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Concomitant treatment of radiotherapy and chemotherapy is widely used in cancer therapy. The search for

highly efficient radiochemotherapy drugs for tumor targeting therapy under image-guiding is of
considerable interest. Herein we report an Ir-based prodrug Ir-NB with high sensitization efficiency for in
vivo tumor microenvironment responsive cancer-targeted bioimaging radiochemotherapy. To the best

of our knowledge, the sensitivity enhancement ratio (SER) of the Ir-NB prodrug is the highest among
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those reported for radiotherapy metal complex drugs. From detailed action mechanism study, we

provide evidence that the prodrug is effectively suppresses the tumor growth through inducing
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Introduction

Chemotherapy has been widely used in cancer therapy
concomitantly with radiotherapy or as adjuvant treatment after
radiotherapy or surgery.’” The traditional synergistic combi-
nation of chemotherapy and radiotherapy normally only
reduces the dose of each treatment, while the defects of the two
treatments, such as low sensitivity enhancement ratio (SER) and
the lack of targeting and visibility, have not been well solved.* In
order to solve these problems, we have been interested in
designing a highly sensitized drug with multifunctional diag-
nosis and treatment capability to target tumor cells and intel-
ligently respond to the tumor microenvironment (TME).
Meanwhile, we would like to employ a chemotherapeutic drug
as a potential radiosensitizer (RS) for synergistic sensitization of
radiochemotherapy. Based on the above reasons, herein, we
report an Ir-based drug Ir-NB (Fig. 1a and b) with a SER value of
up to 10.35 for visualized tumor radiochemotherapy. To the best
of our knowledge, the SER value of Ir-NB is the highest among
those reported for radiotherapy metal complex drugs (Table
S1t).

In order to enhance the efficiency of radiotherapy, materials
containing a high atomic number (high-Z) element were usually
considered as RSs since they can release a large amount of
energy in their immediate vicinity through the Auger effect and
photoelectric effect when receiving radiation.*® The released
large amount of energy was proposed to cause overproduction
of reactive oxygen species (ROS) to break the DNA strand and
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mitochondrial dysfunction, and eventually amplifies the apoptotic signal pathway. This study provides an
approach for the development of cancer theranostic agents for tumor radiotherapy.

finally induce cell death.” Until now, platinum analogues
especially cisplatin are the most commonly used agents as RSs
and have been proved to target DNA.**° Although RSs targeting
DNA can have a lethal effect on cancer cells, they can also pose
a threat to genetic stability,>'* which hinders their application.

Developing novel organ-targeted, especially mitochondria-
targeted RS is a desired way to combat the drawbacks of typical
nucleus-targeted RS. Accumulated studies show that the distur-
bance of mitochondrial function is highly related to radiosensi-
tivity without threatening genetic stability.”>** Lipophilic heavy
metal complexes (Ir, Ru, etc.) with a positive charge are ideal
candidates for mitochondria-targeting RSs since heavy metals
with high-Z are sensitive to X-rays and positively charged mate-
rials tend to accumulate in mitochondria.'*"”

Despite the fact that using lipophilic heavy metal complexes
with a positive charge as RSs can well combat the deficiencies of
DNA-targeting RSs, the lack of visualization of tumor sites and
the low bioavailability of RSs also hinder their application.
Cyclometalated iridium-based (Ir, Z = 77) materials would be
promising candidates for the design of novel RSs with bio-
imaging function due to their long-lived luminescence, good
light stability and also photophysical sensitivity to acidity,
oxygen content or viscosity."®*' Furthermore, in order to
improve the bioavailability of these cyclometalated iridium
systems, TME responsive acidity-sensitive imine bonds and
lung cancer-targeting functional groups - biotin**?® were
employed to build an intelligent image-guided radio-
chemotherapy system.

In this work, we report the design and synthesis of an Ir-
based TME-responsive prodrug Ir-NB (Fig. 1c) for cancer-tar-
geted bioimaging and radiochemotherapy. From the experi-
mental studies, we provide evidence that upon irradiation, the
high atomic number (high-Z) Ir(m) complex was localized in

This journal is © The Royal Society of Chemistry 2020
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Fig.1 Bioresponsive process of Ir-based theranostic probes in a tumor microenvironment. (a) Graphical scheme illustrates the conversion of the
precursor to the probe upon exposure to acidity and esterase. (b) Chemical structure of Ir() complexes in this work. (c) Graphical scheme
demonstrates the pH-responsive process of the Ir complex. The probe was activated by acidic conditions and esterase, accompanied by the
departure of the quencher and the targeted unit. (d) The pH response of precursor Ir-NB in an acidic environment was investigated by 'H NMR.
The emerging peak at § = 9.66 (s) indicated the formation of the aldehyde group of the probe Ir-CH. (e) Cumulative drug release of the probe Ir-
CH from the system through the decomposition of ester in the presence of an acidic environment and esterase as monitored by HPLC.

mitochondria and induced the overproduction of ROS trig-
gering mitochondrial dysfunction, eventually amplifying the
apoptotic signal pathway to effectively suppress the tumor
growth. This study provides an approach for the development of
cancer theranostic agents for tumor radiotherapy.

