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Background and objective: Photodynamic therapy has emerged as a promising treatment for cancer and other
malignancies. Design of photosensitizers with two different action mechanisms may be an essential strategy for
the improvement of the efficacy of phototherapeutic drugs. The objective of this study was to evaluate the
anticancer photo- and chemocytotoxic effects of the novel half-sandwich rhodium(III) and iridium(III) photo-
sensitizers.

Materials and methods: A series of novel half-sandwich Cp*-Rh(III) and Cp*-Ir(IlI) complexes containing 9-an-
thraldehyde thiosemicarbazones, (Cp*)M(L)Cl (M = Rh or Ir, L = 9-anthraldehyde thiosemicarbazones), were
compared for cell uptake and photo- and chemocytotoxic effects against human prostate carcinoma (PC3) and
human ovarian carcinoma (SKOV3) cell lines.

Results: Cp*-Ir(IlI) complexes, (Cp*)Ir(L)Cl, showed remarkable phototoxic behavior against human ovarian
adenocarcinoma SKOV3 cells (ICso = 2.7 and 2.3 uM, respectively, A, > 400 nm), as well as the 7.4 and 5.3-
fold lower toxicity in the dark, implying possibility of dual action as chemo- and phototherapeutic agents.
Conclusion: The complexes, which present a synergistic effect with good properties of both the Cp*-Rh(III) and
Cp*-Ir(III) chemotherapeutic effect and the anthracene photodynamic therapy efficiency, show great potential as

a new generation of light activated dual-action anticancer agents for photodynamic therapy.

1. Introduction

Photodynamic therapy, as a complementary methodology to
common current anticancer therapies, has emerged as a promising
treatment for cancer and other malignancies. The use of light for drug
activation makes a drug with low dark toxicity generate cytotoxins
electively within the cancerous tissues [1,2]. Due to the inherent ad-
vantages of photodynamic therapy including low levels of invasiveness
and systematic toxicity, research in the area of photodynamic therapy
has attracted considerable attention and a number of promising results
have been demonstrated, including new molecules for the production of
singlet oxygen (*0,) as well as transition metal complexes that cova-
lently bind to DNA when photolyzed [3-5]. For instance, [Ru(bpy)
(dppn)(CH3CN),1%* (bpy = 2,2"-bipyridine, dppn = benzo[i]dipyrido-
[3,2-a;2",3’-c]phenazine) produced 'O, and dissociated ligand upon
irradiation. Such dual reactivity has been proven to be a strategy for the
improvement of the efficacy of phototherapeutic drugs by acting via
two different mechanisms simultaneously [6].
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In recent years, organometallic complexes has been widely in-
vestigated for their specific activities against different cancer cells, and
favourable toxicity and clearance properties [7-9]. Among these com-
plexes, the organometallic half-sandwish Ru(II) complexes have drawn
increasing interest due to their great structural variety that provide the
ability to fine-tune the chemical reactivity of the complexes. Sadler
et al. have demonstrated the excellent cytotoxicity toward cancer cells
of the complexes of the general structure [(n®-arene)Ru(en)Cl]*
(en = ethylenediamine) [10,11]. Dyson's group has reported the PTA
complex, [(n6-arene)Ru(PTA)C12] (PTA = 1,3,5-triaza-7-phospha-
tricyclo-[3.3.1.1]-decane), with activity against metastases [12,13].
Simultaneously, organometallic half-sandwish complexes derived from
the neighboring group 9 members such as Rh(III) and Ir(III) have also
been explored, and some complexes display high flexibility toward
promising anticancer activity via intercalating target DNA in the cancer
cells [14,15]. It has been believed that alteration of ligands about the
metal center is an effective method to get complex with high activity,
and a pronounced effect on biological activity can be achieved by fine
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tuning functional groups [16,17] However, there have been very few
reports on half-sandwich complexes with dual activity of chemo- and
phototherapeutic effect through the introduction of photosensitizer into
the complexes, although the combination can embrace the advantages
of the two different components and obtain synergistic anticancer ef-
fects. Juillerat-Jeanneret et al. have reported the first half-sandwich
complex employed as photodynamic therapy agent. The coordination of
Ru(I)-arene units to a porphyrin moiety results in efficient chemo- and
phototherapeutic agents against human cancer cells, which is the
combination of the photodynamic action of porphyrin with the cyto-
toxicity of Ru(II)-arene complexes [18,19]. Moreover, Wang et.al have
reported the Ru(ll)-arene complexes with a BODIPY (boron dipyrro-
methene)-modified pyridine ligand, in which the BODIPY ligand plays
the photodynamic action, for photodynamic therapy application
[20,21].

