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Abstract 

Developing novel photosensitizers for deep tissue imaging and efficient photodynamic therapy (PDT) remains a 
challenge because of the poor water solubility, low reactive oxygen species (ROS) generation efficiency, serve dark 
cytotoxicity, and weak absorption in the NIR region of conventional photosensitizers. Herein, cyclometalated iridium 
(III) complexes (Ir) with aggregation‑induced emission (AIE) feature, high photoinduced ROS generation efficiency, 
two‑photon excitation, and mitochondria‑targeting capability were designed and further encapsulated into bio‑
compatible nanoparticles (NPs). The Ir‑NPs can be used to disturb redox homeostasis in vitro, result in mitochondrial 
dysfunction and cell apoptosis. Importantly, in vivo experiments demonstrated that the Ir‑NPs presented obviously 
tumor‑targeting ability, excellent antitumor effect, and low systematic dark‑toxicity. Moreover, the Ir‑NPs could serve 
as a two‑photon imaging agent for deep tissue bioimaging with a penetration depth of up to 300 μm. This work pre‑
sents a promising strategy for designing a clinical application of multifunctional Ir‑NPs toward bioimaging and PDT.
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Introduction
Photodynamic therapy (PDT), an emerging approach for 
oncotherapy, has possessed the advantages of reasonable 
specificity, non-invasiveness, and minimal side effects [1]. 

It generally depends on photosensitizers (PSs) to produce 
reactive oxygen species (ROS), such as singlet oxygen 
(1O2) and hydroxyl radicals  (OH·) from ground-state  O2 
(3O2) inside tumor tissue, which would further lead to 
severe oxidative stress and then trigger cell death [2, 3]. 
Owing to the impressive photophysical properties, some 
of PSs can also be used as bioimaging agents. Hence, the 
PSs could be viewed as promising candidates for multi-
functional theranostic agents combining PDT and imag-
ing functionalities [4, 5].

However, the application of most PSs is restricted 
by their low water-solubility, poor selectivity, and 
high dark toxicity [6, 7]. Encapsulating PSs into 
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water-dispersible polymeric nanoparticles (NPs) has 
been verified to be an attractive approach to increase 
the bioavailability, specificity, and biocompatibility 
of PSs [8]. Besides, organelle-targeted PSs have been 
widely reported to greatly enhance the treatment effi-
ciency in the PDT process [9–11]. Unfortunately, as 
a result of aggregation in whether NPs or organelle, 
quenched fluorescence and decreased ROS produc-
tion of conventional PSs would negatively impair PDT 
efficacy [12]. PSs with aggregation-induced emission 
(AIE) attributes exhibit increased fluorescence in the 
aggregated state, which could perfectly solve the dif-
ficulty in the clinical use of image-guided PDT for the 
conventional PSs [13–16]. As is known to all, in  vivo 
optical imaging at near-infrared (NIR) wavelengths can 
both increase depths of biological tissues and effec-
tively avoid the interference of autofluorescence from 
living tissues [17, 18]. Therefore, instead of one-photon 
absorption in the ultraviolet visible (UV–vis) region, 
two-photon absorption in the NIR region is a more 
competitive property in bioimaging [19]. However, 
developing novel two-photon PSs with AIE features 
for both deep tissue imaging and PDT therapy remains 
challenging.

In recent years, iridium (Ir) complexes have been 
regarded as ideal candidates for PSs to meet many basic 
requirements and offer significant advantages for PDT 
and applications [20–22]. In particular, cyclometalated 
Ir(III) complexes are considered outstanding probes for 
biological sensing and imaging due to their high phos-
phorescence quantum yield, excellent photostability, 
and large Stokes shift, etc. [23–27]. It is also recognized 
as a promising anticancer candidate owing to its excel-
lent 1O2 quantum yield and sub-organelle targeting 
properties, which play a crucial role in mediating cell 
death, such as apoptosis, pyroptosis, and ferroptosis, 
etc. [28, 29]. Despite many good merits, Ir(III) com-
plexes still have some drawbacks, such as limited water 
solubility, poor tumor-targeting capability and weak 
absorption in the NIR region, thus making it difficult to 
satisfy both therapeutic and imaging requirements.

Considering the above, cyclometalated Ir(III) com-
plexes with the advantages of high 1O2 quantum yield, 
two-photon excitation, AIE characteristics, and mito-
chondria-targetability were designed, synthesized, and 
further encapsulated into NPs. The results showed 
that Ir-NPs were taken up by the Skov3 cell line, and 
the Ir(III) complexes were mainly localized in mito-
chondria and able to generate ROS under white light 
irradiation. Subsequently, the excessive ROS resulted 
in mitochondrial dysfunction and induced cell apop-
tosis. Furthermore, the great antitumor efficacy with 
little side effects and excellent two-photon bioimaging 

of tissues make these Ir-NPs an attractive candidate for 
cancer theranostics.