Results and discussion

Tumor microenvironment responsive process of Ir-based
prodrugs

The well-designed targeting image-guided prodrug Ir-NB consists
of four parts (Fig. 1b and c). The major part is the six coordinated
Ir(m) part, which is both a good chemotherapeutic drug and
radiotherapy drug, and at the same time, it has strong lumines-
cence emission. In order to accurately visualize the location of
tumor sites, the prodrug Ir-NB is designed to include another two
parts: one is a nitrobenzoyl motif, a strong electron acceptor,
which can be used to quench the luminescence emission of the

This journal is © The Royal Society of Chemistry 2020

Ir(ur) complex owing to the photoinduced electron transfer (PET)
process;'®*” the other one is an acidity-sensitive imine bond,
which can be used as a pH responsive linker to be broken in the
TME to reproduce the luminescence emission of the Ir(m)
complex (Fig. 1c). The last part of Ir-NB is a cancer-guiding group
to improve the bioavailability of the prodrug. Since lung cancer is
the leading cause of cancer death worldwide and with an obvious
biotin-receptor, we choose biotin as the guiding group conju-
gated with the major Ir(m) part through an ester bond.” The
biotin group can selectively deliver drugs to the lung cancer area
followed by ester bond cleavage in the presence of esterase and
acidic conditions to release the major Ir(m) part as a RS.>® The
A549 lung carcinoma cell line and WI38 normal lung cell line
were choose as models for experiments. Meanwhile, in order to
get more insight into this system, Ir-based complexes Ir-CH
(without cancer-targeting and TME-responsive groups), Ir-NH
(without cancer-targeting groups) and Ir-CB (without TME-
responsive groups) were synthesized for comparison (Fig. 1b).

Chem. Sci, 2020, 11, 3780-3789 | 3781
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The synthesis of the above-mentioned compounds is
explained in Schemes S1 and S2 in the ESIf and the structures
were characterized by ESI-TOF MS, CHN elemental analysis, and
'H and *C NMR spectroscopy. The complexes display absorp-
tion bands at 340-520 nm, which could be assigned to metal-to-
ligand charge transfer (MLCT) absorption (Fig. S1t). The
induction of the nitrobenzoyl moiety causes a blue shift and
decline in the emission of the complexes (Fig. S2t), while under
acidic conditions the imine bond was disrupted to remove the
nitrobenzoyl quencher to release the probe. This was confirmed
by '"H NMR (Fig. 1d): by incubation under acidic conditions (pH
= 6.8), Ir-NH was converted to Ir-CH through imine bond
disassociation, and a -CHO peak at 6 9.61 in "H NMR appeared.
At the same time, the bioresponse performance of the precursor
Ir-NB has been further confirmed by incubation in esterase or
under acidic conditions. The content of the Ir-NB complex was
analyzed by high-performance liquid chromatography (HPLC).
From the results shown in Fig. 1e, it is found that both esterase
and acid treatment contribute to the cleavage of the ester bond.
The synergistic effect of acidity and esterase accelerates the
unloading process of the biotin unit, and nearly 80% of the
conjugates were decomposed under such conditions.

Stimuli signal-amplification process of Ir-based probes

The effective conversion of the precursor to the probe in an acidic
environment is beneficial to the tumor diagnostic efficiency, so it's
necessary to study in detail the pH-dependent probe response. In
order to investigate the pH-induced switch of the probe, we
examined the emission spectra of the precursor in the pH range of
5.5-7.8 (Fig. 2a). As the pH decreased, a continuous decline was
observed in emission intensity at 580 nm, while a sharp increase
was found in the emerging peak at 660 nm. This was suggested to

