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A B S T R A C T

Although as a mainstay modal for cancer treatment, the clinical effect of radiotherapy (RT) does not yet meet the
need of cancer patients. Developing tumour-preferential radiosensitizers or combining RT with other treatments
has been acknowledged highly necessary to enhance the efficacy of RT. The present study reported a multi-
functional bioactive small-molecule (designated as IR-83) simultaneously exhibiting tumour-preferential accu-
mulation, near-infrared imaging and radio/photodynamic/photothermal therapeutic effects. IR-83 was designed
and synthesized by introducing 2-nitroimidazole as a radiosensitizer into the framework of heptamethine cyanine
dyes inherently with tumour-targeting and photosensitizing effects. As results, IR-83 preferentially accumulated
in tumours, suppressed tumour growth and metastasis by integrating radio/photodynamic/photothermal multi-
modal therapies. Mechanism studies showed that IR-83 accumulated in cancer cell mitochondria, induced
excessive reactive oxygen species (ROS), and generated high heat after laser irradiation. On one hand, these
phenomena led to mitochondrial dysfunction and a sharp decline in oxidative phosphorylation to lessen tissue
oxygen consumption. On the other hand, excessive ROS in mitochondria destroyed the balance of antioxidants
and oxidative stress balance by down-regulating the intracellular antioxidant system, and subsequently sensitized
ionizing radiation-generated irreversible DNA double-strand breaks. Therefore, this study presented a promising
radiosensitizer and a new alternative strategy to enhance RT efficacy via mitochondria-targeting multimodal
synergistic treatment.
1. Introduction

RT is one of the most routinely used therapeutic modalities for cancer
patients, and >75% of non-small cell lung cancer (NSCLC) patients have
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radiation therapy, the clinical benefits are not yet satisfactory due to
inherent and acquired radiation resistance, DNA self-repair mechanism,
as well as side effects to normal tissues [3]. Notably, the existence of a
hypoxia environment in solid tumours greatly limits the therapeutic ef-
ficacy of RT, thus leading to radio-resistance or treatment failure [4]. A
large number of studies have been devoted to improving the RT efficacy
via developing radiosensitizers or combining RT with other therapeutic
modalities [5–7].

In recent decades, phototherapy has shown a significant application
prospect in tumour treatment owing to its non-invasiveness, spatiotem-
poral selectivity and low side effects [8]. Phototherapeutic agents act on
tumour cells through two distinct treatment modalities, photodynamic
therapy (PDT) and photothermal therapy (PTT). In PDT, photosensitizers
(PSs) absorb energy from light and sensitize tissue oxygen to generate a
variety of ROS, including singlet oxygen (1O2), superoxide anion radical
(O2�-), hydrogen peroxide (H2O2) and hydroxyl radical (HO⋅) [9]. The
excessive cytotoxic ROS produced from PDT significantly enhances the
RT efficacy by amplifying DNA DSBs [10]. RT combined with PDT
treatment is valuable to overcome the deficiency of PDT with respect to
poor tissue penetration of light radiation [11]. In PTT, photothermal
agents (PTA), such as carbon nanomaterials and gold nanomaterials,
cause thermal ablation of the adjacent cells by converting light energy
into hyperthermia [12,13]. PTT is considered as an oxygen-independent
cancer therapy, so it is an ideal supplement to RT or PDT. Especially,
recent studies have revealed that hyperthermia improves tumour blood
flow and increases the perfused fraction of the tumour, which subse-
quently increases vascular permeability and tumoral O2 level and de-
creases the interstitial fluid pressure [14–16]. These alternations exert a
positive impact on RT. Several clinical trials also have confirmed that
combining hyperthermia with RT leads to favorable efficacies on local
tumour control, long-term free survival, and complete remission in
various solid malignancies [17,18].

To maximize the improvement of RT efficacy, a few multifunctional
nanomaterials have recently been fabricated to integrate ionizing irra-
diation and dual-modal phototherapies (PDT and PTT) [19–21]. Triple
therapy has been deemed as a feasible strategy to eradicate tumours
synergistically, based on the impressive results from the published re-
ports. Nevertheless, nanomaterial-based agents are faced with several
fundamental problems, indicating that most of them are still in the early
stage of proof of concept [22–24]. In our previous work, a series of
multifunctional small-molecule heptamethine indocyanine dyes have
been reported for tumour-preferential near-infrared (NIR) imaging,
chemotherapy [25], PDT [26], PDT/PTT [27], chemo-/PDT/PTT [28],
and chemo-radiotherapy [29]. In this work we will present a new
analogue (IR-83) of heptamethine indocyanine dyes for
Scheme 1. Structure and sy
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tumour-targeting, NIR imaging, and RT/PDT/PTT. IR-83 was designed
and synthesized by introducing 2-nitroimidazole (as a radiosensitizer
moiety) into the framework of heptamethine cyanine dyes that have been
established with excellent tumour-targeting and PDT/PTT photo-
sensitizing effects. This design offered a new multifunctional small
molecule with tumour-preferential accumulation and imaging-guided
RT/PDT/PTT locally precise treatment. More importantly, IR-83 accu-
mulated in cancer cell mitochondria and exerted a synergistic therapeutic
effect of RT/PDT/PTT by targeting mitochondria. Regarding the major
roles of mitochondria on cancer cell survival and metastasis, IR-83 in-
duces a sharp decline in oxidative phosphorylation (OXPHOS) to lessen
tissue oxygen consumption and a remarkable increase in ROS level to
sensitize RT. To the best of our knowledge, this is the first report of a
therapeutic small molecule integrating RT/PDT/PTT triple treatment by
targeting cancer cell mitochondria, which might present a practicable
strategy to develop small-molecule-based cancer theranostic agents for
simultaneous cancer targeting, imaging and therapy.

