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Imaging and proteomic study of a clickable
iridium complex†

Xiuxiu Wang,a Jingyi Zhang,b Xinyang Zhao,b Wei Wei *a and Jing Zhao *b

Iridium complexes have recently attracted increasing interest in

developing metallodrugs. Herein, we have synthesized and char-

acterized a clickable iridium hydride complex 2-N3. The cytotoxity

and production of reactive oxygen species study in A2780 cancer

cells indicated a potent anticancer activity of 2-N3. The ICP-MS

analysis and the cellular imaging via Cu(I) catalyzed azide–alkyne

cycloaddition suggested the accumulation of 2-N3 in the nucleus

and cytoplasm. Further label-free quantitative proteomic analysis

indicated that the ECM–receptor interaction pathway was activated

by 2-N3. The analysis of down-regulated proteins suggested that

2-N3 affected cellular DNA transcription, post-translational glycosyl

modification, and redox homeostasis. Besides, 2-N3 also damaged

several crucial proteins and enzymes in the mitochondria and

nucleus, leading to the disorder of the cellular processes. Our results

provide a new approach to mechanism studies of metallodrugs

combining click chemistry and proteomic analysis.

Introduction

Considerable progress has been made in the design and synthesis
of anticancer metallodrugs including platinum, ruthenium and
iridium complexes.1–3 Organoiridium complexes were selected for
their inert coordinative bonds and stable scaffolds.4,5 Iridium(III)
complexes were reported as potential anticancer agents bearing
various functional ligands with novel mechanisms, including
mitochondrial dysfunction,6 reactive oxygen species (ROS)
production3 and inhibition of tumor necrosis factors.7 Recently,
bidentate arylnitrone ligands (PBN), considered as an effective

radical scavenger,8 have been demonstrated to prevent neuro-
inflammation and possess potent anticancer activity.9–11

Cancer cells are constantly under high oxidative stress, and
change of intracellular ROS levels may significantly affect their
proliferation. This observation implies that cancer cells might
be preferentially eliminated by pharmacologically generated
ROS.12 The combination of organoiridium with PBN showed
excellent catalytic anticancer activity in HepG2 human liver
cancer cells, with an IC50 value about 26-fold lower than that of
the clinical drug cisplatin.13

Imaging study on the process of small molecule trafficking in
cells is an intuitive and visible approach for mechanism of
action studies, especially for metal-based anticancer agents.
The well-known clinical platinum drugs such as cisplatin or
carboplatin,14 are generally considered to be absorbed passively,
forming exchange-inert complexes with genomic DNA.15,16

Bierbach and co-workers imaged DNA-targeted platinum drugs
in cancer cells by confocal fluorescence microscopy via click
reaction of an azide functionalized platinum–acridine complex
with the alkyne dye Alexa Fluor 488, which showed that the
platinum acridine reagent primarily accumulated in the nucleus
of NCI–H460 cancer cells.17 Recently, a report on the post-
treatment modification of Pt(II) complexes by DeRose et al.
showed intense nuclear localization using the bioorthogonal
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Significance to metallomics
Recently, considerable progress has been made in the development of
metallodrugs. However, mechanism of action studies are a long standing
challenge due to their diverse interactions with different biomacromole-
cules. Herein we developed a clickable anticancer iridium complex 2-N3,
which can be imaged in cells via cellular click reaction. Furthermore,
proteomic analysis is of crucial importance for mechanistic
understanding. Through label-free quantitative proteomics analysis, we
found that pathways for expression of several crucial proteins and
enzymes and their related cell processes were significantly decreased or
damaged by Ir(III) complex 2-N3. Our results provide a new approach to
mechanism studies of metallodrugs combining click chemistry and
proteomic analysis.
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Cu(I) catalyzed azide–alkyne cycloaddition (CuAAC) reaction in
cells.18 Metal terpenoids by Lo et al. were another representa-
tive intracellular imaging of iridium(III) complexes in cells, as
Ir(III) was modified with a nitrone unit to perform a bioortho-
gonal reaction intracellularly.19 Therefore, post-treatment of
the Ir complex with azide modification, which can react with
alkyne-fluorophores via the Cu(I) catalyst later, seems to be a
promising approach in studying the mechanism and target
location of iridium metallodrugs.

