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Abstract: Six  N-phenylcarbazole/triphenylamine-appended  half-sandwich iridium(l1I)
2-phenylpyridine complexes ([(7°-Cp*)Ir(C”N)CI]) were prepared and characterized. Compared
with cisplatin, these complexes exhibited potential antitumor activity against A549 and Hela
tumor cells, with ICsq values (half-maximum inhibitory concentration) that changed from 2.8 £ 0.8
uM to 395 + 2.7 uM, and could block the migration of tumor cells. These complexes also
effectively bound to protein (binding constant: ~10* M™) and were transported through serum
proteins, catalyzed the oxidation of coenzyme nicotinamide-adenine dinucleotide. Additionally,
laser confocal microscopy and flow cytometry confirmed that these complexes possessed a
non-energy-dependent cellular uptake mechanism, effectively accumulated in lysosomes (Pearson
colocalization coefficient: ~0.74), damaged the integrity of acidic lysosomes, led to a change in
the mitochondrial membrane potential, disrupted the cell cycle (Go/G; phase), and eventually
induced apoptosis. Above all, these complexes are potential antitumor agents with dual functions:
metastasis inhibition and lysosomal damage.

Keywords: Iridium(l11) complexes; Antitumor; Metastasis inhibition; Lysosomal damage

1. Introduction

Lysosomes, which are acidic intracellular organelles (pH: 4.5-5.5), are related to many
cellular processes, including apoptosis, cell migration, metabolism, plasma membrane repair and

the extracellular release of active enzymes [1,2]. In tumor cells, lysosomes are more numerous,
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less stable and show better cathepsin activity than that in normal cells, which can degrade almost
all kinds of biomacromolecules through the actions of more than 50 acid hydrolytic enzymes [3].
Interestingly, studies indicated that weakly basic drugs could effectively accumulate in lysosomes,
induce lysosomal swelling and rupture, and eventually, lead to lysosomal membrane
permeabilization (LMP) [4]. In general, LMP causes the release of cathepsins and other hydrolases
from the lysosomal lumen to the cytosol, thus inducing apoptosis or necrotic cell death [5]. Above
all, lysosomes are attractive targets for the selective killing of tumor cells [6-7]. Agents that can
interact with lysosomes, show promise for the development of novel and potent antitumor drugs.
Due to their unique antitumor mechanisms, including the inhibition of multiple protein

activities and involvement in cellular redox reactions, iridium(lH1) (Ir'™") complexes have recently

emerged as promising alternatives to platinum-based metallodrugs (cisplatin, carboplatin and

oxaliplatin etc.) [8-11]. Among these, half-sandwich Ir™" complexes have attracted particular

attention because of their favorable stability and antitumor activity [12-14]. The general formula

"' complexes can be expressed as [(;°-Cp*)Ir(L"L)CI], where Cp* represents

for half-sandwich Ir
the electron-rich pentamethylcyclopentadienyl or its derivatives (e.g., phenyl, biphenyl), LAL is
various chelating ligands (e.g., N*N, C*N, N*O and C*0), and Cl is the leaving group. Due to the
easy modification of L"L ligands, a large number of weakly basic groups containing free electron
pairs, e.g., morpholine [15], benzimidazole [16, 17], rhodamine [18], S-carboline [19], and

imine-N-heterocyclic carbene [7], have been introduced into Ir'"

complexes and used as
lysosome-targeted and real-time tracking drugs, achieving ideal results.

Triphenylamine (TPA), N-phenylcarbazole (PhCz) and their derivatives, which are typical
hole-transporting and light-emitting materials, are widely used in organic light-emitting diodes
(OLEDSs) [20], perovskite solar cells (PSCs) [21-23], electrostatic copying devices (OFETSs) [24]
and electrostatic photocopying [25], etc. Additionally, these materials show promise for
applications in the biological probe and drug-targeting fields due to their favorable luminescent
properties, e.g., low excitation energy, high fluorescence quantum yield, suitable energy level,
favorable light and thermal stability. TPA-based spirobifluorene (SPF-TSA) enabled the
fluorescent imaging of both probe and mercury ions in cells by two-photon microscopy and
possessed excellent indicator properties within the acidic pH range [26, 27]. TPA-modified

cyclometalated Ir™" phenanthroline complexes could effectively induce the production of singlet
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oxygen (‘O,) after 730 nm laser irradiation and acted as an effective phototherapy drug against
HelLa cells [28]. In view of the favorable application prospects of triphenylamine in biological

probes and anticancer complexes, PhCz/TPA-modified half-sandwich Ir'"

phenylpyridine
complexes were synthesized and characterized (Figure 1). The antitumor activity of these
complexes against A549 (human lung cancer cells) and HeLa (human cervical cancer cells) cells
was assessed by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide) assay, and
the antitumor mechanism was studied through flow cytometry. Due to the favorable target

fluorescent properties, laser confocal technology was used to investigate the cellular uptake and

target sites in cells. Above all, PhCz/TPA-appended Ir'""' complexes are potential antitumor agents
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Figure 1. Structures of C*N chelating ligands (L1-L3) and target complexes (1-6).

