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Summary 

Most drugs in cancer therapy are associated with serious side effects owing to non-specific cellular uptake of 
chemotherapeutic drugs by both cancerous and normal cells. Plant extracts are considered for cancer 
therapy, as they possess high antioxidant and anticancer activities. Curcumin (diferuloylmethane), the active 
ingredient from tumeric extract, has gained momentum as a potential cancer drug. It possesses high 
selectivity towards cancer cells while exerting negligible systemic toxicity towards healthy cells, even at 
higher doses. In this study, curcumin nanoparticles, Cur-NP (28 to 200 nm) were engineered as inhalable 
drug for lung cancer therapy. The effectiveness of Cur-NP to kill lung cancer cells was evaluated using two 
models lung carcinoma cell lines, A549 and Calu-3. A non-cancerous lung cell line, BEAS-2B, was used as 
control. In vitro cell study showed that engineered Cur-NPs have higher cytotoxicity effect on lung cancer cell 
lines A549 and Calu-3, compared to raw curcumin. The cytotoxicity effect was size-dependent, with the 
smallest nanoparticles exerting superior activity. Higher cytotoxic effect was further supported by higher 
internalization of Cur-NP into these cancer cells. Qualitative results by confocal microscopy showed that 
Cur-NP (28 nm) had higher uptake and internalization, with Cur-NP present in the nucleus. Interestingly, 
Cur-NPs were not toxic to normal healthy cells (BEAS-2B). In conclusion, Cur-NPs have been demonstrated 
to be suitable for lung cancer treatment by pulmonary administration. 
 
Introduction 
Curcumin, the active constituent of Indian spice turmeric Curcuma longa, is a natural pleiotropic polyphenol 
compound with strong anti-oxidant and anti-inflammatory characteristics [1]. Curcumin provides activity 
against cardiovascular disease, neoplastic disease, neurodegenerative and psychological disorders [1-3]. 
Numerous studies have also shown curcumin to have anti-mutagenic, anti-cancer and anti-microbial activities. 
Clinical data demonstrated that curcumin is non-toxic when administered orally at high doses (8–12 g/day) for 
prolonged periods (up to 3 months) [4]. However, curcumin is easily metabolized, degraded in alkaline 
conditions, poorly soluble and has limited bioavailability. Less than 2 µM of curcumin was detected in patient’s 
serum after an 8 g oral daily dose in high risk or pre-malignant patients [4]. Due to these problems, different 
curcumin delivery systems such as micelles, liposomes and nanoparticles, have been investigated to 
overcome these limitations [5-7]. Compared to the solubilized curcumin, curcumin nanoparticles 
encapsulated in poly(lactic-co-glycolic) acid demonstrated at least 2-fold greater bioavailability in vivo [5], less 
enzymatic degradation, higher stability, and increased half-life in vivo [5].  

 
In this study, Cur-NP was developed for lung cancer therapy. Non-aggregated and mono-dispersed Cur-NP, 
ranging from 30 to 200 nm, was engineered by manipulating synthesis conditions. The effect of Cur-NPs 
particle size on their anti-cancer activity was evaluated in a range of cancer cell lines using both qualitative 
and quantitative studies on cellular uptake. 
 
Methods 

Preparation of Cur-NP and void polymeric nanoparticles (VP-NP)  
Cur-NP was formulated using solvent and anti-solvent precipitation method. Briefly, 500 mg of curcumin was 
dissolved in 150 mL of absolute ethanol, filtered using 0.45 µm membrane filters and added into 450 mL 
chilled pluronic F-127 aqueous solution. The mixture was immediately homogenized (Silverson L4RT, United 
States) at 6,000 rpm for 2 min. Manipulation of synthesis conditions was used to engineer Cur-NPs with 
various sizes. The homogenized solution was then incubated at 50 °C followed with thorough 
homogenization with 100 mL of polyvinylpyrrolidone, PVP (0.3% w/v) for another 2 min. VP-NPs were 
prepared using the same method in the absence of curcumin solution. The resultant Cur-NPs and VP-NPs 
were immediately frozen using liquid nitrogen before being lyophilized at –50 °C (B.Braun, Alpha 1-4).  
 
Physicochemical properties of Cur-NP 
Particle size and polydispersity index (PI) of Cur-NPs were measured using dynamic light scattering (DLS) 
(Malvern Instruments Nano Series ZS Zetasizer). For this, 1 mg/mL of Cur-NPs were dispersed in deionized 
water and sonicated for 1 min on ice at 40 W (Branson, sonifier 450). Triplicate size measurements were 
carried out at 25 °C. The morphology and size of Cur-NPs was observed under transmission electron 



 

microscope (TEM). Diluted Cur-NPs suspension (0.1 mg/mL) was prepared in PBS (pH 7.4), followed with 
sonication for 1 min in ice-bath. A drop of diluted suspension was carefully placed on 200-mesh carbon 
coated TEM grids for 10 min and subsequently air-dried. The TEM grids were further stained with 4% osmium 
tetroxide to increase the contrast, dried at ambient temperature and immediately imaged with TEM (JEOL 
1400) at 120 kV. 
 
