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Graphical Abstract

Novel cyclometalated Ru(ll) complexes containing isoquinoline
ligands. synthesis, characterization, cellular uptake and in vitro

cytotoxicity

The cdlular uptake, in vitro cytotoxicities, in vivo toxicity, cell cycle arrest and
apoptosi s-inducing mechanism of two new cyclometalated ruthenium(11)-isoquinoline
complexes have been extensively explored by ICP-MS, MTT assay, flow cytometry,
zebrafish embryos model, inverted fluorescence microscope as well as western blot

experimental techniques.
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Abstract

Two novel cyclometalated Ru(ll) complexes contagnimsoquinoline ligand,
[Ru(bpyk(1-Ph-1Q)](PK), (bpy = 2,2’-bipyridine; 1-Ph-1Q= 1-phenylisoquinoline;
RulQ-1) and [Ru(phen)j1-Ph-1Q)](Pk) (phen = 1,10-phenanthrolinBul Q-2) were

found to show high cytotoxic activity against NC#60, A549, HeLa and MCF-7 cell

lines. Notably, both of them exhibited Cvalues that were an order of magnitude
lower than those of clinical cisplatin and two sturally similar Ru(ll}isoquinoline
complexes [Ru(bpyjl-Py-1Q)](PFK). (Ru3) and [Ru(phen)1-Py-IQ)](PF). (Ru4)
(1-Py-1Q=1-pyridine-2-yl). The cellular uptake ammdracellular localization displayed

that the two cyclometalated Ru(ll) complexes emtedCI-H460 cancer cells

dominantly via endocytosis pathway, and preferéwtidistributed in the nucleus.
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Further investigations on the apoptosis-inducingtmeisms oRul Q-1 andRul Q-2
revealed that the two complexesuld cause S, G2/M double-cycle arrest by
regulating cell cycle related proteins. The two ptemes also could reduce the
mitochondrial membrane potential (MMP), promote teneration of intracellular
ROS and trigger DNA damage, and then lead to agaptoediated cell death. More
importantly,Rul Q-2 exhibits low toxicity both towards normal HBE cah vitro and
zebrafish embryom vivo. Accordingly, the developed complexes hold gredémptial

to be developed as novel therapeutics for effeetna: low-toxic cancer treatment.

Keywords: Cyclometalated Ru(ll) complexes, Isoquinoline, Apmgis, DNA

damage, Low toxicity

1. Introduction

In recent years, transition-metal complexes hawalgally found their way in
various biomedical applications, ranging from amgiagenic [1], antihypertension [2],
antibacterial [3], anti-inflammation [4], antimaiar[5], to anticancer [6-11]. Over the
past decades, platinum-based metal complexes lemreibtensively exploited in the
oncological field, given the successful introduntaf cisplatin in the early 1980s [12,
13]. However, the clinical application of such piam-based metal complex has been
heavily limited by issues including poor solubilisevere toxicity, and drug resistance
[14, 15]. To circumvent these problems, considerafiorts have been made for the
development of alternative metal-based compounasoy the various alternative
transition metals, organometallic ruthenium, feadurby predictable geometry,
variable oxidation states and low toxicity to nofnmeells [16-18], has been
particularly emphasized.

By far, three Ru(lll) drugs, namely NAMI-A [19], KI®19 [20], KP1339 [21],
and the Ru(ll)-based therapeutic, TLD1433 [22],ehavogressed to different stages

in clinical trials. Although the further clinicahvestigations of NAMI-A [23] and
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KP1019 [20] have been limited by low therapeuti¢icefncy and poor water
solubility, respectively, with improved solubilitgnd promising anticancer efficacy,
KP1339 is currently undergoing clinical trials [24]. TLD1433, the first
Ru(ll)-based photosensitizer for PDT treatment lafdder cancer, recently entered
phase IB clinical trials [22, 24]. However, the hanism of action of these Ru-based
drugs has not been fully understood yet.

Recently, the cyclometalated Ru(ll) complexes, awwa type of non-platinum
metal-based compounds, have attracted worldwigataih due to their strong safety
profiles and potential anti-cancer effects, withnyaof them displayed different
mechanisms of cytotoxic action compared with thessilcal cisplatin [25-28]. The
cyclometalated Ru(ll) compounds, in which one omrenof the nitrogen donors of
compounds are replaced by carbon donor atomselatevely stable in structure since
the bond distances of Ru-C are shorter than th&ueN bond [29, 30]. Also, it has
been shown that the cyclometalation of Ru(ll) comqis formed by substituting
Ru-N with Ru-C bond can improve the liposolubildfthese compounds and result
in increased cellular uptake of tumour tissuesgsasential factor for high-efficient
anti-cancer effect [27, 31, 32].

The development of Ru(ll)-polypyridyl complexes hvibioactive alkaloids as
ligands provides a new strategy for designing novefal-based antitumor drugs with
improved activity [33-35]. Isoquinoline (IQ) anditlerivatives are a class of nitrogen
heterocyclic alkaloids widely existing in naturedgmossessing a variety of important
biological functions, such as anticancer, analgesid anti-inflammatory effects [36].
It has been reported that isoquinoline alkaloidsiladtoinhibit the proliferation,
migration and invasion of tumour cells through nplét pathways, including cycle
arrest, apoptosis, inhibiting the activity of cygkygenase-2 (COX-2), topoisomerase
and angiogenesis, etc. [37]. Also, according toréoent study performed by Liang et
al., the biological activity of the isoquinolinekaloids could be further improved via
coordination of isoquinoline derivatives with metaluch as ZA, Ni**, C/#* [38].

The implication of these is that designing Ru(I§sbd cyclometalated isoquinoline
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compounds, via employing synthetic diversity of Bg(ll) complexes, represents an
appealing strategy for new anticancer drug deveém

Based on this hypothesis, in this work, with 1-pHsoquinoline as a ligand,
two new cyclometalated Ru(ll) complexes [Ru(bpidPh-IQ)] (RulQ-1) and
[Ru(phen}(1-Ph-IQ)] (RulQ-2) (1-Ph-IQ = 1-phenylisoquinoline) (Fig. 1) were
designed and synthesized. As experimental contrtig, non-cyclometalated
ruthenium(ll) isoquinoline complexes [Ru(bpi)-Py-IQ)](PF). (Ru3) and
[Ru(phen)(1-Py-1Q)](PRK)2 (Ru4) (1-Py-1Q=1-pyridine-2-yl), with a similar struct
to RulQ-1 andRul Q-2, were also prepared and characterized, and tmespanding
cytotoxicity of Ru3 and Ru4 was explored as well. Further mechanism studies
showed that the cyclometalated Ru(ll) complexegeeisily complexRul Q-2, could
effectively constrain the viability of the NCI-H46&ells through inducing S, G2/M
double-cycle arrest, DNA damage, the generatiorihef reactive oxygen species
(ROS) and ROS-mediated mitochondrial dysfunctionadidition, when the toxicity
of complexRul Q-2 to zebrafish embryos was investigated, it wasiomefd that the
cyclometalated Ru(ll) complexes containing isoqlimeligands possessed superior
safety profiles and therefore held great potenttabe further developed as a novel

chemotherapeutic agent for effective lung can@atnent.
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Fig. 1. The chemical structure of Ru(ll) complexes| Q-1, RulQ-2, Ru3, Ru4 and their ligands.

