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A B S T R A C T

Chemo-photodynamic therapy shows great potential for cancer treatment. However, the rational integration of
chemotherapeutic agents and photosensitizers to construct an intelligent nanoplatform with synergistic thera-
peutic effect is still a great challenge. In this work, curcumin-loaded reduction-responsive prodrug nanoparticles
of new indocyanine green (Cur@IR820-ss-PEG) were developed for synergistic cancer chemo-photodynamic
therapy. Cur@IR820-ss-PEG exhibit high drug loading content and special worm-like morphology, contributing
to their efficient cellular uptake. Due to the presence of the disulfide bond between IR820 and PEG, Cur@IR820-
ss-PEG display reduction responsive drug release behaviors. The efficient cellular uptake and reduction triggered
drug release of Cur@IR820-ss-PEG lead to their enhanced in vitro cytotoxicity against 4T1cells as compared to the
mixture of IR820 and curcumin (IR820/Cur) under laser irradiation. Besides, Cur@IR820-ss-PEG exhibit pro-
longed blood half-life time, better tumor accumulation and retention, enhanced tumor hypoxia-inducible factor-
1α (HIF-1α) and vascular endothelial cell growth factor (VEGF) suppression effect as compared to IR820/Cur. In
vivo antitumor activity study, Cur@IR820-ss-PEG effectively inhibit the tumor angiogenesis, which potentiates
the PDT efficacy and leads to the best in vivo antitumor effect of Cur@IR820-ss-PEG. This work provides a novel
and relatively simple strategy for synergistic cancer chemo-photodynamic therapy.
1. Introduction

Chemotherapy is a traditional and effective clinical cancer treatment
method which uses cytotoxic agents to kill cancer cells. However,
chemotherapy is often accompanied by severe side effects and might
induce drug resistance after a course of treatment. Photodynamic therapy
(PDT) uses reactive oxygen species (ROS) in suit generated by photo-
chemical reaction of photosensitizers to cause damage to cancer cells and
blood vessels, showing minimal invasiveness and better tolerance [1,2].
Photodynamic therapy has been exploited to combine with photothermal
therapy, immunotherapy and chemotherapy to better suppress tumor
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progression [3–6]. A combination of chemotherapy and PDT has been
reported to exhibit enhanced or synergistic therapeutic effect while
reduce side effects and overcome the multidrug resistance of cytotoxic
agents [7–14].

Hypoxia is a common feature in most of the solid tumors and leads to
resistance to multiple therapies [15–18]. In addition, PDT worsens tumor
hypoxia, which might cause the poor prognosis of PDT, especially for
patients with advanced malignant tumors [17]. Hypoxia inducible
factor-1 (HIF-1), a dimeric protein complex, is the primary transcription
factor that responds to hypoxia stress. HIF-1 mediates various signaling
pathways involved in cell survival, playing important roles in PDT
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resistance [19,20]. Therefore, inhibition of HIF-1α expression is expected
to boost PDT efficacy [21,22].

Curcumin is a major active ingredient of turmeric and exhibits diverse
biological activities, such as antitumor, antibacterial and anti-
inflammatory activities [23–25]. Many studies have shown that curcu-
min has significant anti-proliferative and pro-apoptotic effects in a wide
range of tumor cell lines [26–29]. In addition, curcumin has also been
reported to inhibit hypoxia-induced angiogenesis by down-regulation of
HIF-1 activity and subsequent suppression of protein expression of
vascular endothelial cell growth factor (VEGF) [30–32]. Therefore, a
combination of curcumin and photosensitizers might potentiate the
photodynamic therapeutic effect by inhibition of hypoxia-induced
angiogenesis, leading to synergistic chemo-photodynamic therapeutic
effect. However, curcumin exhibits poor water solubility and low
bioavailability while most photosensitizers also exhibit hydrophobicity
and poor stability, which require the development of advanced drug
delivery systems to deliver curcumin and photosensitizers concomitantly
and efficiently to exert their antitumor effect synergistically.

Various strategies, including the use of prodrug amphiphiles and
physical encapsulation of drugs within nanocarriers, have been exploited
for concomitant delivery of multiple drugs to target tissues and cells
[33–35]. Physical encapsulation of drugs within nanocarriers can
improve the stability, water solubility and biodistribution of the hydro-
phobic drugs. However, the low drug-loading capacity, premature drug
release in the blood and carrier-related potential toxicities significantly
hindered their wide clinical applications [36]. In the last decade, the
Scheme 1. Schematic illustration of the synergistic
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prodrug amphiphiles have emerged as a new multifunctional nanoplat-
form for cancer theranostics [37,38]. Various stimuli-responsive prodrug
nanoassemblies have been successfully developed for combinational
cancer treatment [39–41]. In this work, reduction responsive prodrug of
new indocyanine green (IR820-ss-PEG) was synthesized and used for
encapsulation of curcumin. The as prepared curcumin-loaded
IR820-ss-PEG nanoparticles (Cur@IR820-ss-PEG) were evaluated for
chemo-photodynamic combinational therapy. As shown in Scheme 1,
Cur@IR820-ss-PEG preferentially accumulate at the tumor site after
intravenous injection, which are then efficiently taken up by the tumor
cells. Inside the tumor cells, the disulfide bonds of Cur@IR820-ss-PEG are
effectively cleaved by high concentration of reducing substances, leading
to the simultaneous release of curcumin and IR820. The released cur-
cumin significantly inhibits the tumor angiogenesis by suppression of
HIF-1α/VEGF, which enhances the photodynamic therapeutic effect of
IR820 and leads to the synergistic chemo-photodynamic therapeutic
effect.

2. Materials and methods

2.1. Materials

Methoxy polyethylene glycol carboxylic acid (mPEG-COOH, M.W.
2000), cystamine dihydrochloride (97%), N-ethyl-N'-(3-dimethylamino-
propyl) carbodiimide hydrochloride (EDCI, 98%), 4-dimethylaminopyri-
dine (DMAP, 99%), new indocyanine green (IR820, 80%), curcumin
antitumor mechanism of Cur@IR820-ss-PEG.
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(Cur, 98%), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT), glutathione (GSH, 98%), 1,3-diphenylisobenzofuran (DPBF,
97%) and 20,70-dichlorodihydrofluorescein diacetate (DCFH-DA, 97%)
were purchased from Aladdin Reagent Co., Ltd (Shanghai, China). All
other chemicals were of analytical grade and used as received.

2.2. Synthesis of aminated IR820 (IR820-ss-NH2)

Briefly, IR820 (170 mg, 0.2 mmol) and cystamine dihydrochloride
(450 mg, 2.0 mmol)) were dissolved in 40 mL of methanol. To the so-
lution, triethylamine (606 mg, 6.0 mmol) was added and the resulting
mixture was heated to 50 �C and refluxed for 4 h under stirring. Then, the
reaction solution was cooled to room temperature, dialyzed against
deionized water for 3 days and freeze dried to afford IR820-ss-NH2 (yield
89%). HRMS (ESI): m/z of [M � Na]- calculated for C50H61N4NaO6S4:
941.3479, found: 941.3490.