In the current work, we designed, synthesized and charac-
terized an iridium hydride complex incorporating both an azide
group and a nitrone ligand. Based on previous work,13 we kept
the nitrone group free in PBN ligand. The cytotoxity and detec-
tion of ROS of 2-N3 in A2780 cancer cells were determined. The
cellular imaging was studied by fluorescence microscopy via
CuAAC reaction, and the proteomic analysis of 2-N3 treated cells
was investigated (Fig. 1).

Results and discussion
Cytotoxity assay of 2-N3

Firstly, we synthesized the iridium hydride complex 2-N3 with
free nitrone ligand and AMP ligand via C–H activation; the
synthetic route was summarized in Scheme S1 (ESI†). Crystal of
2-N3 suitable for X-ray diffraction analysis was also obtained
(Fig. 2a). Then the anticancer activity of 2-N3 was determined
toward various cancer cell lines and one healthy cell line.
Cytotoxicity research indicated that 2-N3 exhibited powerful
anticancer activity towards A2780 human ovarian cancer cells
with an IC50 value of 0.98 mM, while the nitrone ligand and
AMP ligand displayed no significant anti-proliferative activity
toward cancer cells, indicating that the combination of iridium
and nitrone ligand and AMP ligand was essential for anti-
proliferation (Table 1).

Mechanistic investigation

To explore the anticancer mechanism of 2-N3, the cellular
uptake and distribution of 2-N3 were studied first. After the
extraction of 2-N3 treated cell components including the nucleus,
mitochondria and cytosome, the iridium content was detected by
ICP-MS. The results indicated that 2-N3 was mainly accumulated
in the mitochondria (49.8%), cytoplasm (31.7%), and nucleus
(18.5%, Fig. 2b). The nucleus accumulation indicated that 2-N3

was able to penetrate the nuclear membrane. As 2-N3 showed
the highest content in mitochondria, fluorescence microscope
imaging of mitochondria was determined which displayed mito-
chondrial destruction in 2-N3 treated cells (Fig. 2d). Destruction
of mitochondria is often related to an imbalance of intracellular
redox levels, build-up of ROS, and an altered redox status in
cancer cells.12 Both fluorescence detection and flow cytometry
detection indicated that the over–production of ROS induced by
2-N3 might be one of the main causes for its potent anticancer
activity (Fig. 2c and Fig. S1, ESI†).

Imaging of 2-N3 in cells

To further identify the cellular location of 2-N3, a click reaction-
enabled imaging of 2-N3 in A2780 cancer cells was conducted based
on a recently reported CuAAC click reaction of post-treatment of
Pt(II) complexes in cells.18 The click reaction required an alkyne
fluorophore that was based on the common fluorochrome rhod-
amine. Encouraged by its apparent enhanced activity, we pursued
cellular localization studies using fluorescence microscopy by treat-
ing A2780 cells with 3 mM 2-N3 and labelling with alkyne-containing
rhodamine fluorophore under CuAAC catalytic conditions. Ir(III)
complexes with fluorophore probes were scattered in the mitochon-
dria, nucleus and cytoplasm (Fig. 3b), presenting multiple targets in
cancer cells in a visible way. Importantly, the Cu-free controls
displayed no fluorescence from nonspecific fluorophore interac-
tions. These promising imaging results displayed the promise of
complex 2-N3 for further localization studies by click chemistry.

Proteomic analysis of 2-N3 treated A2780 cells

Proteins, such as kinases and coenzymes, have become the
main targets of metal complexes.20 Meggers et al. reported that

Fig. 1 Summary of click reaction-enabled cellular imaging and proteomic
analysis of iridium hydride complex 2-N3.

