,2-bipyrazine, and hat = 1,4,5,8,9,12-hexaazatripheny-
lene) can photodamage DNA via direct electron abstraction
from DNA bases to their highly oxidizing *MLCT states.’
Similarly, many Ru(1I) complexes have been developed to
cleave DNA via strongly oxidizing Ru(IIl) species generated
upon photoinduced inter/intramolecular electron transfer from
their MLCT states to an electron acceptor.6_8 Herein, we
demonstrate for the first time that the non-innocent ligand-
based Ru(Il) complexes may photocleave DNA in a process
totally different from those of the above-mentioned examples.

Non-innocent ligands earn their title from the fact that they
participate in extensive m-overlap with metal-based atomic
orbitals, resulting in highly delocalized molecular orbitals.”
Metal complexes with a non-innocent ligand exist either as a
metal—ligand radical M"(L*) or as a higher valent metal
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complex M*D+(L7). Subtle changes in the electronic structure
could significantly alter the redox site within the complex.”
Anionic redox active ligands bearing O7, S7, or NH™ donors
usually display non-innocent properties due to their electron-
donating character.'” Ru(II) complexes based on such
fascinating ligands have been intensively explored,loe’11 and
the electron-donating feature of the non-innocent ligands has
been fully utilized to stabilize the high valent Ru center in water
oxidation catalysis'” and to promote electron injection from the
Ru(Il) center to TiO, in dye-sensitized solar cells."” 8-
Oxyquinolate (OQN) derivatives are a class of non-innocent
ligands, and their Ru(II) complexes were scrutinized with an
emphasis on the photophysical, electrochemical, and electron-
spin properties.”'* Although OQN derivatives possess diverse
biological activities and have been applied as pesticides and
antifungal, antibiotic, and anticancer agents, the biological and
medical applications of their Ru(II) complexes are still in their
infancy." Particularly, to the best of our knowledge, the DNA
photocleavage activities of these complexes have not yet been
examined. A possible reason may be that the OQN-based
Ru(II) complexes generally show short excited-state lifetimes'*
that are unfavorable for 'O, generation. Additionally, the strong
electron-donating potency of the OQN-type ligands makes the
resultant Ru(II) complexes difficult to utilize as electron
acceptors in their excited state."*! The low oxidizing ability of
the corresponding Ru(III) states of these complexes is also
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expected. All of these anticipations exclude their DNA
photocleavage activity by way of the above-mentioned three
mechanisms. We surmise the highly reducing property of the
non-innocent ligand-based Ru(II) complexes may aid in the
generation of superoxide anion radicals (O,”*) from which
hydroxyl radicals (*OH) may be formed via the dismutation
reaction followed by the Harber—Weiss reaction (eq 3 in
Scheme 1).'¢ Following this idea, we examined the DNA

Scheme 1. Possible Mechanism for *“OH Generation

Complex ——> Complex* i N 0y ()
Oy + 0,7 + 2H* — H,0, + O, (2)
H,0, + O —> -OH + OH + O, (3)

photocleavage activities of four Ru(Il) complexes based on
OQN:-type ligands ([Ru(bpy),(R-OQN)]* (bpy = 2,2’
bipyridine; R-OQN = S-substituted OQN; and R = H (1),
CI (2), Br (3), and CH; (4), Chart 1)) and demonstrate for the

Chart 1. Structures of the [Ru(bpy),(R-OQN)]* Complexes

5

first time that some of them (2 and 3) can lead to *OH-
mediated DNA cleavage efficiently, opening avenues for the use
of the non-innocent ligand-based Ru(II) complexes as a new
type of DNA photocleaver as well as a PDT agent.
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2. RESULTS AND DISCUSSION

Photophysical and Electrochemical Properties. The
hexafluorophosphate salts of the four complexes were prepared
following literature procedures’'** and characterized by 'H
NMR and ESI-MS (Supporting Informatlon) In good
agreement with the reported results,” 1—4 show MLCT
absorption maxima in the range 502—508 nm (Table 1 and
Figure S1), about a SO nm red shift with respect to
[Ru(bpy);]*". Additionally, the first oxidation and reduction
potentials of 1—4 have a cathodic shift versus that of
[Ru(bpy);]** (Table 1 and Figure S2). For example, the

Table 1. Absorption, Electrochemical, and DNA Binding
Properties of the Examined Complexes

MLCT _ Koy

Abs,e”  Eiieg” (V) Eigeg” (V) (><106

complex (nm (vs SCE) vs SCE M)
[Ru(bpy),]** 450 1.28 —1.35, —1.54

1 505 0.50 —1.52, —1.77 1.98

2 502 0.56 —1.51, —1.75 1.74

3 502 0.56 —151, —1.74 1.89

4 508 045 —1.53, —1.78 1.72

“MLCT absorption maxima in CH;CN. bOxidation half-wave
potentlals in CH;CN. “Reduction half -wave potentials in CH;CN.
9Apparent binding constants toward CT-DNA obtained by EB
displacement assay.