2.3. Synthesis of IR820-ss-PEG

Briefly, mPEG-COOH (160 mg, 0.08 mmol), EDCI (153 mg, 0.8
mmol), DMAP (20 mg, 0.16 mmol) and IR820-ss-NH2 (77 mg, 0.08
mmol) were dissolved in 10mL ofN,N-dimethylformamide. The reaction
solution was stirred at room temperature for 24 h. Afterwards, the re-
action solution was cooled to room temperature, dialyzed against
deionized water for 3 days and freeze dried to afford IR820-ss-PEG (yield
80%).

2.4. Preparation of curcumin-loaded IR820-ss-PEG nanoparticles
(Cur@IR820-ss-PEG)

Cur@IR820-ss-PEG was prepared by a thin-film hydration method. In
briefly, 50 mg of IR820-ss-PEG and 6 mg of curcumin were added to 50
mL of anhydrous ethanol and stirred overnight at room temperature.
Then, the mixture was evaporated under vacuum. The residues were
dispersed in 20 mL of deionized water under ultrasonication for 5 min.
After that, the dispersion was centrifuged at 8000 rpm for 10 min to
remove unencapsulated curcumin. The supernatant was collected and
free-dried to obtain Cur@IR820-ss-PEG.

The IR820 and curcumin loading amount were determined by a
microplate reader and high-performance liquid chromatography (HPLC),
respectively. Briefly, 2 mg of Cur@IR820-ss-PEG powder was dissolved
in 2 mL of acetonitrile. The IR820 loading amount was determined by the
absorbance at 700 nm using a standard calibration curve. The curcumin
loading amount was determined by HPLC using a standard calibration
curve. The injection volume was set at 10 μL. The mobile phase consists
of acetonitrile and sodium dihydrogen phosphate aqueous solution
(0.025 M, pH 3.0) with a volume ratio of 80:20. The detection wave-
length was set at 360 nm. The IR820 and curcumin loading content were
calculated as:

Loading content ðIR820Þ¼ Wt ðloaded IR820Þ
Wt ðdrug� loaded nanoparticlesÞ � 100% (1)

Loading content ðcurcuminÞ¼ Wt ðloaded curcuminÞ
Wt ðdrug� loaded nanoparticlesÞ � 100%

(2)

Where Wt (loaded IR820) is the weight of IR820 loaded in the nano-
particles, Wt (loaded curcumin) is the weight of curcumin loaded in the
nanoparticles and Wt (drug-loaded nanoparticles) is the weight of drug-
loaded nanoparticles. The loading efficiency of curcumin was calculated
as:

Loading efficiency ðcurcuminÞ¼Wt ðloaded curcuminÞ
Wt ðadded curcuminÞ � 100% (3)
3

Where Wt (added curcumin) is the weight of curcumin added in the
preparation of Cur@IR820-ss-PEG.
2.5. Characterization

1H nuclear magnetic resonance (1H NMR) spectra weremeasured on a
NMR spectrometer (AVANCE II 500 MHz, Bruker) using dimethyl sulf-
oxide-d6 (DMSO-d6) as the solvent. The high-resolution mass spectrum
(HRMS) was measured on a Q Exactive UHMR Hybrid Quadrupole-
Orbitrap Mass Spectrometer (Thermo Scientific). Fourier transform
infrared (FT-IR) spectra were measured on a FT-IR spectrometer (iS50,
Thermo) by a standard KBr disk method. Ultraviolet–visible (UV–Vis)
spectra were measured on a microplate reader (Spark, Tecan). Thermal
analysis was performed on a high sensitivity differential scanning calo-
rimeter (DSC, DSC7020, Hitachi) with a closed aluminum pan system
over the temperature of 30–300 �C. The DSC analysis was operated at a
heating rate of 10 �C/min. The morphologies of the prepared nano-
particles were observed with transmission electron microscope (TEM,
JEM-2100, JEOL) operated at an accelerating voltage of 200 KV. To
investigate the reduction-responsiveness of the prepared nanoparticles,
the nanoparticles were treated with 10 mmol/L of GSH for 24 h and the
morphologies were observed with TEM. The samples were negatively
stained with 2% phosphotungstic acid (w/w). The size and zeta potential
of the prepared nanoparticles were measured by dynamic light scattering
(DLS, Nano ZSE, Malvern).
2.6. Dissipative particle dynamics (DPD) simulation

The self-assembly behaviors of IR820-ss-PEG with curcumin in
deionized water were studied by PDP simulation. The details of DPD
simulation are provided in the supplementary material.
2.7. In vitro singlet oxygen generation

The in vitro singlet oxygen generation was studied by using the
singlet oxygen probe DPBF. Briefly, 100 μL of DPBF dimethyl sulfoxide
solution (0.4 mg/mL) was added to 1.4 mL of free IR820 or IR820-ss-PEG
aqueous solution (24 μg/mL of IR820) and the resulting mixture was
immediately irradiated with 0.5 W/cm2 660 nm laser for 1 min, 2, min, 3
min, 4 min or 5 min. Then, the absorbance at 405 nm was measured by a
microplate reader. The experiments were performed in triplicates.
2.8. In vitro drug release

The in vitro drug release behaviors of Cur@IR820-ss-PEG were
studied in pH 7.4 PBS buffer (10 mmol/L, 0.5% tween 80), pH 5.0 PBS
buffer (10 mmol/L, 0.5% tween 80), pH 7.4 PBS buffer (10 mmol/L,
0.5% tween 80) with 10mmol/L GSH and pH 5.0 PBS buffer (10mmol/L,
0.5% tween 80) with 10 mmol/L GSH by using a dialysis method. Briefly,
1 mL of Cur@IR820-ss-PEG was placed into a dialysis tube. The dialysis
tube was then immersed in 30 mL of release medium. The release system
was shaken at 180 rpm under 37 �C. At 1 h, 2 h, 4 h, 8 h, 12 h, 24 h, 48 h,
72 h and 96 h, 1 mL of release medium was taken out and 1 mL of fresh
medium was replenished. The IR820 and curcumin release amount were
measured by a microplate reader and HPLC, respectively. The experi-
ments were performed in triplicates in the dark.
2.9. Cell culture

4T1 murine breast cancer cells were cultured in RPMI 1640 medium
supplemented with 10% fetal bovine serum, 100 units/mL penicillin and
100 μg/mL streptomycin at 37 �C under 5% carbon dioxide atmosphere.
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2.10. Cellular uptake amount

The cellular uptake of IR820/curcumin mixture (IR820/Cur) and
Cur@IR820-ss-PEG (24 μg/mL of IR820, 10 μg/mL of curcumin) was
observed with fluorescence microscope. In briefly, 4T1 cells were seeded
on 12-well plates (1 � 105 cells per well). The cells were treated with
IR820/Cur and Cur@IR820-ss-PEG for 2 h or 4 h. After that, the medium
was removed and the cells were washed with pH 7.4 PBS buffer for 3
times, fixed with 4% paraformaldehyde and observed with fluorescence
microscope.

