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A B S T R A C T

Targeted delivery of clinically approved anticancer drug to tumor sites is an effective way to achieve enhanced
drug efficacy as well as reduced side effects and toxicity. Here bicalutamide is caged by the Ru(II) center through
the nitrile group, and three photoactive Ru(II) complexes were designed and synthesized. Docking study showed
that the ruthenium(II) fragments can effectively block the binding of complexes 1–3 with AR (androgen re-
ceptor) owing to the large steric structures, thus bicalutamide in complexes 1–3 could not interact with AR-LBD
(ligand binding domain). Once irradiation with blue light (465 nm), complexes 1–3 can release bicalutamide and
anticancer Ru(II) fragments, which possesses dual-action of AR binding and DNA interaction simultaneously. In
vitro cytotoxicity study on these complexes further confirmed that complexes 1–3 exhibited considerable cy-
totoxicity upon irradiation with blue light. Significantly, complex 3 could be activated at 660 nm, which greatly
increases the scope of complex 3 to treat deeper within tissue. Theoretical calculations showed that the lowest
singlet excitation energy of complex 3 is lower than those of complexes 1–2, which explains the experimental
results well. Moreover, the 3MC (metal centered) states of these complexes are more stable than their 3MLCT
(metal to ligand charge transfer) states, indicating that the photoactive processes of these complexes are likely to
result in ligand dissociation.

1. Introduction

Prostate cancer is one of the leading causes of cancer death for men
worldwide [1]. The development and growth of prostate cancer is
found to be initially dependent on androgens, and androgen receptor
(AR) is largely involved in the progression of this cancer [2,3]. There-
fore, therapeutic strategies by regulating the AR activity can effectively
lead to a reduction of prostate cancer [4–9]. Because AR is widely
distributed in the human tissues, including the prostate and seminal
vesicles, skin, cardiac muscle, adrenal cortex, liver, and so on [10].
Thus, improving the selectivity and activity of the AR antagonist are the
key points for the treatment of prostate cancer.

Photoactivated chemotherapy (PACT) is a promising strategy for
tumor targeted delivery [11–19], which can be triggered by irradiation
to release the active species within the tumor [20–32]. Generally, such
agents as prodrugs are kinetically inert and nontoxic in the absence of
light, but rapidly give rise to toxic effects upon photoexcitation
[33–36]. An ideal candidate for a photoactivatable agent should have
the ability to be activated in the “therapeutic window”, 600–850 nm,

which enables maximum tissue penetration with minimum damage
[29,37–40]. Recently, ruthenium-based PACT agents with high se-
lectivity and low toxicity have been attracting much attention [41–44],
as they can be used to deliver a wide variety of bioactive molecules,
including enzyme inhibitors, neurotransmitters and so on [45–53]. A
majority of clinically approved anticancer drugs are small molecular
compounds. Their efficacy has been well studied and established.
However, these compounds tend to have wide biodistributions among
various tissues after intravenous administration, which may result in
widespread systemic toxicity and suboptimal efficacy. Thus, targeted
delivery of clinically approved anticancer drugs to tumor sites is an
effective way to achieve enhanced drug efficacy and to reduce side
effects and toxicity.

In this study, bicalutamide, the most widely used AR antagonist in
clinic, is chosen to coordinate to ruthenium(II) fragments through its
nitrile group which was reported as an important bioactive “warheads”
often engaging in key hydrogen bonding interaction with protein tar-
gets [54]. Although the nitrile groups are widely present in medical
agents, only a few studies regarding the caging of the bioactive nitriles
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through Ru(II) coordination have been reported [55–59]. Herein, three
light-activated ruthenium(II) complexes were designed, synthesized
and biologically evaluated as potential PACT agents (Fig. 1). Ex-
pectedly, the designed compounds can rapidly release bicalutamide
upon irradiation at the tumor site and leave the diaquaruthenium(II)
moiety to interact with DNA, exhibiting dual-actions against prostate
cancer cells.

