
Curcumin-loaded γ-cyclodextrin liposomal nanoparticles as 

delivery vehicles for osteosarcoma

Santosh S. Dhule, MSa,b, Patrice Penfornis, MSb, Trivia Frazier, BSb, Ryan Walker, BSb, 
Joshua Feldman, BSb, Grace Tan, PhDa, Jibao He, PhDc, Alina Alb, PhDd, Vijay John, 

DEngSca, and Radhika Pochampally, PhDb,e,*

aDepartment of Chemical and Biomolecular Engineering, Tulane University, New Orleans, 
Louisiana

bTulane Center for Stem Cell Research and Regenerative Medicine, Tulane University Health 
Sciences Center, New Orleans, Louisiana

cCoordinated Instrumentation Facility, Tulane University, New Orleans, Louisiana

dDepartment of Physics and Engineering Physics, Tulane University, New Orleans, Louisiana

eDepartment of Pharmacology, Tulane Medical School, New Orleans, Louisiana

Abstract

The delivery of curcumin, a broad-spectrum anticancer drug, has been explored in the form of 

liposomal nanoparticles to treat osteosarcoma (OS). Curcumin is water insoluble and an effective 

delivery route is through encapsulation in cyclodextrins followed by a second encapsulation in 

liposomes. Liposomal curcumin’s potential was evaluated against cancer models of mesenchymal 

(OS) and epithelial origin (breast cancer). The resulting 2-Hydroxypropyl-γ-cyclodextrin/

curcumin - liposome complex shows promising anticancer potential both in vitro and in vivo 

against KHOS OS cell line and MCF-7 breast cancer cell line. An interesting aspect is that 

liposomal curcumin initiates the caspase cascade that leads to apoptotic cell death in vitro in 

comparison with DMSO-curcumin induced autophagic cell death. In addition, the efficiency of the 

liposomal curcumin formulation was confirmed in vivo using a xenograft OS model. Curcumin-

loaded γ-cyclodextrin liposomes indicate significant potential as delivery vehicles for the treatment 

of cancers of different tissue origin.

 From the Clinical Editor—Curcumin-loaded γ-cyclodextrin liposomes were demonstrated in 

vitro to have significant potential as delivery vehicles for the treatment of cancers of mesenchymal 

and epithelial origin. Differences between mechanisms of cell death were also evaluated.
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Curcumin, the constituent of Curcuma longa (turmeric), is known for its potent 

antineoplastic activity against a number of tumors, including prostate, breast and colon 
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cancer.1 The chemopreventive efficacy of curcumin in almost all stages of carcinogenesis 

has received significant attention because of its low nonspecific toxicity to normal cells. 

Curcumin is shown to have concentration-dependent pleiotropic effects on cells; low 

concentrations of curcumin protect hepatocytes but higher concentrations are 

hepatocytotoxic.2,3 The differential effect of curcumin on tumor cells versus normal cells is 

also attributed to the rate of curcumin uptake, which has been found to be significantly 

higher in tumor cells than the uptake rate in normal cells.4 The widespread clinical 

application of curcumin has been limited due to its poor aqueous solubility and low systemic 

bioavailability. Reports to date indicate extremely low levels (22 – 41 ng/ml) of curcumin in 

serum even after high amounts (8 g/day) of oral administration, explained by its low water 

solubility (11 ng/ml).5–8 Conjugates of curcumin with macromolecules, nano-formulations, 

cyclodextrins (CDs), liposomes and hydrogels have been studied to enhance water solubility, 

thereby increasing its circulation time and bioavailability.6 For example, systemic 

administration of liposomal curcumin has shown an increase in bioavailability and shown a 

tumor-suppressing effect in various cancers.7–10

The anticancer potential of curcumin against osteosarcoma (OS) has not been fully explored 

and is of potentially significant impact in drug delivery. OS usually develops during the 

period of rapid growth in adolescence, and it occurs as a second malignant neoplasm due to 

a genetic predisposition and/or as a consequence of prior cancer therapy.11 The incidence 

rates in the United States peak in adolescence and in elder years and accounts for about 60% 

of primary malignant bone tumors diagnosed in the first 2 decades of life. The prognosis for 

OS is poor, with a survival rate of 62% at 5 years (ages 0 – 24) for localized OS, and worse 

for metastatic disease situations.12 The preferred mode of therapy is tumor removal followed 

by chemotherapy or radiation therapies that are nonspecific and toxic to normal cells. One of 

the limitations of current therapeutic options is the lack of specific therapy with fewer side 

effects. Therefore, there is a need to develop novel and less toxic therapeutic options to 

increase the cytotoxic effects. Although Walter et al have reported curcumin’s cytotoxic 

effects on OS cell lines,13 this is the first report of liposomal curcumin delivery for 

osteosarcoma.

