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The exceptional biocompatibility and biosafety of natural proteins have made them a popular choice for
tumor therapy in recent years, but their therapeutic effectiveness is severely constrained by factors
including physiological instability, insufficient delivery, limited accumulation in tumor cells, etc. Here,
a novel Mn-doped phycocyanin (Pc)/polydopamine (PDA) hierarchical nanostructure (MnPc@P) with
excellent optical absorption, photothermal conversion, and photodynamic performances, is first
designed and fabricated by a simply one-pot reaction, which not only successfully encapsulates natural
protein Pc with
biocompatibility. Upon laser irradiation, PDA-mediated hyperthermia and Pc-induced ROS elevation in

intact activity in the nanostructure of MnPc@P but also gives them better
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tumor cells have been demonstrated, leading to drastic tumor cell death via combined PTT/PDT effect,

DOI: 10.1039/d2ra05863d greater than single PTT or PDT. In general, the expert fusion of Pc and PDA into a single nanomedicine
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1. Introduction

Photodynamic therapy (PDT) is an emerging and promising
noninvasive cancer treatment modality that employs exogenous
light as the energy donor to specifically activate photosensitizer
drugs (PSs) pre-localized in tumor cells and then converts
surrounding O,/H,0 into virulent reactive oxygen species (ROS,
including '0,/-0,~) to damage cellular content through energy
transportation and translation."® As a key player in this
photodynamic process, PSs determined the reaction rate,
intensity, and ROS yield, all of which are strongly correlated
with the species, biocompatibility, and accumulation of PSs in
diseased tissue.”” In recent years, researchers found that some
natural proteins containing porphyrin structures, superior to
representative organic porphyrin molecules, are capable of
serving as desired PSs to improve tumor accumulation while
reducing harmful effects to the body.'*** However, the biolog-
ical application of protein-based PSs, which are now solely
confined to hemoglobin and phycocyanin (Pc), is still in its
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opens fascinating perspectives in the delivery of natural proteins and tumor therapy.

infancy particularly in cancer therapy, which is severely
hampered by physiologic instability and delivery difficulties.'>*®
Along with the vigorous development of nanotechnology and
nanomedicine, natural proteins have been extensively designed
and utilized to participate in chemical reactions of nano-
materials' preparation as stabilizers or bio-components, which
is also known as biomineralization.'*** Typically, bovine serum
albumin (BSA) with abundant amino and carboxyl groups could
coordinate with metal ions (such as Mn>") at first and therewith
initiated biomineralization reaction in alkaline condition to
form BSA-coated metal oxide nanoclusters such as manganese
dioxide for cancer photo-theranostics.>**” Because of the BSA
protection, the prepared manganese dioxide exhibited high
biocompatibility and biosafety, which are essential require-
ments for upcoming clinical trials.?®*° Therefore, the successful
introduction and integration of natural proteins into the
manufacture of nanomedicine is considered as a new era for
cancer therapy, especially functionalized proteins like Pc.
Interestingly, another mussel-inspired polydopamine (PDA)
that polymerized from biological dopamine monomer under
alkaline conditions has been extensively applied in the
biomedical field with good biocompatibility, easily modifica-
tion, and tunable photophysical properties.**~** Their biological
role in the field of cancer therapy, however, is incredibly single
and solely involved photothermal therapy (PTT), which is
unable to totally eradicate tumor cells.**** Furthermore, to the
best of our knowledge, it is yet illegal to intelligently combine
functionalized proteins with PDA into a single nanomedicine
through a simply one-pot procedure. Inspired by similar
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Fig. 1 Schematic illustration of the synthesis of MnPc@P NPs and the use of MnPc@P NPs for light-mediated PTT/PDT of tumors.

preparation processes of biomineralization and PDA, herein, we
innovatively fabricated Mn-doped Pc/PDA hierarchical nano-
particles (MnPc@P NPs) under slightly alkaline conditions and
successfully encapsulated natural protein Pc within nano-
structure (Fig. 1). The prepared MnPc@P NPs exhibited good
biocompatibility, excellent optical absorption, photothermal
conversion, and photodynamic performances, resulting in
locally hyperthermia and ROS production in tumor cells.
Through combining PDA-mediated PTT and Pc-induced PDT,
obvious tumor cell death could be achieved, more intense than
either PTT or PDT alone. Overall, the successful marriage of
PDA and MnPc into one nanomedicine will become a promising
therapeutic strategy to achieve secure and effective tumor
inhibition.