Fig. 2 (a) X-ray crystal structure of complex 2-N3 with thermal ellipsoids
drawn at 50% probability. The hydrogen atoms and counter ions have
been omitted for clarity. (b) Cellular distribution of iridium contents in
A2780 cells after dealing with complex 2-N3 at 37 1C incubation for 3 h.
(c) ROS production in A2780 cancer cells treated with complex 2-N3 for 3 h
by flow cytometry detection, Rosup as positive control and non-treated cells
as a negative control. (d) Morphological change of mitochondria in 2-N3
treated cells (37 1C, 3 h) compared with non-treated cells. Mitochondria
were stained by Mito Track Green (MTG). Fluorescence channel: excitation
wavelength, 490 nm; emission collected, 512 nm. Scale bar: 5 mm.
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ruthenium and iridium complexes were found to be PIM2
kinase and TNF-a inhibitors.21,22 Recently, proteomics-based
studies by Keppler et al. have provided an excellent approach to
unveil the modes of action of ruthenium(arene) complexes.23,24

In the latest report, label-free quantitative proteomics revealed
NNMT as a master metabolic regulator of cancer-associated
fibroblasts.25 To further explore the anticancer mechanism, we
conducted label-free quantitative proteomics profiling. After
proteomic analysis, we found that the expression levels of 18
proteins were significantly increased in 2-N3-treated cells, while
8 proteins decreased (Fig. 4a and b).

Firstly, these different proteins were classified and analyzed
with Blast2GO for gene ontology (GO) annotation.26 The GO
database classifies functions in organisms into three categories:
the involved biological process (BP), the molecular function (MF),
and the cell component (CC). The results of Level 2 analysis
showed that the differentially expressed proteins were mainly
involved in cellular biological metabolic processes, binding
proteins and the cell part (Fig. 4c).

In bioorganisms, pathway analysis is the most direct and
necessary way to identify the biological processes of cells and
the mechanisms of action. To further understand the metabolic

or signalling pathways that drugs may be involved in, the
KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway
database, which contains information on metabolism, genetic
information processing, cellular processes, human diseases and
drug development, is commonly used for pathway screening
research.27 By annotating the KEGG pathway for the 26 proteins
that are significantly differentially expressed in 2-N3 treated
cells, we found that the pathways including amoebiasis disease
related pathway, ECM–receptor interaction, cancer, toxoplasmosis,
vitamin digestion and absorption and pyrimidine metabolism
pathways were affected by 2-N3 (Fig. 4d). In both amoebiasis
and ECM–receptor pathways, expression of laminin proteins
LAMC1 and LAMB2 increased, indicating ECM–receptor activa-
tion by 2-N3.

As described, the decreased proteins by 2-N3 included
GAPDH, ubiquitin-like modifier-activating enzyme 5 (UBA5),
dolichol-phosphate mannosyltransferase subunit 3 (DPM3),
zinc finger ran-binding domain-containing protein 2 (ZRANB2),
phosphatidylinositol-binding clathrin assembly protein (PICALM),
mitochondrial 28S ribosomal protein S14 (MRPS14), sulfhydryl
oxidase 2 (QSOX2) and proteasome subunit beta. Among these
proteins, the most significant decline was DPM3 (71.93%), which
is a stabilizer subunit of the dolichol-phosphate mannose (DPM)
synthase complex and involved in the pathway of protein
glycosylation, a type of protein modification.28 Inhibition of
DPM3 by 2-N3 probably affected the glycosylation process
of proteins. The zinc finger ran-binding domain-containing
protein 2 (decreased ca. 65%) was a splice factor required
for alternative splicing of TRA2B/SFRS10 transcripts and may
interfere with constitutive 50-splice site selection.29 The inhibi-
tion of ZRANB2 by 2-N3 may affect the mRNA transcription
process. Besides, the down-regulation of sulfhydryl oxidase 2
(ca. 51%), which catalyzes the oxidation of sulfhydryl groups in
peptide and protein thiols to disulfides with the reduction of
oxygen to hydrogen peroxide, may contribute to disulfide bond
formation in a variety of secreted proteins,30 destroying cellular
redox homeostasis. With the accumulation of 2-N3 in mito-
chondria, the mitochondrial ribosomal protein S11 reduced
about 52%. The significant down-regulation of these proteins
indicated that 2-N3 had a great influence on transcription, post-
translational glycosyl modification, and redox homeostasis
in cells.