CDs and liposomes have been used in recent years as drug-delivery vehicles, improving the 

bioavailability and therapeutic efficacy of many drugs having poor water solubility.14 The 

amount of lipophilic drug incorporated into the conventional liposome bilayer is often 

limited in terms of drug-to-lipid ratio. The approach of combined use of CDs and liposomes 

represents a novel system of drug-in-CD-in-Liposome (DCL) preparation in drug delivery.15 

This article reports the preparation, characterization and evaluation of the antitumor 

potential of curcumin-loaded liposomal nanoparticles (NPs) in vitro and in vivo. First, we 

evaluated the most effective curcumin formulation against cancer of mesenchymal (KHOS 

and RFOS) and epithelial origin (MCF-7). Second, we looked at the apoptosis/autophagy 

process induced by curcumin in the different formulations tested and then evaluated 

curcumin liposomes in vivo. Recent literature regarding the study of PEGylated gold NPs 

indicates that particles smaller than 100 nm are able to penetrate the tumor vasculature 

effectively.16 The observations imply that the added flexibility of soft liposomal systems in 

this size range should enable such penetration and uptake into cells through endocytosis. Our 

objective is therefore to prepare liposomes containing curcumin encapsulated in CDs (for 
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enhanced solubility) in the size range for effective delivery and to measure the efficacy of 

such formulations for both in vitro and in vivo studies.

 Methods

 Materials

Curcumin was obtained from Acros Organics, Morris Plains, New Jersey, and the 2-

Hydroxypropyl-γ-cyclodextrin (HPγCD) from Sigma-Aldrich, St. Louis, Missouri. DMPG 

(1, 2-dimyristoyl-sn-glycero-3-(Phospho-rac-(1-glycerol)), DPPC (1, 2-dipalmitoyl-sn-

glycero-3-Phosphocholine) and Mini-Extruder were from Avanti Polar Lipids, Alabaster, 

Alabama. Dulbeco’s Modified Eagle’s Medium (DMEM), α-MEM (minimum essential 

medium) and fetal bovine serum (FBS) were from Invitrogen, Carlsbad, California. The 

KHOS cell line was obtained from the American Type Culture Collection and MCF-7 was a 

generous gift from Dr. Brian Rowan (Tulane Cancer Center, New Orleans, Louisiana). Skin 

fibroblast and human mesenchymal stem cells (MSCs) were from Tulane Center for Stem 

Cell Research and Regenerative Medicine, New Orleans. RFOS is a primary cell line 

established from an untreated OS from a patient undergoing biopsy in accordance with the 

protocol approved by Ochsner Hospital. The tumor was located in the proximal humerus. 

The RFOS cell line was derived according to the protocol described in DeComas et al.17

 Preparation of conventional curcumin liposomes

Conventional curcumin liposomes (CD-free liposomes) were prepared by thin-film 

evaporation.8,18 Curcumin and phospholipids were mixed in the ratio of about 1:10 (w/w). 

The 2 phospholipids, DPPC and DMPG, were mixed in the ratio 1:1 (w/w). Curcumin 

(0.013 g) and phospholipid (0.05 g each) were dissolved in 10 ml of chloroform and 

methanol mixture (2:1 v/v). The solution was evaporated by using a rotary evaporator for 2.5 

hours to form a dry lipid film. The lipid film was then hydrated for 1 hour with 5 ml of 1X 

PBS at 50 °C and 125 rpm. The hydrated solution was extruded 11 times through a 400 nm 

polycarbonate membrane at 50 °C followed by the use of a 100-nm membrane from 

Whatman, Mobile, Alabama. Empty liposomes were prepared using the same protocol but 

excluding curcumin. The empty (curcumin-free) liposomes were used as a control to study 

the effect of phospholipids on all cell lines. The structures of the phospholipids and 

curcumin are provided in the Supplementary Materials.

 Entrapment of HPγCD-curcumin complex into liposomes

HPγCD-curcumin liposomes were prepared by using the protocol described for conventional 

curcumin liposomes with a small variation in the contents of the hydration medium. 

Conventional curcumin liposomes were made using PBS as a hydration solution, and 

curcumin was incorporated into the dried phospholipid film before hydration. For the 

HPγCD-curcumin system, the PBS buffer additionally contained the HPγCD-curcumin 

complex. The HPγCD-curcumin system was made using the following steps. First, 0.125 g 

(2.5%) HPγCD was dissolved in 5 ml PBS and excess curcumin was added to the above 

mixture. The concentration of HPγCD was optimized in the range of 0 to 11 % of HPγCD. 

