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Graphic abstract

Two iridium(I11) complexes [Ir(ppy)2(HPIP)](PFe) (Ir-1) and [Ir(ppy)2(BHPIP)] (PFe)
(Ir-2) were synthesized and characterized. The complexes Ir-1 and Ir-2 were
encapsulated in liposomes Ir-1-Lipo and Ir-2-Lipo. The anticancer activity of the
complexes and liposomes was investigated by apoptosis, comet assay, ROS,
mitochondrial membrane potential, release of cytochrome c, tubules and western blot

analysis and in vivo antitumor activity.

" T D'.
|
' l Rl |

Location of the liposomes Antitumor activity in vivo
in the lysosomes




Submitted to Eur J Med Chem.

Studies of anticancer activity in vitro and in vivo of iridium(l11)

polypyridyl complexes-loaded liposomes as drug delivery system

Wen-Yao Zhang?, Fan Du?, Miao He?, Lan Bai® Yi-Ying Gu?, Lin-Lin Yang®",

Yun-Jun Liu®®

8School of Pharmacy, Guangdong Pharmaceutical University, Guangzhou, 510006,
P.R. China

PDepartment of Pediatrics, Guangdong Women and Children Hospital, Guangzhou
510000, P.R. China

“Guangdong Engineering Research Center for lead compounds & Drug Discovery,

Guangzhou, 510006, P.R. China

*Corresponding author.E-mail address. fy yanglinlin@126.com(L.L. Yang);




lyiche@gdpu.edu.cn (Y.J. Liu).

Abstract: Two iridium(lll) polypyridyl complexes [Ir(ppy(HPIP)](PF) (Ir-1),
[Ir(ppy)2(BHPIP)](PF) (Ir-2) and their liposomesr-1-LIpo and Ir-2-Lipo were
synthesized and characterized by elemental analisH NMR and™C NMR. The
anticancer activity in vitro and in vivo was evak The cytotoxic activity in vitro
of the complexes and their liposomiesl-Lipo andIr-2-Lipo against cancer cells
was investigated by MTT methods.-1 andlIr-2 show no cytotoxic activity, while
Ir-1-Lipo andlr-2-Lipo exhibit high cytotoxic effect. The Kgvalues range from 5.2
+ 0.8 to 22.3 + 1.8 uM. The apoptosis, reactive gexy species, the change of
mitochondrial membrane potential, intracellular >Cdevels and a release of
cytochrome c were investigated. The effectliofl-Lipo andIr-2-Lipo on tubules
was also explored. In the C57BL/6 mice modlell only displays a tumor inhibitory
rate of 23.21%, whilér-1-Lipo exhibits satisfactory in vivo antitumor efficacytiv
tumor inhibitory rate of 72.55%. This study demoatds that complexes
encapsulated in liposomes induce apoptosis in Bd®ugh ROS-mediated
lysosomal-mitochondria dysfunction, inhibition oblpmerization of microtubules

and induce cell cycle arrest at S phase.

Keywords: Iridium(lll) polypyridyl complexes; Liposomes; Cytaxicity in vitro and

in vivo assays; Microtubules; ROS.

1. Introduction



Cancer remains one of the most challenging and etang health burden for
human beings worldwide. Although, in the past desadyreat efforts have been
attempted to overcome cancer, it is still challaggio defeat the disease [T]he
main cause of cancer-related death is not the tutself but the metastasis from the
tumor [2].Chemotherapy is the commonly applied approach docer management,
but the toxic and side effects make chemotherapprbe troublesome [3With the
successful clinical application of cisplatin, thetapeutic value of metal-based drugs
has long been established [4]. However, this platibased drug has several adverse
side effects, such as renal toxicity, myelosuppoessnausea, vomiting, and
cytotoxicity, which frequently limit its use in thdinic [5,6]. In order to overcome
these limitations, more attention has been paifingb anti-cancer activities in other
metal complexes as alternatives of cisplatin. Amorggal complexes, organometallic
iridium complexes have recently emerged as promisiternatives and are expected
to overcome the limitations of platinum-based dr{iy®]. It has been reported that
iridium(lll) complexes generate reactive oxygencee to induce apoptosis by acting
on mitochondria and exert anticancer effects thindageraction with DNA [10-12].

In order to overcome the disadvantages of metalptexes, there is an urgent
need to engineer multifunctional transfer systerosimprove the biochemical
characteristics of iridium(lll) complexes. In thagt decades, nanocarrier-based drug
delivery systems (DDS) have gained increasing atenlit has been widely accepted
that nanopatrticles with a diameter of 20 to 200 gan passively target solid tumor

tissues [13,14]. Considering the passive targetatglity through enhancing



permeability and retention (EPR) effects, the metethplexes tend to be loaded into
nanoparticles [15], micelles [16-18], liposomes][18nd sorts of nanodispersions.
And it is very important to choose the right matkrior the nanocarriers. Among
various carriers, liposomes with similar propertiesbiofilms represent the most
acceptable form of parenteral delivery system dutheir high biocompatibility and
safety [20]. Surface conjugation by polyethylenéydgl) (PEG) can improve the
liposome's systemic circulation [21,22]. And thexesized and hydrophilic layer of
PEG will prolong liposome blood circulation. As fas we know, the studies of
anticancer activity of iridium(lll) complexes encaated in liposomes has been paid
less attention so far.

To obtain more insight of iridium (Ill) complexeadtheir liposomes on anticancer

activity and mechanism, in this report, we syntbedi two new iridium(lll)

complexes  [Ir(ppy(HPIP)](PF) (ppy =  2-phenylpyridine, HPIP =
2-(4-hydroxy)phenylimidazo[4,8{1,10]phenanthroline, Ir-1) and
[Ir(ppy)=(BHPIP)](PF) (BHPIP =

2-(3-bromo-4-hydroxy)phenylimidazo[4f§f1,10]phenanthroline,Ir-2, Scheme 1)
and characterized by elemental analysis, IR, ESJ-MSNMR and*C NMR. To
improve the pharmacokinetics and increase the amtar effect of complexes:-1
andlr-2-loaded PEGylated liposomes {1-Lipo, Ir-2-Lipo) were prepared based on
reverse-phase-evaporation methdthe liposomesir-1-Lipo and Ir-2-Lipo were
characterized by patrticle size, drug entrapmentraarphology and release in vitro.

The cellular trafficking mechanism, cytotoxicityreactive oxygen species and



apoptotic effect ofir-1-Lipo, Ir-2-Lipo on B16 cells were investigated in detalil.
Finally, the antitumor efficacy in vivo dfr-1 andIr-1-Lipo was evaluated in B16

tumor-bearing mice.

