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Mitochondrial Dynamics Tracking 
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Hui Chao

Mitochondrial dynamics, including fission and fusion, control the morphology and function of 
mitochondria, and disruption of mitochondrial dynamics leads to Parkinson’s disease, Alzheimer’s 
disease, metabolic diseases, and cancers. Currently, many types of commercial mitochondria probes 
are available, but high excitation energy and low photo-stability render them unsuitable for tracking 
mitochondrial dynamics in living cells. Therefore, mitochondrial targeting agents that exhibit superior 
anti-photo-bleaching ability, deep tissue penetration and intrinsically high three-dimensional 
resolutions are urgently needed. Two-photon-excited compounds that use low-energy near-infrared 
excitation lasers have emerged as non-invasive tools for cell imaging. In this work, terpyridyl 
cyclometalated Ir(III) complexes (Ir1-Ir3) are demonstrated as one- and two-photon phosphorescent 
probes for real-time imaging and tracking of mitochondrial morphology changes in living cells.

Mitochondria are a type of organelle found in large numbers that function as the central hub of catabolic and ana-
bolic metabolism within eukaryotic cells. Many important cellular events such as energy production, apoptosis 
regulation, redox balance, lipid modification, enzyme activity regulation, calcium balance, cell cycle, cell growth, 
cell differentiation, and innate immunity are all involved in the function of mitochondria1–2. Thus, mitochondria 
are expected to be vital platforms and drug targets for design of novel chemotherapeutic agents3–4. Mitochondria 
are dynamic organelles that frequently change their number, size, shape, and distribution within the cytoplasm 
in response to metabolic or environmental stresses. Mitochondria can enter constant dynamic cycles of fission 
(individual state) and fusion (network state) that construct the endoplasmic reticulum-mitochondria contacts5–7. 
When compromised by various injuries, solitary mitochondria are subjected to degradation. Cellular clearance 
of injured mitochondria relies on a self-eating process known as mitophagy8–10. Mitochondria and autophagy are 
elaborately linked via homeostatic elements that act in response to such significant cell environment changes as 
energy, nutrient, and oxidative stress. Recent studies revealed that defects in autophagic degradation of mitochon-
dria are associated with neurodegenerative diseases, which highlights the importance of observing the dynamic 
morphologic changes in mitochondria11–12. Thus, direct visual observation of mitophagy events promises new 
insights into cellular activities that depend on mitochondria.

Fluorescence microscopy is a highly sensitive technique for detection and imaging of organelles in living cells. 
The resolution of fluorescent imaging can reach several hundred nanometers and, most importantly, this tech-
nique can be used to visualize morphological details in living cells that cannot be resolved by other technologies13. 
Many types of commercial mitochondrial organic dyes are available, such as Rhodamine 123, MitoTracker® 
Green FM and MitoTracker® Red FM. The applications of these mitochondrial dyes are somewhat limited due 
to their poor photostability, small Stokes shifts and need for high-energy excitation lasers14, and these dyes can 
be easily washed out of cells once the mitochondria membrane potential is lost. In addition, due to the accom-
panying concentration quenching effect, diluted solutions should be used (50–200 nM) during the cell imaging 
process, which results in low photostability. At high concentrations, these dyes tend to aggregate (quenching 
fluorescence) and stain other organelles15. However, a probe for real-time dynamic tracking of mitophagy in vivo 
requires more stringent properties, such as good biocompatibility, high mitochondria-targeting efficiency, supe-
rior photostability, deep tissue penetration and intrinsically high three-dimensional resolution.
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Recently, cyclometalated iridium(III) complexes have gained increasing attention in bioimaging and biosens-
ing due to their rich photophysical properties, e.g., large Stokes shifts, good biocompatibility, and high pho-
tostability16–20. Moreover, certain Ir(III) complexes exhibit strong two-photon phosphorescence and have been 
applied in biosensing and bioimaging21–22. Two-photon imaging offers properties superior to those of one-photon 
imaging with deeper tissue penetration, reduced photobleaching, reduced autofluorescence interference, and 
prolonged observation time23–25. To the best of our knowledge, although certain Ir(III) complexes can stain mito-
chondria26–27, the use of terpyridyl Ir(III) complexes [Ir(N^N^N)(C^N)Cl]+ (N^N^N =  tridentate polypyridyl 
ligands; C^N =  cyclometalated ligand, Ir1-Ir3, Fig. 1) for mitochondrial imaging in living cells has been rarely 
reported. Different from the conventional Ir(III) complexes motifs, [Ir(N^N^N)(C^N)Cl]+ is a type of Ir(III) 
architecture that exhibits excellent photophysical and photochemical properties and lacks in-depth biological 
investigation28–30. In this work, we report the use of Ir1-Ir3 as one- and two-photon agents to track mitophagy 
in living cells and study the substituent influences of 4′ -p-tolyl-2,2′ :6,2″ -terpyridine (ttpy) on phosphorescent 
properties, cell uptake efficiency, and mitochondria imaging ability.

