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ABSTRACT: Photodynamic therapy (PDT) has long been
receiving increasing attention for the minimally invasive treatment
of cancer. The performance of PDT depends on the photophysical
and biological properties of photosensitizers (PSs). The always-on
fluorescence signal of conventional PSs makes it difficult to real-
time monitor phototherapeutic efficacy in the PDT process.
Therefore, functional PSs with good photodynamic therapy effect
and self-reporting properties are highly desired. Here, two
nonemissive iridium(III) solvent complexes, [(dfppy)2Ir-
(DMSO)]Cl (Ir-DMSO, dfppy = 2,4-difluorophenyl)pyridine,
DMSO = dimethyl sulfoxide) and [(dfppy)2Ir(ACN)]Cl (Ir-
ACN, ACN = acetonitrile) as PSs, were synthesized. Both of them
exhibit intense high-energy absorption bands, low photolumines-
cence (PL) emission, and low dark toxicity. Thanks to the lower dark toxicity of Ir-DMSO, we chose it as a PS for further PDT. In
this work, Ir-DMSO functions as a specific PL “signal on” PS for self-reporting therapeutic efficacy during its own PDT process.
Colocalization experiments indicated that Ir-DMSO accumulated in the endoplasmic reticulum and mitochondria. Under light
irradiation, Ir-DMSO not only exhibited the ability to kill cancer cells but also presented a “signal on” PL response toward cell death.
During Ir-DMSO-induced PDT, cell death modality was further investigated and immunogenic cell death was revealed, in which
main hallmarks, including ROS generation, upregulation of surface-exposed calreticulin, high-mobility group box 1, and adenosine
triphosphate secretion, were observed. Thanks to the specific coordination reaction between Ir-DMSO and histidine (His)/His-
containing proteins, the phototherapeutic efficacy can be monitored in real time without other signal probes. This work provides a
new and promising strategy for the development of PSs with self-reporting ability, which is of great importance for imaging-guided
PDT.
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■ INTRODUCTION
Cancer is a major cause of global mortality with great effect on
life quality.1 So much effort has been made to develop effective
diagnostic and therapeutic techniques.2,3 In recent years,
photodynamic therapy (PDT) has become a hopeful
technology for cancer treatment due to the distinctive benefits
of noninvasive therapy, high specificity, controllability, and
high spatiotemporal precision.4,5 PDT is a photochemical-
based treatment approach that involves the use of photo-
sensitizers (PSs) to produce highly cytotoxic reactive oxygen
species (ROS) upon light irradiation for inducing cancer cell
death.6 A wide range of PSs has been developed, such as
organic fluorophores, transition metal complexes, and nano-
materials.7−12 Despite good PDT efficacy, the conventional
PSs cannot real-time monitor the phototherapeutic effect,
which leads to problems such as overtreatment or delay of
treatment during the PDT process.13,14 Therefore, the

development of new PSs with good photodynamic therapy
efficacy and self-reporting properties is highly desired.

Self-reporting PSs with the ability to produce ROS and
monitor ROS production or therapeutic efficiency simulta-
neously have recently emerged as promising candidates in
PDT.15−17 PSs with a self-reporting capacity present obvious
visualization of the phototheranostic process;17 thus, excessive
phototoxicity and other adverse effects caused by irradiation
and drug toxicity can be significantly mitigated. In present, PSs
with self-reporting ability are mainly designed based on small
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organic compounds, which are usually modified with activable
groups.18 The unique features of iridium(III) complexes
provide new opportunities for the facile design of self-reporting
probes with improved therapeutic accuracy and efficacy for
image-guided PDT. However, to the best of our knowledge,
there is no report on iridium(III) complexes as self-reporting
PSs to monitor therapeutic efficacy during image-guided PDT.
Herein, we designed and synthesized two small molecular

PSs by introducing organic solvents (dimethyl sulfoxide
(DMSO) and acetonitrile (ACN)) into iridium(III) complexes
as auxiliary ligands. The photophysical properties and in vitro
cytotoxicity of the two iridium(III) solvent complexes were
investigated. Ir-DMSO with lower dark cytotoxicity was
utilized as a self-reporting PS for monitoring phototherapeutic
efficacy, as shown in Scheme 1. Under white light irradiation,