Ru**/Ru’**-based redox potential of 1 appeared at 0.50 V (vs
SCE), while that of [Ru(bpy);]** appeared at 1.28 V. Similarly,
the bpy-based reduction potential of 1 occurred at —1.52 V,
while that of [Ru(bpy);]** appeared at —1.35 V. Obviously, the
cathodic shift of the Ru**/Ru** redox potentials, caused by the
presence of an OQN ligand, is more significant than that of the
bpy-based reduction potentials. Such a large shift is a result of
the hybrid metal(dz)-OQN ligand(x) molecular orbitals”>'*'”
leading to a MLLCT transition (from Ru(dz)-OQN(z) to
7*(bpy)) with a narrowed energy gap, in good agreement with
the absorption red shift of 1—4 with respect to [Ru(bpy),]**
From the point of view of electrochemistry, the large cathodic
shift may be regarded as the stabilization of the Ru(III) state by
the mixing of Ru(dz)-OQN(z). While the cathodic shifts in
redox potentials relative to [Ru(bpy),]** are attributed to the 7-
donating influence of the R-OQN ligands, one cannot rule out
an additional Coulombic contribution due to the reduced
charge of 1-4." Notably, because of the non-innocent
character of the R-OQN ligands, the Ru**/Ru’** redox
processes of 1—4 should involve the contribution of R-
OQN*/R-OQN; i.e., the oxidized complex exists in the form of
a combination of [Ru(III)(bpy),(R-OQN)]** and [Ru(II)-
(bpy),(R-OQN*) > 7"

DNA Photocleavage and Binding Ability. We first
examined the photocleavage abilities of 1—4 toward supercoiled
(SC) pBR322 plasmid DNA using gel electrophoresis. As
shown in Figure la, 2 and 3 cleaved DNA efliciently upon
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Figure 1. Agarose gel electrophoresis pattern of supercoiled pBR322
DNA (31 puM base pair) in an air-saturated Tris-CH;COOH/EDTA
buffer (pH 8.0, 8% DMSO) upon irradiation for 30 min in the
presence of the examined complexes with >400 nm light at 50 M (a)
and with >470 nm light at 80 4uM (b). Lane 1, DNA alone; lane 2,
DNA + [Ru(bpy);]*; lane 3, DNA + 1; lane 4, DNA + 2; lane §,
DNA + 3; lane 6, DNA + 4. SC and NC denote supercoiled circular
and nicked-circular forms, respectively.

irradiation at >400 nm as evidenced by the remarkable
transformation of pBR322 DNA from the SC form to the
nicked-circular (NC) form (lanes 4 and 5). In contrast,
negligible DNA cleavage was observed for 1 and 4 under the
same conditions (lanes 3 and 6). It is worth noting that halogen
substitution is crucial for DNA photocleavage, and 2 and 3 can
photocleave DNA more efficiently than [Ru(bpy),]**. Similar
results were also observed when samples were irradiated with
light at >470 nm (Figure 1b).

Control experiments were conducted to explore the DNA
cleavage mechanism. Without irradiation, both 2 and 3 lost
their DNA cleavage abilities (Figure S3). Additionally,
irradiation under a N, atmosphere also eliminated their DNA
cleavage abilities (lane 7 in Figure 2 for 2 and in Figure S4 for
3), suggesting the involvement of a reactive oxygen species
(ROS). The presence of catalase, the scavenger of H,0,, had
little effect on DNA cleavage (lane 2). In contrast, superoxide
dismutase (SOD), the scavenger of O,”*, restricted DNA
cleavage markedly (lane 3). When KI (lane 4) and NaNj (lane
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Figure 2. Agarose gel electrophoresis pattern of photocleaved
supercoiled pBR322 DNA (31 uM base pair) by 2 (100 4uM) upon
irradiation (>470 nm) for 30 min in a Tris-CH;COOH/EDTA buffer
(pH 8.0, 8% DMSO). Lanes 1 and 8, DNA alone; lane 2, DNA + 2 +
catalase (1000 units/mL); lane 3, DNA + 2 + SOD (1000 units/mL);
lane 4, DNA + 2 + KI (50 mM); lane 5, DNA + 2 + NaNj (50 mM);
lane 6, DNA + 2; lane 7, DNA + 2 in a N, atmosphere. SC and NC
denote supercoiled circular and nicked-circular forms, respectively.

