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23 ABSTRACT

24 In this study, we developed novel thermal and redox-responsive micelles based on the Pluronic 

25 F127 tri-block copolymer and employed these for redox-responsive intratumor release of bufalin, an 

26 anti-cancer drug. Pluronic F127 was first functionalized with carboxylate groups, and then assembled 

27 into micelles. The HOOC-F127-COOH micelles are 20 ± 4 nm in size at 37 ºC, but expand to 281 ± 5 

28 nm when cooled to 4 ºC. This allows for the free diffusion of bufalin into the micellar cores at low 

29 temperatures, while at 37 ºC the micelles are much more compact and the drug molecules can be 

30 effectively held in their interiors. A high encapsulation efficiency and loading content were obtained 

31 via drug incorporation at 4 ºC. The drug-loaded micelles were cross-linked with cystamine, which 

32 contains a disulfide bond responsive to the local cancer microenvironment. In vitro studies showed that 

33 drug release from the cross-linked micelles was low under normal physiological conditions, but 

34 markedly accelerated upon exposure to conditions representative of the intracellular tumor environment. 

35 Confocal microscopy revealed that the cross-linked micelles gave high levels of drug release inside the 

36 cells. In vivo studies in mice showed the drug-loaded cross-linked micelles have potent anti-tumor 

37 activities, leading to high levels of apoptosis of tumor cells and significant reductions in tumor volume. 

38 The drug-loaded cross-linked micelles did not significantly influence body weight, and there was no 

39 evidence for detrimental off-target effects. These results indicate that the Pluronic-based micelles 

40 developed in this work are promising drug delivery systems for the targeted treatment of cancer.

41

42

43 Keywords: Thermo-responsive; redox-responsive; bufalin; F127-based micelles; cross-linking; 

44 controlled release.
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45 1. Introduction

46 Bufalin is a cardioactive C-24 steroid with a characteristic α-pyrone ring at C-17. It comprises the 

47 major constituent of cinobufacini injection, a traditional Chinese medicine approved by the Chinese 

48 State Food and Drug Administration (SFDA ISO9002). Cinobufacini has been used as an anti-tumor 

49 medicine for many years in China (Chen et al., 2016; Hu et al., 2014; Meng et al., 2009). Bufalin has 

50 been proven to exhibit strong antineoplastic activities, including inhibition of cell proliferation, 

51 induction of cell differentiation, induction of apoptosis, disruption of the cell cycle, inhibition of cancer 

52 angiogenesis, reversal of multi-drug resistance, and regulation of the immune response through the 

53 inhibition of Na+, K+-ATPase (Takai et al., 2008; Wang et al., 2014). Bufalin is involved in complex 

54 cell-signal transduction pathways and results in selective control of cancerous but not normal cellular 

55 proliferation (Newman et al., 2008; Yu et al., 2008). It is also a potent small molecule inhibitor of the 

56 steroid receptor coactivators SRC-3 and SRC-1 (which can promote SRC-3 protein degradation), and 

57 has the ability to block cancer cell growth at nanomolar concentrations (Wang et al., 2014). However, 

58 due to its insolubility in water, rapid metabolism, and short in vivo half-life, its application in cancer 

59 therapy is limited.

60 As a result of similar challenges applying to a wide range of active ingredients, there has been 

61 much interest in the development of nanoscale drug delivery systems (DDSs) in recent decades. Such 

62 systems include inorganic nanoparticles (Fan et al., 2017), liposomes (Jensen et al., 2018; Jin et al., 

63 2018; Northfelt et al., 2013), hydrogels (Li et al., 2015; Roointan et al., 2018), polymer micelles (Fang 

64 et al., 2017; Liang et al., 2016; Wu et al., 2016) and two-dimensional materials (Lin et al., 2016; Yang 

65 et al., 2013). Polymer micelles have attracted extensive attention for cancer therapy because of their 

66 high efficiency in drug delivery and hydrodynamic stability (Gothwal et al., 2016). The amphiphilic 
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67 nature of micelles endows them with an inner hydrophobic domain, where insoluble anticancer drugs 

68 can be housed in order to increase their solubility. Their hydrophilic exterior renders micelles miscible 

69 with water, producing stable colloidal systems, and thus micellar entrapment of a drug can improve its 

70 in vivo drug bioavailability (Cabral et al., 2011). Despite their benefits in solubilization, however, there 

71 remains a major unmet need to achieve on-demand release from drug-loaded micelles at their target site. 

72 The release of drugs from DDSs can be controlled by external stimuli such as pH (Duan et al., 

73 2013; Liang et al., 2016), light (Chien et al., 2013; Cui et al., 2015), redox (Fang et al., 2017; Zhao and 

74 Liu, 2015; Zhu et al., 2017; Zou et al., 2016) or enzymatic activity (Bode et al., 2015; Liu et al., 2015), 

75 if suitable materials are chosen for their construction. pH and redox-responsive drug nanocarriers have 

76 been particularly explored because of the existence of pH and redox potential gradients between the 

77 extra- and intracellular spaces.