Results and discussion
Synthesis and characterization of Ir complexes
The two Ir complexes were designed and synthesized via 
a route shown in Additional file 1: Scheme S1. The chem-
ical structure characterizations (1H NMR and 13C NMR) 
of the Ir-1 and Ir-2 are described in Additional file  1: 
Figures  S1–S4. The results revealed the high purity and 
right structure of the Ir complexes. The optical absorp-
tion and phosphorescence emission spectra of Ir-1 and 
Ir-2 in  H2O were investigated, respectively. Both Ir-1 and 
Ir-2 yielded intense absorption bands at 250–420  nm 
(Fig. 1a). Upon the excitation at 405 nm, the Ir complexes 
exhibited red phosphorescence emission with a peak at 
approximately 590  nm (Fig.  1b). The large Stokes shifts 
of the Ir complexes (approximately 185 nm) could avoid 
cross-talk during fluorescence imaging. The phosphores-
cence emission intensities of the Ir complexes responded 
to pH changes, with clear increases from pH 8.0 to 5.0 
(Fig. 1c and Additional file 1: Fig. S5). Subsequently, the 
AIE property of both Ir complexes was characterized in 
 H2O/DMSO mixtures at different ratios. Notably, the 
phosphorescence emission intensities of Ir-1 and Ir-2 
were increased upon aggregation formation, exhibiting 
red emission in an AIE-active manner (Fig. 1d and Addi-
tional file 1: Fig. S6).

Besides, 1O2 generation of the two Ir com-
plexes was evaluated with the use of 
9,10-anthracenediylbis(methylene)-dimalonic acid 
(ABDA) as an indicator. Compared with the stand-
ard used for ROS yield of metal complex [Ru(bpy)3]Cl2 
(ΦΔ = 0.18) [30], Ir-1 and Ir-2 have a higher ROS yield at 
pH 7.4, with investigated as 0.64 and 0.51, respectively 
(Fig. 1e). Furthermore, the 1O2 quantum yields of the Ir 
complexes was enhanced as the pH decreased (Fig.  1f ). 
The highly efficient ROS generation of the Ir complexes 
in an acidic environment provided convenience to kill 
cancer cells within the acidic tumor microenvironment 
(pH 6.5–6.8). By comparison, Ir-1 has a better photo-
sensitizing capability and more excellent responsiveness. 
Thus, it was chosen as the object of further research.

Preparation and characterization of Ir‑NPs
To improve the bioavailability and biocompatibility, Ir-
1-encapsulated DSPE-mPEG2000 nanoparticles (Ir-NPs) 
were formed via nanoprecipitation method (Scheme 1) 
[31]. The dynamic light scatting (DLS) analysis (Fig. 1g) 
and transmission electron microscopy (TEM) images 
(Fig.  1h) revealed spherically shaped, monodispersed, 
and negatively charged Ir-NPs with a particle size of 
114.7  nm (PDI < 0.3) were successful synthesized. The 
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elemental mapping detected by TEM revealed the uni-
form distribution of carbon, nitrogen, and iridium in 
the nanoparticles (Fig. 1j and Additional file 1: Fig. S7). 
The stability of Ir-NPs was then investigated by DLS. 
The results showed that the Ir-NPs were stable in PBS 

and culture solution, as indicated by the negligible 
increase in the particle size at different time points for 
7 days (Fig. 1i). Good stability is favorable for prevent-
ing drug leakage prematurely from Ir-NPs in physiolog-
ical environment during blood circulation. Meanwhile, 

Fig. 1 Photophysical properties of Ir complexes and characteristics of Ir‑NPs. The absorption (a) and phosphorescence spectra (b) of Ir complexes 
(10 μM) in  H2O. pH‑sensitive emission spectra of Ir‑1 in disodium hydrogen phosphate‑citric acid buffer solution (c). Phosphorescence spectra of 
Ir‑1 in  H2O/DMSO mixtures with different  H2O fractions (fH) (d). The decomposition rate of ABDA (100 μM) for Ir‑1 (10 μM) (a) and Ir‑2 (10 μM) (b) at 
pH 7.4, 6.5 and 5.0 under white light irradiation (50 mW/cm2) (e, f). The DLS data (g) and TEM image (h) of Ir‑NPs, scale bar: 50 μm. The stability of 
Ir‑NPs in PBS and RPIM 1640 culture medium with 10% FBS (i). The elemental mapping analysis of Ir‑NPs (j), scale bar: 50 μm. The absorption and PL 
spectra of Ir‑1 and Ir‑NPs (5 μM) (k)
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the appropriate size is beneficial for the efficient accu-
mulation of Ir-NPs at the tumor sites owing to the 
enhanced permeability and retention (EPR) effect 
in  vivo. Furthermore, the ROS yield, absorption and 
emission spectra of free Ir-1 and Ir-NPs in  H2O were 
measured (Additional file 1: Fig. S8, Fig. 1k). The ROS 
yield of Ir-NPs was similar with Ir-1 which indicated 
that the NP carrier did not affect the photosensitizing 
capability of Ir-1. Notably, the emissive intensity of NP 
formation was much higher than that of free formation 

(by 13.5 times) because of the AIE property, in this 
sense, it would be more advantageous for the fluores-
cence imaging.

