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ABSTRACT 34 

Oleanolic acid (OA) is a natural triterpenoid with anticancer property, but its hydrophobic 35 

nature and poor aqueous solubility pose challenges in pharmaceutical formulation 36 

development. The present study aimed at developing OA-loaded mPEG-PLGA or 37 

mPEG-PLA nanoparticles (NPs) to improve the delivery of OA. The NPs were prepared 38 

by nanoprecipitation and their physicochemical properties were characterized. The OA 39 

encapsulation efficiency of the NPs was between 40 to 75%. The size of the OA-loaded 40 

NPs was around 200-250 nm, which fell within the range required for tumour targeting by 41 

means of enhanced permeability and retention (EPR) effect, and the negatively charged 42 

NPs remained physically stable for over 20 weeks with no aggregation observed. The 43 

OA-loaded NPs produced significant cytotoxic effect through apoptosis in cancer cell 44 

lines. Overall, the OA-loaded mPEG-PLGA NPs and mPEG-PLA NPs shared similar 45 

physicochemical properties. The former, especially the OA-loaded mPEG-P(D,L)LGA 46 

NPs, were more cytotoxic to cancer cells and therefore were more efficient for OA 47 

delivery.        48 

 49 
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INTRODUCTION 50 

Cancer is the leading cause of death worldwide. Current chemotherapeutic agents are 51 

inadequate, especially with the increasing number of multidrug resistant cancer. High 52 

toxicity of anticancer drugs is another problem associated with the management of cancer. 53 

Nanotechnology-based strategies have been proposed to improve the delivery of 54 

anticancer drugs 1. Biodegradable polymer nanoparticles (NPs) can provide a safe 55 

alternative to maintain the effective drug concentrations within the therapeutic window for 56 

sustainable therapy, leading to the reduction of adverse effects and frequency of 57 

administration. To achieve long circulation time, the drug-loaded NPs must be able to 58 

escape elimination by the reticuloendothelial system (RES). In order to avoid clearance by 59 

phagocytosis, the surfaces of colloidal particles are usually modified by hydrophilic agents, 60 

such as polyethylene glycol (PEG), which alter the physicochemical properties of the NPs 61 

and consequently the performance of NPs such as drug release profile, biodistribution and 62 

pharmacokinetics 2. Amphiphilic block copolymers consist of both hydrophobic and 63 

hydrophilic parts that allow them to self-assemble into core-shell type polymeric micelles, 64 

into which hydrophilic as well as hydrophobic drugs can be loaded 3, 4.  65 

 66 

PEGylated polyesters such as poly(lactic acid) (PLA) or poly(lactic-co-glycolic acid) 67 

(PLGA) have been intensively investigated as drug delivery systems, particularly in the 68 

field of oncology. The nanoparticulate formulations of these polymers are developed with 69 

the attempt to improve drug delivery by enhancing the aqueous solubility of poorly 70 

soluble drugs, protecting them from premature degradation, achieving sustained release 71 

while minimizing the toxic effects on normal tissues 5-8. In addition, NPs without any 72 

specific targeting ligand can rely on the enhanced permeability and retention (EPR) effect 73 
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to deliver drugs to cancer cells 9. EPR is a passive targeting strategy to solid tumors 74 

mainly based on particle size. Due to the abnormally leaky vasculature found in tumor 75 

tissues, NPs that are smaller than the vascular pores within the tumor tissue can deposit 76 

and accumulate in the tumor interstitial space and release the loaded drug. Therefore, 77 

chemotherapeutic agents encapsulated in NPs can be potentially retained in tumors and 78 

released at the target sites in a controlled manner. It has been suggested that NPs with a 79 

diameter of 50 to 400 nm could target tumor tissues by EPR 10 although the exact size 80 

range is controversial, as size is not the only determinant factor for EPR to occur 9. 81 

Recently, Genexol®-PM, a nanoparticle formulation of paclitaxel, in which the drug is 82 

loaded in biodegradable PEG-PLA polymer micelles, has been approved in Korea for the 83 

treatment of ovarian and metastasis breast cancer. The formulation is now under Phase IV 84 

trial in the USA as a safer alternative to Taxol® 11, 12. Another PEG-PLA/PEG-PLGA 85 

mixed polymer micelle formulation encapsulating doxorubicin that targets 86 

prostate-specific membrane antigen is currently in Phase II clinical trial 13. 87 

 88 

Traditional Chinese medicines (TCMs) have been frequently studied for the treatment of 89 

various types of cancers 14, 15. Triterpenoid saponins are glycosylated plant secondary 90 

metabolites widely existing in food, crops and herbal plants in high content 16. Among all 91 

triterpenoids, pentacyclic triterpenes attract most attention due to their high diversity of 92 

structures and biological activities. Their uses as anticancer and anti-HIV agents have 93 

been extensively studied 17-20. Being the most predominant member of pentacyclic 94 

triterpenoids, oleanolic acid (OA) [(3β)-3-hydroxyolean-12-en-28-oic acid] (Fig. 1) is 95 

widely present in Chinese herbs 21. OA exhibits many important biological actions, such 96 

as anti-inflammatory, anti-nociceptive, antioxidant and anti-diabetic properties 22-24. It is 97 

especially well-known for its hepatoprotective activity 21, 25-27. Moreover, its anticancer 98 
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activity has been extensively demonstrated 28, 29. However, the clinical application of OA 99 

has been limited by its poor aqueous solubility (4.61 μg/ml at 20 °C) and extremely low 100 

dissolution rate in the gastrointestinal tract. Hence its oral bioavailability is low 21.  101 

 102 

 103 

Figure 1. Chemical structure of oleanolic acid (OA). 104 

 105 

A number of formulation strategies have been explored to improve the delivery of OA. By 106 

formulating OA into a nanosupension, the saturation solubility of OA was successfully 107 

increased by almost 550-folds 30. The encapsulation of OA by lipid NPs was found to 108 

improve drug absorption significantly compared to free OA 31. It was also reported that 109 

microemulsions markedly enhanced the oral bioavailability of OA by around five-folds 32. 110 