Ir-DMSO not only exhibited the ability to eradicate cancer
cells, but also to self-indicate cell demise through photo-
luminescence (PL) emission enhancement. Cell death modal-
ity during Ir-DMSO induced PDT was further investigated and
immunogenic cell death (ICD) was identified, in which the
main hallmarks, including ROS generation, upregulation of
surface-exposed calreticulin (CRT), high-mobility group box 1
(HMGB1), and adenosine triphosphate (ATP) release, were
observed. Particularly, the self-reporting property of Ir-DMSO
through its own PDT was finally confirmed, and photo-
therapeutic efficacy can be monitored in real time without
other signal probes, exhibiting great potential for image-guided
PDT.

■ EXPERIMENTAL SECTION

Material and Apparatus
IrCl3·3H2O was purchased from Xi’an Shengyi New Material
Technology Co., Ltd. (China). 2-(2,4-Difluorophenyl)pyridine
(dfppy), DMSO, ACN, and 2-ethoxyethanol were ordered from
J&K Scientific Ltd. (China). Diethyl pyrocarbonate (DEPC) and Cell
Counting Kit-8 (CCK-8) were purchased from Beijing Solarbio

Science & Technology Co., Ltd. (China). 2,7-Dichlorodihydrofluor-
escein diacetate (DCFH-DA), methylene blue, and 2,2,6,6-tetrame-
thylpiperidine (TEMP) were obtained from TCI Corporation
(China). Endoplasmic reticulum specific fluorescent dye (ER-Tracker
Red, ERTR), mitochondria specific fluorescent dye (Mito-Tracker
Red, MTR), lysosome specific fluorescent dye (Lyso-Tracker Red,
LTR), Annexin V-FITC/propidium iodide (PI) double staining kit
were purchased from Biotech. Inc. (China). Calcein Acetoxymethyl
Ester (Calcein-AM) was supplied by Dojindo Laboratories (Japan).
Alexa Fluor 555 conjugate antirabbit IgG (H+L), alexa Fluor 488
conjugate CRT rabbit mAb, HMGB1 antibody and ATP assay kit
were purchased from Cell Signaling Technology (U.S.A.). Confocal
laser scanning microscope (CLSM) images system (FV1200,
Olympus, Japan), UV−visible spectrophotometer (UV-2450, Shi-
madzu Corporation, Japan), and fluorescence spectrophotometer
(Fluorolog-3, Horiba JY, Japan) were used in this work for
characterization and measurements.

Synthesis of Ir-DMSO and Ir-ACN
Ir-DMSO and Ir-ACN were synthesized according to the synthetic
route shown in Scheme S1, and details are presented in the
Supporting Information.

Cytotoxicity
To test the cytotoxicity of Ir-DMSO and Ir-ACN, 100 μL of the
freshly cultured HeLa cell medium with a density of 1 × 105 cells/mL
was added into a 96-well plate cultivated at 37 °C for 24 h under a 5%
CO2 atmosphere. After that, HeLa cells were further cultured in 100
μL of culture medium containing different concentrations of Ir-
DMSO or Ir-ACN for 30 min. And then, the wells containing the
resulting cells were separated into two groups. One group was
irradiated with white light (20 mW/cm2) for 10 min, while another
group was kept in the dark for 10 min, and then all groups were
further cultivated in the dark for 24 h. After extracting the medium,
the cells were washed twice with PBS. Then 10 μL of the original
CCK-8 solution and 100 μL of PBS were dropped into each well, and
the wells were further incubated at 37 °C for 4 h. Finally, the
cytotoxicity of the sample to HeLa cells was calculated on the basis of
the absorbance at 450 nm.

