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Photodynamic therapy (PDT) has attracted much attention as a strategy for tumor therapy. However, the
insolubility and poor tumor-targeting ability of most photosensitizers (PSs) hinder PDT from further
development. Therefore, it is necessary to explore new carriers with good water solubility and
biocompatibility to deliver PSs to tumors. Melanin nanoparticles are novel biomimetic nanocarriers with
excellent biocompatibility, loading capacity, photothermal therapy (PTT) and magnetic resonance (MR)/
photoacoustic (PA) imaging properties. Here we designed polydopamine melanin nanoparticles (PDMNs)
as a delivery platform for the photosensitizer Chlorin e6 (PDMN-Ce6) and realized its application as
a theranostic agent for tumor therapy. The PDMN-Ce6 exhibited excellent biocompatibility, good water
solubility and high loading capability (35.2 wt%) for Ce6. Compared with the free Ce6, PDMN-Ce6
showed higher cellular internalization and superior synergistic phototherapy effects in an in vitro study.
An in vivo study indicated that the accumulation of PDMN-Ce6 at tumor sites was 2.8-fold higher than
that of free Ce6 at 24 h post-injection, which was beneficial for MR/PA imaging. Moreover, the
synergetic therapy significantly inhibited tumor growth, causing tumor necrosis and tumor angiogenesis
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1. Introduction

Photodynamic therapy (PDT) has been considered as an
attractive tumor therapeutic strategy with distinct advantages
such as low toxicity, non-invasiveness, and high space selec-
tivity."? Photosensitizers (PSs) are an essential component of
PDT, which generate reactive oxygen species (ROS) to kill tumor
cells when excited by light irradiation.** Although some PSs
have been approved by the Food and Drug Administration
(FDA), the clinical applications of PDT are still impeded by the
poor water solubility and nonspecific distribution in vivo of
PSs.® Therefore, it is highly desirable to develop new platforms

“Department of Medical Imaging, Jinling Hospital, Medical School of Nanjing
University, Nanjing, 210002, P. R. China. E-mail: zchunni27@hotmail.com; shouju.
wang@gmail.com; ¢jr.luguangming@vip.163.com

*Department of Clinical Laboratory, Jinling Hospital, Medical School of Nanjing
University, Nanjing, 210002, P. R. China

‘Department of Respiration, Nanjing First Hospital, Nanjing Medical University,
Nanjing, 210000, P. R. China

“State Key Laboratory of Analytical Chemistry for Life Science School of Chemistry and
Chemical Engineering, Nanjing University, Nanjing, 210093, P. R. China

T Electronic  supplementary information (ESI) available. See DOI:
10.1039/c8ra04663h

i DrY. Tian and Y. Zhao contributed equally to this work.

32200 | RSC Adv., 2018, 8, 32200-32210

delivery of Ce6 to tumors and realize multimodal imaging-guided tumor synergetic phototherapy.

as PS carriers for PDT, with good solubility, tumor-targeting
ability and biocompatibility.®®

At present, metallic nanocarriers with diverse structures,
controllable sizes, flexible surface modification, tumor-
targeting and theranostic abilities have emerged as attractive
tools for PS delivery.** However, the complicated synthesis and
long-term toxicity of these nanocarriers may limit their trans-
lation potential.” For example, gold nanoparticles eliminate
slowly from the liver and spleen; it is reported that the vast
assemblies of gold particles may persist in liver and spleen for
one year post-injection. This slow excretion of nanoparticles
from the body raises great concerns about their potential long-
term toxicity. Thus, it is essential to develop a delivery platform
with better biocompatibility and biodegradability.*>*”

Polydopamine melanin nanoparticles (PDMNs) are an
emerging kind of biomimetic polymer, which keep the natural
characteristics of melanin pigment, such as its excellent
biocompatibility, water solubility and biodegradability.'®
PDMNs can be applied for photothermal therapy (PTT) due to
their high photothermal conversion efficacy."** They also
exhibit high binding efficiencies with aromatic molecules via t—
7 stacking interactions.*»** Since most PSs have aromatic
groups, PDMNs might be utilized as a multifunctional PS
carrier. It has recently been reported in the literature that
PDMNs could be used as a carrier of Chlorin e6 (Ce6) for PDT

This journal is © The Royal Society of Chemistry 2018
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Scheme 1 Schematic illustration of the synthesis and application of the biomimetic platform PDMN-Ce6 for MRI/PAI-guided synergistic

phototherapy.

and PTT.» Furthermore, PDMNs are suitable for magnetic
resonance imaging (MRI) and photoacoustic imaging (PAI).>*2¢
However, to the best of our knowledge, in vivo multimodal
imaging guided-synergistic phototherapy of PDMNs as PS
carriers has not been reported.

