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Abstract To investigate the anti-cancer activity of curcu- min-loaded hydrogel  nanoparticle  derived aggregates  on A549 lung adenocarcinoma cells. Curcumin was incorpo- rated with biopolymeric chitosan, gelatin, and hyaluronan nanoparticles using an electrostatic field system. Charac- teristics of curcumin-loaded aggregates were examined including size and morphology, incorporation efficiency, stability and in vitro release. Treatment effect on A549 cells were assessed with cell viability assay, apoptosis assay, cell cycle analysis, reactive oxygen species detection, and Western blot. Observation from transmission electron microscopy show that the prepared biopolymeric nanopar- ticles were approximately 3–4 nm in diameter and that the size of the aggregates increased to approximately 26–55 nm after the incorporation of curcumin with the nanoparticles. The incorporation efficiency of curcumin into the chitosan, gelatin, and hyaluronan nanoparticles was 81, 67, and 78 % respectively. The formation of hyaluronan/curcumin and gelatin/curcumin aggregates seems to improve the stability of curcumin drug. The chitosan/curcumin aggregate has a faster  release  of  curcumin  than  gelatin/curcumin  and

hyaluronan/curcumin aggregates. Treatment with chitosan/ curcumin, gelatin/curcumin and hyaluronan/curcumin aggregates resulted in higher apoptosis rates of 45, 40 and 32 %, respectively, as compared to pure curcumin (less than 20 %) via Annexin V-FITC/PI analysis. Chitosan/curcumin aggregates induce the highest apoptosis effect (indicated by sub-G1 phase). In summary, chitosan/curcumin, gelatin/ curcumin, and hyaluronan/curcumin aggregates represent higher anticancer proliferation properties in A549 cells than curcumin alone that exhibit great potential enhancement by either using fewer drugs or a decreased duration.




1 Introduction

Curcumin (Cur), which is chemically known as difer- uloylmethane (C21H20O6), is the major natural phenolic compound extracted from turmeric (Curcuma longa) and is commonly used as a spice or yellow coloring agent in food. It is also used in traditional medicine and is known to be an anti-inflammatory, anti-oxidant, anti-tumor, anti-virus, and

 		low  toxicity  agent  with  promising  clinical  applications.
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Importantly, Cur can suppress cancer cell proliferation and promote apoptosis and has been proven to have potent therapeutic value [1–3]. Over the past few decades, the potential cancer chemotherapeutic properties of Cur in var- ious cancer cell lines, such as the breast cancer cell lines MTA-MB-231 and MCF-7 and the lung cancer cell line A549, have been the subjects for study [4–6]. Although Cur has demonstrated anticancer activity, it still has limitations, such as low bioavailability and poor pharmacokinetics, due to its poor solubility in water solutions and the blood stream, an initial burst release effect, and a high peak plasma con- centration  as  a  result  of  its  rapid  metabolism  [7,  8].


 (
49
Page
 
2
 
of
 
15
) (
J
 
Mater
 
Sci:
 
Mater
 
Med 
 
(2015)
 
26:49
)
 (
J
 
Mater
 
Sci:
 
Mater
 
Med 
 
(2015)
 
26:49
) (
Page
 
3
 
of
 
15
49
)

Consequently, a number of injections are necessary to achieve the above-mentioned therapeutic or anticancer effects. Therefore, we propose that these difficulties can be overcome by encapsulating Cur within a hydrophilic mate- rial to form Cur conjugates in order to enhance its solubility and bioavailability to the targeted cells.
Drug carriers and drug delivery systems using carriers such as liposomes, micelles, nanotubes, and polymeric micro- and nanoparticles have been widely developed and used in bio- medical research for decades [9–12]. Among these carriers, nanoparticles show unique physical and chemical properties compared with the other forms of drug carriers due to their ultra-fine size and sub-cellular functions. The nano-encapsu- lation technique helps increase the stability of a drug and its usefulness when applied to controlled and targeted delivery. In a previous research study, we developed a new method for the production of biopolymeric nanoparticles using an electrostatic field system (EFS) method in an aqueous-phase environment [13]. This EFS technology provides a simple yet powerful technique for fabricating biopolymeric nanoparticles.
In recent years, the utilization of polymeric nanoparticles as a carrier system for cell-specific targeting and the delivery of drugs has gained increased interest due to their excellent endocytosis efficiency, passive tumor-targeting, high encap- sulation efficiency, and ability to deliver a wide range of therapeutic agents [14–17]. The dose and bioactivity of drugs released by nanoparticles are affected by the kinetics of cel- lular attachment and internalization, intracellular pathways, and the final location of the nanoparticles. The size, shape, charge, and surface chemistry of nanoparticles also play important roles in the desired bioactivity of encapsulated drugs. In this study, we employed the EFS method to incor- porate Cur within polymer with three different types of ionic charge, such as positive-charged chitosan (Chi), neutral- charged gelatin (Gel), and negatively-charged hyaluronan (HA) nanoparticles to fabricate Cur-loaded aggregates and evaluate the anti-proliferative effects of Cur or Cur-loaded aggregate on A549 cells. In order  to discern the  related mechanisms of Cur-loaded aggregates on the A549 cell apoptosis, the absence of adverse effect levels of nanoparticles (5 % v/v of fresh medium: nanoparticles) or Cur concentra- tion (5 lg/mL) were determined prior to the experimental runs. Also, a relatively short 6 and 12 h incubation period were performed to evaluate the ability of Cur-loaded aggre- gate exerting on the A549 cells apoptosis.


