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A B S T R A C T   

Organic small molecules with near-infrared (NIR) absorption hold great promise as the phototheranostic agents 
for clinical translation by virtue of their inherent merits such as well-defined chemical structure, high purity and 
good reproducibility. Probes that happen to be based on cyanine dyes exhibit strong NIR-absorbing and efficient 
photothermal conversion, representing a new class of photothermal agents (PAs) for photothermal therapy 
(PTT), and taking into account the heat susceptibility of Mitochondria (Mito), we designed and prepared a 
mitochondria-targeted organic small molecule (Mito-BWQ) based on thiazole orange maternal unit that can 
effectively kill tumor cells through the hyperpyrexia generated in the lesions under exogenous laser irradiation. 
The Confocal laser scanning microscope was employed to determine the preferential targeting of Mito-BWQ to 
the mitochondria of MCF-7 cells and U87 cells. When subjected to 600 nm laser radiation, Mito-BWQ produced 
an increase in temperature in test systems and this increase was dependent on both the laser power and probe 
concentration. In vitro tests, cytotoxicity was observed when cells were incubated with Mito-BWQ and exposed 
to laser irradiation. The PTT in vivo also showed that Mito-BWQ performed remarkably in tumor inhibition. This 
study thus provides a vital starting point for the creation of thiazole orange-based PTT formulations and pro-
motes further advances in the field of PAs-based anticancer research and therapy.   

1. Introduction 

Despite great progress in cancer therapy, malignant tumors such as 
breast cancer[1], which has a high incidence of female origin in the 
breast, and glioma[2], which has a high morbidity of intracranial origin 
in the neuroepithelium, remain a threat to people’s health and will 
become the number one killer of modern society[3]. Traditional cancer 
therapies, including surgery, chemotherapy, and radiotherapy, have 
been in a bottleneck due to their severe side effects and inefficiency in 
achieving good prognosis[4,5]. Opportunistically, PTT adopts NIR ra-
diation with strong penetrating power to tumor tissues and increases the 
temperature of lesions by photothermal conversion to destroy cancer 
cells[6,7]. Moreover, the tumor is more sensitive to hyperpyrexia of 
42–45 ℃ than normal tissues on account of the vascular inhomogeneity 
of the tumor site[8,9]. The most noteworthy feature of PTT is that it is 
non-invasive or minimally invasive, so that patients will not feel very 

painful during the treatment, and the heat generated only affects the 
surrounding cells, without triggering a systemic reaction, and the side 
effects will be significantly reduced[6,7]. 

To improve the depth, range and efficiency of PTT, it is indispensable 
to construct PAs that absorbs NIR light and generates heat. And the ideal 
PAs should have low toxicity, high absorption and high photothermal 
conversion efficiency (PCE) in the NIR window (650–950 nm). With the 
development of nanotechnology, a great deal of nanomaterials with strong 
absorption in the NIR region demonstrate certain prospects for PTT ap-
plications. Among them, inorganic nanomaterials including gold nano-
materials with different structures[10,11], carbon nanomaterials[12], 
palladium nanosheets[13], copper sulfide nanomaterials[14] and other 
novel nanomaterials[15,16] have been used as PAs in PTT. However, 
inorganic PAs such as these are not readily degradable in vivo and have 
potential long-term toxicity issues that immensely limit their applications. 
For example, despite the outstanding photothermal conversion capacity of 
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carbon nanotubes, the compounds based on them tend to accumulate in 
the liver and kidneys, causing varying degrees of damage to them. Some 
studies have injected carbon nanotubes into the abdominal cavity of mice 
and found them to be carcinogenic similar to asbestos[17–20]. 