The HPγCD-curcumin mixture in PBS was heated at 50 °C for 2.5 hours. The supernatant 

containing the HPγCD-curcumin inclusion complex was separated from the insoluble excess 
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curcumin by centrifugation at 2000 g for 10 minutes. This aqueous HPγCD-curcumin 

inclusion complex was used during the hydration step that results in entrapment of the 

HPγCD-curcumin complex inside the liposomes.19

 Cryo-TEM and DLS

A drop of liposome suspension was placed on a Formvar-coated copper TEM grid. The grid 

was blotted to form a thin film and rapidly vitrified in liquid ethane. The vitrified specimens 

were transferred, under liquid nitrogen, to a JEOL 2011 microscope equipped with a Gatan 

cold stage, and examined under acceleration voltage of 120 kV in conventional TEM mode. 

The temperature of the sample grid was maintained at −175 °C during the course of 

imaging.20 The diameter of the liposomes was measured from the cryo-transmission electron 

microscopy (cryo-TEM) images using Advanced Microscopy Techniques (AMT) camera 

software version 4.1. The size distributions of the liposomal formulations were characterized 

using a dynamic light scattering (DLS) instrument (90Plus particle size analyzer - 

Brookhaven Instruments Corporation, Holtsville, New York) at a wavelength of 670 nm and 

90-degree detection angle.21,22

 Encapsulation efficiency of liposomal curcumin

One milliliter of liposomal curcumin solution was added to a Quick-Seal centrifuge tube of 

size 13 × 38 mm and capacity 3.9 ml. Samples were spun down at 100,000 g for 1.5 hours 

on Beckman Coulter ultracentrifuge, Fullerton, California.23 Curcumin in supernatant and 

pellet was quantified. The encapsulation efficiency defined as % encapsulation = (Cl/CT) × 

100, where Cl – curcumin in liposome, CT – total curcumin in the liposome preparation, was 

used in calculation.

 Quantification of liposomal curcumin

Liposomal curcumin was quantified by a colorimetric assay.18 A standard curve was 

formulated from known concentrations of curcumin in DMSO and diluted in lysis buffer 

HBSE-Triton X-100 (10 mM HEPES, 140 mM NaCl, 4 mM EDTA, 1% Triton X-100). 

Liposomal curcumin samples were incubated for 5 minutes in lysis buffer and then 

absorbance was measured at 450 nm on a Fluostar Optima microplate reader (Labtech, Inc., 

Durham, North Carolina).

 Cell culture

Cancer cell lines KHOS, RFOS and MCF-7 were grown in DMEM supplemented with 10% 

FBS, 100 units/ml penicillin and 100 μg/ml of streptomycin. Human MSCs and skin 

fibroblast were cultured in α-MEM containing 17% FBS, 100 units/ml of penicillin and 100 

μg/ml of streptomycin. Cells were maintained at 37 °C with 5% CO2 in a humidified 

incubator.

 In vitro treatment of curcumin formulations

Cells were seeded in a 96-well plate (5000 cells/well) and allowed to grow for 48 hours. 

Four different curcumin formulations – DMSO-curcumin, HPγCD-curcumin inclusion 

complex, conventional curcumin liposomes (CD-free) and HPγCD-curcumin liposomes – 
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were tested for their cytotoxic potential on the 96-well plates. Liposomal curcumin stocks 

and DMSO-curcumin were diluted to get desired concentration range from 4 to 28 μg/ml.

 Cell proliferation assay

After 48 hours of curcumin treatment, the media were removed from the plates, rinsed with 

PBS and the plates were frozen at −80 °C overnight. The cells were thawed at room 

temperature and 200 μl of CyQUANT GR dye/cell lysis buffer (Invitrogen, Carlsbad, 

California) was added to each well. The fluorescence was measured using a Fluostar Optima 

microplate reader (Ex 485 nm and Em 530 nm).24,25 The mean value and standard deviation 

(SD) for each treatment were determined and then converted to percentage relative to 

control. From the data, a dose-response curve was drawn and the 50% inhibitory 

concentration (IC50) was determined using GraphPad Prism 5 software.26

 Western blot analysis

KHOS cells were treated with curcumin liposomes (Conventional) in the range 0 to 10 