2. Results and discussion

The synthetic strategy for PhCz/TPA-modified phenylpyridine (C*N) chelating ligands (L1-L.3)

and target Ir""

complexes (1-6) is described in Scheme 1. Among these, L1-L3 were synthesized
by brominated PhCz/TPA (M1) and 4-(2-pyridyl)phenylboronic acid (M2) with good vyields
(>80%) through the classical Suzuki reaction (palladium tetraphenylphosphine [Pd(PPhs)s] as
catalyst, anhydrous potassium carbonate (K,COs) as acid binding agent) [29]. Target Ir"
complexes were obtained by the reaction of iridium dimers (Dimer 1 and 2) and C*N chelating
ligands (L1-L3), and sodium acetate (NaOAc) used as the acid extractor [30]. Structures and

compositions of chelating ligands and target complexes were confirmed by *H NMR, elemental
3



analyses, mass spectroscopy (MS) analyses, and **C NMR. Chloroform-d (CDCls, 7.26 ppm) was
used as a solvent for testing the "H NMR spectrum of Ir'"" complexes. Hydrogen atoms of the five
methyl groups on cyclopentadienyl (Cp) were shown in the range of 1.59 to 1.90 ppm in the *H
NMR spectrum, the methoxyl of TPA groups was present at 3.81 ppm, and hydrogen atoms on the

"' complexes used multiple solvents

benzene and pyridine were in the range of 6.5 to 9.0 ppm. Ir
such as dichloromethane (5.30 ppm) and acetic acid (2.10 ppm) in the synthesis and purification
processes, which showed certain amounts of residue in the '"H NMR spectrum. The MS data

agreed well with the results of the theoretical calculation (chloride ion loss).
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Scheme 1. Design strategy of chelating ligands and target Ir'"

complexes.

Single crystals suitable for X-ray diffraction analysis were obtained by the slow diffusion of
n-hexane into a saturated tetrahydrofuran solution of [(°-CsMes)Ir(L2)CI] (complex 3). The
X-ray crystal structure is illustrated in Figure 2, and the crystallographic data are listed in Tables
S1 and S2. Complex 3 shows the expected half-sandwich “three-leg piano-stool” geometry, and
the terminal TPA group exhibits a “propeller” shape with dihedral angles of 65.71, 74.41 and
75.29°. Additionally, the angle between P1 (benzene ring of phenylpyridine) and P2 (benzene ring
of TPA) is 34.87°. The smaller angle ensures the good coplanar property of the chelating ligand
and further improves its electron donor ability. The distance from the central iridium ion to the
cyclopentadiene ring is 1.832 A, and the bond distances of Ir-N1, Ir-C7 and Ir-C1l are 2.095,
2.028 and 2.411 A, respectively. The longer bond lengths correspond to the notion that the Ir-Cl

bond is the active center for half-sandwich Ir'” complexes [12].



It is worth noting that the stability of complexes in solution is closely related to their
biological activity [12]. Therefore, the stability of complexes 1-6 in a mixture of 20% MeOH/80%
phosphate buffered saline (PBS: pH = 7.2, PBS is prepared from H,O) were evaluated by

ultraviolet-visible spectra at 25 °C. As shown in Figure S1, complexes did not show significant

changes within 8 h, which indicating that Ir"" complexes are fairly stable and provide conditions

for subsequent biological assays.

Figure 2. Molecular structure of complex 3 (Hydrogen atoms have been omitted for clarity).
2.1.  Cytotoxicity and antimetastatic assay

The antitumor activity of PhCz/TPA-appended half-sandwich Ir""

phenylpyridine (PhPy)
complexes against A549 (human lung cancer) and HeLa (human cervical cancer) cells was
ascertained by the MTT assay after 24 h of treatment. The I1Cs, values (concentration when 50%
cell growth was inhibited) of complexes 1-6, cisplatin, and complexes 7 and 8 (Scheme S1,
half-sandwich Ir'"" 2-phenylpyridine complexes) are listed in Table 1. These complexes showed
better antitumor activity, the best of which (complex 1) was nearly eight times that of cisplatin
(widely used in the clinic) under the same conditions. Additionally, compared with the iridium
dimers (Dimer 1 and 2), chelating ligands (L1-L3) and complexes 7 and 8 , target complexes

exhibited better antitumor activity (Table S3), which confirms that the introduction of a PhCz/TPA

unit is beneficial for improving the antitumor activity of these complexes.

Table 1. ICsq values of complexes and cisplatin against A549, HeLa and BEAS-2B cells.

ICs0 (uM)
Complex
A549 HelLa BEAS-2B
[(7°-CsMes)Ir(L1)CI] (1) 2.8+0.8 1.6+0.2 1.9+0.1
[(7°-CsMesCgHs)Ir(L1)CI] (2) 23.0+0.7 7.3+1.6 7.0+1.5
[(7°-CsMes)Ir(L2)CI] (3) 7.4+0.1 2.5+0.1 1.6+0.5




[(7>-CsMesCeHs)Ir(L2)CI] (4) 39.5+2.7 40.6+2.8 45.7+1.4
[(7>-CsMes)Ir(L3)CI] (5) 3.540.1 1.3+0.1 1.740.2
[(7>-CsMesCeHs)Ir(L3)CI] (6) 13.0£0.5 8.620.6 11.8+2.4
[(7>-CsMes)Ir(PhPy)CI] (7) 27.6+0.6 35.6+1.6 17.1+4.9
[(17°-CsMesCqHs)Ir(PhPY)CI] (8) 8.5+1.4 11.0+0.1 11.9+0.7
Cisplatin 21.3+x1.7 7.510.2 38.4+2.8

Footnotes: The type of analysis is sample repeat; Exposure time is 24 h; A549 and HeLa cells are cancer cells, and

BEAS-2B: non-malignant human bronchus epithelial cell line; Each is repeated at least three times.