2 Materials and methods

2.1 Materials

Chi (MW: 3 9 105 Da), Gel (type A from porcine skin), Cur  (MW:  368.38 Da),  3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazo-lium bromide (MTT), dimethyl sulfoxide (DMSO), sodium chloride, potassium chloride, phen- ylmethanesulfonyl fluoride (PMSF) and Nonidet P-40 (NP-
40) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Triton X-100 and potassium dihydrogen phosphate was purchased from MERCK (New Jersey, USA). Sodium phosphate dibasic and tween-20 was purchased from J.T. Baker (Pennsylvania, USA). HA, with a molecular weight of 9 9 105 Da (from Streptococcus zooepidemicus) and sodium fluoride (NaF) was purchased from Fluka (Swit- zerland). Tris was purchased from AMRESCO (Ohio, USA). Annexin V-FITC/PI detection kit, mitochondrial membrane potential detection (JC-1) kit and PI/RNase staining buffer were purchased from BD Bioscience (Cal- ifornia, USA). Hydrogen peroxide colorimetric assay kit was purchased from Biovision (California, USA). 40,6-di- amidino- 2-phenylindole (DAPI) and 1,10-dioctadecyl- 3,3,30,30-tetramethylindodicarbocyanine perchlorate (Did oil) was purchased from Invitrogen (California, USA). The A549 lung adenocarcinoma cell line and HFL-1 lung cell was obtained from the Bioresource Collection and Research Center (Hsinchu, Taiwan). A high-voltage power supply was supplied by Bertan (series 230, USA).

2.2 Production of Cur-loaded nanoparticle aggregate

Cur-loaded nanoparticle aggregates were produced using a protocol described in our previous study [13]. Briefly, an electrostatic field system was constructed using two par- allel copper plates connected with a direct current power supply. Cur was first dissolved in DMSO to prepare a stock solution (5 mg/mL). Then,  1 mL of  a Chi, Gel,  or HA solution (0.2 mg/mL) was vigorously mixed with Cur (final concentration of Cur was set at 5 lg/mL), and this mixture was poured into a plastic petri dish and placed in the center of the two plate electrodes. Various parameters, such as
temperature (Chi = 17 "C, Gel and HA = 25 "C), applied
electrostatic field strength (5 kV), concentration of bio- polymeric solution (0.2 mg/mL), reaction time (Chi: 5 h, Gel: 3 h, HA: 1 h), and cross-linking reagents, were maintained constant during the study. A schematic repre- sentation of the preparation of nanoparticles and aggregates is shown in Fig. 1. The produced Cur-loaded aggregates (Chi/Cur5, Gel/Cur5 and HA/Cur5 denoted the Cur con- centration of 5 lg/mL) were examined and the size was analyzed using a Tecnai G2 20 S-Twin transmission elec- tron microscopy (TEM; FEI, USA).

2.3 Incorporation efficiency (IE), Chemical stability and in vitro release study

The percentage of Cur incorporated during the preparation of  Chi,  Gel,  or  HA  nanoparticles  was  determined  as



Fig. 1 Schematic representation of nanoparticle preparation. a The setup of the devices; b the procedures used to produce the nanoparticles and aggregates. Cur (yellow) was dissolved in DMSO solution and then combined with HA, Gel, or Chi solution. An electrostatic field provides energy that enables the self-assembly of
the polymer into nanoparticles (green), and Cur would be incorpo- rated at this stage. A cross-linking solution was added at the end of the nanoparticle production. The nanoparticles aggregated to produce raspberry-like aggregates that were approximately 50 nm in size (Color figure online)


follows: 1 mL of Cur-loaded aggregates solution was centrifuged at 15,0009g for 60 min, and the amount of Cur in the supernatant was measured by high-performance liquid chromatography (HPLC, Agilent 1100 series, USA). The HPLC analysis was performed using a C-18 column (4.6 mm 9 150 mm, 5 lm), a mobile phase of 80 % (v/v) methanol, a flow rate of 1 mL/min, and a detection wavelength of 428 nm. A standard concentration curve of Cur was generated for the estimation of the Cur content in the aggregates. The IE was calculated using the following formula:
IEð%Þ ¼ ½ðTotal amount of Cur & Free amount of CurÞ= Total amount  of  Cur’( 100 %
The chemical stability of Cur in Cur-loaded aggregates was examined using a modified method presented by Sun et al. [18]. Briefly, Cur and the prepared aggregates were diluted with phosphate buffered saline (PBS) to a final concentration of 5 lg/mL in a volume of 500 lL, and the
samples were then incubated in a shaking-water bath at 37 "C and 40 rpm for 0 min, 30 min, 1 h, 2 h, 3 h, 4 h,
8 h,  and 12 h. At each time interval, the samples were removed, centrifuged at 15,0009g for 5 min (less duration due to diluted amount of aggregate), and subjected to HPLC analysis. The release of Cur from the Chi/Cur, Gel/ Cur, and HA/Cur aggregates was investigated using a method   similar   to   that   mentioned   earlier,   and   each

measurement was repeated three times. The  release  of Cur from the aggregates was calculated using the follow- ing formula. In vitro releaseð%Þ ¼ ½ðTotal amount of Cur
&Residue of CurÞ=Total amount of Cur’( 100 %

2.4 Cell culture and Cur-loaded aggregates treatment

A carcinoma cell line A549 and a normal cell line HFL1 was employed in this study. Both cell lines were cultured with DMEM high glucose supplemented with 10 % fetal bovine serum (FBS). Cells were grown in 75 cm2 culture flasks and harvested in a solution of trypsin–EDTA at 70 % confluence. The cells were seeded at a density of 3 9 104
cells/mL  in  96-well  plate  and  grown  at  37 "C  under  a
humidified atmosphere of 5 % CO2 for 24 h to allow adherence of cells. The media was removed, then 190 lL fresh media and 10 lL of Cur-loaded aggregates were added to the plate and grown for a designated 6 h, 12 h period of time. Cells grown in a medium containing an equivalent amount of DMSO was served as control. Operators were blinded with respect to treatment groups.

