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Purpose: Traditional chemotherapy is accompanied by significant side effects, which, in
many aspects, limits its treatment efficacy and clinical applications. Herein, we report an
oxidative responsive polymersome nanosystem mediated by near infrared (NIR) light which
exhibited the combination effect of photodynamic therapy (PDT) and chemotherapy.
Methods: In our study, poly (propylene sulfide),o-bl-poly (ethylene glycol);, (PPS,¢-b-PEG)5)
block copolymer was synthesized and employed to prepare the polymersome. The hydrophobic
photosensitizer zinc phthalocyanine (ZnPc) was loaded in the shell and the hydrophilic doxor-
ubicin hydrochloride (DOX-HCI) in the inner aqueous space of the polymersome.

Results: Under the irradiation of 660 nm NIR light, singlet oxygen 'O, molecules were
generated from ZnPc to oxidize the neighbouring sulfur atoms on the PPS block which
eventually ruptured the intact structure of polymersomes, leading to the release of encapsu-
lated DOX-HCIL. The released DOX and the 'O, could achieve a combination effect for
cancer therapy if the laser activation and drug release occur at the tumoral sites. In vitro
studies confirmed the generation of singlet oxygen and DOX release by NIR irradiation. In
vivo studies showed that such a combined PDT-chemotherapy nanosystem could accumulate
in A375 tumors efficiently, thus leading to significant inhibition on tumor growth as
compared to PDT (PZ group) or chemotherapy alone (DOX group).

Conclusion: In summary, this oxidation-sensitive nanosystem showed excellent anti-tumor
effects by synergistic chemophotodynamic therapy, indicating that this novel drug delivery
strategy could potentially provide a new means for cancer treatments in clinic.

Keywords: near infrared laser, photodynamic therapy, oxidation-responsive, polymersome,
combination therapy, cancer

Introduction

With increasing incidence and mortality, cancer is one of the leading causes of death in
the world and a major public health problem.' In particular, melanoma is an aggressive
malignancy that can be highly metastatic, and an estimated 178,560 cases of melanoma
were diagnosed in the US in 2018.? Traditional cancer treatments, such as chemother-
apy, cause severe side effects resulted from its non-specific characteristics in vivo.
Effective and safe treatments for cancer are in urgent need.

Over the past few decades, organic or inorganic nanocarriers, such as micelles,
polymersomes, and mesoporous silicon nanomaterials, have been developed to
deliver chemotherapeutic drugs to tumor sites.>* These nanocarriers can be
employed alone or in combination with other new cancer treatment strategies to
achieve improved therapeutic effect.® Among these new treatments, photodynamic
therapy (PDT) is a promising treatment and has been approved by the FDA for
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clinical applications. PDT requires O,, photosensitizers
and laser irradiation with specific wavelength to produce
singlet oxygen, which destroys the structure and function
of target organelles through oxidative damage, causing
apoptosis and necrosis of target cells.”® Zinc phthalocya-
nine (ZnPc) is one of the widely used third-generation
photosensitizer.”'® Hopfner et al found that tetra-
triethyleneoxysulfonyl substituted zinc phthalocyanine
(ZnPc) is a promising photosensitizer for photodynamic
treatment of esophageal cancer, and the growth inhibition
of esophageal adenocarcinoma and squamous carcinoma
using ZnPc (1-10 uM) under laser irradiation was >90%."!

Though traditional nanocarriers can accumulate drugs at
the lesion sites, they still face the challenge to effectively
release the drugs from the carriers.'* New types of nanocarriers
have been introduced to address this problem, and environ-

ment-responsive carriers, such as pH responsive, temperature

responsive and ROS responsive nanocarriers have been devel-
oped. Thioether-based oxidation-sensitive materials are the
most studied ROS-responsive materials.*'> Hubble and his
collaborators discovered that the hydrophobic sulfide part of
poly (propylene sulfide) (PPS) underwent a phase change
under oxidizing environment, forming hydrophilic sulfoxide
and sulfone, resulting in a sudden hydrophobic-hydrophilic
transition and rapid decomposition of the material. They also
found that the PPS-b-PEG polymer could spontaneously form
polymersomes in aqueous solution when the hydrophobic PPS
and the hydrophilic PEG were in a proper ratio, which retained
the hydrophobic-hydrophilic conversion ability under oxidiz-
ing conditions. '*'¢

Based on this kind of ROS-sensitive polymers as nano-
drug carriers, the use of photosensitizers as a source of ROS to
achieve a combination of chemotherapy and photodynamic

therapy has shown great potential. In recent studies, Yu and Li,
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Scheme | lllustration of DOX and ZnPc co-loaded polymersomes and their anti-tumor behaviors in vivo. (A) Concepts and schematics of DOX and ZnPc co-loaded PPS-
b-PEG polymersomes and the mechanisms of oxidation behavior upon NIR irradiation. (B) Schematic illustration of the intravenous polymersomes aggregated at tumor sites
and dissociated to release encapsulated drugs upon NIR laser irradiation to achieve the combination effect of PDT and chemotherapy.