Herein, we synthesized PDMNs by the self-polymerization
method.” The PDMNs were then modified by polyethylene
glycol (PEG), loaded with the photosensitizer Ce6, and termed
as PDMN-Ce6. This novel loading platform showed high Ce6
loading capacity, excellent biocompatibility, low off-target
toxicity, and preferable tumoral accumulation. Moreover, the
in vivo results demonstrated that PDMN-Ce6 could induce
synergistic PDT/PTT under MRI/PAI guidance, which signifi-
cantly inhibited tumor growth and tumor angiogenesis
(Scheme 1).

2. Materials and methods
2.1 Materials

Dopamine hydrochloride, ammonia aqueous solution (NH,OH,
28-30% wt%), Chlorin e6 (Ce6) and cell uptake inhibitors
(nocodazole, cytochalasin D, chlorpromazine, genistein, and B-
cyclodextran) were purchased from Sigma-Aldrich (Shanghai,
China).  3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) was provided by KeyGEN Biotech. Co., Ltd.
(Jiangsu, China). Amine-PEG-thiol (NH,-PEG-SH, MW = 2000
Da) was obtained from Laysan Bio. Inc. (Shanghai, China).
Singlet oxygen sensor green (SOSG) kits were purchased from
Invitrogen (Shanghai, China). Human breast tumor cells (SKBR-
3) and human mammary epithelial cells (MCF 10A) were
purchased from ATCC (Manassas, VA). Fetal bovine serum
(FBS), trypsin, media and phosphate buffered saline (PBS) were
purchased from Gibco/Life Technologies (Shanghai, China).

This journal is © The Royal Society of Chemistry 2018

2.2 Synthesis of PDMNs and PDMN-Ce6

Polydopamine melanin nanoparticles were prepared by a self-
polymerization synthesis method. In brief, about 0.6 mL
NH,OH (28-30%) was added into ethanol (8 mL) and deion-
ized water (18 mL) and the solution was placed in a water bath
at 30 °C and stirred gently for 30 min. Then, dopamine
hydrochloride (100 mg) dissolved in 2 mL deionized water was
injected into the solution and it was stirred for another 12-
24 h. The color of the solution turned from pale yellow to dark
black. Ce6 was then added to the produced melanin nano-
particles. In short, different concentrations of Ce6 were added
into solutions as prepared above, and mixed in the dark for
about 12 h. Then, all the product solutions were purified by
centrifugation at 15000 rpm for 10 min. Finally, 0.5 mL
amine-PEG-thiol (NH,-PEG-SH, 2 mM) was injected into each
solution to prepare PEGylated PDMNs in alkaline buffer
solution (pH = 9) by continuous stirring for 24 h. The products
were also purified by centrifugation at 15 000 rpm for 10 min
and dispersed in water. The PEGylated melanin nanoparticles
without or with Ce6 loading were termed PDMN and PDMN-
Ce6, respectively.

2.3 Characterization

The spherical morphology and sizes of PDMN were first
observed by transmission electron microscopy (TEM, JEOL JEM-
2100, Japan). The absorbance spectra of Ce6, PDMN, and
PDMN-Ce6 were tested using a UV-Vis spectrometer (Lambda
35, PerkinElmer, USA). The Ce6, PDMN and PDMN-Ce6 were
further characterized by Fourier transform infrared (FT-IR)
spectroscopy (Nicolet NEXUS870, Nicolet Instruments Inc.
Madison, USA). The hydrodynamic diameters of PDMN and
PDMN-Ce6 were determined using a ZetaPALS analyzer

RSC Adv., 2018, 8, 32200-32210 | 32201
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(Brookhaven, USA). The diameter changes of PDMN-Ce6
dispersed in PBS and FBS were measured for 15 days to estimate
its stability.

2.4 The loading capacity

To test the loading capacity of PDMN, we mixed different weight
ratios of PDMN (1 mg) and Ce6 (0.325, 0.075, 0.125, 0.5 and 1
mg), and stirred the mixtures for 12 h. Then, the unconjugated
Ceb6 in the supernatants were collected through washing and
centrifugation, and quantified using a UV calibration curve at
404 nm. The weight of Ce6 was estimated according to a standard
curve. Thereafter, the final binding capacity of Ce6 to the surface
of PDMN through m-m stacking was calculated according to the
following equation: (weight of total Ce6 — weight of free Ce6)/
(weight of total Ce6 — weight of free Ce6 + weight of PDMN).

