ROYAL SOCIETY
OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue,

Near infrared dye loaded copper sulfide-apoferritin

i") Check for updates‘
for tumor imaging and photothermal therapy

Cite this: RSC Adv., 2018, 8, 14268

Yuanyuan He,+? Yuanzhi Shen,1? Sigi Zhou,” Yihui Wu,* Zhenwei Yuan,® Chen Wei,®
Lijuan Gui,? Yisha Chen,? Yueging Gu® and Haiyan Chen @ *?

Development of photothermal agents for imaging-guided photothermal therapy (PTT) has been of great
interest in the field of nanomedicine. CuS-apoferritin was prepared by a biomimetic synthesis method by
using the inside cavity of apoferritin to control the size of CuS nanoparticles. Then, a water-soluble near
infrared (NIR) dye (MBA) was bound with CuS-apoferritin, forming a nanocomplex (CuS-apoferritin-MBA)
with greatly enhanced photothermal conversion efficiency compared to CuS-apoferritin. The unique
optical behavior of CuS-apoferritin-MBA enables fluorescence imaging and photothermal therapy at
separated optical wavelengths both, with optimized performances. CuS-apoferritin-MBA was then
utilized as a photothermal agent for imaging-guided photothermal therapy in tumor-bearing mouse

models. As revealed by in vivo fluorescence imaging, CuS-apoferritin-MBA showed high tumor uptake
Received 29th January 2018 ina t h d bilit d retenti ffect and th tive t i f ferritin. In vi
Accepted 26th March 2018 owing to an enhanced permeability and retention effect an e active targeting of apoferritin. In vivo
photothermal therapy experiments indicated that tumors could be ablated by combining CuS-

DOI: 10.1039/c8ra00911b apoferritin-MBA with irradiation of an 808 nm laser. Thus, our work presents a safe, simple photothermal
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1. Introduction

Photothermal therapy (PTT) is considered to be a highly selec-
tive and minimal invasive method for cancer."* Near-infrared
(NIR) light sources are usually used to irradiate photothermal
agents accumulated in a tumor, and the heat generated can
effectively kill targeted cells without damaging the normal cells.
To achieve effectively personalized PTT treatment, the photo-
thermal agents should be provided with good biocompatibility
and high tumor targeting ability.**

In the past decade, a variety of nanomaterials with strong
NIR absorbance have been used as PTT agents; examples
include indocyanine green (ICG),” carbon nanomaterials
(carbon nanotubes, nanographene),®® metal nanoparticle NPs
(Ag, Pd, and Ge), gold nanomaterials (nanoshells, nanorods,
and nanocages),” " semiconductors (Cu,_,Se and CuS) NPs,">*?
and palladium nanosheets."*> Although many of the above
materials have shown high efficacy for cancer therapy in animal
experiments, the nonbiodegradable nature of most of these
inorganic PTT agents has significantly hampered their clinical
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nanocomplex, promising for future clinical translation in cancer treatment.

applications due to concerns regarding their potential long-
term toxicity. Recently, a number of organic conjugated nano-
materials have also attracted significant attention as PTT
agents.'™"

Apoferritin, free iron ions of ferritin, is a four-helix bundle
protein of around 200 amino acids that forms a cage of 24
subunits arranged in octahedral 432 symmetry,*® with an outer
diameter of roughly 12 nm and an inner diameter of 8 nm.
Apoferritin cages can be reversibly disassembled when the pH
becomes extremely acidic (pH 2-3) or basic (pH 10-12).>"*?
Moreover, the ferritin cage is resistant to denaturants, including
heating to high temperatures (>80 °C).>* The hollow cavity of
apoferritin is a perfect nanoreactor with a fixed volume for
biomimetic synthesis. Last but not least, ferritin itself showed
superior tumor targeting capability.** In addition, apoferritin,
can specifically bind to cells expressing transferrin receptor 1
(TfR1), a potential new target in cases of human leukemia and
lymphoma.>®** In addition to its favorable encapsulation
capacity, apoferritin can also bind specifically to different cells
due to the presence of ferritin receptors on the surfaces of
various cells.?”*® In addition to SCARA5,* only one FRT receptor
in human cells, TfR1, has been shown to bind both FRT (via
binding with H-subunit of the protein) and transferrin. The
internalization of apoferritin is performed by receptor-mediated
endocytosis during the acidification of endosome; thus, the
cargo is released gradually.