2. Results and discussion

2.1. Synthesis and characterization

Complexes 1–3 were prepared by refluxing a mixture of cis-RuL2Cl2
(L = 2,2′-bipyridine, 1,10-phenanthroline and 2,2′-biquinoline), bica-
lutamide (4.0 equiv) and silver(I) hexafluorophosphate (2.4 equiv) in
ethanol. The target complexes were characterized by 1H and 13C NMR
spectroscopy, electrospray ionization mass spectrometry (ESI-MS) and
elemental analysis (Figs. S1–9). The ESI-MS diagrams of compounds
1–3 showed the highest isotope at 637.06, 661.06 and 737.14, re-
spectively, corresponding to the dication of [RuL2(bicalutamide)2]2+.
Moreover, 1H and 13C NMR spectra as well as elemental analysis were
in good conformity with the proposed molecular structures of com-
plexes 1–3. The log POW (the octanol-water partition coefficient) values
of the ruthenium(II) complexes were measured using the shake-flask
method, which were −0.46, −0.28 and −0.19 for complexes 1–3,
respectively. The stability of complexes 1–3 was evaluated by UV–vis
spectral analysis at different times (Fig. S10) [60,61]. No detectable
changes of the absorption bands of complexes 1 and 2 have been ob-
served within 15 h, while tiny changes were observed for complex 3,
demonstrating that complexes 1 and 2 were more stable than complex
3. However, the changes of the absorption bands of complex 3 were
very small, indicating that negligible hydrolysis was happened during
the test time.

2.2. Photolysis study

The photolysis of complexes 1–3 in 98% H2O/2% MeOH was stu-
died under irradiation with blue light (465 nm) by using UV–Vis
spectroscopy. UV–Vis spectral changes were obviously observed for
these complexes after irradiation (Fig. 2). The metal-to-ligand charge
transfer (MLCT) bands at 336 nm and 359 nm for complexes 1 and 2
were gradually replaced by new MLCT bands at 490 nm and 480 nm,
respectively. For complexes 1 and 2, no isosbestic point was observed,
indicating that the dissociation reaction was more than one step. As for
complex 3, the initial MLCT was observed at λmax = 515 nm, which
showed bathochromic shift compared to complexes 1 and 2 [44], de-
monstrating that the application of biquinoline in complex 3 can de-
crease the energy gap between the d-orbital of Ru(II) and the lowest
unoccupied molecular orbital (LUMO) levels of the ligand. Moreover,
complexes 1–3 were studied with irradiation at longer wavelength.
Neither 1 nor 2 showed any band changes upon irradiation at 660 nm,

whereas complex 3 presented obvious changes under the same condi-
tion, confirming that complex 3 could be activated in the PDT (pho-
todynamic therapy) therapeutic window (Fig. S11). The quantum yields
of the first step of compounds 1–3 were found to be 0.021, 0.022 and
0.019 in the same test condition (465 nm), respectively. The photolysis
of complexes 1 and 3 was further confirmed by 1H NMR as well.
Complex 1 was stable under 660 nm irradiation, however, it underwent
ligand dissociation with irradiation at 465 nm (Fig. S12). Unlike com-
plex 1, spectral changes were observed for complex 3 after 15 min of
irradiation at 660 nm, which is consistent with the UV–Vis results (Fig.
S13).

2.3. Theoretical calculations

Theoretical calculations were performed to gain further under-
standing of the photolysis of complexes 1–3. TDDFT (time-dependent
density functional theory) calculations showed that the lowest-energy
excited singlet states of complexes 1–3 are 1MLLCT (MLLCT = metal-
ligand-to-ligand charge transfer) transitions due to the contributions of
bicalutamide (Fig. 3) [62], and the corresponding excitation energies of
complexes 1–3 are 2.76 eV (449 nm), 2.91 eV (427 nm) and 2.25 eV
(551 nm), respectively (Table S1), which is in accord with the experi-
mental results that the absorption tail of complex 3 terminates at re-
latively longer wavelength as compared with complexes 1–2. More
intense absorption bands indicating the MLLCT transitions are pre-
dicted at 320 nm (f = 0.0476), 341 nm (f = 0.0420) and 478 nm
(f = 0.0517) for complexes 1–3, respectively, which also corresponds
well with the experimental results.

It is generally accepted that the complexes are first excited by the
desired wavelength of light and then undergo intersystem crossing into
a 3MLCT state, followed by internal conversion to a dissociative 3MC
state and release of the bicalutamide. Thus, two low-lying triplet states
of complexes 1–3 were optimized, corresponding to the 3MLCT and
3MC states (spin density surfaces). The 3MC states of complexes 1–3
corresponds to five-coordinate structures with a bicalutamide dis-
sociated from the Ru center. Notably, the relative energies of 3MC states
of complexes 1–3 are 0.35 eV, 0.45 eV and 0.28 eV below their 3MLCT
stats, respectively, indicating that the photoactive process of these
complexes is more likely to result in ligand dissociation [63,64].