2.5 Photodynamic and photothermal properties

The generation of singlet oxygen from Ce6, PDMN, PDMN-Ce6
and PDMN + Ce6 (the mixture of Ce6 and PDMN) was deter-
mined from the fluorescence signals of SOSG, following the
manufacturer's instructions. To test the PTT properties, 1 mL
samples of equal concentrations of Ce6, PDMN, and PDMN-Ce6
dispersed in water were irradiated with a 660 nm wavelength
laser (Hi-Tech Optoelectronics Co., Ltd., China) to test their
temperature variations at a power density of 1 W cm % A
control of 1 mL of deionized water was used. To further inves-
tigate photostability, 1 mL of PDMN-Ce6 was exposed to the
laser at a power density of 1 W cm ™ for five ON-OFF cycles (ON,
5 min; OFF, 7 min). The corresponding temperature changes
during laser irradiation were monitored in real time using an
infrared camera (MAGNITY f15F1, Wuhan VST Light & Tech-
nology Co., Ltd., China).

2.6 MR and PA imaging in vitro

For MR and PA imaging, different concentrations (0, 0.1, 0.5, 1
and 4 mg mL~ ") of PDMN-Ce6 were put into tubes and scanned
using a 7.0 T micro-MRI instrument (PharmaScan, Bruker Bio-
spin GmbH, Germany) and a multispectral photoacoustic
tomography imaging system (iThera Medical inVision 256-TF,
Germany) at a wavelength of 660 nm.

2.7 Cell culture and cellular uptake

Human breast tumor cells (SKBR-3) and human mammary
epithelial cells (MCF 10A) were cultured in media with 1%
penicillin/streptomycin and 10% FBS, and under a 5% CO,
atmosphere at 37 °C, according to the ATCC's protocol. When
the confluence of SKBR-3 cells reached 70%, cells were incu-
bated with PDMN-Ce6 (200 pug mL™*) or Ce6 (50 pg mL ™", cor-
responding to the loading capacities and products of PDMN) for
4 h, 8 h, and 24 h. Then, cells were rinsed, collected, and re-
suspended in PBS. In addition, to investigate the concentra-
tion impacts on cellular uptake, SKBR-3 cells were incubated
with 50 pg mL ™", 100 pg mL™~" or 200 ug mL~"' of PDMN-Ce6 for
24 h. Cells were collected after incubation for flow cytometry
testing. Untreated cells were taken as the control. All the
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fluorescent signals from Ce6 were recorded using an Accuri C6
flow cytometer (CytoFLEX, Beckman Coulter, USA) and analyzed
by Flowjo 7. SKBR-3 cells were further collected and observed by
confocal microscopy after incubation with the PDMN-Ce6 (100
pg mL ™) for 24 h.

2.8 Cellular uptake pathway

The cellular uptake pathway was evaluated by incubation with
cell uptake inhibitors,”® including nocodazole (10 pg mL™"),
cytochalasin D (10 pug mL™ %), chlorpromazine (10 pug mL %),
genistein (10 pg mL ") and B-cyclodextran (5 pg mL™"). In short,
SKBR-3 cells were incubated with the above inhibitors for
30 min at 37 °C. Then the cells were washed, fresh media con-
taining 200 pg mL " of PDMN-Ce6 was added, and incubation
was continued for 24 h. A cell sample treated at 4 °C was
maintained at 4 °C after the medium was replaced. Untreated
cells were taken as a control. After that, the cell samples were
collected and the fluorescent signals were traced by flow

cytometry.

2.9 Cell viability assay

Human breast tumor cells (SKBR-3) and human mammary
epithelial cells (MCF 10A) were seeded in 96-well plates. When
the confluence of cells reached about 70%, they were incubated
with PDMN or PDMN-Ce6 using the same concentration
gradient (0, 1, 2, 4, 8 mg mL ") without irradiation. After 24 h
incubation, cells were washed three times, and the cell viabil-
ities were tested by MTT assay. To evaluate the synergetic effect
of PDT and PTT, SKBR-3 cells cultured in 96-well plates were
incubated with the PDMN, PDMN-Ce6 (0, 12.5, 25, 50 and 100
ug mL~ ") or Ce6 for 24 h. Then, cells were exposed to a 660 nm
laser from a diode-pumped solid-state NIR laser system at
a power density of 1.0 W cm ™2 for 5 min. Then the synergetic
therapy efficiency was measured by MTT assay after treatments.
The material toxicity after incubation was further tested using
LIVE/DEAD viability/cytotoxicity kits following the manufac-
turer's instructions.

2.10 Biodistribution

All procedures involving animals were approved by the Insti-
tutional Animal Care and Use Committee of Jinling hospital
(Nanjing, China). This study was performed in strict accordance
with the NIH guidelines for the care and use of laboratory
animals (NIH publication no. 85-23 Rev. 1985). Approximately 5
x 10° SKBR-3 cells were subcutaneously injected into the right
flank of female nude mice to establish breast tumor animal
models. Mice were chosen and divided into two groups (n = 12/
group) when their tumor sizes reached about 100 mm?. The two
groups were injected intravenously with 100 puL of 3 mg mL ™"
PDMN-Ce6 or 0.75 mg mL ™' Ce6, respectively. The bio-
distribution was observed after dissection using an animal
optical imaging system (IVIS Lumina XR, Caliper, USA) at
different time points (0, 1, 4, 8 and 24 h) after injection. The
fluorescence signals from Ce6 (excitation: 640 nm, emission:
705 nm) were captured and quantified using Living Image
Software.