2. Results and discussion

2.1. Synthesis, characterization and UV-visiblectija¢ studies

The synthetic routes of precursais-[Ru(L).Cl;] (L=bpy, phen)ligand 1-Ph-1Q
and the cyclometalated Ru(ll) complexsl Q-1, Rul Q-2 are described in Scheme 1.
Firstly, the ligand 1-Ph-IQ was synthesized accuydio the previously reported
method [39]. Secondly, based on the reports [40, #flowing RuCs-nHO, LiCl
and bpy or phen in a solution of N,N-Dimethylformde(DMF) at 140 °C overnight,
and the precursorgis[Ru(L).Cly]-2H,O (L=bpy, phen) were obtained. Finally,
complexesRul Q-1 andRul Q-2 were obtained by reactirgs-[Ru(L).Cl,] (L = bpy,
phen) with 1-Ph-1Q in ethyl alcohol at 80 °C oveimti undetthe protection of argon.

Ru(ll) isoquinoline complexeRu3 and Ru4 were synthesized and obtained



according to previously reported methods [42, 4Bhen, complexesRulQ-1,
RulQ-2, Ru3, Ru4 were characterized by elemental analysis, ESI-M&. S1-S4n
supplementary materialsfH NMR (Fig.S5-S8). The counter anion of all these

complexess PF.
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Scheme 1. The synthetic route of precursoss[Ru(bpy)Cly], cis[Ru(phen)Cl,], ligand
1-Ph-1Q ancRul Q-1, Rul Q-2.

The UV/Vis absorption spectra &ulQ-1 and RulQ-2 in phosphate buffered
saline (PBS), saline solution (NaCl), ethanolH§OH), and methyl cyanide (GEN)
at 298 K are displayed in Fig. 2. As shown in RAgRul Q-1 and Rul Q-2 showed
intense absorption bands that in the range of Z&0+3m, which were attributed
mainly to intra-ligandn-z transitions [42, 44, 45]. Differing fronRulQ-1, the
maximum absorption peak 8ul Q-2 was correspondingly blue-shifted from 270 nm
to 266 nm, the reason probably lies in the fact tha ancillary ligand phen in
Rul Q-2 has better-n conjugated system. Besides, the relatively wealdbat the

range of 300—380 nm are most likely attributedntar transitions, the relatively
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broad and weak absorption at 470-570 nm are comédbby the metal-to-ligand

charge transfer (MLCT) absorption.
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Fig. 2. UV-Vis spectra of Ru(ll) complexes in differenthgents at 298 K. (ARul Q-1 (20 uM).
(B) RulQ-2 (20 uM).

2.2. Properties of the cyclometalated Ru(ll) cometein solution

The stability of drugs plays a vital role in cedulinternalization and target
binding. Thus, we analyzed the aqueous stabilitRwfQ-1 andRul Q-2 by UV/Vis
absorption spectroscopy and NMR. First of all, we observed that there was no
apparent change in the UV-Vis absorption of Ru¢mplexes in different solvents
(PBS, saline solution, £s0H, and CHCN) at 298 K (Fig. 2A and 2B). Then, we
analyzed the time-dependent absorption spectiubQ-1 and RulQ-2 in PBS at
298 K (Fig. S9). Similarly, the absorption speadfaRulQ-1 and Rul Q-2 did not
change significantly within 12 h. Finally, long-terstability monitoring was assessed
by 'H NMR to simulate the physiological conditions. Aesmonstrated in Fig. S10
and Fig. S11, after one week incubatiRgl Q-1 andRul Q-2 in DMSO-d¢/D,0 (viv
= 3:1), the’H NMR spectra did not show any significant changempared with the
original samples.

It must be noted that the Ru(ll) complexes may ipr&te or bind with certain
biological molecules such as various plasma prstafter systematic administration,
which prevents them from reaching biological tasgsith high concentration. To test
the potential binding of Ru (II) complexes to sueternal molecules, the absorption
spectra ofRulQ-1 and RulQ-2 incubated in aqueous solutions containing bovine

serum albumin (BSA) was monitored by UV-Vis specit®298 K. From Fig. S12A
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and Fig. S12B, it was clear that there was no als/@bsorbance change in UV-Vis
spectra within 24 h, suggesting no prominent bigdaf Ru(ll) complexes with
plasma proteins. Besides, the ESI-MS spectra ofl Regmplexes showed abundant
peaks of molecular ions coinciding with the moleacweights of the compounds (Fig.
S12C and Fig. S12D), indicating that the precimtator forming into other
compounds did not occur under the tested conditidiee results of all these

suggested th&ul Q-1 andRul Q-2 were quite stable in aqueous solution.

2.3. Cytotoxicity assay in vitro

After confirming the stability of the synthesiz&ll Q-1, RulQ-2, Ru3, Ru4,
thein vitro cytotoxicity of them, together witlprecursors and ligand, were assessed
on NCI-H460 (human lung cancer), A549 (human nomaidboell lung cancer), HelLa
(human  cervical cancer) and MCF-7 (breast cancerklls ¢ via
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazatiubromide (MTT) assay, with the
clinical cisplatin as control. The kgvalues of the tested reagents to the illustrated
cancer cells were shown in Table 1. As displayéer ahe treatment of test cancer
cells for 48 h, the 16 values of the ligandl-Ph-1Q, precursorgis-[Ru(L).Cly]
(L=bpy, phen) recorded a high value (approacheskoeeded 200M) against all the
tested cancer cells, and thus deemed as inactivéhéother hand, while complexes
Ru3 and Ru4 showed moderate activity towards the tested caceks (with 1Go
values ranging from 69.1 to 88uM), the new cyclometalated complex@sil Q-1
andRul Q-2 displayed higher cytotoxicity effects toward &léttest cancer cells, with
ICs0 values ranging from 1.8 to 74M. As observed on thbuman lung cancer
NCI-H460 cells,RulQ-1 and RulQ-2 showed IGy values (2.1uM and 1.8uM,
respectively) that are over 32- and 38-fold lowent that oRu3 (69.1uM), and over
36- and 43-fold lower than that of complBxi4 (77.6 uM). Moreover, the activities
of Rul Q-1 andRul Q-2 were about 12-fold and 14-fold higher than thathef clinical
cisplatin against NCI-H460 cells. Further investiga illustrated thatRulQ-1 and
RulQ-2 inhibited the viability of NCI-H460 cells in a tes and



concentration-dependent manner (Fig.S13). Therefovar results provided
substantial evidence that the integration of thard 1-Ph-1Q to organometallic Ru(ll)
center represents a rational strategy for the deweént of novel chemical
compounds with enhanced anti-cancer effects.

To evaluate the potential side effects, additioegtotoxicity tests were
conducted using complex&l Q-1, RulQ-2, Ru3, Ru4 to against the normal HBE
(human bronchial epithelial) cells (Table 1). Comgohwith Ru3, Ru4 and cisplatin
control, which displayed comparable toxicity to cancells and normal HBE cells,
complexesRul Q-1 and Rul Q-2 exhibited much lower toxicity to the normal HBE
cells. These results suggested thatl Q-1 and RulQ-2 possess a preferable
therapeutic profile against cancer, especially laagcer cells. This observation was
further supported by the selectivity index (Sl)aaséTable 1), where a clear tread was
recorded afkul Q-2 (11.1) >Rul Q-1 (10.5) >Ru3 (1.4) >Ru4 (1.3) > cisplatin (0.6).
Hence,Rul Q-2 demonstrated the highest safety profile for paamtfficient cancer
treatment. The above analysis also confirms ihatitro cytotoxicity of complexes
Rul Q-1 andRul Q-2 agrees with those of other cyclometalated Ru@hplexes [26,
42]. This may attribute to the high hydrophobicityd cellular uptake caused by the
unique structural characteristics of the cyclonagéal ligands.