Our interest has focused on the development of efficient and se-
lective half-sandwich complexes for anticancer agent. A vast number of
novel Ru(II)-arene or pentamethylcyclopentadienyl (Cp*)- Rh(III) and
Ir(Ill) complexes containing thiosemicarbazone ligands have been
synthesized and evaluated for their antiproliferative activity [22-25].
Considering the potential advantages of combined chemo- and photo-
dynamic therapy, herein we extended our study to the Cp*-Rh(III) and
Cp*-Ir(IlI) complexes substituted with photosensitizers. The photo-
sensitizers are anthracene derivatives, 9-anthraldehyde thiosemicarba-
zones (TSCs), which can generate 10, both in vitro and in cells upon
exposure to light and thus exhibit photodynamic activity [26] We
surmise that the introduction of photosensitizer moiety can provide the
resulting complexes with synergistic anticancer effects, by embracing
the advantages of the different therapeutic mechanisms of the Cp*-Rh
(III) and Cp*-Ir(IlI) complexes and photosensitizer. Bearing these in
mind, a series of Cp*-Rh(III) and Cp*-Ir(IlI) complexes containing 9-
anthraldehyde thiosemicarbazones were prepared and their photo-
physical properties and phototoxicity were investigated.

2. Experimental section
2.1. Materials and methods

[(Cp*)IrCl,]o, [(Cp*)RhCl,],, thiosemicarabazide and other re-
agents were purchased from J&K Chemical Co. (China). All reagents
and solvents were of high purity and used without further purification.
All TSC ligands (L'-L?) were prepared using previously reported pro-
cedures [32]. NMR spectra were recorded with a Bruker AV-400 spec-
trometer at working frequencies 400 MHz and Bruker AV-600 spectro-
meter at working frequencies 600 MHz. Chemical shifts (§) are
expressed in parts per million and coupling constants (J) in hertz. Mass
spectra for the complexes were recorded with a Waters UPLC XEVO G2
TOF mass spectrometer using electrospray ionization (ESI) probe. Ele-
mental analyses were carried out using an Elementar Vario EL Cube.
UV-vis absorption spectra were measured on a Cary 100 UV-vis spec-
trophotometer (Agilent Technologies, Inc., Australia). All fluorescence
spectra were recorded on Thermo Scientific Lumina fluorescence
spectrometer (Thermo Fisher Scientific, USA). The fluorescence
quantum yields (&r) were determined by following a previously re-
ported method with rhodamine 6 G as the reference (& = 0.92 in
DMF). The emission lifetimes were recorded with an Edinburgh Ana-
lytical Instruments FLS980 lifetime and steady-state spectrometer
(405 nm picosecond pulsed laser and NIR PMT for Luminescence life-
time). Confocal fluorescence microscopy images were obtained using
Nikon Al confocal laser scanning microscope (Nikon, Japan).

Synthesis of (Cp*)Rh(Ll)Cl (1). [(Cp*)RhCl]> (30.9mg,
0.05 mmol), L' (28.3 mg, 0.1 mmol) were dissolved in 3 mL of ethanol.
The reaction mixture was stirred at room temperature. After 4h, the
mixture was dried in vacuum, and gave a red solid that was further
purified by recrystallization from dichloromethane and hexane. Yield:
32mg, (51%). HR-ESI-MS (DMSO-dg) m/z [Found (Calcd)]: 530.1152
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(530.1137) (100%) {[(Cp*)Rh(LY]* - CI~ = H* = [Cy,H29N35SRh] ™},
IR (cm™1): v (NH,, NH) 3432, 3252, 3190; v (C = N) 1621; v (C = S)
1045. 'H NMR (600 MHz, CD3Cl) §, ppm 12.54 (br, 1H, NH), 10.30 (br,
1H, NH), 8.81 (s, 1H, -CH=N), 7.59-8.70 (m, 9H, anthryl-H), 2.98 (s,
3H, NHCHS), 1.89 (s, 15H, -CHs). Anal. Caled for Co;H3oN3SCIRh-H,0:
C, 52.05; H, 5.08; N, 6.56; Found: C, 52.55; H, 5.13; N, 6.76.