Intensity

Fig. 2 Stimuli signal-amplification process of the probe in an acidic
environment. (a) Emission spectra of the Ir-NB after the incubation in
solution with different pH values. Three-dimensional representations
of the fluorescence spectra of the (b) precursor and (c) probe. Changes
in the fluorescence image of cells illustrate the activation of Ir-NB
under acidic conditions. (d) The A549 cells were incubated with Ir-NB
(20 pM) in PBS solution at pH 7.4, 6.8 and 6.0 respectively. The labeled
cells are observed in the green channel (Aex = 470, Aemy = 570-590 nm)
and red channel for the Ir complex (ex = 530, Ay = 650-680 nm).
Scale bar = 50 pm.
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be due to the efficient switch of the precursor to the probe under
mildly acidic pH conditions, since the departure of the strongly
electron-withdrawing nitrobenzoyl moiety causes the red-shift and
enhancement of the emission spectra of the Ir complex. The 3D
representations of the fluorescence spectra of the precursor and
probe (Fig. 2b and c) suggested that the optimized choices of
excitation (>500 nm) and emission (>660 nm) wavelength could
eliminate the signal of the precursor during tumor imaging. The
pH-induced switch of the probe within cells was also investigated
by incubating the A549 cells under different pH conditions. With
the decrease of the medium pH (from 7.4 to 6.0), the signal
intensity of the probe at 660 nm increases gradually, while the
signal strength of the precursor decreases at 580 nm (Fig. 2d).
From these experimental results, we can conclude that under
neutral conditions (pH = 7.4), the luminescence of Ir-NB was
quenched due to the PET process from the Ir(m) center to the
nitrobenzoyl motif. Under acidic extracellular conditions, the
luminescence of Ir-NB was enhanced owing to the departure of the
nitrobenzoyl motif via breaking of the imine bond. These results
suggest that the effective conversion of the precursor to the probe
in an acidic environment facilitates diagnostic potency in tumors.

In vitro radiosensitization effect of the Ir-based RSs

In order to evaluate the radiosensitizing activity of the designed
drugs, an in vitro MTT assay was performed with an X-ray. Prior
to evaluating the radiosensitization performance, Ir-CH was
chosen as the representative to test the stability of the RS. After
receiving 8 Gy radiation, no obvious change was found in the
HPLC and 'H NMR analysis of Ir-CH (Fig. S31), indicating that
the sensitization was ascribed to the intact Ir(u) complex. In
addition, the biotin targeting function was evaluated before
investigating the radiosensitization performance by using
biotin receptor-positive (A549 lung carcinoma cell line) and
-negative (WI38 normal lung cell line) cell lines. The biotin-
functionalized Ir-CB preferentially (Fig. 3a) accumulated in the
A549 cells rather than WI38 cells, while the cellular uptake
amount of probe Ir-CH was almost similar in both cell lines. In
addition, excessive biotin pretreatment blocked the uptake of Ir-
CB, which further confirmed the targeting of biotin receptors. In
vitro cell experiments showed that the Ir complexes alone had
mild toxicity toward A549 and WI38 cells, while the X-ray (4 Gy)
cytotoxicity was also not very strong (suppressing A549 cell
growth by 14.1%). After combined treatment with the Ir(im)
complexes and X-ray radiation, the growth inhibition of A549
cells was enhanced in a dose-dependent manner. Moreover, the
targeted RS Ir-NB possesses a higher radiosensitization effect
than its analogues, which is mainly due to higher intracellular
uptake (Fig. 3b). More importantly, the cytotoxic effect of Ir-NB
(10 uM) combined with X-rays (4 Gy) on A549 cells was much
greater than that on WI38 cells (Fig. S47). In addition, cisplatin,
a widely used radiosensitizer, was employed as a positive
control to evaluate the radiosensitizing effect of the Ir
complexes. The antitumor activity of the synthesized Ir
complexes combined with radiotherapy was much higher than
that of cisplatin which is widely used in clinics. To further
evaluate the interaction between X-rays and Ir RSs, isobologram

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Iridium-based RSs display a radiosensitization effect in the combined radiochemotherapy. (a) The cellular uptake of the Ir(i1) complexes

(20 uM) with or without pretreatment with excess biotin (100 uM) by A549 or WI38 cells. (b) Cytotoxic effects of the Ir complexes (10 uM) or
cisplatin (10 pM) with/without X-ray irradiation at different dosages on A549 cells. (c) Isobologram analysis of the synergistic antiproliferative
effect of combined treatment with X-rays and Ir-NB on A549 cells. The data points in the isobologram correspond to the growth inhibition ratio
at 50% in the combined treatment. (d) The SER values of different metal-based RSs in this work and previous reports. The details and references
are displayed in Table S1 in the ESI.¥ (e) Representative photographs of the colony formation of A549 cells under co-treatment with the Ir
complexes and X-rays for 15 days. The numbers indicate the related colony formation in different groups. (f) Examination of the ROS level of

A549 cells after various treatments by using the DCFH-DA probe.