Since NCI-H460 cells were especially susceptibladQ-1 andRul Q-2, with
over 12- and 14-fold lower Kg values than that of cisplatin under the identical
conditions, this cell line was then selected aglamodel for further exploration of
the potential mechanisms accounting for the growttibition effect of

cyclometalated Ru(ll)-isoquinoline compounds.

Table 1. Cytotoxicity assay in vitro (4) and LogP,, values.

Complexes I1Cs0 (LM) Log Pow
NCI-H460 A549 MCF-7 HelLa HBE 8|
cis[Ru(bpyxCl;] 194.2+6.51 >200 189.2+4.31 >200 >200
cis-[Ru(phen)Cl,] >200 >200 >200 197.5+6.12 >200
1-Ph-1Q 172.0+3.9 >200 194.7+6 % >200 >200
Rul Q-1 2.1+0.2 3.2+0.1 7.2+0.4 4.310.3 22.0£0.8 10.5 1.02+0.10
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Rul Q-2 1.8+0.3 2.5+0.5 7.0£0°3 4.7+0.4 20.0+03 111 1.12+0.09

Ru3 69.1+3.4 745+3.7 72.0+3.4 80.2+4. 96.1+3.4° 14 -1.65+0.12
Ru4 77.6+4.2 79.3+3.8 88.7+4.7 82.2+3.8 97.6+4.2° 1.3 -1.07+0.08
Cisplatin 25.9+1.8 27.3+1.8 21.8+2.2 15.0+2.6° 16.4+1.9° 0.6 ND

" is the illustrated cells were treated for 48 hd ahe data is expressed as mean + standard
deviation (Mean * SD)? indicates the same complex, different cell groapd NCI-H460 cell
group bilateralt-test, P <0.05;" indicates bilaterat-test between the same cell line, different
complex treatment groups and compiRud Q-2 treatment group? <0.05.°SI (Selectivity Index)

= 1Cso (HBE)/ICs0 (NCI-H460).

2.4. Lipophilicity and cellular uptake of Ru(ll) mplexes

It is generally acknowledged that the lipophilicdl/the metal-based agents plays
a vital influence on their cellular uptake, cytatty, and subsequent cancer
therapeutic [26, 45-47]. In this study, the lipdyitly, expressed as oil-water partition
coefficient (lodPonw), is evaluated by the “shake-flask” method usinductively
coupled plasma mass spectrometry (ICP-MS). As shawnFig. 3A, the
cyclometalated complexesR@lQ-1 and RulQ-2) are more lipophilic than the
non-cyclometalated complexeRy3 andRu4), with the order of the Idg,.,, values
being recordedRulQ-2 (1.12) > RulQ-1 (1.02) > Ru4 (-1.07) > Ru3 (-1.65).
ComplexRul Q-2 displayed the highest 1&g, value, suggesting that this complex is
the most hydrophobic, which may contribute to iighlest cytotoxicity. By contrast,
complexesRu3 and Ru4 exhibited negative Id®,,, values, indicating that they are
hydrophilic, that is why they gave moderately cgtatities. It is very interesting to
note that the only difference among compleRe$Q-1, RulQ-2, Ru3 andRu4 is the
molecular structure, but they display obvious dédfees in their ldg.,, values, and
then results in different cytotoxicities.

To investigate the relationship between the ceallul@take rate and the
cytotoxicity of RulQ-1 and RulQ-2, ICP-MS was performed to quantitative
determine of the ruthenium level inside of the NH2I60 cells, with the results being
represented as ng of ruthenium pef &6élls. Our results showed that a noticeable
time- and concentration-dependent increase in phake ofRul Q-1 andRul Q-2 by

NCI-H460 cells (Fig. 3B). As expected, complexl Q-2 exhibited higher cellular
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uptake than that dRul Q-1 in all the test time points and drug concentratjomhich
due to its highest hydrophobicity. The studies &rtBn and Chao et al. have
illustrated that the most liposoluble Ru(ll) comyds presented the greatest uptake
[48-50].

When the cellular distribution of complexBsil Q-1 andRul Q-2 was measured in
NCI-H460 cells by ICP-MS, it was evident that, aféeh incubation using gM of
the chemicals,RulQ-1 and RulQ-2 mainly accumulated inthe nucleus and
mitochondria, with only a small fraction of themtegtable in the cytoplasm. Since
the cell nucleus contains DNA etc. most of the utetl genetic material, the
accumulation ofRulQ-1 and RulQ-2 in the nucleus may cause suppression of
cellular DNA transcription and replication, and #ih their biological activities.
These results also indicated tiatl Q-1 andRul Q-2 may mainly target nucleus and
mitochondria, similar with the previously reportegclometalated Ru(ll) complexes
such as [Ru(bpy)(phpy)(dppz)](CI26] and [Ru(L)(1-PhSC)](PFs) (L=dmb, bpy)
[42].
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Fig. 3. Lipophilicity and cellular uptake of Ru(ll) comples. (A) LogP.., values ofRu(ll)
complexes. (B) Cellular ruthenium concentrationgedrined in NCI-H460 cells after 1, 3, and 6
h incubated witlRulQ-1 andRul Q-2 at 1, 2, 4uM, respectively. (C) Subcellular distribution of
Ru(ll) complexes in NCI-H460 cells after incubateith Rul Q-1 (2 uM) or Rul Q-2 (2 uM) for
different period. (D) Intracellular uptake of RQ(domplexes in NCI-H460 cells under different
endocytosis-inhibited conditions. Data were coecfrom three individual experiments (<
0.05,"p < 0.01, and p < 0.001).

2.5. The mechanism of cellular uptake

The ways of drug entering into the cells have aemisal impact on their biological
activity. Generally, the drug molecules enter cancells via active and passive
pathways. Active transport is energy dependenthercontrary, passive transport is a
non-energy-dependent way [51]. To gain more insighd the detailed routes of
complexesRul Q-1 and Rul Q-2 into cells, we treated NCI-H460 cells with Ru(ll)
complexes at either low temperature (4 °C) or NaNcombination with DOG, a
commonly used strategy to block adenosif&iphosphate (ATP) dependent active
mechanisms. The results showed that both low temyoer and DOG+NaiNcould
strongly block the cellular uptake &ulQ-1 andRulQ-2 (Fig. 3D), denoting that
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both RulQ-1 and RulQ-2 are taken up by NCI-H460 cells via active transpor
pathway. Endocytosis is the most common activesfrart, and engaged in the
cellular uptake of a wide variety of exogenous rooles. In order to further
investigate the internalization pathway &ulQ-1 and RulQ-2, we used two
endocytosis inhibitors, i.e. nystatin (clathrin-na#dd endocytosis) and sucrose (lipid
raft-mediated endocytosis) [51]. In our study, &safound that the cellular uptake
levels of bothRul Q-1 andRul Q-2 were significantly reduced in the sucrose group,
with only a moderate decrease in the nystatin grdinese results manifest that the
cross-membrane transportation dRulQ-1 and RulQ-2 mainly via the

clathrin-mediated endocytosis pathway.

