
Theranostic Iridium Complexes
DOI: 10.1002/anie.201407468

Theranostic Iridium(III) Complexes as One- and Two-Photon
Phosphorescent Trackers to Monitor Autophagic Lysosomes**
Liang He, Cai-Ping Tan,* Rui-Rong Ye, Yi-Zhi Zhao, Ya-Hong Liu, Qiang Zhao, Liang-Nian Ji,
and Zong-Wan Mao*

Abstract: During autophagy, the intracellular components are
captured in autophagosomes and delivered to lysosomes for
degradation and recycling. Changes in lysosomal trafficking
and contents are key events in the regulation of autophagy,
which has been implicated in many physiological and patho-
logical processes. In this work, two iridium(III) complexes
(LysoIr1 and LysoIr2) are developed as theranostic agents to
monitor autophagic lysosomes. These complexes display
lysosome-activated phosphorescence and can specifically
label lysosomes with high photostability. Simultaneously, they
can induce autophagy potently without initiating an apoptosis
response. We demonstrate that LysoIr2 can effectively imple-
ment two functions, namely autophagy induction and lysoso-
mal tracking, in the visualization of autophagosomal–lysoso-
mal fusion. More importantly, they display strong two-photon
excited fluorescence (TPEF), which is favorable for live cell
imaging and in vivo applications.

Lysosomes (pH 4.5–5.5) and endosomes (pH 4.5–6.8) are
acidic organelles that play essential roles in many physiolog-
ical processes and cell signaling pathways, including intra-
cellular transportation, protein degradation and recycling,
cell membrane recycling, endocytosis, apoptosis as well as
autophagy.[1] It is noteworthy that autophagy is a lysosomal
degradation pathway that plays important roles in the cellular
and tissue homeostasis, physiology, development, and also in
the prevention and treatment of human diseases.[2] During
autophagy, cytoplasmic materials and damaged organelles are

engulfed in autophagosomes, after which the autophago-
somes fuse with lysosomes to acquire acidic hydrolases for
cargo degradation.[3] Lysosomes are very critical subcellular
organelles to execute the autophagic process. Changes in
lysosomal trafficking and contents account for the regulation
of autophagy, in particular through the aberrant cellular
release of a class of proteases.[4] It has been reported that
lysosomes increase in number, acidity, and size during
autophagy.[5] Real-time tracking of lysosomes can help us to
better understand the lysosome-associated events during
autophagy, e.g., release of lysosomal proteases, autophago-
some maturation, and fusion of lysosomes with other
organelles.

Recently, much research effort has been devoted to
developing sensitive and specific lysosomal probes for under-
standing the roles of lysosomes in cellular processes.[6] The
tracking of lysosomes during the autophagic process is of
particular concern. Lysosomes are often labeled with the
lysosome-associated membrane protein-2 (LAMP-2) or com-
mercially available lysosomal probes. Simultaneously,
autophagy is stimulated by starvation or autophagy-inducing
agents.[5,7] Because it is difficult to avoid nonspecific inter-
actions between different staining and inducing agents, multi-
functional theranostic agents cannot only greatly facilitate the
whole process but also provide more reliable experimental
results.

As demonstrated by the groups of Sadler and Meggers,
iridium complexes are very promising alternatives to plati-
num-based metallo-anticancer drugs.[8] Meanwhile, cyclome-
talated iridium(III) complexes have gained increasing atten-
tion in bioimaging and biosensing due to their rich photo-
physical properties, e.g., high quantum yields, large Stokes
shifts, long-lived phosphorescence, and good photostability.[9]

Iridium(III) complexes are also good candidates as two-
photon absorption (TPA) materials and luminophores.[10]

TPA materials that can be excited by near-infrared light
(700–1100 nm) have several advantages over conventional
one-photon excited staining agents when applied in biosens-
ing and bioimaging, such as decreased photobleaching effects,
minimal photodamage of cellular structures, low background
interference, and long penetration depth (> 500 mm).[11] These
advantages make two-photon microscopy an attractive tool to
visualize biological events within live cells and intact tis-
sues.[6a,c,12]

Herein, two iridium(III) complexes, LysoIr1 and LysoIr2
(Figure 1), were synthesized and developed as one- and two-
photon-excited theranostic agents. The photophysical proper-
ties, including the pH-dependent phosphorescence, of LysoIr1
and LysoIr2 were characterized. Their specificity and photo-
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stability to label lysosomes were evaluated and their ability to
induce autophagy was examined with a variety of methods.
Finally, the capability of LysoIr2 to function as theranostic
agents by simultaneously inducing autophagy and tracking
autophagic lysosomes was explored.