analysis was carried out. As shown in Fig. 3c, the data points in
the isobologram are below the line defining the additive effect,
indicating that combined treatment with Ir-NB and X-rays at
different dosages yields a synergistic effect. SER was employed
to evaluate the sensitization efficiency of the RSs as displayed in
Table S1.1 The cancer-targeting Ir-based RSs (SER value under 8
Gy radiation: 10.35 for Ir-NB and 10.50 for Ir-CB) possess much
higher SER than their analogues (SER value under 8 Gy radia-
tion: 6.81 for Ir-NH and 6.65 for Ir-CH) in the treatment of the
A549 cell line, while in the treatment of the WI38 cell line, no
obvious difference was found between these four Ir-based RSs.
As shown in Fig. 3d, the SER of the designed prodrug Ir-NB was
much higher than that of cisplatin (SER: 4.36) and other metal-
based RSs reported in the literature.**** These results indicated
that the cancer-targeting delivery system facilitates the sensiti-
zation efficiency of the RS in curing malignant cells. The
synergistic effect was further confirmed by the clonogenic
survival assay (Fig. 3e and S5af). Since the radiation at the
dosage of 8 Gy obviously suppressed the proliferation of cell
lines, radiation dosage at 4 Gy was chosen for further mecha-
nism studies. The survival fractions of A549 cells treated with X-
rays (4 Gy) or Ir-NB (10 pM) alone are 62.3% and 71.4%
respectively, while the combined treatment yielded a synergistic
inhibition effect with the survival fraction reduced to 5.6%
(Fig. S5bf¥).

In vitro action mechanism study of the Ir-based RSs

The radiosensitization effect of Ir based RSs motivates us to
gain more insight into the action mechanism. Typically,

This journal is © The Royal Society of Chemistry 2020

during the radiotherapy, excessive ROS will be generated to
induce the breakage of DNA double-strands, so we employed
2/,7'-dichlorofluorescein (DCFH-DA) as a probe to examine the
ROS generation from the RS under X-ray irradiation (Fig. 3f).
Treatment with the Ir(ur) complexes or cisplatin alone slightly
increased the ROS level in A549 cells, while the combined
treatment with the RSs and X-rays significantly enhanced the
intracellular ROS generation, corresponding to the strong
tumor growth suppression. After that, we carefully screened
whether DNA damage occurred during excessive ROS genera-
tion. Phosphorylation of histone H2AX at serine 139 (YH2AX) is
the most sensitive marker that can be used to examine the DNA
damage.*® YH2AX can be detected by immunofluorescence
using flow cytometric detection to real-time monitor the
changes. In our system, the image of immunofluorescence
showed that there was no significant change in the expression
level of YH2AX soon after Ir-NB + X-ray irradiation combined
treatment compared with X-ray treatment alone (Fig. 4a),
which means that DNA is not the direct target for the excess
ROS generation induced by Ir-NB. Therefore, we were inspired
to investigate the intracellular target of Ir-NB by determining
the subcellular localization. From the luminescence signal of
the probe, we found that the probe was localized in the cyto-
plasm, which was further verified by the co-staining experi-
ments using a commercial mitochondrion-staining agent
(Mito-Tracker Green FM). The results showed that the lumi-
nescence signal of the probe (red) and the luminous signal of
Mito-Tracker (green) have obvious co-localization, which was
reflected by the well-matched yellow area in the merger image,

Chem. Sci., 2020, 11, 3780-3789 | 3783
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Fig. 4 Mitochondria-targeting iridium RS triggered loss of mito-
chondrial membrane potentials (MMP) inducing a synergetic effect on
anticancer activity. (a) The expression of yH2AX in A549 cells after
treatment with Ir-NB and X-rays (4 Gy) was visualized using an
immunofluorescence stain. Scale bar = 50 um. (b) Fluorescent image
of A549 cells labeled with Ir-CH (A¢x = 530, 2em = 650-680 nm), Mito-
Tracker green (Aex = 490, Aem = 510-530 nm) and Hoechst 33324.
Scale bar = 10 um. (c) The loss of mitochondrial membrane potential
caused by the X-rays and Ir complex was measured by JC-1 flow
cytometric analysis. (d) Expressed levels of Bcl-2 and Bax protein in
A549 cancer cells after various treatments, and equal loading was
verified by analysis of B-actin in the protein extracts.

and the Pearson's co-localization coefficient at 0.873 (Fig. 4b).
On the other hand, the RS Ir-CH is highly specific to subcel-
lular mitochondria, revealing that the mitochondria could be
a potential target during the radiotherapy. As mentioned, the
elevated ROS level of the RS did not significantly promote DNA
damage, so we suspect that the mitochondria could be the
potential target of the RS considering its subcellular localiza-
tion. The mitochondrial function is closely related to the
radiosensitivity of cancer cells, which motivates us to study the
impact of the mitochondrial disturbance on tumor radiosen-
sitivity. Therefore, the mitochondrial membrane potentials
(MMP) of A549 cells after radiochemotherapy treatments were
measured by using JC-1 flow cytometric analysis. The loss of
MMP is accompanied by the shift of JC-1 fluorescence from red
to green. As shown in Fig. 4c, only a slight change in MMP was
observed when cells were exposed to 4 Gy X-rays or the Ir
complex alone. In contrast, cells subjected to combined