2.4. Docking study

In order to evaluate the likelihood of complexes 1–3 binding to the
androgen receptor, a docking study with crystal structure of AR-LBD
(ligand binding domain) (PDB: 1z95) was performed [65]. Bicaluta-
mide was firstly docked with the AR-LBD, which was situated inside the
binding pocket of AR and showed good overlap with the co-crystallized
bicalutamide in the AR crystal structure, proving that the method used
is suitable for docking study (Figs. 4a, S16a). However, complexes 1–3
were found to be situated on the surface of the protein (Figs. 4b, S16b,
c), which could not enter the ligand binding pocket of AR due to the

Fig. 1. Chemical structures of compounds studied.
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large steric structures of the complexes. Moreover, the interaction en-
ergies of these complexes with AR were also calculated. As shown in
Table S2, the binding energy of the bicalutamide molecule was
−9.61 kcal/mol, which was much lower than those of complexes 1–3,
indicating that the ruthenium(II) fragments decreased the binding af-
finity of bicalutamide with AR. Taken together, this study indicated that
the ruthenium(II) fragments of complexes 1–3 can effectively block the
binding of bicalutamide with AR owing to their large sizes, implying
that complexes 1–3 would be biologically inactive precursors.

2.5. AR binding affinity

The AR binding affinity of complexes 1–3 were determined by the
fluorescence polarization based binding assay. According to the IC50

values (Fig. 4c, Table S3), complexes 1–3 showed negligible AR binding
affinity in the dark. In contrast, significant AR binding affinity was
observed for complexes 1–3 upon irradiation at 465 nm. Notably, the
IC50 value of complex 2 was lower than that of bicalutamide, demon-
strating that more than one equiv of bicalutamide was released from
complex 2. With irradiation at 660 nm, the binding affinity of com-
plexes 1 and 2 was greatly weakened, while complex 3 maintained the
AR binding affinity with an IC50 value of 9.2 μM. The result further
indicated that complexes 1–3 are biologically inactive precursors,
which could be activated upon irradiation with light.

2.6. In vitro cytotoxicity

The cytotoxicity and photocytotoxicity of complexes 1–3 were
evaluated against AR-negative PC-3 and AR-positive LNCaP cells with

bicalutamide as a positive control. According to the IC50 values
(Table 1), bicalutamide showed moderate cytotoxicity against LNCaP
cells with an IC50 value of 45.0 μM, which was not affected by irra-
diation. Complexes 1–3 were found to be less cytotoxic in the dark than
bicalutamide against LNCaP cells. However, the antiproliferative ac-
tivities of complexes 1–3 were greatly improved upon irradiation at
465 nm with PI (phototoxicity index: the toxicity in the dark vs. the
light) values of 9.6, 5.3 and 7.7, respectively. The ability of these
complexes activated by red light (660 nm) was much attractive, be-
cause longer wavelengths of light can penetrate deeper into the tissue
with less normal-tissue damage. The cytotoxicity of complexes 1 and 2
greatly decreased upon irradiation at 660 nm compared with irradia-
tion at 465 nm, while that of complex 3 was slightly decreased with a PI
value of 5.8. As for PC-3 cells (AR-), bicalutamide showed no apparent
activity, exhibiting that the cytotoxicity of bicalutamide is dependent
on the expression of AR. In addition, complexes 1–3 had negligible
cytotoxicity with or without irradiation (Table S4). Taken together,
complexes 1–3 as confirmed could be activated by light, which showed
considerable cytotoxicity against AR+ LNCaP cells. Especially, com-
plex 3 could be activated by red light that is known to penetrate tissue
deeper.

2.7. DNA interaction

The interaction of DNA with complex 3 was monitored by tapping
mode atomic force microscopy (AFM) [67]. The image of pBR322 DNA
without ruthenium complexes is shown in Fig. 5a. The average height of
the DNA was 1.0 nm (n = 15). When complex 3was added to the solution
of DNA, no obvious morphological changes were observed. Once
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Fig. 2. Electronic absorptions of a) complex 1, b) complex 2, c) complex 3 (25 μM, 98% H2O/2% MeOH) upon irradiation with blue light (λirr = 465 nm,
tirr = 40 min, 10 mW cm−2) every 2 min.