Results and Discussion
The synthesis details and characterization of Ir1-Ir3 are summarized in the Supporting Information (Figs S1–S6).  
The UV-Vis absorption spectra of Ir1-Ir3 are presented in Fig. 2A and Fig. S7. These complexes exhibited intense 
high-energy absorption bands between 250 and 350 nm and weak absorption bands between 350 and 480 nm. 
Upon substitution of -H by –CH3 or –F, the UV-Vis spectrum exhibited a slight red shift accompanied by greater 
light absorbance. The greatest two-photon absorption (TPA) cross-section (δ ) of Ir1-Ir3 occurred at approxi-
mately 750 nm and was approximately 70− 130 Göppert Mayer (GM) units (Fig. S8), a value that is much larger 
than those of the commercial MTR and MTG probes31. The phosphorescence spectra in H2O are shown in Fig. 2B, 
and Ir1-Ir3 emitted yellow phosphorescence in water with quantum yields of approximately 0.10. In organic 
solvents CH3OH and CHCl3, the quantum yields were enhanced to approximately 0.20 (Fig. S9 and Table S1).  
All of the Ir(III) complexes exhibited large Stokes shifts (77–101 nm, λ ex =  458 nm), which were similar to the 
other Ir(III) analogues28–30. Moreover, Ir1-Ir3 showed excellent stability in water at room temperature in daylight, 
as determined by time-dependent UV-Vis spectra and fluorescent spectra (Fig. S10). The Cl ligand was coor-
dinated so tightly to the Ir metal center that no apparent hydrolysis of Cl could be observed within 24 h, which 
matches previous reports32. In contrast, all of the commercial organic mitochondria dyes need to be carefully 
protected from light and stored at ≤  −20 °C 14. The TPA cross-section and excellent phosphorescent property 
rendered Ir1-Ir3 suitable for bioimaging.

The lipophilicity of a compound is well known to have an important effect on cell uptake efficiency, and this 
lipophilicity can be quantitatively evaluated by logPo/w values, where P is the partition coefficient between octanol 
and water. For high cell uptake compounds, the values range from − 0.4 to 5.6, with an average of 2.5233–34. The 
log Po/w values were detected by the “shake-flask” method. The complexes exhibited positive logPo/w values for Ir1 

Figure 1. Chemical structures of Ir(III) complexes Ir1-Ir3. 



www.nature.com/scientificreports/

3Scientific RepoRts | 6:20887 | DOI: 10.1038/srep20887

(1.3), Ir2 (0.9), and Ir3 (1.5). It appeared that substitution on the ttpy ligand enhanced the lipophilicity, and a 
positive log Po/w value might facilitate higher cell uptake ability and cell imaging efficiency.

Using laser scanning confocal microscopy, Ir1-Ir3 were assessed for their ability to stain living cells. No 
nuclear uptake was observed. Ir1-Ir3 was located mostly in the cytoplasm and specifically stained the thread-like 
organelles in HeLa cells (Fig. 3). The signal of Ir1-Ir3 merged well with the commercial mitochondrial dye MTR. 
In contrast, using the other cytoplasm dyes, such as lysosome tracker LTR, no overlay signal could be observed 
(Fig. S11). The mitochondria-selective staining property of Ir1-Ir3 was further confirmed using an inductively 
coupled plasma mass spectrometry (ICP-MS) assay (Fig. S12). The iridium concentration within mitochondria 
was significantly higher than that in the other organelles. The cell uptake efficiency of Ir3 was better than Ir1 and 
Ir2, as presented by the ICP-MS data. Moreover, at a concentration of 5 μ M, the viability of HeLa cells treated with 
Ir1-Ir3 was greater 80%, even after 6 h of incubation (Fig. S13).