2. Resultsand discussion
2.1. Synthesis and characterization of complexes Ir-1, Ir-2 and liposomes Ir-1-Lipo
and Ir-2-Lipo

The ligands HPIP and BHPIP were obtained by regctin
1,10-phenanthroline-5,6-dione and ammonium acetéife 4-hydroxybenzaldehyde
or 3-bromo-4-hydroxybenzaldehyde in glacial acetaid solvent. The complexes
[Ir(ppy)2(HPIP)](PR) (Ir-1) and [Ir(ppyX(BHPIP)](PFK) (Ir-2) were synthesized by
the direct reaction of HPIP or BHPIP and precursmmplex cis-[Ir(ppyyCl]. in a
mixture of dichloromethane and methanol. The sysigesl complexesr-1 andlr-2
were characterized by elemental analysis, ESI-MS'H NMR and**C NMR. The
liposomes were prepared by reverse-phase-evaporategihod. The mole ratio of
phospholipid/cholesterol and drug/lipid at 3:1 an80 was used to produce stable
liposomes and achieve high drug loading. The aeepagticle size ofr-1-Lipo and
Ir-2-Lipo is 123.6 nm and 113.5 nm (Fig. S1, supporting ri&tion). The(
potentials ofir-1-Lipo andlr-2-Lipo are —35.60 = 1.26 mV and -13.23 = 1.94 mV,
respectively. When the absolute value of zeta piserexceeded 30 mV, the
liposomes were regarded as highly stable, whileziéta potential in the range of

10-20 mV indicated the liposomes were relativelbtd [23]. These data indicate that



the liposomes are stable. The morphology of theiglarwas observed via TEM
imaging. The particles are perfectly sphericalhapge and distributed fairly uniform
in the copper grid (Fig. S2, supporting informajionhich also shows that liposomes
have a stable morphology. Therefore, all theselteglentified that ther-1 andlr-2
prodrug can be encapsulated in stable and welheeéfiiposomes.

The UV-Vis spectra of 10 uM difr-1, Ir-2, Ir-1-Lipo and Ir-2-Lipo in PBS
solution are shown in Fig. S3 (supporting informaji The maximum absorbance of
Ir-1, 1r-2, Ir-1-Lipo andIr-2-Lipo appears at 208, 204, 202 and 205 nm, respectively.
The complexes (1.1 uM) and their liposomes (1.1 jgd4) emit luminescence in PBS
solution at ambient temperature (Fig. S4, suppgriiormation), with a maximum
appearing at 499, 500, 500 and 499 nm lfoed, Ir-2, Ir-1-Lipo and Ir-2-Lipo,

respectively.

2.2. Invitro drug release studies

The in vitro drug release was performed in phosphmtffered saline (pH 7.4)
containing 1% SDS (w/v) by dialysis method. Theeask profiles ofir-1 from
Ir-1-Lipo andlr-2 from Ir-2-Lipo are shown in Fig. 1. The results clearly revealed
that the encapsulateéd-1 andir-2 released in a sustained manner without any sign of
burst release. Lack of any burst release indicdaisall of the drug encapsulated in
the lipid bilayer and not present in the outer acef Fig. 1 shows thét-1 released in
a fast rate compared to-2. The accumulative release lof1-Lipo was up to 18.8%

within 48 h, whilelr-2 released fromr-2-Lipo was merely 13.8%. A controlled



release of drug from the nanocarrier system mightbbneficial for the cancer
treatment as it will provide a constant exposureghef anticancer drug to the cancer
cells. In addition, the encapsulation efficiencye(#)) is 83.0% forir-1-Lipo and

70.0% forlr-2-Lipo, respectively.

2.3. Cytotoxicity in vitro assays

The in vitro antiproliferative activities offr-1, Ir-2, Ir-1-Lipo and Ir-2-Lipo
toward MCF-7, HelLa, B16, SGC-7901, A549, BEL-740@ amormal LO2 cell lines
were investigated after 48 h exposure period uiegMTT assaysThe anti-tumor
proliferative effects induced by the two complexéth subtle changes in chemical
structure are also surprisingly simil#&s shown in Table 1, the growth inhibition
concentration (Igp) values of 50% of the tumor cells obtainedlbyl andlr-2 were
both greater than 20Q0M, and thus can be considered as inactive. Howeveés,
surprising when complexes are encapsulated indipes, the anti-tumor activity is
significantly improved. The I§ values ofir-1-Lipo and Ir-2-Lipo toward HeLa and
B16 cells are 9.5 + 0.9, 5.2 + 0.8/ and 6.2 £ 0.4 and 10.8 £ 1M, respectively.
The cell viability oflr-1 (A, blue),r-2 (B, blue),Ir-1-Lipo (A, red) andir-2-Lipo
(B, red) against B16 cells is depicted in Fig. SGpporting information), obviously,
all the liposomes exhibited a dose-dependent maoriehibit the cell growth in B16.
In summary, the ability of anti-tumor cell proliggion in vitro showed the following
trends:lr-1-Lipo > Ir-1-Lipo > Ir-1 = Ir-2. The liposomes$r-1-Lipo andlr-2-Lipo

exhibit higher anticancer activity than compleked andlr-2, which may be caused



When complexes are encapsulated in liposomes to #torcomposite, they will be

easier to enter into the cell to exert efficacy.

2.4. Location at the lysosomes and lysosomal permeabilization

Acidic organelle lysosomes are involved in a varigt physiological processes in
cells, including protein breakdown, autophagy, ctthn of apoptosis, release of
hydrolases and degradation of related recepliois.worth noting that lysosomes in
cancer cells are accompanied by an increase imuhg&ber and volume while the
stability is decreasing. [24-26]. To study whethitbe complexes encapsulated
liposomes target lysosomes, B16 cells were treatgd 5.0 and 10.0 pM of
Ir-1-Lipo andlr-2-Lipo for 0.5 h, the cells were stained with LysoTradlet.It can
be seen from Fig. 2 that the green fluorescencdtenipy the liposomek -1-Lipo
and Ir-2-Lipo after entering the cell overlaps with the red feszence of the
lysosome stained with LytoTracker red, and thera fgerfect mergelhis indicates
that the liposomel-1-Lipo andlr-2-Lipo interact on the lysosomes of the cells.

Lysosome as a key target for anti-tumor therapg,nbn-negligible factor is that

lysosomal membrane permeabilization leads to psetédiltration into the cytoplasm
triggering apoptosis pathway.he lysosomal metachromatic fluorescent dye AO,
which represents a protonated oligomer (ADMhen the lysosomal membrane is
stable, emits red fluorescence. However, when tysaé membrane permeabilization
occurs, the dye AO emits green fluorescence whkieasents in a deprotonated form

[27]. As shown in Fig. S6 (supporting informatiorg, number of obvious red



fluorescent points were observed in the contral Kijwever, after B16 cells were
incubated with 5.0 and 10.0 uM bf-1-Lipo (b) andlr-2-Lipo (c) for 24 h, the red
fluorescence decreased and the green fluorescemoeased, indicating that

Ir-1-Lipo andlr-2-Lipo can increase lysosomal membrane permeabilization.