μg/ml. After 48 hours, treated cells were lysed and the lysate was subjected to western blot 

analysis. Briefly, cellular lysates were prepared using RIPA buffer with protease inhibitor 

cocktail (Santa Cruz Biotech. Santa Cruz, California). The protein content was measured 

with BCA assay kit (Bicinchonic Acid, Pierce, Rockford, Illinois) and 100 μg of total 

protein was resolved by SDS-polyacrylamide gel electrophoresis (NuPAGE, 4–12% Bis-Tris 

gels, Invitrogen). The sample was transferred to a PVDF membrane (Millipore, Billerica, 

Massachusetts). The membrane was blocked for 2 hours with PBS containing 0.05% Tween 

20 and 5% nonfat dry milk (Santa Cruz Biotech) and then incubated overnight at 4 °C with 

primary antibody (Caspases-3, -7, their cleaved forms, and PARP monoclonal antibody from 

Caspase detection kit, Cell Signaling Technology, Danvers, Massachusetts). The membrane 

was washed several times with PBS containing 0.05% Tween 20 and the bound primary 

antibody was detected by incubating 1 hour with horseradish peroxidase-conjugated goat 

anti-rabbit IgG. The membrane was washed and developed using enhanced 

chemiluminescence assay (ECL, Pierce).

 Detection of apoptosis and autophagy by fluorescence microscopy

KHOS cells were treated at IC50 concentration of different curcumin formulations and 

representative fields of cells were photographed after 48 hours with EVOS microscope 

(AMG, Mill Creek, Washington). Coverslips with adherent KHOS were washed with cold 

PBS and fixed with 4% paraformaldehyde after 48 hours of treatment. The specimens were 

then stained with Hoechst 33342 (0.5 μg/ml) in Supermount (BioGenex, San Ramon, 

California). Another set of KHOS cells treated in parallel was fixed in 4% paraformaldehyde 

and permeabilized by incubating with 0.25% Triton X-100 in PBS for 10 minutes. Slides 

were washed 3 times with (PBS + 0.1% BSA) for 5 minutes. Specimen was treated with 

blocking solution (PBS containing 0.05% Tween 20, 1% BSA and 20% goat serum) 

overnight. Then cells were incubated overnight at 4 °C with primary antibody against 

beclin-1 (Abgent) diluted 1:25 in PBS and 1% BSA. After 3 washes, secondary antibody 

Alexafluor A555 (1:250) in PBS with 1% BSA was added and incubated for 1 hour. After 

several washes, slides were mounted with 10 μl of Supermount (BioGenex) containing 
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Hoechst 33342 (0.5 μg/ml) and observed under BD Pathway 855 high-content cell analyzer 

(BD Biosciences, San Jose, California).

 Xenograft model of OS

In vivo study has been approved by the Institutional Animal Care and Use Committee of 

Tulane University. Mice were regularly monitored over the period of experiment. KHOS 

cells were cultivated under standard conditions, prepared for injection in Hank’s buffered 

saline solution (HBSS), and 1 million cells subcutaneously injected into immunodeficient 

nude mice (nu/nu strain). The tumors were allowed to develop for 3 weeks prior to 

treatment. Next, 20 microliters of curcumin liposomes were injected intratumorally every 48 

hours during 2 weeks. The control tumors were treated with empty liposomes. The mice 

were euthanized following 2 weeks of treatment, or according to a veterinary advisory.

 Colorimetric detection of apoptosis in tissue sections

Paraffin tissue sections of tumors were rehydrated and stained with the DeadEnd™ 

Colorimetric TUNEL System (Promega Corporation, Madison, Wisconsin) following the 

manufacturer’s protocol.27 Sections were permeabilized 20 minutes with 20 μg/ml 

Proteinase K. After equilibration, samples were incubated 1 hour at 37 °C with the 

biotinylated nucleotide-rTdT enzyme mixture. After several washes in 2X Sodium Chloride-

Sodium Citrate Buffer (SSC) and PBS, endogenous peroxidases were blocked by incubating 

slides 5 minutes in 0.3% hydrogen peroxide. Then slides were incubated 30 minutes at room 

temperature with the streptavidin-horseradish peroxidase solution and positive apoptotic-

brown cells were revealed by 5 minutes incubation in 3, 3′-diaminobenzidine (DAB) 

solution. Slides were mounted using Supermount solution (BioGenex). Hematoxylin and 

eosin (HE) staining was performed on tumor tissue sections to detect the histopathology of 

the treated tumor. Slides were observed under EVOS inverted microscope (AMG).