Additionally, complexes containing a pentamethylcyclopentadienyl (;°-CsMes) ring
(complexes 1, 3 and 5) showed better antitumor activity than that of the corresponding phenyl
analogues (;°-CsMe4CgHs, complexes 2, 4 and 6). To understand these results, quantum chemical
computation was used for assessment after comprehensively considering the crystal structure of
complex 3. As shown in Figure S2, the natural population analysis (NPA) data for the central
iridium atom and the leaving group (CI) were analyzed by density functional theory (DFT)
calculation at the B3LYP/6-31G(d, p) (C, H, N, CI)/SDD (Ir) level [31, 32]. The NPA charge
population for Cl was almost the same, with values of -0.373 and -0.374; however, that of Ir was
0.078 and 0.147 in complexes 3 and 4, respectively. Obviously, the lower the charge of the central
iridium ion for complex 3, the more vulnerable it is to loss of the chloride ion, and the better the
anticancer activity [12]. Inductively coupled plasma mass spectrometry (ICP-MS) indicated that
the values of logP (partition coefficient in oil/water) were -0.19 and -0.75 for complexes 3 and 4,
respectively. The cumulative amount (equivalent concentration) of these complexes in A549 cells
after 12 h incubation was measured. The cell accumulation of complexes 3 and 4 were 85.6 and
39.8 (ppb/10° cells), respectively. All these indicate that improved lipid solubility is beneficial for
enhancing the antitumor activity of these complexes (1, 3 and 5 > 7); however, “going too far is as
bad as not going far enough”, and overlarge lipid solubility was unfavorable to the improvement
of antitumor activity (1>2; 3>4; 5>6; 2, 4 and 6<<8), which provides a basis for the design of
these complexes. The cytotoxicity of target complexes was further evaluated toward human lung

epithelial cells (BEAS-2B, Table 2). However, the results were unsatisfactory, and there was no



significant selectivity between tumor cells and normal cells. Hence, more structural modification
is necessary in future work to decrease the cytotoxic action against normal cells without loss of
potential antitumor activity.

In general, tumor cell metastasis refers to the process of continuing to grow from the primary
site through lymphatic vessels, blood vessels or body cavities to other normal sites; therefore,
metastasis inhibition is an effective means of tumor treatment. Wound healing assays are an
effective approach to assess the antimetastatic capacity of target complexes [33]. As shown in
Figure 3, A549 cells treated with or without complexes 1 and 2 (0.25 x 1Cg) for 24 h, and the
middle area between two blue lines (“Wound”) is clear of tumor cells. In the absence of target
complexes (Control), the wound closure ratio (WCR = (R¢-R1)/R¢*x100%) significantly improved
after 24 h (WCR: 25.00%), which confirmed the migration characteristics of tumor cells. However,
after the addition of complexes in this wound area, especially for 1, the WCR value (9.47%) was
relatively inhibited. This conclusion is consistent with the results of the MTT assay (1 showed
better antitumor activity than 2) and also confirms that these complexes have a potential effect on

the migration of cancer cells, which is helpful for tumor therapy.

Complex 1 Complex 2

20.98

Control Complex 1 Complex 2
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Figure 3. Wound healing assay of A549 cells treated with or without complexes 1 and 2 (0.25 x ICsp) for 24 h. (a)
Typical images were taken at 0 and 24 h. The widths of wounds are indicated with red lines. (b) Quantification of

wound closure ratio.



2.2.  Protein Binding assay

Serum albumin (SA), which is plentiful in blood plasma, plays an indispensable role in drug
transport and supersession. Interactions between drugs and SA are helpful for understanding the
intracellular situation [34]. Due to its structural homology with human serum albumin (HSA),
bovine serum albumin (BSA) offers a cost-effective model for protein binding; therefore, it was
utilized to study the binding characteristics with target complexes in this study.

As shown in Figures 4a and S3, the UV-vis absorption of BSA (10.0 xM) with or without target

|r”|

complexes in Tris-HCI buffered solution (trishydroxymethylaminomethane- hydrochloric acid,
pH = 7.2) possesses two absorption peaks. With the increase in complexes (0-10.0 uM), the
maximum absorption at 228 nm (the absorption of BSA) decreased, which indicated that these
complexes can act on BSA and induce a-helical interference. Meanwhile, a significant red shift
(~6 nm) was found at 228 nm due to the influence of water (polar solvent). The absorption at 278
nm increased with the addition of complexes, which is related to the presence of three major
amino acid residues (tryptophan, tyrosine and phenylalanine) in BSA. Therefore, simultaneous
fluorescence spectra were utilized to ascertain the detailed changes of the microenvironment
around BSA under similar conditions. In this study, tyrosine and tryptophan residues of BSA were
detected through the wavelength intervals of 44 = 15 nm and 60 nm by synchronous fluorescence,
respectively [35]. The weaker intensity of fluorescence at 291 nm and 285 nm (A4 = 15 nm and 60
nm, respectively) for complexes 1-6 is shown in Figures 4c, 4d, S4 and S5. Interestingly, a minor
blue shift (~3 nm) is found at AA = 60 nm; however, almost no change occurs at the wavelength of

A4 =15 nm, which indicates that target complexes can affect the conformation of the tryptophan

microregion in BSA, in addition to tyrosine [36].
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Figure 4. (a) UV-vis spectrum of BSA (10.0 uM, 50.0 mM Tris-HCI, 50.0 mM NaCl, pH = 7.2) reacted with
complex 1 (0-10.0 «M). Inset: Wavelengths from 260 to 300 nm; (b) fluorescence spectra of BSA (10.0 uM; hey =
280 nm; Ae, = 350 nm) in the absence and presence of complex 1 (0.0-10.0 xM); synchronous spectra of BSA
(10.0 uM) with the addition of complex 1 (0.0-10.0 pM) with wavelength differences of AL = 15 nm (c) and AL =

60 nm (d). The arrow shows the changes in intensity with increased complexes.