Anti-tumor activity of OA had also been tested in vivo after encapsulation into PEGylated 111 

liposomes. Following oral administration in mice, the PEGylated OA liposomes 112 

successfully inhibited tumor growth by over 75 % 33. More recently, an OA-loaded 113 

PLGA-TPGS (D-α-tocopheryl polyethylene glycol succinate) delivery system showed 114 

exceptional therapeutic effect for liver cancer 34.  115 
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 116 

The aim of this study was to develop a biodegradable nanoparticulate drug delivery 117 

system to enhance the solubility and the cytotoxic effect of OA in cancer cells. Four 118 

di-block copolymers, mPEG-P(D,L)LA, mPEG-P(L)LA, mPEG-P(D,L)LGA and 119 

mPEG-P(L)LGA, were employed to prepare OA-loaded NPs using nanoprecipitation 120 

method 35. These biodegradable polymers have similar molecular weight (all below 10 121 

kDa) but with different crystallinity and degradation rates (degradation time: 122 

P(L)LA>P(D,L)LA>P(L)LGA>P(D,L)LGA) 36. The physicochemical properties of the 123 

NPs were characterized in terms of their size distribution, zeta potential, morphology as 124 

well as physical stability. The cytotoxic effect of OA on lung and liver cancer cells was 125 

reported previously 37, 38. To evaluate the cytotoxic effect of OA in our NPs formulation, 126 

human lung cancer cell line (A549) and human liver cancer cell line (HepG2) were used. 127 

In addition, human bronchial epithelial cell line (BEAS-2B), which is a non-cancer cell 128 

line, was also used. The cytotoxic study was carried out by MTT (3-(4, 129 

5-dimethylthiazolyl-2)-2, 5- diphenyltetrazolium bromide) assay. The induced cell death 130 

pathway was also investigated. 131 

 132 

 133 

 134 

 135 
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EXPERIMENTAL SECTION 136 

Materials 137 

Methoxy poly (ethylene glycol) (mPEG) Mw 5 kDa was purchased from Polysciences. 138 

DL-lactide, L-lactide and glycolide were kindly donated by PURAC Biochem (Gorinchem, 139 

Netherlands). Stannous-2-ethyl-hexanoate was purchased by Sigma-Aldrich (Milan, Italy). 140 

Oleanolic acid was a obtained from International Laboratory USA, San Francisco, CA, 141 

USA. 3-(4, 5-dimethylthiazolyl-2)-2, 5- diphenyltetrazolium bromide (MTT), acetone, 142 

acetonitrile, 85% phosphoric acid, methanol, ethanol and 2-propanol were purchased from 143 

Merck (Darmstadt, Germany). Annexin V-FITC apoptosis detection kit (V13242) was 144 

obtained from Invitrogen, Life Technologies (USA). Water was of MilliQ grade purified 145 

by the BarnsteadTM NanopureTM system (Dubuque, IA). Dulbecco’s Modified Eagle 146 

Medium (DMEM) and Keratinocyte-SFM (1X) with Bovine Pituitary Extract and EGF 147 

Human Recombinant were purchased from Invitrogen (Carlsbad, VA, USA). All other 148 

reagents were standard reagent grade or higher and used without further purification. 149 

Synthesis of di-block copolymers 150 

Four different copolymers were synthesized following the ring-opening polymerization 151 

(ROP) method: mPEG-P(D,L)LA, mPEG-P(L)LA, mPEG-P(D,L)LGA and 152 

mPEG-P(L)LGA. mPEG 5 kDa was added to a schlenk tube and melted at 80°C, under 153 

magnetic stirring and nitrogen gas. Lactide and/or glycolide was then added into the flask 154 

with increasing temperature to 150°C. Finally, stannous-2-ethyl-hexanoate was added into 155 

the mixture, and the reaction was heated at 150°C for 4 h 39. Dichloromethane was added 156 

to the reaction mixture at room temperature, and the viscous solution was poured into cold 157 

diethyl ether, under stirring, to precipitate the copolymers. The precipitated material was 158 

filtered and put under vacuum to remove any trace of solvents. The obtained powder was 159 
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stored at 4°C for further investigations. 160 

Characterization of the di-block copolymers 161 

The synthesized copolymers were characterised by proton nuclear magnetic resonance 162 

(1H-NMR) and gel permeation chromatography (GPC). In the NMR study, samples were 163 

dissolved in deuterium chloroform (CDCl3) and 1H-NMR spectra were recorded on a 164 

Bruker Advance 200 MHz spectrometer. Chemical shift values were reported in parts per 165 

million (δ) downfield from the internal standard tetramethylsilane (Me4Si). For the GPC 166 

study, 7.5 mg of copolymers were solubilized into 1.5 ml of tetrahydrofuran (THF) at 40 167 

olution was filtered with a regenerated cellulose syringe filter (0.45 μm pore size) and 7.5 168 

μl of CH3CN, the flow marker, was added. The analyses were carried out using a high 169 

performance liquid chromatography (HPLC) (Agilent 1100 series), equipped with a gel 170 

permeation column (TSKGel 2500HHR from Tosoh Bioscience) kept at 35°C and using 171 

THF as eluent with a flow rate of 1 ml/min. A calibration standard curve was achieved 172 

using a PEG calibration kit (PL2070-01000 by Varian) with molecular weight ranging 173 

from 106 to 21,300 Mp. Data were analyzed by the clarity software DATAAPEX 174 

(DataApex Ltd, Prague, Czech Republic) 40.  175 

Preparation of polymeric NPs (blank or OA-loaded) 176 

Polymeric NPs were prepared using nanoprecipitation method. 20 mg of a di-block 177 

copolymer, mPEG-P(D,L)LA, mPEG-P(L)LA, mPEG-P(D,L)LGA or mPEG-P(L)LGA, 178 

was weighed and dissolved in 300 µl of acetone. For OA-loaded NPs, 2 mg of OA was 179 

mixed with the copolymer solution. The mixture was sonicated until complete dissolution. 180 