In recent years, PAs based on organic materials including organic NIR 
dyes[21], porphyrin liposomes[22], and polymers have been favored by 
researchers because they are significantly better than inorganic materials 
in terms of biosafety. Among them, organic small molecule photothermal 
agents (OSPAs) are gradually being developed as PAs for PTT owing to 
their intrinsic prominent biodegradability, low toxicity and synthetic 
flexibility[21,23]. In addition, mitochondria are indispensable organelles 
responsible for most of the energy supply of producing cells, play a key role 
in the processes of apoptosis and cell death, and are particularly sensitive to 
changes in cardiolipin metabolism or heat shock, which can be easily 
damaged by hyperthermia[24–26]. Therefore, mitochondrial heat transfer 
mediated by various forms of nanostructures[27–29] has been attempted 
adopting mitochondrial guides, including triphenylphosphonium (TPP) 
cations[30], mitochondrial phospholipid cardiolipids[31], mitochondrial 
penetrating peptides[32], oligomeric carbohydrate scaffolds, mitochon-
drial targeting sequences[33], and vesicle-based transporter systems. 

Recently, Jung et al[34] reported a mitochondria-targeted hyperthermic 
inducer that employs TPP-bound nanoparticles to trigger mitochondrial 
dysfunction, leading to apoptosis. OSPAs provide benefits over other 
nanomaterials, including improved safety in many cases and ease of 
preparation and modification. Thus, we believe that great advantages exist 
for mitochondria-targeted PAs based on organic small molecules. However, 
there are two tough issues that need to be addressed in advance: 1) the 
design and synthesis of original OSPAs with high NIR absorption, low 
toxicity, and high PCE to offer an alternative to PTT; and 2) the efficient 
introduction of mitochondria-targeted ligands into OSPAs to enhance their 
therapeutic efficacy. 

Cyanate dyes, with remarkable photophysical properties and low bio-
toxicity, are a range of extraordinary OSPAs that have been used as imaging 
and therapeutic agents to attain therapeutic integration[35]. For example, 
indocycin green (ICG), approved by the FDA as a medical imaging agent, 
has also been served as a PA. Herein, in this study, we set out to construct a 
new family of cyanogenic dyes based on thiazole orange OSPAs (Fig. 1), 
referred to as Mito-BWQ, with a large π-conjugated system that absorbs NIR 
and efficiently converts light to heat. Furthermore, the alkyl bromide group 
can be readily functionalized by triphenylphosphonium to enable targeting 

Fig. 1. Schematic illustration of fluorescence imaging and enhanced photothermal therapy by mitochondria-targeting thiazole orange(Mito-BWQ).  

Fig. 2. Synthesis of Mito-BWQ. (i) Toluene, 120℃, 12 h; (ii)2-Methylbenzothiazole, CH3CN, 120℃, 36 h; (iii) 1,2-dichlorobenzene, CH3CN, 110℃, 24 h; (iv) MeOH, 
TEA, P-methylbenzene sulfonic acid, 30℃, 4 h. 
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of mitochondria and induce cell necrosis with hyperpyrexia. In a series of in 
vitro and in vivo tests, Mito-BWQ showed high PCE, light-induced cyto-
toxicity, good biocompatibility, and admirable fluorescence imaging 
capability and tumor growth suppression, which will be a good choice for 
PTT. And to the best of our knowledge, this work is the first to report OSPAs 
based on the thiazole orange maternal unit with mitochondria as the pri-
mary site of action for enhanced PTT of tumors. 

2. Materials and methods 

2.1. Materials 

In this study, all chemicals and reagents were purchased from com-
mercial in AR grade and were used without further purifications. 
phosphate-buffered saline (PBS, pH = 7.4), Fetal bovine serum (FBS), 
DMEM mediu, trypsinCell Counting Kit (CCK-8), 4,6-diamidino-2 phe-
nylindole (DAPI) were purchased from Gibco, USA. Calcein-AM and 
propidium iodide (PI) were purchased from YEASEN (Shanghai, China). 
All other reagents were purchased from Aladdin. 

2.2. Synthesis of OSPA (photo-thermal thiazoleorange) 

The putative mitochondria-targeted thiazoleorange (Mito-BWQ) and 
a nontargeted thiazoleorange (BWQ) control were synthesized as out-
lined in Fig. 2. Briefly, the synthesis entailed alkylation reaction of 1, 4- 
dibromobutane with triphenyl phosphine gives 1 and the reaction with 
2-methylbenzothiazole gives 2. 3 was obtained by alkylation reaction of 
4-chloro-dimethylquinoline with p-bromomethylbenzoic acid, and then 
2 was added to methanol, and triethylamine (TEA) was added as catalyst 
for reaction, so that the π-conjugated system was expanded, and the 
target compound was obtained and gave 1H NMR, 13C NMR spectral and 
mass spectrum analytical data consistent with their proposed structures 
(Figure S2-S10). 