2. Results and discussion

2.1. Synthesis and characterization of IR-83

IR-83 was synthesized via a five-step reaction by introducing a
hypoxia-affinity nitroimidazole and a hydrophilic sulfonic group,
respectively, into the framework of heptamethine cyanine dyes (Scheme
1). The successful synthesis of IR-83 was confirmed by 1H nuclear mag-
netic resonance (NMR), 13C NMR, and high-resolution mass spectrometry
(Figure S1-S6). We next characterized the photophysical properties of IR-
83 in various solvents. UV–vis–NIR spectrum analysis showed the
maximal absorbance peak of IR-83 in different solvents located at
782–797 nm (Figure S7A). In addition, the maximal excitation/emission
wavelength of IR-83 in CHCl3 located at 763/816 nm (Figure S7B). It's
generally accepted that near-infrared fluorescent dyes with high Stokes
shift (more than 20 nm) are hence conducive to imaging and sensing
[30]. IR-83 exhibits relatively excellent Stokes shift (Table S1) in various
solvents and therefore considering as a candidate fluorescent probe for
bio-imaging.
2.2. Cellular uptake and hypoxic tumour targeting of IR-83

We then evaluated the cellular uptake properties of IR-83 and results
revealed that cellular fluorescence signals (red) in LLC cells were grad-
ually elevated with the increase in time until 8 h (Fig. 1A and
Figure S8A), indicating that the cell internalization of IR-83 occurs in the
cytoplasm in a time-dependent manner. By virtue of the hypoxia-affinity
nthetic route of IR-83.



Fig. 1. In vivo and ex vivo fluorescence imaging properties of IR-83. Real-time confocal fluorescence images of LLC cells after treatment with (A) IR-83 (2.5 μM) for
different durations or B) incubated at normoxic (21% O2) or hypoxic (5% O2) condition. (C) In vivo fluorescence images of tumour-bearing mice taken at 24 h after
-intravenous injection of IR-83 (0.25 mg/kg). (D). Quantitation of fluorescence intensities of the tumour areas after IR-83 intravenous injection (n ¼ 3). (E) Ex vivo
fluorescence images of major organs and tumours dissected from LLC tumour-bearing mice at 24 h after intravenous injection of IR-83. (F) Semi-quantitative analysis
of the average fluorescence intensities from excised tumour and vital organs (heart, liver, spleen, lung, and kidney) at 24 h post-IR-83 injection. The fluorescence
intensity of intestine was served as reference to calculate relative fluorescence intensity of other organs.
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characteristic of nitroimidazole chemical group [31], IR-83 was specu-
lated to possess the ability of hypoxia-preferential accumulation. In order
to substantiate our design, the uptake of IR-83 in LLC cells cultured in an
anaerobic incubator (5% O2) was compared to the cells cultured under
normal conditions (21% O2). As expected, the cellular uptake of IR-83 in
hypoxic conditions was significantly higher than that in normoxic con-
ditions (Fig. 1B and Figure S8B). These results demonstrated that IR-83
could preferentially accumulated in tumour cells under the existence of
hypoxia tumour microenvironment.

Next, the tumour-targeting property and in vivo bioimaging potential
of IR-83 were assessed using a NIR small animal imaging system. In vivo
NIR imaging displayed a strong fluorescence signal in the tumour region,
indicating tumour-specific retention property of IR-83 (Fig. 1C). Appar-
ently, the fluorescence signal of IR-83 in the tumour area was observed
0.5 h after injection and increased as time elapsed (Fig. 1D). The fluo-
rescence intensity reached a peak at 24 h after injection (Figure S9). Then
the ex vivo biodistribution of IR-83 in dissected organs (heart, liver,
spleen, lung, kidney, muscle, intestine) and the tumour was evaluated at
24 h after injection. As shown in Fig. 1E and F, the tumour tissues dis-
played the strongest signals (from IR-83) than other organs, including
reticuloendothelial systems such as liver and spleen, indicating the
3

tumour preferential accumulation property of IR-83. In addition, IR-83
accumulated in the vital organs was reduced in a time-dependent
manner and completely excreted out in both tumour-bearing mice and
healthy mice at the 4th day after injection (Figure S10 and Figure S11A-
C). Furthermore, it was found that the fluorescence intensity of IR-83 in
blood samples were decreased by 48% until 24 h post injection, sug-
gesting a long blood circulation time of IR-83 (Figure S11D). These
findings indicated that the water-soluble IR-83 preferentially accumu-
lated in tumours with rapid metabolism in body. Together with highly
sensitive NIR fluorescent imaging property, IR-83 can be used to pre-
cisely kill tumours by distinguishing the tumours from their boundaries
under imaging guidance.
2.3. PDT and PTT properties of IR-83