Cytotoxicity effects 
The cytotoxicity of Cur-NP, raw curcumin (solubilized in DMSO) and VP-NP were evaluated on different 
cancer cell lines including: adenocarcinomic human alveolar basal epithelial cells (A549) and 
adenocarcinoma human airway epithelial cells (Calu-3). Non-cancerous human bronchial epithelial cells 
(BEAS-2B) were also studied. All cells were purchased from American Type Culture Collection (ATCC). Cells 
were seeded onto 96 well plates (50,000 cells per well), and incubated for 24 h to allow cell attachment. Cells 
were then treated with different concentrations of raw DMSO-solubilised curcumin or PBS-dispersed Cur-NP 
(0–50 μM). The final concentration of DMSO in the media was <0.1% (w/v), which has negligible toxicity to 
cells. Cells were treated for 3 days, followed by incubation in MTS(3-(4,5-dimethylthiazol-2-yl)-5-(3-carbo
xymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) reagent for another 4 h at 37 °C. After 4 h, the 
absorbance was measured at 490 nm using a microplate reader (POLAstar). The IC50 was determined as a 
percentage of viable cells relative to the untreated control. 
 
Cellular uptake 
A qualitative cellular uptake study was performed using confocal laser scanning microscopy, (CLSM, Nikon 
A1). 500,000 cells were first seeded onto sterile cover slip in 35 mm petri dish and incubated for 24 h at 37 °C. 
The cells were then treated with Cur-NP28 at their IC10 concentrations and incubated for another 24 h. The 
cover slips were then washed thrice in PBS, followed by fixation using 2% paraformaldehyde for 20 min and 
addition of glycine (100 mM). Finally, the cells were stained with 4’-6’-diamidino-2-phenylindole (DAPI) for 30 
min and subsequently washed with PBS. Each staining or fixation steps requires washing with PBS three 
times. The slides were mounted with prolong gold antifade and viewed under CLSM (Nikon A1) at 100× oil 
immersion lens equipped with argon laser (Ex 488 nm, Em 525). Deconvolutions of images were processed 
using AutoQuant software.  
 
In vitro aerosolisation of curcumin nanoparticles 

The aerosol performance of curcumin nanoparticles formulation was performed with the next generation 
impactor (NGI) coupled with PARI LC Sprint® nebulizer (Starnberg, Germany) according to methods 
described previously [8]. Cur-NP was suspended in PBS to achieve a curcurmin concentration of 20 mg/mL. 
Quantification of curcumin content was performed using high performance liquid chromatography (HPLC). 
Briefly, 100 µL of sample was injected into a Shimadzu HPLC Prominence system (Kyoto, Japan) that is 
connected to a ODS-H column (Nova-Pak, 150 x 4.6 mm). The mobile phase consist of 75% v/v methanol 
and 25% v/v acetonitrile. The flow rate was set to 1 mL/min and UV detector at 420 nm. The retention time of 
curcumin was found to be 2.5 min. The fine particle fraction (FPF) (<5 μm), mass median aerodynamic 
diameter and geometric standard deviation (GSD) were calculated from regression of log-linear plot of stage 
size versus cumulative stage-deposition. 
 
Results  

Figure 1 shows the microscopic images of Cur-NP. From the TEM images, these nanoparticles appeared 
spherical, well separated and had sizes ranging from 30 nm to 200 nm. Size distributions measured using 
DLS were in accord to TEM measurements. In addition, Cur-NP were mono-dispersed in terms of size, as 
evident from the low PI at ~0.001for nanoparticles with average size of 30 nm (Figure 1A). However, TEM 
micrograph shows that the size distribution of particles was less mono-dispersed compared to DLS 
measurement probably owing to the agglomeration of particles on the TEM grids during sample preparation 
(drying process). For VP-NP, the particle size measured by DLS was in the range of 30 nm (results not 
shown). Due to the low contrast between VN-NP and TEM grid, the images of VP-NP were not successfully 
captured. 
 



 

 
Figure 1. TEM images of Cur-NP with different sizes: (A) 30 nm, (B) 100 nm and (C) 200 nm. Insets are 
corresponding histogram showing size distribution as measured by DLS. 
 