 Results

 Characterization and encapsulation efficacy of liposomal curcumin

The hydrophobic nature of curcumin allows it to become incorporated into the bilayer region 

of the vesicles. However, this rather limits the amount of drug that can be delivered, so we 

have sought to encapsulate CD-solubilized curcumin within the liposomes. Curcumin is a 

symmetric molecule with 2 moieties, 3-methoxy 4-hydroxy substituted phenyl, which are 

moieties that can be enclosed in a CD cavity. By forming water-soluble complexes, HPγCD 

(2-Hydroxypropyl-γ-cyclodextrin) increases the aqueous solubility of curcumin from 11 

ng/ml to 600 μg/ml. This ~ 104-fold increase in water solubility allows curcumin to be 

accommodated in the aqueous phase of vesicles. The stoichiometry of the HPγCD-curcumin 

complex has been shown to be 2:1 as depicted in Figure 1, A.28 The formation of inclusion 

complex of curcumin and HPγCD was confirmed visually by the solubilization of practically 

insoluble curcumin; when added to a solution of HPγCD, the characteristic yellow color of 

curcumin is observed. Cryo-TEM images (Figure 1, C and D) of conventional and HPγCD-

curcumin liposomes illustrate highly spherical liposomes. The cryo-TEM images were taken 

at 2 different resolutions (Figure 1, C -15000× and D − 12000×) and the magnification in 

Figure 1, D is accordingly adjusted to provide consistency in scale with Figure 1, C. Figure 
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1, D illustrates that the liposomes retain a spherical shape even after incorporation of CD. 

The higher magnification inset in the cryo-TEMs illustrates finer details of liposomal 

morphology. The size distribution analysis from DLS and cryo-TEM are reported in Table 1.

Encapsulation levels for conventional (CD-free) and HPγCD-curcumin liposomes were 

found to be 0.8 mg/ml and 1.3 mg/ml, respectively. The entrapment of curcumin increased 

from 30% in CD-free liposomes to 50% when the HPγCD host is used (Table 2). The 

optimum encapsulation was found at 2.5% HPγCD.

 Cytotoxicity study

The anticancer activity of different curcumin formulations was examined against 3 cancer 

cell lines. The formulations used were DMSO-curcumin, conventional curcumin liposomes, 

HPγCD-curcumin complex, and HPγCD-curcumin liposomes. The cancer cell lines used 

were KHOS, RFOS and MCF-7. KHOS and RFOS are OS cell lines of mesenchymal origin 

and the breast cancer cell line, MCF-7, of epithelial origin. In addition to cancer cell lines, 

normal human cells were evaluated as controls for cytotoxicity. MSCs were used as control 

for OSs and epithelial-originated skin fibroblasts were the corresponding control for the 

breast cancer cell line. The IC50 values (Inhibitory concentration necessary to inhibit 50% of 

cell growth) for KHOS, MCF-7 and skin fibroblast are listed in Table 3.

As shown in Figure 2, A, all curcumin formulations have an effect on the viability of the 

control MSCs at higher concentrations, with IC50 values greater than 25 μg/ml. In contrast, 

Figure 2, B indicates that KHOS has a strong sensitivity to conventional and HPγCD-

curcumin liposomes, with IC50 value in the range of 5 – 6 μg/ml. KHOS is a fast-growing 

cell line and the increased metabolism results in an increased uptake of liposomal 

curcumin.29 Both the liposomal curcumin formulations are significantly more effective than 

all other formulations in affecting cell viability for KHOS.

Figure 2, C illustrates that RFOS cells are resistant to all curcumin formulations in the 

specified concentration range 4 to 28 μg/ml. The cell viability of skin fibroblast was 

influenced by all curcumin formulations at concentrations of 20 μg/ml except HPγCD-

curcumin complex (Figure 2, D). The HPγCD-curcumin complex is not cytotoxic (except for 

KHOS) even at the highest concentration of 28 μg/ml used in this study. Figure 2, E 

illustrates that MCF-7 viability is affected by curcumin level, and the cells are more sensitive 

to liposomal curcumin than DMSO-curcumin. The IC50 of liposomal formulations is 

approximately half that of DMSO-curcumin (Table 3).

In KHOS and MCF-7, cytotoxic effects of liposomal curcumin were 2 to 4 times stronger 

than those observed in non-liposomal formulations. As expected, the exposure to the 

phospholipids alone (empty liposomes) does not show any toxic effects in all cell lines. This 

study showed that all cell lines without the use of liposomes can tolerate about 20 μg/ml of 

curcumin, but the use of liposomes significantly enhances the efficiency of delivery with 

KHOS and MCF-7.
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 Curcumin induced apoptosis and autophagy in vitro

A cell that is undergoing apoptosis demonstrates morphological changes that include cell 

shrinkage, membrane blebbing, nuclear condensation and DNA fragmentation.30 The arrows 

in the phase contrast images (Figure 3, C and D) indicate the formation of blebs and 

apoptotic bodies in liposomal curcumin-treated KHOS cells. Nuclear condensation and 