In this paper, water-soluble CuS NPs were selected as an
effective photothermal agent due to their strong NIR

This journal is © The Royal Society of Chemistry 2018
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photothermal conversion efficiency. Apoferritin was used as
a biotemplate to control the size and enhance biocompatibility
of CuS. Moreover, a NIR dye (MBA) was used to increase pho-
tothermal efficiency. Both cells and mouse models were
successfully used to evaluate the effectiveness of CuS
apoferritin-MBA guided photothermal therapy. This nano-
complex CuS-apoferritin-MBA proved to have a promising
potential for clinically transferable imaging based photo-
thermal therapy.

2. Materials and methods

2.1. Materials

Apoferritin and CuCl,-2H,O were purchased from Sigma-
Aldrich (MO, USA). Na,S was purchased from Sinopharm
Chemical Reagent Co., Ltd. MBA (MW = 768) was synthesized in
our laboratory. 1-Ethyl-3-[3-dimethylaminopropyl] carbodii-
mide hydrochloride (EDC) and N-hydroxysuccinimide (NHS)
were purchased from Bide Pharmatech Ltd. (Shanghai, China).
3-(4,5-Dimethylthialzol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT), RPMI-1640, fetal bovine serum (FBS), penicillin, strep-
tomycin, and trypsin-EDTA were purchased from Gibco (Life
Technologies, Shanghai, China). The reagents in this study were
used without further purification.

2.2. Synthesis of CuS-apoferritin nanoparticles

CuS-apoferritin NPs were synthesized according to a previous
report with some modifications.*® 0.25 mL of CuCl,-2H,0 (25
mM) solution was added into 0.5 mL of 1.0 mg mL ™" apoferritin
with forceful stirring for 1 h, and then the solution was kept at
room temperature for another 20 min. Apoferritin-Cu®" mixture
was purified by filtration through a 10 kDa cutoff spin by using
0.1% sodium acetate solution as eluent and redissolved in
0.5 mL of ultrapure water with sonication. Then, 0.25 mL of
Na,S (25 mM) aqueous solution was added to the above solution
with stirring at 60 °C for 1 h. The mixture then was transferred
to an ice bath to stop the reaction. The product was purified
with filtration through a 100 kDa cutoff, and then redissolved in
ultrapure water with sonication for further use.

2.3. Synthesis of CuS-apoferritin-MBA nanocomplex

Synthesis methods and characterization of the 2-((E)-2-((E)-2-((2-
carboxyethyl)thio)-3-(2-((E)-3,3-dimethyl-1-(3-sulfopropyl)
indolin-2-ylidene) ethylidene)cyclohex-1-en-1-yl)vinyl)-3,3-
dimethyl-1-(3-sulfopropyl)-3H-indol-1-ium (MBA), was reported
earlier by our research group.** MBA was immobilized onto CuS-
apoferritin using coupling agents (EDC and NHS) to increase
the reaction yield. MBA (1.0 mg) in 1.0 mL of PBS was activated
with EDC and NHS (molar ratio of MBA:EDC: NHS is
1:1.5:1.5) at room temperature in the dark for 2 h. Then, 200
pL of activated solution of MBA was added into CuS-apoferritin
aqueous solution (1 mg mL™") and stirred in the dark for 12 h.
The CuS-apoferritin-MBA nanocomplexes were obtained after
dialyzing the solution in a dialysis bag (MWCO 8000-14000).
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2.4. Morphology and optical characterization

The morphology of CuS-apoferritin and CuS-apoferritin-MBA
were studied using a FEI Tecnai G2F20 transmission electron
microscope (TEM) with a 200 kV field emission gun. The TEM
samples were prepared by drop casting an aqueous solution of
CuS-apoferritin and CuS-apoferritin-MBA (500 pg mL™") onto
400-mesh carbon-coated copper grids and the excessive solvent
was immediately and fully evaporated before the TEM investi-
gation. The absorption and fluorescence spectra of these
samples (apoferritin, CuS-apoferritin, MBA and CuS-apoferritin-
MBA) were detected by using a Lambda 25 UV-vis spectropho-
tometer (PE, US) and fluorescence spectrometer (PE, US),
respectively. The Fourier transform infrared (FTIR) spectra of
CuS-apoferritin and CuS-apoferritin-MBA were recorded by
FTIR spectrometer (Nicolet ECO 2000, USA).

2.5. Cellular experiments

2.5.1. Cell culture. Human cell lines U87MG (malignant
glioma), MCF-7 (breast cancer), and L02 (normal liver cell line)
were obtained from the American Type Culture Collection
(ATCC, USA). The cell lines were cultured in DMEM medium
supplemented with 10% (v/v) calf serum, penicillin (100 U
mL "), and streptomycin (100 mg mL ™). Cells were maintained
at 37 °C under a humidified atmosphere containing 5% CO,.