2.3. Calculation of the fluorescence quantum yield 

The fluorescence quantum yields of Mito-BWQ and BWQ were 
calculated the standard of fluorescein (Φ = 0.95) in the condition of 1% 
NaOH ethanol, and ΦX were measured according to the following 
equation[7]: 

ΦX = ΦST

(
GradX

GradST

)(
η2

x

η2
ST

)

(A1) 

Where, the subscript ST is the standard and the subscript × is the test 
sample. Φ represents the fluorescence quantum yield value. Grad is the 
slope of the curve with the integrated fluorescence intensity as the 
ordinate, the ultraviolet absorbance as the abscissa, and η is the 
refractive index of the solvent used. 

2.4. Calculation of the photothermal conversion efficiency 

The photothermal conversion efficiencies (η) were measured ac-
cording to a previously described method[36]: 

η =
hs(TMax − TSurr) − QDis

I(1 − 10− A730)
(A2) 

h is the heat transfer coefficient, s is the surface area of the container, 
and the value of hs is determined from the equation (A3). QDis represents 
heat dissipated from the laser mediated by the solvent and container. I is 
the laser power and A is the absorbance at 600 nm. 

hs =
mC
τs

(A3) 

m is the mass of the solution containing the photoactive material, C is 
the specific heat capacity of the solution, and τS is the associated time 
constant, which can be determined from equation (A4). 

t = − τs In (θ) (A4) 

θ is a dimensionless parameter, known as the driving force temper-
ature, as calculated using equation (A5). 

θ =
T − TSurr

TMax − TSurr
(A5) 

Tmax and TSurr are the maximum steady state temperature and the 
environmental temperature, respectively. 

2.5. Cell culture and confocal microscopy studies 

MCF-7 cells and U87 cells were incubated in DMEM medium sup-
plemented with 1% penicillin–streptomycin (v/v) and 10% (v/v) FBS at 
37℃ under a humidified atmosphere with 5% CO2. The cells were 
treated and incubated with Mito-BWQ at 37℃ under 5% CO2 during the 
time mentioned in the text. For the confocal microscopic samples, the 
cells were passed and plated on glass bottomed dishes. The cells were 
washed three times with phosphate buffered saline and then imaged 
after further incubation in colorless serum-free media for 30 min. 
Fluorescence microscopy images of labeled cells were obtained with 
spectral confocal microscopes (*/LSM 800 With Airscan). Tracking dyes 
for co-localization experiments were bought from Invitrogen. Other in-
formation is available in the figure captions. 

2.6. In vitro PTT. 

The cell viability assays was performed by a standard CCK-8 assay. 
MCF-7 cells and U87 cells (104 cells/well) were seeded on 96-well plate 
and incubated for 24 h at 37 ◦C. The cells were treated with different 
concentrations of Mito-BWQ (0, 3, 6, 12, 25, 50 μg/mL) and incubated 
for 4 h at 37 ◦C. After incubation, the cells were washed three times and 
irradiated different times (0, 1, 2, 3, 4, and 5 min) with a 600 nm laser at 
1.5 W/cm2 . On the one hand, MCF-7 cells (2.0 × 105 per dish) were 
seeded on 35 mm confocal dishes and allowed to stabilize for 24 h. The 
cells were then treated with different concentration Mito-BWQ (0, 3, 6, 
12, 25, and 50 ug/ml) in 1 mL culture medium. After 4 h incubation, the 
cells were irradiated with a 600 nm laser (1.5 W/cm2) for 5 min to 
induce photothermal cytotoxicity. The mode of cell death was examined 
by using Calcein AM/PI staining kit, and the cells were imaged by 
OLYMPUS 20,112,167 inverted fluorescence microscope. 