78 Pluronics (otherwise known as poloxamers, tri-block copolymers of poly(ethylene oxide)-poly 

79 (propylene oxide)-poly(ethylene oxide) [PEO-PPO-PEO]) are approved for pharmaceutical use by the 

80 US FDA (Food and Drug Administration). One widely explored member of this family is Pluronic 

81 F127, which has PPO units of 1200 kDa and a 70% PEO content. Since it has a thermo-responsive 

82 critical micelle concentration (CMC), micelles made from Pluronic F127 can be easily assembled and 

83 disassembled based on changes in temperature: this phenomenon has been widely used for the 

84 incorporation of a wide range of hydrophobic cargos (Bohorquez et al., 1999a; Zhang et al., 2016). 

85 However, Pluronic F127 micelles will dissociate into monomers in the bloodstream, where its 

86 concentration will be below the CMC. This effect will negate any benefits of micelle formation on the 

87 circulation half-life and biodistribution of an incorporated drug, and leakage of the drug cargo will 

88 arise before it reaches the target site (Arranja et al., 2014; Sutton et al., 2007).
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89 To fully realize the benefits of Pluronics, many attempts have been made stabilize Pluronic 

90 micelles in recent years. For instance, He et al. synthesized core-shell structured nanocapsules of 

91 Pluronic F127 using chitosan as a cross-linker (Rao et al., 2015; Zhang et al., 2010). Small drug 

92 molecules could be effectively retained in the nanocapsules during circulation in the blood, and then 

93 freed upon reaching the tumor site. In other work, Li et al. used polyethylenimine (PEI) to increase the 

94 stability of Pluronic composites (Li et al., 2011). However, the potential cytotoxicity of PEI is a 

95 concern for translational and clinical applications (Fischer et al., 2003; Tseng and Jong, 2003). 

96 Moreover, these cross-linked polymer micelles are not specifically responsive to the tumor 

97 microenvironment, and as a result the drug cargo may not be selectively freed in the tumor site.  

98 In an attempt to overcome this problem, in this study we explore a strategy utilizing thermo-

99 responsive Pluronic F127-based polymer micelles to encapsulate bufalin, additionally employing 

100 cystamine as a redox-responsive cross-linker for tumor-targeted drug delivery. The thermo-responsive 

101 nature of the micelles should allow the production of materials with high encapsulation efficiency and 

102 loading capacity. There are high levels (∼10 mM) of glutathione (GSH) and cysteine in the cytoplasm 

103 and endosomes of cancer cells (Estrela et al., 2006; Xu et al., 2015), and hence the micelles should also 

104 provide a burst of drug release at the target site via GSH cleaving disulfide bonds in the cystamine 

105 cross-linkers. 

106 As shown in Scheme 1, carboxylated HOOC-F127-COOH tri-block copolymers can self-assemble 

107 into spherical micelles at 4 ºC. At this temperature, the micelles are swollen and have high wall-

108 permeability, allowing for diffusion of free bufalin into the core. When the temperature is raised to 37 

109 ºC, the micelles undergo a significant contraction in size, such that the walls are no longer permeable. 

110 This means that the hydrophobic bufalin can be effectively held in the core of the micelles. 
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111 Subsequently, a cross-linking process was carried out at 37 ºC to both improve the colloidal stability 

112 and regulate the drug release kinetics. After intravenous (i.v.) injection, the bufalin-loaded cross-linked 

113 micelles are expected to accumulate in the tumor site as a result of the enhanced permeation and 

114 retention (EPR) effect, leading to rapid redox-mediated drug release.

115                                                                              

116

117 Scheme 1. The preparation of temperature and redox responsive polymer micelles, and their anti- 

118 tumor effects.

119

120 2. Materials and methods 
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121 2.1. Materials

122 Bufalin was purchased from the Baoji Herbest Bio-Tech Co., Ltd, and cystamine dihydrochloride 

123 and pyrene from J&K Scientific Ltd. Pluronic F127 (MW: 12.6 kDa), maleic anhydride, toluene, 

124 pyridine, N-hydroxysuccinimide (NHS), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide 

125 hydrochloride (EDC·HCl), glutathione (GSH), fluorescein isothiocyanate (FITC), Hoechst 33342, and 

126 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) were acquired from Sigma-

127 Aldrich. H22 cells (a murine hepatocellular carcinoma cell line) and L929 cells (a mouse fibroblast cell 

128 line) were obtained from the Institute of Biochemistry and Cell Biology of the Chinese Academy of 

129 Sciences. DMEM medium, fetal bovine serum (FBS), phosphate buffered saline (PBS), penicillin and 

130 streptomycin were purchased from the Hangzhou Jinuo Biomedical Technology Co. Ltd. All other 

131 chemicals were reagent grade and used as received.