Cellular imaging, localization, and internalization
Subsequently, the cellular imaging capability, subcellular 
localization, and uptake pathway of Ir-NPs were investi-
gated. As shown in Fig. 2a, after incubation in Skov3 cells, 
both one-photon excitation (OPE, λex = 405  nm) and 
two-photon excitation (TPE, λex = 810  nm) can present 

Scheme 1. Schematic of the preparation of Ir‑NPs for two‑photon‑activated phosphorescence imaging and mitochondria targeting 
photodynamic therapy
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intense red phosphorescent signal from the Ir-NPs by 
confocal laser scanning microscope (CLSM) (Fig.  2a). 
Both CLSM observations and flow cytometry quantita-
tive analyses indicated gradual internalization of Ir-NPs 
in Skov3 cells in a time-dependent manner (Fig.  2b, c, 
and Additional file 1: Fig. S9). The specific cellular uptake 
pathway of Ir-NPs was studied by pretreating cells with 
various endocytosis inhibitors or by incubating them at 
low temperatures. The pathways of clathrin-mediated 
endocytosis, micropinocytosis, lipid raft-dependent 
endocytosis, and caveolae-mediated endocytosis were 
inhibited by chlorpromazine (CPZ), ethylisopropylami-
loride (EIPA), methyl-β-cyclodextrin (Mβ-CD), and fil-
ipin III, respectively [32]. Only the addition of filipin 
III resulted in a significant decrease in fluorescence 
(reduced to 10.4%) (Fig.  2d and Additional file  1: Fig. 
S10), thus indicating the Ir-NPs were taken up by Skov3 
cells mainly through caveolae-mediated endocytosis. 

In addition, the uptake efficiency was markedly blocked 
when cells were incubated at 4  ℃ (reduced to 15.4%), 
which suggested that the uptake was an energy-depend-
ent process. After the Ir-NPs were taken into the cells, 
the phospholipid component of the NP carrier DSPE-
mPEG2000 could be easily decomposed by intracellular 
esterase [33], which would result in the release of Ir-1. 
Considering the structure of the lipophilic cations, Ir-1 
was expected to target mitochondria in the cytoplasm. 
Therefore, the Mito-Tracker Green (MTG), a commer-
cial mitochondrial fluorescent probe, was used to fur-
ther determine the subcellular localization of Ir-1. As a 
result, a high level of colocalization was observed with a 
Pearson’s correlation efficient of up to 0.90 (Fig.  2a and 
Additional file 1: Fig. S11). Mitochondria are one of the 
most important cellular organelles for various vital physi-
ological processes in organisms, including redox status 
maintenance, molecular metabolism and energy supply 

Fig. 2 Cellular imaging, localization, and uptake. The OPE/TPE confocal images (a) of Ir‑NPs distribution in Skov3 cells, scale bar: 10 μm. CLSM 
observation (b) and flow cytometer (c) of Ir‑NPs uptake by Skov3 cells for 2, 4, and 6 h, respectively, scale bar: 50 μm. The uptake inhibition percent 
analysis (d) of Ir‑NPs uptake by Skov3 cells upon different treatments of endocytosis inhibitors (CPZ, EIPA, Mβ‑CD, and filipin III) at 37 °C and 
4 °C, ****P < 0.0001. Ir‑1: λex = 405 nm (OPE)/810 nm (TPE), λem = 590 ± 20 nm, DAPI: λex = 405 nm, λem = 440 ± 20 nm Mito‑tracker Green (MTG): 
λex = 488 nm, λem = 510 ± 20 nm
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[34]. Thus, the property of mitochondrial targeting would 
help the nanomaterials directly damage mitochondria 
and maximize the cytotoxic effects of ROS.

In vitro PDT performance
The cytotoxicity of Ir-1 and Ir-NPs in  vitro under dark 
or white light irradiation (400–700 nm, 50 mW/cm2 for 
5  min) conditions was examined with the MTT assay. 
Both free Ir-1 and Ir-NPs performed negligible toxic-
ity to Skov3 cells in the dark, but exhibited strong cyto-
toxicity upon white light irradiation with the  IC50 of 

1.59 ± 0.18 μM and 1.24 ± 0.10 μM, respectively (Fig. 3a). 
These finding hinted to good biocompatibility and excel-
lent phototoxicity of Ir-1 and Ir-NPs. CLSM observation 
with Calcein-AM/PI staining was further used to confirm 
the cell-killing efficacy of Ir-1 and Ir-NPs (Additional 
file 1: Fig. S12) upon white light irradiation, whose results 
were in conformity to the cytotoxicity results.

Under normal conditions, the level of ROS around 
mitochondria is in dynamic equilibrium, and the 
ROS overload would cause the mitochondrial mem-
brane potential (MMP) to collapse, and further lead to 