To determine the intracellular IR820 and curcumin amount, 4T1 cells
were seeded on 12-well plates (1 � 105 cells per well) and treated with
IR820/Cur and Cur@IR820-ss-PEG (24 μg/mL of IR820, 10 μg/mL of
curcumin) for 2 h or 4 h. Then, the medium was removed and the cells
were washed with pH 7.4 PBS buffer for 3 times, tripsinized for cell
Hemolysis ð%Þ¼ Absorbance of tested sample� Absorbance of negative control
Absorbance of positive control� Absorbance of negative control

� 100% (4)
number counting and lysed with 0.5 mL of 1% Triton X-100. The lysates
were mixed with 0.5 mL acetonitrile and centrifuged at 10,000 rpm for
10 min. The supernatant was collected and measured by a microplate
reader and HPLC to determine the intracellular IR820 amount and cur-
cumin amount, respectively.

2.11. In vitro antitumor effect against 4T1 cells

The in vitro antitumor effect of free curcumin, free IR820, IR820/Cur
and Cur@IR820-ss-PEG against 4T1 cells with or without laser irradia-
tion was studied by MTT assays. In brief, 4T1 cells were seeded on 96-
well plates (5 � 103 cells per well) and treated with free curcumin,
free IR820, IR820/Cur, IR820-ss-PEG and Cur@IR820-ss-PEG with
different concentrations for 4 h. Then, the cells were exposed to 0.5 W/
cm2 660 nm laser for 3 min and incubated at 37 �C under 5% carbon
dioxide atmosphere for 20 h. The cell viability was determined by a
standard MTT assay. To evaluate the cytotoxicity of these formulations
against 4T1 cells without laser irradiation, 4T1 cells were treated with
these formulations for 24 h and the cell viability was determined by a
standard MTT assay.

The morphologies of 4T1 cells after different treatment were also
characterized. Briefly, 4T1 cells were seeded on 12-well plates (1 � 105

cells per well) and treated with free curcumin, free IR820, IR820/Cur,
IR820-ss-PEG and Cur@IR820-ss-PEG (24 μg/mL of IR820, 10 μg/mL of
curcumin) for 4 h. Then, the cells were exposed to 0.5 W/cm2 660 nm
laser for 3 min and incubated at 37 �C under 5% carbon dioxide atmo-
sphere for 20 h. After that, the cells were observed with a microscope.

2.12. Intracellular ROS level

DCFH-DA was used as a fluorescence probe of ROS to determine the
intracellular ROS level. In brief, 4T1 cells were seeded on 12-well plates
(1 � 105 cells per well). The cells were treated with IR820/Cur and
Cur@IR820-ss-PEG (24 μg/mL of IR820, 10 μg/mL of curcumin) for 4 h
and DCFH-DA (10 μg/mL) for 20 min. Then, the cells were washed with
pH 7.4 PBS buffer for 3 times and exposed to 0.5 W/cm2 660 nm laser for
3 min. The cellular green fluorescence (20, 70-dichlorofluorescein, DCF)
generated by the reaction of ROS and DCFH-DA were observed with
fluorescence microscope. To determine the intracellular ROS level, the
cells were lysed with 0.5 mL of 1% Triton X-100 after laser irradiation.
The lysates were centrifuged at 10,000 rpm for 10 min and the fluores-
cence intensity of the supernatant at 525 nm was determined by a
4

microplate reader (excitation at 485 nm). Cells treated with culture
medium alone were used as control.
2.13. In vitro hemolysis assay

In brief, 2 mL of Cur@IR820-ss-PEG with different IR820 concen-
trations (0.01, 0.05, 0.1, 0.2 and 0.5 mg/mL) in pH 7.4 PBS buffer (10
mM) were mixed with 0.1 mL of 20% red blood cell suspension and the
resultingmixture was incubation at 37 �C for 4 h. Afterwards, the mixture
was centrifuged at 1000 rpm for 5 min and the absorbance of the su-
pernatant at 540 nm was measured on a microplate reader to determine
the hemolysis ratio. 2 mL of deionized water and pH 7.4 PBS buffer were
also mixed with 0.1 mL of 20% red blood cell suspension, which were
used as positive control and negative control, respectively. The hemolytic
ratio was calculated as:
2.14. Animal subjects

Female Balb/c mice aged 6–8 weeks were purchased from Hubei
Research Center of Experimental Animals. All experimental procedures
and the animal use and care protocols were approved by the Animal Care
and Use Committee of Huazhong University of Science and Technology.

2.15. Pharmacokinetics

Female Balb/c mice were intravenously administrated with IR820/
Cur and Cur@IR820-ss-PEG (18 mg/kg bodyweight as IR820, 7.5 mg/kg
bodyweight as curcumin) (n¼ 3). At 1 min, 5 min, 10 min, 30 min, 1 h, 4
h, 8 h, 12 h and 24 h, the blood samples of mice from each group were
collected into heparin treated tubes by removing the mice eyeballs. The
plasma samples were obtained by centrifugation at 3000 rpm for 10 min.
Then, the obtained plasma samples were extracted by methanol. The
IR820 concentration was determined by a microplate reader and the
curcumin concentration was determined by HPLC. The pharmacokinetic
data were analyzed by Drug and Statistic software version 2.0.

2.16. Biodistribution

Female Balb/c mice were inoculated subcutaneously with 4T1 tumor
cells (0.75 � 106) on the right side of the lower back. Tumor-bearing
mice were randomly divided into 6 groups (n ¼ 3). IR820/Cur (dis-
solved in PBS buffer containing 15% dimethyl sulfoxide) and
Cur@IR820-ss-PEG (18 mg/kg bodyweight as IR820, 7.5 mg/kg body-
weight as curcumin) were intravenously injected to the corresponding
group. Mice were sacrificed 4, 12 and 24 h after intravenous injection.
The tumors and main organs including heart, liver, spleen, lung and
kidney were excised from themice. The biodistribution was studied by ex
vivo fluorescence imaging in an in vivo imaging system (ABL X5, Tanon).

2.17. HIF-1α/VEGF suppression effect

Tumor-bearing mice were randomly divided into 3 groups (n¼ 3). pH
7.4 PBS buffer, IR820/Cur (dissolved in PBS buffer containing 15%
dimethyl sulfoxide) and Cur@IR820-ss-PEG (18 mg/kg bodyweight as
IR820, 7.5 mg/kg bodyweight as curcumin) were intravenously injected
to the corresponding group. Mice were sacrificed 24 h after intravenous
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injection and the tumors were excised from the mice. The tumor HIF-1α
and VEGF expression levels were studied by immunofluorescent staining.