Before testifying the PDT and PTT effects of IR-83, we firstly exam-
ined the cytotoxicity of IR-83 against LLC cancer cells using a standard
CCK-8 assay. As shown in Fig. 2A, cell viability analysis did not detect
any cytotoxicity of IR-83 against LLC cells even at a high concentration
up to 10 μM. Next, LLC cells were irradiated under 808 nm NIR laser (2
W/cm2) for 5 min after incubation with 0–10 μM of IR-83 for 8 h. In



Fig. 2. PDT and PTT effects of IR-83 in vitro
and in vivo. (A) Relative cell viability of LLC
cells after incubation with gradient concen-
trations of IR-83 for 24 h in the absence or
presence of 808 nm NIR laser irradiation (2
W/cm2, 5 min). (B) Live/dead staining im-
ages of LLC cells after incubation with PBS or
IR-83 in the absence or presence of 808 nm
laser. Live and dead cells were labelled with
Calcein-AM (green) and propidium iodide
(red), respectively. (C). Quantification of the
generation of singlet oxygen in PBS or IR-83
solution (2.5 μM) post-exposure to NIR laser
(2 W/cm2) for 5 min. (D) In vitro IR thermal
images were recorded at different intervals
in PBS (upper row) and IR-83 (2.5 μM)
(lower row) groups under the presence of
808 nm laser (2 W/cm2). (E) Real-time IR
thermal images of tumour-bearing mice post-
intravenous injection of PBS or IR-83 (2.5
mg/kg) for 24 h under 808 nm laser (0.8 W/
cm2) irradiation. (F) Temperature cures of
tumour surface in PBS or IR-83-injected mice
upon continuous exposure to 808 nm laser.

M. Gao et al. Materials Today Bio 15 (2022) 100316
contrast to non-irradiated cells with 100% cell viability, >50% of irra-
diated cells were killed when treated with 2.5 μMof IR-83. Therefore, the
dosage of 2.5 μM was selected as the working concentration of IR-83 for
in vitro experiment. Then, the phototherapeutic effect of IR-83 in LLC
cells was tested at various NIR irradiation power densities. The results
showed the killing efficacy of phototherapy against cancer cells that was
augmented with increased laser power at the same concentration
(Figure S12). Live/dead cell staining fluorescence images displayed
bright green fluorescence in non-irradiated cells, while the strong red and
weak green fluorescence was observed when cells were exposed to NIR
irradiation (Fig. 2B and Figure S13), implying the effective photo-
therapeutic ablation of IR-83-stimulated LLC cells.

It has been widely acknowledged that phototherapeutic efficiency
could be achieved through two distinct therapeutic patterns, PDT and
PTT [32]. Therefore, we investigated whether IR-83 simultaneously
served as a PS and PTA agent. As displayed in Fig. 2C, IR-83 alone only
excited negligible fluorescence of Singlet oxygen sensor green (SOSG),
whereas an obvious increase of the fluorescence intensity was observed
when exposed to NIR laser, confirming the potential of IR-83 for cancer
PDT therapy. It was found that the generation of SOSG was gradually
reduced with decreasing oxygen concentration, indicating the photo-
sensitization efficacy of IR-83 was oxygen-dependent (Figure S14). In
addition, the in vitro IR thermal images illustrated that the temperature
change was small in the control solution (maximum temperature: 29.4
�C). However, the temperature of IR-83 solution raised rapidly with
prolonged duration and reached 54 �C at 5 min (Fig. 2D). The photo-
thermal conversion efficiency (η) of IR-83 was calculated to be 54.1%
(Figure S15). Regarding that many previously reported photothermal
4

agents have a photothermal conversion efficiency below 50%, such as Au
nanorods (36.7%) [33], Cu2-XSe (22%) nanocrystals [34], and Cu9S5
nanocrystals (25.7%) [35]. Apparently, compared with these well-known
Au nanorods and typical semiconductors, IR-83 displays a considerably
high photothermal efficiency.

One major obstacle that limits the clinical application of photosen-
sitizer is the lack of tumour targeting, especially for hypoxic solid tumour
[36], solutions to this problem in the PTT or PDT are required in order to
broaden its clinical application. Inspired by the fascinating photothermal
therapeutic efficacy and selective tumour accumulation properties of
IR-83, an in vivo photothermal therapy study was then conducted on LLC
subcutaneous tumour model. A slight temperature rise was observed in
PBS-injected mice, which reached the maximum at ~40 �C. In contrast,
for mice with IR-83 injection, the local temperature of the tumour surface
was increased dramatically (ΔT � 30 �C) in the first minute and was
maintained at 60–65 �C in the remaining 4 min (Fig. 2E and F). These
findings uncovered that IR-83 had a high photothermal conversion effi-
ciency and could effectively transform light energy into regional heat, so
it could exert an effective photothermal ablation effect on tumour cells
inside the tumour region. Together, these findings indicated that IR-83
exhibited excellent phototherapeutic effect on LLC cells by functioning
as dual-modal PDT and PTT agent.