2.7. Animals and tumor Models. 

Female Balb/c nude mice (18–20 g) were housed under aseptic 
conditions in small animal isolators with free access to food and water. 
All care and procedures of animals were approved by the University 
Ethics Committee for the use of experimental animals. To establish 
tumor xenograft models, MCF-7 cell suspensions (1 × 106 cells) were 
subcutaneously injected 

into the flank of nude mice. A caliper was used to measure tumor 
sizes, and tumor volume (mm3) was calculated as (tumor major axis) ×
(tumor minor axis)2 /2. 

2.8. In vivo FL 
All the animal experiments were approved by the Guanzhong Med-

ical Laboratory Animal Center. Balb/c nude mice (6–8 weeks) with 
subcutaneous-tumors in the lower right side of the back area were used 
as the animal models. The imaging experiments were carried out when 
the subcutaneous-tumors grew to 60 mm3 in diameter. The Mito-BWQ 
(1 mg/kg) was intratumorally injected into mice with normal saline as 
an aqueous solution (n = 5 in each group), and then FL images at 
different time points were acquired on an in vivo FL imaging system (FX 
PRO, Bruker). 
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2.9. In vivo thermal imaging 

When the subcutaneous-tumors reached 60 mm3 , Mito-BWQ (5 mg/ 
kg) or PBS was was intratumorally administered into the nude mice 
bearing MCF-7 tumors. Thermal imaging was presented by an HT-02 
Handheld thermal imaging camera when the tumors were subjected to 
600 nm laser with the power density of 1.5 W/cm2. 

2.10. In vivo PTT and H&E Staining. 

The tumor-bearing mice with average tumor volume around 100 
mm3 were divided into six groups treated with (1) PBS (laser-), (2) PBS 
(laser + ), (3) laser, (4) Mito-BWQ (laser-), (5)Mito-BWQ (laser + ). 
Mito-BWQ (5 mg/kg) was intratumorally injected into the nude mice 
with subcutaneous-tumors (n = 5 in each group). At 24 h after injection, 
the tumors were exposed to a NIR laser of 1.5 W/cm2 for 5 min. The 
tumor photos at different time points before and after injection of Mito- 
BWQ were recorded to monitor the volume changes of tumors. The 
tumor inhibition ratio, the tumor sizes and mouse weight were measured 
at different time points. After the therapeutic period, mice were sacri-
ficed. For hematoxylin and eosin (H&E) staining, briefly, slides of organs 
were fixed with 4% paraformaldehyde solution, after that dehydrated, 
performed H&E staining. 

2.11. Statistical Analysis. 

The results are expressed as the mean ± standard error. Statistical 
comparisons between the two groups were performed using the two- 
tailed, unpaired Student’s test. Statistical significance was indicated as 
*P < 0.05, **P < 0.01, or ***P < 0.001. 

3. Results and discussion 

3.1. Characterization of thiazoleorange. 

Initially, we explored the photophysical properties of Mito-BWQ and 
BWQ, the absorption and emission features of Mito-BWQ and BWQ were 
probed in dimethyl sulfoxide (DMSO) using UV − vis and fluorescence 
spectroscopy, respectively (Fig. 3). The absorption spectra exhibited an 
intense peak at 575 nm and 505 nm (Fig. 3a) with large molar extinction 
coefficients of 1.50 M− 1cm− 1 and 2.45 M− 1cm− 1 for Mito-BWQ and BWQ, 
respectively (Figure S13). The fluorescence maximum of Mito-BWQ and 
BWQ were observed at 606 nm and 535 nm (Fig. 3b), the fluorescence QYs 
(Φf) were calculated according to eq A(1) and found to be 0.029 and 
0.022, respectively (Figure S13). In addition, preliminary investigation 
found that the buffer solution of Mito-BWQ resulted in a higher temper-
ature rise than the corresponding buffer solution of BWQ under the same 
conditions (~19.2 ◦C vs ~ 3.6 ◦C for Mito-BWQ and for BWQ) (Fig. 3c −
d). On the basis of these findings, we considered it likely that Mito-BWQ 
would prove effective as a PTT agent. 