DNA fragmentation can be detected by staining with Hoechst 33342 for fluorescence 

microscopy.31 In our study Hoechst staining images (Figure 3, Panels G and H.) illustrate 

prominent chromatin condensation and apoptotic bodies in liposomal curcumin-treated 

KHOS as indicated. In control cells and DMSO-curcumin-treated cells, chromatin 

condensation was not observed (Figure 3, Panels E and F, respectively). This indicates that 

DMSO-curcumin induces cell death by a mechanism other than apoptosis. To investigate the 

cell-death pathway followed by DMSO-curcumin treated cells, we carried out beclin-1 

immunocytochemistry. Beclin-1 is the first identified tumor-suppressor protein that functions 

in the lysosomal degradation pathway of autophagy.32 In our study we found that beclin-1 

levels were markedly increased after 48 hours of DMSO-curcumin treatment and beclin-1 

was localized in the perinuclear space as in Figure 4, B, typical of autophagic cells. The 

expression of beclin-1 was absent in liposomal curcumin-treated cells in Panel C and D.

 Detection of cleaved caspases and cleaved PARP

Caspases, a family of cysteine acid proteases, are cleaved following proteolytic activation in 

early apoptosis. Cleaved caspases activate other caspases or cleave other key cellular 

proteins such as Poly (ADP-ribose) polymerase (PARP).33 The cleavage of PARP into 2 

fragments, 89 and 24 kDa, is considered indicative of functional caspase activation.34 The 

essential substrate cleaved by both caspase-3 and caspase-7 is PARP. The presence of 

cleaved PARP is a commonly used diagnostic tool for the detection of apoptosis.35 The 

western blot results in Figure 5 show the expression of such apoptotic markers in the lanes 

with curcumin-liposomes-treated KHOS. Cleaved caspases and cleaved PARP were not 

observed in lane 1 containing lysate of untreated cells. KHOS displayed a dose-dependent 

(from 0 to 10 μg/ml) increase in caspase-3, caspase-7, PARP and their cleaved forms. The 

housekeeping protein, β-actin, used as a loading control, shows expression in all lanes.

 Liposomal curcumin induces apoptosis in OS xenograft model

Human OS tumor was grown in immunocompromised nu/nu mice and treated with 

conventional, HPγCD-curcumin liposomes and empty liposomes as control. Hematoxylin-

eosin staining and DeadEnd™ Colorimetric TUNEL (Terminal deoxynucleotidyl transferase 

dUTP nick end labeling) assay were performed to evaluate the cell-death mechanism in vivo. 

Figure 6, A shows dark blue hematoxylin-stained nuclei and pink eosin-stained cytoplasm, 

whereas liposomal curcumin-treated tumors (Figure 6, C and E) shows loss of nuclei in dead 

cells as indicated by the black arrow. This indicates cell death induced by both the curcumin 

liposomes. DeadEnd™ Colorimetric TUNEL assay detects DNA fragmentation caused by 

apoptosis. The terminal deoxynucleotidyl transferase recognizes fragmented nuclei in 

apoptotic cells and catalyzes addition of deoxynucleotides at the 3′ end of DNA.31 The 

arrows in Figure 6, D and F show the significant amount of apoptosis (brown spots) in 

comparison with 6B. The brown spots indicate the apoptotic area with DNA fragmentation. 
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Thus immunohistochemical assays of the tumor sections showed a significant increase in the 

apopototic cells in the tumors treated with liposomal curcumin corroborating in vitro data 

described in Figure 3.

 Discussion

Therapeutic properties of curcumin have been the topic of several studies involving methods 

for treating inflammatory disorders,36 cardiovascular diseases,37 cancer and other disorders. 

One of the major drawbacks of using curcumin has been its poor bioavailability presumably 

because of aqueous solubility and stability in gastrointestinal fluids. This poor 

bioavailability leads to multiple studies to develop novel drug-delivery approaches, 

including microemulsions, nanoemulsions, liposomes, solid lipid NPs, microspheres, solid 

dispersion, polymeric NPs, and self-microemulsifying drug-delivery systems to enhance the 

bioavailability and therapeutic ability of curcumin.38 These attempts have revealed 

promising results for enhanced bioavailability and targeting certain diseases, but there is a 

gap in the specific tissue targeting of curcumin. Of all the options, DCL preparation is 

becoming a preferred choice for the delivery of the lipophilic, photolabile and hydrolysis-

sensitive drugs. It has been already reported that DCL preparations increase the 

encapsulation of many hydrophobic drugs, such as ketoprofen, betamethasone and 

riboflavin.15,22,39,40 In our study it is clear from the cryo-TEM that all liposomes are 

spherical and well formed. In experimental variations, it is difficult to state clearly that there 

is a clear distinction in liposome size between the various formulations. From DLS and 

cryo-TEM data, it is clear that the inclusion of CD does not change the size of the liposomal 