2.5 Cell viability assay

The cell viability was determined using a MTT assay. After pre-determined period of incubation, 20 lL of MTT solu- tion (5 mg/mL) was added, and the cells were incubated for an additional 3 h. The formazan precipitate was dissolved in 200 lL of DMSO, and the solution was vigorously mixed to dissolve the reacted dye. The absorbance of each well was read on a multi-plate reader at 570 nm. The spectrophotometer (Multiskan Co., Thermo Scientific, USA) was calibrated to zero absorbance using culture medium without cells. The cell viability was also examined with a live/dead cell assay (Invitrogen, UK). Briefly, 1 mL of PBS containing 2.5 lL/mL of 4 lM ethidium homodi- mer-1 (EthD-1) assay solution and 1 lL/mL of 2 lM cal- cein AM solution was prepared. Then, 100 lL of the live/
dead assay solution was added to each culture for 15 min, and the mixture was placed in an incubator at 37 "C with a
humidified atmosphere and 5 % CO2. The staining solution was removed, and the samples were viewed under a fluo- rescence microscope with 494-nm (green, calcein) and 528-nm (red, EthD-1) excitation filters (Olympus IX71, Japan).

2.6 Measurement of apoptosis: annexin V-FITC/PI


The A549 cells (2 9 105 cells) were seeded in 25 T culture flasks and incubated for 24 h at 37 "C under a humidified
atmosphere of 5 % CO2. The media was removed, then
2.85 mL fresh media and 0.15 mL of biopolymeric nano- particles (Chi, Gel, HA) and Cur-loaded aggregates were



added to the flask and grown for 6 h. The cells were then treated with DMSO (control group). The apoptosis assay was performed by staining with an annexin-V-FITC/PI kit (BD Bioscience) using the manufacturer’s protocol. Briefly, the cells were trypsinized from the culture flask and washed several times with PBS. The cell pellets were suspended in 19 binding buffer and stained with 5 lL of annexin V-FITC and 5 lL of PI for 10 min. The cells were subjected to fluorescence activated cell sorting (FACS) analysis using a flow cytometer (BD Accuri C6, CA, USA).

2.7 Measurement of mitochondrial membrane potential (DW)—JC-1

Changes  in  the  DW  associated  with  apoptosis  were  also analyzed   with   the   cationic   lipophilic   fluorescent   probe 5,50,6,60-Tetrachloro1,10,3,30-tetraethyl-benzimidazo- lylcarbocyanine  iodide  (JC-1;  BD  Biosciences,  USA).  The A549 cells were treated with the same experimental groups as mentioned earlier. The DW measurement was performed according  to  the  manufacturer’s  protocol.  Briefly,  lyophi- lized JC-1 powder was dissolved in DMSO and added into 19 binding buffer to produce working solution; 0.5  mL of working  solution  was  added  into  each  sample  for  10 min
37 "C and wash twice with 19 binding buffer. The DW
measurement was performed using flow cytometry (BD Accuri C6, CA, USA).

2.8 Measurement of reactive oxygen species (ROS) levels

Hydrogen peroxide (H2O2) is a reactive oxygen metabolic byproduct that serves as a regulator of oxidative stress- related states. In the present study, we measured the H2O2 concentrations to indicate the levels of ROS after A549 cells (3 9 104 cells/mL) treated with Cur-loaded aggregates for 30 min. According to the H2O2 colorimetric assay kit (Bio- vision, USA) manufacturer’s instruction, briefly, the cell culture medium was collected and centrifuged for 5 min at 1,0009g to remove particulate pellet. And then, 50 lL of supernatant was incubated with a reaction mixture consist of 46 lL assay buffer, 2 lL OxiRedTM Probe solution and 2 lL horseradish peroxidase-conjugated solution at room tem- perature for 10 min. The optical density (OD) value was read on a multiplate  reader  (Thermo  Scientific)  at  570 nm. A H2O2 standard curve was built with an R2 value of 0.9917 and the concentration of H2O2 was then calculated.

2.9 Cell cycle analysis

Cell cycle analysis was carried out at 6 h post treatment.
A549 cells were harvested, fixed with 70 % cold ethanol and stored at -20 "C for over 1 h time period. Cells were

washed  twice  with  PBS  and  incubated  with  phosphate–
citrate buffer and 0.1 % triton X-100 at shaking water bath (37 "C, 40 rpm) for 30 min. Cells were again washed with
PBS and stained with 0.5 mL PI/RNase staining  buffer (BD Bioscience, USA) for 15 min at room temperature and analyzed by flow cytometry. Cell cycle distribution was calculated from 10,000 cells with ModFit LT software.

2.10 Morphological assessment by DAPI staining

The A549 cells were incubated with Cur-loaded nano- aggregate for 6 h. After the treatment, cells were washed with PBS and fixed in 4 % formaldehyde. The cells then treated with 0.1 % triton X-100 incubated for 20 min. After washed with PBS, the cells were stained with a DAPI solution and incubated in the dark for 5 min. Nuclei images were examined under a fluorescence microscope at 4009 magnification (Olympus IX-71, Japan).