PDT Experiment
For PDT testing, HeLa cells were first treated with 10 μM Ir-DMSO
for 30 min at 37 °C. Followed by washing with PBS, the resulting
HeLa cells were then cultured in fresh culture medium under white
light irradiation (20 mW/cm2) for different amounts of time. After
exposure to white light, the processed cells were further treated with
Calcein-AM and PI for 30 min or Annexin V-FITC and PI for 30 min,
respectively, followed by PBS washing. For CLSM imaging, there was
no phenol red in the cell culture medium. The CLSM images were
collected within windows of 450−550 nm, with an excitation
wavelength at 405 nm for Ir-DMSO, 500−550 nm with an excitation
wavelength at 488 nm for Annexin V-FITC and Calcein-AM, and
570−670 nm with an excitation wavelength at 559 nm for PI.

■ RESULTS AND DISCUSSION

Design and Synthesis

Dfppy was usually used as the main ligand of blue light
iridium(III) complexes. For iridium(III) complexes using
dfppy as the main ligand, interligand energy transfer
(ILET)19 could occur from the higher level dfppy-centered
triplet metal-to-ligand charge transfer (3MLCT) state to the
auxiliary ligand-centered 3MLCT or auxiliary ligand center
(3LC) state. PL emission mainly came from auxiliary ligand-
dominated 3MLCT/3LC, so emission properties of the
iridium(III) complex can be modulated through auxiliary
ligands. In this work, organic solvent (DMSO or ACN) was
introduced to the molecular structure of the iridium(III)
complex via two-step reactions to produce iridium(III) solvent

Scheme 1. (A) Synthetic Route of Ir-DMSO; (B) Schematic
Illustration of Ir-DMSO as “Signal on” Self-Reporting PS
for Real-Time Monitoring of Therapeutic Efficacy During
PDT
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complex, as shown in Scheme S1. First, chloro-bridged
iridium(III) dimer [(dfppy)2Ir(μ-Cl)]2 (Ir1) was synthesized

20

by mixing and refluxing IrCl3•3H2O and dfppy in the mixture

solvent of 2-ethoxyethanol/H2O. Then Ir1 was dissolved in
DMSO and stirred for 30 min at room temperature under N2
atmosphere. The chemical structure of Ir1 was characterized

Figure 1. (A) UV−vis absorption spectra (solid line) and PL emission spectra (dotted line) of 10 μM of Ir-DMSO (λex = 375 nm) and Ir-ACN (λex
= 355 nm) in 0.01 M PB-DMSO (v/v = 99:1). (B) UV−vis absorption spectra and PL emission spectra of Ir-DMSO in 0.01 M PB-DMSO (v/v =
99:1) under white light irradiation (20 mW/cm2) for different times. (C,D) Cell viability (%) of HeLa cells against different concentrations of Ir-
DMSO (C) or Ir-ACN (D) under dark or white light irradiation (20 mW/cm2, 10 min).