3784 | Chem. Sci, 2020, 11, 3780-3789
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treatment severely suffered loss of MMP, as reflected by a sharp
increase in the population in the defined section of the green
fluorescence. These results demonstrate that the combined
treatment triggers mitochondrial dysfunction in cancer cells,
which is due to the ROS generated by the mitochondria-tar-
geting RS. In order to further confirm the mitochondria-tar-
geting property of the Ir-based RS, Bcl-2 family proteins were
detected, since Bcl-2 family proteins can regulate mitochon-
drial membrane permeability. Therefore, expression levels of
pro-survival Bcl-2 protein and pro-apoptotic Bax protein were
examined after various treatments. As expected, the Ir(um)
complex and combined treatment significantly down-regu-
lated the Bcl-2/Bax expression ratio, while treatment with the
X-rays alone has no effect on the expression ratio (Fig. 4d and
S67). Taken together, the radiosensitization effect of the RS can
be explained by the following mechanism: the TME-activated
Ir(m) complex was preferentially located in the mitochondria
that regulate oxidative stress modulation in the rest of the cell.
Either treatment with Ir-NB alone or combined treatment
increases the ratio of Bax/Bcl-2 protein expression, resulting in
mitochondrial dysfunction. The dysfunctional mitochondria
failed to balance the intracellular oxidative stress, thus
increasing radiation sensitivity upon exposure to excess ROS
generated during the radiation treatment."***” The radiation-
induced DNA damage and mitochondria-mediated apoptosis
pathway eventually amplify the apoptotic signal pathway to
promote cancer cell apoptosis. All these results suggested that
the chemotherapeutic and radiosensitization effects of the
Ir(m) complexes induce a synergetic effect on suppressing the
growth of cancer cells.

In vivo radiosensitization effect of the Ir-NB prodrug

The in vivo tumor diagnostic efficacy of Ir-based RSs was eval-
uated by using A549-inoculated xenograft mice. 12 h after
intravenous injection, the targeted functionalized precursor Ir-
NB was selectively internalized by tumors, accompanied by
signal amplification upon exposure to an acidic TME (Fig. 5a).
However, the signal of Ir-CH diffused throughout the whole
body, and Ir-NH was unable to accumulate at the tumor site and
be activated by the TME. Correspondingly, ex vivo luminescence
imaging of tumors and main organs (the heart, liver, lungs,
spleen, and kidneys) from the sacrificed mice showed that the
signal of targeted Ir-NB could be selectively detected in the
tumors rather than other organs (Fig. 5b). In contrast, the Ir-CH
and Ir-NB tended to be located in the liver. The actual amounts
of Ir(ur) complexes were further measured by determining the Ir
content in tissues (Fig. 5¢). We found that the tumor could
selectively take up Ir-NB, but a considerable amount of Ir
content was also observed in the liver in all groups. Despite
undesirable biodistribution in the liver, the TME-responsive
precursor Ir-NB still displayed superior tumor imaging potency,
facilitating in vivo image guided tumor radiotherapy.

Based on the results of biodistribution, the mice were sub-
jected to X-ray irradiation (2 Gy) 12 h after intravenous (IV)
injection with the RS. We found that radiotherapy alone did not
effectively suppress tumor growth, and Ir-NH mildly inhibited

This journal is © The Royal Society of Chemistry 2020
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Image-guided cancer radiochemotherapy of the Ir(i1) complexes in xenograft mouse models. (a) Luminescence images of xenograft nude
~1) at different time points. The tumor site was highlighted by the dashed circle. (b)

The major organs and tumors were acquired from the sacrificed mice and imaged 36 h after injection of the Ir(i) complexes. (c) The bio-
distribution of the Ir complexes was determined by the Ir content in major organs and tumor sites 36 h after injection. The recorded (d) tumor
volume, (e) body weight and (f) tumor weight of mice with A549 xenograft after various treatment for 23 days. Each value represents means + SD
(n = 3). Bars with different characteristics are statistically different levels *P < 0.05, **P < 0.01. (g) T,-Weighted MR images of A549 tumor-bearing
mice after different treatments for 23 days. The tumor sites are in the back region and circled by dashed lines.

the growth of tumors (Fig. 5d). Besides the chemotherapeutic
effect, Ir-NB also possessed favorable radiosensitization ability
as reflected by terrific tumor growth suppression (88.6%). Mice
treated with X-rays alone suffered loss of body weight without
the decrease in tumor weight (Fig. 5¢). In contrast, the decrease
of body weight in combined treatment groups (Ir-NH + X-rays
and Ir-NB + X-rays) was also accompanied by the decrease in
tumor weight (Fig. 5f). The superior radiotherapy sensitization
efficacy of Ir-NB was ascribed to its favorable biodistribution in
tumors.