2. Experimental section
2.1 Materials

Dopamine hydrochloride 1,3-diphenylisobenzofuran
(DPBF) were obtained from Sigma-Aldrich. Manganese chloride
(MnCl,) and sodium hydroxide (NaOH) were purchased from
Aladdin Biochemical Technology Co. (China). Phycocyanin (Pc)
was purchased from Binmei Biotechnology Co., Ltd., China.
Propidium iodide (PI), calcein-AM, cell counting kit-8 (CCK-8),
and 2/,7-dichlorofluorescin  diacetate (DCFH-DA)

and

were
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obtained from Beyotime (China). All above chemicals were used
directly without further purification.

2.2 Synthesis of MnPc@P NPs

Firstly, 200 mg Pc was mixed with 20 mL of deionized water (Di
H,O0) and then gently stirred for several minutes. Afterward, the
freshly prepared MnCl, aqueous solution (1 mL, 12.6 mg mL™")
and 36 mg dopamine hydrochloride were slowly added into the
above mixture and stirred for 2.5 h to obtain complex. Subse-
quently, the pH of complex solution was adjusted to about 10 by
using 1 M NaOH or HCI and stirred for another 4 h at room
temperature. The resulting MnPc@P NPs were collected by
centrifugating and washing with Di H,O repeatedly, and finally
dispersed in deionized water for future use.

2.3 Characterization

Transmission electron microscopy (TEM) images were acquired
on a JEM-2100UHR microscope (JEOL, Japan) to characterize
the morphology. X-ray photoelectron spectroscopy (XPS, ESCA-
LAB 250Xi, Japan) was applied to analyze the chemical compo-
sitions of MnPc@P. UV-vis-NIR spectrum was investigated by
using an Infinite M200 PRO spectrophotometer. The hydrody-
namic particle size and zeta potential of MnPc@P was moni-
tored by dynamic light scattering (DLS, 15 mW laser, 676 nm
incident beam; Brookhaven Instruments Corporation).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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2.4 Photothermal conversion performance of MnPc@P NPs

To systematically evaluate the photothermal conversion
performance of MnPc@P NPs, the increase in temperature of
MnPc@P NPs was monitored by exposing MnPc@P aqueous
solutions with different concentrations (0, 50, 100, 200, and 400
ng mL~ ") to 808 nm laser at different power densities (0.5, 1.0,
1.5 and 2.0 W cm™?) for 5 min using an IR thermal camera
(TI100 Infrared Camera FLK-TI100 9HZ, FLUKE). Deionized
water was irradiated as a control. To study the photothermal
stability, MnPc@P aqueous solution (200 ug mL ') was irradi-
ated by an 808 nm laser at the same power density of 1.0 W cm >
for five repeated cycles of 6 min irradiation ON and 9 min OFF.

2.5 Photodynamic performance of MnPc@P NPs

1,3-Diphenylisobenzofuran (DPBF) probe is widely used to
detect the generation of '0,. Briefly, 200 ug mL ™" of MnPc@P
aqueous solution was taken with 20 uL of DPBF (1.5 mg mL ™",
pre-dissolved in ethanol). Then, this mixed solution was
exposed to a 660 nm laser at 400 mW cm > power density for
different time (0, 4, 8, 12, 16, 20, 24, and 28 min) and instantly
measured by using a UV-vis-NIR spectrometer.

2.6 Cell culture

Human breast cancer cells (MCF-7, obtained from American
Type Culture Collection) were cultured and maintained in
Dulbecco's Modified Eagle's Medium (DMEM) consisting 10%
FBS supplemented with 100 U per mL penicillin and 100 pg
per mL streptomycin. The cultures were maintained at 37 °C in
a humidified atmosphere with 5% CO,.

2.7 Cytotoxicity of MnPc@P NPs

MCF-7 cells were seeded in 96 well plates at the density of 8 x
10* cells per well and cultured overnight. Then, different
concentrations (0, 3.13, 6.25, 12.5, 25, 50, 100, and 200 pg mL ™)
of MnPc@P NPs were added to replace the medium. After
incubated for 24 or 48 h, the cell viability assay was conducted
following the standard protocol to detect the relative cell
viability by using the SpectraMax M2 plate reader (Molecular
Devices, CA, USA).

To evaluate in vitro photo-toxicity of MnPc@P NPs, MCF-7
cancer cells (8 x 10 cells per well) were co-cultured with
MnPc@P NPs with various concentrations (0, 3.13, 6.25, 12.5,
25, 50, 100, and 200 pug mL™") for 6 h. Afterwards, the cells were
irradiated with 660 nm (400 mW c¢cm ™) or 808 nm laser (1.0 W
em™?) for 5 min and incubated for another 24 h. Finally, cell
viabilities were determined by CCK-8 assay. The calcein-AM (4
x 107° M) and PI solution (4 x 107® M) were employed to
evaluate the live and dead cells by confocal laser scanning
microscope (CLSM, Zeiss-800, Germany).