Figure 2. (A) PL emission spectra of 5.0 μM Ir-DMSO in the presence of His (a−k, 0.2, 0.4, 0.6, 0.8, 1.0, 2.0, 4.0, 6.0, 8.0, 10, 20 μM, respectively);
inset, calibration curve of His. (B) The relative PL intensity I/I0 of 5.0 μM Ir-DMSO in the presence of 20 μM His and 100 μM of the other 19
natural amino acids in aqueous solution for 30 min, λex = 375 nm, λem = 460 nm. I0 represents the PL intensity of Ir-DMSO only. I represents the
PL intensity of Ir-DMSO in the presence of various amino acids (0, blank; 1, L-methionine; 2, L-serine; 3, L-lysine; 4, L-leucine; 5, L-alanine; 6, L-
isoleucine; 7, L-valine; 8, L-arginine; 9, L-glycine; 10, L-cysteine; 11, L-tryptophan; 12, L-glutamine; 13, L-aspartic acid; 14, L-phenylalanine; 15, L-
proline; 16, L-tyrosine; 17, L-asparagine; 18, L-threonine; 19, L-glutamic; 20, L-histidine). (C) Reaction pathway of the histidine-imidazole group
with an excess of DEPC. (D) PL emission spectra of Ir-DMSO under different conditions (a, 5.0 μM Ir-DMSO + 20 μM His; b, 0.1 mM DEPC
adding into the mixture of 5.0 μM Ir-DMSO + 20 μM His; c, 5.0 μM Ir-DMSO adding into the mixture of 20 μM His + 0.1 mM DEPC). (E) ESI-
HRMS spectrum of Ir-DMSO. (F) ESI-HRMS spectrum of Ir-DMSO with 1 equiv of His.
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by nuclear magnetic resonance hydrogen spectroscopy (1H
NMR, Figure S1), 1H−1H correlation spectroscopy NMR
(1H−1H COSY, Figure S2), and electrospray ionization with
high-resolution mass spectrometry (ESI-HRMS, Figure S3).
1H NMR identified and quantified hydrogen atom types and
quantities of Ir1 (Figure S1) and 1H−1H COSY NMR further
confirmed correlations between the hydrogen atoms in Ir1
(Figure S2). The ESI-HRMS features a major peak centered at
m/z [M]+ 573.0550 (calculated, 573.0561) for Ir1 (Figure S3),
indicating the successful synthesis of Ir1. Then the chemical
structure of Ir-DMSO was verified by ESI-HRMS (Figure S4),
from which a major peak centered at m/z [M]+ 651.0697
(calculated, 651.0699). In addition, the structure of Ir-DMSO
was further confirmed by single-crystal X-ray crystallographs.
The details of the experimental conditions, unit cell data, and
refinement data are summarized in Figure S5 and Tables S1−
S3. Ir-DMSO forms orthorhombic, and the Ir atom
coordinates the N atoms from two dfppy ligands and the S
atom of DMSO and Cl anion (Figure S5 and Table S2). Ir-
ACN was also synthesized by choosing ACN as another
solvent ligand and characterized by ESI-HRMS. A major peak
centered at m/z [M]+ 614.0827 (calculated, 614.0827) in ESI-
HRMS (Figure S6), indicating the successful synthesis of Ir-
ACN.

Photophysical and Biological Properties

The UV−vis absorption spectra and PL emission spectra of Ir-
DMSO and Ir-ACN in 0.01 M PB-DMSO (v/v = 99:1) are
shown in Figure 1A. Both of them display intense high-energy
absorption bands from 230 to 340 nm and weak absorption
bands from 340 to 470 nm (Figure 1A, solid line), which are
similar to the typical iridium(III) complex.20 The correspond-
ing molar extinction coefficients (ε) were then calculated to be
6.84 × 104 M−1 cm−1 at 375 nm for Ir-DMSO and 5.53 × 104
M−1 cm−1 at 355 nm for Ir-ACN, both of which were higher
than the hematoporphyrin derivative (HPD)21 and other
reported iridium(III) complex PSs.15,17 These results indicate
the strong absorption ability of the two iridium(III) solvent
complexes in the corresponding spectral region. Meanwhile,
PL behavior shows that the two iridium(III) solvent complexes
have a weak PL emission with a maximum emission
wavelength at 488 nm for Ir-DMSO (Figure 1A,c) and 478
nm for Ir-ACN (Figure 1A,d), respectively. Also, extremely low
PL quantum yields (Φ < 0.01%) were obtained for the two
PSs. In addition, upon white light irradiation (20 mW/cm2),
the absorption spectra and PL emission spectra of Ir-DMSO
and Ir-ACN show almost no change, manifesting their good
photostability (Figures 1B and S7).

The dark cytotoxicity and phototoxicity of Ir-DMSO and Ir-
ACN to HeLa cells were examined by the CCK-8 method. The
IC50 values of Ir-DMSO and Ir-ACN in the dark were 118.8