2.4. In vitro synergistic effect of IR-83-mediated RT/PDT/PTT

Recently, integrating RT and phototherapy (single PDT or PTT in
most cases) has become a hot topic for research and clinical experts,
demonstrating that phototherapy has dramatically improved the RT



M. Gao et al. Materials Today Bio 15 (2022) 100316
efficacy through targeting various aspects of cancer development, such as
cell proliferation, metastasis and angiogenesis [37]. Based on previous
literature, we explored whether RT in combination with phototherapy of
IR-83 could offer synergetic therapeutic benefits. Firstly, proliferative
cells (red fluorescence) were labelled with Alexa Fluor 594 using Beyo-
Click™ EdU cell proliferation kit. The number of EdU-positive cells in the
X-ray-treated group was slightly reduced compared to the control group.
Conversely, the number of EdU-positive cells was decreased markedly
after treatment with IR-83 plus laser irradiation, which was ascribed to
the photosensitizing activity of IR-83. Specifically, proliferative cells
were rarely observed in cells simultaneously treated with IR-83 plus NIR
laser and X-ray irradiation (Fig. 3A). Obviously, the colony formation
assay also confirmed that combination with NIR laser irradiation and
X-ray plus treatment with IR-83 significantly reduced the number of
colonies and inhibited the cell survival fraction of LLC cells (Fig. 3B). To
investigate whether combination therapy could alter the radiosensitivity
of LLC cells, we also calculated several commonly used parameters that
reflected the radio-sensitization effect, including n (extrapolation
Fig. 3. In vitro radio-sensitization effect of IR-83 combined with phototherapy. (A) Fl
100 μm. (B) Representative colony formation images of LLC cells after receiving the in
83 plus NIR irradiation combined with the X-ray group after exposure to a range of ra
cells after various treatments. (E) Representative images of comet phenomenon in L
fluorescence images of γ-H2AX staining after various treatments. Blue and pink colors
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number), D0 (mean lethal dose), D37 (radiation dose for a survival of
37%), and sensitizer enhancement ratio (SER) values [38]. The values of
n, D0, and D37 were 5.327, 1.808, and 4.828, respectively, when treated
with X-ray alone, while these values changed to 7.713, 1.164, and 4.828
in the combined group, respectively.

Furthermore, the SER value of “IR-83þ laser irradiation” was 1.33
(Fig. 3C), suggesting that combining the PDT and PTT therapeutic effects
of IR-83 with RT enhanced the radio-sensitization of cells rather than just
the additive effect of “1 þ 1 ¼ 2.” Since the SER values of AuNPs and
paclitaxel, the two commonly used radiosensitizers, were 1.19 and 1.32,
respectively, in lung cancer cells [39,40]. The radio-sensitization effect of
IR-83 þ laser was comparable to that of AuNPs and paclitaxel.

We next evaluated the synergistic killing effect on LLC cells by
detecting the proportion of apoptotic cells. Compared with control group
(4.49%), cells treated with X-ray irradiation (4 Gy) (12.46%) or IR-83
followed NIR irradiation (37.14%) exhibited moderate apoptotic effect.
In contrast, a significant increase in the apoptotic cell population (62%)
was observed in IR-83 plus NIR laser and X-ray irradiation group (Fig. 3D
uorescence images of proliferative cells (red) after various treatments. Scale bar:
dicated treatment. (C) Survival fractions of LLC cells in X-ray alone group or IR-
diation doses (0–8 Gy). (D) Flow cytometric analysis of the cell apoptosis of LLC
LC cells following various treatments. Scale bar: 75 μm. (F) The representative
represented DAPI-stained nuclei and γ-H2AX foci, respectively. Scale bar: 75 μm.
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and Figure S16A). Western blotting analysis further confirmed that the
combination strategy resulted in a prominent increase in the cleavage of
caspase-9 and caspase-3 compared with single treatment (Figure S16B-
D).

Motivated by the fascinating synergistic killing effect on LLC cells, a
neutral comet assay was carried out to confirm the radio-sensitization
effect of IR-83-mediated PDT/PTT by quantitating the extent of DSBs.
In comparison with control group and “IR-83 þ NIR laser” treatment
group, X-ray radiation alone resulted in slight comet phenomenon of LLC
cells, and the most apparent comet phenomenon can be observed in cells
treated with “IR-83 þ NIR laser þ X-ray” (Fig. 3E). The tail DNA content
in combination treatment group was 69%, which is 20 times higher than
control group, 14.4 times higher than “IR-83 þ NIR laser” group, and 4.4
times than X-ray alone group (Figure S17A). H2AX is a histone variant
that is rapidly converted into the phosphorylation form at serine 139
(termed as γ-H2AX) and mediates DNA damage response and DNA repair
signaling in response to DSBs. The existing evidence have showed that
the occurrence of DSBs can be triggered by exposure to ultraviolet ra-
diation, ionizing radiation, radiomimetic drugs, and ROS [41]. There-
fore, γ-H2AX has been widely accepted as a “gold standard” to evaluate
the extent of DSBs. As displayed in Fig. 3F and Figure S17B, both the
intensity and number of γ-H2AX foci in “IR-83 þ NIR laser þ X-ray”
treatment group were apparently higher than those in any of the three
groups, suggesting maximal DNA damage. These results indicated that
“IR-83 þ laser NIR” could serve as a potential adjuvant strategy to
potentiate X-ray irradiation-mediated DNA damage in cells.