Inspired by the excellent luminescence and mitochondria-targeting property of Ir1-Ir3, we further investi-
gated the concentration-dependent mitochondria imaging efficiency of Ir1-Ir3. We found that at smaller concen-
trations from 0.1 to 2.5 μ M, Ir1-Ir3 retained the ability to target mitochondria (Fig. S14). These results revealed 
that Ir1-Ir3 exhibit superior mitochondria imaging ability compared with that of MTR. The use of diluted solu-
tions of MTR or MTG (50–200 nm) in the cell imaging process results in low photostability. However, at high 
concentrations, MTR or MTG tend to aggregate, which quenches the fluorescence and stains other organelles.

The cellular transport pathways of Ir1-Ir3 were also investigated. Small molecules are generally taken up 
by living cells via an energy-dependent pathway (endocytosis, active transport) or an energy-independent 
(facilitated diffusion, passive diffusion) pathway35–36. HeLa cells were pretreated with the endocytosis inhibi-
tor filipin, but this treatment it did not inhibit Ir1-Ir3 staining mitochondria, indicating that Ir1-Ir3 did not 
enter cells via the endocytosis pathway. However, HeLa cells that were pretreated with the metabolic inhibi-
tors 2-deoxy-D-glucose and oligomycin or incubated at low temperature (4 °C) showed significantly diminished 
uptake of Ir(III) complexes. The intracellular phosphorescence apparently receded, which illustrated that Ir1-Ir3 
enter the cells via an energy-dependent pathway (Fig. S15).

In order to discuss the mechanism that Ir1-Ir3 can selectively target mitochondria, we searched for more 
information on the structural character of mitochondria. The mitochondria are enclosed by two membranes. The 
mitochondrial external membrane separates the cell cytoplasm from its interior and possesses high membrane 

Figure 2. (A) UV-Vis absorption spectra of Ir1-Ir3 (10 μ M) in phosphate buffer solution (PBS, pH =  7.4) 
buffer. (B) Phosphorescence spectra of Ir1-Ir3 (10 μ M) in PBS buffer. The excitation wavelength for Ir1-Ir3 is 
458 nm.
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permeability. Mitochondria play important roles in maintaining genomic integrity because they continuously 
oxidize substrates and maintain a proton gradient across the lipid bilayer with a large mitochondrial membrane 
potential of close to − 180 mV37–38. Therefore, cationic probes prefer to locate at the mitochondria than the other 
cellular component39–41. Some further reports mentioned that cationic species with a log P value between 0 and 
5 tend to accumulate in the mitochondria42. The mechanism of mitochondria targeting ability may due to the 
lipophilicity and positive charge of Ir1-Ir3.

Due to the membrane potential gradient, cationic mitochondria-specific dyes tend to accumulate in the 
mitochondria. However, under conditions of metabolic stress, drug treatment, radiation or autophagy, MTR 
tends to stain other cellular components. To access the tolerance of Ir1-Ir3 to mitochondrial membrane potential 
change, carbonyl cyanide m-chlorophenylhydrazone (CCCP), an oxidative phosphorylation uncoupler that can 
abolish the mitochondrial membrane potential, was used to treat the cells prior to the staining procedure43. As 
shown in Fig. 4, the thread-like organelles tubular-like networks confirmed that Ir1-Ir3 were capable of retaining 
mitochondria in CCCP-treated cells. In contrast, the commercially available mitochondrial imaging agents (e.g., 
MTR) tended to distribute at the cytoplasm and stain other cytoplasmic component in addition to mitochondria. 
The assembly of MTR in mitochondria is mainly dependent on the interaction with the mitochondrial internal 
membrane. Thus Ir1-Ir3 may target mitochondria due to the mitochondrial potential but locate at different parts 
inside mitochondria compared with MTR.

Photobleaching experiments were also performed to investigate the photostability of Ir1-Ir3. The fluorescence 
intensity of MTG and MTR decreased rapidly, whereas the signal loss of Ir1-Ir3 was relatively small (Fig. 5). MTG 
or MTR completely lost their fluorescence signal after photobleaching, but all the Ir(III) complexes maintained 
greater than 50% intensity. The photobleaching assay revealed that Ir1-Ir3 exhibit superior photostability com-
pared with the MitoTracker dyes. Moreover, an efficient probe for image-tracking applications should minimally 
perturb living cell systems.