2.11 Sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE) and western blot analysis

To evaluate the expression levels of various intracellular proteins related to apoptosis, A549 cells were treated with Cur or Cur-loaded nanospheres for 6 h. Cells were pre- pared by washing twice with cold-PBS buffer and lysed using cell lysis buffer (50 mM Tris pH 8.0, 120 mM NaCl,
50 mM NaF, 0.5 % NP-40, 1 mM PMSF).The lysates were collected  and  centrifuged  at  13,000 rpm  at  4 "C  for
10 min. The protein concentration was determined using the Bio-Rad protein assay kit. Equal amount of proteins (100 lg) was loaded and separated by SDS-PAGE and then transferred to nitrocellulose membrane. After blocking with  5 %  skim  milk,  membranes  were  incubated  for
overnight at 4 "C with primary antibodies to Bcl-xL, Bcl-2
(Cell Signaling, Danvers, MA), a-tubulin and b-actin (GeneTex, Inc.). After washing three times in Tris buffered saline (TBS) with 0.1 % tween-20, membranes were incubated with horseradish peroxidase-conjugated second- ary antibodies (Santa Cruz Biotechnology) for 1 h at room temperature and visualized with the enhanced chemilumi- nescence detection system (Thermo Scientific Pierce Pro- tein Research Products, Illinois, USA).

2.12 Cell interaction assay with Did oil

In order to investigate the interaction between nanospheres and cells, a lipophilic tracker, Did oil was employed in this study. A549 cells (2 9 103 cells) was seeded onto cover slide and incubate for 24 h. 5 lL of Did Oil was mixed with 995 lL  water  (W),  Chi,  Gel  and  HA  solution to    produce    W/Did,    Chi/Did    nanospheres,    Gel/Did



nanospheres and HA/Did nanospheres by EFS system, respectively. These prepared nanospheres were diluted with culture medium to the final concentration of 40 lg/ mL and then added to the well and incubated for prede- termined time intervals. The cover slide was retrieved at 10 min, 30 min, 1 h and 2 h time intervals, and thereafter fixing the cells in 3.7 % paraformaldehyde and stained with DAPI counter staining agent. The slides were viewed under the confocal laser scanning microscope (Olympus Fluo- View 1000).

2.13 Statistical analysis

The data are presented as the mean ± standard deviation. Each result was statistically analyzed through an indepen-
dent-samples t test using the SPSS program (version 17.0). Values of P \ 0.05 were considered statistically signifi- cant. The significant differences compared to the DMSO
control group and to the Cur group are indicated with an asterisk (*) and a number sign (#), respectively.


3 Results

3.1  Characteristics of Cur-loaded aggregates

The EFS has been well studied in our lab for the preparation of biopolymeric nanoparticles [19, 20]. The EFS provides an electrostatic force for controlling molecules (Chi, Gel and HA) to undergo a self-assembly process to form into nano- particle. The nanoparticles prepared using this method are equally well dispersed and exhibit a narrow range of particle size. Figure 2 shows TEM images of biopolymeric nano- particles and aggregates prepared by the EFS method. The Chi, Gel, and HA nanoparticles were well dispersed in solution and exhibited a spherical shape with a mean diam- eter    ranging    from    approximately    3–4 nm.    When

hydrophobic drug, such as Cur, was incorporated into the nanoparticles production process, the nanoparticles would be ‘‘glued’’ together by the Cur which was dissolved in DMSO (a bipolar solvent) that brought Cur molecules onto the surface and the matrices of Chi, Gel and HA nanoparti- cles. Subsequently, the DMSO would have been dispersed into the aqueous media and left Cur behind. Consequently, the hydrophilic domain on Cur molecule would bind itself onto the hydrophilic sites or region of the biopolymer. At the same time, the hydrophobic region on Cur would be bound, in form of thin layer yet in continuous phase, to the hydro- phobic regions on the nanoparticles. Thus, the Cur compo- nent would bring the individual nanoparticle together to form aggregates, and yielded clusters with increasing in size of Cur-loaded nanoparticle aggregates at gross diameters approximately in 30–60 nm (Fig. 1).
The IE of Cur within the Chi, Gel, and HA nanoparticles with Cur concentrations of 5 lg/mL  was determined, as described in Table 1. The IE of Cur within Chi, Gel, and HA nanoparticles was found to be 81, 67, and 78 %, respectively. As shown in the TEM images, the positively charged Chi produced loosely packed aggregates, and the acidic condition helped the retention of stability of Cur. These features led to the production of aggregates of a relatively larger size with high incorporation ratio of Cur. Negatively charged HA enhanced the aqueous solubility and stability of Cur, as reported by Manju and Sreenivasan [1], which might have contributed to the stable incorpo- ration of Cur. On the other hand, Gel/Cur exhibited a densely packed morphology, which might be due to the firm binding to the hydrophobic sites on Gel by Cur. Overall, these results demonstrated that Cur could be well incorporated within these biopolymeric nanoparticles (Table 1) in substantially aggregated mode.
Cur is chemically unstable in aqueous solutions and undergoes rapid hydrolysis followed by molecular frag- mentation to form byproducts such as trans-6-(4-hydroxy-






Fig. 2  TEM images of a Chi nanoparticles, b Gel nanoparticles, c HA nanoparticles, d Chi/Cur5 aggregate, e Gel/Cur5 aggregate, f HA/Cur5 aggregate


Table 1  Characteristics of the prepared nanoparticles and aggregates Size (nm)	IE (%)	Sphericitya
	Chi
	4.0 ± 0.7
	n.d.
	???

	Chi/Cur5
	54.7 ± 4.8
	81.3 ± 2.2
	??