Tumor-bearingmice were randomly divided into 3 groups (n¼ 3). pH
7.4 PBS buffer, IR820-ss-PEG and Cur@IR820-ss-PEG (18 mg/kg body-
weight as IR820, 7.5 mg/kg bodyweight as curcumin) were intrave-
nously injected to the corresponding group. The tumors of each group
were exposed to 0.5 W/cm2 660 nm laser (3 min) 24 h after intravenous
injection. At 48 h, the tumors were excised from themice. The tumor HIF-
1α and VEGF expression levels were studied by immunofluorescent
staining.

2.18. In vivo antitumor effect

Female Balb/c mice were inoculated subcutaneously with 4T1 tumor
cells (7.5� 105) on the right side of the lower back. When the 4T1 tumor
volumes reached about 160 mm3, mice were randomly assigned to 5
groups (n¼ 5) and intravenously injected with each formulation (18 mg/
kg bodyweight as IR820, 7.5 mg/kg bodyweight as curcumin). The tu-
mors of each groupwere exposed to 0.5W/cm2 660 nm laser (3 min) 24 h
after intravenous injection. At 48 h, the tumor-bearing mice were further
intravenously injected with each formulation. The tumors of each group
were further exposed to 0.5 W/cm2 660 nm laser (3 min) at 72 h. Tumor
volume and bodyweight of mice from each group were measured every
day. At the end of the test, mice from each group were sacrificed. The
blood samples were harvested for blood biochemical analysis. The tu-
mors were weighted. The tumor cell density was analyzed by hematox-
ylin and eosin (H& E) staining. The tumor cell apoptosis was analyzed by
TUNEL immunofluorescent staining. The tumor cell proliferation was
analyzed by Ki67 immunofluorescent staining. The tumor angiogenesis
was analyzed by CD34 immunofluorescent staining. The major organs
were also harvested and analyzed by H & E staining.

2.19. Statistical analysis

The data were presented as the means � standard deviations. The
statistical significance of differences between groups was analyzed on
Statistical Product and Service Solutions (SPSS) software by independent
samples t-test. Statistical significance was established at p < 0.05.

3. Results and discussion

The synthetic route of IR820-ss-PEG is shown in Fig. 1A. IR820 was
first reacted with cystamine to obtain IR820-ss-NH2 [42]. Then,
IR820-ss-NH2 was condensed with mPEG-COOH in the presence of EDCI
and DMAP to afford IR820-ss-PEG. The synthesis of IR820-ss-PEG was
characterized 1H NMR, HRMS and FT-IR. The 1H NMR spectrum of
IR820-ss-NH2 shows the characteristic signals of the methylene groups
(a) of cystamine (Fig. 1B) compared with IR820 and the HRMS of
IR820-ss-NH2 shows the characteristic signal of [M � Na]- (Fig. S1),
indicating the successful synthesis of IR820-ss-NH2. The characteristic
signals of PEG appear in the 1H NMR spectrum of IR820-ss-PEG
compared with IR820-ss-NH2 (Fig. 1C). The characteristic peak of the
C
–

–O stretching vibration of –COOH at 1735 cm�1 disappears in the
FT-IR spectrum of IR820-ss-PEG compared with mPEG-COOH (Fig. 1D).
IR820-ss-PEG exhibits enhanced peak at 1624 cm�1 compared with
mPEG-COOH and IR820 (Fig. 1D), which is ascribed to the C––O
stretching vibration of the newly formed amide bond. These results
indicate the successful condensation of mPEG-COOH and IR820-ss-NH2
through the amide bond. Taken together, these results corroborate the
successful preparation of IR820-ss-PEG.

The curcumin-loaded IR820-ss-PEG nanoparticles (Cur@IR820-ss-
PEG) were prepared by a thin film-hydration method. Compared with
IR820-ss-PEG, Cur@IR820-ss-PEG show enhanced peak at 1590 cm�1

and 1513 cm�1, which are correlated to the backbone vibration of the
aromatic ring of curcumin, Fig. 1D. The UV–Vis characterization results
are shown in Fig. 1E. The absorbance band of IR820-ss-PEG displays
5

blue-shift as compared to free IR820, which is ascribed to the reduced
π-conjugation system after substitution of chlorine with amine [42,43].
The characteristic absorbance band of curcumin appears in the UV–Vis
spectrum of Cur@IR820-ss-PEG compared with IR820-ss-PEG, indicating
the successful loading of curcumin into IR820-ss-PEG nanoparticles. The
absorbance band of IR820 in Cur@IR820-ss-PEG exhibits red shift as
compared to that in IR820-ss-PEG, which is attributed to the enhanced
hydrophobicity of the nanoparticles after loading of curcumin. The
thermal analysis results are show in Fig. 1F–I and Fig. S2. Curcumin has
an endothermic peak at 186 �C. IR820 exhibits an endothermic peak at
186 �C and an exothermic peak at 247 �C. The DSC thermogram of the
prepared IR820-ss-PEG and Cur@IR820-ss-PEG only has the character-
istic endothermic peak of PEG and show no characteristic peaks of cur-
cumin or IR820, suggesting that the conjugation of IR820 onto PEG and
the encapsulation of curcumin into IR820-ss-PEG nanoparticles signifi-
cant reduce the degree of crystallization of these two drugs. Collectively,
these results confirm the successful preparation of Cur@IR820-ss-PEG.

The drug loading content of curcumin and IR820 was determined by
HPLC and a microplate reader, respectively. As shown in Table S1, The
IR820 loading content of IR820-ss-PEG is 26.8%. The curcumin loading
content and IR820 loading content of Cur@IR820-ss-PEG are 10.2% and
24.5%, respectively. The curcumin loading efficiency of Cur@IR820-ss-
PEG is 95%. These results indicate that Cur@IR820-ss-PEG exhibit high
drug loading capacity and high drug loading efficiency. The morphology
and size of IR820-ss-PEG and Cur@IR820-ss-PEG were characterized by
TEM and DLS. As shown in Fig. 2A and B, both IR820-ss-PEG and
Cur@IR820-ss-PEG display worm-like morphology and lognormal dis-
tribution in hydrodynamic diameters. The hydrodynamic diameters of
IR820-ss-PEG and Cur@IR820-ss-PEG are 150.0 � 3.7 nm and 125.3 �
4.5 nm, respectively, and both of them have negative zeta potentials,
Table S2. To better understand the self-assembly behaviors and struc-
tures of Cur@IR820-ss-PEG, DPD simulation was performed [44]. DPD is
a coarse-grained simulation method suitable for mesoscale simulation. A
whole molecule could be divided into several beads in DPD simulation.
Compared to molecular dynamic simulation, DPD simulation signifi-
cantly reduces the computational load and could realize simulation in
larger time and length scales. Besides, DPD simulation maintains enough
accuracy as compared to macroscale simulation [45,46]. Fig. S3 shows
the definitions of beads and coarse-grained models of IR820-ss-PEG,
curcumin and water. Table S3 summarizes the calculated DPD interac-
tion parameters (aij) between different beads. The DPD simulations were
performed in a 100 Å� 100 Å� 100 Å cubic box with periodic boundary
conditions, Fig. S4. At the beginning of the simulation, all components
are randomly mixed. Fig. 2D shows the representative morphology
snapshots at different simulation times, in which the water beads are
hidden so as to show the morphology of the aggregate more clearly. As
shown in Fig. 2D, IR820-ss-PEG and curcumin aggregate into branched
cluster at 0.25 ns. With evolution of the simulation, the branches merge
to form dumbbell-like cluster at 0.5 ns. With increasing the simulation
time to 20 ns, the dumbbell-like cluster further evolve into a stable
worm-like cluster, which is in line with the morphology of
Cur@IR820-ss-PEG characterized by TEM, Fig. 2B. It can be seen from
the final state of the simulation that there are multiple cores formed by
IR820 in the worm-like cluster and curcumin is loaded both in the
aggregated PEG chains and cores formed by IR820. Negatively charged
IR820 molecules are near to the surfaces of the worm-like cluster, which
leads to the negative zeta potential of Cur@IR820-ss-PEG, Table S2.