This journal is © The Royal Society of Chemistry 2018
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2.11 MR/PA imaging in vivo

When the breast tumor animal models were established, mice
were chosen randomly for intravenous injection with 100 pL of
3 mg mL~"' PDMN-Ce6. Then mice were investigated by MR and
PA imaging using the 7.0-T micro-MRI instrument and the
multispectral photoacoustic tomography imaging system,
respectively, at a time point 24 h after injection. The imaging
signals were captured and analyzed using imaging software for
each mouse.

2.12 Photothermal effect in vivo

Tumor-bearing mice (n = 4) were injected intravenously with
100 pL of PBS or 100 uL of 3 mg mL~" PDMN or PDMN-Ce6, or
100 pL of 0.75 mg mL~" Ce6. Twenty-four hours after injection,
mice were anesthetized and then exposed to a 660 nm wave-
length near infrared (NIR) laser at a power density of 1 W cm >
for 5 min. The temperature changes in the tumors were moni-
tored using a MAGNITY f15F1 infrared camera.

2.13 PDT and PTT in vivo

SKBR-3 tumor-bearing mice were divided into four groups (n =
5/group). The four groups were injected intravenously with 100
pL of PBS, 100 pL of 3 mg mL~' PDMN or PDMN-Ce6, or 100 uL
of 0.75 mg mL™" Ce6, and then irradiated with a single laser at
1 W cm™? for 5 min, at a time point 24 h post-injection. The
tumor volumes and body weights were measured every three
days. The tumor volumes were calculated according to the
equation: volume = a x b> x 0.5 (a = greatest longitudinal
diameter of the tumor, b = greatest transverse diameter of the
tumor).

2.14 Histopathology

After therapy in vivo, some important tissues were dissected and
prepared for pathological sectioning, including the tumor,
heart, liver, spleen, lung, and kidney. All the section specimens
were stained with hematoxylin and eosin (H&E). Besides, tumor
specimens were further subjected to vascular immunohisto-
chemical staining (IHC). The microvessel density (MVD) anal-
ysis was conducted according to Weidner using the IHC
results.”” The counting regions of vessels should be different
from the surrounding tumor cells and the connective tissue
components, and brown stained endothelial cells or cell clus-
ters acted as blood vessels, including branch structures but not
including the vessels with muscular layers or lumens. The
number of microvessels was recorded from three microscope
views, and the average number was used as the tumor MVD.

2.15 Blood indicators in vivo

To further detect the biosafety of the preparations, mice were
divided into two groups (n = 12/group). Four mice in each group
were chosen randomly for intravenous injection of 100 pL of
3 mg mL~' PDMN, 100 pL of 3 mg mL ™' PDMN-Ce6, or 100 puL
of 0.75 mg mL ™" Ceé6 (corresponding to the loading capacities
and products of PDMN), respectively. Twenty-four hours after
injection, the whole blood of one mice group was drawn to test

This journal is © The Royal Society of Chemistry 2018
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biochemical indicators including aspartate aminotransferase
(AST), alanine aminotransferase (ALT), alkaline phosphatase
(ALP), blood urea nitrogen (BUN) and serum creatinine (SCr).
Also, serum samples from another mice group were obtained to
detect important routine blood indicators, including white
blood cell (WBC) count, red blood cell (RBC) count, hemoglobin
(HGB) quantification, and platelet (PLT) count.

2.16 Hemolysis assay

About 2 mL heparin-stabilized human blood was collected to
study the blood compatibility of PDMN-Ce6. Blood was added
into normal saline to obtain red blood cells (RBCs) by centri-
fugation at 2000 rpm for 5 min. Then, RBCs after washing were
diluted with 10 mL of saline. After that, 0.2 mL of diluted RBC
suspension was added into 0.8 mL saline with different
concentrations of PDMN-Ce6, and maintained at 37 °C for 2 h.
As the positive and negative controls, 0.2 mL of diluted RBC
suspension was added to 0.8 mL of water or saline, respectively.
Finally, 0.1 mL of supernatant isolated from the mixtures by
centrifugation at 2000 rpm for 5 min was transferred into a 96-
well plate. The absorbance values were immediately measured
at 490 nm using a microplate reader (infinite M200 PRO,
TECAN, Switzerland). The hemolysis of RBCs (%) was calculated
using the following equation: 100 x (absorbance of samples —
absorbance of negative control)/(absorbance of positive control
— absorbance of negative control).