2.5.2. Cytotoxicity evaluation of CuS-apoferritin-MBA. In
vitro cytotoxicity was measured using a standard methyl thia-
zolyl tetrazolium (MTT) assay. For cell toxicity assay, L02, U87
MG, and MCF-7 cells were seeded into 96-well cell culture plates
at 1 x 10°/well and then incubated with various concentrations
of CuS-apoferritin and CuS-apoferritin-MBA for 24 h. The
standard MTT assay was carried out to determine the relative
cell viabilities.

2.5.3. Cellular affinity and photothermal effect of CuS-
apoferritin-MBA on U87MG cells. U87MG cells were cultured
in laser confocal fluorescence microscopy (LSCM) culture
dishes with a density of 5 x 10> cells per dish. When the whole
cells took up 70%-80% space of the culture dishes, the cells
were treated with CuS-apoferritin, MBA, and CuS-apoferritin-
MBA (100 pL, 100 pg mL™') for 2 h, respectively. Subse-
quently, the cells were washed thrice with PBS to remove free
NPs. Cells were fixed in 4% formaldehyde for 15 min at room
temperature and washed thrice with PBS. The fixed cells were
observed by LSCM (FV 1000, Olympus, Japan) at A, = 405 nm
and A.,, = 647 nm.

2.5.4. Photothermal therapy. For photothermal therapy,
U87 MG cells were seeded into 96-well plates with a density of 1
x 10° cells per well until adherent and then incubated with 100
uL of CuS-apoferritin (100 pg mL ") and CuS-apoferritin-MBA
(100 ug mL™") for 4 h. The cells were irradiated by an 808 nm
laser at different power densities (0.5, 0.8, and 1.0 W cm~?) for
4 min before the MTT assay. In addition, U87 MG cells incu-
bated with different concentrations of CuS-apoferritin and Cus-
apoferritin-MBA (10, 20, 40, 60, 80, and 100 pg mL ") were also
detected for evaluation of their photothermal effects. Then, the
cells were irradiated by an 808 nm laser at power densities of
1Wem 2
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Next, in order to investigate the tumor targeting of CuS-
apoferritin and CuS-apoferritin-MBA, U87 MG cells were incu-
bated with 100 pL of anti-TfR for 30 min, followed by incubating
with CuS-apoferritin (100 ug mL ™) and CuS-apoferritin-MBA
(100 ug mL™") for 4 h. Then, the cells were irradiated by an
808 nm laser at different power densities (0.5, 0.8, and 1.0 W
cm?) for 4 min before the MTT assay. Furthermore, U87 MG
cells were incubated with 100 pL of anti-TfR for 30 min followed
by incubating CuS-apoferritin and CuS-apoferritin-MBA with
different concentrations (10 pg mL ™", 20 ug mL ™', 40 ug mL ™,
60 ng mL™ ', 80 pg mL ™", and 100 pg mL™ ') were also detected
for evaluation of their photothermal effects. Then, the cells were
irradiated by an 808 nm laser at power densities of 1 W cm ™.

For normal apoptotic and necrotic cell analysis, U87MG cells
were seeded in 24 well plates. When the whole cells took up
70-80% space of the culture dishes, they were incubated with
CuS-apoferritin (200 pg mL ") and CuS-apoferritin-MBA (200 pg
mL ") for 4 h. Then, the cells were irradiated by an 808 nm laser
at power densities of 1 W cm™>. The cells were incubated at
37 °C with 5% CO, for another 2 h. Then, the cells were stained
with Calcein AM/PI (10 ug mL ™) and incubated at 37 °C for
20 min. After the cells were washed twice with PBS, they were
imaged by a Leica fluorescent microscope (DM 5000B,
Germany).

2.6. Infrared thermal imaging

Normal (Kunming) mice were purchased from Charles River
Laboratories (Shanghai, China) for in vivo imaging investiga-
tions. All animal experiments were carried out in compliance
with the Animal Management Rules of the Ministry of Health of
the People's Republic of China (document no. 55, 2001) and
approved by the Animal Ethics Committee of China Pharma-
ceutical University (Nanjing, China).

Tumor-bearing mouse models were obtained by subcutane-
ously injecting EAC tumor cells (~5 x 10° in 50 uL of PBS) into
axillary fossa of the mice. When the tumor volumes reached
about 100-200 mm?®, the mice were immobilized for in vivo
infrared thermal imaging.

50 pL of PBS, CuS-apoferritin and CuS-apoferritin-MBA were
injected into tumor-bearing mice via intratumor injection. An
808 nm laser (1.0 W cm™?) was employed to perpendicularly
irradiate the injected areas of mice, respectively. The infrared
thermographic maps and changes were recorded by an infrared
thermal imaging camera (Fluke, USA) at different time intervals
(0 min, 1 min, 3 min, 5 min, and 8 min).

