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Phototherapy, mainly including photodynamic therapy (PDT) and photothermal therapy
(PTT), is a noninvasive and e®ective approach for cancer treatment. Since integration of PDT
and PTT for simultaneous synergistic PDT/PTT treatment enables us to improve
phototherapeutic e±cacy signi¯cantly, it has been attracting a lot of investigations in current
days. Here, we introduce IR-52, a new mitochondria-targeting near infrared (NIR) °uorescent
small molecule, which possesses structure-inherent PTT and PDT synergistic phototherapeutic
e®ects without conjugation to speci¯c ligands. After NIR light irradiation (808 nm, 2W/cm2,
5min), both the hyperthermia and excessive singlet oxygen levels were determined when dis-
solving IR-52 in aqueous solutions. In vitro photoinduced cytotoxicity studies showed signi¯cant
lower cell viabilities and higher necrotic/apoptotic rates when cancer cells were treated with
IR-52 and irradiation, and its' mitochondrial localization in cancer cells would partially explain
its high cytotoxicity. Further in vivo synergetic PDT and PTT e®ects were demonstrated by high
tumor surface temperature and signi¯cant inhibition of tumor growth. Our results strongly
suggest that IR-52, which possesses excellent photosensitivity, may provide a promising strategy
for tumor treatment with decreased side e®ects.

Keywords: Photosensitizer; photodynamic therapy; photothermal therapy; mitochondria.

†Corresponding author.

This is an Open Access article published by World Scienti¯c Publishing Company. It is distributed under the terms of the Creative
Commons Attribution 4.0 (CC-BY) License. Further distribution of this work is permitted, provided the original work is properly
cited.

Journal of Innovative Optical Health Sciences
Vol. 11, No. 4 (2018) 1850016 (8 pages)
#.c The Author(s)
DOI: 10.1142/S1793545818500165

1850016-1

J.
 I

nn
ov

. O
pt

. H
ea

lth
 S

ci
. 2

01
8.

11
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 H

U
A

Z
H

O
N

G
 U

N
IV

E
R

SI
T

Y
 O

F 
SC

IE
N

C
E

 A
N

D
 T

E
C

H
N

O
L

O
G

Y
 o

n 
09

/1
3/

18
. R

e-
us

e 
an

d 
di

st
ri

bu
tio

n 
is

 s
tr

ic
tly

 n
ot

 p
er

m
itt

ed
, e

xc
ep

t f
or

 O
pe

n 
A

cc
es

s 
ar

tic
le

s.

http://dx.doi.org/10.1142/S1793545818500165


1. Introduction

Phototherapy has become one of the main means for
cancer treatment available in clinic following with
surgical treatment, chemotherapy and radiothera-
py. This type of light-triggered treatment has re-
markably improved selectivity and reduced the side
e®ects as compared to conventional therapies.1–3

Phototherapy mainly includes photodynamic ther-
apy (PDT) and photothermal therapy (PTT).4,5

For PDT or PTT, the key factor to determine their
therapeutic e®ects is the photosensitizer (PS).6–8 A
desirable PS should have superior photosensitivity
to ensure the phototherapeutic e®ect and high
speci¯city to reduce the side e®ects.9–11 The most
common way to enhance the photosensitivity is to
synthesis a photothermal PS and a photodynamic
PS together as reported in many nanomaterials.12,13

The typical way to improve the speci¯city is to
conjugate the PSs with a target ligand, which can
bind to the cancer cells overexpressed biomarkers
e±ciently.14,15 However, there are still many pro-
blems for these nanomaterial-based multifunctional
PSs, such as poor tumor-targeting activity, unsat-
is¯ed high-quality control during large-scale prepa-
ration, potential long-term toxicity concerns,
which lead to the di±culties for further clinical
application.16,17

Indocyanine green (ICG), a water-soluble anionic
tricarbocyanine dye, which can simultaneously
achieve PTT and PDT e®ects under single wave-
length near infrared (NIR) laser without conjunc-
tion,18,19 is the only Food and Drug Administration
(FDA) approved NIR agent. However, ICG thera-
peutic e®ect is limited by various factors, such as
poor in vitro aqueous stability, rapid body clearance
and lack of targeting property. Recently, some new
NIR °uorophores, with ICG as the prototype
structure, have been reported to improve the ther-
apeutic e®ect and targeting ability, but few of them
have both PDT and PTT e®ects.