2.17 Statistical analysis

Statistical analysis was performed using the two-sided Student's
t-test for two groups, and two-way analysis of variance for
multiple groups using GraphPad Prism 6 (GraphPad Software
Inc., CA, USA). Probabilities as p < 0.05 (*), p < 0.01 (**), and no
significance (n.s.) are marked in relevant figures.

3. Results and discussion
3.1 Preparation and characterization

PDMN was prepared according to the previous report>” and
loaded with Ce6 on the surface through m-m interactions, in
order to realize delivery and synergetic therapy. It was then
modified with PEG to prolong the blood circulation time and
improve biocompatibility. The TEM images showed that the
average diameter of PDMN was ~100 nm and that the particles
had spherical morphology (Fig. 1a). To confirm the successful
loading of Ce6, UV-Vis, FT-IR and dynamic light scattering (DLS)
measurements were obtained. The characteristic absorption
peaks of Ce6 at ~402 nm and ~670 nm were found in the UV-Vis
absorption spectrum of PDMN-Ce6 (Fig. 1b). The absorption
peak of Ce6 at 2964 cm ™" (corresponding to C-H vibrations)*>*!
was also found in the FT-IR absorption spectrum of PDMN-Ce6
(Fig. 1c). Furthermore, as shown by the DLS measurements, the
hydrodynamic diameter of PDMN increased from 146.2 =+
2.1 nm to 161.1 &+ 3.6 nm after loading of Ce6 (Fig. 1d). Taken
together, these results suggested that the Ce6 molecules were
attached to the surface of PDNM after vigorous stirring.

RSC Adv., 2018, 8, 32200-32210 | 32203
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Fig. 1

(a) TEM image of PDMN; scale bar: 100 nm. (b) UV-Vis spectra of Ce6, PDMN and PDMN-Ce6 from 300 to 1000 nm. (c) FT-IR spectra of

Ce6, PDMN and PDMN-Ce6. (d) The hydrodynamic diameters of PDMN and PDMN-Ce6. (e) The loading capacity of Ce6 on the PDMN. (f) The

hydrodynamic diameters of PDMN-Ce6 in PBS or FBS for 15 days.

To further investigate the loading capacity of PDMN-Ce6, we
prepared mixtures containing PDMN and different concentra-
tions of Ce6. The amount of unconjugated Ce6 in the super-
natants was quantified. As shown in Fig. 1e, the loading capacity
of PDMN-Ce6 increased with increasing mass ratio of
Ce6 : PDMN. When the mass ratio of Ce6 : PDMN reached 1 : 1,
the maximum loading capacity peaked at 35.2 wt%. This result
indicated that PDMN had a high loading capacity for Ce6. The
stability of the interactions between PDMN and Ce6 was then
investigated. As shown in Fig. 1f, the size of PDMN-Ce6
dispersed in PBS or FBS was stable in a simulated physiological
environment for up to 15 days. In addition, no fluorescence
signals from free Ce6 were detected in the supernatant of
PDMN-Ce6 solution after centrifugation, demonstrating that
no free Ce6 detached from the surface of PDMN after 15 days
due to the strong interactions between the PDMN and the Ce6
molecules. Therefore, we supposed that the Ce6 molecules were
connected to PDMN by mt—m stacking interactions rather than by
much weaker adsorption forces (Fig. S17).

3.2 Photodynamic and photothermal properties

To further evaluate the photochemical and photophysical
properties, we investigated the 'O, production ability of PDMN-
Ce6 by SOSG assay. As shown in Fig. 2a, the SOSG fluorescence
signals of free Ce6, PDMN-Ce6 and PDMN + Ce6 increased
rapidly upon laser irradiation, while no signal increase was
detected in H,O or PDMN solution, implying that the 'O,
generation capacity was from the Ce6 molecules rather than
from PDMN. Compared with the free Ce6 at the same concen-
tration, the 'O, production ability of PDMN-Ce6 was slightly
lower, probably because some of the fluorescence signal from
SOSG was absorbed by the PDMN-Ce6 itself.

To further investigate the photothermal properties, Ce6,
PDMN, and PDMN-Ce6 were evaluated by irradiation with

32204 | RSC Adv., 2018, 8, 32200-32210

a 660 nm laser (1 W em™?) for 5 min. Deionized water was used
as the control. As shown in Fig. 2b and c, the temperature of
PDMN and PDMN-Ce6 increased upon laser irradiation due to
the strong photothermal conversion efficacy of melanin nano-
particles. Conversely, no significant temperature change was
observed in Ce6 or H,O solutions. It was also noted that PDMN-
Ce6 exhibited stable photothermal conversion after five ON-
OFF heating cycles (irradiation with 660 nm laser at 1.0 W cm >
for 5 min and cooling for 7 min), revealing its excellent photo-
stability (Fig. 2d).