132 2.2. Synthesis of carboxylated Pluronic F127 tri-block copolymer (HOOC-F127-COOH)

133 In order to provide carboxyl active functional groups for cross-linking, a carboxylated Pluronic 

134 F127 ABA tri-block copolymer was synthesized according to the literature (Ding et al., 2011), with 

135 some modifications (Scheme 2). Briefly, maleic anhydride (386 mg, 3.9 mmol) was added to a solution 

136 of Pluronic F127 (5.0 g, 0.39 mmol) in a mixed solvent of toluene (20 mL) and pyridine (1 mL). The 

137 reaction was carried out under stirring at room temperature for 8 h, under a nitrogen stream. The solid 

138 product was filtered and precipitated in ice-cold diethyl ether three times. Next, the precipitate was 

139 dried under vacuum overnight to obtain a light-brown powder comprising dicarboxylated (activated) 

140 Pluronic F127. Finally, the activated Pluronic was dialyzed (MWCO 7000 Da) against deionized water 

141 for 2 days to eliminate any residual maleic anhydride, toluene and pyridine. The final product was 

142 obtained by lyophilization, followed by 1H NMR and FTIR analysis.

http://www.jkchemical.com/EN/products/A01603737.html
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143

144 Scheme 2. The synthesis of dicarboxylated Pluronic F127 (HOOC-F127-COOH).

145 2.3. Preparation of bufalin loaded HOOC-F127-COOH micelles

146 Driven by free energy minimization, the HOOC-F127-COOH tri-block copolymer molecular 

147 chains can undergo spontaneous chain reorganization upon treatment with selected solvents, resulting 

148 in the formation of micelles. The solvophobic blocks collapse into the cores of the micelles, and the 

149 solvophilic blocks are in the coronae (Ekaterina B. Zhulina et al., 1996; Han et al., 2016). HOOC-

150 F127-COOH micelles are similar to F127 micelles, which have a temperature-sensitive CMC 

151 (Bohorquez et al., 1999b; Rao et al., 2015). We used this thermal response to encapsulate bufalin. 

152 Briefly, a bufalin solution in methanol (20 mg in 10 mL) was mixed with HOOC-F127-COOH (200 

153 mg). The mixture was gently stirred for 30 min, and a Labconco rotary vacuum evaporator with a water 

154 bath at 40~60 ºC then employed to evaporate the solvent. The film deposited was hydrated with 10 mL 

155 of HPLC water at 40 ºC, followed by vortexing for 10 min. The mixture was then left overnight at 4 ºC 

156 before being heated to 37 ºC and dialyzed against 1 L of deionized (DI) water at 37 ºC for 2 d, using a 

157 7000 Da Spectra/Por dialysis tube. Finally, the sample was freeze-dried for 48 h to obtain dry bufalin 

158 loaded micelles.

159 2.4. Cross-linking

160 In order to achieve good colloidal stability, cystamine dihydrochloride was used to cross-link the 

161 micelles at 37 ºC. Bufalin loaded cross-linked micelles were prepared using a standard post-synthesis 
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162 crosslinking method (Zhao and Liu, 2015), with a small modification. Briefly, 200 mg of bufalin-

163 loaded HOOC-F127-COOH micelles was dispersed into 50 mL of phosphate buffered saline (PBS; pH 

164 7.4). 6.9 mg (0.06 mmol) NHS and 11.5 mg (0.06 mmol) of EDC·HCl were introduced into the above 

165 mixture. Subsequently, the suspension was stirred magnetically under a nitrogen stream overnight, in 

166 order to activate the carboxyl groups. Next, the pH value of the suspension was adjusted to 5.5 using 

167 dilute HCl, and 6.8 mg (0.03 mmol) of cystamine dihydrochloride introduced. The reaction mixture 

168 was then incubated for 24 h under nitrogen. Finally, the excess NHS, cystamine and unencapsulated 

169 bufalin were removed by dialysis for 24 h.

170 2.5. Analysis and characterization

171 1H NMR spectra were recorded with a Bruker Advance 400 MHz spectrometer at room temperature, 

172 with deuterated chloroform (CDCl3) as the solvent. Fourier transform infrared (FTIR) analysis was 

173 carried out on a Nicolet-Nexus 670 spectrometer over the range 4000–400 cm−1 and with a resolution 

174 of 1 cm−1. Samples were prepared using the KBr disk method (2 mg sample in 200 mg KBr). A 

175 transmission electron microscope (TEM, JEOL 2010F) operating at 200 kV was used to characterize 

176 the morphology of the micelles and the size distribution calculated from the analysis of around 100 

177 micelles in TEM images, using the Image J software. An aqueous solution of the sample (0.5 mg/mL) 

178 was dropped onto a carbon-coated copper grid and air dried before TEM analysis. 