Abbreviations: DOX, doxorubicin hydrochloride; ZnPc, Zinc phthalocyanine; NIR, Near-infrared.
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respectively, reported a nanoparticle/micelle system with sele-
nophenyl! ether or thioketal as ROS-responsive polymer/frag-
ment and chlorin Ce6 as photosensitizer, both of them showed
the abilities to kill
therapy.''® However, the ability to encapsulate only hydro-

tumors by chemophotodynamic
phobic drugs and lower drug loadings limit their further appli-
cations. Therefore, continuing our efforts in searching for

effective therapeutics,lg’23

we designed an oxidative respon-
sive nanosystem mediated by NIR, which exhibited combina-
tion effect of PDT and chemotherapy. As shown in Scheme 1,
a suitable proportion of PPS-PEG was used as a primary
material for the nanosystem. Photosensitizer zinc phthalocya-
nine (ZnPc) was entrapped in the organic layer during poly-
mersome formation, and the water-soluble doxorubicin
hydrochloride (DOX HCl) was

polymersomes.

encapsulated in the

We investigated the synthesis of the polymer, prepara-
tion and characterizations of the ZnPc and DOX co-loaded
polymersomes. The uptake and cytotoxicity of the poly-
mersomes were systematically investigated in vitro, and
their in vivo efficacy was studied using nude mice bearing
malignant melanoma (A375 cells). Under the NIR laser

192 3 strong oxidant generated

irradiation, singlet oxygen,
from ZnPc, oxidized PPS and ruptured the polymersome
structure, leading to the release of doxorubicin. The excess
singlet oxygen generated at the tumor site caused addi-
tional damage to the tumors, achieving a combination

effect of chemotherapy and photodynamic therapy.

Materials and Methods

Reagents

2-Mercaptotethanol, tris-n-butylphosphine (TBP), 1,8-dia-
zabicyclo [5.4.0] undec-7-ene (DBU) and doxorubicin
hydrochloride (DOX-HCI) were purchased from Energy
Chemical (China). Propylene sulfide (PS) and Zinc
Phthalocyanine (ZnPc) were purchased from TCI
(Shanghai Development Co. Ltd). Poly (ethylene glycol)
methyl ether methacrylate (average Mn 500) was pur-
chased from Merck Life Science (Shanghai) Co. Ltd.
Tetrahydrofuran (THF) and dimethyl sulfoxide (DMSO)
were purchased from Chengdu Kelong Chemical Co. Ltd.
DiD dye was purchased from AAT Bioquest (USA). MTT
cell proliferation and cytotoxicity assay Kkits were pur-
Ltd.
Hoechst 33,258 penicillin and streptomycin sulfate were
obtained from Beyotime Biotechnology (China).

Dulbecco’s modified Eagle’s medium (DMEM, high

chased from Sangon Biotech (Shanghai) Co.

glucose) and fetal bovine serum (FBS) were obtained
from Hyclone (China) and used as received. Ultrapure
water was used in all experiments.

Cell Lines and Animals

Malignant Melanoma (A375) cells were obtained from the
cell bank of the Chinese Academy of Sciences (Shanghai,
China). The male athymic BALB/c nude mice (4—-6 weeks
of age, 1620 g) were all purchased from Hunan Silaike
Jingda Experimental Animal Co., Ltd. (China). Animals
with  the
Suggestions for the Care and Use of Laboratory Animals.

received care in accordance Guidance

All animal experiments were approved by the
Laboratory Animal Welfare and Ethics Committee of the
Chongqing University and the animal-handling procedures
were followed the guidelines set by the Animal Care
Committee, Chongqing University.