	Gel
	3.2 ± 1.2
	n.d.
	???

	Gel/Cur5
	28.2 ± 4.2
	66.9 ± 4.4
	??

	HA
	2.8 ± 0.9
	n.d.
	???

	HA/Cur5
	31.2 ± 4.7
	77.6 ± 5.4
	?


n.d. not determined, IE incorporation efficiency
a  Sphericity: good (???), moderate (??), poor (?)



3-methoxyphenyl)-2,4-dioxo-5-hexenal, vanillin, vanillic acid, ferulic aldehyde, and ferulic acid at physiological conditions [21, 22]. Additionally, these degradation pro- ducts have shown higher aqueous solubility compared to Cur itself and contribute negligibly to the detection of Cur by HPLC [23]. The chemical stability of free Cur, Chi/ Cur5, Gel/Cur5, and HA/Cur5 aggregates was examined in
0.01 M PBS (pH 7.4) over a 12 h incubation period. As natural polymer degrade eventually, the unfolding of HA, GEL and CHI nanoparticles during the incubation period would subsequently release the curcumin into the aqueous. As shown in Fig. 3a, free Cur 5 lg/mL exhibited approx- imately 90 % degradation within 12 h. The HA/Cur5 and Gel/Cur5 aggregates enhanced the stability of the incor- porated Cur by protecting Cur against hydrolysis. In con- trast, the Chi/Cur5 aggregates revealed a rapid degradation of Cur. This result might be attributed to Chi/Cur5 being ionic-cross-linked and incorporated with pH sensitive groups that would exhibit significant changes in structure and composition that would reflect on the various physio- logical levels [24]. For instance, when the pH is adjusted from acidic to neutral conditions, the Chi structure under- goes a volume phase transition from swollen to either a shrunken or collapsed state, which increases the chances that the proton of incorporated Cur being removed from the phenolic group, and leads to the destruction of this struc- ture [25]. This could explain why the stability of Chi/Cur5 was lower than that of the free Cur. The results are pre- sented as the percentage of Cur residue in the samples at each time interval. As shown in Fig. 3b, the release profile of Cur from the Chi/Cur5, Gel/Cur5, and HA/Cur5 aggregates with an initial  burst  release  (approximately 30 %) during the 1 h of incubation was presented. Approximately, 90 % Cur was released from the Chi/Cur5 aggregates, whereas about 50–60 % Cur release was observed from the Gel/Cur5 and HA/Cur5 aggregates after 12 h, which indicated that the Chi/Cur5 aggregates would produce a more rapid release of Cur most likely due to their larger size and looser structure in general.



Fig. 3 a Chemical stability of free Cur, Chi/Cur5, Gel/Cur5, and HA/ Cur5 aggregates in PBS (pH 7.4). b In vitro release profiles of Chi/ Cur5, Gel/Cur5, and HA/Cur5 aggregates in PBS (pH 7.4)


3.2 In vitro cell viability test

It is known that nanoparticles may cause undesired cyto- toxicity depending on their types and concentrations. Therefore, prior to the experimental run, an optimal con- centration of the nanoparticles that exhibit a harmless effect on the cultured cells was determined through a cell viability test. As shown in Fig. 4a, an obvious decrease in cell via- bility was observed after the addition of more than 20 lg/mL Chi nanoparticles, 20 lg/mL Gel nanoparticles, or 30 lg/ mL HA nanoparticles compared with the tissue culture flask (control). No obvious decrease in cell viability was observed after the addition of 10 lg/mL Chi nanoparticles, Gel nanoparticles, or HA nanoparticles. Therefore, a nanoparti- cle or Cur-loaded aggregate concentration of 10 lg/mL was used as the final concentration in the subsequent apoptotic assays. Furthermore, the effects of various loading concen- trations of Cur (0.5, 1.0, 2.5, 5.0 and 10 lg/mL) on A549 cells over 48 h incubation periods were also tested. As shown


Fig. 4  a Effect of Chi, Gel, and HA nanoparticles on the A549 cells viability. b Cell viability dose–response curves for human
lung normal (HFL1) and cancerous (A549) cells treated with Cur over 48 h. IC50  was approximately at 5 lg/mL.
c Effect of Cur, Chi/Cur
aggregates, Gel/Cur aggregates, and HA/Cur aggregates on the A549 cells viability. d Live/ dead assay of A549 cells treated
with Cur at a concentration of 5 lg/mL for 6 h. The fluorescence micrographs show the live (green) and dead (red) A549 cells after treatment with Gel/Cur5 aggregates (as an example) (9200). The significant differences are based on comparisons with the control group (*) or with the Cur group
(#): **P \ 0.01, ***P \ 0.001,
#P \ 0.05, ##P \ 0.01, and
###P \ 0.001 (Color figure online)



in Fig. 4b, the cytotoxicity of Cur in A549 cells showed a dose-dependent inhibitory effect. The half maximal inhibi- tory concentration (IC50) of Cur toward A549 cells was approximately 5 lg/mL for 48 h incubation. Our primary objective at this stage was to evaluate the potential enhancement of the apoptotic effect of Chi/Cur5, Gel/Cur5, and HA/Cur5 aggregates attributed to the incorporation of Cur within the nanoparticles. Figure 4c shows the viability of A549 cells cultured with Cur5, Chi/Cur5, Gel/Cur5, or HA/Cur5 aggregates. As shown, cells treatment with DMSO (as control) did not inhibit cell proliferation in which this group archived a 60 % growth after 6 h of incubation, but a significant decrease in cell viability was observed in the Chi/ Cur5, Gel/Cur5, and HA/Cur5 groups after a relatively short 6 and 12 h incubation period compared with the Cur5 group. These results showed that Cur-loaded aggregates could exert an enhanced apoptotic effect toward A549 cells, most likely by improving the hydrophobicity of Cur and facilitating the cellular uptake of these aggregates [1, 7, 26].
The live/dead stained cell images which representing a local observation on morphology has provided further information on the cell viability after treatment with Cur and Cur-loaded aggregates. The images shown in Fig. 4d illustrated the viable A549 cells (in green) and the dead A549 cells (in red) after 6 h of incubation with Cur5 or Gel/Cur5 aggregates. The images also show that the dead A549 cells exhibited shrinkage, incurred frilled membranes and were detached from the plate. These observations are typical morphological apoptosis changes.