Two-photon imaging uses low-energy near-infrared light excitation (700–1100 nm) and has emerged as a 
non-invasive tool for bioimaging. This technique presents several advantages over one-photon imaging, such as 
a deeper penetration depth, reduced photobleaching, reduced autofluorescence interference, and a prolonged 
observation time. The tubular-like mitochondrial branch network was clearly illuminated by Ir1-Ir3 (Fig. 2 and 
Fig. S16) under two-photon excitation (750 nm). In contrast, MTR exhibited much smaller signals due to the 
small TPA cross-section. Traditional two-dimensional cultures of adherent cell monolayers are routinely used 
in biomedical and life science research. However, these cultures present significant limitations for reproducing 
the complexity and pathophysiology of tissue in vivo. Three-dimensional multi-cellular tumor spheroids (3D 
MCTSs) are heterogeneous cell aggregates that have been gradually accepted as a valid intermediate that bridges 
the gap between monolayer in vitro cells and in vivo tissue44–47. Because two-photon fluorescence microscopy 
(TPM) exhibits deeper tissue penetration depths compared with one-photon fluorescence microscopy (OPM), 
3D MCTSs were used to confirm the penetration depth of Ir1-Ir3. As shown in Fig. 6 and Figs S17 and 18, Ir1-Ir3 
were capable of penetrating deep into the HeLa MCTSs, up to ~120 μ m from the periphery, and the internal 

Figure 3. Co-localization images of Ir1-Ir3 with MTR and co-localization coefficient (R). The one photon 
excitation wavelength for Ir1-Ir3 is 458 nm and the two photon excitation wavelength for Ir1-Ir3 is 750 nm. 
The excitation wavelength of MTR is 543 nm. Emission filter: 552 ±  20 nm (for Ir1), 547 ±  20 nm (for Ir2), 
535 ±  20 nm (for Ir3), 640 ±  20 nm (for MTR). Scale bars =  10 μ m.
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Figure 4. Images of CCCP pre-treated HeLa cells stained by Ir1-Ir3 and MTR. The excitation wavelength 
of MTR is 543 nm. Emission filter: 552 ±  20 nm (for Ir1), 547 ±  20 nm (for Ir2), 535 ±  20 nm (for Ir3), 
640 ±  20 nm (for MTR). Scale bars =  10 μ m.

Figure 5. (A) Photobleaching assay of Ir3 and MTR in HeLa cells. (B) Normalized emission intensity loss of 
Ir1-Ir3 and MTR in HeLa cells with increasing bleaching time. Scale bars =  50 μ m.
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structure of the MCTSs was illuminated using two-photon excitation. In contrast, a weak luminescence intensity 
was observed on the surface of the spheroids up to a depth of ~50 μ m for OPM imaging. Thus, the spheroids 
exhibited much stronger phosphorescence in the deeper sections of the MCTSs with two-photon laser excitation 
compared with one-photon excitation. The signal from one-photon probes, such as commercial MitoTracker 
dyes, exhibits poor tissue penetration, thus restricting their application to cell monolayers (Fig. S19). The phos-
phorescence images were captured every 4 μ m along the Z-axis. Therefore, Ir1-Ir3 were demonstrated as excellent 
two-photon probes for mitochondrial staining with deep tissue penetration.

The word mitochondrion comes from the Greek meaning “thread” and “grain-like”. The constant dynamic 
cycles of mitochondrial fission (individual state) and mitochondrial fusion (network state) construct the endo-
plasmic reticulum-mitochondria contacts. Moreover, mitochondria continuously fuse and fragment during auto-
phagy and uncoupling. Rapamycin, an mTOR inhibitor, has been shown to extend the lifespan and increase 
the level of autophagy, which is implicated upstream of the mitochondrial fragmentation48–49. In this work, Ir3 
was selected to visualize rapamycin (500 nm, 12 h) and FCCP (10 μM, 12 h) induced mitochondrial fission and 
fusion. As shown in Fig. 7, the mitochondrial morphology of fission and fusion induced by rapamycin was clearly 
illuminated by Ir3 in HeLa cells using two-photon excitation. Additionally, mitochondrial uncouplers, such as 
FCCP (carbonilcyanide p-triflouromethoxy-phenylhydrazone), did not reduce the viability of HeLa cells but 
could induce large-scale fission of mitochondria50. FCCP is referred to as an uncoupling agent because it disrupts 
ATP synthesis and inhibits mitochondrial potential. In mammalian cells, loss of mitochondrial membrane poten-
tial causes mitophagy, and the most rapid fission of mitochondria was induced by uncouplers (FCCP). In Fig. 7, 
we show that FCCP did not reduce the viability of HeLa after 12 h of treatment, and the fragmented mitochondria 
gathered near the nucleus.