Fig. 3. Relative energies of the 1MLLCT, 3MLCT and 3MC
states for complexes 1–3, electron density difference maps
(EDDMs) of the lowest-lying singlet transitions (yellow in-
dicates a decrease in charge density, while orange indicates an
increase) and spin density of T1 and 3MC states for the com-
plex 3. Both EDDMs and spin density were plotted by the
GaussView (version 5.0) program, and those for complexes
1–2 were given in Figs. S14–S15.
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irradiation was conducted (465 nm or 660 nm), the formation of reticular
structures was observed. This suggested that complex 3 with light irra-
diation induced crosslinking between DNA molecules by a bridging effect,
which are presumably attributed to DNA covalent binding effect.

2.8. Gel electrophoresis study

The ability of complex 3 to bind DNA upon light activation was
further determined by gel electrophoresis with pBR322 plasmid DNA.
As shown in Fig. 6, a decrease in the rate of migration for closed circular
DNA (form I) was observed upon 465 nm and 660 nm irradiation, in-
dicating the covalent binding of complex 3 with pBR322 DNA. How-
ever, no migration was observed for complex 3 in the dark. Moreover,
the plasmid DNA gradually disappeared with increasing concentrations
of complex 3, indicating that complex 3 inhibited the intercalation of
EtBr in plasmid DNA at high concentrations. This study indicates that
complex 3 can covalently bind to DNA upon irradiation.

2.9. Apoptosis study

The potential of these complexes to induce apoptosis in LNCaP cells
was performed under light and dark conditions by Hoechst 33342 DNA

staining and flow cytometry assay. As shown in Fig. 7, when LNCaP
cells were treated with Ru(II) complexes upon irradiation at 465 nm,
the typical morphological changes of cell apoptosis such as cell
shrinkage and chromatin condensation were observed, while nuclei of
the cells retained the regular round contours in the dark, indicating that
Ru(II) complexes caused little cell apoptosis without light irradiation.
The results were further examined by flow cytometry assay. Under dark
conditions, the apoptotic rates of LNCaP cells treated with complexes
1–3 were 16.51%, 15.9%, and 14.42%, respectively, which were
slightly increased as compared with that of the untreated cells (6.01%).
Once irradiation was conducted (465 nm), the apoptotic rates induced
by complexes 1–3 were significantly increased in contrast to the dark
group, which ranged from 70.29% to 72.56%. Particularly, when
complex 3 was irradiated with 660 nm, the apoptotic rate reached
67.84% which was much higher than the control (9.01%) (Fig. S17).

3. Conclusions

Ruthenium(II) polypyridyl complexes are a kind of promising
photo-triggered drug delivery system, which offer spatial and temporal
control over the release of the bioactive drugs. Herein,

three light-activated Ru(II)-bicalutamide prodrugs were designed
and synthesized, which possess both AR binding and DNA interaction
actions. Docking studies showed that these complexes could not enter
the ligand binding pocket of AR due to the large steric structures of the
Ru(II) fragments, implying that they would be biologically inactive
precursors. However, when irradiated with blue light (465 nm), these
complexes could release both bicalutamide and anticancer Ru(II) frag-
ments to inhibit the growth of cancer cells via different modes of action.
In vitro cytotoxicity study confirmed that complexes 1–3 could be ac-
tivated upon photoexcitation with blue light, exhibiting considerable
cytotoxicity against the LNCaP (AR+) cells. Significantly, the antic-
ancer activity of complex 3 was also retained when irradiated by red
light (660 nm), hinting that complex 3 could be activated in the PDT
therapeutic window. Theoretical calculations showed that the singlet

Fig. 4. Docking studies of bicalutamide and complex
3 with AR-LBD (PDB: 1z95) using Autodock 4.2
[66]. (a) The docking model of bicalutamide and (b)
complex 3 with AR, yellow dash lines represent the
H-bond interaction between bicalutamide and com-
plex 3 with AR; (c) AR binding affinity of complexes
1–3 and bicalutamide with or without light irradia-
tion.

Table 1
IC50 values (μM) and photoselectivity indexes (PI) of complexes 1–3 in LNCaP
cells.