The solution was then added drop-wise into 3 ml of water under magnetic stirring. NPs 181 

were formed instantaneously and the dispersion was then stirred overnight to allow 182 

evaporation of the organic solvent. The NP water dispersion was centrifuged at 13,000 183 
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rpm for 20 minutes at 4°C to remove free OA. The sedimented NPs were then 184 

re-suspended in water and stored at 4°C until use.  185 

Physicochemical characterization of NPs 186 

The hydrodynamic diameter of the NPs was measured by dynamic light scattering (DLS) 187 

(Delsa Nano C Zetasizer, Beckman Coulter, USA). Freshly prepared NPs were diluted in 188 

water (5-6 mg/ml of copolymer) to achieve optimal measuring intensity for particle size 189 

measurement. The zeta potential of NPs was determined by electrophoretic light scattering 190 

in a flow cell (Delsa Nano C Zetasizer, Beckman Coulter, USA). Experimental values 191 

presented were the average of three independent preparations. The morphology of NPs 192 

was examined using transmission electron microscopy (TEM) (FEI Tecnai G2 20 S-TWIN 193 

TEM, Hillsboro, OR). A drop of NP suspension was deposited onto a 400 mesh copper 194 

grid with carbon and was laid to dry in air at room temperature. It was then negatively 195 

stained with 2% (w/v) uranyl acetate and allowed to dry before measurement.  196 

Drug loading and encapsulation efficiency  197 

Drug loading (DL) and encapsulation efficiency (EE) of OA-loaded NPs were evaluated 198 

with HPLC using the protocol reported by Tong et al. with slight modification 41. 500 µl 199 

of the OA-containing NP formulation was centrifuged. The supernatant was discarded and 200 

the precipitate was re-dissolved in 200 µl of acetone. The analysis was performed with an 201 

Agilent 1260 infinity HPLC system equipped with a photodiode array detector (DAD) 202 

scanning the 190-400 nm range. An Agilent Zorbaz Prep-C18 column (5 µm coarse, 250 203 

mm x 4.6 mm) was used at 25°C. Samples were injected at 20 µl. An isocratic method was 204 

used for separation in which the mobile phase A consisted of 0.5% phosphoric acid and 205 

the mobile phase B was acetonitrile. The samples were eluted at mobile phase volumetric 206 

ratio 15:85 (A:B) at 1.0 ml/min. The wavelength for OA quantification was 205 nm. OA 207 
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concentration was determined with a calibration curve obtained by standard solutions of 208 

OA in acetone (5.21-333.3 μg/ml). DL was calculated by the ratio of the amount of drug 209 

encapsulated in NPs and the amount of copolymer added. EE was expressed as the ratio 210 

between amount of drug loaded and initial amount of drug input.  211 

 212 

𝐷𝑟𝑢𝑔	𝐿𝑜𝑎𝑑𝑖𝑛𝑔	(%) = 	
𝐴𝑚𝑜𝑢𝑛𝑡	𝑜𝑓	𝑂𝐴	𝑖𝑛	𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠
𝐴𝑚𝑜𝑢𝑛𝑡	𝑜𝑓	𝑐𝑜𝑝𝑜𝑙𝑦𝑚𝑒𝑟	𝑎𝑑𝑑𝑒𝑑 	× 100 213 

𝐸𝑛𝑐𝑎𝑝𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛	𝐸𝑓𝑓𝑖𝑐𝑖𝑐𝑒𝑛𝑐𝑦	(%) =
𝐴𝑚𝑜𝑢𝑛𝑡	𝑜𝑓	𝑂𝐴	𝑖𝑛	𝑛𝑎𝑛𝑜𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

𝐼𝑛𝑖𝑡𝑖𝑎𝑙	𝑎𝑚𝑜𝑢𝑛𝑡	𝑜𝑓	𝑂𝐴 × 100 214 

 215 

 216 

Cell culture 217 

A549 cells and HepG2 cells were obtained from American Type Culture Collection 218 

(Manassas, VA, USA) and BEAS-2B cells were obtained from American Type Culture 219 

Collection (Rockville, MD, USA). A549 cells and HepG2 cells were cultured in complete 220 

DMEM (Life technologies, USA) supplemented with 10% FBS and 1% 221 

antibiotics-antimycotic (Life technologies, USA). BEAS-2B cells were cultured in 222 

Keratinocyte-SFM with bovine pituitary extract and epidermal growth factor (EGF) 223 

human recombinant. All cell lines were maintained in a 5% CO2 humidified incubator at 224 

37°C.  225 

Cytotoxicity study  226 

Cells were seeded in sterile 96-well culture plates at a density of 1 x 104 cells per well. 227 

The cells were incubated for 24 h to allow cell attachment. Polymeric NPs (with or 228 

without OA) suspended in either DMEM or K-SFM were added to the cells. The cytotoxic 229 
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effect of OA-loaded NPs was evaluated using the MTT cell viability assay after 24, 48 and 230 

72 h of incubation. Samples were discarded from each well and were replaced by MTT 231 

solution (0.8 mg/ml in PBS) for 2 h. The precipitated formazan crystals were dissolved in 232 

absolute isopropanol and kept at 4°C for 30 min. Absorbance was measured at 595 nm 233 

using a microplate reader (Bio-Tek Microplate Reader, VT, USA). Percentage of viable 234 

cells was calculated based on the equation shown below in which untreated cells were 235 

taken as control with 100% cell viability.  236 

 237 

𝐶𝑒𝑙𝑙	𝑉𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦	(%) =
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒	𝑜𝑓	𝑠𝑎𝑚𝑝𝑙𝑒	𝑤𝑒𝑙𝑙𝑠
𝐴𝑏𝑠𝑜𝑟𝑏𝑎𝑛𝑐𝑒	𝑜𝑓	𝑐𝑜𝑛𝑡𝑟𝑜𝑙	𝑤𝑒𝑙𝑙𝑠 × 100 238 