2.7. Subcutaneous tumor model for imaging and therapy

2.7.1. Animal subjects and tumor model. Normal (Kunm-
ing) mice were purchased from Charles River Laboratories
(Shanghai, China) for in vivo imaging investigations. All
animal experiments were carried out in compliance with the
Animal Management Rules of the Ministry of Health of the
People’s Republic of China (document no. 55, 2001) and the
guidelines for the Care and Use of Laboratory Animals of
China Pharmaceutical University. To investigate the targeting
ability of CuS-apoferritin-MBA, the group of female nude mice
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(n = 5) was subcutaneously injected of EAC (~5 x 10° in 50 uL
of PBS) into the axillary fossa. As EAC tumors grew to a volume
of ~200 mm?, the mice were immobilized for in vivo tumor
imaging.

2.7.2. Bio-distribution of CuS-apoferritin-MBA in normal
mice. Normal mice (n = 5) were used for the bio-distribution
investigation of CuS-apoferritin-MBA in vivo. In the experi-
ment, an aqueous solution (100 uL, 2.5 mg mL ") was admin-
istered into each mouse through tail vein injection. Real time
imaging was then performed in a dark room using the NIR
fluorescence imaging system equipped with a 660 nm laser. A
series of fluorescence images were collected at 0.5 h, 2 h, 4 h,
8h, 12 h, 24 h, and 48 h respectively. The mice were dissected at
the corresponding time points (4 h, 8 h, 12 h, 24 h, and 48 h)
and the fluorescence images of the organs (intestine, kidney,
lung, spleen, liver, and heart) were collected to investigate the
bio-distribution of CuS-apoferritin-MBA in vitro.

2.7.3. Dynamics and targeting ability of CuS-apoferritin-
MBA in tumor-bearing mice. CuS-apoferritin-MBA (100 pL,
2.5 mg mL ") was injected into each mouse through the vena
caudalis for tracing the targeting ability of the probe toward
tumors. NIR fluorescence images were collected at scheduled
intervals (0.5 h, 2 h, 4 h, 8 h, 12 h, 24 h, and 48 h) within 48 h
post-injection, and background images of the mice were taken
before sample injection. To further compare the targeting
ability of the probe for tumor sites, tumor fluorescence intensity
at different time points was calculated using region of interest
(ROI) functions of Scion Image software. The mice were also
dissected at the 12 h post-injection and fluorescence images of
their organs (tumor, intestine, kidney, lung, spleen, liver, and
heart) were collected to investigate the bio-distribution of Cus-
apoferritin-MBA in vitro.

2.7.4. In vitro tumor tissue distribution CuS-apoferritin-
MBA in tumor-bearing mice. To further investigate the thera-
peutic effects of CuS-apoferritin-MBA, the tumors of the four
groups were excised for pathological analysis after 15 days of
treatment. Tumors of the mice were isolated from the mice,
fixed with 10% neutral buffered formalin, and embedded in
paraffin. The sliced tumor tissues (8 mm) were stained with
Hematoxylin and Eosin (H&E) and examined using a Positive
biological microscope (Olympus, BX53).

2.7.5. Therapeutic efficacy of CuS-apoferritin-MBA in
tumor-bearing mice. The EAC tumor-bearing mice were
randomly assigned into five groups (n = 5 per group): (a) saline
(100 pL); (b) saline (100 pL) irradiated by 808 nm laser; (c) CuS-
apoferritin (100 pL, 2.5 mg kg™ ') irradiated by the 808 nm
laser; and (d) CuS-apoferritin-MBA (100 pL, 2.5 mg kg )
irradiated by the 808 nm laser. The power density of the
808 nm laser was 1.0 W cm ™2 (5 min, continuous irradiation).
The tumor sizes were recorded every 2 days over 15 days, with
their lengths and widths measured by a digital caliper. The
tumor volume was calculated according to the following
formula: width®> x length/2. To further investigate the thera-
peutic effects of CuS-apoferritin and CuS-apoferritin-MBA, the
tumors of the four groups were excised for pathological anal-
ysis after 15 days of treatment.

This journal is © The Royal Society of Chemistry 2018
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2.8. Statistical analysis

Significant differences were determined using the Student's ¢ test
where differences were considered significant when p < 0.05. All
data are expressed as mean =+ standard error of the mean.

3. Results and discussion

3.1. Synthesis and characterization of CuS-apoferritin-MBA
nanocomplex

The detailed synthesis route of MBA and CuS-apoferritin-MBA
nanocomplex is shown in Fig. 1A and B. Apoferritin was used
as a biotemplate to synthesize and control the size of CusS.
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Apoferritin has a functional carboxyl group and amino group;
herein, the activated carboxyl group of MBA was conjugated
with the amino group of apoferritin via NHS/EDC.

