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Abstract: This study was aimed to build a new photo-sensitive co-delivery liposomes which combine
photodynamic therapy with chemotherapy to reverse drug resistance of breast cancer. Photodynamic photosen-
sitizer chlorin e6 trimethyl ester (Ce6tM) and chemotherapeutic drug doxorubicin hydrochloride (DOX) were
loaded into the liposomes (liposomes loaded with Ce6tM and DOX, CDL) by thin-film hydration extrusion and
ammonium sulfate active loading methods. CDL was characterized with cryo-transmission electron microscopy
(Cryo-TEM), dynamic light scattering particle size, zeta potentials and photo-sensitive DOX release behaviors
in vitro. CDL cytotoxicity, singlet oxygen production, DOX accumulation, intracellular ATP level and cell cycle
analysis in MCF7/ADR cells were evaluated. Finally, the tissue distribution of DOX and antitumor effects of
CDL in BALB/c-nu nude mice bearing MCF7/ADR tumor were investigated. The results showed that the parti-
cle size of obtained CDL was 90.7 1.1 nm and distributed uniformly. CDL possessed outstanding properties of
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photo-sensitive drug release profile. The accumulated release of DOX reached (96.52 £0.11) % in 2 min under

671 nm laser irradiation (2 W-cm?). Interestingly, DOX in CDL could maintain rapid release after 671 nm

laser irradiation with low power and short time (15 s, 0.25 W-cm ). This phenomenon was caused by oxidation

of unsaturated phospholipids in CDL under 671 nm laser irradiation and had nothing to do with the slightly

elevated temperature. Photo-sensitive drug release behavior contributed to increased DOX accumulation in
MCF7/ADR cells. The half inhibition concentration (ICs,) of DOX in CDL laser group in MCF7/ADR cells
was decreased by 601.9-fold compared with no laser group, which could be related to increased accumulation
of DOX, decreased ATP levels and cell cycle arrest in MCF7/ADR cells. With the help of CDL, DOX
accumulation in tumor was increased and in cardiac toxicity was reduced in vivo. CDL laser group showed a

good anti-tumor effect. The tumor inhibition rate was (94.7 +£6.2) %. These results suggest that CDL has a

promising potential in reversing drug resistance of breast cancer.
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Figure 1 Formulation screening of liposomes loaded with chlorin e6 trimethyl ester (Ce6tM) and doxorubicin hydrochloride (DOX)

(CDL). Percentages of DOX release from different CDL formulations after treatment with 6 h, 37 ‘C water incubation (A) or 1 min,
2 W-cm 2, 671 nm laser irradiation (B); C: Cryo-transmission electron microscopy (Cryo-TEM) images of CDL; D: Particle size distribu-

tion of CDL measured by dynamic light scattering. SPC: Soybean phospholipid
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Figure 2 Photo-sensitive DOX release behaviors in vitro of CDL and its mechanism. A: Cumulative release of DOX from CDL or
liposomes loaded with DOX (SDL) in PBS (pH 7.4) under 671 nm laser irradiation with different power; B: Cumulative release of DOX

from CDL or SDL after 15 s, 0.25 W-cm 2, 671 nm laser irradiation in 37 ‘C, PBS (pH 7.4); C, D: Cryo-TEM images and particle size
distribution of CDL after 4 min, 2 W -cmfz, 671 nm laser irradiation; E: Temperature change curves of CDL, SCL or SDL under 671 nm
laser irradiation with different power; F: Cumulative release of DOX from CDL in 60 ‘C water bath; G: Cumulative release of DOX
from CDL in 37 ‘C PBS (pH 7.4) after 15 s, 60 ‘C water incubation treatment; H: Generation of 'O, by CDL or SDL under 671 nm laser
irradiation; I: Detection of oxidation products malondialdehyde (MDA) from liposomes loaded with Ce6tM (SCL) after 671 nm laser

irradiation; J: Effects of 'O, quencher NaNs on DOX release rate from CDL under 671 nm laser irradiation (2 W -em™). n=3, X=s
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Figure 3 DOX accumulation in MCF7/ADR cells after 671 nm laser irradiation (2 W -cm >, 2 min). A: Quantitative analysis of DOX
accumulation in MCF7/ADR cells after treatment with Free DOX, SDL, CDL, or SDL+SCL mixture for 1, 2, 4, 8, 12 h with or without

671 nm laser irradiation (2 W -cm 2, 2 min).