The interaction between target complexes and BSA was further confirmed by the
fluorescence quenching phenomenon of BSA [37]. As shown in Figures 4b and S6, with the
addition of target complexes, the fluorescence intensity of BSA rapidly quenched. Generally, the
quenching mechanism can be ascertained by the classical Stern-Volmer equation (Equation 1)
[38]:

Fo/F =1+ K, [Q] =1+ K;70[Q] @

where Kq and K, represent the Stern-Volmer quenching rate constant and quenching constant
(obtained by the slope of the Stern-Volmer equation, Figure S7), Foand F are the steady-state
fluorescence intensities without or with target complex, 7, is the average life span of fluorophore
without complex (10 s) and [Q] is the concentration of complex. As shown in Table 2, the linear

fitting Stern—Volmer plots represent a single quenching mechanism. The values of K, (changed
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from 0.76 x 10" to 1.45 x 10" M's™) are far greater than the limit of the dynamic quenching
mechanism (2.0 x 10" M™s™), which indicates that these Ir""' complexes bind to BSA followed by
the static quenching mechanism [39]. Additionally, the binding constant (Ky) and the numbers of
binding sites (n) can be obtained through the Scatchard equation [40] (Equation 2):

log[(Fy — F)/F] = log K, + nlog[Q]  (2)

The binding constant K, reflects the degree of interaction between target complexes and BSA,
and the values of n are the numbers of binding sites. As shown in Figure S8, K, and n are the data
after the linear fitting of log((Fo - F)/F) vs log[Q]. As shown in Table 2, the values of n are almost
the same (~1) for all complexes, which is consistent with the results showing that the binding
between BSA and Ir'™" complexes can affect the conformation of the tryptophan microregion. In
addition, the binding constants (K,) of complexes 1, 3 and 5 are a little bigger than those of
homologous phenyl-modified complexes (2, 4 and 6), respectively, which is also consistent with
the results of the cytotoxicity test. Above all, BSA may be an excellent carrier for the delivery of
these complexes in vivo.

Table 2. The values of K, Ky, Kqand n for complexes 1-6 at 298 K.

Complex  Kg (10°M™) Kq(10®M1s™) K, (10°M™Y) n

1 1.20+0.20 1.20 10.16 1.05
2 1.11+0.21 1.11 7.99 1.08
3 1.45+0.15 1.45 9.42 1.13
4 0.76+0.10 0.76 5.68 1.10
5 1.55+0.19 1.55 9.44 1.18
6 1.16+0.16 1.16 8.75 1.09

2.3.  Biocatalytic assay

The reduced state of nicotinamide adenine dinucleotide (NADH) is a control marker of the
energy production chain in mitochondria. Studies show that NADH can transfer hydrogen to
transition metal complexes and promote the production of reactive oxygen species (ROS, '0,),
which manifests as an antitumor mechanism of oxidation [41, 42]. The interaction between target
complexes and NADH was determined by the UV-vis spectrum. As shown in Figures 5a and S9,

the maximum absorbance of NAD" (oxidation state of NADH after hydrogen loss catalyzed b
ydrog y y
10



target complexes) and NADH can be determined at 259 and 339 nm; meanwhile, a significant
increase and decrease occur at 259 nm and 339 nm with the increase in target complexes, which
confirms the catalytic characteristics of these complexes with the change of NADH/NAD".
Additionally, these changes can be effectively expressed by the turnover numbers (TONs, Figure
5b); the values of TONSs for complexes 1, 3, and 5 (;7°-CsMes) are significantly larger than those of
phenyl-modified complexes 2, 4, and 6 (7°-CsMe4CeHs), which is consistent with the results of the

cytotoxicity test: the larger the TONS, the better the antitumor activity.
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Figure 5. (a) UV-vis spectra of NADH (100.0 pM) with complex 1 (1.0 pM) in 20% MeOH/80% H,0O (v/v) at 298
K for 8 h. The arrows show the changes in the absorbance spectra over time. (b) TONs of target complexes.

" complexes after 24 h,

The levels of ROS in A549 cells, generated by the catalysis of these Ir
were identified by flow cytometry [43]. As shown in Figure S10, the levels of ROS are nearly 1.16
and 1.08 times that of the negative control for complexes 1 and 2 at the concentration of 0.50
x|Csp, respectively. Compared with complex 2, the higher ROS levels induced by complex 1 are
consistent with the conclusion that complex 1 possesses better antitumor activity. However, the
minor TONs and ROS levels also confirmed the limited biocatalysis performance of these
compounds.

2.4.  Apoptosis assay

To determine whether these Ir'"' complexes could induce apoptosis, A549 cells were treated with

complexes 1 and 2 at the concentrations of 0.5 x ICsq, 1.0x 1Csq, 2.0x ICs0 and 3.0x 1Cs, for 24 h

and then analyzed by flow cytometry [44]. As shown in Figure 6, complexes 1 and 2 can induce

apoptosis in a dose-dependent manner and chiefly affect late apoptosis. At the maximal incubated
11



concentration (3.0 x ICsp), the proportions of late apoptosis caused by complexes 1 and 2 were
65.85% and 66.71%, respectively (Tables S4 and S5). However, ~93% cells survived in the

control group under the same conditions. This conclusion further confirmed that target Ir'"

complexes can induce the functional decline of tumor cells and lead to apoptosis. Additionally, Ir'"
complexes can exert their antitumor effects and induce functional decline by disrupting the cell
cycle [45]. As shown (Figure S11, Tables S6 and S7), complexes 1 and 2 mainly lead to 63.89%
and 60.15% cell arrest in the Go/G; phase, respectively, compared with the negative control, which

increased by 7.87% and 3.29%. The results indicate that these Ir'" complexes may restrain the

proliferation of A549 cells by cell cycle arrest and, eventually, induce apoptosis.
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Figure 6. Apoptosis analysis of A549 cells after exposure to complexes 1 and 2 for 24 h at 310 K and determined

by flow cytometry using Annexin VFITC/PI staining.