The in vitro singlet oxygen generation of IR820-ss-PEG was studied
using DPBF as a singlet oxygen trapping agent [44,47,48]. As shown in
Fig. 2E, both IR820 and IR820-ss-PEG generate singlet oxygen in a
time-dependent manner under 0.5 W/cm2 660 nm laser irradiation.
IR820-ss-PEG exhibit slightly enhanced singlet oxygen generation as
compared to IR820, which might be ascribed to that the absorbance of
IR820-ss-PEG matches better with 660 nm laser. The in vitro drug release
behaviors of Cur@IR820-ss-PEG were studied by a dialysis method using
GSH as a reducing agent. As shown in Fig. 2F and G, Cur@IR820-ss-PEG



Fig. 1. (A) Synthetic scheme of IR820-ss-PEG. (B) 1H NMR spectrum of IR820-ss-NH2 in DMSO-D6. (C) 1H NMR spectrum of IR820-ss-PEG in DMSO-D6. (D) FT-IR
spectra of mPEG-COOH, IR820, IR820-ss-PEG and Cur@IR820-ss-PEG. (E) UV–Vis spectra of curcumin (dissolved in ethanol and diluted with deionized water),
IR820, IR820-ss-PEG and Cur@IR820-ss-PEG in aqueous solution. (F–H) DSC thermograms of curcumin, IR820, IR820-ss-PEG and Cur@IR820-ss-PEG.
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exhibit limited curcumin and IR820 release in pH 7.4 and pH 5.0 PBS
buffer without GSH. In contrast, the curcumin and IR820 release is
dramatically enhanced in pH 7.4 and pH 5.0 PBS buffer with 10 mmol/L
of GSH. For instance, Cur@IR820-ss-PEG release less than 15% of cur-
cumin and less than 25% of IR820 in pH 7.4 and pH 5.0 PBS buffer
without GSH at 96 h, while release over 55% of curcumin and IR820 in
pH 7.4 and pH 5.0 PBS buffer with 10 mmol/L of GSH at the same time
point. Cur@IR820-ss-PEG exhibit slightly reduced curcumin and IR820
release in pH 5.0 PBS buffer with 10 mmol/L of GSH as compared to in
pH 7.4 PBS buffer with 10 mmol/L of GSH, which is ascribed to the
reduced reactivity of GSH in the mild acidic conditions. To visualize the
GSH-induced nanoparticle disintegration, IR820-ss-PEG and
Cur@IR820-ss-PEG were treated with 10 mmol/L of GSH for 24 h and
then observed with TEM, Fig. S5. After treatment with 10mmol/L of GSH
for 24 h, both IR820-ss-PEG and Cur@IR820-ss-PEG were cleaved into
fragments with random shapes. These results indicate that
Cur@IR820-ss-PEG exhibit reduction-responsive drug release behaviors
6

and suggest that Cur@IR820-ss-PEG might effectively release the cargos
in the tumor cells while be relatively stable in the blood circulation [49,
50].

The cellular uptake of Cur@IR820-ss-PEG on 4T1 cells was observed
with fluorescence microscope. As shown in Fig. 3A, Cur@IR820-ss-PEG
exhibit significantly enhanced cellular IR820 (red) and curcumin
(green) fluorescence intensities as compared to IR820/curcumin mixture
(IR820/Cur) after incubation with 4T1 cells for 2 h or 4 h, suggesting that
Cur@IR820-ss-PEG exhibit enhanced cellular uptake amount as
compared to IR820/Cur. IR820/Cur exhibit similar cellular IR820 and
curcumin fluorescence intensities at 2 h and 4 h, while Cur@IR820-ss-
PEG display enhanced cellular IR820 and curcumin fluorescence in-
tensities at 4 h with compared to 2 h, suggesting that the cellular uptake
of Cur@IR820-ss-PEG is time-dependent. Different from IR820/Cur,
curcumin is mainly co-localized with IR820 in 4T1 cells for Cur@IR820-
ss-PEG, suggesting that curcumin is taken up together with the nano-
particles for Cur@IR820-ss-PEG. The intracellular curcumin and IR820



Fig. 2. (A) TEM image of IR820-ss-PEG. (B) TEM image of Cur@IR820-ss-PEG. (C) Size distribution of IR820-ss-PEG and Cur@IR820-ss-PEG determined by DLS. (D)
Snapshots of DPD simulation at 0.25 ns, 0.5 ns and 20 ns? (E) Decline of the absorbance of DPBF of each group under 0.5 W/cm2 660 nm laser irradiation (n ¼ 3). (F)
In vitro curcumin release profiles of Cur@IR820-ss-PEG (n ¼ 3). (G) In vitro IR820 release profiles of Cur@IR820-ss-PEG (n ¼ 3).
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amount was also determined. As shown in Fig. 3B, Cur@IR820-ss-PEG
exhibit 2.0 times higher cellular uptake amount of IR820 and 1.9 times
higher cellular uptake amount of curcumin as compared to IR820/Cur at
2 h, while show 3.0 times higher cellular uptake amount of IR820 and 2.4
times higher cellular uptake amount of curcumin as compared to IR820/
Cur at 4 h, further confirming the efficient cellular uptake of Cur@IR820-
ss-PEG. The efficient cellular uptake of Cur@IR820-ss-PEG might be
attributed to their special worm-like morphology, which has higher
contact area with cell membranes [51,52]. Considering the short-life
time and limited diffusion distance of singlet oxygen generated during
PDT, the efficient cellular uptake is essential for potent PDT efficacy [53,
54]. Therefore, our prepared worm-like nanoparticles are beneficial for
intracellular delivery of IR820 for potent PDT.