Synthesis and Characterization of PPS,,
-b-PEG,,
Poly (propylene sulfide),(-bl-poly (ethylene glycol);, was
synthesized following our previous work with
modifications.”*" Briefly, 2-mercaptoethanol (0.5 mmol,
39 mg), tris-n-butylphosphine (TBP, 2.5 mmol, 625 pL)
and 1.8-diazabicyclo [5.4.0] undec-7-ene (DBU, 0.525
mmol, 78 pL) were added in dry THF (about 30 mL) in
a Schlenk tube under an argon atmosphere. After stirring
at room temperature for 5 mins, propylene sulfide (PS, 10
mmol, 1488 pL) was added dropwise and left to stir for 2
hrs. Then, poly (ethylene glycol) methyl ether methacry-
late (PEG,, 0.575 mmol, 274 plL) was added into the
reaction solution and the reaction mixture was stirred over-
night. The THF solvent was removed by roto evaporation,
and the final product was precipitated in n-hexane.

"H-NMR spectra were obtained on a Bruker Avance 400
MHz instrument. The CDClj singlet at 7.26 ppm was selected
as the reference. Molecular weight and molecular weight
distribution were determined by gel permeation chromatogra-
phy (GPC). An Agilent GPC was equipped with a 1260
Infinity Isocratic Pump and an RI detector. Two Agilent PL
gel mixed-E columns were used with DMF containing 0.1 mol
% LiBr at 30 °C at a flow rate of 1.0 mL/min. Linear poly
(methyl methacrylate) from Fluka was used as the standard for
calibration. Aliquots of the polymer samples were dissolved in
DMF/LiBr (1 mg/mL).

PPS,¢-b-PEG > 'H-NMR (CDCls, 400MHz): 1.31-1.40 (-
CH; in PPS chain), 2.50-2.69 (1 diastereotopic H of -CH,- in
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PPS chain), 2.77-2.98 (2H, -S-CH,-CH,-COO-, -CH- and 1
diastereotopic H of -CH,- in PPS chain), 3.22-3.34 (-CH; in
PEG chain), 3.55-3.74 (-CH,- in PEG chain), 4.18-4.3 (-CH,-
CHy-).

Preparation of ZnPc and DOX-Loaded

PPS,0-b-PEG,, Polymersomes

ZnPc and DOX-HCl loaded PPS,y-6-PEG, polymer-
somes (PZD) were formed by solvent dispersion method.
For this method, Zinc Phthalocyanine (ZnPc) was first
separately dissolved in DMSO at 500 pg/mL, DOX-HCI
was dissolved in ultrapure water at 100 pg/mL, and the
polymer/ZnPc molar ratio during polymersome formation
was 20:1. During solvent dispersion, PPS,,-b-PEG,
(20 mg) was dissolved in THF with the addition of ZnPc
solution and added dropwise to ultrapure water at a speed
of 0.25 mL/min, and the ratio of DMSO/THF/water was
0.01:0.1:1 followed by desiccation to remove the THF.
Unloaded DOX, residual DMSO and THF were removed
by dialysis. We also prepared polymersomes loaded only
with ZnPc (PZ) following the same method by just repla-
cing the DOX-HCI water solution with ultrapure water.

The size of polymersomes was characterized with dynamic
light scattering (DLS; Malvern, Zetasizer Nano Series 90) at
a concentration of approximately 1 mg/mL. The morphology
of the micelle was characterized by Cryogenic transmission
electron microscopy (Cryo-TEM, FEI, TF20, USA).

A UV-visible spectrophotometer was used to determine
the total loading contents of DOX and ZnPc. 0.1mL Drug-
loaded polymersomes were dissolved in 2 mL of DMSO, and
the readings were recorded at 480 nm and 675 nm wave-
lengths, respectively. The concentrations of DOX and ZnPc
were calculated according to the calibration curve of different
drugs. The drug loading (DL) and encapsulation efficiency
(EE) were calculated by the following equations:

w (drug in polymersomes)

DL (wt%) = x 100%

w (total polymersomes)

w (drug in polymersomes)

100
' (initial drug added) < 10070

EE(wt%) =

Oxidization Behavior of Polymersomes

Upon Laser Irradiation

Two milliliters of drug-loaded polymersome suspension
(ZnPc concentration: 15 pg/mL) were irradiated with
a 660 nm (5 nm) laser irradiation for 10 mins, the laser
power was 100 mW/cm? and the suspension was then

lyophilized and subjected to 'H-NMR analysis to deter-
mine if the PPS peaks were changed.