Mitochondria and autophagy are elaborately linked homeostatic elements that act in response to significant 
cell environment changes, such as energy, nutrient, and oxidative stresses. Recent studies reveal that defects in 
autophagic degradation of mitochondria are associated with neurodegenerative diseases, thus highlighting the 
importance of observing the dynamic morphologic changes of mitochondria. When compromised by various 
injuries, solitary mitochondria are subject to degradation. The term mitophagy has been introduced for the spe-
cific process of mitochondrial autophagy. Mitochondria are a major target of autophagy because they occupy 
nearly 20% of the cytoplasmic volume even in well-nourished young animals. Mitophagy aids in clearing mito-
chondria with mutations of mitochondrial DNA and damaged mitochondria51–55.

We used Ir3 to monitor mitochondrial dynamics and mitophagy in real time under two-photon excitation. 
HeLa cells were pre-stained with Ir3, and the cells were incubated in DMEM medium with different concentra-
tions of glucose (4500 mg/L glucose for mitochondrial dynamic tracking and 1000 mg/L glucose with 500 nm 
rapamycin to induce mitophagy). Normal mitochondrial dynamics, including fusion and fission, continuously 
occurred and could be easily recognized after Ir3 staining (Fig. 8A). In the presence of low glucose concentration, 
the rod-like mitochondria tended to degrade and became small dots. It has been reported that hunger treatment 

Figure 6. Axial OPM and TPM phosphorescence of Ir3 (5 μm) on intact 3D multicellular tumor spheroids. 
Scale bars = 100 μm. 
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(low glucose) or rapamycin will induce mitochondrial autophagy to maintain the cellular energy supply56. Thus, 
Ir3 enabled direct visualization of the quick action of mitochondrial elongation or contraction and mitophagy.

Conclusion
In summary, we have designed and developed a new series of iridium(III) complexes, known as Ir1-Ir3, that 
exhibit one- and two-photon phosphorescence, high quantum yields, large two-photon absorption cross-sections, 
and mitochondria-specific staining properties. These complexes can clearly image the inner structure of 3D mul-
ticellular tumor spheroids with deeper tissue penetration under two-photon excitation. Among the whole com-
plexes, the –F substituted complex Ir3 exhibited properties superior to those of the other two complexes. We 
successfully used Ir3 to track mitochondrial dynamics and mitophagy in real time in living cells. Ir3 can greatly 
simplify the staining procedures that are used to study the key events associated with mitochondrial fission and 
fusion and can aid in developing an understanding of the role of mitochondrial fission and fusion and mitophagy 
in physiological cell function and dysfunction. With an improved understanding of mitochondrial morphology 
changes, new techniques for real-time tracking of mitochondria in living cells can enable a range of new diagno-
ses and therapies.

Methods
All solvents were of analytical grade. All buffer components were of biological grade and used as received. Iridium 
chloride hydrate, p-tolualdehyde and 2-acetylpyridine, 2-phenyl-pyridine (ppy), cisplatin, rapamycin, carbonyl 
cyanide-4-(trifluoromethoxy)-phenylhydra-zone (FCCP) and carbonyl cyanide m-chlorophenyl-hydrazone 
(CCCP) were bought from Sigma Aldrich (USA). MitoTracker Red FM (MTR) was purchased from Life 
Technologies (USA). Microanalysis (C, H, and N) was performed using a Vario EL elemental analyzer. 1H NMR 
spectra were recorded on a Bruker ADVANCE AV 400 NMR spectrometer using (CD3)2SO as a solvent at room 
temperature and TMS as the internal standard. Electrospray mass spectra (ES-MS) were recorded on a LCQ sys-
tem (Finnigan MAT, USA). The spray voltage, tube lens offset, capillary voltage and capillary temperature were 
set at 4.50  kV, 30.00 V, 23.00 V and 200 °C, respectively, and the quoted m/z values refer to the major peaks in the 
isotope distribution. UV–Vis spectra were recorded on a Perkin-Elmer Lambda 850 spectrophotometer. Emission 
spectra were recorded on a Perkin-Elmer LS 55 spectrofluorophotometer at room temperature.