Mitochondria play an irreplaceable role in apoptosis due to their ability to provide biological
energy to cells. The decrease of the mitochondrial membrane potential (MMP) is a key indicator
of cell apoptosis [46, 47]. The effects of complexes 1 and 2 on MMP were assessed by JC-1
(5,5',6,6"-tetrachloro-1,1',3,3'-tetraethylbenzimidazolylcarbocyanine iodide), an ideal fluorescent
probe for detecting MMP with red and green fluorescence representing a high and low
mitochondrial membrane potential, respectively. As shown in Figure 7, the green fluorescence
increased, while the red fluorescence decreased with the addition of complexes 1 and 2. The
percentages of cells with mitochondrial membrane depolarization increased by 62.40% and 62.28%

for complexes 1 and 2, respectively, with concentrations changing from 0.5 x ICsq to 2.0 x ICx

12



(Tables S8 and S9). The increase in the JC-1 green/red fluorescence intensity ratio further

confirmed that these Ir'" complexes can induce a change in MMP, leading to apoptosis.
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Figure 7. The loss of MMP induced by complexes 1 and 2 at the concentrations of 0.5 x 1Csq, 1.0 X ICsy and 2.0 x

I1C5q using JC-1 staining. The red aggregates and green monomers are gated.

2.5.  Cellular uptake mechanism and cellular localization

Favorable cellular uptake mechanism is beneficial to improve the antitumor activity of drugs
[48]. The cellular uptake mechanism of complexes 1 and 2 in labeled A549 cells was assessed by
laser confocal microscopy. Cellular uptake mechanisms are mainly divided into two types:
energy-dependent  mechanisms  (including active transport and endocytosis) and
non-energy-dependent mechanisms (including passive transport and free diffusion) [49]. In this
study, A549 cancer cells were incubated with complexes 1 and 2 (10 M) at 310 K and 277 K and
then treated with chlorocyanochlorophenyl (CCCP, metabolic inhibitor, 50 xM) and chloroquine
(endocytosis modulator, 50 «M) to ascertain the cell uptake mechanism. Compared with control
treatment, there were no significant changes (Figure S12), which indicated that these complexes
enter tumor cells, followed by a non-energy-dependent pathway [50].

Due to the favorable targeted luminescence properties of these complexes, laser confocal
microscopy was also utilized to determine the co-localization of complexes 1 and 2. In this study,
Lysol Tracker Deep Red (LTDR) and Mito Tracker Deep Red (MTDR) were used as the lysosome
and mitochondria fluorescent probes, respectively [51, 52]. As shown in Figure 8, complexes 1

and 2 effectively accumulated in lysosomes with Pearson Colocalization Coefficient (PCC) values
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of 0.81 and 0.70, respectively, after incubation for 1 h; however, the values for mitochondria were
almost negligible (-0.03 and -0.13, respectively). These results indicate that the introduction of a
weakly basic PhCz/TPA unit at the end of C~N chelating ligands (containing electron-rich
nitrogen atoms) is beneficial for targeting acidic lysosomes (pH = 4.5-5.5) for these complexes.
Interestingly, these complexes do not cause abnormal cell death immediately, which makes it easy

to track the changes in cells in real time.

Brightfield probes

LTDR
| MIDR

Overla
‘PCC: 0.8%/

Complex

“

Figure 8. The intercellular localization of complexes 1 and 2 was determined by confocal microscopy after 1 h

of incubation. Complexes were excited at 488 nm and collected at 520-580 nm. LTDR was excited at 594 nm

and collected at 600-660 nm. MTDR was excited at 543 nm and collected at 660-720 nm.

Lysosomal damage, a process known as lysosomal membrane permeabilization, can lead to
the release of cathepsins and other hydrolases from the lysosomal lumen to the cytosol, thus
inducing apoptosis [53]. In general, acridine orange (AO) is usually used to determine the integrity
of lysosomes [54-56]. Green fluorescence and red fluorescence represent the binding of AO to
RNA in the nucleus or cytoplasm and aggregation in the lysosome, respectively. As shown in

Figures 9 and S13, lysosomes showed obvious red fluorescence after A549 cells were treated with
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only AO (5.0 uM), which indicates the integrity of lysosomes. However, red fluorescence was
quickly quenched after exposure to complexes 1 and 2 at concentrations ranging from 1.0 x ICsq
to 3.0 x ICsg, which is the result of increased lysosomal damage. This result is mainly attributable
to the introduction of a PhCz/TPA unit, which increased the total alkalinity of target complexes,
leading to the accumulation and further damage to the integrity of acidic lysosomes while also
explaining the change of MMP. This result indicates that target complexes can induce apoptosis by
exerting lysosomal damage.

Control

1.0 x ICy,

Figure 9. Lysosomal damage in A549 cells caused by complex 1 with AO (5.0 xM) staining.

3. Conclusion

Six PhCz/TPA-appended half-sandwich Ir'"' phenylpyridine complexes were prepared and
characterized. The introduction of the PhCz/TPA unit effectively increased the antitumor activity
of these complexes against A549 and HeLa tumor cells, the best of which had activity nearly eight
times that of clinical cisplatin and effectively blocked the migration of cancer cells. These
complexes can effectively bind to protein, undergo transport through serum proteins, and catalyze
the change of NADH to NAD", leading to the increased ROS levels in cells. Additionally, flow
cytometry and laser confocal microscopy confirmed that these complexes possessed a

non-energy-dependent cellular uptake mechanism, effectively accumulated in lysosomes and
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damaged the integrity of acidic lysosomes, disrupted the cell cycle, induced a change in the
mitochondrial membrane potential, and eventually, induced apoptosis. Above all,
PhCz/TPA-appended half-sandwich Ir'"" phenylpyridine complexes are potential antitumor agents

with dual functions: metastasis inhibition and lysosomal damage.