The synthesis of LysoIr1 and LysoIr2 is summarized in the
Supporting Information (SI). They were characterized by
1H NMR spectroscopy, ESI-MS, and CHN elemental analysis
(for details see SI) as well as X-ray crystallography (Figure S3,
Tables S1 and S2). The photophysical data of LysoIr1 and
LysoIr2 are summarized in Table S3. In disodium hydrogen
phosphate/citric acid buffer solutions, the absorption bands at
approximately 350–480 nm are assigned to metal-to-ligand
charge-transfer (1MLCT) absorption (Figure S4). The max-
imum emission wavelengths (lem) are ca. 600 nm and 645 nm
for LysoIr1 and LysoIr2, respectively.

The protonation/deprotonation processes, which can per-
turb the electronic properties of the molecules and result in
pH-sensitive fluorescence/phosphorescence properties, are
widely recognized mechanisms of many lysosomal track-
ers.[6e,g,12a] It is found that both LysoIr1 and LysoIr2 show pH-
sensitive phosphorescence in disodium hydrogen phosphate/
citric acid buffer solutions, which is ascribed to the proto-
nation/deprotonation of the secondary amine of the indole
rings on the b-carboline ligands (Figure 2 and Figure S5).
Under neutral and basic conditions (pH� 7.4), the phosphor-
escence of LysoIr1 and LysoIr2 becomes very weak and
“turned-off”. When the pH is changed from weakly basic (8.2)
to acidic (3.0), a significant increase in the intensity of the
phosphorescence, ca. 35- and 30-fold enhancement for
LysoIr1 and LysoIr2, respectively, can be observed. More-

over, the pKa values determined from the sigmoidal curves
obtained from recording the phosphorescence intensity at
intervals between pH 3.4 and 8.2 are 5.56 and 5.19 for LysoIr1
and LysoIr2, respectively (insets in Figure 2 and Figure S5).
These values match the typical pH values of acidic cell
organelles.

We then evaluated their pH-dependent emission proper-
ties in the two-photon mode (Figures S6 and S7). The TPA
cross-sections of LysoIr1 and LysoIr2 at different pH were
determined by investigating their two-photon excited fluo-
rescence (TPEF) using rhodamine 6G as the reference.[13] The
maximum TPA cross-sections (dmax, lex = 810 nm) were mea-
sured to be 958 and 972 GM at pH 3.4 for LysoIr1 and
LysoIr2, respectively (Table S3). These values are among the
largest TPA cross-sections reported for iridium complexes.[10]

The two-photon action cross-section (Fd), the product of the
TPA cross-section and fluorescence/phosphorescence quan-
tum yield, can provide direct measure of TPEF brightness and
is a more important feature to evaluate the efficiency of two-
photon luminophores.[14] The maximum two-photon action
cross-sections (Fdmax) at pH 3.4, 5.4, and 7.4 are 137, 73, and
5.8 GM for LysoIr1, and are 105, 62, and 3.1 GM for LysoIr2,
respectively (Table S3, Figure S6a and b). The Fdmax values at
acidic pH (3.4) are much higher than those reported for
commercial probes (Fdmax< 20 GM) and comparable to
those reported for typical organic two-photon lysosomal and
pH-sensitive probes (16–431 GM).[6a,c,12] LysoIr1 and LysoIr2
display ca. 24- and 34-fold higher Fdmax values at pH 3.4 than
those obtained at pH 7.4, respectively. Moreover, TPEF
spectra of LysoIr1 and LysoIr2 show pH-responsive charac-
teristics that are similar to those observed under one-photon
excitation (Figure S6c and d).

Cytotoxic assay shows that LysoIr2 displays lower cyto-
toxicity than LysoIr1 against human lung adenocarcinoma
A549 cells. The percentage of viable cells is larger than 90%
after 3 h incubation with LysoIr2 (10 mm). Exposure to
LysoIr2 (10 mm) for 6 h causes about 35% reduction in the
viability of A549 cells (Figure S8).