Besides, some proteins were destroyed in 2-N3-treated A2780
cells, as no signals were detected by quantitative MS identifi-
cation. These proteins are listed in Table 2. Among these
proteins, the nuclear regulator BRCA1 positively regulated the
apoptotic process. Damaged binding proteins included metal

Table 1 IC50 value of complex 2-N3 and ligands, compared with cisplatin in different cancer cell lines A549, A2780, MCF-7, HepG-2 and H1299 and
healthy cell line L-02

IC50 (mM) A549 A2780 MCF-7 HepG-2 H1299 L-02

2-N3 1.44 � 0.35 0.98 � 0.05 4.46 � 1.96 4.51 � 0.66 5.28 � 1.62 5.87 � 0.41
AMP ligand 450 450 450 450 450 450
Nitrone ligand 450 450 450 450 450 450
Cisplatin 22.13 � 2.22 17.08 � 3.23 17.24 � 5.28 27.71 � 2.31 40.58 � 0.51 450

Fig. 3 Imaging of complex 2-N3 in A2780 cells via CuAAC click reaction.
(a) CuAAC reaction of 2-N3 and alkyne-containing rhodamine
RhB–alkyne. (b) Image of complex 2-N3 localization in HeLa cells. The
Cu-free control and the alkyne-containing rhodamine fluorophore show
no fluorescence in the nucleus. The red rhodamine fluorescence channel:
excitation wavelength, 558 nm; emission collected, 575 nm. The blue
Hoechst fluorescence channel: excitation wavelength, 353 nm; emission
collected, 465 nm scale bar: 5 mm.
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ion binding protein RC3H1, ATP binding protein ERCC2, fatty-
acyl-CoA binding (lipid binding) protein ACBD5, DNA-binding
transcription protein ARNT, zinc ion binding protein CA14,
KIF1-binding protein, acidic fibroblast growth factor intracellular-
binding protein FIBP and the guanine nucleotide-binding
proteins (G proteins) GNG12. Some key enzymes, including
cytochrome-c oxidase COX1, poly[ADP-ribose] polymerase and
nuclear enzymes such as histone H3–K4 methylation ASH2L,
DNA repair enzyme TDP2 and nuclear factor of kappa light
polypeptide gene enhancer in B-cells 1 (NFKB1) were also
disturbed, which may partially be related to the accumulation
of 2-N3 in the nucleus. In mitochondria, the mitochondrial
BOLA3 protein acts as an assembly factor that facilitates (Fe–S)
cluster insertion into a subset of mitochondrial proteins and
maintains the integrity of the mitochondrial morphology.31,32

The mitochondrial ribosomal protein S11 was also destroyed.
Deletion of the BOL3 protein and mitochondrial ribosomal
protein S11 was likely to cause mitochondrial dysfunction
and morphological disorders, associated with morphological
damage in mitochondria as previously described (Fig. 2d).
Besides, Golgi protein COG3 was also destroyed, which is a

transporter from the endoplasmic reticulum to the Golgi.33 The
destruction of these important enzymes related to cellular
metabolism, DNA replication and repair, etc., led to the disorder
of the entire cellular process.