Figure 3. (A) Energy level of Ir-DMSO and ground state oxygen (3O2) absorption. The HOMO and LUMO of Ir-DMSO were calculated by DFT
using CAM-B3LYP/6-31G* and LANL2DZ. (B) ESR spectra of Ir-DMSO trapped by TEMP in 0.01 M PB-DMSO (v/v = 99:1) with/without
white light irradiation (20 mW/cm2) for 10 min. (C,D) CLSM images of HeLa cells after incubation with 20 μM DCFH-DA and 10 μM Ir-DMSO
(C), and only 20 μM DCFH-DA (D) under white light irradiation (20 mW/cm2) for different times. Scale bar: 20 μm.
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and 81.3 μM, respectively (Figure 1C,D). Moreover, upon
white light irradiation (20 mW/cm2, 10 min), cell viability was
greatly reduced, the values of IC50 under light exposure were
7.7 and 6.4 μM (Figure 1C,D), and the phototoxicity indexes
were 15.4 and 12.7 for Ir-DMSO and Ir-ACN, respectively.
Lower dark cytotoxicity and strong phototoxicity of Ir-DMSO
were obtained compared with that of Ir-ACN. Therefore, Ir-
DMSO was chosen as a PS for further PDT in the following
experiments.
Inspired by the specific luminescent properties of [Ir-

(ppy)2(solv)2]+ (ppy = 2-phenylpyridine, solv = H2O or
CH3CN) for histidine (His)/His-rich proteins,22 here we
investigated interactions between Ir-DMSO and biomolecules,
including amino acids or proteins, bases, or DNA. As shown in
Figure 2A, two PL emission peaks with wavelengths at 460 and
488 nm were observed for Ir-DMSO in the presence of His,
and their relative PL intensities increased linearly with the His
concentration within the range of 0.2−20 μM. In contrast,
there was nearly no PL emission for the other 19 amino acids
(Figure 2B), which demonstrates the specific PL-enhanced
response of Ir-DMSO to His. After diethyl pyrocarbonate
(DEPC, a His-specific alkylating reagent, Figure 2C)23 was
added in the solution, PL responses of Ir-DMSO-His
decreased (Figure 2D,b). In particular, Ir-DMSO displays
nearly no signal when added into the mixture of DEPC-His
adducts (Figure 2D,c), indicating that the enhanced PL comes
from the interaction between Ir-DMSO and His. Responses of
Ir-DMSO to polypeptides and proteins containing different
numbers of His residues were further explored and shown in
Figure S8. As expected, PL signal enhancements to varying
degrees were observed. In addition, we found that bases ss-

DNA and ds-DNA did not influence the PL response of Ir-
DMSO compared with that of His (Figure S9).

To further confirm the interaction between Ir-DMSO and
His, ESI-HRMS of Ir-DMSO with different amounts of His
was conducted. As shown in Figure 2E, Ir-DMSO in CH3OH
showed two major peaks centered at 573.0559 and 651.0697,
corresponding to [(dfppy)2Ir]+ (calculated, 573.0561) and
[(dfppy)2Ir(DMSO)]+ (calculated, 651.0699), respectively.
When adding 1 or 2 equiv of His, major peaks centered at
728.1242 and 728.1258 can be clearly observed, which can be
ascribed to [(dfppy)2Ir(His)]+ (calculated, 728.1256) (Figures
2F, S10, and S11). For 1 equiv of His, major peaks
corresponding to [(dfppy)2Ir]+ (573.0557) and [(dfppy)2Ir-
(DMSO)]+ (651.0688) can still be clearly observed (Figure
2F), while 2 equiv of His caused disappearance of character-
istic peaks of [(dfppy)2Ir]+ and [(dfppy)2Ir(DMSO)]+ (Figure
S10), indicating that Ir-DMSO indeed react with His. Another
two small new peaks centered at 156.0771 and 883.1956 were
observed, which corresponded to [(His) + H]+ (calculated,
156.0768) and [(dfppy)2Ir(His)2]+ (calculated, 883.1951),
respectively (Figures S10 and S12). Together, these results
demonstrate that Ir-DMSO can specifically identify His and
His-containing peptide/proteins by reacting with the imidazole
ring of His species.
Subcellular Localization Investigation

The subcellular localization of Ir-DMSO in HeLa cells was
studied by colocalization experiments using ERTR, MTR, and
LTR. Because of weak-emission of Ir-DMSO inside HeLa cells,
His was added after HeLa cells were treated with Ir-DMSO
according to previous work.24 As shown in Figure S13, bright
blue PL emissions of Ir-DMSO-His were overlapped with that