Synthesis of Ir(III) complexes. 4′ -p-tolyl-2,2′ :6,2″ -terpyridine (ttpy), 4′ -p-methyltolyl-2,2′ :6,2″  
-terpyridine (mettpy), 4′ -p-fluorotolyl-2,2′ :6,2″ -terpyridine (fttpy) were prepared as described by Wang and 
Hanan13 Ir(ttpy)Cl3, Ir(mettpy)Cl3 and Ir(fttpy)Cl3 were prepared based on the procedure reported by Chirdon 
et al.13.

Figure 7. Cell imaging of Ir3 and MTR within living HeLa cells treated with rapamycin (500 nm) and 
FCCP. Scale bars = 10 μm. 
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Figure 8. (A) Real-time tracking of mitochondrial dynamic in living HeLa stained with Ir3 (5 μ M, 1 h).  
(B) Real-time monitoring of mitochondrial morphology changes during incubation with rapamycin. HeLa cells 
were pre-stained with Ir3. Scale bars =  10 μ m.
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Synthesis of [Ir(mettpy)(ppy)Cl](PF6) (Ir1). A mixture of [Ir(ttpy)Cl3] (124 mg, 0.20 mmol) and excess 
ppy (62 mg, 0.40 mmol) in glycol (10 mL) was stirred overnight at 180 °C under Ar and became a clear solution. 
After cooling to room temperature, the solution was poured into 50 mL saturated NH4PF6 solution to obtain a 
precipitate. The precipitate was isolated by filtration and washed with water and diethyl ether 3 times. The crude 
products were purified by column chromatography on alumina using acetonitrile− toluene as the eluent. The 
solvent was removed under reduced pressure, and purified yellow to orange Ir(III) complexes were obtained. 
Yield: 62%. Anal. calcd. for C33H25ClF6IrN4P: C, 46.56; H, 3.08; N, 6.58. Found: C, 46.47; H, 3.15; N, 6.43. 
ES-MS(CH3OH): m/z 705.0 [M-PF6

−]+. 1H NMR (300 MHz, d6-DMSO) δ  9.87 (d, J =  5.7 Hz, 1H), 9.24 (s, 2H), 
8.96 (d, J =  6.9 Hz, 2H), 8.49 (d, J =  7.2 Hz, 1H), 8.34 −  8.17 (m, 5H), 7.93 (d, J =  7.8 Hz, 1H), 7.80 (t, J =  6.6 Hz, 
1H), 7.68 (d, J =  5.1 Hz, 2H), 7.54 (m, 4H), 6.91 (t, J =  7.5 Hz, 1H), 6.74 (t, J =  7.5 Hz, 1H), 6.07 (d, J =  7.6 Hz, 1H), 
2.29 (s, 3H).

Synthesis of [Ir(ttpy)(ppy)Cl](PF6) (Ir2). A mixture of [Ir(ttpy)Cl3] (121 mg, 0.20 mmol) and excess ppy 
(62 mg, 0.40 mmol) was prepared in glycol (10 mL) solution. After cooling to room temperature, the solution was 
poured into 50 mL saturated NH4PF6 solution to obtain precipitates. The precipitate was isolate by filtration and 
washed with water and diethyl ether 3 times. The crude products were purified by column chromatography on 
alumina using acetonitrile− toluene as the eluent. The solvent was removed under reduced pressure, and purified 
yellow to orange Ir(III) complexes were obtained. Yield: 61%. Anal. calcd. for C32H23ClF6IrN4P: C, 45.91; H, 
2.89; N, 6.69. Found: C, 45.79; H, 2.97; N, 6.55. ES-MS (CH3OH): m/z 691.0 [M-PF6

−]+. 1H NMR (300 MHz, 
d6-DMSO) δ  =  9.88 (d, J =  5.1 Hz, 1H), 9.26 (s, 2H), 8.96 (d, J =  8.1 Hz, 2H), 8.49 (d, J =  8.1 Hz, 1H), 8.33 −  8.12 
(m, 3H), 8.26 −  8.19 (d, J =  7.2 Hz, 2H), 7.94 (d, J =  7.5 Hz, 1H), 7.85 −  7.78 (t, J =  6.9 Hz, 1H), 7.69 (m, 5H), 
7.59 −  7.49 (t, J =  7.2 Hz, 2H), 6.92 (t, J =  7.5 Hz, 1H), 6.75 (t, J =  7.2 Hz, 1H), 6.07 (d, J =  8.1 Hz, 1H).