2.5. Location of the liposomes at mitochondria and change of mitochondrial
membrane potential

The cathepsin released after permeabilization ef Iylsosomal membrane can
cause mitochondrial membrane permeation, which geéng  the
lysosomal-mitochondrial apoptosis pathway [28-3@itochondria, the main energy
supply site of cells, not only regulate cell grovehd cell cycle, but also play an
important role in cell signaling and apoptosis [3i¢reased mitochondrial membrane
permeability will promote Cd loaded in mitochondria, promote the release of a
series of apoptotic factors such as cytochromead ,irmduce apoptosis [32\fter B16
cells were treated with 5.0 and 1@®! of Ir-1-Lipo andlr-2-Lipo for 1 h, the cells
were stained with the dye MitoTracker Red to assdssther the liposomes target to
the mitochondriaThe red fluorescence emitted by the mitochondranet by
MitoTracker Red and the green fluorescence emiitethe liposomesr-1-Lipo and
Ir-2-Lipo are clearly seen from Fig. Biterestingly, the two-color fluorescence can
be perfectly superimposed, indicating that thedgroedr-1-Lipo andlr-2-Lipo are
targeted to the mitochondria.

Mitochondrial membrane potential is formed duringtathondrial respiratory



oxidation and is closely related to the cellulatatihondrial apoptosis pathway. Once
the mitochondrial membrane potential is reduced,d#lls will enter an irreversible
process of apoptosisTherefore, the mitochondrial membrane potential was
investigated by using the fluorescent probe JC-1Bd® cells treated with the
liposomedr-1-Lipo andlr-2-Lipo. It is well known that JC-1 is a lipophilic cation
dye that selectively translocates to mitochondrd andergoes color changes with
the changes in mitochondrial membrane potentiging) [33]. In normal cells with a
higher A¥m, JC-1 exists in the mitochondrial matrix in thernfi of a polymer
(J-aggregates) and emits red fluorescence, and ivigeim apoptotic cells, it exists in
a monomeric form to emit green fluorescends. shown in Fig. S7 (supporting
information), the red fluorescence in most B16 sdl) is converted to green
fluorescence after 24 h of treatment withl-Lipo (b, 5uM) andlIr-2-Lipo (c, 10
uM), indicating the loss of MMP. The depolarizatioatio of mitochondria was
obtained by analyzing the fluorescence intensitygien/red value of JC-1 by the
ImageXpress Micro XLS system (Fig. S8, supportimforimation). The results
showed that the liposomds-1-Lipo andIr-2-Lipo can decreasa¥m and cause
mitochondrial dysfunction, which further mediatgsoptosis of B16 cells through

mitochondrial pathway.

2.6. Intracellular reactive oxygen species (ROS) detection
Mitochondria and lysosomes are the main sites ofoganous reactive oxygen
species (ROS), in which mitochondria increase R&8I$ by altering redox potential.

10



ROS, a class of single electron reduction produstspnsidered to be a key factor in
apoptosis and inflammatory pathways [3Bhe studies have shown that an increase
in ROS levels promotes the opening of mitochondoimeability transition pores
and regulates the expression of some importanapoptotic proteins [35]To gain
insight into the anticancer mechanisms of thesesbmes, the specific fluorescent
probe DCFH-DA was used to investigate the changd®0S levels in B16 cells. As
shown in Fig. S9 (supporting information), incubatiof B16 cells (a) withr-1-Lipo

(b, 5uM) andlIr-2-Lipo (c, 10uM) markedly increased intracellular ROS levels as
indicated by the increased levels of DCF fluoreseemhe fluorescence intensity
analysis by the ImageXpress Micro XLS system ingidahat the green fluorescence
intensity of DCF treated withr-1-Lipo andIr-2-Lipo increased by 10.7 and 10.9
times, respectively, compared with the control gro(Fig. S10, supporting
information).The results demonstrate that liposorhe4-Lipo andlr-2-Lipo inhibit

cancer cell proliferation by significantly increagithe level of endogenous ROS.

2.7. Determination of intracellular Ca* levels

Cd" is essential for normal life activities, espesiatluring cell apoptosis and
migration [36].Subtle changes in adistribution in subcellular structures are closely
related to mitochondrial function and endogenousSRévels [37-39]The level of
C&* in mitochondria is significantly increased, whialill promote the release of
apoptotic factor cytochrome c¢ and induce apopto$i$316 cells. The results of
intracellular C&', as reflected in changes in the fluorescence efitidicator dye

11



Fluo-3/AM, are shown in Fig. 4A. In the control (ao obvious green fluorescent
points were observed, indicating that the leveintfacellular free CH is very low.
However, B16 cells were incubated with1-Lipo (5.0uM) andlr-2-Lipo (10.0uM)

for 24 h, the green fluorescence intensity increake quantitatively analyze the
Fluo-3 fluorescence intensity, it was found tha ®&" levels in cells treated with
Ir-1-Lipo (5.0 uM) and Ir-2-Lipo (10.0 uM) increased by 8.1-fold and 6.0-fold
compared with the control (Fig. 4BY.he data demonstrate that liposomes can
increase C4 levels through the changes in mitochondrial dysfioncand ROS

levels.

2.8. Detection of cytochrome c level

As a key protein in the mitochondria, cytochrombas a non-negligible role in
redox, energy metabolism, and apoptosis pathwiagschanges in the endogenous
ROS levels and mitochondrial damage will resultthe release of cytochrome c,
thereby inducing the formation of apoptotic bodiesl accelerating the execution of
apoptosis [40,41]As is clear from Fig. 5A, the release of cytochroeni@ B16 cells
was significantly increased after the treatmenBd6 cells withlr-1-Lipo (5.0 uM)
andlr-2-Lipo (10.0uM) for 24 h.The green fluorescence intensity was determined,
as shown in Fig. 5B, it was found that the releak&ytochrome ¢ by liposome
showed concentration tolerance, whereas the complexl andlr-2 showed a slight

effect on cytochrome c release.
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2.9. Assay of apoptosis

It is well known that the infinite growth of canceells is closely related to the
inhibition of apoptosis [42]Therefore, the apoptosis was assayed by flow cytigme
The results of flow cytometry analysis of apoptasiduced by the complexes and
liposomes treatment are shown in Fig. 6. In therobia), the percentage in the early
apoptosis is 0.96%. Simultaneously, it can be $kanafter treatment of cells with
Ir-1 (b, 5.0uM) andlr-2 (e, 10.0uM) for 24 h, the percentage of early apoptosis of
cells was 2.17% and 3.18%, respectivéhis means that the complexesl andlir-2
have low effect on the apoptosis of B16 cells. HosveB16 cells were exposed to 2.5
(c) and 5.0 uM (d) ofr-1-Lipo or 5.0 (f) and 10.@M (g) of Ir-2-Lipo for 24 h, the
percentages in the early apoptosis are 4.79% an80%l 3.10% and 7.97%,
respectively.The above results revealed a significant increasearly apoptosis of
cells after treatment with liposomés-1-Lipo and Ir-2-Lipo and a concomitant

concentration tolerance.