3.3 MRI/PAI in vitro

PDMN-Ce6 could be used as a novel MRI/PAI contrast agent
with high resolution and strong specificity, due to the unique T1
shortening effect and high photothermal conversion efficacy of
the melanin nanoparticles. The combination of MRI and PAI in
one platform induced by the PDMN could be very helpful for
precise diagnosis and better guidance for tumor treatment. As
shown in Fig. 3a and b, the same concentration gradients of
tube phantoms were subjected to MRI and PAI, respectively. The
data indicated that the MRI and PAI intensities of PDMN-Ce6
increased in parallel as the concentration increased, and were
linearly proportional to the concentration (R* = 0.99). These
results demonstrated the potential MRI and PAI applications of
PDMN-Ce6.

3.4 Cellular uptake and internalization pathway

In order to test the cellular uptake, SKBR-3 cells were incubated
with PDMN-Ce6 or Ce6 for 4 h, 8 h and 24 h. The fluorescence
signals of Ce6 were traced by flow cytometry. The fluorescence
signals were consistent with the cellular uptake levels. From
Fig. 4a, the cellular uptake of PDMN-Ce6 and Ce6 was depen-
dent on the incubation time. Compared with cells treated with

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 (a) SOSG fluorescence intensity (FI) at 530 nm in H,O, PDMN, PDMN-Ce6, PDMN + Ce6 and Ce6 under laser irradiation (660 nm, 1 W

cm™2, 5 min). (b) Thermal images and (c) temperature curves of H,O, Ce6, PDMN and PDMN-Ce6 at the same proportional concentrations

under irradiation (660 nm laser, 1 W cm™2, 5 min). (d) Photostability of PDMN—Ce6 over five cycles of irradiation with a 660 nm laser at 1 W cm

for 5 min and cooling for 7 min.

free Ce6 and untreated control cells, the cells incubated with
PDMN-Ce6 exhibited increased cell internalization. As shown
in Fig. 4b, the cellular uptake was also positively related to the
incubation concentration of PDMN-Ceé6. This indicated that the
loading of Ce6 onto the PDMN may improve the cellular uptake
of the PS and be beneficial to tumor treatment. Confocal
microscopy analysis showed Ce6 signals after incubating cells
with the PDMN-Ce6 (100 pg mL™ ") for 24 h (Fig. S21). The
overlay images revealed that the fluorescence signals of Ce6
were from the cytoplasm of the cells, which further suggested
that PDMN-Ce6 could enter into the tumor cells and deliver the
photosensitizer into the cytoplasm.

The PDMN-Ce6 internalization pathway was then investi-
gated. Cells were pretreated with several inhibitors before
incubation with the PDMN-Ce6. As shown in Fig. 4c, PDMN-
Ce6 internalization was inhibited by cytochalasin D (cell fila-
mentous actin inhibitor) and 4 °C (energy blocker), and slightly
influenced by nocodazole (microtubule disruptor), B-cyclo-

dextran (lipid raft inhibitor), chlorpromazine (clathrin
a 3000
£ 2500
E 2000
- Y=145.7*X+1865
R?=0.99
1500+ r T r T
0 1 2 3 4 5
Concentration (mg/mL)
Fig. 3

-2

inhibitor) and genistein (protein tyrosine kinase inhibitor). This
indicated that the cellular uptake of PDMN-Ce6 occurred
mainly through a filamentous actin-driven and energy-
dependent endocytosis.

3.5 Cytotoxicity and cellular PDT/PTT efficacy

Since the cell cytotoxicity is vital for the application of a drug
delivery platform, the cell biocompatibility of SKBR-3 and MCF
10A with PDMN and PDMN-Ce6 was tested by MTT assay. After
incubation for 24 h without laser irradiation, both the tumor
cells and normal cells retained viabilities of higher than 90%,
even at the high PDMN and PDMN-Ce6 concentrations of 8 mg
mL~" (Fig. 5a and b). The low toxicity was visually confirmed by
LIVE/DEAD cell staining, as shown in Fig. S3.1 Most cells were
live (green); there were very few dead cells (red) after the incu-
bation of the cells with PDMN-Ce6 at the concentration of 8 mg
mL ™" without laser treatment. These results indicated that
PDMN and PDMN-Ce6 had low cytotoxicity and would be
applicable for in vitro PDT and PTT.

(=p
©
=3
=3
=3
=3

60000

40000

Y = 14392*X + 2207
R?=0.99
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PA Intensity (a.u.)

o 1 2 3 4 5
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(@) MRl images and plot of PDMN-Ce6 at different concentrations. (b) PAl images and plot of PDMN-Ce6 at different concentrations. The

images from 1 to 5 correspond to the concentrations of 0, 0.1, 0.5, 1 and 4 mg mL™?, respectively.
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of the cells with different cell inhibitors or culture at 4 °C.