Synthesis of [Ir(fttpy)(ppy)Cl](PF6) (Ir3). A mixture of [Ir(fttpy)Cl3] (125 mg, 0.20 mmol) and excess ppy 
(62 mg, 0.40 mmol) in glycol (10 mL) was stirred overnight at 180 °C under Ar and became a clear solution. After 
cooling to room temperature, the solution was poured into 50 mL saturated NH4PF6 solution to obtain a precipi-
tate. The precipitate was isolated by filtration and washed with water and diethyl ether 3 times. The crude products 
were purified by column chromatography on alumina using acetonitrile− toluene as the eluent. The solvent was 
removed under reduced pressure, and purified yellow to orange Ir(III) complexes were obtained. Yield: 65%. Anal. 
calcd. for C32H22ClF7IrN4P: C, 44.94; H, 2.71; N, 6.55. Found: C, 45.09; H, 2.67; N, 6.41. ES-MS(CH3OH): m/z 
709.0 [M-PF6

−]+. 1H NMR (300 MHz, d6-DMSO) δ  9.87 (d, J =  5.4 Hz, 1H), 9.25 (s, 2H), 8.94 (d, J =  7.8 Hz, 2H),  
8.49 (d, J =  8.1 Hz, 1H), 8.45 −  8.33 (m, 2H), 8.33 −  8.25 (d, J =  7.2 Hz, 1H), 8.22 (t, J =  7.2 Hz, 2H), 7.94 (d, 
J =  7.9 Hz, 1H), 7.85 −  7.76 (t, J =  6.9 Hz, 1H), 7.69 (d, J =  5.4 Hz, 2H), 7.62 (t, J =  8.7 Hz, 2H), 7.57 −  7.50  
(t, J =  6.3 Hz, 2H), 6.92 (t, J =  7.2 Hz, 1H), 6.74 (t, J =  7.2 Hz, 1H), 6.07 (d, J =  7.8 Hz, 1H).

Determination of two-photon absorption cross-sections. The two-photon absorption (TPA) spectra 
of the complexes were determined over a broad spectral region using a two-photon induced luminescence (TPL) 
method relative to Rhodamine B in methanol as the standard. The two-photon luminescence data were acquired 
using an OpoletteTM 355II instrument (pulse width ≤  100 fs, 80 MHz repetition rate, tuning range 710–840 nm, 
Spectra Physics, Inc., USA). Two-photon luminescence measurements were performed in fluorometric quartz 
cuvettes. The experimental luminescence excitation and detection conditions were conducted with negligible 
reabsorption processes, which can affect TPA measurements. The quadratic dependence of the two-photon 
induced luminescence intensity on the excitation power was verified at an excitation wavelength of 750 nm. The 
two-photon absorption cross-section of the complex was calculated at each wavelength according to Equation 
(1)57:

δ δ= ( )
φ

φ 1
C I n

C I n2 1
1 1 2 2

2 2 1 1

where I is the integrated luminescence intensity, C is the concentration, n is the refractive index, and ϕ is the 
quantum yield. The subscript ‘1’ refers to the reference samples, and ‘2’ indicates the experimental samples.

Cell culture. Human cervix adenocarcinoma cells (HeLa) were obtained from the Experimental Animal 
Center of Sun Yat-sen University (Guangzhou, China). HeLa were cultured in Dulbecco’s modified Eagle medium 
supplemented with 10% FBS, penicillin (100 units/mL), and streptomycin (100 μ g/mL) in a 5% CO2 humidified 
incubator at 37 °C.

Cell viability assay. The cytotoxicity of the tested compounds toward HeLa cells was determined via MTT 
assay. Cells cultured in 96-well plates were grown to confluence. The compounds were dissolved in DMSO (0.1%, 
v/v) and immediately diluted with fresh media. The cells were incubated with Ir1-Ir3 (5 μ M) for 0.5 h, 1 h, 3 h and 
6 h. The medium was removed, the cells were rinsed once with PBS, and fresh medium was applied. An amount 
of 15 μ L of MTT solution (5 mg/mL) was added to each well, and the plates were incubated for an additional 4 h. 
The medium was carefully removed and DMSO was added (150 μ L per well). The plate was incubated for 10 min 
with shaking. The absorbance at 595 nm was measured using a microplate reader (Infinite M200 Pro, Tecan, 
Männedorf, Switzerland).