2.10. DNA damage studies

DNA fragmentation in chromosomes is an importantkeiaof apoptosis, and
the degree of damage is explored by single celktggtrophoresis experiments [43].
As shown in Fig. S11 (supporting information), d feiorophore having no tailing
phenomenon was observed in the control group fdjcating that it stayed in the
nuclear matrix due to the large molecular weighthef undamaged DNA in the cells.
Interestingly, when B16 cells were treated with pM Ir-1-Lipo (b) and 10.0 uM

13



Ir-2-Lipo (c) for 24 h, the comet-like fluorophore appeareda fluorescence
microscopeAt the same time, when DNA damage in the nucleuagigravated, it
appears that the comet tail will become longer thedfluorescence will increase. The
results show that thér-1-Lipo and Ir-2-Lipo can induce DNA fragmentation,

providing further evidence of apoptosis.

2.11. Cell cycle arrest analysis

In the organism, a series of biological processeh as cell proliferation, growth,
and differentiation receive regulation of the asitle [44]. The cell cycle-dependent
protein kinases and their regulatory factors playmaportant role in the regulation of
the cell cycle. Therefore, targeting the cancer pelliferation cycle provides a new
direction for the development of novel targetedgdtiihe results of the periodic flow
cytometry in Fig. S12 (supporting information) iodie that after treatment with 5.0
UM of Ir-1-Lipo and 10.0 uM ofr-2-Lipo treated B16 cells for 24 h, we observed an
increasing accumulation of cells in S phase anck@edse of cells in GO/G1 and
G2/M phase, suggesting tHat1-Lipo andlr-2-Lipo inhibit the cell growth in B16
cells at S phase, where&isl and Ir-2 have no obvious effect on the cell cycle
distribution. The cyclin-dependent kinase CDK2 is an importatdiain ensuring
that cells complete the G1 phase and enter the &epht is worth noting that
overexpression of the protein CDK2 and cyclin Alaitcelerate the progression of
the G1/S phase and induce tumorigenesis [#6 molecular expression of the
protein CDK2/cyclin A after B16 cells were treatedh complexes and liposomes for

14



24 h is shown in Fig. 7A and 7B. The above ressghsw thatlr-1-Lipo and

Ir-2-Lipo can indeed induce S-phase cell cycle arrest.

2.13. Invitroinhibition of cell invasion

Metastasis of tumor cells is one of the main caw$emncer patients’ difficulty
in eradicating and dying. The destruction of ceitle regulation mechanism is the
root cause of cancer cell proliferation and mignatiAfter demonstrating that
liposomes can block cells in the S phase, the ieffeliposomes on inhibiting cancer
cell invasion is further explore@he invasion and migration ability of B16 cellseaft
being treated by the complexes and liposomes wasiigated by transwell chambers.
The results of invasion inhibition are shown in.F83.3 (supporting information), We
can clearly observe that these liposomes have egllert inhibitory effect on B16
cell invasion, and the inhibitory effect is enhasha@th increasing concentratiom
addition, B16 cells treated with liposome 2.5 (bil&.0uM (c) Ir-1-Lipo and 5.0 (d)
and 10.QuM (e) Ir-2-Lipo were quantified to inhibit the number of invadicgls for
24 h. It was found that the order of invasive imtdn waslr-1-Lipo > Ir-2-Lipo >>
Ir-2 > Ir-1 as shown in Fig. S14 (supporting information). rEfiere, all the above
results demonstrate that the liposonhed-Lipo andlr-2-Lipo exhibit outstanding

invasion inhibition ability to B16 cells.

2.14. Effects on the microtubul e networks
Rearrangement of intracellular cytoskeletal prate a critical step leading to

15



tumor cell migration and invasion. Silk pseudopadiaot only the main structure of
cytoskeleton formation, but also plays an importae in the initial stage of cancer
cell invasion [46,47]. The cytoskeleton is a pnotdiber network structure in
eukaryotic cells, which can induce apoptosis whgmiorphology changes. To further
understand whether liposomes inhibit the metastagchanism of cancer cells by
targeting microtubules, microtubule morphology waslied by immunofluorescence
staining. As shown in Fig. 8, in the control (afld@il6 cells were treated with 2.5 uM
of Ir-1-Lipo (b) and 5.0 uM ofir-2-Lipo (e), B16 cells were spread out with a
well-organized microtubule network. However, afB6 cells were exposed to 5.0
UM of Ir-1-Lipo (c) and 10.0 uM ofr-2-Lipo (f) for 24 h, it can be seen that the
cells contract from the original shuttle to a roupdlygonal, or irregular shap&he
results indicated that the liposomds-1-Lipo and Ir-2-Lipo triggered -cell

morphology collapse by inhibiting microtubule polgrization.

2.15. The mechanism studies of apoptosis

The mitochondrial apoptotic pathway is central potosis during apoptosis [48],
which is mainly regulated by proapoptotic protefBax) and anti-apoptotic proteins
(Bcl-2) in Bcl-2 family proteins [49,50].Bcl-2 family proteins can induce
mitochondrial membrane permeability and promote riflease of apoptotic factor
cytochrome c, which in turn leads to activationcaspase cascade and induction of
apoptosis [51,52]Therefore, the expression of apoptosis-relateceprdévels caused
by liposomelr-1-Lipo andlr-2-Lipo was analyzed by Western blottigter treated

16



with Ir-1-lipo and Ir-2-lipo for 24 h, the liposome could significantly increahe
expression of protein Bax and strongly inhibit #epression of protein Bcl-2 as
shown in Fig. 9A and 9B he multiple apoptotic pathways of cells are clpselated
to the apoptosis-executing protein caspase-3 [p3[3werefore, the expression levels
of protein caspase-3 and PARP in the mitochondgpalptotic pathway are evaluated
(Fig. 9A and 9B), and their expression levels @aicantly up-regulated after being
subjected to liposomedr-1-Lipo and Ir-2-Lipo. The results indicate that
liposome-induced apoptosis of B16 cells could beied out by the mitochondrial

pathway.