The size and morphology of CuS-apoferritin NCs were char-
acterized by DLS and TEM. The TEM image shown in Fig. 2A
presents an explicit spherical nanocage with a diameter around
12 nm. With the formation of CuS nanoparticles inside apo-
ferritin nanocages, the core of apoferritin turns to black due to
the high electron quantity of CuS NPs. The diameter distribu-
tion of CuS-apoferritin was obtained by statistically measuring
their sizes in the TEM images using the plugin in Gatan Digital
Micrograph (Fig. 2B). The mean diameter was calculated as 9.2
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Fig. 1 The schematic synthesis routine of (A) MBA and (B) CuS-apoferritin-MBA.
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(A) The size distribution of CuS-apoferritin NCs; (B) TEM image of CuS-apoferritin NCs stained with 1% uranyl acetate. A clear dark CuS

core can be seen inside the apoferritin cage; (C) The size distribution of CuS-apoferritin-MBA NCs; (D) TEM image of CuS-apoferritin-MBA NCs

stained with 1% uranyl acetate.
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+ 0.387 nm. The TEM image shown in Fig. 2C presents an
explicit spherical nanocage of CuS-apoferritin-MBA; the mean
diameter was calculated as 10.5 + 0.252 nm. There was no
significant increase in particle size of CuS-apoferritin-MBA
(Fig. 2D).

As shown in Fig. 3A, CuS-apoferritin nanoparticles have
strong absorbance in the infrared region while apoferritin has
no absorption. MBA and CuS-apoferritin-MBA (dissolved in
PBS, pH = 7.4) all had a strong absorption at 780 nm. As shown
in Fig. 3B, MBA has a strong emission peak at around 810 nm
and CuS-apoferritin-MBA has the similar emission peak around
810 nm in PBS. No absorption peaks were observed for CuS-
apoferritin. As shown in Fig. 3C, a new peak at 1708.2 cm ™"
appears after MBA conjugates with CuS-apoferritin. This peak is
attributed to the formation of -C=O- of the amido bond
(-NHCO-). Vibration of the benzene skeleton causes additional
peaks (1549.6 cm ™', 1653 cm ™ '), verifying the successful link of
MBA to CuS-apoferritin. The peak at 779.8 cm™ " shows that the
benzene ring is para-substituted, which is consistent with the
structure of MBA. These results all can confirm the successful
conjugation of MBA with CuS-apoferritin.

3.2. Photothermal effect of CuS-apoferritin and CuS-
apoferritin-MBA

The temperature changes of CuS-apoferritin and CusS-

apoferritin-MBA during NIR laser irradiation (0.8 W cm ™2, 808

nm) were monitored. As shown in Fig. 4A, CuS-apoferritin
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possessed a temperature rise profile that is concentration
dependent. For the different CuS-apoferritin aqueous solutions
(10, 20, 40, 80, 100, and 200 pg mL™'), the temperature
increased (from 19.5 to 51.7 °C) at different scopes after 5
minutes of irradiation. At the concentration of 10 pg mL %,
a temperature rise of over 13 °C was observed after 2 min of
irradiation. At a higher concentration of 200 pg mL™", the
temperature increased 36.3 °C. Moreover, the maximum
temperature increases of CuS-apoferritin (100 pug mL ™) and
CuS-apoferritin-MBA (100 pug mL™") are 20.3 and 28.5 °C,
respectively (Fig. 4B). These results revealed that CusS-
apoferritin and CuS-apoferritin-MBA can be used as efficient
PTT agents for tumor hyperthermia.

The infrared thermal images of CuS-apoferritin and CuS-
apoferritin-MBA aqueous solution after 808 nm laser light
irradiation for different times (1, 3, 5, and 8 min) or different
concentrations (100 and 200 pg mL ™) are shown in Fig. 4C and
D. During irradiation, temperature changes of the solutions
were monitored by an IR thermal camera. After 1 min of irra-
diation, the temperatures of all the solutions were still below
30 °C. In comparison, a more significant temperature increase
was noticed for the CuS-apoferritin-MBA (200 pg mL™") solu-
tions irradiated for more than 3 min, reaching a temperature of
36.7 °C throughout the irradiation period. After 5 min of irra-
diation, CuS-apoferritin-MBA (200 pg mL™") solutions reached
a temperature of nearly 40 °C, then the solutions' temperatures
dropped, which can be attributed to the low-photo-stability of
MBA.
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(A) The absorption spectra of apoferritin, CuS-apoferritin, MBA and CuS-apoferritin-MBA; the inset photo shows the real color pictures of

apoferritin, CuS-apoferritin, MBA and CuS-apoferritin-MBA; (B) the fluorescence spectra of MBA and CuS-apoferritin-MBA; the inset photos are
two samples under 660 nm excitation; (C) the FIIR spectroscopy of MBA and CuS-apoferritin-MBA.
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3.3. Invitro cytotoxicity and cellular uptake studies

The in vitro toxicity of CuS-apoferritin-MBA on L02, U87MG and
MCF-7 cell lines were studied in a concentration range of 10 to
100 pg mL ™. As indicated in Fig. 5A-C, all the cells maintained
a high viability, even after incubation with these two nano-
particles at a high concentration (100 ug mL™ "), verifying the
good biocompatibility of these two nanoparticles.