3.3 Apoptosis assay by flow cytometry

To further examine the apoptotic effect of Cur-loaded aggregate on the A549 cells, the annexin V-FITC/PI staining and DWm were evaluated by flow cytometry. As shown in Fig. 5a, the apoptotic profile of Cur-loaded aggregates on the A549 cells, more percentage of apoptotic cells was observed after treated with Chi/Cur5 aggregate: 44.7 %, Gel/Cur5 aggregate: 40.7 % and HA/Cur5 aggregate: 30.9 %, respectively, as compared to pure Cur5 (induced 18.1 % apoptosis). Loss of DWm had also been utilized to confirm an early apoptosis event caused by these aggregates. Similarly, A549 cells exposure to Chi/Cur5, Gel/Cur5 and HA/Cur5 aggregates resulted in higher decline in DWm as compared to the pure nanoparticles and Cur5 (Fig. 5b), which indicated that a higher ratio of apoptosis after treated with the aggre- gates. A statistical difference was observed between the aggregates groups and pure Cur5 group.

3.4 Cell cycle analysis

In order to identify the anti-proliferative effect of Cur- loaded aggregates treatment on A549 cells, the cell cycle

progression was analyzed by using flow cytometry. As shown in Fig. 6a, b, the proportion of G2/M phase increases from 7.39 %  (Cur5) to  a higher percentage of  18.56 % (Chi/Cur5  aggregate),  11.8 %  (Gel/Cur5  aggregate)  and
13.6 % (HA/Cur5 aggregate), respectively, at 6 h treat- ment, indicated that Cur-aggregate treatment lead to an increased accumulation of A549 cells in G2/M phase (arrested in G2/M phase in cell cycle). Furthermore, a higher proportion of sub-G1 phase was observed in Chi/ Cur5 (6.34 %), Gel/Cur5 (3.46 %) and HA/Cur5 (3 %) aggregates as compared to pure Cur5 (1.18 %) indicating that enhanced apoptosis was occurred. However, no apoptosis was observed in other groups (Table 2). Induc- tion of apoptosis in A549 cells after treatment with Cur5- loaded aggregates was further examined by DAPI staining method. The A549 cells treated with DMSO showed round and homogeneous nuclei, whereas aggregate-treated cells exhibited condensed and fragmented nuclei (Fig. 6c). This DNA fragmentation can lead cells to apoptosis.

3.5 Detection of ROS

ROS have been reported to play a key role in early stage of apoptosis detection as in evidence of high level of intra- cellular production of ROS in the targeted apoptotic cells. In order to measure the capacity of Cur-loaded aggregate that caused by intracellular oxidation, we detected the reactive oxygen metabolic byproduct H2O2, which would indicate the levels of intracellular ROS produced by aggregate-treated cells. When A549 cells were treated with Cur-loaded aggregate, the cells exhibited significant increase of ROS at 30 min as compared to the DMSO and pure Cur5 groups. An approximate 1.2- to 1.3-fold increase was observed in aggregate-treated groups as  shown  in Fig. 7. Interestingly, a mild increase in ROS level was also demonstrated on the  pure  nanoparticle  groups, probably due to the stimulus by cellular endocytosis of these nano- particles that would respond by generating oxidative stress.

3.6 Western blotting analysis

In order to identify the specific regulatory proteins asso- ciated with the A549 cell apoptosis due to Cur-loaded aggregate, the apoptosis-related protein expression levels of Bcl-xL and Bcl-2 were detected by Western blotting analysis. Our results demonstrated that cells treated with Cur-loaded aggregates lead to an obvious down-regulation of Bcl-2 as compared to other groups (Fig. 8). This result suggests that suppression of Bcl-2 could contribute to Cur- loaded aggregate induced apoptosis. Meanwhile, there was no obvious suppression of Bcl-2 protein levels in other groups that demonstrated the concentrations of Cur5 or nanoparticles  used  in  this  present  study  is  in  nontoxic


Fig. 5  a FACS-based apoptosis profile for the nanoparticles, aggregates and pure Cur5 on A549 cells. The apoptosis rate of A549 was significantly
different between Cur5 only and Cur5-loaded aggregates. b Flow cytometry analysis of mitochondrial membrane
potential (DWm) in each treatment group was performed by JC-1 staining. Loss of DWm was demonstrated by the change in JC-1 fluorescence from JC-1 aggregates (UR quadrant) to JC- 1 monomers (LR quadrant).
Cells treated with Cur5 only have similar percentages of JC- 1 monomers as control group, whereas cells treated with Cur5- loaded aggregates show high percentages of JC-1 monomers, indicating there is a loss in DWm
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b Fig. 6 A549 cells were treated with various nanoparticles and Cur5- loaded aggregates for 6 h and the cells were harvested and analyzed for cell cycle. a The percent of cells in each phase. Flow cytometry analysis showing DNA distribution profiles in different phases of cell cycle (Sub-G1, G1, S and G2/M) in A549 after PI staining. b The cell distribution which have been summarized and present as mean ± SE (values shown in Table 2). c A549 cells stained with DAPI and visualized under a fluorescence microscope (magnification 9400). White arrow indicates the fragmented nuclei