5), the well-known scavengers of *OH and 'O,, were present,
DNA cleavage was totally inhibited. These results indicate that
*OH and 'O, may be the main ROS responsible for the DNA
photocleavage by 2 and 3. Contrary to 2 and 3, the DNA
photocleava§e activity of [Ru(bpy);]** stems from a single 'O,
mechanism.

Because DMSO is a typical scavenger of *OH, DNA
photocleavage experiments were further carried out in a
CH,;COOH/EDTA buffer (pH 8.0) containing 8% CH;CN
(Figure 3 and Figure SS). As expected, efficient cleavage in
buffer/CH;CN was also observed at concentrations lower than
those in buffer/DMSO.
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Figure 3. Agarose gel electrophoresis pattern of photocleaved
supercoiled pBR322 DNA (31 M base pair) by 2 upon irradiation
(470 nm, 0.32 mW/cm?®) for 40 min in an air-saturated Tris-
CH,;COOH/EDTA buffer (pH 8.0, 8% DMSO or 8% CH;CN). Lane
1, DNA alone; lane 2, DNA + 10 uM 2 + CH;CN; lane 3, DNA + 10
M 2 + DMSO; lane 4, DNA + 25 uM 2 + CH;CN; lane S, DNA + 25
/M 2 + DMSO; lane 6, DNA + 50 M 2 + CH,CN; lane 7, DNA + 50
uM 2 + DMSO. SC and NC denote supercoiled circular and nicked-
circular forms, respectively.

We also compared CT-DNA affinities of 1—4 using an EB
displacement assay (Figures S$6—S9), which may play an
important role in ROS-mediated DNA photocleavage. As
shown in Table 1, the apparent binding constants of 1—4 fall in
the range 1.72—1.98 X 10° M™". The similar binding constants
and the binding order of 1 > 3 > 2 > 4 demonstrate that DNA
affinity is not the factor responsible for the poor DNA
photocleavage abilities of 1 and 4.

ROS Generation. We then used the EPR spin-trapping
technique to evaluate the 'O,-generation abilities of 1—4. Upon
irradiation (>470 nm) of air-saturated CH;CN solutions of 1—
4 (1 mM) and 2,2,6,6-tetramethylpiperidine (TEMP, 50 mM),
a three-line signal with equal intensities was observed (Figure
4a) with a hyperfine splitting constant of 15.9 G and a g factor
of 2.0056, in good agreement with TEMPO (the adduct of
TEMP and '0,)."” Control experiments indicate that O,, light,
and the complexes are all necessary factors. NaN; can quench
the signal efficiently (Figure S10), further vindicating the 10,
origin of the signal. We also compared the 'O,-generation
abilities of 2 and [Ru(bpy);]** under laser irradiation at 355 nm
in air-saturated CH;CN, where the absorbance of the irradiated
samples was adjusted to be the same. As shown in Figure 4b,

[I— —3

[Ru(bpy), ™
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Figure 4. EPR signals obtained (a) upon irradiation (>470 nm) for 2
min of air-saturated CH;CN solutions of 50 mM TEMP and 1 mM Ru
complexes and (b) upon laser irradiation (355 nm) for 2 min of air-
saturated CH;CN solutions of 50 mM TEMP and 2 or [Ru(bpy);]*,
where the absorbance at 355 nm of the irradiated samples was adjusted
to be the same.

[Ru(bpy);]*" has an efficiency about 14-fold higher than that of
2 in 'O, generation. However, [Ru(bpy);]*" photocleaved
DNA less efficiently than 2 (Figure 1), revealing that 'O, is not
the major ROS accounting for the DNA photocleavage of 2 and
3.