Compound IC50 (μM) PIa IC50 (μM) PIa

Dark 465 nm 660 m

1 85.7 ± 4.8 8.9 ± 0.6 9.6 75.3 ± 3.8 1.1
2 71.4 ± 2.5 13.6 ± 1.9 5.3 68.5 ± 4.5 1.0
3 91.9 ± 5.7 11.9 ± 1.2 7.7 15.8 ± 1.7 5.8
Bicalutamide 45.0 ± 4.9 42.3 ± 3.4 1.0 47.4 ± 2.1 1.0

a PI = dark IC50 value/light IC50 value.
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excited energy of complex 3 is lower than those of complexes 1–2,
which can explain the experimental results well. Moreover, the 3MC
states of these complexes are more stable than their 3MLCT state, in-
dicating that the photoactive processes of these complexes are more
likely to cause ligand dissociation. In all, our study indicated that ca-
ging of bicalutamide through its nitrile group is an efficient way to
increasing its selectivity. Therefore, photocaging of clinically approved
anticancer drugs using ruthenium(II) polypyridyl complexes is an ef-
fective way to discover new clinical agents.

4. Materials and methods

4.1. Materials and instrument

All chemicals and solvents were of analytical reagent grade and
used without further purification. Bicalutamide was obtained from
Aladdin as a racemic mixture of the R and S enantiomers and used as
received. Cis-RuL2Cl2 (L = 2,2′-bipyridine, 1,10-phenanthroline and
2,2′-biquinoline) were prepared according to previous reports [37,68].
1H and 13C NMR spectra were measured on Bruker Avance III-HD
600 MHz spectrometer. UV–Vis spectra and kinetic traces were re-
corded on a Shimadzu UV2600 instrument. Mass spectra were mea-
sured by an Agilent 6224 ESI/TOF MS (electrospray-ionization time-of-
flight mass spectrometry) instrument. Elemental analysis of C, H, and N
used a Vario MICRO CHNOS elemental analyzer (Elementar). Cancer
cells were obtained from Jiangsu KeyGEN BioTECH company(China).
Cell apoptosis experiments were measured by flow cytometry (FAC
Scan, Becton Dickenson) and analyzed by Cell Quest software.

4.2. Preparation of compounds

General procedure for synthesis of complexes 1–3. A methanol so-
lution (50 mL) of RuL2Cl2 (0.20 mM), AgPF6 (0.12 g, 0.48 mM) and
bicalutamide (0.34 g, 0.8 mM) was heated at reflux for 12 h in the
absence of light. Then the solution was filtered to remove AgCl and the
reaction mixture was concentrated to 5 mL. The crude product was
collected and recrystallized from methanol. Complexes 1–3 were iso-
lated as racemic mixtures (see supporting Fig. S18).

Complex 1. Yield: 0.16 g (50.6%). Dark-red powder. Anal. Calcd (%)
for C56H44F20N8O8P2RuS2: C 43.00, H 2.84, N 7.16. Found: C 43.09, H
2.88, N 7.08; ESI-MS: m/z [M/2 – PF6]+ = 637.06; 1H NMR (600 MHz,
DMSO‑d6) δ 1.38 (s, 6H), 3.72 (s, 1H), 3.74 (s, 1H), 3.90 (s, 1H), 3.93(s,
1H), 6.46 (m, 2H), 7.36–7.39 (t, 4H, J = 8.8 Hz), 7.48–7.51 (t, 2H,

Fig. 5. AFM images of pBR322 plasmid DNA in HEPES (N-2-
hydroxyethylpiperazine-N′-2-ethanesulfonic acid) buffer ad-
sorbed on peeled mica: (a) images of pBR322 plasmid alone;
(b) incubated with complex 3 in dark; (c) incubated with
complex 3 upon irradiation at 465 nm; and (d) incubated with
complex 3 upon irradiation at 660 nm.

Fig. 6. Gel electrophoretic mobility pattern of pBR322 plasmid DNA incubated
with various concentrations of complex 3. Lane 1–8 (0, 10, 20, 40, 80, 160, 320,
640 μM) + DNA. a) dark; b) irradiation at 465 nm for; c) irradiation at 660 nm.
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J = 6.7 Hz), 7.78–7.79 (d, 2H, J = 5.4 Hz), 7.90–7.92 (m, 4H),
8.00–8.02 (t, 2H, J = 6.5 Hz), 8.16–8.19 (t, 2H, J = 7.9 Hz), 8.26 (m,
4H), 8.36 (m, 2H), 8.45–8.48 (m, 2H), 8.80–8.82 (d, 2H, J = 8.2 Hz),
8.93–8.94 (d, 2H, J = 8.3 Hz), 9.48–9.49 (d, 2H, J = 5.4 Hz), 10.44
(m, 2H) ppm; 13C NMR (150 MHz, DMSO‑d6) δ 16.97, 26.47, 56.94,
63.60, 73.22, 100.81, 115.66, 115.81, 117.46, 121.29, 122.41, 122.48,
123.10, 123.74, 124.09, 127.10, 128.05, 131.36, 131.43, 133.52,
133.73, 136.87, 136.89, 137.12, 138.64, 138.97, 143.69, 151.71,
153.43, 157.00, 157.73, 164.90, 166.58, 173.98 ppm.