Table 2 The percentages of cells present in each phase of cell cycle (%)

	
	Sub-G1
	G1
	S
	G2/M

	DMSO
	0
	54.1
	40.78
	5.12

	Cur5
	1.18
	51.35
	41.26
	7.39

	Chi
	0
	52.68
	40.65
	6.67

	Chi/Cur5
	6.34
	43.47
	37.97
	18.56

	Gel
	0
	50.51
	43.04
	6.45

	Gel/Cur5
	3.46
	45.98
	42.22
	11.8

	HA
	0
	52.50
	42.51
	6.55

	HA/Cur5
	3
	46.04
	40.36
	13.6







Fig. 7 Effect of nanoparticles and Cur5-loaded aggregates treatment on ROS generation. A549 cells (3 9 104 cells/mL) were seeded in 96 well plates and incubated with various nanoparticles and Cur5-loaded aggregates (described in Sect. 2) for 30 min, and the generation of ROS was then determined by hydrogen peroxide colorimetric assay
kit. Significant differences are based on comparison with DMSO group. *P \ 0.05, ***P \ 0.001



range. However, a mild increased Bcl-xL protein level was detected and this contradictory result was probable asso- ciated with cell cycle arrest [27].

3.7 Interaction of nanoparticles with cells

The lipophilic fluorescent probe Did oil was utilized and mixed with the Chi and Gel materials to prepare Gel/Did



Fig. 8 Western blot analysis of apoptosis-related proteins in A549 cells. Cells were treated with Cur5 or Cur5-loaded aggregates for 6 h. Whole-cell lysates were analyzed by SDS-PAGE and immunoblotted with antibodies against Bcl-xL and Bcl-2


and Chi/Did nanoparticles through the EFS method. Because Did oil has specific affinity toward cell mem- branes, we can utilize this fluorescent dye to observe the speed at which the nanoparticles approach the  cultured cells and the amount of nanoparticles that approach the cultured cells. In this experiment, we were unable to pre- pare particulates and well-dispersed HA/Did nanoparticles due to the positive-charge of the Did oil, which aggregated severely with the HA molecules (negatively charged) during the nanoparticle preparation. As shown in Fig. 9, the fluorescent microscopy results for the A549 cells that cultured with W/Did, Gel/Did, and Chi/Did nanoparticles for 10 min to 2 h were presented. As observed, more red fluorescence is observed around the cells when they were cultured with the Gel/Did or Chi/Did nanoparticles for 2 h compared with W/Did. This observation demonstrated that these nanoparticles could approach and interact with the cells more quickly and would thus yield more apoptosis of A549 cells when incorporated with the Cur drug [28].


4 Discussion

Many reports have demonstrated that Cur shows anticancer activity against many cancer cells. Sun et al. indicated that Cur could repress cell proliferation, induces G1 arrest at a lower concentration of 30 lM in a time- and dose-depen- dent manner and higher doses of Cur produce a dose- dependent apoptotic death (50 lM) in MDA-MB-231/Her2 cells [29]. Rejinold et al. also indicated that the apoptosis is Cur concentration dependent and differential sensitivity to normal and cancer cells [7]. Our primary objective at this stage was to evaluate the potential enhancement of the apoptotic effect (with either less drug or a decreased duration) of Chi/Cur5, Gel/Cur5, and HA/Cur5 aggregates attributed to the incorporation of Cur to the nanoparticles. In order to evaluate the potential enhancement of apoptosis on A549 cells by Cur-loaded aggregate, the IC50 is deter- mined prior to each experimental run. As shown in Fig. 4b, the  IC50   value  for  the  A549  cells  was  5 lg/mL  (about
13.6 lM)  and  a  non-toxic  effect  was  exhibited  on  the
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Fig. 9 Confocal images of A549 cells treated with a Did oil with water (W/Did), b Did oil in Gel nanoparticles (Gel/Did), and c Did oil in Chi nanoparticles (Chi/Did) for 10 min, 30 min, 1 h, and 2 h. The

red fluorescence represents the binding of Did oil to the cellular and intra-organelles membranes, and the blue fluorescence shows the DAPI staining of the cell nucleus (Color figure online)



normal HFL-1 cells, so that we adopted this concentration as the final concentration during the Cur-loaded aggregate preparation. Notably, this concentration was much less than the concentration used in previous mentioned study. Cur, being a lipophilic molecule, might have some short- falls such as low solubility and inability to achieve homogeneous dispersion in solution, all of which has impaired its use as a therapeutic anticancer drug directly. Based on our results and experiences, we intended to use the EFS method to produce Cur-incorporated biopolymeric nanoparticles and to evaluate their potential use as a Cur anticancer drug carrier. Our results demonstrated that Cur- loaded aggregate could enhance the apoptosis of  A549 cells by the following evidences: the induced ROS pro- duction followed by DNA damage which then leading to the decreased levels of Bcl-2, that followed by decreased levels of DWm in mitochondria. These results suggested that Cur-loaded aggregate exhibited functional aqueous dispersion after hydrophilic Chi, Gel, or HA nanoparticle aggregation of Cur and improved the Cur bioavailability, and eventually led to enhanced cellular apoptosis. The A549 cells treated with Chi/Cur5 aggregate, Gel/Cur5 aggregate and HA/Cur5 aggregate exhibited a higher ratio