Next, the cellular uptake of CuS-apoferritin-MBA was tested
on U87MG cells imaged by confocal microscopy (Fig. 5D). After
2 h of incubation, compared with CuS-apoferritin, CuS-
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). The infrared thermal images of CuS-apoferritin and CuS-apoferritin-MBA agueous solution after 808 nm laser light irradiated for different
1and (D) 200 pg mL™%.

apoferritin-MBA (100 pg mL™ ") treated cells presented a signif-
icantly stronger red fluorescence, which demonstrated that
MBA can provide useful fluorescence signals for imaging the
distribution of CuS-apoferritin in cell levels.

3.4. Invitro photothermal cytotoxicity of CuS-apoferritin-
MBA

To investigate photothermal cytotoxicity, CuS-apoferritin-MBA
and CuS-apoferritin-MBA were utilized as photothermal
agents for in vitro cancer cell ablation under laser irradiation. As
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Fig.5 MTT assay was used to qualitatively display in vitro anti-tumor activity of CuS-apoferritin and CuS-apoferritin-MBA on (A) LO2, (B) US7MG,
and (C) MCF-7 cell lines; (D) LSCM images of U87MG cell lines incubated with CuS-apoferritin and CuS-apoferritin-MBA for 2 h (the nuclei was

stained with Hoechst 33342).
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ablation at different laser power densities (0.2, 0.5, 0.8, and 1.0 W cm™2). (B) Cell viabilities of US7MG cells incubated with different concen-
trations (10, 20, 40, 80, and 100 ng mL~Y) of CuS-apoferritin and CuS-apoferritin-MBA under exposure to the 808 nm laser at a power density of
1 W cm™2. (C) Cell viabilities of UB7MG cells after CuS-apoferritin (100 pg mL™) and CuS-apoferritin-MBA (100 pg mL™%) with anti-TfR induced
photothermal ablation at different laser power densities (0.2, 0.5, 0.8, and 1.0 W cm™~2). (D) Cell viabilities of US7MG cells incubated with different
concentrations (10, 20, 40, 80, and 100 g mL~?) of CuS-apoferritin and CuS-apoferritin-MBA under exposure to the 808 nm laser at the a power

density of 1 W cm™2

. (E) Confocal fluorescence images of Calcein AM/P| co-stained U87MG cells incubated with CuS-apoferritin (100 pg mL™%)

and CuS-apoferritin-MBA (100 pg mL™Y after being exposed to the 808 nm laser (1 W cm™2) for 5 min. Error bar is 20 pm.

shown in Fig. 6A and B, an enhanced cancer cell ablation was
observed with an increase of laser power densities or the
concentrations of CuS-apoferritin and CuS-apoferritin-MBA. As
shown in Fig. 6C and D, the anti-TfR occupies the transferrin
receptor so that CuS-apoferritin and CuS-apoferritin-MBA can't
combine with transferrin receptor. The amount of CuS-
apoferritin and CuS-apoferritin-MBA entering the cell was
reduced, the thermal effect was lower, and there was not
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enough to kill more cancer cells; the cell viabilities were higher
than CuS-apoferritin and CuS-apoferritin-MBA only.
Fluorescent images of Calcine AM and PI co-stained cells
further confirmed the effective and specific photothermal
ablation of U87MG cells induced by CuS-apoferritin and CuS-
apoferritin-MBA (Fig. 6E). Red fluorescence indicates dead
cells and green fluorescence indicates live cells. Before 808 nm
laser irradiation, the nanoparticles treated cells were alive. Once
808 nm laser was used to irradiate the CuS-apoferritin-MBA

Fig. 7 The infrared thermal images of (A) normal mice and (B) EAC tumor-bearing mice injected with the PBS, CuS-apoferritin and CuS-apo-

ferritin-MBA.
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group, a large number of cells were scalded to death by thermal
energy released from the CuS-apoferritin-MBA. These results
illustrate the advantage of killing cancer cells by using CuS-
apoferritin-MBA as a photothermal agent.