 239 

The results were expressed as mean values +/- standard deviation of three independent 240 

measurements.  241 

Apoptosis assay 242 

A549 cells were seeded into sterile 6-well plates at a density of 1 x 105 cells per well and 243 

allowed to settle for 24 h. The cells were treated with OA-loaded polymeric NPs at an OA 244 

concentration of 100 µg/ml for 24 h. Untreated cells were used as negative control and 245 

cells treated with 0.3% hydrogen peroxide for 15 min were used as positive control. The 246 

cells were then washed by cold PBS and collected by centrifugation at 1,000 rpm for 5 247 

min. An annexin V-FITC/PI kit was employed to determine the percentage of apoptosis 248 

according to the manufacturer’s protocol. The cells were analyzed within 15 min by flow 249 

cytometry (BD LSR Fortessa Analyzer, New Jersey, USA).  250 

Statistical Analysis 251 
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All results are expressed as means ± standard deviation. Statistical analysis was conducted 252 

with GraphPad Prism 5 for Windows. Statistical significance was assessed by one-way or 253 

two-way analysis of variance (ANOVA) and Bonferroni post-hoc tests. Differences were 254 

considered statistically significant with p < 0.05.  255 

 256 
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RESULTS 257 

1H-NMR and GPC characterizations of di-block copolymers 258 

Synthesized PEGylated polyesters were characterized by 1H-NMR spectroscopy (CDCl3) 259 

and GPC using THF as mobile phase (Table 1). The 1H-NMR spectra (Fig. 2) showed a 260 

peak at 5.2 ppm corresponding to the methine lactide proton (single bond CH), a peak at 261 

4.3 ppm for the methylene group of glycolide, a peak at 3.6 ppm for the protons of the 262 

repeating units in the polyethylene glycol chain (single bond OCH2 single bond CH2), a 263 

peak at 3.4 ppm for the protons of the methyl group of the methoxy PEG end, and a peak 264 

at 1.5 ppm for the methyl group of the lactide chain (single bond CH3).  265 

 266 

Table 1. Characterization of the diblock copolymers included in the formulations. Polymers 267 

were characterized by proton nuclear magnetic resonance (1H-NMR) and gel permeation 268 

chromatography (GPC). PDI = polydispersity index. 269 

 1H-NMR GPC 

Copolymers Mn (Da) Mn (Da) Mw (Da) PDI 

mPEG 5 kDa 5500 6033 6714 1.11 

mPEG5kDa -P(L)LA 6500 6771 9837 1.45 

mPEG5kDa-P(D,L)LA 6700 7219 9384 1.30 

mPEG5kDa -P(L)LGA 6550 6739 9165 1.36 

mPEG5kDa -P(D,L)LGA 6600 7075 9850 1.39 

 270 

 271 
 272 
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 273 
 274 

Figure 2. 1H NMR spectra of diblock copolymer. The spectra were measured using a Bruker 275 

Advance 200 MHz spectrometer. Chemical shift values were reported in parts per million (δ) 276 

downfield from the internal standard tetramethylsilane (Me4Si). 277 

 278 

Particle size distribution and zeta potential (ζ) 279 

The mean diameters of blank NPs were all below 70 nm with similar size distributions 280 

(Table 2). After OA was loaded in NPs, particle size increased. All the OA-loaded NPs 281 

were in the range of 200 to 250 nm. NPs formed with different copolymers did not show 282 

apparent size differences. The polydispersity index (PDI) of all NPs was below 0.3 283 

indicating the relatively narrow size distribution. All the NPs were negatively charged on 284 

their surfaces (Table 2). The OA-loaded NPs were more negatively charged than the blank 285 

NPs. Overall, the OA-loaded mPEG-PLA NPs were larger in size (240 to 250 nm) with a 286 

higher magnitude of zeta potential (-15 to -20 mV) than OA-loaded mPEG-PLGA (200 to 287 

215 nm and -6 to -8 mV for size and zeta potential, respectively). 288 

 289 
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Table 2. Physicochemical characterizations of nanoparticles (NPs), either blank or 290 

OA-loaded, prepared by four different types of copolymers. NPs were suspended in water 291 

during measurement. The data were presented as mean ± standard deviation (n = 3). PDI = 292 

polydispersity index. 293 

 Copolymer Diameter 

(nm) 

PDI Zeta potential 

(mV) 

Blank NPs 

mPEG-P(D,L)LA 67.4 ± 6.51 0.18 ± 0.04 -3.7 ± 0.76 

mPEG-P(L)LA 53.4 ± 6.16 0.21 ± 0.03 -10.9 ± 1.31 

mPEG-P(D,L)LGA 62.6 ± 2.72 0.11 ± 0.01 -4.34 ± 0.98 

mPEG-P(L)LGA 39.7 ± 6.72 0.20 ± 0.04 -5.08 ± 1.63 

OA-loaded 

NPs 

mPEG-P(D,L)LA/OA 250.2 ± 25.39 0.23 ± 0.03 -15.4 ± 0.77 

mPEG-P(L)LA/OA 239.0 ± 11.62 0.26 ±0.01 -20.1 ± 1.62 

mPEG-P(D,L)LGA/OA 201.5 ± 0.72 0.20 ±0.07 -6.66 ± 0.75 

mPEG-P(L)LGA/OA 216.5 ± 15.10 0.27 ± 0.03 -7.2 ± 0.40 

 294 

Drug loading and encapsulation efficiency 295 

The drug loading (DL) and encapsulation efficiency (EE) of the four types of OA-loaded 296 

NPs were examined (Table 3). The DL% was below 10% for all copolymer systems, with 297 

mPEG-P(D,L)LA attaining the highest DL of around 7%. All the systems had an EE of 298 

over 40%, with mPEG-P(D,L)LA achieved the highest EE at around 75%, which was 299 

significantly higher than that of the two mPEG-PLGA systems, which had EEs of 40 to 300 