4. Experimental

4.1.  General Information

IrCl;-3H,0, 1,2,3,4,5-pentamethyl-cyclopentadiene (95%), n-butyl lithium (1.6 M in hexane),
2,3,4,5-tetramethyl-2-cyclopentenone (95%), 2-(4-bromophenyl)pyridine, carbazole, Palladium
tetraphenylphosphine, triisopropyl borate, sodium acetate, N-bromosuccinimide, triphenylamine,
N,N’-di(4-methoxyphenyl)phenylamine, 1-bromo-4-iodobenzene were purchased from Ruiya
Biotechnology Co., Ltd. 4-bromotriphenylamine, 4-bromo-N, N'-di(4-methoxyphenyl)phenylamine,
N-(4-bromophenyl)carbazole (M1) were synthesized according to the literature [57]. 2-pyridyl
phenylboronic (M2) was synthesized through 2-(4-bromophenyl)pyridine and triisopropyl borate
according to the literature [58]. Fetal bovine serum, Nicotinamide adenine dinucleotide,
penicillin/streptomycin mixture, trypsin/EDTA, and phosphate-buffered saline (PBS) were
purchased from Sangon Biotech. A549 (lung cancer) and HeLa (human cervical cancer) cells were
obtained from Shanghai Institute of Biochemistry and Cell Biology (SIBCB). Dimers 1 and 2,
complexes 7 and 8 were synthesized according to the methods of literatures [12] (Scheme S1), the
data were shown in supporting information.

NMR spectra were obtained on Bruker DPX 500 spectrometers instrument. Mass spectrum
(ESI-MS) was measured on a LCQ Advantage MAX mass spectrometer. Elemental analysis was
performed on a VarioMICRO CHNOS elemental analyzer. UV-vis spectroscopy was performed on
a PERSEE TU-1901 UV spectrometer. Fluorescence spectra were collected by a Hitachi F-4600
fluorescence spectrophotometer, with a 400 V voltage and 5 nm slit width for both excitation and
emission. Induction of apoptosis, cell cycle and mitochondrial membrane potential (MMP)
determination were carried out by an ACEA Novocyte2040R flow cytometry. Viability assay
(MTT) was measured using a Perlong DNM-9606 microplate reader at an absorbance of 570 nm.
Cell uptake and cellular localization were carried out on a Carl Zeiss AG */LSM/880NLO two

photon laser Scanning microscope.
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The spectrograms of target complexes, the methods of biological performance testing are all
shown in Supporting Information.
4.2.  Synthesis
Synthesis of chelating ligands (L1-L3)

C”N chelating ligands were obtained by the classical Suzuki reaction (Scheme 1); the general
process is listed as follows: The corresponding brominated PhCz/TPA (4.0 mmol),
4-phenylpyridine-2-boronic acid (4.8 mmol, 0.96 g), palladium tetraphenylphosphine (0.08 mmol,
0.14 g), anhydrous potassium carbonate (8.0 mmol, 1.11 g), 60 mL of toluene and 12 mL of
deionized water were added to a 100 mL flask under N, and stirred at 383 K for 12 h. The product
was extracted with dichloromethane (30 mLx3) and distilled under reduced pressure. Then, the
product was purified by chromatography on a silica gel column (petroleum ether: ethyl acetate
=15:1 as eluent), and the pure target chelating ligands were obtained. The *H NMR spectrum, **C
NMR spectrum and ESI-MS of L1-L3 are presented in Figures S14, S16 and S18. The data were
as follows:

L1. Yield: 1.35g (86%). '"H NMR (500 MHz, CDCls) & 8.75 (d, J = 4.6 Hz, 1H), 8.17 (t, J = 7.0
Hz, 4H), 7.90 (d, J = 8.3 Hz, 2H), 7.82 (t, J = 7.2 Hz, 4H), 7.67 (d, J = 8.2 Hz, 2H), 7.50 (d, J =
8.2 Hz, 2H), 7.44 (t, J = 7.6 Hz, 2H), 7.31 (dd, J = 15.6, 8.3 Hz, 3H). *C NMR (126 MHz, CDCl,)
0 156.89, 149.79, 140.86, 140.75, 139.63, 138.62, 137.14, 136.90, 128.49, 127.52, 127.48, 127.40,
126.03, 123.49, 122.29, 120.54, 120.38, 120.06, 109.88. ESI-MS (m/z): calcd for Co9H,oN,, 396.2;
Found 397.2 [M+H]".

L2. Yield: 1.29g (81%). ‘H NMR (500 MHz, CDCls)  8.72 (d, J = 4.8 Hz, 1H), 8.07 (d, J = 8.4
Hz, 2H), 7.78 (d, J = 4.0 Hz, 2H), 7.70 (d, J = 8.4 Hz, 2H), 7.54 (d, J = 8.7 Hz, 2H), 7.28 (dd, J =
8.4, 7.6 Hz, 5H), 7.17 — 7.11 (m, 6H), 7.04 (t, J = 7.3 Hz, 2H). **C NMR (126 MHz, CDCl;) &
157.07, 149.69, 147.64, 147.48, 141.19, 137.69, 136.81, 134.32, 129.33, 127.74, 127.30, 126.91,
124.53, 123.82, 123.05, 122.05, 120.40. ESI-MS (m/z): calcd for CygH2,N,, 398.2; Found 398.2
[M].