In the same way, the *OH-generation abilities of 1—4 were
compared using 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as
a spin-trapping agent. Upon irradiation (>470 nm) of air-
saturated PBS/CH,CN solutions of 2 and 3 (1 mM) and
DMPO (50 mM), a four-line signal with an intensity ratio of 1/
2/2/1 was observed (Figure S and Figure S11), which exhibits a

I

3460 3480 3500 3520 3540 3560
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Figure 5. EPR signals obtained upon irradiation (>470 nm) of an air-
saturated PBS/CH;CN (1/1) mixture of S0 mM DMPO and 1 mM
examined Ru complexes.

hyperfine splitting constant of ay = ay = 14.9 G and a g factor
of 2.0056, in good agreement with the DMPO/*OH adduct.””
O,, light, and the complexes are all necessary for this signal. KI
can quench the signal effectively (Figure S11), confirming its
*OH origin. Under the same conditions, 1 and 4 did not show
this signal, consistent with their poor DNA photocleavage
abilities. A chemical-trapping agent of *OH, terephthalic acid
(TPA), was also utilized to characterize the *OH-generation
abilities of 1—4. The nonemissive TPA can transform to highly
fluorescent 2-hydroxyterephthalic acid by reaction with *OH
(Scheme S2). Following the fluorescence intensity changes of
the irradiated samples (Figure 6 and Figure S12), a *OH-
generation order of 2 > 3 > 1, 4 was obtained in accordance
with the EPR results. The generation of *OH is most likely by
way of an O, pathway (Scheme 1). The first oxidation
potentials of 2 and 3 have a cathodic shift 0.7 V higher than
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Figure 6. Fluorescence intensity changes at 423 nm as a function of
irradiation (470 nm LED, 0.32 mW cm™2) time of aqueous solutions
containing 1 mM TPA, 2 mM NaOH, and 100 yuM Ru complexes.

that of [Ru(bpy);]** (Table 1), which may dramatically favor
the electron transfer from the excited states of 2 and 3 to
oxygen. Negligible fluorescence enhancement was observed
upon irradiation of the solution of TPA and [Ru(bpy);]*
(Figure S13), in line with its single 'O, mechanism.
Interestingly, we found that the presence of NaN; may restrict
the fluorescence enhancement by 2 and 3 (Figure S14). A
possible explanation is that NaN; may quench °*OH,"*
accounting for its total inhibition of DNA photocleavage of 2
and 3 (Figure 2, lane §).

Self-Consumption of *OH by 1—4. Because of their less-
positive oxidation potentials (Table 1), 1 and 4 should be more
efficient in electron donation than 2 and 3. However, instead of
a DMPO/*OH signal, a strong EPR signal with g = 2.003 was
obtained in the case of 1 (Figure S and Figure S11). This signal
was also found in the cases of 2 and 3 but with a much weaker
intensity. This signal still occurred in the absence of DMPO
(Figure S15) but disappeared in a N, atmosphere (Figure S16).
The addition of KI can also quench this signal (Figure S11).
This signal cannot be assigned to the electron spin located on
the Ru fragment, which is generally EPR silent at room
temperature in fluid solutions and shows a rhombic g-
anisotropy at low temperatures.””'** On the basis of these
facts, we tentatively ascribed this signal to an R-OQN-based
radical generated by the attack of *OH. Such a process may be
more favorable for 1, leading to its poor apparent *OH
generation as well as its low activity in DNA photocleavage. In
the cases of 2 and 3, a halogen atom probably occupies the site
of OQN that is more readily attacked by *OH, making *OH
available to either DMPO or DNA, thus resulting in a higher
apparent DMPO/*OH EPR signal and more efficient DNA
photocleavage.

Albini and co-workers reported that *OH radicals preferen-
tially attack the S and 8 positions of quinoline, and quinoline-
5,8-dione may be generated through a series of reactions of the
initially formed adduct with *OH and O,.*° Similar reactions
may occur at the S and 6 or 6 and 7 positions of the OQN
ligand in the case of 1, leading to the formation of an M + 20
— 2H product. This is indeed what we observed in the ESI-MS
spectra of 1. After irradiation for SO min (>470 nm), the
strongest m/z signal can be assigned to [M — PF, + 20 —
2H]", as shown in Figure S17. In the cases of 2 and 3, not only
the [M — PF4 + 20 — 2H]" signal but also the [M — PF4 + 20
— H — X]* signal was observed (Figures S18 and S19).
However, the m/z signals of 2 and 3 were still dominated by

[M — PF¢]* upon irradiation for SO min, in line with our
assumption that the S position of OQN is the most active site
for electrophilic attack of *OH and is protected by an electron-
withdrawing halogen atom to some extent. For 4, irradiation for
50 min led to a total disappearance of the [M — PF4]" signal,
and the [M — PF4 + 20 + 2H]" signal became dominant
(Figure S20). The rapid decay rate of 4, in combination with its
different product pattern, may account for its silent EPR
behavior and lack of DNA photocleavage capability.