To profile tissue morphological details, T,-weighted
magnetic resonance (MR) imaging was employed to detect
bleeding due to its high spatial resolution in soft tissues. In the
T,-weighted MR experiment, signals can be enhanced by the
emergence of tissue edema, and darkening effects will be
observed. In the Ir-NB and X-ray co-treated group, obvious
darkening effects were observed in tumors, while there was only
mild change in the T,-weighted MR signal in the other groups
(Fig. 5g). The chemotherapeutic and radiosensitization effects
of the Ir(m) complexes induce a synergetic effect on suppressing

This journal is © The Royal Society of Chemistry 2020

the growth of tumors in vivo, as reflected by the tumor volume of
mice calculated using the MR image of the mice (Fig. S77).
Moreover, the slow ADC signal reflects the necrotic degree in the
tumor area and blood flow in the tumor vessels. Treatment with
the X-rays or Ir complexes alone did not produce an obvious
change in the ADC signal compared with the control group
(Fig. S87), while a stronger slow ADC signal in the tumor was
detected in the Ir-NB + X-ray co-treated group, revealing that Ir-
NB effectively reduced the cancer cell activity and density
compared to Ir-NH during the combined treatment.

To assess the systemic toxicity of the RS in the treatment,
hematoxylin and eosin (H&E) staining of the main organ and
hematological analysis of mice were performed after 23 day
treatment. Despite the relatively high levels of the RS accumu-
lating in the liver and spleen, no obvious impairment or
inflammation was observed in the main organs compared to the
control groups (Fig. 6a). Blood biochemical tests showed that
the levels of urea nitrogen (BUN), creatinine (CREA), albumin
(ALB), cholesterol (CHOL), lactate dehydrogenase (LDH) and
aminotransferase (AST) in the Ir-NB + X-ray groups were similar
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Fig. 6 Systemic toxicity evaluation of the Ir(i) RSs. (a) H&E staining
images of the heart, liver, spleen, lung, kidney and tumor from the
sacrificed mice after various treatments, scale bar: 100 pum. (b)
Hematological analysis of healthy and tumor-bearing nude mice, and
those treated with chemoradiotherapy for 23 days. The tested
biochemical indexes included blood urea nitrogen (BUN), creatinine
(CREA), albumin (ALB), cholesterol (CHOL), lactate dehydrogenase
(LDH) and aminotransferase (AST). The numbers represent the group
with various treatments: (1) healthy; (2) tumor; (3) X-rays; (4) Ir-NH; (5)
Ir-NH + X-rays; (6) Ir-NB and (7) Ir-NB + X-rays.

to those of healthy mice (Fig. 6b), demonstrating the safety of
the RS in radiotherapy.*® Based on the experimental results, we
concluded that the specific accumulation of Ir-NB in tumor sites
by drug delivery improves bioavailability and alleviate undesir-
able side effects of radiotherapy.

Conclusions

In summary, a highly X-ray sensitive novel cancer-targeting Ir(im)
complex Ir-NB was designed and prepared to act as a RS for
realizing image-guided cancer radiochemotherapy. A cancer-
targeting unit was conjugated with the RS via an ester bond to
guide the precursor Ir-NB to the TME where the RS was unloa-
ded in such acidic conditions. Meanwhile, the cleavage of the
acidity-sensitive imine bond allows the conversion of the
precursor to the probe, resulting in enhancement and red
shifting in the emission of the activated probe. The activated
probe can visualize the tumor site in the mice to allow precise
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irradiation with X-rays. Besides imaging function, the high-Z
Ir(im) complex anchored in mitochondria displays chemothera-
peutic and radiosensitization potency towards A549 cells owing
to the induction of mitochondrial dysfunction. The radiation-
induced DNA damage and Ir(m) complex-induced mitochon-
drial dysfunction eventually amplify the apoptotic signal
pathway to promote cancer cell apoptosis. This study provides
an approach for the development of cancer radiochemotherapy
agents.