Conclusions

In summary, we have designed and synthesized a new iridium-
hydride complex 2-N3 with both azide and nitrone units.
Complex 2-N3 has shown significant antiproliferative activity
towards A2780 human ovarian cancer cells. Data suggested that
the over-production of ROS induced by complex 2-N3 might
contribute to the anticancer activity. Both cellular imaging via
CuAAC reaction and ICP-MS analysis revealed that complex
2-N3 was scattered in the nucleus and cytoplasm. Further
mechanism study by label-free quantitative proteomics analysis
indicated that the expression levels of 18 proteins significantly
increased and 8 proteins decreased in 2-N3 treated cells. By
screening the KEGG pathway database, 2-N3 activated the
ECM–receptor interaction pathway by increasing the expression

Fig. 4 Proteomic analysis of 2-N3 treated cells. (a) Volcano plot graph of significantly different proteins in 2-N3 treated cells compared with control
groups. (b) Heat maps of the 26 most significantly different proteins in 2-N3 treated cells as detected by label-free quantitative analysis (P o 0.05).
Samples detected were three replications. (c) GO function enrichment analysis of 2-N3 treated cells. GO secondary function annotation (GO Level 2),
including the biological process (red), the molecular function (purple) and the cellular component (orange), and the ordinate (right) indicates the
difference under each functional classification. The number of expressed proteins; the ordinate (left) indicates the percentage of differentially expressed
proteins per functional classification as a percentage of the total differentially expressed protein. (d) KEGG pathway enrichment analysis of 2-N3 treated
cells. The ordinate indicates a significantly enriched KEGG pathway, and the abscissa indicates the number of differentially expressed proteins contained
in each KEGG pathway. Color gradient represents the p value.
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of laminin proteins LAMC1 and LAMB2. Analysis of down-regulated
proteins suggested an inhibition of DNA transcription, post-
translational glycosylation modification, and redox homeostasis
by 2-N3. Finally, the destruction of several important enzymes,
related to cellular metabolism and DNA replication and repair,
led to the disorder of cellular processes. Our results provided
a chemical biology approach employing click chemistry and
proteomic analysis in the mechanism study of metallodrugs.

Experimental
Materials and instrumentation

All solvents were of analytical reagent grade and purified according
to standard procedures.34 Chloro(1,5-cyclooctadiene)iridium(I)
dimer was purchased from Sinocompound. AgSbF6 was purchased
from Alfa Aesar. 4-Chlorobenzaldehyde, 4-(2-pyridinyl)benz-
aldehyde, N-isopropyl-hydroxylamine hydrochloride, 3-picolyl
chloride hydrochloride, 3,3-dimethylbut-1-ene, triphenylphos-
phine, Na2SO4 and NaHCO3 were purchased from Adamas.
Sodium azide was purchased from Xiya Reagent. All these
chemicals were used without further purification.

Human ovarian cancer cells (A2780), human lung cancer
cells (H1299), human liver cancer cells (HepG-2), human breast
cancer cells (MCF-7), and human normal hepatic cells (L-02)
were purchased from the American Type Culture Collection
(Manassas, VA). None of the cell lines were listed by the

International Cell Line Authentication Committee as cross-
contaminated or misidentified (v8.0, 2016). All the cell lines
were authenticated by using STR typing and confirmed to be
mycoplasma-free by KeyGEN BioTECH Co., Ltd (Nanjing,
China). All cells were cultured in 1640 or DMEM (Gibco)
containing 10% FBS (Gibco), 100 units per mL penicillin, and
50 units per mL streptomycin at 37 1C in a CO2 incubator (95%
relative humidity, 5% CO2). All reagents were purchased from
Sigma unless otherwise indicated.

Nuclear magnetic resonance (NMR) spectra were acquired
on a Bruker 400 MHz AVANCE III for 1H NMR and 13C NMR at
298 K using deuterated solvents. Chemical shifts (d, ppm) were
reported relative to tetramethylsilane (TMS) as the internal
standard and the coupling constants are indicated in hertz
(Hz). ESI-MS spectra were recorded on a Mariner System 5304
mass spectrometer. TLC was performed on glass-backed silica
gel sheets (silica gel HG/T2354-92 GF254) and visualized under
UV light (254 nm). Column chromatography was performed
using silica gel (300–400 mesh).