3. CONCLUSIONS

In summary, we demonstrate herein that the OQN-based
Ru(II) complexes may generate *OH and cleave DNA
efficiently upon visible light irradiation and that halogen
substitution on the OQN ligand is crucial for obtaining these
properties. With the consideration that the non-innocent
ligand-based Ru(II) complexes usually exhibit a long wave-
length absorption property, they show promising application
potentials as a novel type of PDT agent.

4. EXPERIMENTAL SECTION

Spectroscopic Measurements. 'H NMR spectra were recorded
on a Bruker DMX-400 MHz spectrophotometer using SiMe, as the
standard. High-resolution ESI-MS (HR ESI-MS) spectra were
determined on a Bruker APEX IV (7.0T) FT_MS mass spectrometer.
UV—visible absorption spectra were taken on a Shimadzu UV-1601PC
spectrophotometer. The electrochemical properties were measured on
an EG&G model 283 potentiostat/galvanostat in a three-electrode cell
with a glassy carbon working electrode, a Pt counter electrode, and a
saturated calomel electrode (SCE) as a reference. Cyclic voltammetry
was conducted at a scan rate of 50 mV s™! in a N,-saturated,
anhydrous CH;CN solution containing 0.1 M Bu,NPF4 as the
supporting electrolyte. The EPR spectra were obtained on a Bruker
ESP-300E spectrometer at 9.75 GHz and an X-band with 100 Hz field
modulation using TEMP and DMPO as the spin-trapping agents of
!0, and *OH, respectively. Samples were injected quantitatively into
specialized quartz capillaries and then illuminated in the cavity of the
EPR spectrometer with an Nd:YAG laser at 355 nm (5—6 ns of pulse
width, 10 Hz of repetition frequency, 30 mJ/pulse energy) or an
LSB610 100 W Hg lamp equipped with a 470 nm long pass glass filter.

EB Displacement Assay. A CT-DNA solution was obtained by
dispersing the desired amount of CT-DNA in a PBS (S mM, pH 7.4)
buffer solution and stirring overnight at a temperature below 4 °C.
The concentration of CT-DNA was calculated using the extinction
coefficient at 260 nm (e = 6600 M~ cm™).

The apparent DNA binding constants (Kapp) of the complexes were
determined by monitoring the fluorescence emission changes of mixed
solutions of EB (5 M) and CT-DNA (10 uM) in a PBS buffer with
increasing concentrations of the complexes. K,,, was calculated based

app
on the equation Kg3[EB] = K, [complex], where Kz (1 X 10" M™")

represents the binding constarfg of EB toward CT-DNA, [EB] is the
concentration of EB, and [complex] is the concentration of the
complex when EB fluorescence is reduced to half of the initial
intensity.21

Agarose Gel Electrophoresis Experiments. Supercoiled
pBR322 plasmid DNA was used as the target for studying DNA
damage abilities of the examined complexes. Fifty microliters of
supercoiled pBR322 DNA (31 uM base pair) in a Tris-acetic acid-
EDTA buffer (pH 8.0) was incubated with 1—4. After irradiation, 20
uL of loading buffer was added. Ten microliters of each sample was
taken for agarose gel electrophoresis (in Tris-acetic acid-EDTA buffer,
pH 8.0) at 80 V for 1.5 h. The gel was stained with EB (1 mg/L in
H,0) for 0.5 h and then analyzed using a Gel Doc XR system (Bio-
Rad). The light sources used in the DNA agarose gel electrophoresis
experiments were an LED light (470 nm, 0.32 mW/cm?) and a 1000
W solar simulator (Oriel 91192) equipped with a 400 or 470 nm long
pass glass filter to cut off the short wavelength light.
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TPA Trapping °OH Experiments. Two milliliter aqueous
solutions containing 2 mM NaOH, 1 mM TPA, and 100 uM
examined complexes were illuminated at 470 nm (LED light source,
0.32 mW/cm?) in cuvettes. The fluorescence emission spectral
changes of the irradiated solutions were monitored under the
excitation wavelength of 315 nm. >
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