The in vitro cytotoxicity against 4T1 cells was evaluated by MTT
assays. As shown in Fig. 4A and B, IR820 and IR820-ss-PEG exhibit no
significant cytotoxicity against 4T1 cells without laser irradiation, while
display dose-dependent cytotoxicity against 4T1 cells with laser irradi-
ation. IR820-ss-PEG show enhanced photocytotoxicity as compared to
IR820. IR820/Cur and Cur@IR820-ss-PEG show dose-dependent cyto-
toxicity against 4T1 cells without laser irradiation and enhanced cyto-
toxicity against 4T1 cells with laser irradiation. Cur@IR820-ss-PEG
exhibit enhanced cytotoxicity against 4T1 cells as compared to IR820/
Cur with or without laser irradiation, which is attributed to the efficient
7

cellular uptake and reduction-responsive drug release of Cur@IR820-ss-
PEG. To evaluate the combinational therapeutic effect of IR820/Cur and
Cur@IR820-ss-PEG, the combinational index was calculated. The
combinational index for IR820/Cur and Cur@IR820-ss-PEG was calcu-
lated according to Fig. 4B by a Chou-Talalay method [55,56]. As shown
in Fig. 4C, the combination index for IR820/Cur are all above 1. In
contrast, the combination index for Cur@IR820-ss-PEG are less than 1
when the curcumin concentration is equal to or higher than 2 μg/mL,
indicating that curcumin and IR820-ss-PEG in Cur@IR820-ss-PEG exhibit
synergistic antitumor effect at relatively high doses. The synergistic
chemo-photodynamic antitumor effect of Cur@IR820-ss-PEG is ascribed
to their efficient cellular uptake and reduction-triggered drug release.
The morphologies of 4T1 cells were observed with microscope to further
evaluate the antitumor effect. As shown in Fig. 4D, the shapes of 4T1 cells
change significantly for all treatment groups. Cur þ Laser group shows
certain cell contraction, suggesting that curcumin has chemotherapeutic
effect against 4T1 cells. IR820 þ Laser group also shows certain cell
contraction, suggesting that the photodynamic effect of IR820 induces
oxidative stress in 4T1 cells. Compared with Cur þ Laser group and
IR820 þ Laser group, the cell contraction is more apparent in IR820/Cur
þ Laser group, suggesting that IR820/Cur þ Laser exhibit enhanced
antitumor effect as compared to Cur þ Laser or IR820 þ Laser.
IR820-ss-PEG þ Laser group displays more apparent cell contraction as



Fig. 3. (A) Cellular uptake of IR820/Cur and Cur@IR820-ss-PEG observed with fluorescence microscope. The scale bar is 50 μm. (B) Cellular uptake amount of IR820
and curcumin for IR820/Cur and Cur@IR820-ss-PEG (n ¼ 3). *p < 0.05, **p < 0.01.
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compared to IR820 þ Laser group, suggesting that IR820-ss-PEG exhibit
enhanced photodynamic therapeutic effect as compared to IR820.
Cur@IR820-ss-PEG þ Laser group shows the most apparent cell
contraction, indicating that Cur@IR820-ss-PEG þ Laser exhibit the most
potent antitumor effect. These results are in accordance with the MTT
results. To evaluate the photodynamic effect of Cur@IR820-ss-PEG on
4T1 cells, the intracellular ROS level was detected by DCFH-DA [57]. As
shown in Fig. 4E and F, IR820/Cur show enhanced intracellular ROS
level as compared to non-drug treated cells under laser irradiation and
Cur@IR820-ss-PEG exhibit the highest intracellular ROS level under
laser irradiation, indicating that Cur@IR820-ss-PEG display enhanced
photodynamic effect toward 4T1 cells as compared to IR820/Cur. The in
vitro hemolysis study was performed to evaluate the hemo-compatibility
of Cur@IR820-ss-PEG. As shown in Fig. 4G, the hemolysis rates of
Cur@IR820-ss-PEG are less than 5% in the concentration (IR820)
ranging from 10 to 500 μg/mL, indicating that Cur@IR820-ss-PEG
possess good hemo-compatibility. Taken together, these results indicate
that Cur@IR820-ss-PEG exhibit enhanced in vitro antitumor effect as
compared to IR820/Cur as well as good biocompatibility, which are
ready for in vivo investigations.
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The pharmacokinetics of IR820/Cur and Cur@IR820-ss-PEG were
studied on healthy female mice. The mean IR820 plasma concentration-
time profiles and mean curcumin plasma concentration-time profiles
were shown in Fig. S6 A and B. After intravenous injection, Cur@IR820-
ss-PEG exhibit significantly higher IR820 and curcumin plasma concen-
tration as compared to IR820/Cur. The IR820 and curcumin plasma
concentration decrease slowly with increasing time for Cur@IR820-ss-
PEG, while IR820/Cur display rapid IR820 and curcumin plasma con-
centration decrease after intravenous injection. The IR820 and curcumin
plasma concentration-time profiles are fitted by a three-compartment
pharmacokinetic model and the pharmacokinetic parameters were
calculated [58,59]. As shown in Table 1, the elimination half-life time
(t1/2γ) of IR820 and curcumin for Cur@IR820-ss-PEG are 9.4 times higher
and 3.6 times higher than those for IR820/Cur, the area under curve of
IR820 and curcumin for Cur@IR820-ss-PEG are 15.7 times higher and
44.5 times higher than those for IR820/Cur, the volume of distribution
(V) and clearance rate (CL) of IR820 and curcumin for
Cur@IR820-ss-PEG are significantly lower than those for IR820/Cur.
These results indicate that Cur@IR820-ss-PEG exhibit significantly pro-
longed blood circulation as compared to IR820/Cur. Due to the stealth



Table 1
Average pharmacokinetic parameters of IR820/Cur and Cur@IR820-ss-PEG after
intravenous injection to mice (n ¼ 3).

Parameter IR820 Curcumin

IR820/
Cur

Cur@IR820-ss-
PEG

IR820/
Cur

Cur@IR820-ss-
PEG

t1/2γ (h) 0.327 3.075 0.562 2.030
AUC (0-t)
(mg/L* h)

0.938 14.68 0.120 5.344

V (L/kg) 3.634 0.142 14.217 0.393
CL (L/h/kg) 18.412 1.178 136.976 3.236

t1/2γ, elimination half-life time. AUC, area under curve. V, volume of distribution.
CL, clearance rate.