Experimental
Materials

Iridium chloride hydrate, ammonium hexafluorophosphate,
biotin, selenium dioxide, N-hydroxysuccinimide (NHS), and
benzo[b]thiophen-2-ylboronic acid were obtained from
commercial sources and used as received. Tetrakis(-
triphenylphosphine)palladium was from Sigma, USA, deuter-
ated solvents were from CIL, USA, and MitoTracker™ Green FM
was from Thermo, USA. All other chemicals and materials were
used directly without further purification. The antibodies Bcl-2,
Bax and phospho-histone H2A.X (Ser139) were purchased from
Cell Signaling Technology.

Instruments

"H NMR or *C NMR spectra of the compounds were obtained
using a Bruker ARX 400 NMR spectrometer. The high Perfor-
mance Liquid Chromatography (HPLC) assay was performed
using an Agilent 1260 instrument with 0.5% TFA/H,O and 0.5%
TFA/acetonitrile as eluents. A Hitachi UV-Visible/NIR spectro-
photometer UH4150 was used to collect the UV-Vis spectra of
the compounds in all experiments. A Thermo Fisher Lumina
fluorescence spectrophotometer was employed to record fluo-
rescence spectra. Cell flow cytometry was performed on a BD
FACSCanto flow cytometer. The cells and mice radiotherapy
experiments were carried out on a PXI X-RAD225 system
(Precision X-ray Inc., North Branford, CT) at indicated dosages.
The T,-weighted MR images were collected using a 1.5 T Sigha
HDxt superconductor clinical MR system (GE medical, Mil-
waukee, WI, USA). The parameters used are as follows: slice
thickness 2.0 mm; TE 82.3 ms; TR 2620 ms; slice spacing 0.2
mm; matrix 256 x 192; and FOV 5 cm X 5 cm.

pH response of the Ir(m) complexes

To investigate the conversion of the precursor to the activated
sensor, Ir-NH (40 pM) was incubated in PBS solution at different
pH values (containing 5% DMSO, ranging from 5.5 to 7.8) at 37
°C for 2 h. The fluorescence spectra of these solutions were
collected upon excitation at 490 nm. The three-dimensional
representations of the fluorescence spectra of the precursor and
sensor were recorded in the PBS solution (pH = 6.8, containing
5% DMSO).

To further profile the pH response of the Ir complex, 10 mg
Ir-NH was dissolved in 3 mL PBS solution (pH = 6.8, containing
5% DMSO) and incubated at 37 °C for 2 h. The solution was
extracted with chloroform, and then the organic layer was

This journal is © The Royal Society of Chemistry 2020
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desiccated with magnesium sulfate and evaporated under
vacuum. The resultant powder was dissolved in deuterated
DMSO before recording the 'H NMR spectrum, which was
compared with the spectrum of pure Ir complexes Ir-CH and Ir-
NH.

In vitro release of Ir-CH

The stock solution of Ir-CB (final concentration 100 uM) was
diluted in four different PBS buffer solutions: (1) pH = 7.4,
without esterase; (2) pH = 7.4, with esterase (30 U mL™"); (3) pH
= 6.0, without esterase; (4) pH = 6.0, with esterase (30 U mL ™)
at 37 °C under continuous stirring. At regular time intervals, 20
uL solution was collected to mix with 180 uL dimethyl sulfoxide
to complete the dissolution of drugs. The drug concentration
was finally analyzed using a HPLC and detected at 365 nm. A
profile shows the residual amount of the Ir-based prodrug after
incubation for different times. The experiments were all
repeated in triplicate.

Cell culture and cytotoxicity tests

The human lung carcinoma cells (A549) and normal lung
fibroblast cells (WI38) were purchased from the American Type
Culture Collection (ATCC). The cell lines were cultured using
DMEM containing 10% of fetal bovine serum, 100 units per mL
of penicillin and 50 units per mL of streptomycin at 37 °C in
a humidified incubator with a 5% CO, atmosphere. The cells
were seeded in a 96-well plate (2 x 10? cells per well) and treated
with drugs and/or X-ray irradiation at indicated doses. These
cells were exposed to the radiation of X-rays after the incubation
of the Ir complexes for 6 h. The cell viability was tested by the
MTT assay after the different treatments for 72 h.

Cell fluorescence imaging of the Ir(m) complexes

To examine the pH-activatable property of the Ir complexes, the
A549 cells were cultured in a weakly acidic environment as
follows. The culture medium of adherent A549 cells was
replaced by PBS solutions with different pH values (6.0, 6.8 and
7.4). These cells were incubated with complex Ir-NB (10 uM) for
2 h before observation under a microscope.