179 A pyrene fluorescent probe method was used to monitor micelle formation and determine the 

180 critical micelle concentration (CMC), following a previously reported method (Astafieva et al., 1993). 

181 10 mL of HOOC-F127-COOH solutions at concentrations ranging from 0.05% to 2% w/v were 

182 prepared in water, with all containing the same concentration of pyrene (2.00 x 10-6 M). The solutions 

183 underwent sonication for 30 min, followed by equilibration at room temperature for 12 h in the dark. 
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184 Steady-state fluorescent spectra were measured using a QM/TM fluorescence spectrometer （PTI）  

185 with a bandwidth of 5 nm for both excitation and emission. The size of the micelles in PBS (pH 7.4) at 

186 a concentration of 2 mg/mL, with or without 10 mM GSH, was assessed at 4 ºC and 37 ºC using 

187 dynamic light scattering on a BI-200SM instrument (Brookhaven Instruments).

188 2.6. Drug release

189 The release behavior of the micelles was evaluated in triplicate in PBS (pH 7.4), using a dialysis 

190 method. Experiments were performed both with and without GSH in the release medium. The bufalin 

191 loaded micelles (20 mg) were dispersed in PBS (1.0 mL, pH 7.4), then loaded into a dialysis bag 

192 (MWCO=7000 Da) and immersed in 19 mL of PBS (pH 5.0 or 7.4) supplemented with 0/10 mM GSH. 

193 All experiments were performed at 37 ºC with shaking (100 rpm) for 48 h. At predetermined time 

194 points, 1 mL of the external medium was collected and replaced with an equal volume of fresh pre-

195 heated medium. The concentration of the bufalin released was determined quantitatively by UV 

196 spectroscopy at 298 nm. Data are reported as mean ± standard deviation (S.D.), n=3.

197 2.7. Cell toxicity assays

198 An in vitro cytotoxicity investigation was performed to evaluate the biocompatibility of blank 

199 cross-linked F127-based micelles with L929 cells. In order to evaluate the antitumor and targeting 

200 ability of the drug-loaded formulations, both L929 and H22 cells were employed. L929 and H22 cells 

201 were maintained in DMEM medium supplemented with 1 % penicillin, 1 % streptomycin, and 10 % 

202 v/v fetal bovine serum. The cells were cultured as a monolayer in a humidified atmosphere containing 

203 5 % CO2 at 37 °C. 

204 For cytotoxicity experiments, 200 μL of L929 or H22 cells were seeded into 96-well plates at a 

205 density of 8 × 103 cells/well. After overnight incubation at 37 ºC in a humidified 5 % CO2 environment, 
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206 the medium was removed and fresh medium containing different concentrations of free bufalin (0.1, 

207 0.5, 1, 5, 10, 20, 40, 60 μg/mL), or bufalin-loaded micelles (giving equivalent drug concentrations), 

208 was added to the wells. After incubation for another 24 h, 20 μL of MTT solution (5 mg/mL) was 

209 added to the wells, and the plates incubated for an additional 4 h. After this, the medium was removed, 

210 200 μL of DMSO added to each well, and the plate thoroughly shaken for 15 min. The absorbance of 

211 the wells was finally measured at 570 nm, using a microplate reader (Multiskan FC, Thermo Scientific). 

212 The relative cell viability was calculated relative to an untreated cells control. Biocompatibility was 

213 investigated using the same protocols as described above, except that blank cross-linked F127-based 

214 micelles were added to L929 cells at final concentrations of 0.1, 1, 10, 20, 25, 50,100, 250 and 500 

215 μg/mL. Data are reported as mean ± S.D, with three independent experiments each containing three 

216 replicates having been performed. 

217 2.8. Cellular uptake evaluation

218 In order to examine the uptake and drug release of the Pluronic micelles, we first used FITC to 

219 label bufalin. Briefly, bufalin (30 mg) was dissolved in 15 mL of methanol with sonication, followed 

220 by the dropwise addition of a FITC solution in dichloromethane (10 mL, 3 mg/mL) under magnetic 

221 stirring. 50 μL of triethylamine was added to the mixture and the reaction continued for 12 h at 60 ºC in 

222 the dark, before the mixture was dialyzed against 1 L of deionized water at 4 ºC for 2 d (500 Da 

223 Spectra/Por dialysis tube). Finally, the sample was freeze-dried for 48 h to obtain dry FITC-bufalin 

224 power. 