Complex 2. Yield: 0.17 g (52.3%). Dark-red powder. Anal. Calcd (%)
for C60H44F20N8O8P2RuS2: C 44.70, H 2.75, N 6.95. Found: C 44.79, H
2.74, N 6.86; ESI-MS: m/z [M/2 –PF6]+ = 661.06; 1H NMR (600 MHz,
CD3OD) δ 1.32 (s, 6H), 3.46 (s, 1H), 3.49 (s, 1H), 3.86 (s, 1H), 3.89 (s,
1H), 5.38 (m, 1H), 7.07–7.10 (m, 4H), 7.49–7.52 (d-d, 2H, J = 5.3,
2.8 Hz), 7.79–7.81 (m, 4H), 7.89–7.94 (m, 4H), 7.98–7.99 (d, 2H,
J = 8.7 Hz), 8.03–8.04 (m, 2H), 8.15–8.16 (d, 2H, J = 8.9 Hz),
8.23–8.26 (m, 2H), 8.28–8.29 (d, 2H, J = 8.9 Hz), 8.50–8.52 (d, 2H,
J = 8.2 Hz), 8.88–8.89 (m, 2H), 9.83–9.84 (d, 2H, J = 5.1 Hz) ppm;
13C NMR (150 MHz, CD3OD) δ 26.45, 63.57, 73.19, 100.81, 115.63,
115.79, 117.32, 121.04, 122.40, 122.62, 125.46, 126.59, 127.67,
127.89, 130.77, 131.11, 131.34, 131.40, 133.41, 133.62, 136.87,
137.04, 137.51, 137.95, 143.59, 147.71, 148.18, 152.77, 154.52,
164.87, 166.56, 173.93 ppm.

Complex 3. Yield: 0.22 g (61.3%). Dark-red powder. Anal. Calcd (%)
for C72H52F20N8O8P2RuS2: C 49.01, H 2.97, N 6.35. Found: C 49.12, H

2.96, N 6.37; ESI-MS: m/z [M/2 –PF6]+ = 737.14; 1H NMR (600 MHz,
CD3OD) δ 1.30 (s, 6H), 3.45 (s, 1H), 3.47 (s, 1H), 3.85 (s, 1H), 3.89 (s,
1H), 6.77–6.84 (m, 4H), 7.04–7.08 (m, 4H), 7.44–7.46 (t, 2H,
J = 7.4 Hz), 7.77–7.80 (m, 4H), 7.86–7.87 (d, 2H, J = 7.9 Hz),
7.91–8.00 (m, 10H), 8.09–8.10 (m, 2H), 8.28–8.30 (d, 2H, J = 8.0 Hz),
8.34–8.36 (m, 4H), 8.69–8.70 (d, 2H, J = 8.6 Hz), 9.62 (m, 2H) ppm;
13C NMR (150 MHz, CD3OD) δ 26.43, 53.41, 63.51, 73.14, 100.64,
115.61, 115.76, 117.37, 118.84, 120.05, 121.00, 122.45, 122.81,
123.42, 127.51, 128.87, 129.09, 129.70, 130.00, 131.33, 131.40,
133.05, 133.27, 133.83, 136.74, 137.06, 140.05, 140.71, 143.88,
149.17, 150.43, 160.36, 160.59, 164.85, 166.53, 173.86 ppm.

4.3. Log POW determination

The log POW determination of complexes 1–3 was performed using
the shake-flask method. An excess of complexes 1–3 was dissolved in
double-distilled water presaturated with n-octanol for 24 h at 37 °C.
The solution was filtered to remove undissolved ruthenium complexes.
Subsequently, the solution was added to an equal volume of n-octanol
(presaturated with water). The heterogeneous mixture was shaken for
2 h before centrifuging for 15 min to achieve phase separation. The
initial and final concentrations of compounds in an aqueous phase were
determined by the UV–vis spectrum method, and the water-octanol
partition coefficients (log POW) were calculated.