50%. 301 

 302 

Table 3. Drug loading (DL) and encapsulation efficiency (EE) of nanoparticles (NPs) 303 

prepared by four different types of copolymers. The data were presented as mean ± standard 304 
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deviation (n = 3). 305 

OA-loaded NPs DL % EE % 

mPEG-P(D,L)LA/OA 7.58 ± 0.92 75.8 ± 9.17 

mPEG-P(L)LA/OA 6.65 ± 0.42 66.5± 4.21 

mPEG-P(D,L)LGA/OA 4.73 ± 0.97 47.3 ± 9.72 

mPEG-P(L)LGA/OA 4.08 ± 0.30 40.8 ± 2.97 

 306 

 307 

Morphology study 308 

TEM images of blank (Fig. 3) and OA-loaded NPs (Fig. 4) indicate that the NPs were of a 309 

narrow size distribution, all within the nanosize range. The blank NPs were generally 310 

spherical in shape with diameters of less than 100 nm. There was an apparent increase in 311 

particle size to around 200 nm with the encapsulation of OA. The particle size of NPs 312 

observed by TEM was smaller than the hydrodynamic diameter measured by DLS.  313 

 314 

 315 

Figure 3. Transmission electron microscopy (TEM) images of blank nanoparticles (NPs). NPs 316 

A B 

C D 
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were prepared with mPEG-P(D,L)LA (A); mPEG-P(L)LA (B); mPEG-P(D,L)LGA (C); 317 

mPEG-P(L)LGA (D). The samples were stained with 2% uranyl acetate. (Scale bar = 100 nm)  318 

 319 

 320 

Figure 4. Transmission electron microscopy (TEM) images of oleanolic acid (OA) loaded 321 

nanoparticles (NPs). NPs were prepared with mPEG-P(D,L)LA (A); mPEG-P(L)LA (B); 322 

mPEG-P(D,L)LGA (C); mPEG-P(L)LGA (D). The samples were stained with 2% uranyl acetate. 323 

(Scale bar = 200 nm) 324 

 325 

Stability study 326 

The stability of OA-loaded NPs was evaluated by monitoring their particle size 327 

distribution after storage at 4°C and 25°C for up to 20 weeks (Table 4). At both storage 328 

conditions, all NPs maintained their size below 300 nm with PDI below 0.3 up to 20 329 

weeks. There was no sign of particle aggregation over the storage period. 330 

 331 

Table 4. Storage stability of nanoparticles (NPs) prepared by four different types of 332 

A B 

C D 



19 
 

copolymers at 4 °C and 25 °C. The data were presented as mean ± standard deviation (n = 3). 333 

PDI = polydispersity index. 334 

 335 
 336 

Copolymer Week 

4 °C storage 25°C storage 

Diameter 

(nm) 

 PDI Diameter 

(nm) 

PDI 

mPEG- 

P(D,L)LA/OA 

1 221.1 ± 4.96 0.18 ± 0.01 247.9 ± 3.54 0.18 ± 0.05 

4 237.9 ± 15.2  0.20 ± 0.02 217.4 ± 0.49  0.10 ± 0.04 

20 217.9 ± 8.47 0.07 ± 0.02 222.2 ± 1.34 0.11 ± 0.00 

mPEG- 

P(L)LA/OA 

1 237.0 ± 4.29 0.18 ± 0.01 244.8 ± 1.45 0.20 ± 0.04 

4 190.1 ± 5.59 0.12 ± 0.08 217.2 ±2.03 0.13 ± 0.03 

20 217.0 ± 2.53 0.20 ± 0.06 208.0 ± 2.65 0.15 ± 0.03 

mPEG- 

P(D,L)LGA/OA 

1 233.8 ± 3.11 0.15 ± 0.04 213.6 ± 2.06 0.14 ± 0.06 

4 189.6 ± 12.9 0.13 ± 0.05 205.1 ± 2.31 0.10 ± 0.06 

20 182.1 ± 11.2 0.13 ± 0.06 192.0 ± 2.53 0.07 ± 0.02 

mPEG- 

P(L)LGA/OA 

1 191.2 ± 4.91 0.16 ± 0.03 205.6 ± 4.50 0.17 ± 0.06 

4 208.8 ± 2.37 0.13 ± 0.01 208.1 ± 9.66 0.18 ± 0.03 

20 180.8 ± 14.2 0.09 ± 0.04 173.7 ± 1.44 0.08 ± 0.00 

 337 
 338 
 339 

Cytotoxicity study 340 

Both blank and OA-loaded NPs were tested for their cytotoxic effect on two cancer cell 341 

lines, A549 cells (Fig. 5) and HepG2 cells (Fig. 6), and a non-cancer cell line BEAS-2B 342 

cells (Fig. 7) by MTT assay. Blank NPs were tested to examine whether or not the 343 

polymeric carriers showed any cytotoxic effects. The maximum concentrations of 344 

polymers studied were equivalent to the concentrations of polymers used to encapsulate 345 

the maximum dose of OA. Cytotoxicity was detected for the blank NPs at high NP 346 

concentrations after long incubation time for the two cancer cell lines, and the effect was 347 

less prominent on BEAS-2B cells. All the OA-loaded NPs displayed cytotoxicity on both 348 
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A549 and HepG2 cells in a time- and concentration-dependent manner. Again, the 349 

cytotoxic effect of OA-loaded NPs was less prominent on BEAS-2B cells. The 350 

mPEG-PLGA systems were generally more cytotoxic than the mPEG-PLA systems. All of 351 

the OA-loaded systems managed to decrease the viability of the cancer cells significantly 352 

within 48 h at OA concentration of 40 µg/ml and above. In general, OA-loaded NPs were 353 

more cytotoxic to A549 cells than to HepG2 cells. mPEG-P(D,L)LGA/OA NPs were the 354 

most cytotoxic, as the cell viability in both cancer cells was lower than that for other 355 

systems after the cells were treated with the same OA concentrations. Free OA was also 356 

evaluated for their cytotoxic effect in all three cell lines (Fig. 8). The OA was dissolved in 357 

the respective cell culture medium. Due to the limitation of the solubility of OA, up to 358 