3.2. Photothermal conversion Efficiency. 

To further explore the PCE of Mito-BWQ, the temperature of Mito- 
BWQ dispersed in phosphate buffered solution (PBS, pH 7.4) was 
determined as a function of the power density and concentration of NIR 
irradiation. We observed a significant increase in the temperature of the 
dispersed solution at 0.5 mM as the laser power density raised from 0 to 
1.8 W/cm2 (Fig. 4a-b). Furthermore, the temperature of the dispersed 
solution under irradiation with the 600 nm NIR laser at 1.5 W/cm2 

gradually boosted with enhancing Mito-BWQ concentration (Fig. 4c-d). 
The temperature of the solution increased by 25℃ within 2 min at 1 
mM, whereas no such change was observed for the particle-free solution. 

Fig. 3. Characterization and Photothermal heating curves of Mito-BWQ and BWQ. (a) UV absorption spectra and (b) Fluorescence emission spectra of BWQ and 
Mito-BWQ at the concentration of 1.5 μM in 10% DMSO-buffer solution (pH 7.4, 10 mM PBS). (c) BWQ and (d) Mito-BWQ (0.5 mM, respectively) dispersed in 50% 
DMSO − buffer solution (pH 7.4, 10 mM PBS) with 600 nm laser irradiation (1.5 W/cm2) as a function of irradiation time. 
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These results reveal that the heat is generated by NIR irradiation of Mito- 
BWQ with good photothermal conversion. To more precisely evaluate 
the heat transfer utility of Mito-BWQs, their PCE was measured using the 
reported method[36]. As defined by equation (S8-S11), the efficiencies 
(η) of Mito-BWQ and BWQ were found to be approximately 35.6% and 
10.1%, respectively. Moreover, due to the introduction of triphenyl-
phosphine, the PCE of Mito-BWQ is more than doubled, which is much 
higher than that of reported mitochondria-targeted photothermal 
agents, such as IR825 (≈17.4%)[37]. These results indicate that Mito- 
BWQ is an excellent OSPA candidate for PTT. 

3.3. Photostability of Mito-BWQ. 

Before applying the Mito-BWQ to cell studies, we measured its 
photostability. For this purpose, Mito-BWQ was passively cooled to 
room temperature after laser irradiation, and the cycle was repeated for 
1 h. As shown in Fig. 5a-b, the maximum temperature increase in each 
cycle was<2.0%, so we concluded that Mito-BWQ is stable under 600 
nm laser irradiation. 

Fig. 4. Photothermal conversion utility of 
Mito-BWQ. IR thermal images of DMSO so-
lutions of Mito-BWQ (a and c). Mito-BWQ 
concentration = 0.5 mM and irradiation in-
tensities of 0, 1.0, 1.5, and 1.8 W/cm2 at 600 
nm (a) and 1.5 W/cm2 irradiation (600 nm) 
at various Mito-BWQ concentrations (0, 
0.25, 0.50, and 1.0 mM) (c) as a function of 
irradiation time. Photothermal heating 
curves for DMSO solutions of Mito-BWQ at 
constant 0.5 mM concentrations of Mito- 
BWQ and various laser irradiation in-
tensities (0, 1.0, 1.5, and 1.8 W/ cm2 , 600 
nm)(b) and constant irradiation at 1.5 W/ 
cm2 with varying Mito-BWQ concentrations 
(0, 0.25, 0.50, and 1.0 mM, 600 nm) (d) as a 
function of irradiation time. Photothermal 
effects observed upon irradiating Mito-BWQ 
with 600 nm laser light (1.5 W/cm2) for 
600 s and then stopping the irradiation (e). 
Time versus − ln(θ) plot with θ being the 
driving force temperature, cf. eq S5) (f) ob-
tained using the data recorded during the 
cooling period of the experiment outlined in 
(e). A Ti:Sa femtosecond-pulsed laser 
(Chameleon XR by Coherent, 200 fs pulse 
width, 90 MHz repetition rate) was used.   