Control                     Complex 1                 Complex 2                   Complex 3                 Bicalutamide

Control                     Complex 1                 Complex 2                   Complex 3                Bicalutamide

Control                       Complex 1                   Complex 2                    Complex 3                   Bicalutamide

Control                       Complex 1                   Complex 2                    Complex 3                    Bicalutamide

(b)

Annexin V-FITC

PI

Annexin V-FITC

PI

(a)

(c)

(d)

20 μm 20 μm 20 μm20 μm20 μm

20 μm 20 μm 20 μm 20 μm 20 μm

Fig. 7. Cell apoptosis induction on LNCaP cells after treatment with complexes 1–3 and cisplatin at 30 μM: morphological changes with Hoechst 33342 staining in
the absence (a) and presence blue light (b); Flow cytometry analysis for apoptosis of LNCaP cells in the absence (c) and presence blue light (d).
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4.4. Photolysis study

Photolysis of complexes 1–3 was recorded on a Shimadzu UV2600
instrument equipped with a thermostatically controlled cell holder.
Stock solutions of 1–3 were prepared in methanol and diluted with
water to give a final water/methanol composition of 98:2. The cuvette
was irradiated with a directional LED light at 465 ± 10 nm
(10 mW cm−2) or 660 ± 10 nm (50 mW cm−2), and the output power
density of the LED was controlled by an LED controller. UV–Vis ab-
sorbance spectra were recorded at regular intervals (2 min for 465 nm
irradiation, 5 min for 660 nm). Ferrioxalate actinometry was used as a
reference to determine the photon flux of our LED light source. The
quantum yields of the first step of complexes 1–3 were calculated ac-
cording to the method described before [57]

4.5. DFT calculation

All calculations were performed using the Gaussian 09 suit of pro-
gram [69]. The ground state (S0), the lowest-lying triplet state (T1), and
the dissociated structures of complexes 1–3 were optimized by using
the B3LYP density functional [70] with the LanL2DZ basis set and ef-
fective core functional [71] used for the Ru atom while the 6-31G(d)
basis set [72,73] for the other atoms. All structures were confirmed to
be minima by harmonic vibrational frequency calculations. The time-
dependent density functional theory (TD-DFT) [74–76] calculations
were performed at the same level to predict the singlet electronic
transitions and the UV–visible spectra. The 3MLCT, and 3MC electronic
configurations were characterized by examining the spin densities, and
the 1MLLCT state were identified by analyzing the molecular orbital
populations. The electron density difference maps (EDDMs) of the
lowest-lying singlet transitions of the three complexes were plotted by
the GaussView(version 5.0).

4.6. Docking study

Docking studies were carried out using Autodock Dock 4.2. The
crystal structure of AR-LBD (ligand binding domain) was obtained from
the Protein Data Bank (PDB ID: 1z95). Bicalutamide in 1z95 were re-
moved prior to the docking by software PyMOL. The docking simula-
tion was performed with the Lamarckian genetic algorithm for as much
as 150 docking runs. Each run of the docking operation was terminated
after a maximum of 2,500,000 energy evaluations. During docking
studies, the protein structure was kept rigid. Rotation in the complexes
1–3 was permitted about all single bonds.

4.7. AR ligand binding affinity

The fluorescence polarization technique was applied to study the
binding of complexes 1–3 and bicalutamide to the androgen receptor
using the PolarScreen™ AR Competitor Assay, Green (lifetechnologies,
A15880) according to the manufacturer's instructions. Complexes 1–3
with desired concentrations were irradiated with a directional LED light
at 465 nm (30 min) or 660 nm (1 h), and then were titrated against a
preformed complex of Fluormone™ AL Green and the AR-LBD (GST).
The assay mixture was incubated at room temperature for 4 h, after
which the fluorescence polarization values were measured in a
SpectraMax® Paradigm® Multi-Mode Detection Platform using an ex-
citation wavelength of 485 nm and an emission wavelength of 535 nm.
Data analysis for the ligand binding assays was performed using
GraphPad Prism software.