2.6. Cyclometalated Ru(ll) complexes induce apapioadNCI-H460 cells

Apoptosis has been observed to engage in the amtiec activity of many of the
previously reported drugs [52-54]. Next, the Ho&cB8342 staining technique,
accompanied by fluorescence microscopy assay vezfermed to determine whether
such a mechanism involved in the potential anteeareffect of the complexes
RulQ-1 and RulQ-2. As shown in Fig. 4A and 4B, aftdRulQ-2 treatment, the
NCI-H460 cells showed noticeable apoptotic morpgglo including nuclear
shrinkage and chromatin condensation, in a timed aancentration-dependent
manner. Similar apoptotic features were also oleskafterRul Q-1 treatment(Fig.
S14A). These results strongly suggested that t@vament of apoptosis in the Ru(ll)
complexes-mediated cell death.

To provide further information about Ru(ll) compésxmediated cell death,
Annexin V/PI staining was performed, and the resuitere analyzed by Flow
Cytometry. We can clearly observe that the Ru@hplexes induced apoptosis of the
NCI-H460 cells in a concentration-dependent manfeg. 4C and Fig. S14B).
Differing from the control group, where the percayg of the early apoptotic cells
recorded 2.24% and 1.73%, after the cells werebaimd withRul Q-1 andRul Q-2

at 4 uM for 24 h, the percentage of early apoptotic cellseased to 42.96% for
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Rul Q-1 and 57.31% foRul Q-2. Comparing the apoptotic effect, it was clear that
complexRul Q-2 displayed more effective apoptotic activity thaal Q-1, with the
percentage of total apoptotic cells recorded 51.Z8%0RulQ-1 and 68.05% for
RulQ-2. This observation is consistent with their cytatoactivity. Since complex
Rul Q-2 presents more effective growth inhibition and dpsejs induction effects in
the NCI-H460 cells than that &ul Q-1, the apoptosis-induced mechanism of it was
further investigated.

Apoptotic pathways can be divided into the intinsand extrinsic ways
according to which caspases are involved [55]. A€ssential regulatory protein in
the downstream pathway of apoptosis, caspase plaital role in the initiation and
performance of apoptosis. Caspase, especially saspactivation, subsequently can
lead to the cleavage of poly ADP-ribose polyme @#dRP), serving as a biochemical
marker of cells apoptosis [56]. To investigate thelecular events initiated by
Rul Q-2, after treatment for 24 h, the activities of caspa, -8 and -9 were analyzed
by western blot assay. According to R, co-incubation with 1, 2, and M of
RulQ-2 for 24 h caused a significant in the protein espi@n levels of the
cleaved-PARP, cleaved caspase-3, -8 and -9. Me&with the shearing of
caspase-8, caspase-9, caspase-3 and PARP, thexptaksion levels of caspase-3
and PARP experienced a significant declined. Adisth findings demonstrated that
Rul Q-2-induced apoptosis in NCI-H460 cells through caspiependent extrinsic

and intrinsic pathways.
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Fig. 4. RulQ-2 induced apoptosis in NCI-H460 cells. (A) NCI-H466lls were stained with
Hoechst 33342 after co-incubation with 1, 2, andwof Rul Q-2 for 12 h. (B) NCI-H460 cells
were stained with Hoechst 33342 after co-incubatvith Rul Q-2 at 2uM for different time. (C)
NCI-H460 cells apoptosis was detected by Annexipl\éssay after treatment with 1, 2, andwvi

of RulQ-2 for 24 h. (D) The expression of Cleaved caspasé&;9,3, caspase-3, PARP, Cleaved
PARP were evaluated by western blot analysis ioreeentration-dependent manner Wbl Q-2
treatment for 24 h.

2.7. Cyclometalated Ru(ll) complexes induce mitadhal dysfunction
Since mitochondrion can release pro-apoptotic facsach as cytochrome and

other apoptosis-inducing factors, hence, it playsta role in the apoptotic process
[52-54, 57]. To investigate the effects of Ru(llpntplexes on mitochondrial
membrane potential (MMP), decline of which is a kear of mitochondrial
dysfunction, the changes in MMP were detected bg fluorescent probe
5,5,6,6-tetrachloro-1,13,3-tetraethylbenzimidalylcarbo  cyanine iodide (JC-1).
When MMP is low, JC-1 monomer emits green fluoraseesignal, while when MMP

is high, JC-1 aggregate displays red fluorescemp®alk In our study, after treatment
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with 1, 2, and 4uM of RulQ-1 or RulQ-2 for 12 h, the red fluorescence saw
prominent decrease while significant increase engteen fluorescence occurred (Fig.
5A and Fig. S15A). Similar results were recordedewhreatment with 1M of
Rul Q-1 or Rul Q-2 for a series of different time points (Fig. 5B dfid. S15B). All
these findings indicate the decline of MMP. In addi, for Rul Q-2, the changes of
MMP were detected quantitatively by using flow awtry (Fig. 5C, D). As
presented in Fig. 5C, after treatment withl Q-2 for 12 h, the green fluorescence of
the JC-1 monomers increased from 16.0%ND) to 56.7% (4uM). The decline of
MMP is also a marker of apoptosis. To further aonfthe mitochondrial pathways in
Rul Q-2-induced apoptosis, we detected the expressiortie?2 BBax, Bcl-xl, and Bad
in mitochondrial membrane and cytochromgrotein in cytoplasm using western blot
analysis. As shown in Fig. 5E, with the increaseRofl Q-2 concentration, the
expression of Bcl-2 and Bcl-xI (anti-apoptotic @ios) showed notable attenuation.
At the same time, the expression of Bax and Bad-§poptotic proteins), as well as
the content of cytochrome protein in the cytoplasm experienced a significant
increase. These results collectively indicated tRal Q-2 induced apoptosis in

NCI-H460 cells through the mitochondrial apoptgathway.
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Fig. 5. RulQ-2 induced mitochondrial dysfunction in NCI-H460 eell(A) Fluorescence
microscopy analysis of cellular MMP level by JCitaiging after treatment witRulQ-2 at 1, 2
and 4uM for 12 h. (B) Fluorescence microscopy analysisafular MMP level by JC-1 staining
after 2uM of Rul Q-2 treatment for different time. (C) Flow cytometmyadysis of cellular MMP
level after treatment witRul Q-2 at 1, 2 and 4M for 12 h. (D) Flow cytometry analysis the ratio
of red/green fluorescent intensity after treatmsith RulQ-2 at 1, 2 and 4M for 12 h. Data
were collected from three individual experiments €0.05, p < 0.01, and” p < 0.001). (E)
Western blot analysis of the expression levels of-2B Bax, Bcl-xl, Bad in mitochondrial
membrane and cytochromerotein in cytoplasm aftdRul Q-2 (2 uM ) treatment for 24 h.