Syntheses of complex 2-N3 and related ligands

Synthesis of 3-(azidomethyl)pyridine (AMP ligand), IrH2(PPh3)2-
(C3H6O)2SbF6 and alkyne–rhodamine was according to our
previous work.35

Synthesis of nitrone ligand. A solution of isopropyl hydroxyl-
amine hydrochloride (2 mmol, 250 mg), aldehyde (2 mmol,

Table 2 A list of destroyed proteins by 2-N3

Protein ID Unique peptides Coverage (%) Protein name

Q9UBI6 3 56.9 Guanine nucleotide-binding protein G(I)/G(S)/G(O)
H7C1Z9 3 40.4 Peptidylprolyl isomerase
Q53S33 3 32.7 BolA-like protein 3
Q53FX9 4 29.9 Mitochondrial ribosomal protein S11
A0A087WWF6 8 24.8 DNA polymerase delta
E9PJK1 2 21.8 Tetraspanin
Q9BX67 4 17.4 Junctional adhesion molecule C
Q9UHR4 7 16.8 Brain-specific angiogenesis inhibitor 1-associated protein 2-like protein 1
H0YAA8 2 12.8 Mediator of RNA polymerase II transcription subunit 28
A8K3J4 3 11 Carbonic anhydrase XIV
Q8N4U2 2 11 DHX57 protein
Q6IBU4 2 10.9 SDF2 protein
O95551 3 9.7 Tyrosyl-DNA phosphodiesterase 2
F5H8F7 4 9.6 Set1/Ash2 histone methyltransferase complex subunit ASH2
I6L9E7 3 9.6 ARNT protein
B4DV82 3 8.8 Poly[ADP-ribose] polymerase
A0A024R732 4 8.7 Syntrophin, beta 2
A2VCL3 3 8.7 COG4 protein
E9PSD3 3 8.6 Acidic fibroblast growth factor intracellular-binding protein
A0A059QX78 2 7.6 Cytochrome c oxidase subunit 1
A0A1B0GUA3 3 7.1 KIF1-binding protein
Q8TEZ9 3 6.2 SR rich protein
A0A024RDJ4 4 5.7 Nuclear factor of kappa light polypeptide gene enhancer in B-cells 1
B7Z2R7 3 5.7 Acyl-CoA-binding domain-containing protein 5
O94874 4 5.5 E3 UFM1-protein ligase 1
Q3B874 2 4.9 STRN protein
A0A024RDV5 4 4.8 Fibronectin type III domain containing 3A
B3KRK1 2 4.4 Amphoterin-induced protein 2
A0A024R911 2 4.2 Xenotropic and polytropic retrovirus receptor
Q96JB2 2 3.3 Conserved oligomeric Golgi complex subunit 3
A8MX75 2 3.1 General transcription and DNA repair factor IIH helicase subunit XPD
A4D212 5 2.7 DKFZP586J0619 protein
Q53F80 2 2.7 BRCA1 associated RING domain 1 variant
B7ZMB3 2 2.1 RC3H1 protein
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366 mL), Na2SO4 (6 mmol, 852 mg), and NaHCO3 (6 mmol,
504 mg) in DCM (15 mL) was heated under reflux in N2

atmosphere for 48 h. The solids were removed by filtration
through Celite, and the solvent was then removed under
vacuum. The target product was purified by column chromato-
graphy PE/EA (3 : 1, v/v) to yield a white solid.

Syntheses of complex 2-N3. A solution of nitrone ligand
(0.55 mmol, 132 mg), IrH2(PPh3)2(C3H6O)2SbF6 (0.5 mmol,
556 mg) and 3,3-dimethylbut-1-ene (2.0 mmol, 242 mg) in
3 mL acetone in a 15 mL Schlenk tube was stirred and heated
under reflux for 24 h. The solvent was removed under vacuum,
and the residue was washed with diethyl ether or pentane three
times. The target products were dried under vacuum to obtain
it as a pale yellow solid powder. Then to a 25 mL Schlenk tube
was added 0.12 mmol of the yellow solid, 0.60 mmol of
3-(methylazido)pyridine, and 2 mL of anhydrous dichloro-
methane. After stirring under nitrogen for about 12 h, the
mixture was then diluted with diethyl ether and filtered to give
a yellow solid 2-N3 (yield = 92%).