Laser irradiation was executed at 12 h before detection; B, C: Fluorescence images of DOX

or Ce6tM in MCF7/ADR cells after incubation with Free DOX, SCL, SDL, CDL, or SDL+SCL mixture for 12 h before or after 671 nm

laser irradiation (2 W -cm 2, 2 min).

P<0.001

Laser irradiation was executed at 12 h.

Scale bars represented a distance of 200 pm. n=3, X *s.
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Figure 4 DOX accumulation in MCF7/ADR cells after 671 nm
laser irradiation (0.25 W-cm 2, 15 s). A: Fluorescence images
of DOX in MCF7/ADR cells after incubation with CDL for 12 h
or 18 h with or without 671 nm laser irradiation (0.25 W -cm 2,
15 s). Laser irradiation was executed at 12 h.
represented a distance of 200 pm. B: Quantitative analysis of
DOX accumulation in MCF7/ADR cells after incubation with
CDL for 12 h or 18 h with or without 671 nm laser irradiation
(025 W-em™2, 15 s).  Laser irradiation was executed at 12 h.
n=3, ¥+s. P<0.01
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Table 1 ICsy values and 95% confidence intervals (Cls) of DOX in MCF7 and MCF7/ADR cells after treatment with free DOX, SDL,
CDL or SDL+SCL mixture for 48 h with or without laser irradiation. 671 nm laser irradiation (2 min, 2 W -cm2) was executed at 12 h
Laser irradiation MCF7/ADR cell MCFT7 cell
ICso /ug-mL™" 95% CI ICso /ug-mL™" 95% CI
Free DOX - 214.6 145.10 — 442.60 0.34 0.26 — 0.45
+ 229.0 153.00 — 485.30 0.36 0.29 - 0.44
SDL - 166.2 126.30 — 244.50 0.35 0.27 - 0.45
+ 136.5 112.60 — 175.80 0.35 0.27 — 0.46
CDL - 126.4 99.83 —178.10 0.25 0.20 — 0.33
+ 0.2 0.13-0.33 0.12 0.09 - 0.18
SDL+SCL mixture - 137.5 106.10 — 202.30 0.27 0.19-0.37
+ 4.9 3.76 — 6.37 0.12 0.08 —0.18
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Figure 5 A: Cell viabilities of MCF7 (i) and MCF7/ADR (ii) cells after treatment with free DOX, SDL,SCL, CDL or SDL+SCL
mixture for 48 h at different concentrations. In addition to the special note, the experimental condition of laser group was 2 min,

2 W-em'?, 671 nm and the laser irradiation was executed at 12 h. The mass ratio of DOX to Ce6tM was 5:1; B: Cell viabilities of
MCF7/ADR cells after treatment with SDL, SCL and CDL for 48 h at different concentrations with or without laser irradiation (671 nm,

0.25 W-cmfz, 15 s); C: Determination of '0, in MCF7/ADR cells after incubation with free DOX, SDL, SCL, CDL or SDL+SCL mixture
for 12 h with or without laser irradiation; D: ATP levels in MCF7/ADR cells after incubation with free DOX, SDL, SCL, CDL, and
SDL+SCL mixture for 24 h; E: Flow cytometry analysis for cell cycle changes of MCF7/ADR cells induced by free DOX, SCL, SDL,
CDL or SDL+SCL mixture for 24 h. n=3, ¥+s.  P<0.001
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Figure 6 Quantitative analysis of in vivo biodistribution of DOX in MCF7/ADR tumor-bearing mice at 4 h and 24 h after intravenous
administration of free DOX, SDL, CDL and SDL+SCL mixture. 671 nm laser irradiation (2 W em %, 2 min) was executed at 4 h after
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administration. The dose of doxorubicin was 5 mg kg . n=3, ¥+s. ~P<0.01, " P<0.001
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Figure 8 Histopathological analysis of tissue sections stained
with HE after treatments with saline, free DOX, SCL, SDL,
CDL and CDL laser. The blue circle indicated the injured
myocardium tissue area. The scale bars represented a distance
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CDL laser

WGE 3%, IHE RS SPC FigELk N 1:4.CDL Af
R ARG R, P BAFE 671 nm OGRS I 2
HH PR SRR B P K B R AR LT 259 DOX. [,
CDL 7EAT I H] IR D Z rSOC IR 5, 5 ARt AH