In vitro Controlled Drug Release Profiles

of Polymersomes

The in vitro release profiles of DOX from drug-loaded
polymersomes containing DOX in the presence or absence
of 660 nm laser irradiation were explored. Briefly, PZD
solutions (2 mL) including 0.3 mg DOX were sealed in
a dialysis bag with a MWCO of 2000 and incubated in
18 mL ultrapure water with or without He-Ne laser irra-
diation (100 mW/cmz) for 20 mins at 0 h, 2 h,4 h, 8 h,12
h and 24 h. Periodically, 2 mL of release media were taken
out for measurement and replenished with an equal
volume of fresh media. The release media was objected
to UV-visible spectrophotometer at 480 nm to detect the
DOX concentration, and the amount of DOX was deter-
mined by the DOX calibration curve obtained from the
absorbance.

Detection of Singlet Oxygen Generation
3-Diphenylisobenzofuran (DPBF) is a common chemical
probe to detect singlet oxygen generation. DPBF can
combine with singlet oxygen to gradually lose its charac-
teristic absorption peak at 415 nm. In a typical experiment,
20 uL of DPBF (1000 ppm in DMF) was added to 2 mL of
PZD suspension in a quartz cuvette. The cuvette was kept
in dark and irradiated with a 660 nm He-Ne laser at
a power of 100 mW/cm?, and the absorption spectrum
was recorded at 0's, 30 s, 60 s, 150 s and 300 s. The rate
of singlet oxygen generation was determined by the reduc-
tion of DPBF absorbance over time. Irradiation of ZnPc in
the absence of free polymersomes was also carried out and
set as a positive control.

Cellular Uptake

Confocal laser scanning microscopy (CLSM) was used to
evaluate the cellular internalization and intracellular distribu-
tion of free ZnPc, free DOX, PZ, DOX-loaded polymer-
somes (PD) and PZD. Typically, A375 cells were plated
onto 24-well glass bottom Petri dishes at a density of
1 x 10° cells per dish, and then incubated for 24 h at 37 °C
in COy/air (5/95). DMEM was then removed and washed
with PBS twice, 500 pL fresh medium containing free DOX
(3 pg/mL), and free ZnPc (3 pg/mL), PZ (3 pg/mL), PD (3
pg/mL) or PZD (DOX: 3 pg/mL, ZnPc: 3 pg/mL) were
added afterwards. After incubation for additional 2 hrs, the
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original DMEM was removed and the cells were washed the ZnPc was excited at 633nm and monitored at
carefully with cold PBS thrice, and immobilized in 4%  640-735nm, and the Hoechst 33,258 was excited at
paraformaldehyde for 20 mins. The nuclei were next counter- 405 nm and monitored at 430-500 nm.

stained with Hoechst 33,258 and observed by CLSM. The Flow cytometry was used to further determine the total
DOX was excited at 488 nm and monitored at 570-620nm, fluorescence intensity of A375 cells incubated with different
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Figure | Characterization of PPS,0-b-PEG,. (A) Synthesis of PPS-b-PEG copolymers. (B) 'H-NMR spectrum of PPS,o-b-PEG, copolymers. (C) GPC traces of PPSyq-b-
PEG ;, copolymers. (D) Size distribution of free polymersomes, ZnPc and DOX coloaded polymersomes (PZD) by Brookhaven NanoBrook 90Plus Particle Size Analyzer. (E)
Cryo-TEM images of PZD, scale bar represents 100 nm.

Abbreviations: DOX, doxorubicin hydrochloride; ZnPc, Zinc phthalocyanine; PZD, ZnPc and DOX coloaded polymersomes.
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samples. Briefly, A375 cells (2 x 10° cells/well) were seeded
in a 6-well plate and cultivated for 24 h for full adhesion. The
media was replaced with a fresh media containing free DOX
(3 pg/mL), free ZnPc (3 pg/mL), PZ (3 pg/mL), PD (3 pg/mL)
or PZD (DOX: 3 pg/mL, ZnPc: 3 pg/mL) respectively. The
free DMEM was used as the control. After 2 hrs, the cells were
washed with PBS three times and harvested with trypsin
digestion. The cells were then examined by flow cytometry.
The DOX was measured into the PE-A channel, while the
ZnPc was measured into the APA-A700-A channel.

In vitro Cytotoxicity Studies of

Drug-Loaded Polymersomes

The chemotherapy-PDT performance was evaluated by MTT
assays. Briefly, A375 cells (1 x10* cells per well) were seeded
into three 96-well plates and incubated for 24 h, cells were
treated with different concentrations of free DOX, free ZnPc,
PZ, PD, and PZD, respectively. The concentrations of free
DOX, free ZnPc, PZ and PD were 2, 4, 6, 8 and 10 pg/mL,
while PZD contained 1, 2, 3, 4, 5 ug/mL DOX and ZnPc,
respectively. To evaluate the photo- and dark-toxicity of drug-
loaded polymersomes, these plates were irradiated with or
without 660 nm He-Ne laser (100 mW/cm?) for 10 mins
after a 4-hr incubation. The MTT reagent (5 mg/mL) was
used to determine the cell viability after additional incubation
for 20 hrs.