Fig. 4. (A) In vitro cytotoxicity against 4T1 cells without laser irradiation (n ¼ 4). (B) In vitro cytotoxicity against 4T1 cells with 0.5 W/cm2 660 nm laser irradiation
for 3 min (n ¼ 4). (C) Combination index for IR820/Cur and Cur@IR820-ss-PEG. (D) Morphologies of 4T1 cells after different treatment. The scale bar is 100 μm. (E)
Intracellular ROS level of 4T1 cells treated with different formulations for 4 h and exposed to 0.5 W/cm2 660 nm laser irradiation for 3 min (n ¼ 3). (F) Intracellular
ROS detected by DCFH-DA. The scale bar is 100 μm. (G) Hemolysis ratio of Cur@IR820-ss-PEG with different concentrations of IR820 (n ¼ 3). **p < 0.01, ***p
< 0.001.
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effect of PEG, limited drug release in physiological conditions and rela-
tively small particle size, Cur@IR820-ss-PEG could escape from the
capture of the reticuloendothelial system and therefore prolong the blood
circulation time of both IR820 and curcumin.

The biodistribution of Cur@IR820-ss-PEG was studied on subcu-
taneous 4T1 tumor-bearing mice. Cur@IR820-ss-PEG and IR820/Cur
were intravenously injected to the tumor-bearing mice. The mice were
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sacrificed 4 h, 12 h and 24 h after administration and the major organs
and tumors were harvested for ex vivo fluorescence imaging. As shown in
Fig. 5A and B, the fluorescence of IR820 for Cur@IR820-ss-PEG is mainly
distributed in tumor, kidney and lung at 4 h. Cur@IR820-ss-PEG exhibit
enhanced tumor and kidney accumulation and reduced lung accumula-
tion at 12 h with compared to 4 h, Fig. 5C and D. At 24 h, Cur@IR820-ss-
PEG exhibit reduced accumulation in kidney, but the accumulation of
Cur@IR820-ss-PEG in tumor and lung does not change very much,
Figure E and F. Different from Cur@IR820-ss-PEG, the fluorescence of
IR820 for IR820/Cur is mainly distributed in tumor, kidney and liver at 4
h [60,61]. Compared to 4 h, IR820/Cur exhibit enhanced tumor accu-
mulation and reduced liver and kidney accumulation at 12 h. IR820/Cur
exhibit significantly decreased tumor, liver and kidney accumulation and
increased lung accumulation at 24 h with compared to 12 h. These results
indicate that Cur@IR820-ss-PEG and IR820/Cur have different bio-
distribution. Cur@IR820-ss-PEG exhibit significantly reduced liver
accumulation and enhanced tumor accumulation as compared to
IR820/Cur, suggesting that Cur@IR820-ss-PEG might effectively escape
from the capture of reticuloendothelial system in liver and preferentially
accumulate in tumor by the enhanced permeability and retention effect.
Both Cur@IR820-ss-PEG and IR820/Cur exhibit significant accumulation



Fig. 5. Representative ex vivo fluorescence images of the major organs and tumors 4 h (A), 12 h (C) and 24 h (E) after intravenous injection of Cur@IR820-ss-PEG and
IR820/Cur. Average IR820 fluorescence intensities of organs and tumors 4 h (B), 12 h (D) and 24 h (F) after intravenous injection of Cur@IR820-ss-PEG and IR820/
Cur (n ¼ 3). **p < 0.01.
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in kidney, implying that kidney filtration might be involved in the
excretion of IR820. Taken together, these results indicate that
Cur@IR820-ss-PEG exhibit enhanced tumor accumulation and retention
as compared to IR820/Cur.

Curcumin is reported to decrease HIF-1α protein expression level of
tumor cells and suppress the transcriptional activity of HIF-1 under
hypoxia, leading to the decrease of the VEGF protein expression level and
inhibition of HIF-1α-mediated angiogenesis [30,31]. To evaluate the
suppression effect of Cur@IR820-ss-PEG on HIF-1α and VEGF in tumors,
subcutaneous 4T1 tumor-bearing mice were intravenously injected with
different formulations and the tumor HIF-1α and VEGF protein expres-
sion levels of each group were studied by immunofluorescent staining 24
h after intravenous injection. As shown in Fig. 6A and C, IR820/Cur
group show significantly decreased tumor HIF-1α and VEGF protein
expression levels as compared to PBS group, and Cur@IR820-ss-PEG
group display lower tumor HIF-1α and VEGF protein expression levels
as compared to IR820/Cur group. These results indicate that
Cur@IR820-ss-PEG exhibit enhanced HIF-1α and VEGF suppression ef-
fect as compared to IR820/Cur. The enhanced HIF-1α and VEGF sup-
pression effect of Cur@IR820-ss-PEG is attributed to their enhanced
tumor accumulation and retention, efficient cellular uptake and
reduction-responsive drug release. It has been reported that PDT treat-
ment enhances HIF-1 and VEGF expression in tumor cells, which is
beneficial for angiogenesis and might results in the tumor proliferation
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and subsequent tumor recurrence and metastasis [62]. Accordingly, the
tumor HIF-1α and VEGF expression levels after PDT were studied. As
shown in Fig. 6B and D, IR820-ss-PEG þ Laser group exhibit enhanced
HIF-1α and VEGF expression levels as compared to PBS þ Laser group,
suggesting that the PDT worsens the tumor hypoxia which promotes the
expression of VEGF. In contrast, Cur@IR820-ss-PEG þ Laser group still
exhibit significantly reduced HIF-1α and VEGF expression levels, sug-
gesting that Cur@IR820-ss-PEG effectively suppress tumor HIF-1α and
VEGF expression even after PDT. Since HIF-1α/VEGF signaling plays an
important role in the resistance against PDT, the efficient suppression
effect of Cur@IR820-ss-PEG on H1F-1α and VEGF might inhibit the
angiogenesis and increase the apoptosis of tumor cells, which ultimately
enhance the chemo-photodynamic therapeutic effect.

The in vivo antitumor effect was studied on subcutaneous 4T1 tumor-
bearing mice. Tumor-bearing mice were intravenously injected with
different formulations at day 1 and day 3. The mice were irradiated with
0.5 W/cm2 660 nm laser (3 min) 24 h after administration. As shown in
Fig. 7A, both curcumin and IR820 exhibit weak tumor growth inhibition
effect, IR820/Cur exhibit slightly enhanced tumor growth inhibition ef-
fect as compared to curcumin or IR820, and Cur@IR820-ss-PEG exhibit
significantly enhanced tumor growth inhibition effect as compared to
IR820/Cur. The tumor inhibition rates of curcumin, IR820, IR820/Cur
and Cur@IR820-ss-PEG are 13.9%, 23.2%, 36.0% and 61.8%, respec-
tively. The tumor weight determined at the end of the test shows similar



Fig. 6. (A) HIF-1α (pink) and VEGF (red) immunofluorescent staining of tumor sections 24 h after intravenous administration of Cur@IR820-ss-PEG and IR820/Cur.
The scale bar is 100 μm. (B) HIF-1α (pink) and VEGF (red) immunofluorescent staining of tumor sections 24 h after laser irradiation. The scale bar is 100 μm. (C)
Tumor HIF-1α and VEGF expression level 24 h after intravenous administration of Cur@IR820-ss-PEG and IR820/Cur (n ¼ 3). (D) Tumor HIF-1α and VEGF expression
level 24 h after laser irradiation (n ¼ 3). **p < 0.05, **p < 0.01, ***p < 0.001. (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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results, Fig. 7B. As shown in Fig. 7C, all treatment groups show no
apparent bodyweight changes, suggesting that all tested formulations
exhibit good biocompatibility.