(Cp*)Rh(L>)CI (2). 2 was synthesized as for 1. Yield: 32 mg, (51%).
HR-ESI-MS (DMSO) m/z [Found (Calcd)]: 592.1306 (592.1294) (100%)
{[(Cp*)Rh(LH]* = C1~ = H* = [C3,H3;N3SRh]*}. IR (ecm ™ 1): v (NHa,
NH) 3445, 3253, 3149; v (C = N) 1647; v (C=S) 1050. 'H NMR
(400 MHz, DMSO-dg) 8, ppm 9.28 (s, 1H, NH), 9.01 (s, 1H, NH), 8.72 (s,
1H, -CH=N), 7.45-8.69 (m, 9H, anthryl-H), 6.37-6.52 (m, 5H, phenyl-
H), 1.83 (s, 15H, —CHs). Anal. Calcd for C3,H35N3SCI,Rh-1/2CH5Cly:
C, 55.22; H, 4.70; N, 5.94; Found: C, 55.24; H, 4.71; N, 5.92.

(Cp*)Rh(L3)Cl (3). 3 was synthesized as for 1. Yield: 35 mg, (57%).
HR-ESI-MS (DMSO) m/z [Found(Calcd)]: 620.1722 (620.1711) (100%)
{ICpHIX(LMH]T = €17 — H" = [CpyHaeN5SIr]* ). IR (em™1): v (NHa,
NH) 3445, 3265, 3142; v (C =N) 1647; v (C=S) 1046. 'H NMR
(600 MHz, DMSO-dg) 8, ppm 11.68 (br, 1H, NH), 9.25 (br, 1H, NH),
8.68 (s, 1H, -CH=N), 7.54-8.48 (m, 9H, anthryl-H), 2.98 (s, 3H,
NHCHs3), 1.77 (s, 15H, -CH3). Anal. Caled for C,,H3oN3SClIr-H,0: C,
45.69; H, 4.54; N, 5.92; Found: C, 45.91; H, 4.45; N, 5.87.

(Cp*)Rh(L")Cl (4). 4 was synthesized as for 1. Yield: 29 mg, (43%).
HR-ESI-MS (DMSO) m/z [Found (Calcd)]: 682.1864 (682.1868) (100%)
{I(CpHIr(LH]T = C1I~ = H' = [C3oH5N3SIr] *}. IR (em™1): v (NHa,
NH) 3445, 3147; v (C = N) 1647; v (C = S) 1051. 'H NMR (600 MHz,
DMSO-dg) 8, ppm 9.26 (s, 1H, NH), 8.98 (s, 1H, NH), 8.69 (s, 1H,
-CH=N), 7.42-8.37 (m, 9H, anthryl-H), 6.34-6.48 (m, 5H, phenyl-H),
1.79 (s, 15H, —CHs). Anal. Caled for CsoHzoN3SCloIr-3/4CH,Cly: C,
48.12; H, 4.13; N, 5.14; Found: C, 48.44; H, 4.07; N, 5.25.

2.2. X-ray crystallography

The reflection data was collected with a Bruker SMART CCD in-
strument using graphite monochromatic Mo Ka radiation
(A = 0.71073A) at room temperature. A semiempirical absorption
correction using the SADABS program was applied, and the raw data
frame integration was performed with SAINT. The crystal structures
were solved by the direct method using the program SHELXS-97 [33]
and refined by the full-matrix least-squares method on F? for all non--
hydrogen atoms using SHELXTL-97 with anisotropic thermal para-
meters. All hydrogen atoms were located in calculated positions and
refined isotropically, except the hydrogen atoms of water molecules
that were fixed in a difference Fourier map and refined isotropically.
The details of the crystal data are summarized in Table 1, and selected
bond lengths and angles are listed in Table 2. Crystallographic data for
the structural analysis have been deposited with the Cambridge Crys-
tallographic Data Center (CCDC) with the following reference numbers:
1,857,695 and 1,857,697.

2.3. 10, measurement

Measurements were taken at 420 nm excitation in air-saturated so-
lutions at room temperature with TPP (&, = 0.55, Ay = 400 nm) in
CHClI; as references. The maximal absorption of the complexes at cor-
responding wavelength was generally kept between 0.01 and 0.3.