+ 820 -

)2 224 Acta Pharmaceutica Sinica 2017, 52 (5): 809 =820

tt, DOX REJSGH B2 B S k. % CDL DG U R 245 30
FHIMLHIEE— DR R KL, Ce6tM 1EL IR T 65h 112
SRR AR R DOX IR = S AE . J63h 115
R A 'O, AR F T R B, RIS AR T
HAb =25, 30T g A B R X5 7 2 ez
MAESMIE DOX ) MCF7/ADR . 3 i Ji £ fif A% 7Y sz 56
g8 RT LA i, CDL [ HA M6sh 1233697« 497
FGCBURRE 2] D Re AE — o2 F2 P b Re % 0 4 0 % 7L
e (I 26 W15 BONLHI B S0 45 R, X T e i
FEYML ) DOX (B RGN ATP 7KV BRA% Ko 40 A o
W B A ¢  fif MCF7/ADR LR 41 s BALB/c-nu
KRR s B2 (1 Sh i S oe 45 B B, CDL 't e 41 fi
L DOX MEREE N, J HExRH RiFh
JiR AR K R, TIR IKF (94.7+6.2) %. IE4h, CDL
il & FR B, XK AW B —E S

References

[1] Chen WQ. Cancer statistics: updated cancer burden in China
[J]. Chin J Cancer Res, 2015, 27: 1.

[2] Chen WQ, Zheng RS, Baade PD, et al. Cancer statistics in

China, 2015 [J]. CA Cancer J Clin, 2016, 66: 115 —132.

[31 Yin Q, Shen JN, Zhang ZW, et al. Reversal of multidrug

resistance by stimuli-responsive drug delivery systems for

therapy of tumor [J]. Adv Drug Deliv Rev, 2013, 65: 1699 —
1715.

[4] He QY. Tumor heterogeneity and drug resistance of targeted
antitumor agents [J]. Acta Pharm Sin (Zj%%22%4k), 2016, 51:
197-201.

[5] Swain SM, Baselga J, Kim SB, et al. Pertuzumab, trastuzumab,
and docetaxel in HER2-positive metastatic breast cancer [J].
N Engl J Med, 2015, 372: 724—734.

[6] Lucena SR, Salazar N, Gracia-Cazana T, et al. Combined

treatments with photodynamic therapy for non-melanoma skin

(9]

[10]

[11]

[12]

[13]

[14]

[13]

[16]

Int J Mol Sci, 2015, 16: 25912 —25933.
Tang S, Yin Q, Zhang ZW, et al.

cancer [J].
Co-delivery of doxorubicin
and RNA using pH-sensitive poly (f-amino ester) nanoparti-
cles for reversal of multidrug resistance of breast cancer [J].
Biomaterials, 2014, 35: 6047 —6059.
Wang TT, Wang DG, Yu HJ, et al. Intracellularly acid-
switchable multifunctional micelles for combinational photo/
chemotherapy of the drug-resistant tumor [J]. ACS Nano,
2016, 10: 3496—-3508.

Park SJ, Park W, Na K. Tumor intracellular-environment
responsive materials shielded nano-complexes for highly
efficient light-triggered gene delivery without cargo gene
damage [J]. Adv Funct Mater, 2015, 25: 3472 —3482.

Hu YP, Zhou HY, Shen S. Preparation of doxorubicin-loaded
Fe;04-TiO;, nanoparticles and evaluation of chemo-photody-
namic therapy in vivo [J]. Acta Pharm Sin (Z5%2%4R), 2016,
51:1340—1344.

Gao GY, Chen ML, Li MY, et al. Current status and prospect
of translational medicine in nanotechnology [J]. Acta Pharm
Sin (Zj 2 54R), 2015, 50: 919-924.

Lucky SS, Soo KC, Zhang Y. Nanoparticles in photodynamic
therapy [J]. Chem Rev, 2015, 115: 1990 -2042.
Manzoor AA, Lindner LH, Landon CD, et al. Overcoming
limitations in nanoparticle drug delivery: triggered, intravas-
cular release to improve drug penetration into tumors [J].
Cancer Res, 2012, 72: 5566 —5575.

Kong G, Anyarambhatla G, Petros WP, et al. Efficacy of
liposomes and hyperthermia in a human tumor xenograft
model: importance of triggered drug release [J]. Cancer Res,
2000, 60: 6950—6957.

Frangioni JV.  In vivo near-infrared fluorescence imaging [J].
Curr Opin Chem Biol, 2003, 7: 626 —634.

Saad SY, Najjar TA, Al-Rikabi AC. The preventive role of
deferoxamine against acute doxorubicin-induced cardiac, renal
and hepatic toxicity in rats [J]. Pharmacol Res, 2001, 43:

211-218.