Fig. 5. Photostability of Mito-BWQ in DMSO. (a) IR thermal images of Mito-BWQ. (b) Curves showing the temperature change of Mito-BWQ over several ON/OFF 
cycles involving irradiation with a 600 nm laser (1.5 W/ cm2) for 1 h followed by passive cooling. 
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Fig. 6. Confocal fluorescence microscopic images of MCF-7 cells (a) and U87 cells (b) after incubation with Mito-BWQ for 30 min. Confocal images of Mito-BWQ- 
treated MCF-7 cells (c) and U87 cells (d) before imaging, the cells were stained with Mito-Tracker, ER-Tracker, Lyso-Tracker, and Golgi-Tracker. The cell nuclei were 
stained with Hoechst 33,342 (abbreviated as Hoechst). 
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3.4. Confocal microscopy studies of Mito-BWQ. 

To investigate the uptake of Mito-BWQ by cells, MCF-7 cells (Fig. 6a) 
and U87 cells (Fig. 6b) were incubated with Mito-BWQ for 30 min at 
37℃. The good uptake of Mito-BWQ by cells was confirmed by laser 
confocal microscopy. Prior to studying the photothermal cytotoxicity of 
Mito-BWQ in vitro,to further determine the subcellular distribution of 
Mito-BWQ, nuclei were imaged with Hoechst33342 (Hoechst), and 
Mito-BWQ-treated MCF-7 cells (Fig. 6c) and U87 cells (Fig. 6d) were 
stained with various commercially available organelle-selective tracers 
to identify the site of action of Mito-BWQ. As can be seen from the assays 
in the figure, the fluorescence images of Mito-BWQ overlap well with 
those of Mito-Tracker, a commercially available mitochondrial tracking 
dye. However, in the case of ER-Tracker, Lyso-Tracker, and Golgi- 
Tracker, the overlap is poor. These results provide support for the idea 
that Mito-BWQ localizes to the mitochondria, which may be the result of 
cation-attached triarylphosphine groups that help direct the dye to the 
mitochondria. 

3.5. Photothermal conversion efficiency of Mito-BWQ inside MCF-7 cells 

To study the photothermal conversion of Mito-BWQ in cells, tem-
perature changes in Mito-BWQ-loaded MCF-7 cells were monitored 
using an infrared thermal camera (Fig. 7a) under NIR irradiation at 600 
nm 1.5 W/cm2. The local temperature of the irradiation site enhanced 
with increasing Mito-BWQ concentration (Fig. 7b-c). In particular, when 
the loaded Mito-BWQ concentration reached 50 ug/ml, it caused a rapid 
increase in the temperature of MCF-7 cells by 21 ◦C within 5 min, 
whereas in the absence of Mito-BWQ, this change was negligible. These 

results indicate that Mito-BWQ can promote cell temperature under NIR 
irradiation. Next, we tested whether Mito-BWQ-based hyperthermia is 
sufficient to induce cell death. 

3.6. Photothermal cytotoxicity (CCK-8 and Calcein AM/ PI staining 
Assay) of Mito-BWQ in Cells. 

The photothermal therapy effect of Mito-BWQ was evaluated in 
vitro based on high PCE, solution stability and low toxicity. MCF-7 and 
U87 cells incubated with Mito-BWQ were irradiated with an 600 nm 
NIR laser for 5 min and cells incubated in the absence of Mito-BWQ 
loading were adopted as a negative control. As shown in Fig. 8a-b, 
there was a remarkable loss of viability of MCF-7 or U87 cells that were 
incubated with Mito-BWQ and treated with laser, while no significant 
difference was observed in the other groups. Moreover, as the Mito- 
BWQ loading concentration increased, the viability of their cells 
decreased obviously, and more than 80% of MCF-7 and U87 cells were 
killed after 5 min of irradiation. These results indicate that Mito-BWQ 
is an effective OSPA in vitro. 