225 The FITC-bufalin was then encapsulated into HOOC-F127-COOH micelles, followed by cross-

226 linking, using the same protocols as described above. For cellular uptake evaluation, 200 µL of 

227 dissociated L929 cells or H22 cells were seeded onto sterile coverslips placed in each well of a 24-well 
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228 culture plate (5 × 104 cells per well). 800 µL of DMEM medium supplemented with 1 % penicillin, 1 

229 % streptomycin, and 10 % v/v fetal bovine serum was added to each well. After incubation for 24 h, 

230 the medium was aspirated and replaced by 450 μL of fresh medium. 50 μL of a solution of free FITC-

231 bufalin or FITC-bufalin loaded micelles (each containing 20 μg/mL FITC-bufalin) was also added. 

232 After incubation for 2 h (37 °C; 5% CO2), the culture medium was removed and the cells were rinsed 

233 three times with PBS. The cells were then fixed with 4 % paraformaldehyde for 20 min at 4 ºC and 

234 washed with PBS three times. The cell nuclei were stained with 0.5 mL Hoechst 33342 (10 μg/mL) for 

235 15 min at 37 ºC and washed with PBS three times. Finally, the cells were studied using a confocal 

236 laser-scanning microscope (Carl Zeiss LSM 700) with an argon blue laser light at 488 nm and a 

237 magnification of 63 ×. Each experiment was conducted in triplicate.

238 2.9. In vivo murine tumor model 

239 24 ICR female mice (specific pathogen-free grade, 18–20 g) were procured from Jiangsu 

240 KeyGEN BioTECH Co. Ltd, and all animal experiments undertaken following procedures authorized 

241 by the Committee for Experimental Animal Welfare and Ethics of Kunming Medical University. 

242 Tumors were induced by subcutaneous injection of 1 × 106 H22 cells in 100 μL PBS (pH = 7.2–7.4) 

243 into the right front limb armpits of each mouse. 

244 2.10. In vivo antitumor efficacy

245 The mice bearing H22 tumors were treated after the tumors reached approximately ~120 mm3 in 

246 volume. The mice were randomly divided into four groups (6 mice per group) and treated with 200 μL 

247 solutions of PBS, bufalin, bufalin-loaded micelles or bufalin-loaded cross-linked micelles (giving a 

248 dose of bufalin of 2 mg/kg) every two days. Tumor sizes and body weights were monitored and 

249 recorded every two days for two weeks. The tumor volume was calculated as width2 × length/2. 
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250 Meanwhile, the survival rate of the mice in each group was monitored and calculated as N1/N0 × 

251 100%, where N1 and N0 respectively denote the number of living mice and the total number of 

252 animals in each group. At the end of the monitoring period, the animals were sacrificed by cervical 

253 vertebra dislocation. The tumors and major organs of each group were extracted. The tissues were fixed 

254 with 4% paraformaldehyde solution and embedded in paraffin. The sliced organ tissues (thickness: 4 

255 mm) were mounted on glass slides, stained by hematoxylin and eosin (H&E) and observed using a 

256 digital microscope (Nikon DS-U3) for histological analysis. The tumors tissues were further stained 

257 with terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) and cell apoptosis 

258 probed with a Pannoramic 250 scanning device.

259 3. Results and discussion

260 3.1. Synthesis and characterization of HOOC-F127-COOH tri-block coplolymer

261 In order to provide active functional groups for cross-linking, we first synthesized a carboxylated 

262 Pluronic F127 ABA triblock coplolymer. 1H-NMR spectra (CDCl3) showed the product to be pure, as 

263 can be seen from the spectra displayed in Figure 1. In the spectrum of as-received F127, chemical shifts 

264 (δ) can be observed at 1.2 (m), 2.2 (m), 2.6 (s), 3.4 (m), 3.5 (m); these belong to –CH3, –CH–CH3, –

265 CH2–O–H, –CH–CH2–O–, and –O–CH2–CH2–O– group hydrogens, respectively. After 

266 functionalization we observe two new resonance peaks at δ=6.3(m) and 6.5(m) ppm, ascribed to maleic 

267 anhydride (-CH=CH-), while the δ=2.6 ppm signal coming from –CH2–OH has disappeared. These 

268 changes in chemical shifts confirmed the introduction of carboxyl groups into F127. Successful 

269 conjugation was also confirmed by IR analysis (Supporting Information, Figure S1). The HOOC-F127-

270 COOH material contains all the features of F127 but with additional peaks at 1730 cm-1 (COOH C=O 

271 stretching), and 1640 cm-1 (C=C stretching). 
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272

273

274 Figure 1. The 1H-NMR spectra of F127 (top) and carboxylated F127 (HOOC-F127-COOH; bottom). 

275

276 3.2. Micelle characterization

277 The I339/I333 ratio (the ratio of the pyrene emission intensity at 372 nm with excitation at 339 nm 

278 and 333 nm) was used to determine the micellization profile and thus the critical micelle concentration 

279 (CMC) for HOOC-F127-COOH. As shown in Figure S2, the I339/I333 changes abruptly above a 

280 concentration of 0.8 mg/mL. This represents the CMC, and is similar to the CMC stated by the supplier 

281 for F127 (0.95-1.0 mg/mL).