Figure 4. (A) CLSM images and (B) flow cytometry results of HeLa cells treated with different processes. HeLa cells were first incubated with Ir-
DMSO (10 μM, 30 min) and then irradiated without or with white light irradiation (20 mW/cm2) for 5 and 10 min, respectively. Then, all HeLa
cells were incubated with Annexin V-FITC and PI for 30 min. Scale bar: 10 μm. (C) CLSM images of HeLa cells costained with Ir-DMSO and PI
treated with different processes. Scale bar: 100 μm. (D) The relative emission intensity of Ir-DMSO and PI in HeLa cells placed in the dark for
different times after light irradiation for 5 min. (E) The relative emission intensity of Ir-DMSO and PI in HeLa cells at different times without light
irradiation.
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of ERTR and Pearson’s coefficient was calculated to be 0.8947.
Meanwhile, Pearson’s coefficients of Ir-DMSO-His with MTR
and LTR were 0.8822 and 0.3760, respectively, suggesting that
Ir-DMSO was predominantly accumulated in endoplasmic
reticulum (ER) and mitochondria (Mito).
ROS Generation Ability

To evaluate ability of 1O2 generation for Ir-DMSO, we first
used density functional theory (DFT) to compute molecular
orbital energy level of Ir-DMSO. From Figure 3A we know
that the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) of Ir-DMSO are
−6.15 and −2.16 eV, respectively. Thus, the band gap of Ir-
DMSO (3.99 eV) was overlapped with that of 1O2 (1.63 eV),25

indicating that Ir-DMSO could have the ability to generate 1O2
(Figure 3A). The type of ROS produced by Ir-DMSO upon
white light irradiation was checked by electron spin resonance
(ESR) spectroscopy. A characteristic 1O2 induced triplet signal
was obviously shown, while no characteristic signal of •OOH
or •OH radicals was observed (Figure 3B). Using 1,3-
diphenylisobenzofuran (DPBF) as a 1O2 indicator and
methylene blue as a reference, the 1O2 yield of Ir-DMSO
was calculated to be 0.45 (Figure S14), which is much higher
than Photofrin (Φ = 0.25) and Foscan (Φ = 0.31).26

The ROS generation ability of Ir-DMSO in live cells was
further investigated using 2,7-dichlorofluorescein diacetate
(DCFH-DA) as an indicator. When ROS exists, DCFH-DA
will be oxidized with a green fluorescence emission. As shown
in Figure 3C, without white light irradiation, no green
fluorescence emissions were observed from HeLa cells treated
with Ir-DMSO. Upon white light irradiation (20 mW/cm2),
green fluorescence emissions can be clearly observed and the
fluorescence intensity grew fast with the extension of light
irradiation (Figure 3C). As a control, no fluorescence
emissions were observed from HeLa cells treated with only
DCFH-DA under the same conditions (Figure 3D). These
results confirmed that Ir-DMSO possesses the outstanding
ability to produce intracellular ROS under white light
irradiation.
PDT Efficacy Evaluation

To evaluate the PDT effect of Ir-DMSO for the treatment of
cancer cells, HeLa cells were exposed to 20 mW/cm2 white
light with different times after being treated with Ir-DMSO for
30 min, and cell viabilities were determined after irradiation via
Annexin V-FITC (early apoptotic cells probe, green)/PI
(necrotic cells or late-stage apoptotic cells probe, red) double
staining kit and Calcein-AM (living cell probe, green)/PI
double staining kit. As shown in Figure 4A, there are distinct
fluorescence emissions from Annexin V-FITC for HeLa cells
under light irradiation with different times. Without light
irradiation, there are only bright green fluorescence emissions
from Calcein-AM in the whole cells and no fluorescence
emissions from PI (Figure S15A), showing that HeLa cells
were live. After light irradiation for 5 min, there were weak
discrete green fluorescence emissions from Annexin V-FITC
on cell membrane along with membrane blebbing, and little
red fluorescence emissions from PI within cells, indicating that
these cells were at early stage of apoptosis. After irradiation for
10 min, there were strong intact green fluorescence emissions
from Annexin V-FITC and red fluorescence emissions from PI,
suggesting HeLa cells were at the late stage of apoptotic or
necrotic (Figures 4A and S15). Also, the morphology and
structure of HeLa cells changed during Ir-DMSO-induced