In vivo Fluorescence Imaging and

Biodistribution

Since photosensitizer ZnPc was not a suitable dye for
fluorescence imaging in vivo, we prepared polymersomes
containing fluorescent dye DiD, named P-DiD. The mice
were injected with 1 mg/kg DiD via tail vein. Images and
quantitative fluorescence analysis of DiD were taken at 0
h, 0.5 h, 2 h, 4 h, and 6 h after injection using the in vivo
imaging system (PerkinElmer, IVIS Spectrum, USA) to
collect the fluorescence signals of DiD with a 640 nm
excitation wavelength and a 680 nm filter.

All mice were sacrificed at 6 h post-dose administra-
tion, and the excised healthy organs (livers, lungs, spleens,
hearts and kidneys) together with tumors were collected
for imaging and fluorescence recording.

In vivo Antitumor Efficacy

The male athymic BALB/c nude mice (46 weeks of age,
1620 g) were used for xenografted tumor implantation.
200 puL A375 cells (1*107) were administered by

subcutaneous injection into the armpit region of the mice
to grow. The tumor volume was calculated as follows:

(tumor length) x (tumor width)*
2

tumor volume =

After the tumors were successfully implanted, the mice were
randomized into five groups (five mice per group) for the
following treatments: (group I) 150 pL of saline injected intra-
venously; (group II) 150 uL of PZ (1 mg/kg) injected intrave-
nously; (group III) 150 pL of PZD (1 mg/kg) injected
intravenously; (group IV) 150 pL of free DOX (1 mg/kg)
injected intravenously; (group V) 150 pL of saline injected
intravenously and irradiated with 660 nm He-Ne laser for 30
mins. The tumor area of group II, group III and group V were
irradiated with 660 nm He-Ne laser for 30 mins at 100 mW/cm®
after 4 hrs of injection. The drug injections were repeated after 3
days. Changes in mouse body weight and tumor volume were
recorded every 2 days.

Results
Structural and Morphological
Characterizations of Polymersomes

in vivo Antitumor Efficacy

The amphiphilic PPS-5-PEG block copolymers were synthe-
sized by living anionic polymerization of propylene sulfide
using a small molecular initiator. The synthetic route was
shown in Figure 1A, and the structure of PPS-b-PEG copo-
lymers was verified by 'H-NMR in CDCl; (Figure 1B), and
the molecular weight distribution of the PPS-b-PEG copoly-
mers was determined by GPC (Figure 1C). Both the calcu-
lated molecular weight and the narrow PDI of the
copolymers (1.16, Table S1) further demonstrated the suc-
cessful synthesis of the copolymer.

PPS,y-b-PEG, copolymers, possessing a comparable
ratio of the hydrophobic and hydrophilic blocks, were
designed to self-assemble into polymersomes in aqueous
solution. The hydrodynamic diameter of the formed struc-
ture was detected by dynamic light scattering (DLS). The
results showed that the size of the blank polymersomes
was about 130 nm and increased to ~150 nm when the
polymersomes were co-encapsulated with ZnPc and DOX
(Figure 1D). Cryo-transmission electron microscopy
(Cryo-TEM) further revealed the shape and size of the
polymersomes and confirmed the detailed structure of the
hollow spheres (Figure 1E).

Co-loading of ZnPc and DOX into the polymersomes
were crucial for PDT and chemotherapy in this study and
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Figure 2 Characterization of the oxidative behaviors of PZD polymersomes. (A) "H-NMR spectra of the copolymers from PZD before and after laser irradiation. (B) Cryo-
TEM figure of NIR-irradiated polymersomes, scale bar represents 100 nm. (C) DOX release from PZD in the presence or absence of laser irradiation. (C) Schematic
diagram of DBPF reaction with singlet oxygen. (D) Singlet oxygen produced from ZnPc (5 pg/mL) over time. (E) Singlet oxygen produced from PZD (ZnPc: 5 pg/mL) over
time. (F) The decay of the absorbance of DPBF.