4.8. Atomic force microscopy (AFM)

The pBR322 plasmid DNA (200 ng/μL) was diluted to 5 ng/μL with
hepes (N-2-hydroxyethylpiperazine-N′-2-ethanesulfonic acid) buffer
(40 mM hepes, 5 mM MgCl2, pH 7.4). Complex 3 was dissolved in DMF

first and then diluted to 0.5 mM with hepes buffer (the final con-
centration of DMF was less than 0.4%). The solutions of complex 3
(20 μL) and pBR322 (20 μL) were mixture together, and irradiated with
blue light (465 nm, 30 min) or red light (660 nm, 1 h). After 24 h in-
cubation, the mixture was dropped onto freshly cleaved mica. Then the
samples were rinsed for 10 s with deionized water and dried with ni-
trogen gas. The images were obtained in air at room temperature on
areas of 5 × 5 μm2.

4.9. Gel electrophoresis study

DNA binding properties of complex 3 was also investigated by
agarose gel electrophoresis. Desired concentrations of the complex 3
were prepared by dilution of the compound with Tris-H3PO4 (100 mm)
buffer. pBR322 DNA (5 μL) was added to each tube. The mixtures of
complex 3 and pBR322 plasmid DNA were mixture together, and irra-
diated with blue light (465 nm, 30 min) or red light (660 nm, 1 h). After
24 h incubation, the agarose gel (made up to 1% w/v) was prepared
with TA buffer (50 mm Tris-acetate, pH 7.4). The mixtures with loading
buffer (1 mL) were submitted to electrophoresis in agarose gel in TA
buffer at 100 V for 90 min. Agarose gels were then dyed with ethidium
bromide (0.5 mg/L) for 20 min. Bands were imaged by using a
Molecular Imager (Bio-Rad, USA) under UV light.

4.10. MTT assay

Cytotoxicity of complexes 1–3 and bicalutamide against LNCaP and
PC-3 cells was determined by means of the MTT (3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay. Cells
were cultured in RPMI-1640 medium with 10% fetal bovine serum
(FBS). All media were also supplemented with 100 mg/mL of penicillin
and 100 mg/mL of streptomycin. Cells (105 per well) with better vi-
tality were seeded in 96-well plates. The compounds were dissolved by
DMF and diluted with medium to various concentrations (the final
concentration of DMF was less than 0.4%). After being incubated in the
dark for 4 h, cells were irradiated with blue light (465 nm) for 30 min
or red light (660 nm) for 1 h, and then the cells were incubated in the
dark for a further 48 h. After that, cells were stained with 3-(4,5-di-
methyl-2-thiazolyl)-2,5-diphenyl-2Htetrazolium bromide (MTT) (5 mg/
mL) for another 5 h, and then the medium was thrown away and re-
placed by 150 mL DMSO. The inhibition of cell growth induced by the
tested complexes was detected by measuring the absorbance of each
well at 570/630 nm using enzyme labeling instrument. The IC50 values
were calculated by SPSS software after three parallel experiments.

4.11. Apoptosis assessment by Hoechst 33342 staining

LNCaP cells were seeded in 24-well plates at 1 × 105 cells/well and
incubated overnight. Cells were incubated with 30 μM of the tested
compounds, and then irradiated with blue light (465 nm, 30 min) or red
light (660 nm, 1 h). The cells were incubated in the dark for a further
24 h. After that, the cells were rinsed twice in PBS (phosphate-buffered
saline) and stained with Hoechst 33342 fluorescent dye for 10 min in
the dark at 37 °C. Cell apoptosis was examined under the fluorescence
microscope with excitation wavelength of 330–380 nm.

4.12. Apoptosis analysis by flow cytometry

LNCaP cells were grown in a 6-well plate and cultured overnight.
The tested complexes were added with the final concentration of
30 μM. After incubation for 24 h, cells were irradiated with blue light
(465 nm, 30 min) or red light (660 nm, 1 h). After that, the cells were
incubated in the dark for a further 24 h, and collected by centrifugation
(5 min, 25 °C, 2000 rpm). Then, the cells were washed twice with cold
water, resuspended in binding buffer (10 mM hepes, 140 mM NaCl,
2.5 mM CaCl2, pH 7.4). The cells were stained with 5 μL of Annexin V-
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FITC (fluorescein isothiocyanate) and then with 5 μL of propidium io-
dide (20 μg/mL) for 15 min in the dark at room temperature. The
fluorescence of cells was detected by an annexin V-FITC apoptosis de-
tection kit (Roche) according to the manufacturer's protocol, and cells
were quantified by system software (Cell Quest; BD Biosciences).
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