2.16. In vivo antitumor activity of Ir-1 and Ir-1-Lipo
In order to further assess the anticancer effectrdf andIr-1-Lipo in vivo,

antitumor efficacy study was performed in B16 carmal bearing tumor xenograft
model. Mice were randomly divided into control aexperimental groups. The mice
were intraperitoneal injected different doseslifl-Lipo (4.8 and 9.6 mg/kg) and
Ir-1 (6.0 mg/kg) every day for 7 days. As shown in Bi@, at the end of the treatment
period, in the 4.8 mg/kg and 9.6 mg/kg lof1-Lipo group, tumor volume was
decreased 18.86% and 38.87% as comparedi wititreated mice. Inhibition of high
dose Ir-1-Lipo on tumor growth is more potent than those of lowasal and
Ir-1-treated group. Meanwhile, the tumor weight wa® atgeeasured at the end of
experiment. The tumor weight d¢f-1-Lipo (4.8 and 9.6 mg/kg) antr-1-treated
group was 3.58 g, 1.88 g and 5.26 g, respectivahjibitory rate of tumor growth

17



induced byir-1-Lipo (4.8 and 9.6 mg/kg) treated group dmell-treated group was
47.75%, 72.55% and 23.21%, respectively. This shihas the antitumor effect of
Ir-1-Lipo is obviously concentration-dependent, ahdl was encapsulated in

liposomes, the anticancer activity in vivo is enteth

3. Conclusions

In this study, we synthesized and characterizedrteww|r-1 andlr-2 complexes.
The complexes show almost no anticancer activigiresy HeLa, A549, B16, MCF-7,
SGC-7901, BEL-7402 and LO2 cells. Therefore, weehdesigned liposomes as
biocompatible nanocarrier to deliver metal compiexehe particles exhibited a
controlled release of drug in vitro. After encajpsgedl in liposomeslr-1 and|r-2
showed high anticancer activity against B16 céhsl-Lipo andlr-2-Lipo can cause
apoptosis by increasing the level of intracellutactive oxygen species and reducing
mitochondrial membrane potential and further indgcmitochondrial dysfunction.
On the other handlr-1-Lipo and Ir-2-Lipo can target lysosomes and increase
lysosomal permeabilization, target microtubules amhuibit the polymerization of
microtubules. Additionallylr-1-Lipo andIr-2-Lipo can cause DNA damage and
inhibit the cell growth at S phase. In summamsl-Lipo and Ir-2-Lipo cause
apoptosis through two major pathways (Fig. 11):INA damage and inhibiting
polymerization of microtubules» cell cycle arrest» apoptosis; (ll) Increase of
intracellular ROS— lysosomal-mitochondrial dysfunctiep release of cytochrome ¢
and activation of caspase -3 cleaved PARP— apoptosis. Most importantly,
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Ir-1-Lipo exhibited a significantly superior anticancer effen the tumor growth in
vivo. This work is helpful for designing and syngi@ng new iridium complexes as
potent anticancer agents. In addition, the lipodofoamulation can provide a
promising platform for the delivery of metal-complénto tumor by enhancing

therapeutic efficacy.

4. Experimental Section
4.1. Materials and methods

The purchased synthetic raw  materials (4-hydroxybaklehyde,
3-bromo-4-hydroxybenzaldehyde, 2-phenylpyridinel0iphenanthroline) and all
reagents were used without further purificationessl otherwise specified. Water
obtained by purification from the Millipore Milli-@ystem was used throughout the
experiment. Fluorescent dye kits and related coasles are sourced from Beyotime
Biotechnology. FBS and RPMI 1640 were purchasednfi@ibco company. The
tumor cell lines SGC-7901, Hela, BEL-7402, A549,6BMCF-7 and normal LO2
cells were purchased from the American Type Cul@odection.Prior to each test,
all complexes were dissolved in DMSO and the ficahcentration of DMSO was
maintained at 1% (V/V)Elemental analysis of C, H, and N was performedaby
PerkinElmer 240Q elemental analyzer. Electrospayzation mass spectra were
recorded by LCQ system (Finnigan MAT, USA) and thajor peaks in the isotope
distribution were represented by m/z valdes NMR and *C NMR spectra were
obtained by analysis on a Varian-500 spectrometerguDMSO-¢@ as a solvent at
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room temperature.

4.2. Synthesis of complex
4.2.1. Synthesis of [Ir(ppy)2(HPIP)] PFg (Ir-1)

A mixture of cis-[Ir(ppy)Cl]2 (0.32 g, 0.3 mmol) [55] and HP(®.187 g, 0.6
mmol) [56] in a mixture of 42 mL of dichloromethanand methanol
(VchzcizVCH3OH = 2:1) was refluxed under argon for 6 h to gavelear yellow
solution. Upon cooling, a yellow precipitate wagaded by dropwise addition of
saturated aqueous NIPF; solution with stirring at room temperature for 2 The
crude product was purified by column chromatographyneutral alumina with a
mixture of CHCl,/acetone (1:1, v/v) as eluent. The yellow band we@kcted. The
solvent was removed under reduced pressure andlavypowder was obtained.
Yield: 74%. Anal. Calc for GH2sNeOIrPFRs: C, 51.40; H, 2.95; N, 8.77. Found: C,
51.63; H, 2.81; N, 8.95HNMR: § 9.12 (d, 2HJ = 8.5 Hz), 8.25 (d, 2H] = 8.5 Hz),
8.12 (d, 2H, = 8.5 Hz), 8.07 (d2H, J = 5.0 Hz), 7.95 (d,4H] = 5.0 Hz), 7.86 (t, 2H,
J=5.0 Hz), 7.50 (d, 2H] = 6.5 Hz), 7.06 (t, 2H] = 7.0 Hz), 7.01 (t, 2H] = 7.0 Hz).
¥C NMR: 172.64, 167.01, 159.13, 150.78, 149.10, 48,7143.50, 138.71, 132.09,
131.31, 130.31, 128.38, 126.52, 125.11, 124.44,8923122.38, 120.01, 115.81.

ESI-MS: m/z = 814 [M + 1].