2.8. Cyclometalated Ru(ll) complexes stimulategérgeration of intracellular ROS
It has been demonstrated that ROS could induce ain chof

mitochondria-associated events, such as the decfiddMP and apoptosis [52-54,
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57]. Hence, ROS is considered to be a mediatopop@sis [58, 59], and exploring
the cellular ROS levels is of great importanceltwidate the underlying mechanism
of Ru(ll) complexes-induced apoptosis. To invesggashether Ru(ll) complexes
stimulate ROS generation and accumulation, 2,7lalicte-hydrofluorescein
diacetate (DCFH-DA) fluorescent probe-based imagisgay was performed. We
observed that the fluorescence intensity in NCI-#46lls both increased in a time-
and concentration-dependent manner aRafQ-1 or RulQ-2 treatment (Fig. S16
and S17), suggesting the generation and accumulati®OS. Moreover, the cellular
ROS level was further measured by flow cytometrieraRul Q-2 treatment. As
shown in Fig. 6A and Fig. S18, after 12 h of codipation with 1, 2, and 4M of
RulQ-2, a noticeable enhanced in the mean fluoresceemsity (M) was observed,
with the DCF fluorescence increased from 1.31 &l 6which is approximately 5-
fold higher than that of the control groUpo we came to the conclusion that the
cyclometalated Ru(ll) complexes could induce theegation of ROS in NCI-H460
cells.

As reported, the ROS can be generated either endagly during the process of
mitochondrial oxidative phosphorylation, or prodddeom the interaction between
exogenous sources such as xenobiotic compounds $&0]mitochondria are both
source and target of ROS [61]. The cyclometalamdplexes studied in this work
can induce the decline of mitochondrial membranemal (MMP) and results in
mitochondrial dysfunction, which causes the damaderespiratory chain, and
generates radical and non-radical species suchupsraxide anion (©) and
hydrogen peroxide (#0,). Based on the above information, these cyclorattdl
Ru(ll) complexes may stimulate the mitochondria doadROS generation. This
speculation correlates with our previous publicatio[58], the Ru(ll)
complex-triggered ROS generation could be effettivéolocked by using
cyclosporine A (CsA), a confirmed mitochondrial ppeability transition pore (MPTP)
opening inhibitor.

To further explore the effect of ROS activationundd by compleXRul Q-2 on
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mitochondria and cell apoptosis, two ROS inhibitars. glutathione (GSH) and
N-acetyl-I-cysteine (NAC), were used in our studiter the addition of either NAC
or GSH, the fluorescence intensity of DCF displag&phificant reduction (Fig.S19),
indicating the inhibition of ROS generation in NB#60 cells. Next, NCI-H460 cells
were treated with AM of Rul Q-2 combined with/without GSH (5 mM) or NAC (10
mM) for 12 h. After stained with Annexin V-FITC/Pthe percentage of apoptotic
cells was measured using flow cytometry. From big.and Fig. 6C, it was evident
that both NAC and GSH could blocRul Q-2-induced apoptosis in NCI-H460,
denoting that ROS generation played an essent@limdRul Q-2-induced apoptosis
in the tested NCI-H460 cells. This mechanism wagh&r demonstrated by
subsequent western blot assay. The results in6BEignanifested that pretreatment of
NAC or GSH inhibited cytochromerelease in the cytoplasm and efficiently reversed
the RulQ-2-induced PARP and caspase-3 phosphorylation. Thdidation of all
these is thatRulQ-2-induced apoptosis in NCI-H460 cells is triggereg b

ROS-mediated mitochondrial dysfunction.
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Fig. 6. RulQ-2 stimulated generation of intracellular ROS. (Apwl cytometry analysis of
cellular ROS level by DCFH-DA staining in a congatibn-dependent manner up&ul Q-2
treatment for 12 h. (B) The percentage of apoptctits were detected by Annexin V-FITC/PI
double staining assay using flow cytometry aftepud RulQ-2 treatment with or without
antioxidants NAC (10 mM) or GSH (5 mM). (C) Cellility was assessed by MTT assay after
12 h of RulQ-2 treatment with or without NAC (10 mM) or GSH (5 mMD) Western Blot
analysis of the protein expression levels of PABRpchromec and cleaved caspase-3 after
Rul Q-2 (2 uM) treatment for 24 h with or without NAC (10 mMj) GSH (5 mM).

2.9. Cyclometalated Ru(ll) complexes trigger DNfdge and S, G2/M double-cycle
arrest

DNA damage, such as the change of cellular DNAcstire, can lead to inhibition
of DNA replication. When DNA damage cannot be reg@iit may cause cell cancer.
So, DNA damage is considered as a mark of apogi®2i65]. We have reported that
many Ru(ll) complexes could promote the generatiocellular ROS levels, which in
turn attack DNA and results in apoptosis [42, H,,@&7]. To determine whether or not
these complexes can induce DNA damage, the simdllegel electrophoresis assay
(comet assay) was conducted in our study. As showig. S20A and Fig. 7A, in the
control group, NCI-H460 cells failed to show a caiilee appearance. However,
afterRul Q-1 (1 uM) or Rul Q-2 (1 uM) treatment for 12 h, NCI-H460 cells exhibited
well-formed comet tails, indicating the existendesevere DNA damage. When the
treatment concentration was increased MW significantly prolonged comet tails
appeared, denoting that more DNA damage occurrédd thve increase of complexes
concentration. Furthermore, it was also found th&EI-H460 cells presented
well-formed comet tails in a time-dependent maraftsr 2uM of Rul Q-2 treatment
(Fig. 7B). To provide solid evidence about tRellQ-2-induced DNA damage,
western blot analysis was scheduled (Fig. 7C and €bincident with our previous
reports, RulQ-2 treatment resulted in significantly up-regulatedA damage
markers, including the phosphorylation levels of M\TSer1984), Histone H2A.X
(Ser139), ATR (Ser 428) and p53 (Serl5) [42, 51¢éaMvhile, the phosphorylation
levels of Chkl and Chk2 were also up-regulated. ddeer, several cell cycle

arrest-related key downstream proteins (e.g. p21) were simultaneously activated
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(Fig.7D).

The comet tail observed does not mean that theemuiin complexes directly
damage DNA. It has been reported that excess eilndéar ROS could attack DNA,
resulting in DNA damage [68, 69]. So, the obseri2®A damage may results from
the increased intracellular ROS levels. This hanlmonfirmed by our previous study
(the cyclometalated Ru(Ip-carboline complexes could induce DNA damage thinoug
ROS overproduction [42]. Many Ru(ll) complexes ¢amd to DNA in a noncovalent
interaction such as electrostatic binding, grooweling, or intercalation [70-73]. We
didn't do DNA-binding experiments in this work. Hewver, according to our previous
studies [42, 66, 74, 75], we speculate that théibg affinity of the title complexes
towards DNA is not very strong because they doateha large planar aromatic
ligand (intercalative), such as dppz, dpg and [@6, [74, 75], so the interaction
between them and DNA is not supposed to be thegpyimeason of apoptosis.

From the biology aspects, DNA is the key informataarrier, so it is highly stable
over the evolution, except for the DNA enzyme metiadegradation. Differing from
necrosis mediated cell death, which is caused bgreal factors such as trauma or
infection, the apoptosis, featured by fragmentabbnuclei, is a secondary response
to DNA damage, with the biological goal of protegtia multicellular organism
against a damaged cell. As a result, the apoptosdiated cell death has been
commonly measured using the comet assay to detdét @amage of cells after
treatment with complexes. Comets with almost allADN the tail are often referred
to as ‘hedgehog’ comets and are widely assumedepoesent apoptotic cells. In
summary, the title complexes could induce mitoch@ahddysfunction and the
generation of intracellular ROS, which may indiredé¢ad to DNA damage. Also, the
comet assay (DNA fragments appearance) could sasve&a mark for apoptosis

assessment.
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Fig. 7. RulQ-2 induced DNA damage in NCI-H460 cells. (A) DNA fragntation was examined
by comet assay. NCI-H460 cells were treated RithQ-2 at 1, 2 and 4M for 12 h. (B) DNA
fragmentation of NCI-H460 cells was examined, diteatment wittRul Q-2 (2 uM) for different
time period (3, 6, 12 h). (C) The level of DNA dageaproteins (p-Histone H2A.X, p-ATM,
p-ATR, p-Chkl, p-Chk2) were assessed by westerrdolalysis, after treatment wiRul Q-2 at 1,
2 and 4uM for 24 h. (D) Western blot analysis of the exgies level of p-p53, p27, p21, after
treatment with various concentration of compRax Q-2 for 24 h.