2.4. Phototoxicity

PC3 (human prostate carcinoma) and SKOV3 (human ovarian car-
cinoma) were obtained by Commerce. Photo and dark toxicity of the
complexes were evaluated by WST-8 (water-soluble tetrazolium salts)
assay using CCK-8 reagent. The cells (2 X 104 cells per well) were
seeded on a 96-well plate in 200 pL of culture medium and incubated
for 1 day at 37°C in a 5% CO, atmosphere. Then 100 uL of micelle
solutions prepared in culture medium at 5 uM complexes were added in
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Table 1
Crystal data collection for 2 and 4.
2:CHxCl, 4-CHxCl,

formula C33H34Cl4RhN3S C33H34Cl4IrNsS
M, 749.40 838.69
crystal system monoclinic monoclinic
space group P2;/n P2;/n
ad) 14.350(6) 14.401(3)
b (A) 12.732(5) 12.792(3)
c(A) 19.340(8) 19.188(4)
a(®) 90.00 90.00
B 108.885(6) 108.445(3)
v () 90.00 90.00
V(A% 3343(2) 3353.2(13)
z 4 4
D, (Mg/m®) 1.489 1.661
F (000) 1528 1656
i (mm*) 0.920 4.390
Rint 0.0323 0.0481
reflns collected 24167 36490
reflns ind 6109 6142
GOF (S) 1.055 1.061

Ri/WR; [1 = 20 ()]
R1/WR; [all data]

0.0501/ 0.1396
0.0622/ 0.1511

0.0346/ 0.0869
0.0447/ 0.0944

Table 2
Selected bond lengths (;\), angles (deg) in 2 and 4.
2 4

Rh1-centroid 1.7967(5) Irl-centroid 1.7962(4)
Rh1-S1 2.3680(13) Ir1-S1 2.3572(2)
Rh1-N1 2.1147(41) Ir1-N1 2.1009(5)
Rh1-Cl1 2.4049(19) Ir1-Cl1 2.3980(6)
N1-Rh1-S1 81.539(106) N1-Ir1-S1 81.270(15)
N1-Rh1-Cl1 86.281(117) N1-Ir1-Cl1 84.240(15)
S1-Rh1-Cl1 94.226(56) S1-Ir1-Cl1 92.043(14)

each well. After 4 h incubation, the cells were exposed to a 300 W xenon
lamp after passing through a color glass filter cut-on 400 nm for 30 min
at the power density of 30 mW/cm [2], followed by 24 h incubation.
Then 100 pL of fresh culture medium and 10 pL of CCK-8 reagent were
added in each well and the cells were incubated for 3 h. Finally, the
absorbance (A) at 450 nm was measured using a Thermo Scientific
Multiskan MK3.

2.5. Confocal microscopic imaging

Confocal microscopy imaging of living cells Human SKOV3 cells
were grown in a humidified at mosphere containing 5% CO, at 37 °C in
DMEM medium supplemented with 10% FBS and 1% penicillin-strep-
tomycin solution. SKOV3 cells were seeded onto 35 mm glass bottom
culture dishes for 24 h after the concentration reached 5 x 10° cells/
mL. Cells in exponential growth phase were used for experiment
(2 x 10* cells/well) and seeded to 96-well plates for overnight. Then,
the cells were incubated with the complexes (500 pg/mL) for another
4h and then washed with phosphate buffered solution (pH 7.5) three
times. Finally, the confocal microscopy imaging experiments were
conducted (20 X objective).

3. Results

Figs. 1 and 2 shows the structures of complexes 2 and 4. Tables 1
and 2 present their crystal data and selected bond lengths, angles. The
photo- and chemocytotoxic effects of complexes 1-4 were investigated
by means of the WST-8 assay in the human prostate carcinoma (PC3)
and human ovarian carcinoma (SKOV3) cell lines (Figs. 6 and 7). In
each case, cells were incubated with the complexes for 4h in the ab-
sence of light, then subjected to light irradiation (A, > 400 nm) for
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Fig. 1. ORTEP plots of 2, the solvent molecules have been omitted for clarity.
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Fig. 2. ORTEP plots of 4, the solvent molecules have been omitted for clarity.