Fig. 3 Cytotoxicity and mechanism evaluation of Ir‑NPs in vitro. Cell viability (a) of Skov3 cells incubated with Ir‑1 and Ir‑NPs for 12 h with or 
without white light irradiation. ROS intensity in Skov3 cells after various treatments examined by flow cytometer (b) and CLSM observation (c), scale 
bar = 100 μm. Flow cytometer analysis of mitochondrial membrane potential (d) (using JC‑1 as an indicator) for Skov3 incubated with Ir‑1 and Ir‑NPs 
for 12 h with or without white light exposure. Cell apoptosis level (e) of Skov3 cells incubated with Ir‑1 or Ir‑NPs for 12 h under white light irradiation 
or dark conditions, ****P < 0.0001. Western blot analysis (f) of mitochondrial apoptosis‑related proteins in Skov3 cell after various treatments with or 
without white light irradiation
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mitochondrial damage and cell apoptosis [35]. Based on 
the efficient ROS generation ability in buffer solution and 
mitochondrial targeting characteristic of Ir-1, intracellu-
lar ROS levels were detected by 2ʹ,7ʹ-dichlorofluorescin 
diacetate (DCFH-DA) staining and analyzed by flow 
cytometry and CLSM. As shown in Fig.  3b, c, negligi-
ble ROS production was observed in Skov3 cells treated 
with Ir-1 or Ir-NPs in dark condition. While, once irra-
diation was conducted, the ROS production induced by 
Ir-1 and Ir-NPs was dramatically increased. MMP col-
lapse is a typical characteristic of mitochondrial damage 
[36]. Therefore, MMP changes were monitored using the 
membrane-permeable JC-1 dye [37]. A decrease in red 
fluorescence (JC-1 aggregates) and an increase in green 
fluorescence (JC-1 monomers) were used to characterize 
mitochondrial depolarization. As shown in Additional 
file  1: Fig. S13 and Fig.  3d, after white light irradiation, 
the percentage of cells with MMP lose increase from 
6.15 ± 1.94% to 75.45 ± 8.42% and 8.143 ± 5.95% to 
87.75 ± 11.95% for Ir-1 and Ir-NPs, respectively. MMP 
collapse affects mitochondrial permeability and results 
in cytochrome c leakage, which further activates cas-
pase-dependent apoptosis [38]. Bcl-2/Bax family pro-
teins regulate the release of mitochondrial cytochrome 
c [36]. Bcl-2 acts as an anti-apoptotic factor via prevent-
ing cytochrome c release and maintaining outer mito-
chondrial membrane impermeability. In contrast, Bax 
induces mitochondrial cytochrome c release to promote 
cell apoptosis [36]. In the present study, the cell apopto-
sis induced by Ir-1 and Ir-NPs upon irradiation was veri-
fied by flow cytometry with Annexin V-FITC/PI staining 
(Fig.  1e and Additional file  1: Fig. S14). Moreover, the 
suppression of Bcl-2, increase of cytochrome c, activation 
of Bax and caspase-3 were observed in Skov3 cells treated 
with Ir-1 and Ir-NPs upon irradiation by western blot-
ting (Fig. 3f and Additional file 1: Fig. S15). These results 
demonstrate that the PDT effects induced by Ir-1 or Ir-
NPs disturbed redox homeostasis, gradually resulted in 
distinct mitochondrial dysfunction, and finally leaded to 
caspase-dependent cell apoptosis in Skov3 cells.

In vivo biodistribution and bioimaging
The encouraging in  vitro antitumor efficacy inspired us 
to explore the biodistribution of the NPs in nude mice 
bearing subcutaneous Skov3 cells. DSPE-mPEG2000 is 
one of the most widely applicated polymer materials in 
long-circulating nanoparticles preparation and the nano-
particles formed with DSPE-mPEG2000 were reported to 
have the ability of tumor-specific accumulation in  vivo 
due to the EPR effect [39]. To verify this conclusion, 
Cy5.5 was encased to form Cy5.5 NPs to access the bio-
distribution of DSPE-mPEG2000 nanoparticles, because 
the Cy5.5 has been extensively applied for nanoparticle 

tracing in biomedical fields owing to its merits of high 
molar absorption coefficient and fluorescence quan-
tum yield [40]. After intravenous injection of Cy5.5 NPs 
or free Cy5.5 into tumor-bearing mice, the vivo images 
showed the clear fluorescence signal of Cy5.5. Owing to 
the benefit of passive targeting ability, the nanoparticles 
accumulated at the tumor site reached the maximum at 
24 h, and remained strong at 48 h, while the signal of free 
Cy5.5 became negligible after 8 h post-injection (Fig. 4a). 
The ex  vivo images and corresponding quantification 
(Additional file  1: Fig. S16) showed that the Cy5.5 NPs 
were mainly located in the tumor and liver at 24 h, while 
the free Cy5.5 was already metabolized. These results 
confirmed that the good long-circulation and tumor-spe-
cific accumulation of NPs. Owings to its excellent two-
photon cellular imaging capabilities, tissue imaging was 
performed to estimate the bioimaging ability of Ir-NPs. 
After intravenous injection of Ir-NPs for 24 h, the tumors 
were harvested. As shown in Fig. 4b, a high-quality image 
of the tumor tissue was obtained by two-photon exci-
tation at 810  nm, and the imaging depth reached up to 
300 μm. Thus, the Ir-NPs were suitable for tumor bioim-
aging owing to their accumulation behavior at the tumor 
site, two-photon NIR excitation, high penetration depth, 
and high-quality images.