The antitumor effect was also evaluated by H & E staining, TUNEL,
Ki67 and CD34 immunofluorescent staining of tumor sections. The H& E
staining results show that curcumin, IR820 and IR820/Cur groups all
display slightly reduced tumor cell density as compared to PBS group and
Cur@IR820-ss-PEG group exhibits the lowest tumor cell density, Fig. 7D.
The TUNEL immunofluorescent staining results show that both curcumin
11
and IR820 groups display few tumor cell apoptosis, IR820/Cur group
exhibits enhanced tumor cell apoptosis ratio (8.8� 2.3%) as compared to
curcumin group (4.0 � 1.8%) or IR820 group (5.2 � 2.5%), and
Cur@IR820-ss-PEG group exhibits the highest tumor cell apoptosis ratio
(15.5 � 3.6%), Fig. 7D and E. The Ki67 immunofluorescent staining re-
sults show that both curcumin (30.6 � 5.2%) and IR820 (29.4 � 4.8%)
groups exhibit slightly reduced tumor cell proliferation index as
compared to PBS group (37.0� 6.3%), IR820/Cur group has lower tumor
cell proliferation index (19.8 � 5.5%), and Cur@IR820-ss-PEG group



Fig. 7. (A) Tumor volume changes of mice administrated with different formulations and exposed to 0.5 W/cm2 660 nm laser irradiation (n ¼ 5). (B) Weight of the
excised tumors of each group (n ¼ 5). (C) Bodyweight changes of mice from each group (n ¼ 5). (D) H & E staining, TUNEL immunofluorescent staining, Ki67
immunofluorescent staining and anti-CD34 antibody immunofluorescent staining of tumor sections from each group. The scale bar is 100 μm. (E) Apoptosis ratio of
tumor cells determined by TUNEL immunofluorescent staining (n ¼ 5). (F) Proliferation index of tumor cells determined by Ki67 immunofluorescent staining (n ¼ 5).
(G) Neovascular density of tumors determined by anti-CD34 antibody immunofluorescent staining (n ¼ 5). *p < 0.05, **p < 0.01, ***p < 0.001.
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exhibits the lowest tumor cell proliferation index (8.4 � 2.5%), Fig. 7D
and F. These results indicate that Cur@IR820-ss-PEG group exhibits the
lowest tumor cell density, highest tumor cell apoptosis ratio and lowest
tumor cell proliferation index, further confirming the best antitumor
effect of Cur@IR820-ss-PEG. As shown in Fig. 7D and G, the CD34
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immunofluorescent staining results show that curcumin, IR820 and
IR820/Cur groups all display significantly decreased neovascular density
as compared to PBS group and Cur@IR820-ss-PEG exhibit the lowest
neovascular density, suggesting that Cur@IR820-ss-PEG effectively
inhibit the tumor angiogenesis. The effective inhibition effect of



Fig. 8. Serum ALT (A), AST (B), BUN (C) and CK (D) concentrations of each group (n ¼ 5). H & E stained tissue sections of heart, liver, spleen, lung and kidney of mice
from each group (E). The scale bar is 100 μm *p < 0.05 as compared to PBS þ Laser, **p < 0.01 as compared to PBS þ Laser.
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Cur@IR820-ss-PEG on tumor angiogenesis could be ascribed to their
efficient suppression effect on H1F-1α and VEGF. H1F-1α/VEGF signaling
can induce resistance to PDT through promoting angiogenesis. Therefore,
the effective inhibition effect of Cur@IR820-ss-PEG on tumor angio-
genesis could boost the PDT efficacy, resulting in the synergistic anti-
tumor effect. Collectively, these results indicate that Cur@IR820-ss-PEG
effectively inhibit the tumor angiogenesis, which potentiates the PDT
efficacy and leads to the best antitumor effect of Cur@IR820-ss-PEG.

The potential side effects of the tested formulations were studied by
blood biochemical analysis and histopathological analysis. To evaluate
the function of liver, the serum alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) concentrations were measured. The
serum blood urea nitrogen (BUN) and creatinine kinase (CK) concen-
trations were also measured to evaluate the function of kidney and heart,
respectively. As shown in Fig. 8 A, all treatment groups exhibit similar
serum ALT concentrations as compared to PBS group. Curcumin, IR820
and Cur@IR820-ss-PEG groups show similar serum AST concentrations
as compared to PBS group, Fig. 8B. Although the serum AST concentra-
tion of IR820/Cur group is significantly higher than PBS group, it is still
in the normal range (36–235 U/L). These results suggest that all tested
formulations exhibit no significant liver toxicity. Curcumin group and
IR820 group exhibit similar serum BUN concentrations as compared to
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PBS group, Fig. 8C. IR820/Cur group and Cur@IR820-ss-PEG group
display significant decreased serum BUN concentrations as compared to
PBS group, but they are still in the normal range (11–35 mg/dL). As
shown in Fig. 8D, all treatment groups exhibit no significant differences
in serum CK concentrations as compared to PBS group, indicating that all
tested formulations exhibit no apparent heart toxicity. The H & E stained
heart, liver, spleen, lung and kidney sections of all treatment groups
exhibit no significant histopathological changes, indicating that all tested
formulations exhibit no apparent heart, liver, spleen, lung and kidney
toxicity, Fig. 8E. The blood biochemical analysis and histopathological
analysis results indicate that all tested formulations exhibit good safety.

4. Conclusion

In summary, Cur@IR820-ss-PEG nanoparticles were developed for
synergistic cancer chemo-photodynamic therapy. Cur@IR820-ss-PEG
were prepared through a thin-film hydration method and exhibit high
drug loading content, worm-like morphology and reduction-responsive
drug release. Due to the special worm-like morphology, Cur@IR820-ss-
PEG exhibit significantly enhanced cellular uptake efficiency as
compared to IR820/Cur, resulting in enhanced in vitro cytotoxicity
against 4T1 cells as compared to IR820/Cur under laser irradiation. In
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vivo studies, Cur@IR820-ss-PEG exhibit prolonged blood circulation
time, enhanced tumor accumulation and retention, improved suppres-
sion effect on HIF-1α and VEGF as compared to IR820/Cur. As a conse-
quence, Cur@IR820-ss-PEG significantly inhibit the tumor angiogenesis
in vivo antitumor activity study, which potentiates the PDT efficacy and
leads to the best in vivo antitumor effect of Cur@IR820-ss-PEG.
Cur@IR820-ss-PEG developed in this work provides a novel strategy
for synergistic cancer chemo-photodynamic therapy.
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