NP significantly. Both DLS and cryo-TEM are methods to analyze liposome size and 

structure, but differences in the analysis with DLS typically measuring mean sizes are larger 

than those obtained through cryo-TEM. This is a consequence of the enhanced scattering 

from the minimal number of aggregated liposomes that are present even at the high dilutions 

used in DLS experiments.41,42 Further information on the details of the DLS and cryo-TEM 

analysis is given in the Supplementary Materials section.

The data described in Table 3 demonstrates that liposomal curcumins are significantly more 

effective than all other formulations in affecting cell viability for the KHOS OS cell line 

model. On the other hand, normal cells from the same mesenchymal tissue origin (MSCs) 

retained about 85% cell viability at liposomal curcumin concentrations lethal for KHOS, 

which is an indicator of the relative low toxicity of these liposomes on normal human cells. 

Although the KHOS IC50 values for both liposomal formulations based on curcumin levels 

are similar, the amount of HPγCD-curcumin liposomes required to reach the effective 

curcumin level is 2 – 3 times lower than that needed using conventional liposomes simply 

because of the high curcumin encapsulation efficiency of HPγCD-curcumin liposomes. The 

same explanation applies to the IC50 values of liposomal curcumin against MCF-7. Hence 

the advantage of the CD-based formulation is the lower levels of liposomes that are needed 

to attain the same therapeutic effect. This circumstance is clearly due to an increased drug-

loading capacity for the same amount of phospholipid used in preparing liposomes. RFOS is 

a slow expanding OS cell line with growth rates half that of KHOS and may possess 

resistance against liposomal curcumin due to a low uptake as indicated earlier that the rate of 

uptake directly related to metabolic state of the cell.43 Although HPγCD has been used in 
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studies related to the delivery of hydrophobic drugs,44,45 our study showed both its 

effectiveness with curcumin and the added effectiveness of packaging the complex in a 

liposomal delivery system.

The mode of cell death in response to chemotherapeutic drugs may be necrosis, apoptosis or 

autophagy.46 Activated immune-response after cell death is one of the major issues 

associated with chemotherapy-induced cell death. Recently, autophagy has been a point of 

intense debate in cancer treatment due to its dimorphic roles in cancer development and 

therapy.47 It has both tumor-inhibitory and tumor-protective effects.48 Cell death followed 

by autophagy could lead to increased immune response. Therefore, drugs that induce 

apoptosis are desired because they yield least amount of immune response following cell 

death. Among the 4 curcumin formulations tested, only liposomal formulations induced 

apoptosis. Although free drug (DMSO-curcumin) was cytotoxic, lack of apoptotic potential 

suggested cell death either by necrosis or by autophagy. The analysis of autophagy by 

beclin-1 expression confirmed the autophagic cell death in DMSO-curcumin-treated KHOS 

cells. Previous, reports have shown curcumin induced cell death by both autophagy and 

apoptosis.49 Our results add further information on how curcumin induces autophagy and 

apoptosis in different formulations. In summary, CD complexation enhances curcumin 

solubilization and increases entrapment of curcumin in the aqueous liposomal phase. To our 

knowledge, this is the first report demonstrating the anticancer activity of liposomal 

curcumin and DCL preparations against OS. Among the cell lines studied, KHOS and 

MCF-7 were found to be the most sensitive to curcumin delivery in the concentration range 

4 – 28 μg/ml of curcumin. DMSO-curcumin induces autophagy, whereas liposomal 

curcumin induces apoptosis in KHOS.

Curcumin has been extensively tested and approved by the National Institute of Health for 

Phase I & II clinical trials.50 These findings, along with the in vivo study described in this 

article, support the application of curcumin liposomes at the clinical level. Our results 

indicate liposomal curcumin’s anticancer potential against cancer of epithelial as well as 

mesenchymal origin. Further investigation is needed in additional cell lines of mesenchymal 

and epithelial origin to understand the liposomal curcumin’s anticancer potential against a 

wide range of tumors.

 Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Liposomal curcumin formulations and cryo-TEM images (A) 2:1 complex of HPγCD and 

curcumin (B) Schematic representation of conventional and HPγCD-curcumin liposomes 

(C) Conventional curcumin liposomes, (D) HPγCD-curcumin liposomes. All the scale bars 

represent 100 nm.
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Figure 2. 
Effect of different curcumin formulations on cell lines of mesenchymal and epithelial origin. 