4.2.2. Synthesis of complex [Ir(ppy)2(BHIP)] PFg (Ir-2)
A mixture of cis-[Ir(ppy}Cl], (0.32 g, 0.3 mmol) [54] and BHIP (0.23 g, 0.6
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mmol) [57] in a mixture of 42 mL of dichloromethanand methanol
(VCH.CI;:VCH30H = 2:1) was refluxed under argon for 6 h to gavelear yellow
solution. Upon cooling, a yellow precipitate wagaded by dropwise addition of
saturated aqueous NIPF; solution with stirring at room temperature for 2 The
crude product was purified by column chromatographyneutral alumina with a
mixture of CHCl,/acetone (1:1, v/v) as eluent. The yellow band we@kected. The
solvent was removed under reduced pressure andlavypowder was obtained.
Yield: 72%. Anal. Calcd for GH27/NeOBrlIrPFs: C, 47.49; H, 2.63; N, 8.11. Found: C,
47.61; H, 2.80; N, 8.02HNMR: 5 9.11 (d, 2H,] = 7.5 Hz), 8.43 (s, 1H,), 8.25 (d, 2H,
J=8.0 Hz), 8.13 (d, 1H] = 8.0 Hz), 8.06 (d, 2H] = 4.5 Hz), 7.95 (t, 4H] = 7.5 Hz),
7.86 (t, 2HJ = 7.5 Hz), 7.50 (d, 2H] = 6.0 Hz), 7.06 (t, 4H] = 7.5 Hz), 6.98 (t, 4H,
J=8.0 Hz), 6.29 (d, 2H] = 7.0 Hz), 3.55 (s, 1H}3C NMR: 172.28, 166.99, 155.98,
150.76, 149.08, 147.49, 144.09, 143.56, 138.69,0632131.30, 130.93, 130.29,
127.34, 126.53, 125.09, 124.57, 123.88, 122.37,0020.16.85, 110.08. ESI-MS: m/z

=892 [M + 1].

4.3. Preparation of the liposomes

Ir-1-loaded PEGylated liposomeslr{l-Lipo) were prepared based on
reverse-phase-evaporation method [5&8 previously reported with minor
modification. Briefly, Ir-1. PC-98T:CHO-HP (quality ratio 1:30:10) and
PC-98T:DSPE-MPEG2000 (quality ratio 1:5%) were pred and mixtures
dissolving in chloroform and water (ratio of 3:1%ubsequently, the mixtures
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sonicated to afford a white/brown emulsion-like tare. The biphasic suspension
was then transferred onto a rotary evaporator fadgal removal of the organic phase.
Complete removal of organic solvents was achievetlaalded double distilled water
at pH 7.4 for hydration, resultant crude liposoraspensions were diluted in double
water (pH 7.4) distilled to provide required conication of liposome concentration.
Finally, sonication and centrifugation give the ides liposome. The preparation of

Ir-2-Lipois prepared in a manner identical to that desdniah Ir-1-Lipo.

4.4. Characterization of the liposomes

Ir-1-Lipo and Ir-2-Lipo were characterized by particle sizepotential and
morphology. Particle size aridpotential of liposomes were determined by Zetasize
Nano ZS (Malvern, UK). Morphology of liposomes wasamined by transmission
electron microscopy (TEM) (H-7650, Hitachi, Japaiihe above samples were
prepared by diluting them with appropriate amoufit deionized water. TEM

micrographs were acquired at the acceleration geltd 100 kV.

4.5. In vitro drug release

The in vitro release dfr-1 andlIr-2 from Ir-1-Lipo andIr-2-Lipo was studied in
phosphate buffered saline (PBS, pH 7.4) contaitbtgSDS (w/v) by dialysis method.
To conduct the release study, samples (200 pg) vilked in dialysis membrane
(MWCO = 8-10 kDa) and the dialysis membrane waspeld and packed in a Falcon
tube containing 200 ml of release medium. The w@laced in shaking water bath
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(Gongyi City Yuhua Instrument CO., LTD, China) aindubated at 37C (100 rpm).
At predetermined intervals, 2 mL of release medivas withdrawn and replenished
with 2 mL of fresh medium. The concentrationlofl andlr-2 in the medium was

measured using UV-visible spectrophotometer.

4.6. Cell cytotoxicity assay

The cytotoxic activity of the complexes and lipogsnagainst the selected cancer
cell lines was assayed by MTT method [59]. Canedls suspension were seeded in
96-well plates (approximately 1 x “.6ells per well) and grown further to appropriate
density in a 37C, 5% CQ incubatorAll compounds and liposomes to be tested were
dissolved in DMSO and the final concentration rardier addition to the wells
ranged from 1-10@M. At the same time, an equal volume of pure DM®@itton
was added to the corresponding plate well as aaogroup. When the 96-well plate
was incubated for 48 h, the liquid in the wells wasioved and replaced with 9Q
of medium and 1QuL of MTT dye solution (20uL, 5mg-mL*). The dye-filled
96-well plate was placed in a 37 °C, 5% Qdfcubator for 4 hAfter the incubation,
each well will be added with 100L of DMSO solution to dissolve the formazan
produced by MTTThe absorbance of each well was measured by a phateoreader
at a wavelength of 490 nnihe IG, value was determined by plotting the logarithm
of the concentration versus the percentage of @iaells and the results of the SPSS
software analysislo ensure the accuracy of the data, each set @riexgnts will be
repeated at least three times and the averageevidalculated.
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4.7. Apoptosis assay by flow cytometry

When B16 cells are tightly attached in a 6-welltpland grown at a higher
density, the medium removed from the wells willrbplaced with medium containing
Ir-1 orIr-2 and different concentrations bf-1-Lipo or Ir- 2-Lipo incubation for 24
h. After washing the cells in the wells three timeshwéold phosphate buffer PBS,
collection was performed simultaneously with trypEDTA. The supernatant was
removed and washed in a desktop low temperaturiifoge, stained in a flow tube
with PBS solution containing 500 mg / mL of pyridipyridinium (PI) and 1 mg / mL
annexin V-FITC in a dark low temperature environmEhluiorescence emission of the
dye-treated cells was measured at 530 nm by excitat 488 nm using a FACS
Calibur flow cytometer (Beckman Dickinson & Co.aRKlin Lakes, NJ)It is worth

noting that sufficient number of cells is a guaegndf the accuracy of sample data.

4.8. Reactive oxygen species (ROS) detection

The specific fluorescent probe ', 2-dichlorodihydrofluorescein diacetate
(DCHF-DA, 10 uM) was used to investigate changes in intracellR@S levels
induced by liposome&he cells were seeded at a density of 1.5 %pgEd well in a
12-well plate and incubated overnigfitie liquid in the wells was removed while
replacing the medium containing the correspondmgcentrations of these liposomes
and incubated for 24 Mfter treatment with these liposomes, the cellsha wells
were washed three times with PBS and incubated flutbrescent probes. After
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incubation for 30 min, the liquid in the wells wemmoved and the excess dye was
washed with PBS solutionThe cells in the 12-well plate were imaged by
ImageXpress Micro XLS system (MD Company, US), dhe DCF fluorescence

intensity was calculated and analyzed.

4.9. Mitochondrial membrane potential assay

Widely used mitochondrial membrane potential flsoent probe JC-1 for
membrane potential detection of B16 cells. Cellso(d 2 x 16) were seeded in
12-well plates, followed by treatment with corresgimg concentrations of liposomes
for 24 h.Then remove the medium from the 12 wells, washctles several times
with PBS, and stain with the fluorescent probe J@fer incubation for 20 min at
room temperature, PBS washed the excess dye wdh® and image the cells using

ImageXpress Micro XLS system (MD Company, US).