Next, the therapeutic effects against tumor cells were evalu-
ated by MTT. SKBR-3 cells were treated with the same concen-
tration gradients of Ce6, PDMN or PDMN-Ce6 for 24 h, and
then irradiated by a single laser (660 nm, 1.0 W cm ™2, 5 min). As
shown in Fig. 5c, the cell viability data indicated that there was
a concentration-dependent therapeutic PDT/PTT effect.
Compared with incubation with free Ce6 or PDMN, it was noted
that PDMN-Ce6 exhibited superior therapeutic efficacy at the
equivalent concentration. The viability of SKBR-3 cells incu-
bated with PDMN-Ce6 decreased from 32% to lower than 11%
as the concentration increased from 12.5 pg mL™' to 100 pg
mL . The much lower cell viability in the group treated with
the PDMN-Ce6 was attributed to the high intracellular delivery
of PDMN-Ce6 and effective synergetic therapy of PDT and PTT.

3.6 Biodistribution and MRI/PAI in vivo

Breast tumor mice models were established and injected

biodistribution of the nanoparticles. As shown in Fig. 6a, the
distribution of PDMN-Ce6 at the tumor site 24 h post-injection
was remarkably higher than that before intravenous injection,
but there were few fluorescence signals exhibited in normal
tissues. The calculation of the relative fluorescence intensities
showed that the intensity in the tumor was 2.8 fold higher for
PDMN-Ce6 than for free Ce6 at 24 h post-injection (Fig. 6b).
Conversely, the intensities were strong in liver, lung and kidney
after accumulation in mice injected with Ce6 (Fig. 6a and c).
These results indicated that the anchoring of Ce6 on the PDMN
not only reduced the potential toxicity but also increased the
tumor-targeting of Ce6, which is favorable for tumor therapy in
vivo.

Because PDMNSs have received considerable attention in MRI
and PA], the potential for noninvasive imaging of PDMN-Ce6 in
vivo was evaluated. Because the accumulations of PDMN-Ce6 at
the tumor sites were at their maximum at 24 h post-injection,
MRI and PAI were performed on SKBR-3 mice models before

intravenously with PDMN-Ce6 or Ce6 to trace the and 24 h after injection. As seen in Fig. 6d and e, the MRI and

a b c
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(a) Relative cell viability of MCF 10A and (b) SKBR-3 cells after incubation with PDMN or PDMN-Ce6 at different concentrations without

irradiation. (c) Relative cell viability of SKBR-3 cells after incubation with PDMN, PDMN-Ce6 or Ce6 at different concentrations under irradiation
(660 nm, 1 W cm™2, 5 min). Asterisk * indicates p < 0.05; asterisks ** indicates p < 0.01.
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Fig. 6 (a) The biodistribution of PDMN—-Ce6 and Ce6 at time points 1 h, 4 h, 8 h and 24 h after intravenous injection. The images were captured

by the animal optical imaging system. (b) Relative fluorescence intensities at different time points of the main tissues of mice injected with

PDMN-Ce6. (c) Relative fluorescence intensities at different time points

of the main tissues of mice injected with Ce6. (d) MRI of mice before and

24 h after intravenous injection of PDMN-Ce6. (e) PAl of mice before and 24 h after intravenous injection of PDMN—-Ce6. The red circles indicate

the locations of the tumors.

PAI signal intensities of the tumor sites increased significantly
with the accumulation of nanomaterials, compared with the
sites before injection. The MRI/PAI results further indicated the
excellent tumor targeting ability of PDMN-Ce6, which could be
used in precise molecular imaging-guided tumor therapy.

3.7 Photothermal effect and synergetic phototherapy
efficiency in vivo

To investigate the most effective PTT treatment with minimal
side effects in vivo, tumor-bearing mice were injected intrave-
nously with PBS, Ce6, PDMN or PDMN-Ce6, and then irradiated
with a 660 nm wavelength laser at 1 W cm ™ for 5 min at a time
point 24 h post-injection. The temperature changes were
recorded during the treatment (Fig. 7a and b). The temperatures
of the tumor sites increased by about 16 and 12 degrees in the
groups treated with PDMN-Ce6 and PDMN, respectively, while
an increase of only three degrees was observed in the group
treated with Ce6. The PBS-treated group showed a negligible
temperature change. Minimal skin injury was observed after

This journal is © The Royal Society of Chemistry 2018

laser irradiation, indicating that the PDMN-Ce6 induced PDT/
PTT treatment would not injure the normal skin tissues
(Fig. S47).