As demonstrated above, the pKa values of LysoIr1 and
LysoIr2 match the typical pH values of lysosomes, indicating
that they are suitable for labeling acidic structures (e.g.,
lysosomes and endosomes) in cells. Colocalization experi-
ments of LysoIr1 or LysoIr2 with commercial LysoTracker
Green DND-26 (LTG) in A549 cells under one- and two-
photon excitation demonstrates the specific lysosomal stain-
ing of the probes (Figure 3 and Figure S9a). Under two-
photon excitation, the Pearson�s colocalization coefficients of
LysoIr1 and LysoIr2 with LTG are 0.85 and 0.91, respectively.
Meanwhile, little colocalization for LysoIr1 and LysoIr2 with
MitoTracker Green FM (MTG) is observed, which indicates
that LysoIr1 and LysoIr2 possess lysosomal specificity (Fig-
ures S9b and S10). The specific staining of lysosomes by
LysoIr1 and LysoIr2 is also confirmed in human breast cancer
MCF-7 cells and human cervical cancer HeLa cells (Fig-
ures S11–S14).

By using lifetime gating in fluorescence lifetime imaging
microscopy (FLIM) applications, LysoIr1 and LysoIr2 can
image lysosomes in the absence of cellular autofluorescence
(Figure S15a, b, d, and e).[15] Additionally, the intracellular

Figure 1. Structures of iridium(III) complexes LysoIr1 and LysoIr2.

Figure 2. pH-sensitive emission spectra of LysoIr2 (10 mm,
lex = 420 nm) in disodium hydrogen phosphate/citric acid buffer
solutions. Inset: A plot of emission intensity of LysoIr2 at 645 nm
versus different pH values.
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acidity can also be mapped based on the phosphorescence
lifetimes of IrIII (Figure S15c and f). The average phosphor-
escence lifetimes of LysoIr1 and LysoIr2 in cells are
determined to be ca. 111 and 140 ns, respectively, which is
consistent with the lifetimes of LysoIr1 and LysoIr2 at
lysosomal pH (Table S3).

The photostability of LysoIr2 was evaluated by a photo-
bleaching experiment. Under successive irradiation at the
same intensity with the help of a power meter, the phosphor-
escence intensity of LysoIr2 remains at a level of 60 % of the
initial phosphorescence intensity after 20 scans (7.75 s per
scan; Figure S16). On the other hand, the fluorescence
intensity of LTG decreases rapidly to 15% under the same
conditions. The high photostability of LysoIr2 makes it
favorable for real-time lysosomal tracking.

Based on our former observations that iridium(III)-b-
carboline complexes can induced autophagy in cancer cells,[16]

we further investigated whether LysoIr1 and LysoIr2 can also
induce autophagy in A549 cells. The ultrastructural and
morphological alterations in A549 cells upon LysoIr1 and
LysoIr2 treatment were investigated by transmission electron
microscopy (TEM). Most of the IrIII-treated cells were found
to display morphological characteristics of autophagy, e.g.,
extensive vacuoles containing degraded material (Figure 4
and Figure S17a). Microtubule-associated light chain 3 (LC3)
protein can specifically label autophagosomal membranes,
and the conversion of LC3-I to LC3-II is generally accepted as

an autophagy marker.[17] Western blotting analysis shows that
the ratio of LC3-II/LC3-I is markedly increased after LysoIr1
and LysoIr2 treatment as compared with the vehicle-treated
control, which is similar to that observed for the established
autophagy inducer rapamycin (Figure S17b). Accordingly,
eGFP-LC3 localization study shows that the protein is
distributed diffusely (LC3-I) in vehicle-treated A549 cells,
whereas most of the cells treated with rapamycin (72.1�
4.5%), LysoIr1 (73.2� 5.7%), or LysoIr2 (77.0� 6.9%)
display an intense punctate pattern (LC3-II; Figure S17c
and d).

As a real-time lysosomal tracker, LysoIr2 is more suitable
compared with LysoIr1 because of its longer emission wave-
length, a pKa value closer to the lysosomal pH, higher
Pearson�s colocalization coefficient, and lower cytotoxicity;
therefore, LysoIr2 is chosen for further explorations.