X-ray crystallographic study

Diffraction data were collected on an Oxford Diffraction Gemini
four-circle system with a Ruby CCD area detector. Using
Olex2,36 the structure was solved with the ShelXT37 structure
solution program using Direct Methods and refined with the
ShelXL38 refinement package using least squares minimization.
All the non-hydrogen atoms were refined anisotropically and
the hydrogen atoms of the organic molecule were refined in
calculated positions, assigned isotropic thermal parameters,
and allowed to ride their parent atoms. Crystallographic data
(excluding structure factors) for the structures reported in this
paper have been deposited with the Cambridge Crystallographic
Data Centre with the reference numbers 1514789.† Details of the
crystal parameters, data collection and refinement for IrFN were
listed in Table S1 (ESI†).

Cytotoxicity assay

A stock solution of the new iridium complexes and cisplatin
was first prepared in DMSO and then serially diluted with
media to the desired test concentration. In vitro cytotoxity assay
was performed using a CCK-8 cell proliferation and activity assay
kit (KeyGEN BioTECH Co., Ltd, Nanjing, China) according to the
supplier’s instructions. Briefly, 5000 cells per well were seeded in
96-well plates. The cells were preincubated at 37 1C in a 5% CO2

humidified atmosphere for 12 h, and the supernatants were
removed by suction and washed with PBS twice carefully.
Then, 100 mL of media containing different concentrations of
complexes and cisplatin were incubated for 48 h, with cisplatin
assayed as a positive control. To ensure the reliability of the
data, each set contained four parallel hole concentrations.
Subsequently, 10 mL CCK-8 was added to each well, and the
incubation continued for an additional 3 h. The colour inten-
sity of the medium was measured at 490 nm using a microplate
reader (Tecan Infinite M1000 PRO) to calculate the cell viability.
According to the calculated inhibition rate and its corres-
ponding complex concentration, the IC50 value of the drug

concentration corresponding to the inhibition rate at 50% was
calculated using ORIGINPRO 8 statistical analysis.

Cellular distribution of complex 2-N3 in cells by ICP-MS

The concentration of A2780 cells in culture flasks was approxi-
mately 1 � 106 cells per mL in culture flasks containing DMEM
with 10% FBS incubated in a 5% CO2 and 37 1C incubator for
24 h. After the addition of 5 mM complex 2-N3 and further
incubation at 5% CO2 and 37 1C for 3 h, the medium containing
the complex was removed, washed three times with PBS to
completely remove residual metal complexes, digested with
trypsin, and washed twice with PBS. The cells were collected
by centrifugation using the Mitochondria/Nuclei Preparation
Kit (KeyGEN BioTECH Co., Ltd, Nanjing, China). Then, the
nuclei, mitochondria, and remaining cytoplasm fractions were
quantified by ICP-MS analysis.

Cellular ROS detection

We used the fluorescent probe 7-dichlorodihydro-fluoresce
indiacetate (DCFH-DA) to study the level of ROS in A2780 cells
induced by 2-N3. A2780 cells were seeded and incubated in
6 well plates for 24 h. Then cells were treated with 5 mM 2-N3 for
3 h and 2 mM Rosup (a reagent that can increase cellular ROS
level quickly) as a positive control. Then the medium was
removed, 10 mM DCFH-DA was added and kept at 37 1C for
30 min, and then washed three times and finally the cells were
collected for flow cytometry detection at 488 nm channel.

Morphological observation of mitochondria

The cells were seeded in a 35 mm glass bottom confocal culture
dish and incubated for 24 h. Then the cells were treated with
5 mM 2-N3 for 2 h, with non-treated cells as a control. After
washing three times, 200 nM Mito Track Green (KeyGEN
BioTECH Co., Ltd, Nanjing, China) was added into the cells,
incubated for 45 min. The staining solution was removed and
washed three times with PBS until the residual probe was
completely removed. The cells were fixed with 4% paraformal-
dehyde for 20 min, subjected to cell membrane permeation
treatment with Triton-X100 for 15 min, and washed twice with
PBS. Then the cells were observed using a Fluorescence Micro-
scope ZEISS Axio Observer Z1 and Apotome2 software.