(A) Human mesenchymal stem cells (B) KHOS (C) RFOS (D) Skin fibroblast (E) MCF-7 

(F) Legends. Values represent the mean ± SD of triplicate experiments after 48 h of 

exposure to different curcumin formulations.
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Figure 3. 
Phase contrast and Hoechst staining images of curcumin treated KHOS cells. (A, E) Empty 

liposomes (B, F) DMSO-curcumin (C, G) Conventional curcumin liposomes (D, H) 

HPγCD-curcumin liposomes. Cells treated with respective curcumin formulations at IC50. 

White arrows point to apoptotic bodies in panel C, D, G and H. Scale bar in phase contrast 

images (A to D) represents 100 μm and Hoechst staining images (E to H) were taken at 

magnification of 600×.
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Figure 4. 
DMSO-curcumin induces autophagy. KHOS OS cell line was treated in (A) Empty 

liposomes (B) DMSO-curcumin (C) liposomal curcumin (D) HPγCD-curcumin liposomes. 

Cells treated with respective curcumin formulations at IC50. Nuclei in blue (Hoechst 33342 

staining) and beclin-1 expression in red (Immunocytochemistry with AlexaFluor 555). 

Magnification − 200×.
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Figure 5. 
Western blot illustrating expression of apoptotic markers in KHOS cells treated with 

liposomal curcumin. Expression of caspase cascade components (caspase 3, 7 and PARP) 

was found to increase with the concentration of liposomal curcumin. Lane 1 is control, Lane 

2 to 5 indicate liposomal curcumin-treated cells at different concentration.
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Figure 6. 
Curcumin liposomes induce apoptotic cell death in OS xenograft model. Tumors treated 

with empty liposomes (A) and (B), with conventional curcumin liposomes (C) and (D) and 

with HPγCD-curcumin liposomes (E) and (F). Subfigures A, C, E represent hematoxylin 

and eosin staining for histopathology of tumor, whereas B, D, F are the images of TUNEL 

staining for detection of apoptosis. (* indicates high proliferative area and white arrows 

indicate apoptotic area). All the scale bars indicate 500 μm.

Dhule et al. Page 19

Nanomedicine. Author manuscript; available in PMC 2016 July 13.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Dhule et al. Page 20

T
a
b

le
 1

S
iz

e 
d
is

tr
ib

u
ti

o
n
 a

n
al

y
si

s 
o
f 

li
p
o
so

m
al

 f
o
rm

u
la

ti
o
n
s 

b
y
 D

L
S

 a
n
d
 C

ry
o
-T

E
M

F
or

m
ul

at
io

n
D

L
S 

D
at

a
C

ry
o-

T
E

M
 D

at
a

D
ia

m
et

er
 (

nm
)

SD
SE

D
ia

m
et

er
 (

nm
)

H
al

f 
W

id
th

 (
SD

)
SE

C
o
n
v
en

ti
o
n
al

 c
u
rc

u
m

in
 l

ip
o
so

m
es

1
0
4
.7

2
3
.1

0
.9

7
1

2
0

1
.3

8

H
P

γC
D

-c
u
rc

u
m

in
 l

ip
o
so

m
es

  
9
8
.2

3
0
.1

0
.7

6
7

1
6

2
.3

5

Nanomedicine. Author manuscript; available in PMC 2016 July 13.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Dhule et al. Page 21

Table 2

Percent encapsulation efficiency in terms of total curcumin used in liposome preparation

Curcumin in Conventional curcumin liposomes (CD-free) 2.5% HPγCD-curcumin liposomes

Liposome Only 0.8 mg/ml 1.3 mg/ml

Supernatant Only 0 mg/ml 0.7 mg/ml

Curcumin encapsulated 0.8 mg/ml 1.3 mg/ml

Total curcumin encapsulated in 5 ml 4 mg 6.5 mg

Total curcumin used 13 mg 13 mg

% Encapsulation of starting curcumin 30.7 50
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Table 3

Inhibitory concentration (IC50 in μg/ml) of curcumin formulations

Cell line DMSO- curcumin Conventional curcumin liposomes HPγCD- curcumin liposomes

KHOS 22.8 ± 1.9   5.4 ± 0.9   6.4 ± 0.7

MCF-7    20 ± 1.8 10.2 ± 0.8 11.5 ± 1.1

Skin fibroblast    27 ± 5    20 ± 3.5    22 ± 2.1

IC50 – Concentration necessary to inhibit 50% of cell growth.
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