7.17 µg/ml (on A549 and HepG2 cells) and 3.27 µg/ml (on BEAS-2B cells) of OA, which 359 

were the saturated solubility of OA in the culture media, were tested. With respect to the 360 

cytotoxic effect on cancer cells by the OA-loaded NPs, the reduction using free OA was 361 

less prominent.  362 

 363 
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 364 

Figure 5. Cytotoxicity study of polymeric nanoparticles (NPs) on A549 cells. The cells were 365 

incubated with the blank NPs (A, B, C, D) or OA-loaded NPs (E, F, G, H) of various 366 

concentrations for 24 h, 48 h and 72 h before MTT assay was carried out. NPs were prepared with 367 

mPEG-P(D,L)LA (A, E); mPEG-P(L)LA (B, F); mPEG-P(D,L)LGA (C, G); mPEG-P(L)LGA (D, 368 

H). Data were presented as mean ± standard deviation (n=3). Significant difference was 369 

determined by two-way ANOVA analysis, compared to the untreated control. *p<0.05, **p<0.01, 370 

***p<0.001.  371 
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 372 

Figure 6. Cytotoxicity study of polymeric nanoparticles (NPs) on HepG2 cells. The cells were 373 

incubated with the blank NPs (A, B, C, D) or OA-loaded NPs (E, F, G, H) of various 374 

concentrations for 24 h, 48 h and 72 h before MTT assay was carried out. NPs were prepared with 375 

mPEG-P(D,L)LA (A, E); mPEG-P(L)LA (B, F); mPEG-P(D,L)LGA (C, G); mPEG-P(L)LGA (D, 376 

H). Data were presented as mean ± standard deviation (n=3). Significant difference was 377 

determined by two-way ANOVA analysis, compared to the untreated control. *p<0.05, **p<0.01, 378 

***p<0.001. 379 
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 380 

Figure 7. Cytotoxicity study of polymeric nanoparticles (NPs) on BEAS-2B cells. The cells 381 

were incubated with the blank NPs (A, B, C, D) or OA-loaded NPs (E, F, G, H) of various 382 

concentrations for 24 h, 48 h and 72 h before MTT assay was carried out. NPs were prepared with 383 

mPEG-P(D,L)LA (A, E); mPEG-P(L)LA (B, F); mPEG-P(D,L)LGA (C, G); mPEG-P(L)LGA (D, 384 

H). Data were presented as mean ± standard deviation (n=3). Significant difference was 385 

determined by two-way ANOVA analysis, compared to the untreated control. *p<0.05, **p<0.01, 386 

***p<0.001. 387 
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 388 

 389 

Figure 8. Cytotoxicity study of oleanolic acid (OA) on various cell lines. The cells were 390 

incubated with OA dissolved culture medium at various concentrations on A549 cells (A); HepG2 391 

cells (B); BEAS-2B cells (C) for 24 h, 48 h and 72 h before MTT assay was carried out. Data were 392 

presented as mean ± standard deviation (n=3). Significant difference was determined by two-way 393 

ANOVA analysis, compared to the untreated control. *p<0.05, **p<0.01, ***p<0.001. 394 

 395 

Apoptosis assay 396 

In the apoptosis study by flow cytometry (Fig. 9), Q1 represents cell samples that 397 

underwent necrosis. None of the OA-loaded NP systems caused necrosis as the signal of 398 

the cells were not shown in Q1 for all the NP-treated samples. Normal live cells lied in Q3 399 

as no specific binding occurred on their plasma membrane, indicated by the negative 400 

control. The majority of the OA-loaded NPs treated samples gave signals in either Q2 or 401 

Q4. Early apoptotic cells were characterized by the phosphatidyl serine residues 402 

A B 

C 
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externalized from the inner membrane of the cells. Annexin V, a phospholipid binding 403 

protein, has a high affinity towards the phosphatidyl serine residues of cells during their 404 

early stage of apoptosis. This population of early apoptotic cells was located in Q4 where 405 

the FITC signal dominated. For late apoptotic cells, their membranes were damaged, 406 

allowing the permeation of both propidium iodide (PI) and annexin V, therefore their 407 

signals were shown in Q2. Both early and late apoptosis were observed in cells after 24 h 408 

exposure to the OA-loaded NPs. Treatment with mPEG-P(D,L)LGA/OA NPs led to 409 

around 70% and 30% of cells in early and late apoptosis, respectively, while treatment 410 

with mPEG-P(L)LGA/OA NPs resulted in around 99% of late apoptotic cells. Although 411 

relatively higher percentage of viable cells were found after treatment with 412 

mPEG-P(D,L)LA/OA and mPEG-P(L)LA/OA NPs, the percentage of early apoptotic cells 413 

was found to be between 75% to 85%. These data suggested that apoptotic induced cell 414 

death pathway was responsible for the cytotoxic effect on A549 cell using the OA-loaded 415 

delivery systems. 416 

 417 

 418 

 419 
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 420 

Figure 9. Apoptosis assay of oleanolic acid (OA) loaded nanoparticles (NPs) on A549 cells by 421 

flow cytometry analysis. Untreated cells were served as control (A). The cells were treated with 422 

100 µg/ml OA-loaded NPs prepared with mPEG-P(D,L)LA (B); mPEG-P(L)LA (C); 423 

mPEG-P(D,L)LGA (D); mPEG-P(L)LGA (E). Q1 indicates necrotic cells; Q2 indicates late 424 

apoptotic cells; Q3 indicates normal healthy cells; Q4 indicates early apoptotic cells. 425 