2.5. Mitochondria targeting

Existing evidence revealed that mitochondrial biogenesis and quality
control are frequently increased in tumour cells and mitochondrial
dysfunction could effectively limit tumorigenesis [42].
Mitochondria-targeted therapeutic strategy is gradually considered as a
promising method for cancer therapeutic purpose. As a results, numerous
mitochondria-specific PS and PTA agent were developed by covalently
conjugating with mitochondria-targeting units, such as, triphenylphos-
phine, rhodamine derivatives, and mitochondria-targeting peptides [43].
Inspired by the fact that cyanine dyes could exhibit excellent
mitochondria-targeting capacity owing to its lipophilic and cationic
properties, mitochondria targeting characteristic study was thus carried
out in vitro. We evaluated the mitochondria targeting ability of IR-83 in
various cell lines, including LLC, 4T-1, and FRTL5 cells using CLSM
following labelling with a commercial Mito-tracker probe. The red
fluorescence from IR-83 completely matched the green fluorescence from
Mito-tracker to merge as yellow areas in three cell lines, indicating the
excellent mitochondria targeting ability of IR-83 (Fig. 4A and
Figure S18A). To intuitively visualize the co-localization of IR-83 and
mitochondria at the spatial level, we next analyzed the luminescence
intensity profiles of red and green fluorescence in the same cells using
Image J software. Consistent with the above results, the intensity profiles
analysis revealed that the red luminescence signal from IR-83 traced the
green fluorescence from mitochondria (Figure S18B). In addition, the
average Pearson's correlation coefficient and overlap coefficients in LLC,
4T-1, and FRTL-5 were 0.981/0.979, 0.949/0.970, and 0.949/0.957,
respectively (Figure S18C), indicating the high degree (near 100%)
overlap of green fluorescence signal (mitochondria-tracker) and red
fluorescence signal (IR-83 dyes). The Pearson's colocalization coefficient
of IR-83 is apparently higher than some mitochondria targetable fluo-
rescent probes that reported in published literature [36,44]. These data
validate IR-83 was efficiently internalized into tumour cells and specif-
ically accumulated in mitochondria.

2.6. IR-83 acts as a “mito-bomb” and controls mitochondrial network

By virtue of the excellent mitochondria targeting and dual-modal PDT
and PTT therapeutic capabilities of IR-83, we speculated that IR-83might
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serve as a specific mitochondria “bomb” under NIR/X-ray local irradia-
tion, leading to mitochondria dysfunction owing to hyperthermia effect
and ROS burst. It's well accepted that mitochondrial are extensively dy-
namic organelles and the number, shape, and size of mitochondria were
tightly controlled by the net balance between mitochondrial fusion and
fission [45]. Such as, a reduction in fission or increase in fusion might
lead to the formation of bigger, little number mitochondria. As shown in
Fig. 4B and Figure S19A, no obvious difference in the size, number, shape
of mitochondrial between control group and X-ray group were found. In
contrast, “IR-83 þ NIR laser” treatment results in a decrease of mito-
chondrial number, as well as an increase of mitochondrial size. In addi-
tion, a notably increase of mitochondria fragmentation were observed in
cells treated with IR-83 upon both X-ray and NIR irradiation, when
compared with X-ray irradiation or IR-83 þ NIR laser group. The term of
“mitochondrial network” refers to the separate, punctate individual
mitochondria, as well as the branched, reticular structure of fused
mitochondria in eukaryotic cell [46]. We therefore analyzed the mito-
chondrial network using Mitochondrial Network Analysis toolset and
several network parameters were calculated. As compared to control and
X-ray group, IR-83-mediated PDT and PTT induced by NIR irradiation
obviously increased the number of individuals (puncta and rods) (2.6
folds and 3.1 folds for control and X-ray group, respectively) and net-
works (2.1 folds and 2.2 folds for control and X-ray group, respectively).
Moreover, the combination group showed fewest number of individuals
and networks due to abundant existence of mitochondria fragmentation
(Figure S19B-C). The combined treatment also resulted in the decrease in
number of branches per network (Figure S19D), which was related to the
fragmentation of larger networks with more branches into many smaller
networks when mitochondria fragmentation occurs. In another respect,
mitochondrial footprint was also obviously decreased following by
“IR-83 þ NIR laser þ X-ray” treatment (Figure S19E), perhaps owing to
the mitophagy of the fragmented mitochondria [47]. Consistently, TEM
imaging displayed that the combined strategy induced mitochondria
fragmentation, swelling, crista disorder, and increased electron density
(Fig. 4C). These data clearly revealed that IR-83-mediated PDT and PTT
could resulted in mitochondria morphological and structural alterations.

