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Abstract
Chitosan nanoparticles containing the anticancer drug paclitaxel were prepared by a solvent evaporation and emulsification crosslinking method. The physicochemical properties of the nanoparticles were characterized by various techniques, and uniform nanoparticles with an average particle size of 116 ± 15 nm with high encapsulation efficiencies (EE) were obtained. Additionally, a sustained release of paclitaxel from paclitaxel-loaded chitosan nanoparticles was successful. Using different ratios of paclitaxel-to-chitosan, the EE ranged from 32.2 ± 8.21% to 94.0 ± 16.73 %. The drug release rates of paclitaxel from the nanoparticles were approximately, 26.55 ± 2.11% and 93.44 ± 10.96% after 1 day and 13 days, respectively, suggesting the potential of the chitosan nanoparticles as a sustained drug delivery system. Cytotoxicity tests showed that the paclitaxel-loaded chitosan had higher cell toxicity than the individual paclitaxel and confocal microscopy analysis confirmed excellent cellular uptake efficiency. TEM images showed the ultrastructure changes of A2780 cells incubated with paclitaxel-loaded nanoparticles. Flow cytometric analysis revealed two subdiploid peaks for the cells in the paclitaxel-loaded nanoparticles and paclitaxel treated groups, respectively, with the intensity of the former higher than that of the latter. Moreover, the cell cycle was arrested in the G2-M phase, which was consistent with the action mechanism of the direct administration of paclitaxel. These results indicate that chitosan nanoparticles have potential uses as anticancer drug carriers and also have an enhanced anticancer effect.
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1. Introduction
Paclitaxel is a natural hydrophobic diterpenoid product extracted from the bark of the Pacific yew tree. Because it promotes tubulin polymerization, stabilizes microtubules, blocks cells at the G2-M interface, and induces cell apoptosis [1], paclitaxel is effective for treating a large spectrum of cancers, including ovarian cancer, breast cancer, and non-small cell lung cancer [2] and [3]. Because paclitaxel is water-insoluble, it is normally used together with adjuvants of polyethylated castor oil and polyvinyl alcohol (PVA) via intravenous administration. However, there are possible issues with this drug and its respective adjuvants. First, normal cells are likely to be affected, leading to prolonged, sometimes irreversible, peripheral neuropathy. Second, the hypersensitivity reactions, caused by its adjuvant can, under certain circumstances, be fatal. Third, the rapid metabolism of paclitaxel after intravenous injection can reduce its therapeutic efficiency.
Given these serious drawbacks, alternative methods for administering paclitaxel may be ideal, including drug-loaded liposomes, nanoparticles, and microspheres [4]. Degradable polymers have also been tested as potential carriers in various drug delivery systems because of their properties of low toxicity, long-circulation, and tumor localization that are associated with such polymer carriers [5]. Of these carriers, degradable polymeric nanoparticles are perhaps the most optimal choice for use as anticancer agents due to their unusual beneficial properties, most notably enhanced drug availability for prolonging the drug effects in tumor tissues [6]. However, with respect to free drugs, these drug loaded nanoparticles have been shown to decrease the permeability of the drugs across the cell membrane [7].
Chitosan, a deacetylated derivative of chitin, is a positively charged polymer carrier. The cell adhesion and potential uptake of chitosan particles is also most favorable due to their attraction to negatively charged cell membranes, an attractive feature for the treatment of solid tumors [8], [9], [10] and [11] and an alternative mode of paclitaxel functioning. Moreover, chitosan has shown favorable biocompatibility [12] as well as the ability to increase cell membrane permeability both in vitro [13] and in vivo [14]. Chitosan can also be degraded by lysozyme in the body.
In this study, chitosan nanoparticles were used as carriers for the mitotic inhibitor paclitaxel. Chitosan nanoparticles were synthesized by a solvent evaporation and emulsification crosslinking method, with trisodium citrate as the crosslinking agent. The Chitosan nanoparticles were characterized by Fourier Transform Infrared (FT-IR) spectroscopy, Transmission Electron Microscopy (TEM) and Atomic Force Microscopy (AFM). The experimental data on in vitro anti-tumor effects against A2780 cells indicated, for the first time, an enhanced anti-tumor effect of chitosan nanoparticles with chemotherapy drug paclitaxel. Our results also showed that paclitaxel-loaded chitosan nanoparticle could neutralize the surface negative charge of A2780 cells so as to damage the membrane of the cell.
2. Materials and methods
2.1. Synthesis of paclitaxel-loaded chitosan nanoparticles
Paclitaxel-loaded nanoparticles were prepared by a solvent evaporation and emulsification crosslinking method [15]. Briefly, 5 mg paclitaxel was dissolved in 2 ml dehydrated alcohol and ultrasonicated for 15 min. This organic phase was then slowly poured into the aqueous solution of sodium dodecyl sulfate (SDS) and polyvinyl alcohol (PVA). The solution of 1.1 ml SDS and 0.4 ml PVA in 10 ml deionized water was maintained at 35.5 °C for 2 h under stirring rate of 500 rpm. The oil-in-water emulsion was formed after removal of alcohol under reduced pressure. The resulting aqueous suspension containing paclitaxel was denoted as solution 1, which was then added into the acetic acid solution of chitosan. By varying the ratio of solution 1 and chitosan solution, the paclitaxel-loading amount may be finely tuned. The resulting mixture was then sonicated at an energy output of 50 watts for 30 min to obtain a uniform solution, denoted as solution 2, which was then added dropwise to 30 ml liquid paraffin under stirring for 12 h. The water-in-oil emulsion was formed without extra emulsifier. Finally, 1 ml of 20 wt.% sodium citrate was added to crosslink chitosan particles for 1 h, and the resulting nanoparticles were purified and stored after being dried. Fluorescein isothiocyanate (FITC) was conjugated with the amine group of chitosan nanoparticle for confocal microscopy analysis [16]. For the control group, chitosan nanoparticles without paclitaxel were prepared using a similar method like those described above except without any paclitaxel-loading.
2.2. Characterization of paclitaxel-loaded chitosan nanoparticles
The chemical composition of chitosan nanoparticles loaded both with and without paclitaxel was characterized with Fourier transform infrared spectroscopy (FT-IR, AVATAR 370, Thermo Nicolet, USA) after a thorough mixing of the nanoparticles with potassium bromide. The morphology of the as-prepared nanoparticles was visualized under TEM (H-600, Hitachi, Japan) and AFM (Nano Scope IIIa, Veeco, USA). Zeta potential was determined with dynamic laser scattering (DLS, Zetasizer Nano ZS, Malvern, UK).
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