In the present study, we developed a lipophilic
cationic heptamethine dye, IR-52, with a peak op-
tical absorption of 789 nm wavelength, which can
preferentially accumulate at tumor site and further
retain in the mitochondria of cancer cells and is
excited with 808 nm laser to generate potent local
heat and singlet oxygen, thus destroying cancer cells
both in vitro and in vivo via its simultaneous
synergistic PDT/PTT property. As expected, a
multifunctional small molecule simultaneously with

properties of cancer targeting, NIR imaging, PDT
and PTT synergistic phototherapy was ¯nally
obtained. This PS possesses superior photosensitivi-
ty, and is expected to improve the phototherapeutic
e®ect with decreased side toxicity and may provide a
new practical route for cancer treatment.

2. Materials and Methods

2.1. Cell lines

Human lung cancer cell lines A549 and mouse Lewis
lung carcinoma (LLC) cells were purchased from
American Type Culture Collection (ATCC, Mana-
ssas, VA, USA) and cultured in ATCC recom-
mended medium (Hyclone, Logan, Utah, USA),
supplemented with 10% fetal bovine serum (FBS,
Gibco, Grand Island, USA), 1% penicillin and
streptomycin (Beyoyime, Shanghai, China). Cells
were incubated under 5% CO2 at 37�C and were
passed regularly and subcultured to �80/90%
of con°uence before all the experiments.

2.2. Singlet oxygen detection

To evaluate the generation of singlet oxygen
from samples, IR-52 (10�M, dissolved in water)
and singlet oxygen sensor green (SOSG) (1�M,
dissolved in water containing 2% methanol) were
mixed. NIR °uorescence spectrometer was used to
obtain the °uorescence intensity after 5min irradi-
ation (2W/cm2).

2.3. Mitochondrial localization

A549 cells were cultured in a 35mm petri-dish
overnight and incubated with vehicle control or
10�M IR-52 for 15min at 37�C, and then stained
with mito-tracker green for 10min (Lyso Tracker
Green was used as a negative control). Dark con-
dition was limited strictly during the whole proce-
dures. The °uorescence of cells was obtained by the
confocal microscope.

2.4. In vitro phototherapy

A549 and LLC were used to evaluate the photo-
therapy e®ect of IR-52 in vitro. Cells were incubated
with di®erent concentrations (0, 0.75, 1.5, 3, 6 and
12�M) of IR-52 for 24 h before laser irradiation
(2W/cm2) for 5min or not. To investigate the
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single PDT e®ect or PTT e®ect, cells were treated
with 10mM NAC to avoid producing singlet oxygen
or maintained at the constant temperature (37�C)
to avoid hyperthermia generation, respectively,
during laser irradiation. The relative cell viabilities
were detected by CCK-8 assay after another 24 h
incubation.

The synergistic PDT/PTT e®ects of IR-52 were
further con¯rmed by calcein AM and propidium
iodide (PI), PI and Annexin V co-staining. Cells
were incubated with IR-52 before irradiation by an
NIR (808 nm) laser, and then incubated with 2�M
calcein AM and 2�M PI 24 h later. Fluorescent
images were obtained by a biological inverted mi-
croscope. The apoptosis of di®erent groups was
detected according to the direction of Annexin V
FITC/PI kit.

2.5. Animals and tumor model

All C57BL/6 mice were purchased from the labo-
ratory animal center of the Army Medical Univer-
sity. Animal protocols were according to the
\Animal Care and Use Committee Guidelines of the
Army Medical University". LLC tumor xenograft
models were established by subcutaneous injection
of 1� 106 LLC cells onto the hind legs of mice (5–6
weeks old). 1� 106 LLC cells suspended in 50�L
PBS were injected into the subcutaneous using a
28-gauge needle.

2.6. In vivo NIR °uorescence and
thermal imaging

In all subcutaneous LLC tumor xenograft models,
the animals were injected with IR-52 at the dosage
of 0.4mg/kg via the tail vein to gain the NIR im-
aging, and at a dosage of 5mg/kg to gain the
thermal imaging when the tumors' volume reached
about 150mm3 (to avoid the situation that tumors'
size is too large to be covered completely by laser
irradiation).