Our aforementioned findings suggested that combined treatment
strategy can obviously alter mitochondrial morphology and size, we
therefore speculated the function of mitochondria might be profoundly
affected. To verify our consumption, JC-1 staining was carried out to
determine the alteration of mitochondrial membrane potential (MMP),
which is essential to maintain the mitochondrial function [48].
Compared to the control, an obvious increase in green fluorescence (JC-1
monomer refers to loss of membrane potential) was observed in the IR-83
plus NIR laser group, while fluorescence intensity had no significant
alteration in the irradiation alone group. Similarly, the combined group
exhibited the maximal increase in green fluorescence signal and decrease
in red fluorescence signal (JC-1 aggregates refer to high membrane po-
tential) than that of the other groups, indicating that the loss of MMP that
was induced by “IR-83 þ NIR laser” was enhanced with the participation
of X-ray irradiation (Figure S20A-B). The significant loss of MMP might
subsequently contributed to the activation of the mitochondrial apoptotic
pathway. On the other aspect, mitochondria are the vital organelles for
cell survival as they are central hubs for energy production and ATP
generation (>90%) via OXPHOS pathway [49]. Mitochondrial OXPHOS
has been proved to promote cancer cell resistance to radiotherapy and
chemotherapy [50,51]. Thus, it is speculated that inhibition of mito-
chondrial OXPHOS can reduce fuel supply and decrease O2 consumption,
which may improve sensitivity and restrain tumour cell metastasis [52].
The production of ATP in IR-83þNIR laser-treated cells was significantly
lower than that in the PBS or X-ray treatment groups. Notably, the cells
treated with IR-83 plus NIR laser and X-ray irradiation showed the lowest
ATP level than that in any other treatments (Figure S20C). The results
indicated that “IR-83 þ NIR laser þ X-ray” could effectively inhibit
mitochondrial OXPHOS process, reduce cellular ATP generation, and
decrease O2 consumption to sensitize radiotherapy.



Fig. 4. Effect of combined treatment on mitochondria morphology and function. (A) Confocal fluorescence images of LLC cells incubated with IR-83 (2.5 μM) for 4 h.
Blue, green, and red colors represent DAPI-stained cell nuclei, Mitotracker, and IR-83 fluorescence, respectively. (B) CLSM images of mitochondria morphology in each
group after labelling with mitochondria-specific probe (red). (C) TEM images of mitochondria in LLC cells after various treatments.
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2.7. Dysfunction of antioxidant defense system

Considering that mitochondria are the prominent sources of cellular
ROS generation (>90%) and oxidation stress balance, a commercial ROS
detection probe (DCFH-DA) was employed to detect the generation of
ROS [53]. As shown in Fig. 5A, LLC cells treated with IR-83 plus NIR laser
showed increased fluorescence intensity than that in control group or
X-ray alone group. Interestingly, maximal amount of ROS was generated
in cells treated with “IR-83 þ NIR laser þ X-ray”. Some previous reports
have revealed that RT efficacy could be effectively improved through
inducing mitochondrial ROS burst [42,54]. Furthermore, excessive ROS
also could cause damage to mitochondrial DNA, which subsequently
reduces the synthesis of ATP, decreases MMP, and increases the release of
Cyt c. Consistently, the current results showed that the synergistic effect
on ROS generation might contribute to the radiotherapy sensitization
effect of IR-83 and it improved the efficacy of RT in a ROS-dependent
manner. Excessive ROS (oxidative stress) directly results in biomole-
cular damage and programmed cell death, disrupting mitochondrial
integrity. In physiological conditions, ROS levels are controlled by
intracellular antioxidant systems, such as reduced forms of glutathione
7

(GSH), nuclear factor erythroid-derived 2-like 2 (Nrf2), and heme oxy-
genase 1 (HO-1) [55]. IR-83 plus NIR irradiation and X-ray resulted in
obvious GSH and nicotinamide adenine dinucleotide phosphate
(NADPH) depletion compare to other groups (Fig. 5B and C), indicating
the decreased of anti-oxidative capability. Nrf2 has been proved to
maintain mitochondrial redox homeostasis through generating GSH,
NADPH, and several mitochondrial antioxidant enzymes, such as HO-1
[56]. It's worth noting that the protein expression levels of Nrf2 and
HO-1 were extraordinarily increased in LLC cells treated with “IR-83 þ
NIR laser” when compared with control group or X-ray group, which
might be explained by the ROS stress response of tumour cells.
Conversely, a sharp decrease of Nrf2 and HO-1 level were observed in
cells subject to the treatment strategy of “IR-83þ NIR laser þ X-ray”,
thanks to the synergetic effect on ROS generation and mitochondrial
dysfunction (Fig. 5D and E). Collectively, the numerous ROS generation
induced by “IR-83þ NIR laser þ X-ray” might be explained by two as-
pects: (1) The synergistic effect of IR-83-mediated PDT and X-ray on ROS
production; (2) The dysfunction of antioxidant defense systems, which
leads to the reduction of scavenging capacities of ROS. These findings
indicated that the combination treatment alleviated Nrf2-mediated