282 The size of the blank F127-based micelles was assessed via hydrodynamic radius measurements, 

283 with the results presented in Figure 2. The particle size of the HOOC-F127-COOH micelles was 20 ± 4 

http://www.youdao.com/w/excitation%20wavelength/#keyfrom=E2Ctranslation
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284 nm (PDI=0.204) at 37 ºC, and 281 ± 5 nm (PDI=0.336) at 4 ºC (Figure 2(a)). Cross-linking with 

285 cystamine caused the micelles to have a much more constant size: the crosslinked micelles have 

286 average diameter of 35 ± 4 nm (PDI=0.216) at 4 ºC and 21 ± 3 nm (PDI= 0.154) at 37 ºC (Figure 2(b)). 

287 This demonstrates that the cross-linking process was successful, and stabilized the micelles. 

288 Consequently, it is to be expected that bufalin can be effectively retained in the core of the micelles 

289 post-crosslinking. The size increase can be attributed to an increase in molecular weight after GSH 

290 inclusion, and also rearrangement of the polymer molecules in the micelles to accommodate the cross-

291 links.

292 After incubation with 10 mM GSH for 4 h, the size of the cross-linked HOOC-F127-COOH 

293 micelles increased to ~293 nm (PDI=0.343) at 4 ℃ and 53 nm (PDI= 0.322) at 37 ℃ (Figure 2(c)). 

294 These findings indicate that GSH effectively triggers rapid disassembly of the cross-linked F127-based 

295 micelles. After GSH incubation, there is a second peak observed at ~15 nm at 4 ℃, which might be 

296 ascribed to cystamine segments cleaved from the micelles. After cleavage of the disulfide links the 

297 micelles clearly regain their thermoresponsive properties. 

298

299 Figure 2. DLS measurements on (a) HOOC-F127-COOH micelles, (b) cross-linked F127-based 

300 micelles, and (c) cross-linked F127-based micelles following 4 h incubation with 10 mM GSH.

301

302 Typical TEM images of the blank non-cross-linked HOOC-F127-COOH micelles and bufalin 
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303 loaded cross-linked micelles are given in Figure 3. The micelles in both images are well dispersed and 

304 appear to have roughly spherical morphologies. The diameter of the bufalin loaded cross-linked 

305 micelles is a little larger than that of the non-cross-linked HOOC-F127-COOH micelles (~ 45 nm cf. ~ 

306 25 nm, respectively). 

307

308 Figure 3. TEM images and particle size distributions of (a) non-cross-linked HOOC-F127-COOH 

309 micelles, and (b) bufalin loaded cross-linked F127-based micelles.

310 3.3 Drug loading and release behavior

311 The bufalin encapsulation efficiency (EE %) and loading content (LC %) were determined using 

312 the following equations:

313  × 100%EE% =
amount of drug in micelles

total amount of drug in feed

314  × 100%LC% =
amount of drug in micelles

 total amount of drug loaded micelles

315 The EE and LC are 21.5 ± 1.3 % and 1.9 ± 0.2 % when bufalin is loaded into the micelles at 37 ºC, far 

316 below the values obtained at 4 ºC (EE = 79.6 ± 1.2 %; LC = 2.9 ± 0.2 %). 

317 The GSH level in normal tissues and blood is approximately 10 μM. In comparison, the 
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318 endosomes and lysosomes of tumor cells have high GSH levels (10 mM). The presence of cystamine as 

319 the cross-linking agent in the micelles should thus allow them to target drug release to tumor sites: the 

320 high levels of GSH there can cleave the cystamine disulfide bonds, rupturing the micelles and leading 

321 to drug release. In vitro release from the micelles was thus explored at 37 °C under two different 

322 conditions, in blank PBS (pH 7.4) and PBS supplemented with 10 mM GSH (Figure 4). Bufalin was 

323 released slowly from the cross-linked micelles in blank PBS, and only ca. 33 ± 1 % of the total drug 

324 content was released after 48 h. However, in reductive conditions (10 mM GSH, pH 7.4), bufalin was 

325 released very quickly in the early stages of the experiment. The release rate gradually declined after 12 

326 h, and approximately 69 ± 1 % of the total incorporated bufalin was released after 48 h. The release 

327 profile of non-cross-linked micelles in blank PBS was intermediate to these (cumulative release = 51 ± 

328 1 % after 48 h). Further, no sensitivity to GSH was observed with the non-cross-linked micelles, with 

329 the release profiles with and without the presence of GSH being superimposable. These data confirm 

330 that the F127-based micelles were successfully cross-linked, and could provide redox responsive drug 

331 release. 