2.8 Intracellular ROS detection

MCF-7 cells were seeded in the confocal dish with a density of 2
x 10° cells to adhere and then co-cultured with pure DMEM or
MnPc@P (200 pg mL™ ") for 6 h. The cells in laser treatment
groups were exposed to a 660 nm laser (400 mW cm?) for

© 2022 The Author(s). Published by the Royal Society of Chemistry
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5 min. For intracellular ROS generation, the cells were stained
with DCFH-DA (20 uM) for 30 min. Thereafter, the intracellular
ROS were qualitatively determined using CLSM.

3. Results and discussion
3.1 Preparation and characterization of MnPc@P NPs

The MnPc@P NPs was simply synthesized by a one-pot reaction,
in which Pc as biomineralizing molecules to bond with Mn**
and whereafter conducted biomimetic mineralization proce-
dure under an alkaline condition, in conjunction with the
polymerization of dopamine hydrochloride. As illustrated in
Fig. 2a, the prepared MnPc@P NPs exhibited an irregular
spherical morphology with a particle size of approximately
60 nm. In contrast, because of the aggregation effect and
hydration layer, the hydrodynamic diameter of NPs was
increased to about 170 nm and the homologous zeta potential
was —20.11 mV, which were favorable for blood circulation
(Fig. 2b, c¢ and S1%). The reason for their negative charge was
attributed to the doped Pc proteins and the rich phenolic
hydroxyl groups in PDA.*® In addition, the good dispersibility of
NPs was shown in the digital image of MnPc@P NPs distributed
in several physiological mediums (pure water, PBS, and
DMEM), with no obvious sedimentation or agglomeration
(Fig. 2d). As shown in Fig. S2, MnPc@P NPs maintained good
colloidal stability in PBS for a period of 48 h, with just a 27 nm
size increase over that at 0 h. After that, the chemical compo-
sition of MnPc@P NPs was also the focus of the issue and
investigated through X-ray photoelectron spectroscopy (XPS).
From the survey spectrum in Fig. 2e, the elements of C, N, O,
and Mn were all detected in MnPc@P nanostructure. To further
understand the metal valence state of Mn element, the high-
resolution XPS spectra of Mn 2p was thoroughly analyzed. The
peaks at 641.0 and 653.1 eV were assigned to Mn 2p;, and Mn
2p1/2, respectively, manifesting tetravalent state of Mn element
in MnPc@P NPs (Fig. 2f).

3.2 Photothermal and photodynamic performances of
MnPc@P NPs

Strong optical absorption and light conversion efficiency are
essential for photo-responsive agents (whether photosensitizers
or photothermal agents), as they guarantee significant ROS
output or pronounced temperature elevation. Initially, the
ultraviolet-visible spectrophotometer was applied to analyze the
optical absorption performance of MnPc@P NPs. As displayed
in Fig. 3a, MnPc@P NPs presented broad optical absorbance
between 400 nm to 900 nm, which steadily rose with concen-
tration enhancement, particularly at 660 nm and 808 nm laser
wavelengths (Fig. S31). Subsequently, the photothermal
conversion efficiency of MnPc@P aqueous solution was
assessed by keeping track of the temperature change in real-
time while being exposed to an 808 nm laser beam. As ex-
pected, MnPc@P exhibited concentration- and power-
dependent temperature increases (Fig. 3b and c). After
receiving 808 nm laser irradiation (1.0 W cm™?) for 5 min, the
temperature change (A7) of MnPc@P at concentration of 200

RSC Adv, 2022, 12, 34815-34821 | 34817
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Fig. 2

(a) TEM image, (b) size distribution, and (c) zeta potentials of MnPc@P NPs. (d) The digital images of MnPc@P NPs dispersed in pure water,

PBS, and DMEM. (e) XPS spectrum of MnPc@P NPs and (f) the corresponding high-resolution Mn 2p XPS spectrum.

and 400 ug mL™" could increase by 28.0 and 40.7 °C, respec-
tively. In contrast, a negligible temperature increase was
observed in pure water exposed to the same irradiation,
demonstrating that MnPc@P could efficiently and quickly
convert 808 nm photon energy into thermal energy. Further-
more, the photostability was also an important parameter to
reflect their optical property. Under five laser on/off cycles, the
similar temperature increment of MnPc@P was observed in
each cycle, indicating the good photothermal conversion

stability (Fig. 3d and S4t). Furthermore, the photothermal
conversion efficiency (n) of MnPc@P NPs was calculated to be
14.27%.