3.5. In vivo photothermal efficacy of CuS-apoferritin-MBA

To investigate photothermal therapeutic efficacy of CuS-
apoferritin-MBA, 50 pL of PBS as control were injected into
normal mice and tumor-bearing mice respectively. CuS-
apoferritin and CuS-apoferritin-MBA were injected into the
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S
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Fig. 9

right lower limb of the normal mice, respectively, and CusS-
apoferritin and CuS-apoferritin-MBA were also injected into
the tumor in the tumor-bearing mice, respectively. As shown in
Fig. 7A, within 5 min of laser irradiation, both the CuS-
apoferritin and CuS-apoferritin-MBA groups had an obvious
increase of temperature. But with the same laser irradiation
time, the tumor temperature of CuS-apoferritin-MBA group was
enhanced more highly than that of CuS-apoferritin groups
(Fig. 7B). After 1 min of laser irradiation, the tumors treated

with  CuS-apoferritin and  CuS-apoferritin-MBA  had

o
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(A) In vivo fluorescence images of CuS-apoferritin-MBA in the EAC tumor-bearing mice model within 24 h. (B) Fluorescence intensity of

CuS-apoferritin-MBA in tumor-bearing mice at different time post-injection (C) the ex vivo fluorescence images of isolated organs (tumor, heart,
liver, spleen, lung, kidney, and intestine) from the tumor-bearing mice at 12 h post-injection of CuS-apoferritin-MBA. (D) Fluorescence intensity
of isolated organs (tumor, heart, liver, spleen, lung, kidney, and intestine) from the tumor-bearing mice at 12 h post-injection of CuS-apoferritin-
MBA.
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(A) The experimental scheme to evaluate the anti-tumor effect of CuS-apoferritin-MBA. (B) The body weight of tumor-bearing mice

during 15 days treatment of saline, saline + laser; CuS-apoferritin + laser and CuS-apoferritin-MBA + laser. (C) The relative tumor volume in
various mice groups after PTT; (D) the images of the tumor-bearing mice after PTT. (E) The tumor images isolated from tumor-bearing mice after
treatment of saline, Saline + laser, CuS-apoferritin + Laser and CuS-apoferritin-MBA + Laser. Error bar is 50 um.

a temperature of 29.6 and 31.0 °C, respectively. After 5 min of
laser irradiation, the temperature in the tumors increased to
36.3 and 40.4 °C for CuS-apoferritin and CuS-apoferritin-MBA
groups respectively, which exceeds the damage threshold
needed to induce irreversible tissue damage. However, the PBS-
treated group in Fig. 7B only had a temperature increase of
3.4 °C, which is insufficient to damage tumor irreversibly.

3.6. Biodistribution and tumor-targeting ability of CuS-
apoferritin-MBA in vivo

A NIR imaging approach was used to investigate tumor target-
ing and in vivo distribution of CuS-apoferritin-MBA in nude
mice. Fig. 8A shows the dynamic distribution of CusS-
apoferritin-MBA in normal mouse models at 0.5 h, 2 h, 4 h,
8 h, 12 h, 24 h, and 48 h post-injection. The obvious

14276 | RSC Adv., 2018, 8, 14268-14279

fluorescence signal appeared in the liver of the normal mice just
after 0.5 h from injection; then, the fluorescence signal was
observed in the intestine. The results suggested that CuS-
apoferritin-MBA excreted from the mice through the liver-
intestine excretion path way. To confirm the in vivo result, the
mice were sacrificed and the main organs were collected and
imaged at4 h, 8 h, 12 h, 24 h, and 48 h (n = 5). Fig. 8B displays
the in vitro fluorescence images of the main tissues from the
CuS-apoferritin-MBA treated group at different post-injection
times. Strong fluorescence signals appeared in intestine at
each time interval.

Tumor-bearing mice were utilized to investigate the tumor
specificity of CuS-apoferritin-MBA. As shown in Fig. 9A, CuS-
apoferritin-MBA initially spread over tumor-bearing mice body
within 8 h of post-injection. The fluorescence signal reached peak

This journal is © The Royal Society of Chemistry 2018
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Fig. 11 The histological images of the main organs (heart, liver, spleen, lung, and kidney) of the mice after treated with saline, saline + laser,
CuS-apoferritin + laser and CuS-apoferritin-MBA + laser. Error bar is 50 um.

intensity at 12 h. Fluorescence intensity in specific ROIs from
tumors were collected to study the targeting efficacy of the probes
semi-quantitatively (Fig. 9B). The maximum fluorescence of
CuS-apoferritin-MBA arrived at 12 h post-injection, indicating
CuS-apoferritin-MBA possesses good tumor targeting ability. The
in vitro fluorescence images of the main tissues from CuS-
apoferritin-MBA treated groups at 12 h post-injection are
shown in Fig. 9C. Obviously, CuS-apoferritin-MBA treated group
shows much strong fluorescence in tumors. And the semi-
quantitative analysis demonstrates that there is obvious
discrepancy of tumor fluorescence at different time intervals for
CuS-apoferritin-MBA treated groups (Fig. 9D).