The IC50 values were calculated from the sigmoidal curve of all studied cancer cell lines and the results 
demonstrated that Cur-NP28, Cur-NP106, and Cur-NP205 had higher cytotoxicity activities against cancer cells 
compared to raw curcumin. In general, the cytotoxicity effect followed a decreasing order: Cur-NP28 > 
Cur-NP106 > Cur-NP205 > raw curcumin. From table 1, it is observed that Cur-NP were the most potent towards 
Calu-3 and A549. The IC50 values of Cur-NP28, Cur-NP106 and Cur-NP205 for A549 cells were 17.3 μM, 24.3 
μM, and 26.7 μM, respectively. Meanwhile, the cytotoxicity effect of Cur-NP28, Cur-NP106, and Cur-NP205 on 
Calu-3 cell line ranged between 14.9 to 25.5 μM. The IC50 value of raw curcumin on A549 was 30.6 μM, which 
was slightly lower but not statistically significant than Calu-3 (32.7 μM). Cur-NP and raw curcumin were 
non-toxic towards BEAS-2B. Additionally, the higher uptake and internalization of smaller Cur-NP could have 
contributed to the promotion of its cytotoxicity effect. As expected, raw curcumin is the least cytotoxic towards 
cancer cell lines compared to the Cur-NP (table 1).  
 
The in vitro cytotoxicity of VP-NP (30 nm) was tested to prove that the polymeric empty nano-capsules are 
not toxic to cells. From literature, the signs of toxicity caused by polymeric NP include apoptosis such as 
blebbing of nucleus and condensation of chromatin [9]. MTS results in our study showed that all cells treated 
with VP-NP showed no loss of viability over three days. 
 
Table 1. The cytotoxicity effect (IC50) of Cur-NP and raw curcumin towards lung cancer cells and 
non-cancerous lung cell lines  
 

Samples  Type of cell lines 

A549 (μM) Calu-3 (μM) BEAS-2B (μM) 

Cur-NP28 17.3 14.9 ND 
Cur-NP106 24.3 19.3 ND 
Cur-NP205 26.7 25.5 ND 
Raw curcumin 
VP-NP 

30.6 
ND 

32.7 
ND 

ND 
ND 

 
ND: Not detected  
 
The intracellular uptake of 30 nm Cur-NP was visualized after 24 h on BEAS-2B, Calu-3 and A549, at their 
respective IC10 concentration using CLSM (Figure 2). Confocal images showed high green fluorescent 
intensity in cancer cells, while the uptake of Cur-NP into BEAS-2B appeared inhibited. This observation 
provides an indication on the selective nature of Cur-NP towards cancerous cells. However, the reason 
contributing to this selectivity towards malignant cells has not been elucidated as yet. Several reasons have 
been suggested, which include: a) glutathione expression is lower in cancer cells, thus increasing the 
susceptibilities of cancer cells towards curcumin; and b) there is an increased constitutive expression of 
nuclear factor-kappa B (NF-ΚB) in cancer cells and one of the metabolic targets of curcumin is to suppress 
NF-ΚB expression.  



 

 
 
Figure 2. CLSM images demonstrating the uptake of curcumin (green) into lung malignant cell lines (A549 
and Calu-3) and healthy cells (BEAS-2B) based on the green fluorescence intensity in the cells. Blue regions 
indicate cell nucleus as stained by DAPI. 
 
Table 2. Aerosol properties of nebulised Cur-NP formulations (n =3, ± SD) 
 

Samples FPF (%) Mass median aerodynamic diameter 

 Median Diameter (μm) GSD 

Cur-NP28 52.1 ± 6.1 4.7 ± 0.6 2.1 ± 0.06 
Cur-NP106 51.2 ± 3.0 4.8 ± 0.3 2.1 ± 0.10 
Cur-NP205 49.7 ± 1.5 5.1 ± 0.4 1.9 ± 0.06 

 
The in vitro aerosol performances of the different nebulised Cur-NP formulations are shown in table 2. There 
is no statistical difference between the different formulations in terms of its fine particle fraction and median 
diameter. This finding is important to demonstrate that Cur-NP could be delivered for lung cancer treatment 
via inhalation method.  
 
Conclusions 

The study has successfully engineered Cur-NP and the effectiveness and potential of these NP for lung 
cancer therapy. Two major findings could be summarized: 1) Cur-NP have higher cytotoxicity toward cancer 
cells (A549 and Calu-3) compared to raw curcumin and this effect was size-dependent; and 2) Cur-NP were 
non-toxic to non-cancerous cell lines, since CLSM images showed that Cur-NP was not internalized into 
BEAS-2B cells. An inhalable formulation of this Cur-NP to be delivered by nebulization has currently being 
developed. Furthermore, aerosol deposition of Cur-NP in vitro and in vivo lung models is currently ongoing.  
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