L3. Yield: 1.45g (83%). 'H NMR (500 MHz, CDCl3) & 8.76 (d, J = 4.3 Hz, 1H), 8.09 (d, J = 8.1
Hz, 2H), 7.85 (s, 2H), 7.70 (d, J = 8.2 Hz, 2H), 7.48 (d, J = 8.6 Hz, 2H), 7.34 (s, 1H), 7.10 (d, J =
8.8 Hz, 4H), 7.00 (d, J = 8.6 Hz, 2H), 6.85 (d, J = 8.9 Hz, 4H), 3.81 (s, 6H). *C NMR (126 MHz,

CDCl3) 5 156.03, 149.16, 142.01, 141.08, 140.75, 139.66, 138.38, 129.33, 127.52, 126.83, 126.76,
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124,58, 123.89, 123.10, 121.24, 120.51, 114.76, 55.52. ESI-MS (m/z): calcd for Cz;H202N5,
458.2; Found 459.2 [M+H]".
Synthesis of [(7>-Cp*)Ir(C*N)CI] (Complexes 1-6)

[(nS—CpX)IrCIz]Z (dimer, 0.05 mmol, 1 equiv, ), chelating ligand L (0.1 mmol, 2 equiv) and
sodium acetate (0.6 mmol, 10 equiv) in methanol (40 mL) were stirred at ambient temperature
overnight. The solvent was removed under reduced pressure, and 20 mL of dichloromethane was
added, after which the precipitate (sodium acetate) was removed by filtration. Most of the solvent
was concentrated to 2.0 mL under vacuum and kept at 253 K for 12 h, filtered and washed with
cold methanol and diethyl ether. The *H NMR, ESI-MS and *C NMR spectrum of complexes 1-6
are presented in Figures S15, S17 and S19. The data were as follows:

[(7°-CsMes)Ir(L1)CI] (1). Yield: 77.3 mg (85%). 'H NMR (500 MHz, CDCls)  8.74 (d, J = 5.2
Hz, 1H), 8.19 — 8.13 (m, 3H), 7.93 (d, J = 8.4 Hz, 2H), 7.88 (d, J = 8.1 Hz, 1H), 7.80 (d, J = 8.0
Hz, 1H), 7.72 — 7.68 (m, 1H), 7.65 (d, J = 8.4 Hz, 2H), 7.52 (d, J = 8.2 Hz, 2H), 7.44 (t, J = 7.7 Hz,
2H), 7.39 (dd, J = 8.0, 1.7 Hz, 1H), 7.31 (t, J = 7.4 Hz, 2H), 7.12 (dd, J = 9.5, 3.5 Hz, 1H), 1.75 (s,
15H). BC NMR (126 MHz, CDCIls) 6 166.90, 163.86, 151.45, 143.91, 142.00, 141.13, 140.96,
137.08, 136.62, 134.34, 128.68, 127.22, 125.97, 124.21, 123.41, 122.41, 121.44, 120.30, 119.91,
119.10, 109.98, 88.68, 9.08. Elemental Analysis: Found: C, 61.81; H, 4.60; N, 3.63%, calcd for C,
61.77; H, 4.52; N, 3.69%. ESI-MS (m/z): calcd for CgHasN,lIr: 723.2, Found: 723.3 [M-CI]".
[(7°-CsMe,CeHs)Ir(L1)CI] (2). Yield: 80.7 mg (82%). "H NMR (500 MHz, CDCl3) & 8.56 (d, J =
5.2 Hz, 1H), 8.17 (d, J = 7.7 Hz, 2H), 7.98 (d, J = 1.6 Hz, 1H), 7.87 (d, J = 8.0 Hz, 1H), 7.80 (d, J
= 8.1 Hz, 1H), 7.76 (d, J = 8.4 Hz, 2H), 7.67 (td, J = 8.1, 1.4 Hz, 1H), 7.57 (d, J = 8.4 Hz, 2H),
7.52 — 7.38 (m, 9H), 7.36 (t, J = 7.3 Hz, 1H), 7.33 — 7.29 (m, 2H), 7.02 — 6.96 (m, 1H), 1.90 (s,
3H), 1.79 (d, J = 3.5 Hz, 6H), 1.67 (s, 3H). *C NMR (126 MHz, CDCls) § 166.89, 162.89, 151.59,
143.79, 141.62, 140.92, 140.63, 137.17, 136.58, 133.92, 132.37, 131.02, 128.74, 128.45, 127.33,
127.09, 125.96, 124.30, 123.40, 122.43, 121.35, 120.31, 119.91, 119.11, 109.96, 98.33, 97.95,
86.26, 85.19, 83.83, 14.14, 10.36, 9.92, 8.97. Elemental Analysis: Found: C, 64.51; H, 4.50; N,
3.40%, calcd for C, 64.41; H, 4.42; N, 3.41%. ESI-MS (m/z): calcd for C44H3eNIr: 785.3, Found:
785.3 [M-CI]".

[(7°-CsMes)Ir(L2)CI] (3). Yield: 73.9 mg (81%). "H NMR (500 MHz, CDCls) 5 8.70 (d, J = 5.6

Hz, 1H), 8.04 (d, J = 1.7 Hz, 1H), 7.82 (d, J = 8.1 Hz, 1H), 7.71 (d, J = 8.1 Hz, 1H), 7.67 — 7.64
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(m, 1H), 7.60 (d, J = 8.6 Hz, 2H), 7.29 (d, J = 8.2 Hz, 5H), 7.15 (dd, J = 8.1, 4.5 Hz, 6H), 7.06
(ddd, J = 18.4, 10.9, 4.3 Hz, 3H), 1.71 (s, 15H). *C NMR (126 MHz, CDCI3) & 167.03, 163.64,
151.36, 147.80, 147.02, 143.09, 142.37, 136.98, 135.93, 133.81, 129.28, 127.98, 124.43, 124.12,
123.91, 122.84, 122.11, 120.93, 118.92, 88.57, 9.04. Elemental Analysis: Found: C, 61.71; H, 4.90;
N, 3.63%, calcd for C, 61.60; H, 4.77; N, 3.68%. ESI-MS (m/z): calcd for CsgHsgN,Ir: 725.3,
Found: 725.3 [M-CI]".