In addition, to further validate the PTT performance of Mito-BWQ in 
vitro, MCF-7 cells were stained with CalceinAM and PI solutions that can 
identify live and dead cells by emitting green or red fluorescence, 
respectively, and Mito-BWQ-loaded MCF-7 cells were alive (Fig. 8c) 
under no laser irradiation (green), confirming the low toxicity of Mito- 
BWQ, while the presence of external laser aid induced most cell death 
(red), and with increasing concentrations of Mito-BWQ loading, the red 
area became increasingly larger (Fig. 8d), again demonstrating that 
Mito-BWQ can be employed as an effective OSPA in vitro. 

Fig. 7. Photothermal conversion efficiency of Mito-BWQ inside cells. (a) Schematic diagram of MCF-7 cells in a delta T dish loaded with Mito-BWQ upon NIR laser 
irradiation. The red circle shows the area of laser illumination. The local temperature change was monitored using an IR thermal camera. (b) Hyperthermia heating 
curves. (c) IR thermal images of MCF-7 cell media with Mito-BWQ at various concentrationss (0, 12, and 50 ug/ml) as a function of irradiation time. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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3.7. In vivo xenografted tumor imaging and therapy by using Mito-BWQ. 

Based on the in vitro efficient PTT cytotoxicity of Mito-BWQ, the in 
vivo antitumor efficacy of Mito-BWQ was subsequently investigated in 
MCF-7 rhabdomyolysis mice. To record the temperature changes (ΔT) 
at the tumor site under NIR irradiation, photothermal imaging was 
performed on the rhodoma mice. As shown in Fig. 9a, the temperature 
of the tumor sites in the laser and Mito-BWQ + Laser groups were 
detected by imaging in each minute during NIR irradiation. In laser 
group, the temperature of the tumor site increased extremely slowly 
and was about 36 ◦C after 5 min of 1.5 W/cm2 NIR irradiation, which 
was accepted and tolerated by the lesions. However, under the same 
NIR laser irradiation, the temperature increased rapidly to about 
49.5 ◦C in Mito-BWQ + Laser group . The imaging of the tumor 
localized area is shown in Fig. 9b. Fig. 9c presents the ΔT of the tumor 
site during NIR irradiation. The ΔT of the laser group was about 12 ◦C, 
while the value of the Mito-BWQ + Laser group was about 24.5 ◦C, 
which was two times higher than that of the laser group. And it is 
believed that the temperature of cancer cells above 45 ◦C leads to 
irreversible tissue damage and necrosis of the lesions[38], so that tu-
mors can be extinguished in the Mito-BWQ + Laser group. 

The biodistribution of Mito-BWQ in mice was further detected by 
fluorescence imaging. Mito-BWQ was applied to the tumors of nude 
mice with breast cancer xenograft tumors, and the kinetics of Mito-BWQ 
were measured at 0.5, 2, 4, 12, 24, 48, and 72 h (Fig. 9d). Bio-
fluorescence reached its highest at 12 h after Mito-BWQ treatment, 
which we attribute to the fact that Mito-BWQ was most fully bound to 
the mitochondria in the tumor tissue at this time. Moreover, Mito-BWQ 
fluorescence was still detected at 72 h. This finding indicates that Mito- 
BWQ accumulates mainly in tumors and is retained for a long time 
without rapidly spreading to other organs. This favorable accumulation 
behavior may reduce repeated drug injections and promote PTT in vivo. 
In addition, to detect whether Mito-BWQ could be distributed in organs 

other than tumors, in vitro fluorescence images of normal organs and 
tumors were obtained after 24, 48, and 72 h (Fig. 9e-f). Stronger fluo-
rescence was observed in the liver and kidney, revealing diffusion and 
preferential accumulation of Mito-BWQ. Little or no fluorescence was 
found in other healthy tissues. Although Mito-BWQ was conserved in 
healthy organs, this OSPA was not overtly toxic, as revealed by subse-
quent examination. 