30 min, and finally incubated in the dark for another 24 h. The com-
plexes 1-4 exhibit moderate cytotoxicity against the two carcinoma cell
lines in dark, with the ICso values in the micromolar range
(12.1-20.5 uM). Furthermore, after irradiation with light for 30 min,
the ICsq values of 1-4 decrease to 2.3-8.7 uM.

4. Discussion
4.1. Synthesis and characterization

Complexes 1 and 2 were synthesized by stirring [(Cp*)RhCl,], with
the thiosemicarbazone ligands in a 2:1 mol ratio in ethanol at room
temperature. Complexes 3 and 4 were prepared by reacting [(Cp*)
IrCl,], with the thiosemicarbazone ligands in ethanol at room tem-
perature. The solids were recrystallized from dichloromethane and
hexane (Scheme 1). The reaction produced red solids that were in-
soluble in acetone, CHCl;, CH,Cl, and DMSO. HR-ESI-MS, IR and 1H

1/2[(Cp")MCll, 1+
: |
M., cr
| s R

TSC Complex | M R

ethanol
QOB L
\)
N NH
0 Ny R D
HoH <<
TSCs L'-12 1-4

Scheme 1. Synthesis of the complexes 1-4.
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NMR spectral and elemental analyses were conducted for character-
ization of the complexes.

The X-ray crystal structures of a Cp*-Rh complex 2 and a Cp*-Ir
complex 4 are presented in Figs. 1 and 2. The crystallographic data are
shown in Table 1, and selected bond lengths and angles are listed in
Table 2. In the molecular structures of the two complexes, Rh or Ir
adopts the familiar ‘three-legged piano-stool’ geometry with the metal
centre being coordinated by the aromatic Cp* ligand, a chelating N,S-
ligand of 9-anthraldehyde thiosemicarbazone and a terminal chloride.
The Cp* ligands are essentially planar, and the distances between the
centroid of the Cp* ligand and the metal atoms are 1.7967(5) and
1.7962(4) Io\, respectively. The bond distances around the metal atoms,
Rh—S=23680(13) A, Rh—-N=21147(41) A, Rh—-Cl=
2.4049(19) A in 2, and Ir — S = 2.3572(2) A, Ir — N = 2.1009(5) A,
Ir — Cl = 2.3980(6) A in 4; the bidentate angles around the metal atom,
N1-Rh1-S1 [81.539(106)°], N1-Rh1-Cl1 [86.281(117)] and
S1-Rh1-Cl1 [94.226(56)] in 2, and NI1-Ir1-S1 [81.270(15)°],
N1-Ir1-ClI1 [84.240(15)] and S1-Ir1-Cl1 [92.043(14)] in 4, are com-
parable to those of similar complexes.?* The Cl component of the anion
are interlinked by N2-H~CI2 [2.3057(17) [o\], N3-H~CI2 [2.2277(18)
Al in 2 and N2-H~CI2 [2.2963(8) A], N3-H~CI2 [2.2295(5) A] in 4 via
hydrogen bonding interactions.

4.2. Photophysical properties

The absorption and emission spectra of 1-4 in DMSO are shown in
Fig. 3 and the basic photophysical properties of 1-4 are shown in
Table 3. For these complexes, almost pure metal-to ligand charge
transfer (\MLCT) states are observed in the 350-300 nm region. The
absorbance in the 350-450 nm region is mainly dominated by ligand
and MLCT transitions [27]. The complexes 1-4 exhibit the similar

0.5
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0.3 1
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0.2 4

0.1+
0.0 T T T T T
300 350 400 450 500 550 600
Wavelength (nm)
1800
1500
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> 1200
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Q
2
]
3 600
g
[
300
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400 450 500 550 600 650 700
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Fig. 3. UV-vis (A) and emission (B) spectra for 1-4 in DMSO.
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Table 3

Electronic absorption and photophysical properties of 1-4.
Complex Aabs (NM) log ¢ Aex “(nm) & Py
1 395 4.14 514 0.038 0.073
2 395 4.24 517 0.044 0.026
3 395 3.69 494 0.077 0.083
4 395 3.87 509 0.049 0.070

2 Excited at 395 nm.

b Relative to rhodamine 6 G in DMSO as the reference (Pr = 0.92).
¢ Relative to H,TPP in CHCl; as the reference (&, = 0.55).