In vivo PDT therapy
Considering the aggregation of red blood cells (RBCs) 
that positively charged Ir-1 may produce in the venous 
circulation in  vivo, a hemolysis assay was conducted to 
evaluate the hemolytic activity of Ir-1 and Ir-NPs. With 
PBS and Triton X as the positive and negative control, 
the hemolytic activities of free Ir-1 and Ir-NPs were 
observed to be 74.8 ± 17.7% and 9.9 ± 4.2%, respectively 
(Fig. 4c). These results indicated that the free Ir-1 leads to 
a prominent hemolytic toxicity in mouse RBCs, while the 
Ir-NP coatings yield a considerably smaller effect. Thus, 
when the tumor volume grew to approximately 100  mm3, 
Skov3 tumor-bearing nude mice were randomly divided 
into three groups and received treatments of PBS, Ir-
NPs under dark conditions (Ir-NPs), and Ir-NPs under 
white light irradiation (24 h post-injection, 400–700 nm, 
200 mW/cm2 for 5 min) (Ir-NPs + Light). The therapeu-
tic effect was evaluated by monitoring tumor volumes 
over a period of 3  weeks. As shown in Fig.  4d, e, the 
tumor volumes in the PBS and Ir-NPs groups increased 
by 26.2-fold and 22.5-fold respectively. However, in the 
Ir-NPs + Light group, the tumor growth was inhibited 
considerably, and over half of the mice tumors were 
ablated. Extensive shrinkage, fragmentation, and disap-
pearance of nuclei were observed in H&E staining tumor 
tissues of Ir-NPs + Light group (Additional file  1: Fig. 
S17). Meanwhile, the results of the TUNEL assay and 
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Fig. 4 In vivo imaging and therapeutic efficacy of Ir‑NPs. In vivo fluorescence biodistribution (a) of Cy5.5 NPs and free Cy5.5 in Skov3 tumor‑bearing 
mice. 3D fluorescence imaging (b) of tumor tissue under two‑photon excitation, λex = 810 nm, λem = 590 ± 20 nm, scale bar: 100 μm. Hemolytic 
activity of Ir‑1 and Ir‑NPs (n = 3) (c). Image of the Skov3 tumors (d) isolated from mice after treatments of PBS, Ir‑NPs (0.15 mg/kg) and Ir‑NPs + Light 
(0.15 mg/kg). Tumor growth curves (e) and body weight (f) of Skov3 tumor‑bearing mice during the therapeutic period (n = 5). g TUNEL assay and 
Ki67 immunofluorescence analysis of tumor sections after treatments, scale bar = 200 μm. h In vivo biological safety assessed by serum biochemical 
analysis after the treatment course (n = 3)
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Ki67 immunofluorescence analysis illustrated that apop-
tosis was induced and proliferation was inhibited in the 
tumors of Ir-NPs + Light group (Fig.  4f ). In addition, 
there was no significant difference in the body weights 
of mice in each group (Fig.  4h). To evaluate further the 
biological safety of Ir-NPs, H&E staining of major organs 
(heart, liver, spleen, lung, and kidney) and biochemical 
analysis of serum (AST, ALT, CK-MB, BUN, and Cr) were 
performed after the treatment course. No pathological or 
biochemical changes were observed in mice who received 
different treatments (Additional file  1: Fig. S18 and 
Fig.  4h). Taken together, these results indicate an excel-
lent PDT effect and negligible systemic toxicity of Ir-NPs 
in Skov3 tumor-bearing mice.

Conclusion
In summary, Ir-1 with merits of AIE, good photosensi-
tivity, pH responsiveness, two-photon activated phos-
phorescence imaging and mitochondria-targeting 
capability was designed and synthesized. Additional 
attributes included its good bioavailability, biocompati-
bility, and tumor-targetability characteristics following its 
encapsulation into NPs. In vitro experiments showed that 
Ir-NPs disturbed redox homeostasis, resulted in mito-
chondrial dysfunction, and cell apoptosis in Skov3 cells. 
Moreover, Ir-NPs exhibited an impressive two-photon 
imaging performance. Importantly, in  vivo experiments 
demonstrated that Ir-NPs had a good tumor-targeting 
ability, excellent antitumor effects, and low systematic 
toxicity. Therefore, this work presents a promising strat-
egy for designing a clinical application of multifunctional 
Ir-NPs for bioimaging and PDT.

Methods
Materials and instruments
All solvents (analytical grade) and reagents were used 
as received from commercial sources unless other-
wise indicated. Solvents were purified by standard 
procedures. 1,10-Phenanthroline, 4-Phenylpyridine, 
2-Phenylpyridine, and  IrCl3·nH2O were obtained as ana-
lytical reagents from Shanghai Reagents. 4-(2-Pyridinyl)
benzaldehyde was purchased from Energy Chemical. 
Above materials were used as received directly without 
further purification. Disodium hydrogen phosphate, cit-
ric acid, tris aqueous solution (2-amino-2-hydroxymeth-
ylpropane-1,3-diol), Cy5.5 (sulfo-cyanine5.5 carboxylic 
acid), ABDA, DCFH-DA, phosphate buffered saline, 
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2-H-tetrazo-
lium bromide (MTT) and 4’,6-diamidino-2-phenylindole 
(DAPI) were purchased from Aladdin (China). Annexin 
V-FITC/PI apoptosis detection kit, Calcein-AM/PI Dou-
ble Stain Kit, JC-1-Mitochondrial Membrane Potential 
Assay Kit, bicinchoninic acid (BCA) protein assay kit, 

and goat anti-rabbit IgG antibody were purchased from 
Beyotime Institute of Biotechnology (China). RPMI 1640 
medium, fetal bovine serum (FBS), and trypsin were pur-
chased from Gibco BRL (USA). All antibodies were pur-
chased from Abcam.