Fig. 5. Effect of combined treatment on Nrf2-mediated antioxidant system. (A) Generation of ROS in LLC cells after different treatments as indicated determined by
DCFH-DA staining under the confocal microscope. (B) Relative GSH level and NADPþ/NADPH ratio C) in LLC cells after receiving various treatments as indicated. (D)
Western blotting analysis of Nrf2 and HO-1 protein expression in LLC cells after receiving various treatments for 24 h. (E) Semi-quantification expression levels of Nrf2
and HO-1 in cells. GAPDH and β-tubulin were selected as internal controls for Nrf2 and HO-1, respectively. “*” Significantly different from control group; “#”
Significantly different from X-ray alone group; *P < 0.05, **P < 0.01, #P < 0.05, ##P < 0.01.
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antioxidant and detoxification in tumour cells, which in turn improved
therapeutic efficacy against tumour cells.
2.8. Synergistic effect on metastasis and angiogenesis

Metastasis causes most of cancer-related mortality and yet remains
one of the principal obstacles for successful tumour elimination [57].
Since tumour vessels act as transfer channels in tumour metastasis that
allow cancer cells to escape the primary lesion and disseminate into
surrounding structures or distant sites [58]. Thus, targeting angiogenesis
represents an effective approach to limit tumour cell invasiveness and
increase the efficacy of tumour therapy. Next, we investigated whether
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the combination treatment of IR-83-mediated phototherapy and X-ray
irradiation could suppress tumour metastasis and angiogenesis in vitro.
We found that cells in the combined group exhibited the strongest
inhibitory effects on migratory and invasive activities compared to the
cells subjected to other treatments (Figure S21). Mild hyperthermia
increased the permeability of the tumour vessels, while extreme hyper-
thermia disrupted tumour vasculature by interfering with the prolifera-
tion and migration of endothelial cells [59]. As anticipated, tube
formation assay results confirmed that low dose X-ray irradiation caused
a negligible effect on angiogenesis compared to the control. Conversely,
the combination of IR-83 and laser irradiation plus X-ray resulted in
fewer tube formations, as evidenced by the reduced vessels density and
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vessels length, which might be attributed to the hyperthermia effect of
IR-83 (Figure S22). The aforementioned findings demonstrated that the
combined strategy suppresses cell migration, invasiveness and angio-
genesis in vitro.
2.9. In vivo RT/PDT/PTT synergistic anti-tumour activity

The robust synergistic effect of IR-83 with RT in vitro motivated us to
further investigate its therapeutic efficiency in vivo. A volume of 100 μL
IR-83 (2.5 mg/kg in PBS) or PBS was administered to LLC tumour-
bearing mice via intravenous tail injection when the volume reached
experimental requirements (~100 mm3) (day 9). After 24 h, the tumour
sites were exposed to 808 nm NIR laser irradiation for 5 min at the power
density of 0.8 W/cm2. Then, 5 min after laser irradiation, mice were
subjected to X-ray irradiation at a single dose of 6 Gy. The tumour volume
and body weight were recorded every 3 days, and the animals were
sacrificed at day 21 (Fig. 6A). As reflected in Fig. 6C, compared to the
vehicle control group, X-ray irradiation treatment group exhibited a
slight tumour suppression tendency. Moreover, IR-83 plus laser
Fig. 6. Anti-tumour activity of combined treatment in vivo. (A) Schematic illustrati
tographs of tumour tissues dissected from each group on day 21. (C) Tumour volume
days (n ¼ 5 per group). (D) Tumour weight of mice over 12 days after different treatm
each group after receiving various treatments as indicated. (F) Representative image
lung metastasis nodes. (G) Representative micrographs of H&E-stained lung sectio
represent mean � S.D. “*” Significantly different from vehicle group; “#” Significan
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irradiation showed a much better therapeutic effect on tumour growth
inhibition, which in turn demonstrated excellent phototherapeutic effect
of IR-83 on killing cancer cells. Consistent with the in vitro results, the
combined group exhibited the best antitumor efficacy compared with
single treatment groups. The tumour tissues images and tumour weight
data further validated that although both X-ray irradiation or IR-83 plus
laser irradiation alleviated tumour growth to some extent, integrating the
two therapeutic regimens substantially minimized the tumour tissues
that even disappeared completely (Fig. 6B). No obvious difference was
detected in the mice body weight among the all groups (Figure S23A),
suggesting that this compound did not cause severe systemic toxicity. The
tumour sections were further subjected to Ki-67 and TUNEL immuno-
chemical staining. Results showed that IR-83 plus laser irradiation and
subsequent ionizing radiation led to the maximal decrease of Ki-67-
postive cells (Figure S23B-C) and increase of TUNEL-positive cells
(Figure S24). Meanwhile, the expression levels of cleaved caspase-9 and
cleaved caspase-3 also showed the similar trend (Figure S25). Addi-
tionally, the mice in IR-83 plus laser irradiation plus IR treated group
achieved longer survival time (>45 days) than those receiving other
on of the schedule for antitumor studies in LLC tumour-bearing mice. (B) Pho-
curves of different groups of mice after receiving the indicated treatments in 12
ents (n ¼ 5 per group). (E) Probability of free survival of tumour-bearing mice in
s of lung tissues collected from different groups of mice. Black arrow indicated
ns were collected from different groups of mice. Scale bar: 20 μm. Error bars
tly different from X-ray alone group; *P < 0.05, **P < 0.01, ##P < 0.01.
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treatments (20–35 days) (Fig. 6E). These findings corroborated with the
previous findings showed that PTT and PDT could serve as potential
adjuvant therapy for RT in practical application.