4.10. Céll cycle arrest studied

B16 cell suspension was seeded in a 6-well plag @ensity of 5x10per well
and incubated until tightly attached. After theuhation, discard the liquid in the
wells and re-add the medium containing the cornedpy concentration of liposomes
and incubate for 24 h. After the end of the liposameatment, the cells obtained by
trypsin digestion were washed with PBS on a cargdf After being fixed overnight
with 75% alcohol, 2QuL of RNAse (0.2 mg / mL) and 20L of propidium iodide
(0.02 mg / mL) were thoroughly mixed with the cedisd incubated for 30 min at
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room temperature. The number of cells in the sanglalso an important factor
influencing the data, while the samples were amalyasing a FACS Calibur flow
cytometer. Therefore, we always ensure that thebeurof cells per sample analyzed

is not less than 10,000 [60].

4.11. Western blot analysis

When the B16 cells in the 6-well plate were growran excellent state, the old
medium was discarded and the medium containingl, Ir-2 and different
concentrations dfr-1-Lipo or Ir-2-Lipo was separately addesll6 cells after 24 h of
incubation were placed in ice cubes, protein susipas were quickly obtained by
cell lysis buffer and then placed in a high speeftigerated centrifuge for 15 min.
After obtaining the supernatant, the protein cotregion of each sample obtained by
the treatment is determined by the BCA detectiorthotk The obtained protein
samples were separately electrophoresed in eack [@h sodium dodecyl
sulfate-polyacrylamide gel by equal volume additadra microinjector. The isolated
gel was transferred to a PVDF membrane and theonkétb with TBST buffer
containing 5% skim milk powder for 4 After washing the skim milk powder with
PBST buffer, the PVDF membrane containing the pmoteolecule was incubated
with the specific protein primary antibody at@ overnight. After washing four times
with PBST buffer on a shaker, the labeled secondatipody was incubated with the
PVDF membrane bound to the primary antibody for. Eihally, we showed the blot
according to the Amersham ECL Plus Western blo¢a&in reagenfTo assess the
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presence of comparable amount of proteins in eswod, the membranes were stripped

finally to detect thg-actin.

4.12. Comet assay

DNA damage was investigated by means of comet a&Hy cells in culture
medium were incubated withBvl of the complexes and liposomes at 37 °C for 24 h.
The cells were harvested by a trypsinization pre@<24 h. A total of 100L of 0.5%
normal agarose in PBS was dropped gently ontolg fidsted microslide, covered
immediately with a coverslip, and then placed aC4for 10 min. The coverslip was
removed after the gel has been fixed ub®f the cell suspension (200 celldj was
mixed with 50uL of 1% low melting agarose preserved at 37 °Cotaltof 100uL of
this mixture was applied quickly on top of the gmlated over the microslide, covered
immediately with a coverslip, and then placed aC4for 10 min. The coverslip was
again removed after the gel has been fixed. A thodting of 50uL of 0.5% low
melting agarose was placed on the gel and allowgidaice at 4 °C for 15 min. After
solidification of the agarose, the coverslips weemoved, and the slides were
immersed in an ice-cold lysis solution (2.5 M Nat®0 mM EDTA, 10 mM Tris, 90
mM sodium sarcosinate, NaOH, pH 10, 1% Triton X-l0@ 10% DMSO) and
placed in a refrigerator at 4 °C for 2 h. All oketlabove operations were performed
under low lighting conditions to avoid additionaNB damage. After the removal of
the lysis solution, the slides were placed horiatiyptin an electrophoresis chamber.
The reservoirs were filled with an electrophordsigfer (300 mM NaOH, 1.2 mM
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EDTA) until the slides were just immersed in thdféusolution, and the DNA was
allowed to unwind for 30 min in the electrophoresidution. Then the electrophoresis
was carried out at 25 V and 300 mA for 20 min. Agkectrophoresis, the slides were
removed, and washed thrice in a neutralizationdsu@00 mM Tris, HCI, pH 7.5).
Nuclear DNA was stained with 320 of EtBr (20ug/mL) in the dark for 20 min. The
slides were washed in chilled distilled water fOrrtin to neutralize the excess alkali,
air-dried and scored for comets by fluorescenceanapy. A total of 10 comets on

each gel were scored.

4.13. Matrigel invasion assay

A BD Matrigel invasion chamber was used to investgcell invasion according
to the manufacturer's instructions. B16 cells (41&%) in serum free medium
containing different concentrations of the compteaed liposomes were seeded into
the top chamber of the two-chamber Matrigel systeRMI 1640 medium (20% FBS)
was added into the lower chamber. The cells wdosvall to invade for 24 h. After
incubation, non-invading cells were removed from tipper surface and cells on the
lower surface were fixed with 4% paraformaldehyde atained with 0.1% crystal
violet. The membranes were photographed and theding cells were counted under

a light microscope. The mean values from threepeddent assays were calculated.

4.14. Measurement of Intracellular Ca®* level
B16 cells were treated with different concentragioof the complexes and
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liposomes for 24 h, the cells were incubated wittoRBAM for 30 min at 37C in the
dark, and washed with PBS three times, then inedban additional 20 min with PBS
at 37°C to ensure that Fluo-3AM has been completely foansed into Fluo-3, which
can specifically bind to G& and has a strong fluorescence with an excitation
wavelength of 488 nm. The cell nuclei were staiméth DAPI at 37°C. Finally,
ImageXpress Micro XLS system was used to obseruerdscence, and Multi
Wavelength Cell Scoring module was used to analyee data. The integrated
intensity/cell which represented the fluorescentensity of each cell was used to
measure the levels of €aThe fluorescence intensity of each cell was dated as

the total fluorescence intensity divided by the bemof cells.

4.15. Release of cytochrome c studies

B16 cells were seeded in a 12-well plate and indbavernight. Then cells were
treated with different concentrations of the compk and liposomes for 24 h.
Subsequently, the cells were fixed with ice-colaniumol staining fix solution for 30
min at room temperature. After blocking cells withmunol staining blocking buffer
for 1 h, the cells were treated with the primaryitaody against cytochrome ¢ (1:50
dilution) overnight at £4C. Next, the plate was washed with immunol stainiragh
buffer three times and probed with Alexa Fluor 4&®eled Goat Anti-Mouse 1gG
(2:500 dilution) in the dark for 1 h at room tengere. Finally, the cells were
washed with immunol staining wash buffer three 8nand the cell nuclei were
stained with DAPI. The images were obtained usiggdeXpress Micro XLS system,
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and Multi Wavelength Cell Scoring module was usedahalyze the data. The
integrated intensity/cell which represents the isgence intensity of each cell was
used to measure the release of cyto-c. The fluenescintensity of each cell was

calculated as the total fluorescence intensitydgigiby the number of cells.