1H NMR and 13C NMR spectra were measured by 
a 400/500  MHz NMR spectrometer (Bruker). The 
morphology and size were measured by TEM (FEI 
talosf200s). The particle size distribution was measured 
by DLS analysis (Malvern Nano ZS90). The absorbance 
spectra and fluorescence spectra were measured using an 
UV–vis spectrometer (Varian Cary 300) and fluorescence 
spectrometer (Edinburgh FLS 920), respectively. The 
confocal images were recorded using multi-photon laser 
scanning microscopy (FV1200MPE).

Synthesis and characterization of Ir complexes
Ir complexes of Ir-1 and Ir-2 were prepared according to 
the method reported in the reference [41]. The synthetic 
routes are depicted in Additional file 1: Scheme S1.

General synthetic of Ir‑1 and Ir‑2
[Ir(ppy)2(Hppip‑4)]PF6 (Ir‑1)
A mixture of [Ir(ppy)2Cl]2 (0.20  mmol, 0.21  g) and 
Hppip-4 (0.41  mmol, 0.153  g) were dissolved in a flask 
with  CH2Cl2/MeOH (2:1, v/v, 54  mL). Then, in the 
opaque background, the mixed solution was refluxed at 
65 ℃ for 5 h under  N2. After cooling to room tempera-
ture,  NH4PF6 (0.3  g) was added and stirred for 1–2  h. 
The solution was filtered and the solvent of colatuie was 
removed by rotary evaporation. The resulting crude 
product was redissolved with  CH2Cl2 and filtered. After 
recrystallization from diethyl ether, an orange product 
with a yield of 74% was obtained. [Ir(ppy)2(Hppip-2)]PF6 
(Ir-2) was synthetic according to the method of Ir-1. The 
complexes were fully characterized by 1H NMR and 13C 
NMR to reveal the right structure and high purity of both 
compounds.

Ir‑1
1H NMR (400  MHz, DMSO) δ 14.48 (s, 1H), 9.23 (t, 
J = 8.4 Hz, 2H), 8.72 (s, 2H), 8.48 (d, J = 8.4 Hz, 2H), 8.28 
(d, J = 8.2 Hz, 2H), 8.22–8.09 (m, 6H), 7.97 (d, J = 7.2 Hz, 
2H), 7.88 (dd, J = 15.2, 6.9  Hz, 4H), 7.53 (t, J = 6.4  Hz, 
2H), 7.08 (t, J = 7.5 Hz, 2H), 6.99 (dt, J = 14.7, 7.2 Hz, 4H), 
6.31 (d, J = 7.2 Hz, 2H), 5.76 (s, 1H). 13C NMR (101 MHz, 
DMSO) δ 167.38 (s), 152.51 (s), 150.84 (s), 149.63 (s), 
148.95 (s), 146.41 (s), 144.72 (s), 144.50 (s), 139.16 (s), 
132.73 (s), 131.69 (s), 130.74 (s), 130.50 (s), 128.12 (s), 
127.63 (d, J = 11.2  Hz), 125.54 (s), 124.30 (s), 122.85 (s), 
121.62 (s), 120.45 (s).
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Ir‑2
1H NMR (DMSO-d6, 500 MHz): 6.32 (d, J = 7.4 Hz, 2H), 
6.96 (t, J = 7.5  Hz, 2H), 7.01 (t, J = 6.8  Hz, 2H), 7.06 (d, 
J = 7.5  Hz, 2H), 7.38–7.40 (m, 1H), 7.51 (d, J = 5.7  Hz, 
2H), 7.87 (t, J = 8.2 Hz, 2H), 7.91–8.00 (m, 5H), 8.06–8.07 
(m, 3H), 8.27 (d, J = 8.5 Hz, 2H), 8.29 (d, J = 8.6 Hz, 2H), 
8.46 (d, J = 8.4 Hz, 2H), 8.71 (d, J = 4.3 Hz, 1H), 9.13 (d, 
J = 8.2 Hz, 2H). 13C NMR (DMSO-d6, 126 MHz): 120.41, 
120.77, 122.71, 123.24, 124.28, 125.50, 126.83, 127.22, 
127.37, 130.69, 131.72, 132.35, 137.78, 139.06, 143.92, 
144.52, 147.53, 149.44, 150.11, 151.36, 155.93, 167.45.

Detection of singlet oxygen (1O2)
The 1O2 generation of the Ir complexes exposed to white 
light (400–700 nm) irradiation at 50 mW/cm2 was evalu-
ated by measuring the absorbance changes of ABDA at 
378 nm (pH 5.0) and 380 nm (pH 7.4). In details, ABDA 
(100 μM) was added to different pH (7.4 and 5.0) of Ir-1 
(10  μM) and Ir-2 solutions (10  μM). The absorbance of 
ABDA in [Ru(bpy)3]Cl2 was set as a standard, in which 
1O2 quantum yield (ΦΔ) is 0.18 in air-saturated water [30]. 
Thereafter, the aforementioned solutions were exposed 
to white light. The 1O2 generation of the Ir complex was 
evaluated by UV–vis spectroscopy at a preset time point. 
The ΦΔ values were calculated according to Eq. (1),

where the subscripts x and std designate the sample and 
the standard reference, respectively. S is the decomposi-
tion rate of ABDA at 378 nm (pH 5.0) and 380 nm (pH 
7.4). F is the correction factor of absorption, which is 
given by F = 1 −  10−OD (OD means the optical density of 
the sample and [Ru(bpy)3]Cl2 at 405 nm).