2.7. In vivo synthetic PDT and

PTT e®ects

LLC tumor xenograft model was used to investigate
the synthetic PDT and PTT e®ect of IR-52 in vivo.
Twenty mice were divided into three groups: PBS
injection group, IR-52 (5mg/kg IR-52 diluted in

200mL PBS) injection group and IR-52 combined
with NIR laser irradiation group (1–2 mice from
each group were used for histomorphology tests).
Irradiation groups were irradiated by 808 nm laser
at the power density of 0.8W/cm2 for 5min, 24 h
post-injection. Tumor volumes and body weights of
mice were measured during the procedure (tumor
volume ¼ length � (width)2/2).

3. Results and Discussion

3.1. Structure and optical properties
of IR-52

The chemical structure of IR-52 was shown in
Fig. 1. The detailed synthesis process of IR-52 was
according to our previous work.20 The absorption
and °uorescence spectra of IR-52 were investigated
inmethanol (MeOH)and10%FBS (Figs. 2(a)–2(d)).
Compared to ICG, which is the prototype structure
of our new NIR °uorophore and already has been a
clinically available heptamethine dye, IR-52 has the
maximum absorbance and emission wavelength
near 780 nm and 800 nm, which were in the NIR
region (700–900 nm). Notably, IR-52 has higher
absorption and °uorescence intensity than ICG,
which would decrease tissue absorption/auto-
°uorescence, and improve the °uorescence signal
contrast.

To investigate the PDT e±cacy of IR-52, we
detect the generation of singlet oxygen (1O2) by
SOSG. SOSG was added into 10�M IR-52 aqueous
solution and irradiated with 808 nm laser (2W/cm2,
5min). The °uorescence intensity of SOSG in
IR-52 was remarkably higher than blank water
(Fig. 3(a)). To investigate the PTT e±cacy, we
tested the temperature change of IR-52. Encourag-
ingly, the temperature was found to increase
sharply near about 30�C (Fig. 3(b)), which is high
enough to cause the death of tumor cells. In
contrast, the temperature increased moderately

Fig. 1. Chemical structure of IR-52.
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(less than 20�C) for ICG. Therefore, IR-52 is a more
excellent potent PS than ICG.

3.2. In vitro phototherapy of IR-52

The in vitro phototherapeutic e®ect of IR-52 was
evaluated on A549 and LLC. Cells were exposed to
808 nm laser irradiation (2W/cm2) after incubation
with di®erent concentrations of IR-52 (ranging from
0�M to 12�M) for 24 h. The relative cell viabilities
were determined by the CCK-8 assay after another

24 h incubation (Figs. 4(a) and 4(b)). The results
showed that the cell viability of A549 (IR-52 irra-
diation group) exhibited a remarkable decrease with
the increased concentration. More cytotoxicity on
LLC cells was shown at the concentration of 12�M,
compared to the nonirradiation group. Calcein AM
and PI co-staining were carried out on A549 cells to
visualize live cells or dead/late apoptotic cells, re-
spectively, to further con¯rm the synergistic PDT
and PTT e®ects of IR-52 (Fig. 4(c)). The results
showed that neither IR-52 nor laser alone has much

(a) (b)

Fig. 3. (a) Singlet oxygen generation and (b) temperature change curves of IR-52 compared with ICG during a single NIR laser
irradiation (808 nm, 1.5W/cm2).

(a) (b)

(c) (d)

Fig. 2. The absorption and °uorescence spectra of IR-52 compared to ICG.
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virulent in°uence on cells, but cells pretreated with
IR-52 and then 5 min light irradiation showed
nearly no viable cells.

A549 cells were co-stained with IR-52 and the
mitochondrial tracker (or Lyso Tracker) to inves-
tigate the mitochondrial localization (Fig. 4(d)).
Pearson's correlation coe±cient and overlap coe±-
cient were quantitatively determined using Leica
Mircosystems LAS AF-TCS SP5 software. Pear-
son's correlation coe±cient of IR-52 and Mito-
Tracker in A549 cells has been determined with
0.8155, while overlap coe±cient was 0.963, respec-
tively. These results showed that IR-52 accumu-
lated mostly in the mitochondria of cancer cell.
These results would partially explain the high
photoinduced cytotoxicity of IR-52. We also co-
stained IR-52 with Lyso Tracker Green as a nega-
tive control experiment, as expected that, nearly no

overlap between red °uorescence of IR-52 and green
°uorescence of Lyso Tracker Green. To investigate
whether the cell death undergone the apoptosis or
necrosis, cells were labeled with PI and Annexin V
(Annexin V-FITC). Figure 5 shows that nearly no
apoptosis was observed in the cells treated with IR-
52 or light irradiation alone, as well as the blank
control. In contrast, cells pretreated with IR-52 and
then 5min light irradiation exhibited obvious apo-
ptosis rate. Those results indicated that IR-52
exhibited e®ective light-induced cancer cell death.