As an agent carrier, apoferritin may effectively carry a cargo
towards a tumor due to high affinity with its specific receptors,
TfR1. The apoferritin-encapsulated gadolinium was suggested
by Makino et al. as a possible candidate for a new MRI contrast
agent.*” Gadolinium was efficiently encapsulated into the apo-
ferritin cavity and enhanced the T1 relativity to tenfold higher
than the commercially used contrast agent gadolinium-DOTA.
Moreover, the in vivo blood clearance time of apoferritin
coated cargo can be prolonged. An increased accumulation of
this complex was observed mainly in the tumor region due to
active targeting via acceptor-ligand affinity and passive target-
ing via enhanced permeability and retention effects. We have
shown that CuS-apoferritin-MBA can specifically target tumor

This journal is © The Royal Society of Chemistry 2018

cells that overexpress TfR1 (Fig. 5D). To confirm the specific
binding of this nanocomposite in vivo, tumor imagings were
performed on TfR1 overexpressed EAC tumor-bearing mouse
models. As expected, EAC tumors showed significant fluores-
cence only after 4 h post-injection of CuS-apoferritin-MBA
(Fig. 9A), indicating a specific binding of CuS-apoferritin-MBA
to TfR1 on an animal level.

3.7. Therapy evaluation of CuS-apoferritin-MBA in tumor-
bearing mice

Fig. 10A illustrates the experimental scheme to evaluate the
anti-tumor effect of CuS-apoferritin-MBA. The samples were
intravenously injected into the mice at scheduled intervals. The
size of tumor and weight of the mice were monitored every two
days. Body weight is displayed in Fig. 10B; results show that
there was no obvious toxicity of CuS-apoferritin-MBA. As indi-
cated in Fig. 10C, tumors of CuS-apoferritin and
CusS-apoferritin-MBA groups became smaller within 5 days after
laser exposure. And the tumor inhibition ratio of the
CuS-apoferritin-MBA group is 67.8%. By contrast, tumor volume
increased rapidly over time in groups of CuS-apoferritin and
CuS-apoferritin-MBA.  These  results indicated that
CusS-apoferritin-MBA under laser exposure could inhibit tumor
growth effectively due to higher thermal conversion efficiency.

RSC Aadv., 2018, 8, 14268-14279 | 14277
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Furthermore, no tumor regrowth was observed in the
CuS-apoferritin-MBA group within 15 days after treatment,
thereby further confirming that a CuS-apoferritin-MBA injec-
tion with laser irradiation could completely ablate tumors in
mice. All mice behaved normally after treatment. In the pho-
tothermal treatment group, black scars were noticed at the
original tumor sites, but they fell off within 7-10 days post laser
irradiation (Fig. 10D).

Histology examination of tumor slices by Hematoxylin-eosin
(H&E) staining revealed that tumor structure in the CusS-
apoferritin-MBA injected group was severely damaged right
after laser irradiation (Fig. 10E). Moreover, H&E stained images
of main organs from CuS-apoferritin-MBA injected healthy mice
also suggest that CuS-apoferritin-MBA did not induce appre-
ciable toxic side effects to treated animals (Fig. 11).

Thanks to high biocompatibility, low immunogenicity, and
good pharmacokinetics profile, apoferritin showed a promising
application in PTT.**** Most of the photothermal agents show
biotoxicity, high immunogenicity, non-biodegradability, and
poor pharmacokinetics, which strongly affect their clinical
application.*?*®* We demonstrated that CuS-apoferritin-MBA
presented favorable biocompatibility, prolonged -circulation
time, and enhanced tumor therapy efficiency. Mostly impor-
tantly, CuS-apoferritin-MBA together with NIR laser irradiation
showed significant photothermal efficiency on EAC tumor-
bearing mouse models (Fig. 10).

4. Conclusions

In conclusion, a unique photothermal agent (CuS-apoferritin-
MBA) was developed by a conventional synthesis method.
Apoferritin as a biotemplate was used to control the size of CuS
nanoparticles, and NIR dye (MBA) was used to enhance the
photothermal efficiency of CuS-apoferritin. The prepared CusS-
apoferritin-MBA displayed good water dispersion, good
biocompatibility, and favorable tumor-targeting capability.
Both of in vitro and in vivo anti-cancer evaluations of CuS-
apoferritin-MBA validated that this photothermal agent is
highly efficient for photothermal therapy.
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