Lung is recognized as the most frequent site of metastasis for various
malignancies, including lung cancer and breast cancer. Hence, we also
examined lung metastases by directly observing the metastatic node
using hematoxylin and eosin (H&E) pathological staining. As displayed
in Fig. 6F and G, visible pulmonary metastasis nodes were observed in the
lung of control animals, whereas no obvious influence was detected on
lung metastases upon exposure to low-dose X-ray. Markedly, the number
of metastatic lesions in IR-83 plus laser group decreased, and the com-
bined treatment exhibited negligible tumour nodules, which was attrib-
uted to the phototherapeutic effect of IR-83. Consistent with in vitro
observation, immunohistochemistry analysis revealed that reduced CD34
expression, a frequently used specific marker for vascular endothelial
cells [60] was obviously found in combined group (Supplementary
Fig. 19). Consecutively, the expression levels of HIF-1α and VEGF, critical
mediators of angiogenesis and carcinogenesis [61], especially for hyp-
oxic solid tumours, were obviously down-regulated in the combined
group compared to the other groups (Figure S26). The reduced
HIF-1α/VEGF expression might be responsible for the inhibitory effect on
tumour angiogenesis. Collectively, these findings suggested that the
combined strategy exhibited a synergistic inhibitory effect on tumour
metastasis and angiogenesis. Based on these results, we concluded that
the combination strategy was effective in inhibiting cell migration and
invasiveness. Isobologram analysis is a widely accepted methods to
classify the combined effects (antagonistic, additive, and synergistic ef-
fect) of two or more treatment modalities [62], which prompted us to
investigate the interaction between the phototherapy of IR-83 and RT in
vitro. The isobologram analysis revealed that the combination strategy
exerts a synergistic killing effect on LLC cells and tumour growth, sup-
ported by the fact that the combined point was below the line defining
the additive effects (Figure S27). In summary, these findings indicated
that “IR-83 þ laser” improved the radiosensitivity of cancer cells to
ionizing radiation, yielding a supra-additive synergistic effect of “1þ 1>

2”. Finally, the body weight, liver/kidney function, and blood routine
index were tested during the various treatments to evaluate the biosafety
of IR-83. H&E staining was performed to examine the histological
changes in the viscera (heart, liver, spleen, and kidney). The mice treated
with IR-83 did not exhibit any obvious organ damage and inflammatory
lesions compared to the controls (Figure S28). The blood biochemical
analysis (CREA, UREA, ALT, and AST) (Figure S29) and hematological
parameters (WBC, RBC, and PLT) (Figure S30) among groups did not
show obvious abnormality. These results suggested that the
tumour-targeting multimodal treatment might designate IR-83 as an
excellent anticancer agent without perceptible side effects.

3. Conclusion

As Paul Ehrlich [63] mentioned, a therapeutic drug molecule likes a
“magic bullet” should go straight to its cell receptor target. In view of this,
an ideal dual-targeted phototherapeutic agent for cancer should possess
three levels of specific selectivity, namely tumour area accumulation,
tumour cell targeting, intracellular organelles targeting. Taken together,
we developed a multifunctional NIR fluorophore (IR-83) for hypoxic
tumour-targeted RT/PDT/PTT triple synergistic therapy. IR-83 was
synthesized by introducing a hypoxia-targeting ligand, 2-nitroimidazole,
into the framework of heptamethine cyanine dyes. Firstly, IR-83 selec-
tively accumulated in the tumour region and identified the tumours and
adjacent boundaries owing to its excellent tumour-targeting and NIR
imaging capabilities. Secondly, IR-83 suppressed tumour growth,
metastasis, and angiogenesis by synchronously integrating radio/-
photodynamic/photothermal multimodal therapies. Finally, IR-83 was
specifically anchored in cancer cell mitochondria, causing mitochondrial
dysfunction upon exposure to NIR laser, which in turn led to antioxidant
defense system imbalance, OXPHOS inhibition, a decline in O2
10
consumption and programmed cell death. The current study established
an effective strategy to improve the efficacy of RT against cancer by
integrating mitochondria-targeted small molecular-mediated PDT and
PTT effects.
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