Cellular localization assay. Cells were incubated with Ir1-Ir3 (5 μ M) at 37 °C for 0.5 h and further 
co-incubated with MTR (150 nm) at 37 °C for another 0.5 h. Cells were washed three times with ice-cold PBS 
and visualized immediately using confocal microscopy (LSM 710, Carl Zeiss, Göttingen, Germany) with a 63×  
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oil-immersion objective lens. The excitation wavelengths for one- and two-photon excitation of Ir1-Ir3 are 
458 nm and 750 nm, respectively. The excitation wavelength of MTR is 543 nm. Emission filter: 552 ±  20 nm (for 
Ir1), 547 ±  20 nm (for Ir2), 535 ±  20 nm (for Ir3), 640 ±  20 nm (for MTR).

Cellular uptake assay. Cells were detached from the culture and preincubated with endocytosis inhibitors 
(200 μ g/mL of filipin) and metabolic inhibitors (50 mM of 2-deoxy-D-glucose and 5 μ M of oligomycin) for 1 h 
before incubation with 5 μ M of Ir1-Ir3 with inhibitor in fresh media for 1 h at 4 °C or 37 °C. After exposure to 
the Ir(III) complexes and the inhibitors for the desired time, the cells were washed with a PBS solution and were 
subjected to confocal luminescence imaging.

ICP-MS assay. Exponentially growing HeLa cells were harvested, and the resulting single-cell suspension 
was plated into 100 mm tissue culture plates (Costar). After 24 h at 37 °C, the cells were incubated with 5 μ M 
Ir1-Ir3 complexes for 1 h at 37 °C in either medium with serum or medium without serum. The cells were rinsed 
with PBS, detached with trypsin, counted and divided into three portions. In the first portion, the nuclei were 
extracted using a nucleus extraction kit (Pierce, Thermo) following the manufacturer’s protocol. In the second 
portion, the cytoplasm was extracted using a cytoplasm extraction kit (Pierce, Thermo). In the third portion, the 
mitochondria were extracted using a mitochondrial extraction kit (Pierce, Thermo). The samples were digested 
with 60% HNO3 at RT for one day. Each sample was diluted with MilliQ H2O to obtain 2% HNO3 sample solu-
tions. The iridium content was measured using inductively coupled plasma mass spectrometry (ICP-MS Thermo 
Elemental Co., Ltd.). Data were reported as the means ±  standard deviation (n =  3).

Photobleaching assay in living cells. In order to test the photostability of Ir1-Ir3 as mitochondrial probes 
in cells, the one-photon fluorescence images were collected every 7 s in the channel. The excitation wavelength of 
MTR is 543 nm. Emission filter: 552 ±  20 nm (for Ir1), 547 ±  20 nm (for Ir2), 535 ±  20 nm (for Ir3), 640 ±  20 nm 
(for MTR). The fluorescence intensity of the images was recorded as well and compared with the initial intensity.

Generation and standing of 3D MCTSs. MCTSs were cultured using the liquid overlay method58. HeLa 
cells in the exponential growth phase were dissociated by trypsin/EDTA solution to obtain single-cell suspen-
sions. A number of 2500 diluted HeLa cells were transferred to 1% agarose-coated transparent 96-well plates with 
200 μ L of Dulbecco’s modified Eagle medium (DMEM) containing 10% serum. The single cells generated MCTSs 
approximately 400 μ m in diameter at day 4 at 5% CO2 in air at 37 °C. For staining experiments, 5 μ M (Ir1-Ir3) 
or 150 nM (MTR) in DMSO solution were incubated with MCTSs for 6 h. Cells were immediately visualized 
by confocal microscopy (LSM 710, Carl Zeiss, Göttingen, Germany) with a 10×  objective lens. The excitation 
wavelengths for one- and two-photon excitation of Ir1-Ir3 are 458 nm and 750 nm, respectively. The excitation 
wavelength of MTR is 543 nm. Emission filter: 552 ±  20 nm (for Ir1), 547 ±  20 nm (for Ir2), 535 ±  20 nm (for Ir3), 
640 ±  20 nm (for MTR).

Mitochondrial dynamics real-time tracking. HeLa cells were pretreated with Ir3 (5 μ M, 1 h), followed 
by replacement of the medium with fresh culture medium or low glucose culture medium together with rapamy-
cin (500 nM) and incubation in a humidified incubator. Cell imaging was performed by confocal microscopy, and 
photographs were taken at a different time. Emission was collected at 551 ±  20 nm upon excitation at 750 nm by 
two-photon modes (LSM 710, Carl Zeiss, Göttingen Germany).
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