Preparation and characterization of Ir‑NPs
In brief, 2  mg Ir-1 and 10  mg DSPE-mPEG2000 were 
mixed and dissolved in DMF (0.5 mL). Deionized water 
(1 mL) was then added dropwise to the mixture to pre-
pare the nanoparticles (Ir-NPs). Complete addition was 
achieved in 1 min. The suspension was maintained under 
magnetic stirring at 600  rpm for 20 min. All the opera-
tions were conducted at room temperature [42]. The nan-
oparticles were purified by dialysis (MW = 3500 Da). The 
morphologies, elemental mapping, zeta potential, and 
particle size of Ir-NPs were identified by TEM and DLS. 
Optical absorption and fluorescence emission spectra 
were measured using Varian Cary 300 spectrophotom-
eter and Edinburgh FLS 920 spectrometer, respectively.

Cell line and animal
Skov3 ovarian tumor cells were maintained in RPIM 
1640, supplemented with 10% FBS, 100  μg/mL 

(1)��(x) = ��(std) ×
Sx

Sstd
×

Fstd

Fx

streptomycin and 100  U/mL penicillin. The living cells 
were cultured in a humidified incubator which provided 
an atmosphere of 5.0%  CO2 at 37 °C.

Female BALB/c nude mice and KM mice aged 
4–6 weeks were purchased from the animal experiment 
center of Southern Medical University at Guangzhou. All 
animal experiments were performed under the guidelines 
evaluated and approved by the ethics committee of Zhu-
jiang Hospital Southern Medical University, China.

One/two‑photon cellular bioimaging and colocalization 
assay
After incubating Skov3 cells with Ir-NP (10 μM) for 6 h, 
MTG (100 nM) was added, and the Skov3 cells were then 
incubated for another 15 min. After that, the living cells 
were washed with PBS for three times, and visualized 
by a CLSM immediately. For the one- and two-photon 
images of Ir-NPs, the laser with excitation wavelength at 
405 nm and 810 nm was adopted, respectively. The exci-
tation wavelength of MTG was 488  nm. Emission was 
collected at 590 ± 20 nm for Ir-NPs, and 510 ± 20 nm for 
MTG, respectively.

Cell internalization assay
For CLSM, Skov3 cells (5 ×  105) were seeded in 6-well 
plates and cultured for 12  h. After treated with Ir-NPs 
(10 μM) at 37 °C for 2, 4, and 6 h, the cells were fixed with 
4% (W/V) paraformaldehyde for 15 min. Then, the nuclei 
of the cells were stained using DAPI (2  μg/mL, blue) 
for 5  min. At last, images were collected with CLSM. 
Emission was collected at 440 ± 20  nm for DAPI and 
590 ± 200 nm for Ir-NPs upon excitation at 405 nm. For 
flow cytometry, after treated with Ir-NPs (10 μM) for 2, 
4, and 6 h, the cells were collected and resuspended with 
PBS for detection.

Ir‑NPs uptake inhibition by various inhibitors
Skov3 cells were seeded in 6-well plates with a density 
of 5 ×  105 cells and cultured for 12 h. After treated with 
chlorpromazine (CPZ, 30  μM), ethylisopropylamiloride 
(EIPA, 50  μM), methyl-β-cyclodextrin (Mβ-CD, 5  mM) 
and filipin III (5 μg/mL), respectively, for 30 min, the cells 
were incubated with Ir-NPs (10  μM) for another 4  h at 
37 °C. The uptake of Ir-NPs with no inhibitor at 37 °C was 
set as a positive control (4 °C as a negative control). The 
cellular uptake images were collected with CLSM, then 
the levels of uptake inhibition were analyzed semiquanti-
tatively using Image J soft.

Cell viability assay
Skov3 cells (5 ×  103) were seeded in 96-well plates and 
cultured for 12  h. After incubated with Ir-1 and Ir-NPs 
at various concentrations ranging (from 0.125 to 30 μM) 
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for 12  h, cells were treated with or without white light 
(400–700 nm) irradiation at 50 mW/cm2 for 5 min. The 
cells were then incubated for 12 h following the standard 
MTT method.

Cell death assay
For flow cytometry, Skov3 cells were seeded in 6-well 
plates and cultured for 12  h, then Ir-1 (2.0  μM) and Ir-
NPs (2.0  μM) were added respectively. After 12  h incu-
bation, the cells were treated with or without white 
light (400–700 nm) irradiation at 50 mW/cm2 for 5 min. 
Thereafter, cells in each group were collected and stained 
using the Annexin V-FITC/PI apoptosis detection kit 
according to the procedure given by the manufacture.

For confocal microscopy, Skov3 cells were treated 
and irradiated as above. Thereafter, cells were washed 
twice with PBS and incubated with Calcein AM (2 μM)/
PI (8 μM) buffer at room temperature for 30 min under 
dark conditions, then visualized by confocal microscopy 
immediately.