Abbreviations: DOX, doxorubicin hydrochloride; ZnPc, Zinc phthalocyanine; PZD, ZnPc and DOX coloaded polymersomes; Cryo-TEM, Cryo-transmission electron
microscopy; DBPF, 3-Diphenylisobenzofuran.
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the drug loading was measured by UV-vis for their dis-
tinctive absorbance. The samples of the drug loaded poly-
mersome dispersions were dissolved in the DMSO
solution and their absorbance was then measured. The
drug loading (DL) of DOX and ZnPc were 5.44% and
2.45% respectively, and the encapsulation efficiency (EE)
of DOX and ZnPc were 41.01% and 69.62%, respectively
(Table S2).

The generation of singlet oxygen from ZnPc under NIR
irradiation was reported.”*** We demonstrated that the singlet
oxygen generated from ZnPc was sufficient to oxidize the
hydrophobic PPS chain and initiate the drug release in our
polymersome system. Thus, 2 mL of PZD suspension (ZnPc
concentration: 15 pg/mL) was irradiated with a 660 nm (£5 nm)
laser at a power of 100 mW/cm? for 10 mins, and the suspension
was then lyophilized and subjected to "H-NMR measurements
to observe the chemical shifts of the PPS. Our NMR studies in
Figure 2A showed the decrease of the original PPS block signals
(peaks a, b and ¢ highlighted in grey) and the newly appearance
of peaks a’, b’ and ¢’ (highlighted in red), which are close to the
chemical shifts of hydrogens in sulfone and sulfoxide. Figure 2B
illustrates the decomposition of polymersomes after irradiation
with NIR laser, which complemented the results obtained in
Figure 2A. All these results confirmed that the singlet oxygen
produced from ZnPc oxidized the PPS block and induced the
breakdown of the polymersomes.

The in vitro release of DOX from PZD in the presence
or absence of 660 nm laser irradiation was investigated
using a dialysis bag method. The DOX concentration of
the release media was measured at 480 nm on a UV-
visible spectrophotometer. As shown in Figure 2C, NIR-
irradiated PZD had more than 50% DOX release after 24
hrs, while the non-irradiated PZD showed less than 20%.

3-Diphenylisobenzofuran (DPBF), a commonly used
probe to capture singlet oxygen, was employed to examine
the rate and quantity of singlet oxygen produced from ZnPc.?®
Singlet oxygen can react with DPBF and lead to a gradual
disappearance of the characteristic absorption peak of DPBF at
415 nm. According to Figure 2D-F, the decrease of the
absorption peak confirmed the generation of singlet oxygen,
and the PZD samples showed reduced rate and quantity of
singlet oxygen production, possibly due to the partial con-
sumption of the produced singlet oxygen by PPS.

In vitro Cell Uptake and Cytotoxicity Studies
The cellular uptake of free DOX, free ZnPc, PZ (ZnPc loaded
polymersomes) PD (DOX-loaded polymersomes), PZD (ZnPc

and DOX co-loaded polymersomes) by A375 cells at 3 ng/mL
was examined using confocal microscopy (Figure 3A). As
shown in Figure 3A, ZnPc and DOX were accumulated in
the cytoplasm and nucleus, respectively, regardless of whether
they were encapsulated by polymersomes, while free ZnPc and
free DOX showed the strongest fluorescence intensity.
However, the fluorescence intensity of the PZ and PZD groups
were difficult to distinguish. Flow cytometry was employed to
quantify the fluorescence intensity of each sample. As shown
in Figure 3B-C, free DOX and free ZnPc also exhibited the
strongest fluorescence intensity. However, the PZD group
showed different results in different channels. Since the
DOX/ZnPc concentrations contained in the different compo-
nents are identical, for the PZD group, the fluorescence inten-
sity of DOX or ZnPc should be theoretically similar with the
PD or PZ group. Figure 3B shows that the fluorescence inten-
sity of DOX was almost the same in the PD and PZD groups,
which was in agreement with the theoretical results. However,
for the fluorescence intensity test of ZnPc, the results of flow
cytometry in Figure 3C showed that the PZD group had much
higher fluorescence intensity than the PZ group. After some
extra fluorescence quantification by flow cytometry, we found
that this kind of performance was due to the partial super-
position of the fluorescence intensity of DOX and ZnPc under
the used excitation/emission wavelength (Figure S1.).