As previously mentioned, Pc can act as photosensitizers to
transform surrounding O, into toxicity 'O, when exposed to
laser. Therefore, the 'O, generated ability of MnPc@P NPs was
investigated by using 1,3-diphenylisobenzofuran (DPBF) as
a detection reagent. Under 660 nm laser exposure, the DPBF
degradation percentage of MnPc@P treated group gradually
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Fig. 3

concentrations under 808 nm laser irradiation for 5 min at the power density of 1.0 W cm

(@) UV-vis-NIR spectra of various concentrations of MnPc@P NPs. (b) Temperature change profiles of MnPc@P NPs with different

~2. (c) Temperature change profiles of MnPc@P NPs

exposed to different power densities (0.5-2.0 W cm~2) of 808 nm laser. (d) Photothermal conversion stability of MnPc@P NPs aqueous solution
for five laser on/off cycles under the irradiation of 808 nm laser. (e) The degradation of DPBF caused by different treatments including control,
MnPc@P, and MnPc@P + 660 nm. (f) The degradation of DPBF caused by MnPc@P + 660 nm treatment group.
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increased with time extension (Fig. 3e and f). In sharp contrast,
the single MnPc@P treated group without laser exposure
produced negligible 'O, during the measured time. According
to those findings, MnPc@P functioning as photosensitizers has
the capacity to produce abundant ROS to destroy tumor cells
when exposed to laser irradiation.

3.3 Cytotoxicity and ROS generation

Encouraged by the above excellent photothermal conversion
and photodynamic performances of MnPc@P NPs, we further
assessed their combined antitumor efficiency at the cellular
level. Without the stimulation of exogenous laser, only
MnPc@P-treated MCF-7 cells maintained relatively high cell
viability (above 85%) after 24 or 48 h of incubation, even at the
maximum concentration of 200 pg mL~" (Fig. 4a). The results
demonstrated good biocompatibility of MnPc@P NPs. However,
in sharp contrast, when MnPc@P-treated cells were subjected to
a 660 nm laser for 5 min, concentration-dependent cell death
was achieved and reached as high as 40% and 68% at the
concentrations of 100 and 200 pg mL ™", respectively (Fig. 4b).
The reason for the remarkable cytotoxicity was attributed to the
photodynamic property of MnPc@P NPs activated by 660 nm
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laser, which caused the ROS generation in tumor cells as shown
and proved by the emerge green fluorescence of DCF produced
by the reaction of ROS and DCFH-DA probes (Fig. 5). Analo-
gously, through switching the energy source from a 660 nm

MnPc@P

MnPc@P+660 nm

DAPI

DCF

Merge

Fig. 5 CLSM images of intracellular ROS in MCF-7 cells after different
treatments, scale bar: 20 um.

(a) Relative viabilities of MCF-7 cells treated with different concentrations of MnPc@P NPs (0, 3.13, 6.25, 12.5, 25, 50, 100, and 200 ng

mL~Y) for 24 or 48 h. Relative viabilities of MCF-7 cells after being treated with MnPc@P NPs under (b) a 660 nm laser irradiation (0.4 W cm™2) or
(c) an 808 nm laser irradiation (1.0 W cm™2) for 5 min. (d) Fluorescence images of MCF-7 cells stained by calcein-AM (green) and Pl (red) after

different treatment, scale bar: 200 pm.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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laser to an 808 nm laser, the photothermal conversion perfor-
mance of MnPc@P could be activated to cause a local temper-
ature rise and damage tumor cells. As seen in Fig. 4c, the
viability of MCF-7 cells constantly declined as MnPc@P
concentrations rose. More importantly, compared to either
a single PTT effect or a single PDT effect, MnPc@P exhibited
higher cell toxicity to MCF-7 cells after exerting PTT and PDT
effect together (Fig. 4d). Overall, those results suggested that by
combining PDT and PTT effect, the developed MnPc@P NPs has
the potential to be an outstanding photosensitizer and photo-
thermal agent for the elimination of tumor cells.

4. Conclusions

In conclusion, for the first time, the skillfully integration of
natural protein Pc and PDA into one nanomedicine (MnPc@P)
was successfully constructed under alkaline conditions by
a straightforward one-pot reaction using Mn** as coupling
agents. Due to the intact encapsulation of Pc and the poly-
merization of dopamine, MnPc@P NPs displayed good
biocompatibility, excellent photothermal conversion, and
photodynamic performances, which endowed them with the
abilities to produce locally hyperthermia and abundant 'O,
under the laser irradiation of different wavelengths (660 or 808
nm), thus inducing serious damage to tumor cells. More
importantly, even after 48 h of co-incubation, MnPc@P showed
insignificant toxicity to cells in the absence of irradiation. This
work promoted the development of phototherapy technique
based on a natural protein Pc that exhibits exceptional photo-
dynamic performance and expands biomineralization
preparation.
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