DNA damage can directly affect DNA transcriptioeplication and cell cycle
arrest. To investigate whether the DNA damage achume studied complexes on
NCI-H460 cells could affect cell cychistribution of NCI-H460 cells, the cell cycle
ratio was detected by flow cytometry. The result=ig. 8A and Fig. 8B displayed

that, after treating witlRul Q-2 at 4uM for 24 h, compared with the control group,
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the cell proportion of S phase nearly doubled,eased from 18.22% to 33.83%. A
similar trend was observed for the G2/M phase, Whiccreased from 11.44% to
26.29%. These data suggested tRatQ-2 could induce cell cycle arrest at S and
G2/M phases in NCI-H460 cells. Similar S, G2/M doublele arrest results were
also observed in NCI-H460 cells affeul Q-1 treatment (Fig. S20B).

As we all know, cell-cycle progression is regulatey forming a series of
specialized cyclin-dependent kinase (CDK)-cyclinmptexes. To explore the
mechanism oRul Q-2-induced cell cycle arrest, western blot analysss wmployed
to examine the effect dRul Q-2 treatment on the expression of regulatory proteins,
such as CDK2/Cyclin A, CDK1/Cyclin B. Our resulteosved that, afteRul Q-2
treatment, the expression of CDK1 and Cyclin B (kagstors of G2/M phase arrest)
[76, 77] significantly down-regulated (Fig. 8C).tAbugh no apparent change of
CDK2 was observed, the expression of Cyclin A sgwaminent decrease. Since the
formation of CDK2-Cyclin A complex has been confedhto be closely related to
phase S arrest [78], the reduction of Cyclin A esgion definitely contributes to the
effect of RulQ-2. Moreover, as shown in Fig.7D, both p21 and p2#& of the
well-known CDK inhibitors contributing to the G1-8ansition blockage, also
displayed up-regulation [78, 79]. All of these fings demonstrated that bd&ul Q-1
and RulQ-2 could trigger DNA damage and S, G2/M double-cyaleest via
suppressing the expression of regulatory proteDKIZCyclin B and Cyclin A.
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Fig. 8. RulQ-2 induced cycle arrest in NCI-H460 cells. (A) Cejtle distribution was performed
by PI staining after co-incubated witRulQ-2 for 24 h. (B) Histograms show cell cycle
distribution of the NCI-H460 cells. Data were cotted from three individual experimentp &
0.05, "p < 0.01, and” p < 0.001). (C) Western blot analysis of expresibrtCDK1, CDK2,
Cyclin A, and Cyclin B. NCI-H460 cells were treateih RulQ-2 at 1, 2 and 4M for 24 h.

2.10. Complex RulQ-2 shows low toxicity to develg@iebrafish embryos
Compared with athymic nude mice models, zebrafeh potential advantages,

such as high reproductive rate and short growtiogeetc. Recently, zebrafish has
rapidly developed to be a promising model for eatihg the toxicity of drugs [80-82].
In this work, thein vivo toxicity of complexRulQ-2 was assessed on developing
zebrafish embryos.

As displayed in Fig. 9A, after exposure RulQ-2 at the expected treatment
concentrations (less than 1), only minor toxicity was observed, with mosttbke
zebrafish embryos developing into juvenile zebhaffmore than 80% cumulative
hatch rate after 72 h) (Fig. 9B). And under su@wo@acentration, the lethality rate was
lower than 40% even after prolonged 96 h incubat{&g. 9C). When the
concentration ofRulQ-2 increased to 16M for 96 h, we observed that some

zebrafish embryos developed abnormally with a ndhidg@inal curvature (Fig. 9A).
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Moreover, wherRul Q-2 concentration was increased to |89, a cumulative hatch
rate of less than 50% was recorded after 48 h micufp, and all the zebrafish
embryos died at the time point of 96 h. Therefdrimoks like that under the effective
concentration range (less than {i®l), RulQ-2 was generally safe for zebrafish
embryos. Since hypotoxicity to normal cells or argas vital for developing novel
anticancer agents, complé&ul Q-2 is expected to be developed as a low-toxicity

agent against lung cancer cells.
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Fig. 9. Toxicity assessment ¢tul Q-2 in developing zebrafish embryos. (A) Toxicity Rl Q-2
to zebrafish embryos at various concentrations iwi96 h on a 4x objective lens in the
microscope. (B) Cumulative hatch rate of zebraéisibryos in the presence/absencRofQ-2 at
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various concentrations every 24 h. (C) Lethalite raf zebrafish embryos in the presence/absence
of Rul Q-2 at different concentrations every 24 h.

3. Conclusions

Two new cyclometalated Ru(ll) complexes, i.e. [Ry)p(1-Ph-1Q)] (RulQ-1)
and [Ru(phen)1-Ph-IQ)] (RulQ-2), have been designed and synthesized. The
significant difference in the cytotoxicity betweetne cyclometalated Ru(ll)
complexeRul Q-1, RulQ-2 and the non-cyclometalated complefas3, Ru4 is due
to the obvious difference of lipophilicity causeg the small difference of their
molecular structure, i.e., substituting Ru-N witln-R bond. Our results suggested
that the coordination of the cyclometalated ligahh-1Q to polypyridyl-Ru(ll)
centers can effectively enhance cytotoxicity, dmeréfore providing a guideline for
future anti-cancer complexes exploration.

Our results indicated th&ul Q-2 could effectively induce S, G2/M double-cycle
arrest via suppressing the expression of regulapsogeins CDK1/Cyclin B and
Cyclin A. The mechanism studies showed RatQ-2-induced apoptosis is triggered
by ROS-mediated mitochondrial dysfunction. In a dyahe Ru (Il) complexes can
induce apoptosis of NCI-H460 cells by increasingaicellular ROS level, reducing
MMP and triggering DNA damage. More importan®ul Q-2 exhibited low toxicity
both toward normal HBE celi® vitro and zebrafish embryas vivo. Although this
work is an in vitro assay, further in vivo assayngstumour bearing animal models
has been scheduled. Based on the current reshs,cyclometalated Ru(ll)
complexes developed in this work has great potetttibe developed as novel lung

cancer therapeutic agents with fewer side effects.

4. Experimental section

4.1. Chemicals and reagents
Ultrapure MilliQ water was used in all experimendvSO, MTT, PBS, JC-1,
DCFH-DA, PI, Hoechst 33342, NAC, GSH, Annexin V-EITApoptosis Detection
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Kit, QuantiPrd™ BCA Assay Kit, ECI'™™ Start Western Blotting Detection Reagent
and endocytosis inhibitors including NaN3, DOG, 1®se and Nystatin were
purchased from Sigma-Aldrich (St. Louis, MO, USACI-H460, A549, Hela,
MCF-7 and HBE cells were purchased from AmericampenyCulture Collection
(ATCC, Manassas, VA). Cisplatin was purchased frdonos. Ruthenium standard
solution was purchased from Aladdin Chemistry C8hanghai, China). Cell
Mitochondria Isolation Kit was purchased from Beyw (Shanghai, China).
Antibodies were purchased from Cell Signaling Tetbgy Company. Comet assay
reagent kit was purchased from Trevigen (GaithegsbD, USA).