Intracellular detection of ROS generation
DCFH-DA was used to evaluate intracellular ROS pro-
duction. Skov3 were seeded in 6-well plates and incu-
bated for 12  h, after which the cells were treated with 
Ir-NPs (2.0 μM) for 6 h and following white light (400–
700 nm) irradiation at 50 mW/cm2 for 5 min. The DCFH-
DA (10 μM) was added into each well and incubated for 
another 20  min. The cells were stained with Hoechst 
33342 (10 μg/mL) before fluorescence microscope obser-
vation. Moreover, flow cytometry was used to collect the 
quantitative data for the intracellular ROS level.

Mitochondrial membrane potential (MMP) detection
JC-1 was used as an indicator of MMP. Skov3 cells were 
seeded in 6-well plates for 12  h and incubated with 
Ir-1 (2.0 μM) and Ir-NPs (2.0 μM) for 6 h. After treated 
with or without white light (400–700 nm) irradiation at 
50  mW/cm2 for 5  min, the cells were continually incu-
bated for 6 h. Then the cells were collected, stained with 
JC-1 (5 μg/mL) for 15 min at 37 °C and analyzed by flow 
cytometry immediately.

Western blot analysis
Skov3 cells were seeded in 6-well plates and cultured 
for 12  h. After incubated with Ir-1 (2.0  μM) and Ir-
NPs (2.0  μM) for 12  h, cells were treated with or with-
out white light (400–700 nm) irradiation at 50 mW/cm2 
for 5  min. After 12  h of incubation, the cells were col-
lected to extract protein with radioimmunoprecipita-
tion assay lysis buffer. Equal amounts of these proteins, 
as determined by BCA Protein Assay Kit, were added 
to SDS-PAGE gels and separated by gel electrophoresis, 

respectively. After transferring protein from the gel to 
the polyvinylidene difluoride (PVDF) membrane, the 
membrane was blocked with 5% BSA, then incubated 
with primary antibodies (Bcl-2, Bax, Cytochrome c and 
Caspase-3) and Anti-β-actin rabbit monoclonal antibody. 
Subsequently, the membrane was incubated with goat 
anti-rabbit IgG antibody. The blots were exposed by an 
image analysis system (Bio-rad, USA).

Biodistribution of NPs
Biodistribution was examined in female BALB/c nude 
mice bearing Skov3 cells. Cy5.5-loaded DSPE-mPEG2000 
nanoparticles (Cy5.5 NPs) were prepared. Free Cy5.5 
and Cy5.5 NPs were intravenously injected into the 
mice, respectively. An IVIS Lumina III imaging system 
 (Eex = 640  nm,  Eem = 670  nm) was then used to acquire 
fluorescence imaging at 0, 2, 4, 8, 12, 24, and 48 h post-
injection. Meanwhile, the mice were sacrificed and 
tumors, as well as the heart, liver, spleen, lung, and kid-
ney were collected for ex  vivo fluorescence imaging at 
24 h post-injection.

In vitro imaging of tumor tissue
Ir-NPs in saline (300 μL) were injected via the tail vein of 
mice. Mice were sacrificed and the tumor was harvested 
at 24 h post-injection. The tumor high resolution images 
were recorded with a two-photon fluorescence scanning 
microscope  (Eex = 810 nm,  Eem = 590 ± 20 nm).

Hemolysis test
The hemocompatibility level of Ir-1 and Ir-NPs were 
determined according to the established standard 
(ISO10993-4). Briefly, the fresh mice blood was obtained 
from 4 to 6  weeks female KM mice. Subsequently, it 
was diluted by PBS, and then RBCs were isolated from 
plasma. After careful washing and dilution, the suspen-
sion of RBCs at a final concentration of 2% (V/V) was 
added to Ir-1 (10 μM) and Ir-NPs (10 μM) solution, then 
incubated at 37  °C in a thermostatic water bath for 3 h. 
PBS and Triton X-100 (10  g/mL, a surfactant known to 
lyse RBCs) were used as negative and positive controls, 
respectively. After RBCs were centrifuged, 100 μL of the 
supernatant of each sample was transferred to a 96-well 
plate. The free hemoglobin in the supernatant was meas-
ured with a microplate reader at 540 nm. The hemolysis 
ratio of RBCs was calculated using Eq. (2).

where  Asample,  Anegative control and  Apositive control were 
denoted as the absorbance of sample, negative and posi-
tive controls, respectively.

(2)

Hemolytic ratio(%) =
Asample−Anegative control

Apositive control−Anegative control
× 100%.
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Photodynamic therapy and safety evaluation in vivo
The nude mice were assigned to three groups randomly 
and administrated with PBS, Ir-NPs (0.15  mg/kg) and 
Ir-NPs (0.15 mg/kg) with white light (400–700 nm) irra-
diation at 200 mW/cm2 for 5 min at 24 h post-injection. 
The body weight and tumor volume of mice were moni-
tored daily for 3  weeks. The mice were then sacrificed 
and tumors were harvested for H&E and immunohisto-
chemical staining which was done by Servicebio Biologi-
cal Technology.

Statistical analysis
Differences among samples were calculated with the 
two-tailed Student’s t-test using an independent samples 
t-test in SPSS 16.0. Differences among groups were con-
sidered statistically significant at P < 0.05.
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