0.7
0.6
0.5
0.4

0.3

Absorbance

0.2

0.1

0.0

1 N 1 " 1 s J

500 600

300
Wavelength (nm)

Absorbance

300

400 500 700

Wavelength (nm)

Fig. 4. Time-dependent UV-vis absorption spectra of 1 (10 uM) in DMSO-H,0
(A) for 30 min and (B) after irradiated 30 min, collected at 10, 20, 30, 70, 90,
180 min (A. > 400 nm).

absorption spectra in which the absorption maximum is at 395 nm.
Upon excitation at A = 395nm in the same solvent, the Cp*-Rh com-
plexes 1and 2 give emissions in A = 514 and 517 nm, respectively, and
the emissions of the corresponding Cp*-Ir Complexes 3 and 4 have a
blue shift of ca. 20 nm with A = 494 and 509 nm, respectively. The
fluorescence quantum yields (®p) of Cp*-Rh Complexes land 2 are
0.038 and 0.044, respectively. Upon change to the Cp*-Ir moiety, the
fluorescence quantum yields of both complexes 3 and 4 experience a
marked increase, e.g. & = 0.077 and 0.049, respectively.

The singlet oxygen (*O,) quantum yields of complexes 1-4 were
determined according to a previously reported method, using a steady-
state method with 1,3-diphenylisobenzofuran (DPBF) as the quenching
agent [28]. Taking tetraphenylporphyrin (H,TPP) as the standard
(&5 = 0.55 in CHCl3),21 the 'O, quantum yields are measured to be
0.073 and 0.026 for the Cp*-Rh complexes 1 and 2, respectively.
Moreover, the Cp*-Ir complexes 3 and 4 produce singlet oxygen effi-
ciently with values of 0.083 and 0.070, respectively (Table 3).
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Merge

Fig. 5. Confocal fluorescence images of SKOV3 cells treated with complexes 1-4 for 4 h.

Since aqueous stability is important factor that affects the bioa-
vailability of half-sandwish complexes, [29,30] the stability of com-
plexes 1-4 were tested by monitoring their electronic absorption
spectrum before and after irradiation. The complexes were dissolved in
DMSO and subsequently diluted by water solution to give a final con-
centration of 1% (v/v) of DMSO. As shown in Fig. 4A, the time--
dependent absorption spectra of 1 being monitored for 30 min, a slight
decrease is observed for the intensity of the absorption bands of the
complex between ~370 and ~470nm. This change indicates the oc-
currence of slow hydrolysis, which is important in the biological

functions of these complexes [31]. However, after light irradiation
(A > 400 nm) for 30 min, a stronger continued decrease is observed for
the intensity of the absorption bands of the complex from ~370 to
~470nm (Fig. 4B). Similar phenomenons are observed in the elec-
tronic absorption spectrum of 2-4 when the complexes are tested under
similar experimental conditions (Supporting Information, Figures
S$1-S3), which suggests that the irradiation can obviously promote the
hydrolysis of the complexes and shows positive affect on the im-
provement of their biological activity.
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Fig. 6. ICso values (uM) of complexes 1-4 against PC3 and SKOV3 cancer cell
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Fig. 7. Phototoxicity index ¢ (PI) of complexes 1-4 against PC3 and SKOV3
cancer cell lines. A, > 400 nm. ¢ Dark ICso/Light ICsp.

4.3. Cell uptake in vitro

In order to account for the different phototoxicity of these four
complexes, their cellular uptake and subcellular localization were
evaluated using intracellular fluorescence microscopy. As shown by the
images captured by confocal laser scanning microscopy in Fig. 5, after
SKOV3 cells are incubated with the complexes (10 uM) solution at 37 °C
for 4 h, the blue fluorescence in cells is observed on 405 nm excitation.
The merge of bright field and fluorescence images confirms that the
complexes should be mainly located inside the cytoplasm without ob-
vious nuclear uptake. The difference in fluorescence intensities is sig-
nificant, with cells treated with 2 and 4 exhibiting much higher fluor-
escence intensities than those treated with 1 and 3. The possible reason
is that the N*-phenyl on the thiosemicarbazone moiety of the complexes
adjusts their lipophilicity and consequently results in an increased
propensity to across the cell membranes [2,22].