To investigate intracellular localization of the Ir complexes,
the A549 cells were labelled with Mito Tracker Green FM (MTG,
Thermo Fishier) according to the product's protocol. The A549
cells were incubated in PBS solution (pH = 6.8) containing 10
uM Ir-CH for 2 h and stained with MTG dye, following by
observation under a confocal microscope. The fluorescence
images were collected in these channels: Hoechst channel (A¢x =
352 nm, Aep, = 450-470 nm), MTG channel (Ao, = 460 nm, Aep, =
560-600 nm) and Ir-CH channel (A, = 510 nm, Ay, = 670-700
nm).

Intracellular uptake of the Ir(im) complexes

A549 cells or WI38 cells were seeded in a 48-well plate in the
presence or absence of extra biotin (100 uM), followed by dis-
carding the medium and supplying fresh medium containing
the Ir complexes (20 uM). Then the cells in drug-containing
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medium were washed using PBS buffer after 2 h incubation. The
cells were lysed by adding 200 uL. DMSO to release the intra-
cellular Ir complexes. The fluorescence intensity of the Ir
complexes was measured using a fluorescence microplate
reader (Cytation 5, Bio Tek). The cellular uptake of the Ir
complexes was determined by converting the fluorescence
intensity into the corresponding concentration of the complex
based on a calibrated standard curve.

Colony formation assay

A549 cells (1.2 x 10 cells per well) were cultured in a 6-well
plate for 24 h. And then they were treated with the Ir complexes
using different dosages for 2 h before irradiation (4 Gy X-rays).
After exposure to ionizing radiation, the cells were proliferated
for 14 days to allow the formation of the colony. The A549
colony was washed with PBS solution twice and stained with
0.5% crystal violet dye. The labelled samples were finally
captured and counted.

Evaluation of mitochondrial membrane potential

The A549 cells were administered with the Ir complex (10 uM) 6
h before X-ray irradiation (4 Gy). After irradiation and 24 h
incubation, the A549 cells were harvested and loaded with the
JC-1 probe to test the mitochondrial membrane potential
(MMP) using a flow cytometer (BD FACSCanto). The percentage
of MMP lost was measured by the green fluorescence intensity
of JC-1.

Western blot analysis

The change of Bcl-2 and Bax protein expression levels in various
treatments was measured by western blotting."” After various
treatments, the proteins of A549 cells were collected using cell
lysis buffer. The proteins were quantified using the BCA protein
assay and separated by SDS-PAGE. The protein band and ratio of
Bcl-2/Bax expression were calculated using Image J software.

Evaluation of in vivo radiotherapy effects of the RS*

This study was performed in strict accordance with the national
guidelines for the care and use of laboratory animals (Labora-
tory animal-Guideline for ethical review of animal welfare. GB/T
35892-2018) and was approved by the Animal Experimentation
Ethics Committee of Jinan University (Guangzhou, China).
Around 1 x 10° cells were injected subcutaneously into female
BALB/c nude mice to construct our A549 xenograft model. The
model mice were randomly separated into six groups (n = 3)
when the tumor volume reached 100 mm?, and treated by the
following steps: (1) saline, (2) saline and X-rays, (3) Ir-NH, (4) Ir-
NH and X-rays, (5) Ir-NB, (6) Ir-NB and X-rays. The mice were
intravenously injected with saline containing the Ir(m)
complexes (2 umol kg™ ") every 2 days for 23 days. Afterwards,
the mice were subjected to X-ray irradiation at a dosage of 2 Gy
12 h after injection. The tumor volume was measured every
other day, and obtained by the equation: volume (mm?®) = I x
w?/2, where [ is the maximal length and w is the width of the
tumor. At the end of treatments, the 7,-weighted MR images
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and slow ADCs of the mice were captured using a 3.0-TMR
scanner (General Electric, Milwaukee, WI, USA). The mice were
sacrificed to collect the blood sample and the organs for the
evaluation of systemic toxicity. The blood sample was analysed
by hematology. Tissue samples were digested to measure the Ir
content using ICP-AES analysis to obtain the biodistribution.

In vivo and ex vivo luminescence imaging

The fluorescence of the Ir complexes was collected using a FOBI
Bio-Imaging system. For the in vivo experiment, A549 xenograft
nude mice were intravenously treated with Ir(m) complex (2
umol kg™ ") injection, followed by anesthetizing the mice and
observing them using the imaging system at various time points
(0, 12, 24 and 36 h). After 36 h observation, the mice were
sacrificed to collect the tissues and tumors for ex vivo fluores-
cence analysis. Fluorescence filter settings were employed in
fluorescent imaging (ex/em: 500/680 nm).

Statistical analysis

All data were collected in at least triplicate and represented as
means =+ SD. Differences between two groups were examined by
the two-tailed Student's ¢ test. Significant differences were noted
with asterisks as P < 0.05 (*) or P < 0.01 (**).
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