4.2. Synthesis and characteristics

1-Ph-1Q [39] andcis-[Ru(L).Cl;]-2H,O (L=bpy, phen) [40, 41] were prepared
according to the methods in the literature.

Microanalyses were carried out with a Perkin-EIrB40Q elemental analyzer.
Electrospray ionization mass spectrometry (ESI-M&s recorded on Agilent
LC-MS6430B SpectrometetH NMR spectra were recorded on a Bruker AVANCE
AV 400 NMR spectrometer using (RSO as solvent at room temperature and TMS
as the internal standard. UV-Vis spectra were xabr on a Perkin—Elmer

Lambda-850 spectrophotometer (PerkinElmer, USA).

4.2.1. Synthesis of [Ru(bp{-Ph-1Q)](PFs) (RulQ-1)

A mixture of cis-[Ru(bpy)Cl;]-2H,O (0.24 g, 0.5 mM), 1-Ph-IQ (0.10 g, 0.5
mM), Ag(CKSGs) (0.26 g, 1 mM) and tetramethylammonium hydrox{@eé5 mL,
0.5 mM) in anhydrous ethanol (10 mL) was refluxedier argon at 78 °C for 12 h to
produce a clear red solution. After the reactibe, ted precipitate was obtained by a
dropwise addition of saturated aqueous KB#iution. Finally, the red precipitate was
dried under vacuum and purified by column chrom@phy on neutral alumina with
a mixture of CHCN-toluene (3:1, v/v) as eluent. Yield: 76%. An&alc for
CssHosFsNsPRu: C 55.12%, H 3.44%, N 9.18%; Found: C 55.23%3.41%, N
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9.20%. ESI-MS (MeCN): m/z = 617.79 ([M-EB. *H NMR (400 MHz, DMSO¢) &
8.94 (ddJ = 7.3, 2.3 Hz, 1H), 8.79 (dl,= 8.4, 1.1 Hz, 1H), 8.78 — 8.60 (m, 3H), 8.36
(d,J = 7.9 Hz, 1H), 8.21 — 8.07 (m, 1H), 8.00 — 7.72 &H), 7.64 (ddd] = 6.3, 2.2,
1.1 Hz, 2H), 7.59 (ddd] = 7.5, 5.4, 1.2 Hz, 1H), 7.47 @= 1.0 Hz, 2H), 7.44 — 7.27
(m, 3H), 6.96 (ddd] = 8.1, 7.1, 1.4 Hz, 1H), 6.85 (tdl= 7.2, 1.2 Hz, 1H), 6.53 (dd,

= 7.5, 1.3 Hz, 1H). UV-Vis){nm, &/M"%)(PBS): 297(49200), 505(9550).

4.2.2. Synthesis of [Ru(phefl}Ph-1Q)](PFs) (Rul Q-2)

ComplexRul Q-2 was synthesized in a manner identical to that rdeest for
RulQ-1, with [Ru(phen)Cl;]-2H,O in place of [Ru(bpyLCls]-2H,0. Yield: 71%.
Anal. Calc for GoHagFsNsPRu: C 57.78%, H 3.23%, N 8.64%; Found: C 57.70%, H
3.25%, N 8.60%. ESI-MS (GIEN): m/z = 665.81 ([M-P&"). *H NMR (400 MHz,
DMSO-dq) 6 8.96 (d,J = 8.3 Hz, 1H), 8.69 (ddl = 8.2, 1.4 Hz, 1H), 8.63 — 8.45 (m,
3H), 8.39 (d,J = 8.0 Hz, 1H), 8.35 — 8.20 (m, 5H), 8.10 (dde; 5.4, 3.9, 1.3 Hz, 2H),
7.93 (dd,J = 7.6, 1.9 Hz, 1H), 7.89 — 7.64 (m, 6H), 7.60 (dd; 8.1, 5.3 Hz, 1H),
7.52 (d,J = 6.3 Hz, 1H), 7.40 — 7.34 (m, 1H), 6.95 (ddds 8.1, 7.1, 1.4 Hz, 1H),
6.76 (td,J = 7.3, 1.2 Hz, 1H), 6.43 (dd] = 7.6, 1.3 Hz, 1H). UV-Vis }nm,
/M Y)(PBS): 267(54800), 496(11800).

4.2.3. Synthesis of [Ru(bp{d)-Py-1Q)](PFs)2 (Ru3) and [Ru(phen)1-Py-1Q)](PFe)2
(Ru4)

N-Ts-phenethylamine and 2-pyridinecarboxaldehyde dissolved in toluene,
boron trifluoride etherate is added dropwise ini@nbath, refluxed at 60 °C under
argon atmosphere, 30% NaOH, dehydrogenated at C2tb “obtain 1-(2-pyridine
Base)-isoquinoline. Reflowing 1-(2-pyridyl)-isoqoime andcis-[Ru(bpy):Cl,]- H.O
or cis-[Ru(phen)Cl;]-H,O in a solution of ethanol: water (1:1) overnigahd Ru3
andRu4 were obtained finally.

ComplexRu3 was a brown solid weigh 0.076 g, and its yield 82%.'H NMR
(400 MHz, DMSO-¢) & 8.99 (d, J =8.3 Hz, 1H), 8.96 — 8.90 (m, 1H), 8-:98.79 (m,
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4H), 8.24 — 8.09 (m, 6H), 8.12 — 7.93(m, 3H), 7(8d, J = 5.7, 1.4 Hz, 1H), 7.88 —
7.79 (m, 2H), 7.78 — 7.68 (m, 2H), 7.65(d, J =188 1H), 7.56 (p, J = 7.1 Hz, 3H),
7.51 — 7.40 (m,2H). UV-Vis\{nm, /M) (PBS): 287(55250), 461(10150). ESI-MS
(MeCN): m/z=309.91 ([M-2P§*"), m/z=764.70 ([M-P§"). Anal. calc. for
CaaHaeF12N6P2RU: C, 44.89%; H, 2.88%; N, 9.24%; found: C, 44.91%2.87%; N,
9.21%.

ComplexRu4 was a brown solid weigh 0.076 g, and its yield 82%."H NMR
(400 MHz, DMSOdg) 5 9.04 (d, J =8.5 Hz, 1H), 8.97 (d, J = 8.4 Hz, 18490 — 8.76
(m, 2H), 8.79 — 8.72 (m, 2H), 8.50 — 8.35 (m, 48189 — 8.24 (m, 2H), 8.25 — 8.14
(m, 2H), 8.14 — 8.04 (m, 1H), 8.04 — 7.83 (m, 7THB3 — 7.67 (m, 2H), 7.67 — 7.58
(m, 1H), 7.46 (ddd, J = 7.3, 5.6, 1.2 Hz,1H). U\&\li/nm, /M ™) (PBS): 263(58600),
371(8650). ESI-MS (MeCN): m/z=334.05 ([M-28%), m/z= 812.88 ([M-P§").
Anal. calc. for GgHzeF12NeP2RU: C, 47.66%; H, 2.74%; N, 8.78%; found: C, 47.63%
H, 2.76%; N, 8.80%.