3.3. In vivo phototherapy of IR-52

Encouraged by the results in vitro, we further
studied the anticancer e±cacy of IR-52 on animal
models. C57 mouse bearing LLC was established for
IR-52 injection to con¯rm the tumor preferential

Fig. 4. In vitro cytotoxicity induced by phototherapy and mitochondrial localization. (a, b) Viabilities of A549 and LLC cells after
incubated with di®erent concentrations (ranging from 0�M to 12�M) of IR-52 for 24 h exposed to laser irradiation (808 nm, 2W/
cm2) or not for 5min. Those cells were re-incubated for 24 h before CCK-8 assay was conducted. (c) Fluorescent images of Calcein
AM/PI co-stained A549 cells after di®erent treatments (Green: Calcein AM, Red: PI). (d) Mitochondrial localization was deter-
mined by co-stained IR-52 with Mito-tracker in A549 cells. Lyso Tracker Green was used as a negative control.
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Fig. 5. Apoptosis assay in vitro: A549 cells were assessed for apoptosis with PI and Annexin V-Alexa Fluor 488 staining by °ow
cytometry after di®erent treatments.

Fig. 6. Cancer targeting and phototherapy in vivo. (a) NIR °uorescent images of whole body and ex vivo main organs (dissected at
72 h) and (b) IR thermal images were detected on subcutaneous LLC tumor xenograft mice. (c) Tumor growth curves and (d) body
weights of mice in di®erent groups were measured during the 10-day evaluation period. The results were expressed as the mean �
s.d. (n ¼ 5, *p < 0:05, **p < 0:01). (e) H&E staining of tumors 24 h post-irradiation.
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accumulation (Fig. 6(a)). The mice were injected
with IR-52 at a dose of 0.3mg/kg via the tail vein.
NIR °uorescent images showed that the intense
°uorescence signals associated with the implanted
tumors can be clearly visualized after IR-52 injec-
tion 24 h, and there is low background interfering
°uorescence. Meanwhile, its targeted imaging
property would make tumors with the margins
clearly visualized, and provide the potential for
precisely imaging-guided cancer phototherapy,
which is helpful in minimizing the treatment-related
side e®ects.

Figure 6(b) shows that the real-time tumor sur-
face temperature of the mice in the irradiation
group amazingly increased to about 59�C, which
was con¯rmed to be high enough to lead the death
of cancer cells. LLC tumor-bearing models were
established and divided into three groups with ¯ve
mice per group: PBS injection group, IR-52 injec-
tion group and IR-52 injection combined with NIR
laser irradiation group. Each group was given
200�L PBS solution or 5mg/kg IR-52 diluted in
200�L PBS solution, respectively. Tumor growth
was monitored every 3–4 days after treatments.
Remarkably, tumors treated with IR-52 plus laser
irradiation showed signi¯cant inhibition of growth
of tumor during the whole treatment up to 10 days.
However, the tumors treated with IR-52 and PBS
without laser irradiation grew rapidly (Fig. 6(c),
n ¼ 5, *p < 0:05, **p < 0:01). Figure 6(d) shows no
signi¯cant di®erence in all the groups on body
weight, which implies a desirable safety in IR-52
treated mice. Figure 6(e) shows that after H&E
staining of these tumors 24 h post-irradiation, large
areas of severe tissue damage including apoptosis and
necrosis were observed only in tumors of IR-52 plus
irradiation group. In summary, IR-52 is e®ective and
a potential way for the treatment of cancer.

4. Conclusion

In this study, we obtained a small molecule that
simultaneously exhibits tumor-targeted imaging
and treatment, integrating diagnostics and thera-
peutics by virtue of the molecules' inherent chemi-
cal structures. IR-52 was successfully developed for
in vitro and in vivo PDT and PTT combination
therapy for cancer. Although it was con¯rmed that
the °uorophore was localized at the mitochondria,
the detailed mechanism still needs to be further

studied. In summary, a small organic molecule
simultaneously with cancer cell mitochondrial tar-
geting, NIR imaging and synchronous PDT/PTT
e®ects was developed in this report. This small
molecule PS, with excellent photosensitivity, is
expected to improve the phototherapeutic e®ect
with decreased side toxicity and may provide a
practical way for cancer treatment.
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