The signaling pathways of autophagy and apoptosis are
extensively interconnected.[18] The ability of LysoIr2 to induce
apoptosis in A549 cells was investigated by the annexin V
staining assay (Figure S18a and b). Compared with the
vehicle-treated control cells (5.3� 0.4%), LysoIr2 treatment
causes a negligible increase in the percentage of annexin V-
positive A549 cells (2 mm : 5.7� 0.8%; 4 mm : 6.7� 0.7%; 8 mm :
7.9� 0.9%). However, a considerable percentage of cells
undergo apoptosis upon cisplatin treatment (25 mm : 32.3�
3.1%; 50 mm : 49.1� 3.8%). Consistent with these observa-
tions, the activity of caspase-3/7, key executioners of apop-
tosis, does not increase upon LysoIr2 (4 mm) treatment,
whereas cisplatin (50 mm) causes an approximately 2.4-fold
increase in caspase-3/7 activity (Figure S18c). These results
reveal that LysoIr2 mainly induces autophagy, but not
apoptosis, in A549 cells.

As demonstrated above, LysoIr2 can induce autophagy in
A549 cells, and it is also a very specific lysosomal probe that is
suitable for real-time lysosomal tracking. We conceived that
LysoIr2 could be utilized to monitor the alternations of
lysosomal morphology in real-time during autophagic pro-
cesses. As the treatment time increases, the enlargement of
the total volume of acidic compartments is unambiguously
indicated by the red fluorescence from LysoIr2 (10 mm) under
both one- and two-photon excitation (Figure 5 and Fig-
ure S19, Movies S1 and S2).

Furthermore, the fusion of mature autophagosome with
endosome/lysosome to form autolysosome for degradation of

Figure 3. One- and two-photon images of A549 cells co-labeled with
LysoIr2 (10 mm, 1 h) and LTG (150 nm, 0.5 h). a) LTG (lex =488 nm,
lem = 511�20 nm). b) One-photon excited LysoIr2 (lex = 405 nm,
lem = 645�20 nm). c) Two-photon excited LysoIr2 (lex = 810 nm,
lem = 645�20 nm). d) Overlay of (a) and (b). e) Overlay of (a) and (c).
f) Bright field.

Figure 4. Representative TEM images showing the morphological
features of A549 cells treated with a) vehicle control and b) LysoIr2
(4 mm) for 24 h. c) Magnified view of the black box region in (b).

Figure 5. Two-photon excited real-time tracking of lysosomes in A549
cells stained with LysoIr2 (10 mm) at 37 8C for different time intervals.
a) 0.25 h, b) 0.5 h, c) 1 h, d) 1.5 h, e) 2 h, f) 4 h, g) 6 h, and h) bright
field.
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its contents is a crucial stage of autophagy.[7] Since LysoIr2 can
induce autophagy and monitor lysosomes in real-time, it can
be used to study the interactions of lysosomes with other
labeled biological molecules/organelles during autophagic
processes. To demonstrate the effectiveness of our proposal,
eGFP-LC3-transfected A549 cells were treated with LysoIr2
(10 mm) and monitored by confocal microscope under both
one- and two-photon excitation (Figure 6 and Figure S20).
After ca. 30 min, small eGFP-LC3 dots gradually emerged,

while negligible colocalization of green dots and red dots can
be detected. When the treatment time is extended to 1–2 h,
there is an increase in both number and size of eGFP-LC3
puncta, and the Pearson�s colocalization coefficient of
lysosomes and autophasosomes increases to about 0.36
(Figure S21). After 6 h of LysoIr2 treatment, a higher Pear-
son�s colocalization coefficient (0.65) is observed, indicating
that a substantial number of eGFP-LC3 puncta are merged
with lysosomes. These data clearly demonstrate that LysoIr2
can effectively implement two functions, namely autophagy
induction and lysosomal tracking, in the visualization of
autophagosomal–lysosomal fusion.

In summary, we have developed two iridium(III) com-
plexes that can specifically image lysosomes and induce an
autophagic response in live cells. These two features make
them ideal probes to track autophagic lysosomes. We show
that LysoIr2 allows specific visualization of lysosomes during

the autophagic process in live cells without any additional
labeling operations. Thus, LysoIr2 can greatly simplify the
staining procedures to study the key events in autophagy
associated with lysosomes, e.g., autophagosomal–lysosomal
fusion. More importantly, LysoIr1 and LysoIr2 display
marked TPA and emission properties, which can greatly
enhance their sensitivity and expand their compatibility with
other staining methods by minimizing the interference with
the background noises and other labeling agents. We consider
that LysoIr2 can be utilized as a useful research tool to track
autophagic lysosomes in real-time.
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