332 It is well known that the pH of the tumor environment is comparatively more acidic than 

333 physiological pH; further, and the cellular uptake of micelles most likely occurs via endocytosis or 

334 pinocytosis, which both involve lysosomal (pH 4-5) processing. Therefore, bufalin release from the 

335 cross-linked micelles at pH 5.0 was also examined (Figure 4). The release of bufalin was much faster in 

336 the simulated acidic tumor environment (PBS, pH 5.0, 10 mM GSH) than at pH 7.4, with 

337 approximately 80% release within 48 h. This is likely to be because the micelles disassemble more 

338 rapidly under acidic conditions, freeing their drug cargo as they do so (Wang et al., 2011; Yanzuo et 

339 al., 2015).
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340

341 Figure 4. The release profiles of bufalin from F127-based micelles under different conditions. Data are 

342 shown as mean ± S.D. from three independent experiments.

343 3.4. MTT assays

344 The biocompatibility of the blank cross-linked micelles with healthy L929 cells was investigated 

345 using the MTT assay. As shown in Figure 5(a), no obvious toxicity was observed for the micelles even 

346 when the concentration reached 500 μg/mL. The free bufalin or drug-loaded micelles also show low 

347 toxicity to L929 cells (Figure 5(b)), with viability above 80 % even at drug concentrations of 60 µg/mL. 

348 In contrast, the bufalin loaded micelles have clear toxicity to H22 tumor cells (Figure 5(c)). As the drug 

349 concentration is raised to 60 μg/mL, the cell viability declines to 49, 40 and 28 % with free drug, drug-

350 loaded micelles and cross-linked micelles, respectively. The drug-loaded cross-linked micelles are thus 

351 very effective at inhibiting the growth of H22 cells, but have much less influence on L929 cells. This 

352 bodes well for the development of targeted therapies. When the bufalin concentration reached 20 

353 μg/mL and higher, it appears that the cross-linked micelles are considerably more toxic to L929 cells 

354 than the non-cross-linked micelles, however (Figure 5(b)). The reasons for this are not certain, but it 

355 may be that the smaller cross-linked micelles are more effectively endocytosed by L929 cells. The 
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356 viability of the L929 cells remains high (> 80%) even under these high concentrations of drug, 

357 presumably because of the lack of GSH in the cytosol. 

358

359 Figure 5. MTT viability results for (a) L929 cells treated with blank cross-linked micelles, (b) L929 

360 cells and (c) H22 cells treated with PBS (black), free bufalin (red), bufalin loaded non-cross-linked           

361 micelles (blue) and bufalin loaded cross-linked micelles (green).

362 3.5. Confocal microscopy 

363 Confocal laser scanning microscopy (CLSM) analysis was used to evaluate the cellular uptake of 
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364 FITC-bufalin loaded micelles into L929 cells and H22 cells (Figure 6). Strong FITC fluorescence 

365 appeared in the H22 cells after 2 h incubation with the micelles (whether cross-linked or not), 

366 demonstrating uptake. The cross-linked micelles led to the highest FITC contrast, showing that these 

367 micelles are the most effective formulation for delivering FITC-bufalin to H22 cells. In contrast, only 

368 low FITC fluorescence was seen for L929 cells after 2 h incubation with either FITC-bufalin or the 

369 drug loaded micelles. This shows that the micelles have the ability to selectively target tumor cells. The 

370 results of the CLSM experiments hence agree with the cell viabilities obtained from MTT assays. 

371

372 Figure 6. CLSM images of L929 or H22 cellular uptake of FITC-bufalin from the different 

373 formulations.

374 3.6. In vivo antitumor effects

375 The therapeutic performance of bufalin-loaded cross-linked micelles was investigated using H22 

376 tumor bearing ICR mice. The mice were injected with 2 mg bufalin equiv./kg on days 0, 2, 4, 6, 8, 10, 
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377 12 and 14. Tumor growth was noticeably suppressed by the bufalin-loaded cross-linked micelles 

378 compared to mice receiving PBS injections or free bufalin (Figure 7(a)). Continuous tumor progression 

379 was witnessed for mice treated with the bufalin-loaded non-cross-linked micelles, which may be 

380 ascribed to premature release of bufalin from the unstable HOOC-F127-COOH micelles during 

381 circulation in the blood. At day 14, one representative mouse of each group was sacrificed, and the 

382 tumors collected and weighed. The size and weight of the tumors from mice treated with drug-loaded 

383 cross-linked micelles are much smaller than those isolated from the other groups (Figure 7(b)). 