of apoptosis compared to those treated with pure Cur5 in the Annexin V-FITC and PI fluorescence flow cytometry analyses. Similarly, A549 cells exposure to Chi/Cur5, Gel/ Cur5 and HA/Cur5 aggregates results in higher decline in DWm. The most significant contribution of this study is the developed Cur-loaded aggregate could enhance the apop- totic effect on A549 cells as compared to the pure Cur even at the relatively low concentration level by similar apop- tosis mechanisms and pathways. As we mentioned earlier, our primary objective was to enhance the apoptotic effect of Cur by either using less drug or short duration of treatment. Figure 10 shows the viability of A549 treatment with lesser concentration of  Cur  (2.5 lg/mL)  than IC50(5 lg/mL), which showed similarly decreased viability after 48 h of incubation, whereas if in usage of Cur con- centration at 5 lg/mL, only a shorter incubation (6 h) was required to reduce the viability of A549.
Punja et al. reported that the therapeutic effect of drug- loaded nanoparticles depended on the internalization of nanoparticles and sustained retention of the nanoparticles [30]. It has been known that nanoparticles are similar in size to typical cellular components and can efficiently intrude   into   living   cells   by   exploiting   the   cellular




Fig. 10 Live/dead assay of A549 cells treated with Cur at a concentration of 2.5 lg/mL for 24 h or at a concentration of 5 lg/ mL  for  6 h.  The  optical  micrographs  compare  the  morphology

changes, and fluorescence micrographs show the living (green) and dead (red) A549 cells after treatment. The images were obtained at 9200 magnification (Color figure online)



endocytosis machinery, such as clathrin-mediated uptake, caveolae-mediated uptake, macropinocytosis, or phagocy- tosis. The efficiency of the cellular uptake of nanoparticles is strongly affected by many factors, such as the nanopar- ticle size, shape, composition, and surface chemistry and the charge of the materials [31]. In the present study, we propose a simplified schematic representation of the interfacial phenomenon responsible for the delivery of Cur in form of Cur-loaded aggregates into the cells (as observed in Fig. 11). At low dosage of Cur given to the cells, poorly dissolved Cur targeted the receptor on the surface membrane of cancer cell, and then entering into cytoplasm to trigger and initiate a series of apoptosis pro- cesses. For Cur-loaded aggregates, Cur molecules were riding on clusters of hydrogel polymer nanoparticle that

possess large mass, high local density, and some cases with electric charges. These aggregates were to be endocytosed into cells more easily and readily. Sahay et al. [32] noted that the majority of positively charged nanomaterials enter a cell through clathrin-mediated endocytosis, whereas most negatively charged nanomaterials utilize caveolae-medi- ated endocytosis. However, it is unclear from the literature whether neutral nanomaterials employ any specific cellular entry routes. Generally, Cur being sparsely soluble to aqueous medium, requires hydrophobic pockets for endo- cytosis. By examining the molecular structure, we might assumed that Chi possess the highest hydrophobicity, with Gel rank the second and HA the third. It seemed that the higher the hydrophobicity of hydrogel employed, the greater the size of the aggregates as shown in Fig. 2d–f.


Fig. 11   Schematic representation of the probable delivery and uptake pathways through which Cur and the Cur- loaded nanoparticles enter cells. A few interfacial phenomena were hypothesized, including free-floating Cur binds to a surface receptor (i.e., cytokine receptor, epidermal growth factor receptor, etc.) or a transmembrane protein (i.e., cadherin), and Cur-loaded nanoparticles are uptaken by one or multiple endocytosis pathways
















Once Cur-loaded nanoparticles were engulfed into the cytoplasm, and the dissolution of Chi, Gel or HA polymer nanoparticles provides energy to emulsify the Cur com- ponent to form Cur sub-nanoparticles, which were then readily dispersed into cytoplasm and initiate the apoptosis process. In other words, the synergy expressed by the Cur- loaded aggregates to the apoptosis process could be enhanced by the naturally occurred hydrogel  molecules that might lead the ways to receptors and channels on the cancer cell surface and thus facilitate means for endocy- tosis of Cur. Nevertheless, the details in delivery of Cur that bundling on the Chi, Gel or HA nanoparticles to the ‘‘target area’’ of cell surface membrane is still yet to be defined.


5 Conclusion

Cur has been successfully incorporated with biopolymeric nanoparticles to form nanoparticles derived Cur aggre- gates. An enhanced apoptotic effect on human lung cancer A549 cells has been demonstrated by the Chi/Cur5, Gel/ Cur5, and HA/Cur5 aggregates compared with Cur alone. Specifically, at a low curcumin concentration of 5 lg/mL (13.6 lM),  these aggregates significantly decrease the viability of A549 cells after 6 h of incubation. These results suggest   that   the   Chi/Cur5,   Gel/Cur5,   and   HA/Cur5

aggregates exhibit higher anticancer proliferation activities in A549 cells than does Cur alone, and this result is most likely due to the greater aqueous dispersion of Cur upon aggregation with the hydrophilic nanoparticles. Addition- ally, the Cur-loaded nanoparticles have advantages, such as facilitating the ease of uptake of Cur into cells, enhancing the apoptotic effect with reduced dosage compared with treatment with pure Cur. Specifically, these Cur-loaded aggregates are nano-sized, with high polarity in charac- teristics and dispersed well in the extra- and intra-cellular matrices that resulting in enhanced cellular bioavailability. The studies with A549 cells show that these aggregates could be used as an efficient delivery vehicle of curcumin into cells and thus enhance apoptosis.
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