5. Combined chemo- and photodynamic therapy studies in vitro

The WST-8 test was used for the comparison of the photosensitizers’
efficiency. For comparison purposes, dark toxicity measurements were
carried out in parallel. The complexes 1-4 exhibit moderate cytotoxi-
city against the two carcinoma cell lines in dark, with the ICs, values in
the micromolar range (12.1-20.5uM), which come from the intrinsic
biological effect of these half-sandwish TSC complexes. Furthermore,
after irradiation with light for 30 min, an increase in cell death is ob-
served for samples dosed with all the complexes in both PC3 and
SKOV3 cell lines (Fig. 6). Under the conditions tested here, the
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cytotoxicity towards PC3 cell lines of 1-4 increases approximately 2.5-
fold in combination with light, with the ICso values decrease to
5.5-8.7 uM. Cp*-Ir complex 3 is the most toxic complex when irradiated
with light for 30min, with ICso of 5.5uM, followed by 4
(ICs0 = 5.7 uM) and then Cp*-Rh complex 2 (IC5q = 7.9 uM). Similarly,
the phototoxicity enhancement of the four complexes toward SKOV3
cell lines under the present experimental conditions is observed. Cp*-Rh
complexes 1 and 2 exhibit enhanced cytotoxicities upon irradiation
with light, resulting in ICso values of 8.7 and 3.6 uM, respectively,
which is 1.7 and 4.1 times more cytotoxic than that in dark, respec-
tively. Compared to Cp*-Rh complexes, Cp*-Ir complexes 3 and 4 ex-
hibit high toxicity toward SKOV3 cell lines in the presence of light. The
ICsp values of 3 and 4 with irradiation are 2.7 and 2.3 uM, respectively,
which are up to 7.4 and 5.3 times more cytotoxic than that in dark,
respectively. Although the phototoxicity of 3 is slightly lower than that
of 4, the phototoxicity index (PI) value for 3 is 1.4-fold greater than that
for 4, which indicates the effective PCT activity of the complex (Fig. 7).

It is reported that the half-sandwich analogues, Ru(Il)-arene com-
plexes containing BODIPY ligands, show good cytotoxicities under ir-
radiation toward SKOV3 cell lines [21]. The PI values of these com-
plexes are around 10, which is higher than those of 1-4. However,
compared with the first reported Cp*-Rh and Cp*-Ir complexes con-
taining porphyrin for PDT application, which show poor phototoxicity,
[18] the complexes 1-4 exhibit stronger phototoxicity, indicating that
the introduction of anthracene derivatives seems to be an promising
approach for the preparation of photosensitizer with potent photo-
dynamic effects.

Cp*-Ir complexes 3 and 4 present more effective phototoxicity than
Cp*-Rh complexes 1 and 2. The possible reason is that Cp*-Ir complexes
might induce DNA crosslinks or bind to proteins or other biomolecules
in the cell following photoinduced biological effect. Noteworthily, al-
though Cp*-Ir complex 3 shows not the highest uptake in these com-
plexes, its higher 'O, quantum yield enables it to be more sensitive
during light treatment, producing even greater phototoxic effect than
the other complexes. Cp*-Rh complex 1 demonstrates modest photo-
toxicity under the conditions tested, which might due to the combined
action of its low cellular uptake and medium 'O, quantum yield as well
as the intrinsic biological effect of the Cp*-Rh complex.

6. Conclusions

In summary, a series of half-sandwich Cp*-Rh(III) and Cp*-Ir(III)
complexes containing 9-anthraldehyde thiosemicarbazones (1-4) have
been synthesized and characterized. The molecular structures of 2 and
4 have been characterized by X-ray crystallography. The complexes
present a synergistic effect with good properties of both the Cp*-Rh(III)
and Cp*-Ir(Ill) chemotherapeutic effect and the anthracene photo-
dynamic therapy efficiency. Especially, Cp*-Ir(IIl) complexes 3 and 4
with remarkable phototoxic behavior in SKOV3 cancer cell lines
(ICso = 2.7 and 2.3 pM, respectively, Ai,; > 400 nm), along with the 7.4
and 5.3-fold lower toxicity in the dark, show potential as dual-action
half-sandwish anticancer agents for combination therapy. This in-
vestigation demonstrates that the introduction of photosensitizer
moiety into half-sanwish Cp*-Rh(III) and Cp*-Ir(IIl) complexes is an
effective method for the design of a new generation of light activated
dual-action anticancer agents.
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