[(7°-CsMe,CeHs)Ir(L2)CI] (4). Yield: 81.9 mg (83%). ‘H NMR (500 MHz, CDCl5) & 8.49 (d, J =
5.6 Hz, 1H), 7.89 (d, J = 1.6 Hz, 1H), 7.81 (d, J = 8.0 Hz, 1H), 7.72 (d, J = 8.1 Hz, 1H), 7.64 —
7.60 (m, 1H), 7.45 (t, J = 7.9 Hz, 4H), 7.39 — 7.32 (m, 3H), 7.28 (d, J = 8.2 Hz, 4H), 7.14 (d, J =
7.6 Hz, 5H), 7.08 (d, J = 8.6 Hz, 2H), 7.03 (t, J = 7.3 Hz, 2H), 6.95 — 6.91 (m, 1H), 1.83 (s, 3H),
1.77 (s, 6H), 1.61 (s, 3H). *C NMR (126 MHz, CDCls) & 167.01, 162.64, 151.51, 147.75, 142.14,
137.00, 133.34, 132.34, 131.17, 130.93, 129.89, 129.23, 128.67, 127.80, 127.28, 126.42, 124.37,
124.19, 123.81, 122.79, 122.08, 120.92, 118.87, 96.68, 94.72, 89.67, 87.80, 85.92, 10.23, 9.88,
8.96, 8.90. Elemental Analysis: Found: C, 64.29; H, 4.80; N, 3.43%, calcd for C, 64.26; H, 4.66;
N, 3.41%. ESI-MS (m/z): calcd for C4sH3sN,lr: 787.3, Found: 787.4 [M-CI]".
[(7°-CsMes)Ir(L3)CI] (5). Yield: 80.7 mg (82%). *H NMR (500 MHz, CDCls) & 8.69 (d, J = 5.7
Hz, 1H), 8.02 (d, J = 1.6 Hz, 1H), 7.80 (d, J = 8.1 Hz, 1H), 7.69 (d, J = 8.1 Hz, 1H), 7.66 — 7.62
(m, 1H), 7.54 (d, J = 8.6 Hz, 2H), 7.24 (d, J = 1.7 Hz, 1H), 7.11 (d, J = 8.8 Hz, 4H), 7.07 - 7.04
(m, 1H), 7.00 (d, J = 8.5 Hz, 2H), 6.85 (d, J = 8.9 Hz, 4H), 3.81 (s, 6H), 1.70 (s, 15H). *C NMR
(126 MHz, CDCl3) 6 167.10, 163.58, 155.83, 151.32, 147.98, 142.76, 142.56, 141.04, 136.91,
133.84, 133.60, 127.74, 126.61, 124.08, 121.98, 120.76, 118.84, 115.82, 114.71, 88.53, 55.53,
9.02. Elemental Analysis: Found: C, 60.21; H, 5.10; N, 3.43%, calcd for C, 60.02; H, 4.91; N,
3.41%. ESI-MS (m/z): calcd for C4HyN,O,lr: 785.3, Found: 785.4 [M-CI]".
[(°-CsMesCgHs)Ir(L3)CI] (6). Yield: 88.9 mg (84%). ‘H NMR (500 MHz, CDCl5) § 8.48 (d, J =
5.3 Hz, 1H), 7.88 (s, 1H), 7.80 (d, J = 8.1 Hz, 1H), 7.70 (d, J = 8.1 Hz, 1H), 7.60 (dd, J = 11.2, 4.3
Hz, 1H), 7.46 (d, J = 7.0 Hz, 2H), 7.42 — 7.28 (m, 6H), 7.09 (d, J = 7.3 Hz, 4H), 6.92 (dd, J = 15.6,
8.5 Hz, 3H), 6.85 (d, J = 8.6 Hz, 4H), 3.81 (s, 6H), 1.82 (s, 3H), 1.77 (d, J = 0.8 Hz, 6H), 1.59 (s,
3H). *C NMR (126 MHz, CDCl3) & 166.04, 162.67, 150.45, 146.55, 146.36, 146.20, 141.59,
139.99, 135.94, 132.09, 131.33, 129.90, 128.59, 127.64, 126.54, 126.24, 125.52, 123.15, 120.94,

119.75, 119.64, 117.78, 113.64, 98.50, 95.34, 85.09, 84.68, 82.10, 54.49, 13.10, 9.17, 8.85, 7.87.
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Elemental Analysis: Found: C, 62.71; H, 5.10; N, 3.23%, calcd for C, 62.61; H, 4.80; N, 3.17%.

ESI-MS (m/z): calcd for CysH4,N,O,lr: 847.3, Found: 847.4 [M-CI]".
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Cp: pentamethylcyclopentadienyl

TPA: Triphenylamine
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Graphical Abstract

Dual functions of Iridium(l11) 2-phenylpyridine complexes: metastasis inhibition

and lysosomal damage

Xicheng Liu™*, Shujiao Chen™, Xingxing Ge, Ying Zhang, Yaoqi Xie, Yingying Hao, Daiqun Wu,

Jinmin Zhao, Xiang-Ai Yuan, Laijin Tian, Zhe Liu*

/ Nucleus

Lysosomal damage
N-phenylcarbazole/triphenylamine-appended  half-sandwich iridium(lll)  2-phenylpyridine
complexes exhibited potential anticancer activity against A549 and HeLa cells. Complexes could

enter cells followed by non-energy-dependent cellular uptake mechanism, accumulate in

lysosomes, lead to lysosomal damage and eventually induce apoptosis.
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Highlights
1. Triphenylamine derivatives-appended iridium complexes exhibit antitumor activity.
2. Complexes inhibit the migration of tumor cells and induce lysosomal damage.

3. Complexes disrupt the cell cycle and induce apoptosis.
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