Imaging of 2-N3 via Cu(I)-catalysed azide–alkyne cycloaddition
reaction

The cells were seeded onto microscope cover slips and treated
with 2-N3 (3 mM) for 3 h, with non-treated cells as a control.
The cells were then washed with PBS twice, fixed with 4% para-
formaldehyde for 20 min, permeabilized with Triton-X100 for
15 min and washed twice with 3% BSA for 10 min. The CuAAC
reaction occurred with 0.5 mM CuSO4, 5 mM THPTA, 25 mM
sodium ascorbate, 100 mM phosphate buffer and 5 mM alkyne–
rhodamine for 2 h at room temperature. The cells were washed
with 3% BSA for 5 min, Triton-X100 twice for 10 min, and then
the slides were incubated with one drop ProLong Diamond
Antifade Reagent with DAPI (Sigma) for 24 h at room temperature.
A control group without Cu(I) was prepared following the same
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labelling protocol. The cells were observed using a Fluorescence
Microscope ZEISS Axio Observer Z1 and Apotome2 software.

Proteomic analysis

Human ovarian cancer A2780 cells were treated with 5 mM
complex 2-N3 for 3 h, and cells treated with 0.02% DMSO were
used as the control group. One volume of SDT buffer (4% SDS,
100 mM DTT, 150 mM Tris–HCl pH 8.0) was added, and the
solution was boiled for 15 min and centrifuged at 14 000g for
20 min. Protein digestion (200 mg for each sample) was per-
formed according to the FASP procedure described by Mann
et al.39 Briefly, the detergent, DTT and other low-molecular-
weight components were removed by using 200 mL of UA buffer
(8 M urea, 150 mM Tris–HCl pH 8.0) for repeated ultrafiltration
(Microcon units, 30 kD) facilitated by centrifugation. One
hundred microlitres of iodoacetamide (0.05 M in UA buffer)
was added to block reduced cysteine residues, and the samples
were incubated for 20 min in the dark. The filter was washed
three times with 100 mL of UA buffer and then twice with 100 mL
of 25 mM NH4HCO3. Finally, the protein suspension was
digested with 3 mg of trypsin (Promega) in 40 mL of 25 mM
NH4HCO3 overnight at 37 1C, and the resulting peptides were
collected as a filtrate. The peptide content was estimated by the
UV light spectral density at 280 nm by using an extinction
coefficient of 1.1 for 0.1% (g L�1) solution, calculated based on
the frequency of tryptophan and tyrosine in vertebrate proteins.
Each fraction was injected into a Q Exactive mass spectrometer
(Thermo Scientific) for LC-MS/MS analysis. The detection
method was positive ion, and the ion scanning range was
300–1800 m/z. The primary mass spectrometer resolution was
70 000 at 200 m/z and the AGC (automatic gain control) target
was 1e6, the Maximum IT was 50 ms, and the dynamic exclu-
sion time was 60 s. The mass/charge ratio of the polypeptide
and polypeptide fragments was collected as follows: 20 frag-
ments were acquired after each full scan, the MS2 Activation
Type was HCD, and the Isolation window was 2 m/z. The rate
was 17 500 at 200 m/z, the normalized collision energy was
30 eV, and the Underfill was 0.1%. All identified proteins were
retrieved from the UniProtKB human database (Release
2017_02) in FASTA format. In this study, we used the label-
free quantification algorithm for quantification.40 The GO
analysis was carried out with Blast2GO. KEGG pathway annota-
tion on the target protein set was performed using KAAS (KEGG
Automatic Annotation Server) software. Protein clustering was
performed as follows: the quantitative information of the target
protein collection was normalized, and then the cluster 3.0
software was used to classify the two dimensions of the sample
and protein expression, and finally the hierarchical clustering
heat map was generated using Java Trewview software. All
experiments were repeated three times to ensure the reprodu-
cibility of the results.
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