384 When the mice were treated with PBS, a continuous increase in body weight was noted (Figure 

385 7(c)) as a result of the increasing tumor size. The mice treated with free bufalin or the micelles showed 

386 no such increase, with no noticeable change in body weight. This indicates that both the drug and 

387 micelles had low systemic toxicity. The bufalin-loaded cross-linked micelles also had profound effects 

388 in increasing the survival rates of H22-tumor bearing ICR mice (Figure 7(d)). While PBS-treated mice 

389 had survival times of just 17 days, a bufalin treatment increased this to 24 days. The non-cross-linked 

390 micelles extended the survival time (to 32 days), and the cross-linked micelles raised it further to 

391 beyond 36 days. 

392 After sacrifice, the tumors and major organs were resected for analysis. TUNEL assay results 

393 showed no green coloration in the tumors of mice treated with PBS (Figure 8), indicating all the cells to 

394 be viable. Some green-colored cells are noticeable with all the bufalin treatments, indicative of 

395 apoptosis. The highest levels of apoptosis were seen in the tumors resected from mice treated with 

396 bufalin-loaded cross-linked micelles (Figure 8), as is clear from the increased number of green-colored 

397 cells. Therefore, the cross-linked micelles induce apoptosis more effectively than either free bufalin or 

398 the non-cross-linked system. This finding is consistent with the other in vivo results. 
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399 Off-target toxicity is always a concern with cancer therapies. Histological analyses of major 

400 organs post-sacrifice were thus conducted (Figure S3). The images obtained from mice treated with 

401 PBS and the drug-loaded cross-linked micelles are very similar, and hence it is clear that the micelles 

402 do not appear to have any systemic toxicity.

403

404 Figure 7. In vivo antitumor activity of different bufalin formulations in H22-tumor bearing mice. (a) 

405 Tumor volume changes with time. (b) Photographs of typical tumors isolated on day 14. (c) Body 

406 weight changes over 14 days. (d) Survival curves.

407

408 Figure 8. Representative TUNEL-stained tumor slices from the different treatment groups. Scale bars: 

409 100 μm.
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410 Compared to other F127-based nanoscale delivery systems reported in the literature, the thermo- 

411 and redox-responsive drug delivery system developed in this work has a number of advantages. For 

412 example, Zhang et al. developed doxorubicin (DOX)-loaded pheophorbide A-modified Pluronic F127 

413 (F127) micelles for combined chemo-photodynamic therapy of melanoma (Zhang et al., 2018). While 

414 drug release was enhanced at acidic pH compared to pH 7.4 (ca. 60% vs 45% after 48 h), this pH-

415 responsiveness was limited and the cumulative DOX release after 48 h was still low. Here, by utilizing 

416 thermo-responsive Pluronic F127-based polymer micelles to encapsulate bufalin at low temperature, a 

417 high loading capacity was achieved. Additionally, the use of cystamine as a redox-responsive cross-

418 linker gives redox-responsive bufalin release from the micelles specifically at the target tumor site. 

419 This results in improved chemotherapeutic efficacy, as well as reduced systemic toxicity.

420 4. Conclusions

421 A thermo- and redox-responsive drug delivery system was prepared in this work, based on Pluronic 

422 F127. HOOC-F127-COOH was first prepared by functionalizing Pluronic F127 with carboxylate 

423 groups. This carboxylated Pluronic F127 ABA tri-block coplolymer was subsequently assembled into 

424 micelles. At 4 ºC, these micelles are porous and can easily take up drug from solution. When they are 

425 heated to 37 ºC they contract, holding the drug in place in their cores. By crosslinking the micelles, 

426 they can retain their drug loading regardless of temperature. A cystamine-based cross-linker was used 

427 to impart the micelles with the ability to respond to GSH in the cancer microenvironment. Before 

428 cross-linking, the micelles are ~ 281 nm in size at 4 ºC and ~ 20 nm at 37 ºC. This sensitivity was 

429 exploited to effectively incorporate the anti-cancer drug bufalin, with an encapsulation efficiency of 

430 79.6 ± 1.2 % and a loading content of 2.9 ± 0.2 % obtained. The cross-linked F127-based micelles were 

431 highly biocompatible with healthy cells, and were more effective than free bufalin or non-cross-linked 

http://dict.youdao.com/w/sensitivity/#keyfrom=E2Ctranslation
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432 micelles at inducing the death of cancer cells. Confocal microscopy demonstrated that the cross-linked 

433 micelles led to effective take-up of bufalin into H22 cancer cells, but uptake into healthy L929 cells 

434 was minimal. In vivo antitumor studies revealed that tumor growth was significantly suppressed by the 

435 bufalin-loaded cross-linked micelles, with no evident side effects. The F127-based micelles prepared in 

436 this work are thus attractive temperature and redox-responsive nanoscale delivery systems that might 

437 be applied for the targeted delivery of hydrophobic anticancer drugs to the tumor microenvironment.
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