PDT. In contrast, after a 10 min light irradiation without Ir-
DMSO, there were green fluorescence emissions from Calcein-
AM with normal cell morphology (Figure S15E). Meanwhile,
flow cytometry analysis was performed with an Annexin V-
FITC/PI apoptosis detection kit to further verify the PDT
efficacy. As shown in Figure 4B, percentages of apoptotic and
necrotic HeLa cells obviously increase with light exposure
time, strongly confirming the PDT efficacy of Ir-DMSO for the
treatment of cancer cells.
Self-Feedback of Phototherapeutic Efficacy

Self-reporting property of Ir-DMSO was finally investigated
through its own PDT process, and time-dependent blue
fluorescence emissions were recorded to monitor Ir-DMSO-
induced cell death. As illustrated in Figure 4A, very weak blue
fluorescence emitted only from cytoplasm after light irradiation
for 5 min. With prolonged irradiation, strong blue fluorescence
emissions were observed in the cytoplasm. When light
irradiation increased to 20 min, strong blue fluorescence
emissions were observed from the whole cells (Figure S15D).
On the other hand, cell shrinkage and numerous membrane
blebbing occurred after light irradiation, together with
enhanced blue fluorescence with extended incubation time.
Besides, through the change of blue luminescence emissions,
the therapeutic effect of Ir-DMSO in its own PDT process can
be real-time monitored. As shown in Figure 4C,D, the relative
fluorescence intensity of Ir-DMSO and PI in each set of cells
increased with light exposure time and Ir-DMSO exhibited
greater signal variation than PI. As control, there is nearly no
change in the fluorescence emission at different times without
light irradiation (Figure 4E). Additionally, the possibility
whether Ir-DMSO can be employed as an apoptosis indicator
by enhanced blue fluorescence emissions when cisplatin was
used to induce cell apoptosis was conducted. Strong blue
fluorescence emissions appeared from HeLa cells treated with
cisplatin and Ir-DMSO without light irradiation, accompanied
by swollen nuclei, integrated nuclear membrane, and trans-
lucent cytoplasm. As the control, no obvious blue fluorescence
emissions were observed from HeLa cells treated with Ir-
DMSO alone (Figure S16). These results demonstrate that Ir-
DMSO as a PS not only possessed effective PDT performance
for cell apoptosis and necrosis under continuous light
irradiation, but also had a self-reporting property for real-
time monitoring therapeutic efficacy in a “signal on” mode
without other signal probes.

To determine whether the PL emission enhancement comes
from cellular His/His-containing proteins, experiments with
DEPC-treated HeLa cells were conducted. The treatment of
cells with DEPC can lead to the destruction of the cell
membrane27−29 and may cause cell death. When HeLa cells
were treated with Ir-DMSO (10 μM) for 30 min after
incubation with DEPC for 1 h, a bright red emission from PI
and a weak blue emission from Ir-DMSO were simultaneously
observed from PI-stained HeLa cells (Figure S17). Bright-field
and merged images show that vacuoles fill up the entire
cytoplasm and fragmented nucleus, indicating that these cells
are dead. Also, there was no obvious blue emission from Ir-
DMSO in these dead cells (Figure S17A). After treatment with
His, these dead cells show strong blue and red fluorescence
emissions (Figure S17B). On the other hand, strong blue
emissions from HeLa cells treated with Ir-DMSO under light
irradiation weaken evidently when DEPC was added under
different conditions (Figure S18). These results suggest that
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the enhanced blue PL signals during Ir-DMSO-induced PDT
may be a result of intracellular His/His-containing proteins.
Therapeutic Mechanism of Ir-DMSO-Induced PDT