 426 
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DISCUSSION 427 

OA has shown promising anti-tumor activity in many studies. However, its poor water 428 

solubility renders it difficult to be formulated. To address this problem, diblock 429 

copolymers mPEG-PLA and mPEG-PLGA were used to prepare NPs in which OA was 430 

encapsulated. Their physicochemical properties as well as their efficacies as potential 431 

cancer therapeutics were evaluated in this study. The performance of polymeric NPs as 432 

drug delivery systems is influenced by a number of parameters, including polymer 433 

components, surface modification, size and surface charge of NPs, method of preparation 434 

and the properties of the encapsulated drug. PLA and PLGA are hydrophobic, 435 

biocompatible and biodegradable polymers that have been widely studied as drug delivery 436 

system. Hydrolysis of these polymers leads to metabolite monomers, lactic acid and/or 437 

glycolic acid, which are easily metabolized by the body. They are regarded as safe 438 

polymers and have been approved by the FDA for clinical applications 42. In general, 439 

PLGA is more commonly used than PLA due to the faster degradation rate. mPEG is a 440 

hydrophilic polymer which is frequently used to modify the surface properties of NPs in 441 

order to reduce their adsorption with various components in the blood. This surface 442 

modification increases the serum stability of NPs and prolongs their circulation half-life 43. 443 

It has been demonstrated that the incorporation of PEG could increase the blood 444 

circulation half-life of NPs by several orders of magnitude 44. In this study, the molecular 445 

weight of mPEG block of all the four copolymers was kept constant at 5 kDa, while the 446 

hydrophobic block varied between 1.0 and 1.2 kDa (considering 1H-NMR). The selection 447 

of 5 kDa mPEG in our delivery systems was based on previous study which reported that 448 

NPs containing mPEG 5 kDa was superior to mPEG 2 kDa in delivering 449 

chemotherapeutics in terms of their anticancer activity and drug release profile 45.  450 
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 451 

The size of the four OA-loaded NPs was around 200 to 250 nm, which were comparable 452 

to that of similar polymeric NPs reported in the literature 46, 47. In nanoprecipitation 453 

method, OA and the copolymers were dissolved in a common solvent followed by 454 

introduction of the solution into a continuously stirring aqueous phase. The hydrophobic 455 

segments were precipitated immediately, leading to the spontaneous incorporation of OA 456 

into the core of NPs. The whole process is driven by a ‘solvent shifting’ mechanism 10. 457 

Through this mechanism, drug-loaded NPs are generated when solvent and anti-solvent 458 

are mixed together. Due to the intrinsic miscibility, the solvent shifts away from the solute 459 

into the anti-solvent; at the same time, the anti-solvent shifts in. Finally, the solutes 460 

become supersaturated and precipitate out in the liquid mixture. The PLA and PLGA 461 

segments precipitated with the OA in the core while mPEG chains oriented towards the 462 

aqueous phase patched over the NP surface to minimize self-aggregation. Apart from 463 

being a simple, fast and reproducible method, nanoprecipitation is also economic and can 464 

be scaled up to large volume production. 465 

 466 

Particle size is highly associated with cellular uptake by endocytosis. NPs with size close 467 

to 200 nm generally exhibit higher cellular uptake efficiency 46. The size of our 468 

OA-loaded NPs was around 200-250 nm, suggesting the particles might facilitate cellular 469 

uptake in a similar manner. In addition, the size of NPs (<250 nm) fell within the range 470 

reported to be favourable in targeting tumors by means of EPR effect 10, 48. The narrow 471 

size distribution of all NPs indicated that the size distribution was quite uniform. The size 472 

of NPs illustrated in the TEM images was much smaller than that measured by DLS, a 473 

common phenomenon observed in amphiphilic NPs 49, 50. The measurement of the 474 
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hydrodynamic size was in a hydrated state in which the NPs were thoroughly swelled, 475 

especially with the presence of hydrophilic mPEG on the particle surface, while the TEM 476 

images were taken in vacuum with the NPs in the dried state.  477 

 478 

Zeta potential is another critical parameter which determines colloidal stability and the 479 

interactions between NPs and plasma components or cell membrane. PLA and PLGA NPs 480 

are negatively charged 42. The PEGylated PLA or PLGA NPs usually possess lower 481 

negative charges than the non-PEGylated counterparts, as reported in the literature 51. This 482 

is expected as the hydrophilic mPEG normally form the corona on the surface of NPs, 483 

conferring ‘stealth’ properties which shield the surface charge of the NPs. The magnitude 484 

of zeta potential displayed by the OA-loaded mPEG-PLA NPs was higher than that of the 485 

OA-loaded mPEG-PLGA NPs. Aggregation occurs relatively easily with NPs of zeta 486 

potential close to neutral, ranging from -15mV to +15mV 52. The zeta potential of 487 

OA-loaded mPEG-PLA NPs was above this range, whereas that of OA-loaded 488 

mPEG-PLGA NPs was closer to neutral, suggesting that the mPEG-PLA systems were 489 

more effective in maintaining colloidal stability. Nevertheless, the stability study indicated 490 

that after 20 weeks of storage in either 4 °C or 25 °C, there was no apparent increase in 491 

particle size, indicating that all the NPs formulations were stable.  492 

 493 

A good NP drug delivery system should have a high EE, which is the amount of loaded 494 

drug relative to the total amount of drug used for the formulation. In our OA-loaded NPs, 495 

EE was in the range of 40 – 75%, which was considered to be reasonable and was 496 

comparable to other OA-encapsulated nanoparticulate formulations 30, 31. EE is highly 497 

dependent on the physicochemical properties of the loaded drug. Using PLGA-based NPs 498 
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as examples, EE of dexamethasone and paclitaxel varied from 6% to 90%, whereas EE of 499 

estradiol and xanthones was consistently around 60 – 70% 36, 42. 500 

 501 

The cytotoxicity of OA-loaded NPs was examined by MTT assay. Cell viability was 502 

greatly reduced through the exposure of OA-loaded NP formulations to the two cancer cell 503 

lines, and the NPs were significantly less cytotoxic to the non-cancer cells. The cytotoxic 504 

effect of OA on lung and liver cancer cells has been reported previously 37, 38. It has been 505 

demonstrated that OA could suppress the growth of non-small cell lung cancer cell lines 506 

while inducing apoptosis and down-regulating VEGF in these cells 53. Also, OA is 507 

renowned for its hepatoprotectivity as a traditional Chinese medicine. It has shown 508 

appreciable cytotoxicity on HepG2 cells 54. The cytotoxic effect of OA-loaded NPs was 509 

time and concentration-dependent, and the effect was sustained for 72 h, possibly through 510 

the controlled release of OA by both drug diffusion and polymer degradation 55. The 511 

activity of OA was reported to be cell line-dependent, probably due to the different 512 

intrinsic sensitivity of the cells. A screening MTT cytotoxicity study of OA was performed 513 

by Hao et al. on various cell lines, with DMSO used as solvents 29. The result showed that 514 