The efficacy of the polymersome samples was evalu-
ated by MTT assays. As shown in Figure 3D, the PZD and
free ZnPc groups without irradiation showed insignificant
toxicity to the cells even at a concentration up to 10 pg/mL
(Figure 3D). The irradiated PZ group showed greater
toxicity than DOX at low levels. At higher concentrations,
its cytotoxicity was higher than the DOX group. The NIR
light irradiated PZD showed more cytotoxicity at low
concentrations while the cytotoxicity of NIR-irradiated
free ZnPc was more significant at high levels. It was
probable that free ZnPc produced more ROS under NIR
irradiation. The cell viability of PZD containing 2 pg/mL
encapsulated DOX and ZnPc was about 25%. When the
concentration of DOX and ZnPc reached 5 pg/mL, the cell
viability was further reduced to 10%, which was signifi-
cantly lower than that of free DOX group but higher than
the free ZnPc group. These results demonstrated that PZD
combined photodynamic therapy and chemotherapy, and
significantly improved the therapeutic efficacy compared
with either chemotherapy or PDT with the irradiation of
the NIR laser. The cytotoxicity of PZ (without NIR irra-
diation) and PD group were shown in Figure S2.

submit your manuscript

144

Dove

International Journal of Nanomedicine 2020:15


https://www.dovepress.com/get_supplementary_file.php?f=224502.pdf
http://www.dovepress.com/get_supplementary_file.php?f=224502.pdf
http://www.dovepress.com/get_supplementary_file.php?f=224502.pdf
http://www.dovepress.com
http://www.dovepress.com

Dove Tang et al

Hoechst 33258

ZnPc

L EBlank
B Wobox
mrD
@pPzo 100
= &7
8
—
g § 80
2
"ot g 60 4
>
©
c 8 - W Blank O 404
W znPc
EPz
Bpzp
9] A 20+
3 I
[\
[\
& |
/ \\\ 04
Ao
; \ \
“ o s o o oo Concentration (ug/mL)
APC-A700-A

Figure 3 In vitro encapsulation and cytotoxicity performances of free DOX, free ZnPc, PZ, PD, and PZD. (A) Fluorescence images of A375cells incubated with free DOX,
free ZnPc, PZ, PD and PZD for 2 h. Scale bar represents 25 pm. (B) Fluorescence intensity of DOX, PD and PZD in the PE-A channel. (C) Fluorescence intensity of ZnPc,
PZ and PZD in the APC-A700-A channel. (D) Cytotoxicity of free DOX, free ZnPc, PZ, PD, and PZD with/without irradiation against A375 cells by MTT assay. (Data
represent mean + SD, n=3, Student’s t-test, ***P<0.005).

Abbreviations: DOX, doxorubicin hydrochloride; ZnPc, Zinc phthalocyanine; NIR, Near-infrared; PZD, ZnPc and DOX coloaded polymersomes; PZ, ZnPc loaded
polymersomes; PD, DOX loaded polymersomes.
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Figure 4 In vivo fluorescence imaging and biodistribution of P-DiD. (A) Time-dependent in vivo fluorescence images of BALB/c nude mice with A375 xenografts. Images were taken at
0,0.5,2, 4 and 6 h after the injection with 150 pL P-DiD via the tail vein. (B) Biodistribution of free DiD and P-DiD in BALB/c nude mice bearing A375 xenografts at 6 h post-injection in
organs and tumor. (C) Quantitative analysis of DiD fluorescence intensity acquired from liver and tumor. (Data represent mean + SD, n=3, Student’s t-test, **P<0.01, ***P<0.005).

Abbreviation: P-DiD, DiD loaded polymersomes.

In vivo Fluorescence Imaging and
Antitumor Efficacy of PZD

Biodistribution experiments were performed on tumor-
bearing mice to study the distribution of nanopolymer-
somes in vivo. Due to the weak fluorescence intensity of
ZnPc in aqueous solution, we prepared polymersomes
containing a fluorescent dye DiD in the place of ZnPC,

named P-DiD to monitor the biodistribution of the
polymersomes.

Figure 4A illustrates that initially P-DiD was predomi-
nantly concentrated in the liver and reached its maximum in
the liver at hour 2. At the same time, P-DiD began to accu-
mulate in the tumor site and the fluorescence of the tumor site

was the strongest at hour 6, indicating a considerable amount
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Figure 5 In vivo antitumor studies of saline, NIR, DOX, PZ and PZD groups. (A) Photographs of malignant melanoma (A375 cells) bearing mice during the antitumor studies
(doses: Img/kg, 0, 2, 6, 10 and 14 days). (B) Body weight changes of the tumor-bearing mice measured during the antitumor studies. (C) Relative tumor volume changes of
mice treated with saline, NIR, DOX, PZ and PZD with NIR laser irradiation. (Data represent mean * SD, n=5, Student’s t-test, **P<0.01, ***P<0.005).