4.16. Targeting microtubules studies

B16 cells were grown at a density of°t@lls /mL and incubated in the presence
of the complexes and liposomes for 24 h. Subsetjueells were washed twice by
PBS, fixed with 2% paraformaldehyde, and incubatétl immunostaining blocking
solution for 1 h. Cells were then mildly washedhniitnmunostaining wash solution.
Subsequently, cells were incubated with antiralmimbhoclonal antix-tubulin antibody
(1:100 dilutions) for 24h at 4C, followed by anti-rabbit FITC conjugated IgG
antibody (1:500 dilutions) and DAPI (1@/mL). After incubation, cells were washed

with PBS and viewed under a fluorescence microscope

4.17. Antitumor efficacy of Ir-1 and Ir-1-Lipo in xenograft tumor mice

Mice with human tumor xenografts (HOS) were prodidey the Laboratory
Animal Center of Sun Yat-Sen University-1 (6.0 mg/kg) and different doses of 4.8
and 9.6 mg/kg ofir-1-Lipo were injected intraperitoneally into mice of difat
group (each group contained 6 mice) once a dag€een consecutive days beginning
24 h after inoculation. This dose was the maximaherated dose based on our
preliminary studies. Control mice were injectedhwihe vehicle. Compounds were
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administered by exact body weight, with the in@etvolume being not more than 0.2
mL. The weights of the animals were recorded edeny All animals were sacrificed
on the eighth days after tumor inoculation, andttimors were excised and weighed.
The inhibition rate was calculated as follow:

[(C - T)/C] x100%
T is the average tumor weight of the treated grang C is the average tumor weight

of the negative control group [61].

4.18. Data analysis
All data was expressed as means = SD. Statisiigaifisance was evaluated by a

t-test. Differences were considered to be signifieehen a P value is less than 0.05.
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Captionsfor Schemes and Figures

Table 1 ICspvalues of the complex and liposomes toward selezdeder cell lines

Scheme 1 Structures of complexds-1 andir-2

Fig. 1 Percentage of releaselofl andlr-2 from Ir-1-Lipo andir-2-Lipo

Fig. 2 Location assay ofr-1-Lipo (5.0 uM) andlr-2-Lipo (10.0 uM) in the
lysosomes after B16 cells were exposed to thedipes for 0.5 h.

Fig. 3 Location assay ofr-1-Lipo (5.0 uM) andlIr-2-Lipo (10.0 uM) in the
mitochondria after B16 cells were treated withlihesomes for 1 h.

Fig. 4 (A) Intracellular C&" levels were assayed after B16 cells were exposed t
Ir-1-Lipo (5.0 uM) andlr-2-Lipo (10.0 uM) for 24 h. (B)The integrated
fluorescent intensity/cell was determined after B&fis were treated wittr-1
(5.0 puM), Ir-2 (10.0 uM) and different concentration of-1-Lipo and
Ir-2-Lipo for 24 h. P < 0.05 represents significant differences companial
control.

Fig. 5 (A) The release of cyt-c was examined after B1Bsceere exposed to
Ir-1-Lipo (5.0 uM) andir-2-Lipo (10.0 uM) for 24 h. (B) The integrated
fluorescent intensity/cell was determined after B&is were incubated with
Ir-1 (5.0 uM),Ir-2 (10.0 uM) and different concentration lot1-Lipo and
Ir-2-Lipo for 24 h.*P < 0.05 represents significant differences comparnial
control.

Fig. 6 Apoptosis assays after B16 cells (a) were treatéd w1 (b, 5.0 uM),Ir-2 (e,
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10.0 uM) and 2.5 and 5.0 uM bf-1-Lipo (c and d) and 5.0 and 10.0 uM of
Ir-2-Lipo (f and g) for 24 h.

Fig. 7 The expression of CDK2 and Cyclin A2 proteins of Bléls¢a) induced by
(A): Ir-1 (b, 5.0 uM), 2.5 and 5.0 uM of-1-Lipo (c and d); (B)r-2 (b, 10.0
pM) and 5.0 and 10.0 uM of-2-Lipo (c and d) for 24 h.

Fig. 8 Assays of microtubules networks of B16 cells (@uiced by 2.5 and 5.0 uM of
Ir-1-Lipo (b and c), 5.0 and 10.0 uM bf2-Lipo (e and f) for 24 h.

Fig. 9 The expression of caspase-3, PARP and Bcl-2 fapmiyeins after B16 cells
were treated witlr-1, Ir-1-Lipo, Ir-2 andir-2-Lipo for 24 h.

Fig. 10 The in vivo antitumor activity ofr-1-Lipo in B16 xenograft model. (A)
Tumor volume growth trend of control group, 6.0 kagbf Ir-1, 4.8 mg/kg
and 9.6 mg/kg ofr-1-Lipo groups. Tumor volumes were tracked by the mean
tumor volume (cr) + SD (1 = 6) and calculated as relative tumor growth rate
[T/C%] values. (B) Photographs of tumor from treatingroups and vehicle
group. (C) Tumor weight (mean + SD) mg after thendu was treated with
Ir-1 or Ir-1-Lipo for 7 days. (D) Inhibiting percentage of tumor \gtb
induced by 6.0 mg/kdr-1 and different concentrations of-1-Lipo. *P <
0.05 represents significant differences compared @ontrol.

Fig. 11 The mechanism df-1-Lipo andlr-2-Lipo inducing apoptosis in B16 cells.
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Table 1 ICsqyvalues of the complex and liposomes toward selected cancer cell lines

Complex B16 Hela SGC-7901 MCF-7 A549 BEL-7402 LO2

Ir-1 > 200 > 200 > 200 > 200 > 200 > 200 > 200
Ir-1-Lipo 5.2+0.8 95+09 87+03 139#+16 103%+0.7 12.0+24 150%13
Ir-2 > 200 > 200 > 200 > 200 > 200 > 200 > 200
Ir-2-Lipo 10.8+15 6.2+04 80+12 21.0%+16 108%+0.8 11.3+0.5 223*18
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Highlights

» Two iridium(l11) complexes Ir-1 and Ir-2 and their liposomes Ir-1-Lipo and
Ir-2-Lipo were synthesized and characterized.

» The cytotoxicity in vitro or in vivo of the complexes and liposomes was
investigated.

» The apoptosis and cell cycle distribution were assayed by flow cytometry

» ROS and mitochondrial membrane potential were studied under fluorescence
microscope.

» Theexpression of Bcl-2 family proteins was assayed by western blot analysis.