4.3. Cell culture conditions and cytotoxicity asgayitro

All cell lines were cultured in Roswell Park Memarilinstitute 1640 culture
media supplemented with 10% fetal bovine serumiandbated at 37 °C in a 5%
CO; incubator. The Ig values in Table 1 were measured by MTT assay douapto

our previous report [66].

4.4. Stability assay

Stability assay of the Ru(ll) complexes were meadury UV/Vis spectroscopy
and *H NMR according to the literature method [45]. Ttemplexes were firstly
dissolved in DMSO and then diluted with PBS. The/\U¥ spectra were scanned
every three hours in 12 h. Fdd NMR spectra studies, the Ru(Il) complexes ()
were stored in DMS@/D-O (v/v, 3/1) at 37 °C for 7 days. THel NMR spectra
were measured at different time intervals (0, 17 3lays). The stability of Ru (II)

complexes in aqueous solutions containing bovineinsealbumin was tested
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according to previous report [83].

4.5. Log By measurement

Log Powis the partition coefficient between octanol andexdt was determined
by using the flask-shaking method as previouslgdiesd [66, 84]. Briefly, a suitable
of a stock solution of the Ru(ll) complex in aqusddaCl was added to an equal
volume of octanol, and the mixture was shaken &h4t 200 rpm at 25 °C to allow
partitioning. The aqueous layer was separated ffaroctanol layer after the sample
was centrifuged at 3000 rpm for 10 min. The Rugtdhtent in the aqueous layer was
measured by ICP-MS (NEXION-300X, PerkinElmer, USRnally, Log P values

were calculated according to the equation of Pgg= Log ([Rul/[Ru]w).

4.6. Cellular uptake and localization

NCI-H460 cells were seeded into six-well plate®¥aF cells per well) and grown
overnight at 37 °C in a 5% GQancubator. The cells were incubated with the défe
concentrations (1, 2, @M) of Ru(ll) complexes for different time intervals, 3, 6 h).
After the incubation, the cells were harvested aa$hed twice with PBS. Cell
Mitochondria Isolation Kit was used to extractec thuclear, mitochondrial and
cytoplasmic fractions of the NCI-H460 cells. Thdlgis were digested with 3 mL
concentrated nitric acid and 1 mL perhydrol fort24and then diluted to 5 mL with
ultrapure water. Finally, ICP-MS was used to deteemthe amount of Ru(ll)

complexes uptaken by NCI-H460 cells.

4.7. The mechanism of cellular uptake studies

First, NCI-H460 cells were pretreated with endosiganhibitors (10 mM of
NaNs, 50 uM of DOG, 0.25 mM of Sucrose and 1§/mL of Nystatin) for 2 h or at
4 °C for 4 h, respectively, and then incubatiorhwduM Rul Q-1 or Rul Q-2 for 6 h.
Second, the control sample was exposed;thbf Rul Q-1 or Rul Q-2 at 37 °C for 6

h. Finally, the intracellular uptake dRulQ-1 or RulQ-2 was determined using
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ICP-MS after the cells trypsinized and collected.

4.8. Apoptosis analysis

First, incubated NCI-H460 cells witRul Q-1 andRul Q-2 respectively, the cell
nuclei were stained with Hoechst 33342umL), washed twice with PBS, and then
photographed using an inverted fluorescence miopesqNikon, Japan). Second,
after incubation with different concentrations 21,4 uM) of RulQ-1 and Rul Q-2
respectively, NCI-H460 cells were harvested andhedsvith PBS for two times and
re-suspended in 500L binding buffer. The suspension was stained witlméxin
V-FITC (5 uL) and PI (10uL) in the dark. Finally, the resulting fluorescenwas
detected using the flow cytometer (BECKMAN COULTHBSA).

4.9. MMP measurement

The MMP was measured by using both inverted flummese microscope and flow
cytometry. After pretreatment with different contration (1, 2 and 4M) of Rul Q-1
andRul Q-2 for different time (3, 6 and 12 h), the NCI-H46@lls were trypsinized
and washed twice with PBS. For microscope obsematihe collected cells were
incubated in complete medium containing JC-1 |(&0mL) for 30 min and washed
with PBS twice, and then imaged an inverted fluceese microscope (Nikon, Japan).
For flow cytometry analysis, the cells were tryjma and washed twice with PBS,
and then incubated in 5QQ. PBS containing JC-1 (10g/mL) for 30 min at 37 °C.
The cells were analyzed by flow cytometer aftepsigized and washed twice with

PBS.

4.10. ROS assay

NCI-H460 cells seeded into six-well plates wereulmated with the different
concentration (1, 2 and /M) of Rul Q-1 andRul Q-2 for 12 h, then incubated with
DCFH-DA (10uM) in culture medium for 20 min at 37 °C. Afteratenent, the levels

of intracellular ROS were analyzed by inverted feszence microscope and flow
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cytometer. Besides, NCI-H460 cells were pretreatgd NAC (10 mM) or GSH (5
mM) for 1 h and then treated wifRul Q-2 (2 uM) for 12 h before flow cytometer

analysis.

4.11. Comet assay
The DNA damage was investigated by single-cellegettrophoresis [66], which
was performed using the Comet assay reagent kitA Bds stained with SYBR

Green | (Trevigen) and imaged under an invertedrfiscence microscope.

4.12. Cell cycle arrest analysis

The cell cycle distribution was investigated byfloytometry analysis. Briefly,
NCI-H460 cells were incubated with different contcations (1, 2 and g¢M) of Ru(ll)
complexes for 24 h. After that, the collected celexe stained with PI (50g/mL) in
the presence of RNAase A (106/mL) for 30 min at 37 °C, and then analyzed using

the flow cytometer.

4.13. Western blot assay

The effects of compleRul Q-2 on expression levels of proteins associated with
caspase, Bcl-2 family, cytochronte DNA damage and cell cycle were analyzed by
western blot assay. The western blot assay wasrpsztl as previously described

CTM

[46,59]. The protein bands were visualized usinger@iDo XRS+ Imaging

System (Bio-Rad, USA).

4.14. The in vivaoxicity assay

The in vivotoxicity of complexRul Q-2 was assessed on developing zebrafish
embryos. Zebrafish embryos were provided by therafedh Platform of Affiliated
hospital of Guangdong Medical University. Zebrafisimbryos were incubated in
12-well plates with 2 mL embryo water containingfaetient concentrations of

RulQ-2 (0, 2, 4, 8, 16 and 3@M) at 28.0 + 1.0C. Each group has 12 zebrafish
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embryos. The development of zebrafish embryos wesged under a DFC310 FX
microscope (Leica Microsystems CMS GmbH, Germarngre 24 h. The ethical
protocols used for thim vivo zebrafish embryo study were conducted in line vihin
ethics regulations of Guangdong Medical University.

All assays were performed at least three timesafiraf the data were expressed

as the mean + SD.
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Resear ch highlights
Two new cyclometalated Ru(ll) complexes were synthesized and characterized.
RulQ-1 and RulQ-2 display higher activities than that of cisplatin against
NCI-H460 cells.
Rul Q-2 exhibits low toxicity toward zebrafish embryosin vivo.
The mitochondrial membrane potentia, ROS and DNA damage were
investigated.
The cellular uptake, cell cycle arrest and apoptosis-inducing mechanism were

explored.
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