Inspired by the good self-reporting ability of Ir-DMSO in the
PDT process with ROS generation and ER localization, the
therapeutic mechanism of Ir-DMSO-induced PDT was
investigated. Immunogenic cell death (ICD) is a cell death
mechanism that activates the T-cell adaptive immunity, leading
to the formation of long-term immunological memory.30 ICD
usually involves the translocation of the ER-resident
calreticulin to the cell surface, the secretion of adenosine
triphosphate, and the secretion of the nuclear high-mobility
group box 1 protein.30 These hallmarks were therefore
investigated upon treatment of HeLa cells with Ir-DMSO
and light irradiation. Using immunofluorescence confocal laser
scanning microscopy, the translocation of CRT was observed
(Figure 5A). Green fluorescence emissions can be seen from
HeLa cells upon treatment with Ir-DMSO in the dark or under
irradiation, indicating that CRT existed in the cytoplasm or the
cell membrane (Figure 5A). Also, light irradiation results in a
higher level of surface-exposed CRT (Figure 5B). In following,
the possible migration of HMGB1 was monitored. As shown in
Figure 5C, an increased trend of red fluorescence emissions
with increasing irradiation time was observed for HeLa cells
treated with Ir-DMSO, indicating the upregulation of HMGB1
during Ir-DMSO-induced PDT. The extracellular release of
HMGB1 to the supernatant was quantified by an ELISA assay.
A 2.34-fold enhancement of extracellular levels of HMGB1 was
found upon exposure to light (Figure 5D). Futhermore, the
release of ATP was studied using a specific bioluminescence
detection kit. A nearly 2-fold increase in the extracellular ATP
levels upon Ir-DMSO treatment under irradiation was
observed (Figure 5E). There was no significant difference in
the ratio of CRT or the ratio of HMGB1 calculated from HeLa
cells in the same field of view and ATP content obtained from

cell culture supernatant in six parallel experiments (p > 0.05),
while there was extreme significant difference between ratio of
CRT or ratio of HMGB1 calculated from HeLa cells upon
different light irradiation times and ATP content obtained
from cell culture supernatant in experimental groups under
different light irradiation times (p < 0.001, Figure 5). These
findings indicate that Ir-DMSO can trigger ICD upon visible
light irradiation.

■ CONCLUSION
In summary, we have successfully designed and synthesized
two nonemissive iridium(III) solvent complexes (Ir-DMSO
and Ir-ACN) as PSs by introducing organic solvents into
iridium(III) complexes as auxiliary ligands. Due to superior
photophysical properties and lower cellular toxicity, Ir-DMSO
was chosen for further PDT. Upon visible light irradiation, Ir-
DMSO not only produces ROS to induce cell death but also
presents the capacity of self-reporting therapeutic efficacy
through a “signal on” mode. Further studies revealed that the
“signal on” property of Ir-DMSO may result from its specific
response to His/His-containing proteins. In addition, ICD was
identified during Ir-DMSO-induced PDT, in which ROS
generation, upregulation of surface-exposed CRT, and
HMGB1 and ATP release were simultaneously observed.
The limitation of Ir-DMSO is its strong blue-light absorption,
which has poor tissue penetration. Future work will focus on
near-infrared self-reporting PSs based on iridium(III) com-
plexes. The work presented here provides a new and promising
strategy for the development of self-reporting PS, which is of
great importance for precise and effective PDT.

■ ASSOCIATED CONTENT
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The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/cbmi.4c00042.

Figure 5. Evaluation for hallmarks of ICD in HeLa cells upon treatment with Ir-DMSO in the dark or upon white light irradiation.
Immunofluorescence confocal laser scanning microscopy stained with (A) Alexa Fluor 488 conjugate calreticulin rabbit mAb and (C) Alexa Fluor
555 conjugate antirabbit IgG (H+L) and HMGB1 antibody. Analysis of CRT (B) and HMGB1 (D) levels in HeLa cells from (A) and (B). (E)
Release of adenosine triphosphate into the cell culture supernatant. Probabilities *p < 0.05, **p < 0.01, ***P < 0.001 are marked in the figure and
0.05 was chosen as the significance level.
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1H NMR, ESI-HRMS spectra, crystal structure and data,
PL emission spectra, colocalization experiments, and
CLSM images of HeLa cells treated with different
process in PDT process (PDF)
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