Abbreviations: DOX, doxorubicin hydrochloride; NIR, Near-infrared; PZD, ZnPc and DOX coloaded polymersomes; PZ, ZnPc loaded polymersomes.

of P-DiD was accumulated at the tumor site after 6 hrs. The
fluorescence images of organs and tumors were taken after 6
hrs and shown in Figure 4B—C. Although the liver showed the
strongest fluorescence intensity, the tumor tissues from P-DiD
injected mice showed increased fluorescence intensity com-
pared to the mice injected with free DiD, possibly due to the
Enhanced Permeability and Retention effect (EPR effect) of

tumor tissue to capture nanosized polymersomes. Meanwhile,
other organs (heart, spleen, lung and kidney) showed relatively
weak fluorescence due to less accumulation of P-DiD.

The anti-tumor effect of PZD on tumor-bearing mice was
then examined. Balb/c nude mice bearing malignant mela-
noma (A375 cells) were randomized into five groups (five
mice per group) for different treatments. Compared to the
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saline group, both DOX and PZ groups with NIR laser irradia-
tion exhibited inhibition on tumor growth. The PZD group
with NIR laser irradiation showed significant inhibition of
tumor growth by approximately 70% after 14 days, while the
laser light alone did not inhibit tumor growth (Figure SA—C).
At the same time, we also proved that this irradiation condition
does not cause an increase in temperature, indicating that the
tumor-killing ability is caused by PDT rather than PDT and
temperature (Figure S3). The weight of the mice in different
groups remained about 25 g. Since the mice in different groups
had different tumor volumes, the mice from the PZD+NIR
group had the least bodyweight loss, suggesting the health
condition among all the study groups (Figure 5B).

Discussion

Although melanoma is a rare kind of tumor, it is one of the
highly aggressive and lethal cancers with a mortality rate of
80% of the total number of skin cancers due to its high
metastasis and acquired chemoresistance.?’ The primary
treatments of melanoma are surgery, chemotherapy and
radiotherapy, of which may face the dilemma of limited
treatment ranges and serious side effects.” However, skin
melanoma also shows the ability of light illuminate, making
PDT a promising treatment.”® Due to the control of illumina-
tion position and the on-demand activation of photosensiti-
zer, PDT has better selective antitumor activities and lower
side effects than conventional radiotherapy and chemother-
apy. At the same time, PDT can further prevent tumor recur-
rence by stimulating the body’s immune system to produce
tumor immune memory.>’ Furthermore, the combination of
traditional treatments and PDT can further reduce drug use
and avoid potential side effects while ensuring efficacy.
Unlike photothermal agents that have both elevated tempera-

tures and the ability to generate singlet oxygen,”>'—

photo-
sensitizers are generally considered to have only the ability to
produce singlet oxygen unless they possess particular mor-
phological features.*> **— Therefore, we confirmed that the
combination of chemotherapy and PDT is effective and
feasible in our study.

By encapsulation ZnPc in the bilayers of polymersome,
the water insolubility and aggregation can be avoided. The
choose of oxidation-responsive drug carrier not only
ensure the on-demand release of inner drugs but also
provide proper biocompatibility. The killing ability of
PZD for melanoma can be attributed to the effective
tumor site aggregation of the EPR effect, as well as
tumor cell apoptosis/necrosis caused by DOX and singlet
oxygen.'"*33¢ Compared with DOX/PZ groups, the tumor

growth rate was delayed, while the PZD group showed
effective inhibition of tumor. Besides, the single concen-
tration of the components in the PZD group is only half of
the DOX and PZ groups. The synergetic effects of che-
motherapy and photodynamic therapy can effectively
enhance the tumor killing abilities.

Conclusion

We have designed and developed an ROS-sensitive nano-
sized polymersome as a multifunctional platform for com-
binatory cancer therapy. This platform demonstrated
excellent anti-tumor effects in vivo and in vitro by encap-
sulating a traditional photosensitizer and chemo-therapeutic
agent. This nanoplatform could be conveniently used to
encapsulate both hydrophilic and hydrophobic drugs. The
drugs could be specifically triggered for release under the
NIR irradiation. These polymersomes provided an excellent
example and opportunity for on-demand cancer treatment
and enhanced anticancer therapy, and could find potential
applications in clinic.
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