To further evaluate the synergetic therapy efficiency in vivo,
tumor-bearing mice were divided into four groups and injected
intravenously with PBS, Ce6, PDMN or PDMN-Ce6, respectively.
Synergetic therapy was performed 24 h post-injection, under the
guidance of MRI/PAIL. As shown in Fig. 7c, tumor growth was
more effectively inhibited in the PDMN-Ce6-treated group (p <
0.05) than in the groups treated with Ce6 or PDMN. Further-
more, the tumor volumes in the mice treated with PBS grew
rapidly. Therefore, the PDMN-Ce6 exhibited a superior syner-
getic therapy effect in vivo.

After the treatments, H&E staining and vascular IHC staining
were carried out on tumors from each group. As shown in
Fig. 8a, the tumors showed obvious coagulation necrosis after
treatment accompanied by a reduced volume, particularly in the
PDMN-Ce6 treatment group. Moreover, the synergetic therapy
inhibited tumor blood vessels growing in the PDMN-Ce6 group.

RSC Adv., 2018, 8, 32200-32210 | 32207
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Fig.7 (a) Representative thermal images of tumor-bearing mice after laser irradiation for 5 min (660 nm, 1 W cm™2). (b) The tumor temperatures
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Fig. 8
tumors in the different mice groups after treatment.

The microvessel density (MVD) in each group is displayed in
Fig. 8b (PBS: 23.67 + 1.15, Ce6: 13.67 + 4.04, PDMN: 19.33 +
3.06 and PDMN-Ce6: 10.33 & 1.15), and the results implied that
the synergetic phototherapy might influence tumor angiogen-
esis. Taking these results together, PDMN-Ce6 exhibited the
highest therapeutic efficiency in destroying tumor vessels and
inhibiting tumor growth.

3.8 Blood biocompatibility and toxicity evaluation

To further investigate the safety of Ce6, PDMN and PDMN-Ce6
in vivo, mice were chosen and blood was taken after intravenous
injection. The samples were analyzed by an automatic animal

32208 | RSC Adv., 2018, 8, 32200-32210

b 40

@ PBS (laser+)

@@ Ce6 (laser+)

@3 PDMN (laser+)
30 @mm PDMN-Ce6 (laser+)

(a) H&E and IHC staining of tumors from each mice group after treatment; scale bars: 100 um. (b) The microvessel density (MVD) of

blood cell analyzer to test for blood indicators including AST,
ALT, ALP, BUN and SCr (Fig. 9a and b), and to quantify the
amounts of WBC, RBC, HGB and PLT (Fig. S51). Compared with
the control group (injected with PBS), no significant differences
were found among the groups injected with Ce6, PDMN or
PDMN-Ce6. The liver and renal functions of the mice were not
impaired after intravenous injection, further demonstrating the
biosafety in vivo.

The hemocompatibility of PDMN-Ce6 was further assessed
by incubation with RBCs. As shown in Fig. 9c, the hemolytic
results of PDMN-Ce6 were lower than 3.5% at a concentration
as high as 8 mg mL ™', compared with negative and positive

This journal is © The Royal Society of Chemistry 2018
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changes of body weight for mice in each group after treatment.

controls for the non-hemolytic and hemolytic states. This
further proved the excellent biocompatibility of PDMN-Ce6 in
the bloodstream.

After the synergistic phototherapy was given to mice treated
with PBS, Ce6, PDMN or PDMN-Ce6, vital organs were
dissected, and H&E staining revealed no apparent injury
(Fig. S61). As shown in Fig. 9d, none of the mice from any group
showed apparent weight loss during the therapy and observa-
tion period. All the results revealed the excellent biocompati-
bility and low toxicity of PDMN-Ce6, which are very significant
for the further «clinical transformation of biomimetic
nanoparticles.

4. Conclusion

In summary, we prepared a PS-loaded biomimetic platform
based on melanin nanoparticles (PDMN-Ce6). Via - stacking
between PDMN and Ce6, PDMN-Ce6 exhibited a high loading
capacity. Based on this efficient and stable loading strategy, we
effectively improved the biocompatibility, water-solubility,
delivery capacity and tumor-targeting property of Ce6. The
precise tumor targeting ability of PDMN-Ce6 was observed by
MRI/PAI and was mediated by PDMN; this is helpful for tumor
diagnosis and therapy. The imaging guidance revealed that
PDMN-Ce6 exhibited superior synergetic PDT and PTT effects
invivo. As an additional result of this synergistic therapy, tumor
microvessels were greatly inhibited which is valuable for
curbing tumor recurrence. The excellent biocompatibility and
minimal toxicity of PDMN-Ce6 in vivo were also demonstrated.
Compared to our previous formula based on gold nanoparticles,
this nanosystem is biodegradable and easy to synthesize.®*

This journal is © The Royal Society of Chemistry 2018

Therefore, we believe that PDMN-Ce6, as a biomimetic,
biocompatible and effective platform, holds great promise for
MRI/PAI-guided tumor synergetic phototherapy.
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