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Biodegradable micelles for two-photon photodynamic therapy in a
mouse model of breast cancer

LUO Lei", LIU Jiang-bo, YIN Zhen, ZHOU Xu-yang, XU Fan-shu, LUO Yong-huang

(College of Pharmaceutical Sciences, Southwest University, Chongqing 400716, China)

Abstract: Photodynamic therapy (PDT) is one of the new approaches for cancer treatment with high efficacy.
However, applications of current photosensitizers are restricted to skin and superficial tumor due to poor in vivo
targeting ability, poor water solubility and short wavelength excitement, which limits penetration therefore thera-
peutic depth. Here, a biodegradable polymeric micelle, methoxy poly(ethylene glycol) - polylactide copolymer
(mPEG-PDLLA), is employed as drug delivery system to co-encapsulate strong two-photon absorption compound
(Lys) and photosensitizers. This delivery system is designed to target tumor passively, resulting in near infrared
light with an approximately 808 nm wavelength becoming able to indirectly excite photosensitizers through fluores-
cence resonance energy transfer. Tumor cells and microvessels could be damaged by the generated singlet oxygen.
The average size of drug loaded micelles was approximately 55 nm and showed a spherical shape. Both com-
pounds could be released simultaneously from micelles under either weak acid and neutral pH conditions. Reactive
oxygen species was produced intracellularly during two-photon PDT process and induced cell apoptosis/necrosis,
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which was quantified by Annexin-V/FITC assays. Time-dependent ex vivo organ distribution and in vivo anticancer

efficacy results suggested that the drug carriers could accumulate in tumors and suppress tumor growth by two-

photon PDT. All animals experiments were performed in line with national regulations and approved by the Animal

Experiments Ethical Committee of College of Pharmaceutical Sciences, Southwest University. In summary, we

have employed two-photon PDT for breast cancer treatment successfully in a mouse model and have demonstrated

the significance of delivery system in such therapeutics.

Key words: micelle; singlet oxygen; two-photon absorption; photodynamic therapy; breast cancer
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Figure 1 Molecular structures of photosensitizer, pyropheophorbide a (PPa) (a) and two-photon absorption compound (L) (b)
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Table 1  Formulations for the treatments. PL;;sM,,: PPa and Lip,
co-encapsulated micelles; LipaM,: Lypaencapsulated micelles; PM,,:
PPa encapsulated micelles; PBS: Phosphate buffered saline. N/A:
Represents not applicable

Group Cpp,/mg - kg C.,/mg-kg*
PLipaM,+Laser 5.0 2.0
PLpAMy¢ 5.0 2.0
LrpaM, N/A 2.0
PM,, 5.0 N/A
LipaM,+Laser N/A 2.0
Laser N/A N/A
PBS N/A N/A
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Table 2 Average particle size, polydispersity index (PDI) and zeta potential of micelle samples. BM,,.: Blank micelles; EE: Encapsulation

efficiency; DL: Drug-loading capacity

Formulation EE,p./% EE. /% DL,,./% D, /% Size/nm PDI Zeta potential/mV
BM,, N/A N/A N/A N/A 51.5+45 0.114 -109+0.8
PM,, 921+£238 N/A 35+05 N/A 529+28 0.123 -125+0.7
LroaMyy N/A 94.7+35 N/A 36+03 53.7+3.3 0.118 ~121+04
PLpaM, 87.8+27 90.3+1.6 3.4+0.6 35+£05 55.0+£5.9 0.139 -126+0.6

a b
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Figure 2 TEM images of BM,, (a) and PL;,,M,, (b), Scale bars represent 200 nm; UV-Vis absorption of PM,,, L;paM,, and PL;;,M,, (C),

in vitro release profile of PL;,,M,, at pH 7.4 and pH 5.4 (d)
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LieaM,i (b); UV-Vis absorption spectra of PL,,M,, with anthracene-9,10-dipropionic acid disodium salt (ADPA) exposing under 808 nm

laser within 16 mins (c); AAbs (absolute decrease value of absorption) of ADPA in different samples irradiating with laser (d). All the

samples were irradiated with 808 nm laser except PM,,. and PM* exposed under 660 nm laser. n = 3, X + s. “P<0.01
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Figure 4 Live 4T1 cells treated with PM,,, LipaM, and PLp M,
(Lipa: E, =808 nm, E,, = 505 nm; PPa: E, = 610 nm, E,, = 675 nm),
stained with Syto9 (E, = 488 nm, E_, = 503 nm) and DAPI (E, =
340 nm, E,, = 488 nm), DIC is short for differential interference
contrast (a); real-time cellular uptake of PL;,,M,, for 30 mins with
10 intervals. The live cell images of first and last time point were
displayed as column t1 and t10, respectively, and red arrows indicate
typical cell morphology changes after two-photon photodynamic
therapy (TP-PDT) (b). n = 15, X + s. Scale bars represent 60 pm
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Figure 5 Light off cell viabilities of MPEG,,,,-PDLLA,y, PM,. and free PPa (in DMSO) (a); the viability of 4T1 cells treated with
Lipar LipaMy @and PL;paM,, in various concentrations (b); light on cell viabilities of PL;,,M,, treated cells and irradiated with 808 nm laser
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Figure 6 Annexin V-FITC/PI assays analyzing by flow cytometry. P2-Q1, P2-Q2, P2-Q3, P2-Q4 represent population of dead, late apoptotic/

necrosis, early apoptotic and viable cells, respectively
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Figure 7 Reactive oxygen species (ROS) generated in cells treated
with PL;paM, and then irradiated with an 808 nm laser (0.3 W-cm,
30 scans of 10 seconds each). Green fluorescence under two photon
confocal microscopy indicated positive staining for ROS probe
2',7'-dichlorodihydrofluorescein diacetate (DCFH-DA, E, =502 nm,
E,, =523 nm). Scale bars represent 20 um
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Figure 8 Cell morphology alternations by irradiating with 808 nm
laser (0.3 W -cm?, 30 scans of 10 seconds each). Scale bars repre-
sent 20 pm
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Figure 9 Fluorescent imaging of ex vivo organ distribution of PL;,,M,, within 12 hours (E, = 640 nm, E,, = 710 nm, n = 3) (a); in vivo
anticancer efficacy of PL;,,M,, against 4T1 xenograft tumors, the red arrows indicate the injection time points. “P<0.05, **P<0.001 (b);
tumor growth inhibition rates. "P<0.05 vs laser group (c); body weight shifting in tumor-bearing mice (d). n =6, x + s
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