To verify the anti-tumor effects of Mito-BWQ in vivo, rhabdomyol-
ysis mice were treated with PBS(Laser-), Laser+, PBS(Laser + ), Mito- 
BWQ(Laser-), and Mito-BWQ(Laser + ). The MCF-7 tumor-bearing 
mice were irradiated for 5 min with a 600 nm laser (1.5 W/cm2) after 12 
h to perform effective PTT (Fig. 10a). As shown in Fig. 10c and 10d, in 
the experimental groups including PBS(Laser-), Laser+, PBS(Laser + ) 
and Mito-BWQ(Laser-) group, the tumors grew rapidly and had no 
obvious inhibitory effect, which also showed that Mito-BWQ had low 
biological toxicity. In contrast, the Mito-BWQ(Laser + ) group presented 
good tumor suppression and no significant change in body weight 
(Fig. 10e), highlighting the strong tumor inhibition potential of Mito- 
BWQ. To determine the biosafety of Mito-BWQ, after treatment, mice 
were executed and tumors were removed (Fig. 10f), and H&E-stained 
sections of their major organs, including heart, liver, spleen, lungs, and 
kidneys, were evaluated (Fig. 10g). The results showed no significant 
necrosis or damage to the major organs in the five groups, indicating 
that Mito-BWQ has no significant toxic effects on living organisms. All 
these results reveal that OSPA is an effective novel PTT drug for anti-
tumor application. 

4. Conclusion 

In conclusion, we have developed a novel mitochondria-targeted 
OSPA for enhanced PTT. The new OSPA reported here, Mito-BWQ, con-
tains two major components, the thiazole orange maternal unit for NIR 
absorption and triphenylphosphonium mitochondrial localizing unit. The 

Fig. 8. Cell viability of MCF-7 cells (a) and U87 cells (b) treated with PBS, Laser, Mito-BWQ (Laser-) or Mito-BWQ (Laser + ) at different concentrations. The cells 
were treated with PBS, Laser, Mito-BWQ (Laser-) or Mito-BWQ (Laser + ) and incubated for 4 h at 37℃. Then CCK-8 assay was performed and absorbance in the CCK- 
8 assay was measured at 540 nm. (c) no laser and (d) laser cytotoxicity observed for MCF-7 cells incubated with Mito-BWQ. Confocal fluorescence images of MCF-7 
cellsobtained after incubation with Mito-BWQ as a function of concentration for 4 h. Dead/Live cells are detected as green or red by staining with Calcein-AM and PI, 
respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 9. In vivo xenografted photothermal imaging and fluorescence imaging. (a) Photothermal images of tumor site in Laser group (injected with normal saline) and 
Mito-BWQ + Laser group (injected with Mito-BWQ) during 5 min irradiation of 1.5 W/cm2 NIR. (b) Local tumor area temperature images of the mice at the fifth min 
of NIR irradiation. (c) Temperature change (ΔT) of tumor sites during NIR irradiation. (d) Fluorescence images of mice bearing MCF-7 tumors treated with Mito-BWQ 
three days after injection. (e) Fluorescence images and (f) comparison of the fluorescence intensity from tumors and main tissues 24, 48, and 72 h post injection (n 
= 3). 
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Fig. 10. MCF-7 tumor-bearing mice photothermal therapy. (a) Schematic depiction of the treatment of breast cancer mouse model with Mito-BWQ. (b) Pictures of 
different groups of mice at day 1、day 4、day 10 and day 14 after photothermal treatment. (c) Weights of the tumors after in different groups therapies (mean ± SD, 
n = 5, ***P < 0.001) at the end of the antitumor study. (d) The relative tumor volume (tumor volume divided by initial volume) in various mice groups (mean ± SD, 
n = 5, ***P < 0.001) and (e) Changes in weight of mice in different groups over time (mean ± SD, n = 5, *P < 0.05). (f) Images of the tumors and (g) histological 
images of major organs after photothermal therapy. 
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synthesized Mito-BWQ presents high photothermal conversion efficiency 
(PCE), low cytotoxicity and good biosafety in PTT. In vivo tests show that 
an excellent tumor suppressive effect can be achieved with the Mito-BWQ. 
We believe this work provides a vital starting point for the construction of 
thiazole orange-based PTT agents that could contribute to drive in-depth 
progress in PA-based anti-cancer research and therapeutics. And further 
applications of Mito-BWQ to bind targeting ligands and thus specifically 
navigate to tumor tissues are underway in our laboratory. 
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