OA has the highest activity against A549 cells with an IC50 around 450-fold lower than 515 

that of HepG2 cells 54. Our cytotoxicity findings also demonstrated cell line–dependence 516 

of OA, but to a much lesser extent. The reduction of cell viability of both cell lines was 517 

comparable with the OA-loaded NP system. The increased solubility of OA might be a 518 

possible explanation for this observation. Various studies have been performed to 519 

demonstrate the ability of NP encapsulation to enhance solubility of OA 56. Encapsulation 520 

of OA by liposomes was investigated and enhanced antitumor activity was displayed on 521 

HeLa cells with respect to free OA 57. Sustained release was observed using OA-loaded 522 

nanocapsules, and the drug release was almost seven times slower than that of free OA 58. 523 
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Since the solubility of OA is below 5 μg/ml, our NP formulations could greatly enhance 524 

the solubility to allow the delivery of OA at 100 μg/ml in aqueous media, indicating the 525 

great potential of these polymeric NP systems as drug delivery vehicles.  526 

 527 

All four NP formulations were able to reduce A549 cell viability to below 50% after 48 h, 528 

reflecting the potential capability of this OA delivery system to be employed in cancer 529 

treatment. Although mPEG-PLA/OA had a higher EE, mPEG-PLGA/OA NPs were in 530 

general more cytotoxic to cancer cells. This could be due to the differences in surface 531 

charge and polymer degradation rate between these two systems. Although both types of 532 

NPs were negatively charged, the surface charges of the mPEG-PLGA/OA NPs were 533 

closer to neutral, which reduced the electrostatic repulsion from the anionic plasma 534 

membrane, leading to better cell internalization. In addition, the difference in degradation 535 

rate of the copolymers might also contribute to this observation. PLGA is degraded faster 536 

than PLA in general. Consequently, polymer degradation provided the dominant release 537 

mechanism of this OA-loaded delivery system, and the faster degradation rate may lead to 538 

larger amounts of drug released and therefore higher cytotoxic effects. For mPEG-PLA 539 

formulations, the cytotoxic effect of OA-loaded NPs formed with D,L-configuration 540 

copolymers was higher than that of the L-configuration counterparts. This could also be 541 

explained by the difference in cellular uptake efficiency. Garofalo et al. reported that 542 

mPEG-P(L)LA NPs were aggregated outside the cells while mPEG-(D,L)PLA NPs were 543 

clearly internalized into the cells, as observed by flow cytometry 59. Thus, 544 

mPEG-(D,L)PLA NPs might facilitate cellular uptake, and resulted in higher cytotoxic 545 

activity.  546 

 547 
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The apoptosis assay showed that A549 cells underwent apoptosis after exposure to 548 

OA-loaded NP formulations at 100 µg/ml for 24 h. This was consistent with the results 549 

obtained from the apoptosis assay treating U14 cervical carcinoma cells with OA-loaded 550 

PEGylated liposomes 33. Furthermore, Li et al. performed a comprehensive apoptosis 551 

study of OA, showing that OA could up-regulate the expression level of the pro-apoptotic 552 

bax gene 60. Moreover, the activity of caspase-9 and capase-3 was also increased through 553 

OA treatment, indicating the induced apoptosis was via the mitochondria-dependent 554 

pathway. In this study, higher apoptotic percentage was found in mPEG-PLGA/OA NPs, 555 

which corresponded to the higher cytotoxic effect on cancer cells. Furthermore, the 556 

mPEG-PLGA/OA NPs, especially mPEG-P(L)LGA/OA system, caused a higher number 557 

of cells at late apoptosis. This again could be explained by the differences in polymer 558 

degradation rate. PLGA was degraded at a faster rate which allowed earlier release of OA 559 

inside the treated cells, and hence caused late apoptosis compared to mPEG-PLA/OA 560 

systems which caused primarily early apoptosis. Although mPEG-PLA had higher EE of 561 

OA than mPEG-PLGA, the physicochemical properties including particle size, stability 562 

and morphology of the NPs were similar between the two types of copolymers. 563 

mPEG-PLGA/OA, especially mPEG-P(D,L)-PLGA/OA NPs, were more cytotoxic to 564 

cancer cells, and was therefore a more efficient nanoparticulate system for OA delivery. 565 

Overall, the cytotoxic effects on A549 and HepG2 cancer cell lines were believed to be 566 

due to the enhancement of OA solubility through nanoprecipitation, which produced 567 

OA-loaded NPs with high EE together with other desirable features facilitating cellular 568 

uptake.  569 

 570 

CONCLUSIONS 571 
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In this study, hydrophobic OA was efficiently encapsulated in mPEG-PLA and 572 

mPEG-PLGA NPs as nano-formulations for cancer therapy. The size of OA-loaded NPs 573 

fell within the range for possible tumor targeting through EPR, and the NPs remained 574 

physically stable for at least 20 weeks. All our OA-loaded NPs system produced 575 

significant cytotoxic effects through apoptosis on cancer cell lines. In general, the NPs 576 

formed by mPEG-PLGA and mPEG-PLA had similar physicochemical properties, but the 577 

OA-loaded mPEG-PLGA NPs, especially mPEG-P(D,L)LGA, were more cytotoxic to 578 

cancer cells and was therefore considered to be a more efficient system for OA delivery. 579 

With further investigation, these NP systems have high potentials to be developed into an 580 

effective anticancer delivery platform for cancer chemotherapy.         581 
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