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Abstract: Current anticancer drugs exhibit limited efficacy and initiate severe side effects. As such,
identifying bioactive anticancer agents that can surpass these limitations is a necessity. One such agent,
curcumin, is a polyphenolic compound derived from turmeric, and has been widely investigated
for its potential anti-inflammatory and anticancer effects over the last 40 years. However, the poor
bioavailability of curcumin, caused by its low absorption, limits its clinical use. In order to solve this
issue, in this study, curcumin was encapsulated in chitosan-coated nanoliposomes derived from three
natural lecithin sources. Liposomal formulations were all in the nanometric scale (around 120 nm)
and negatively charged (around −40 mV). Among the three lecithins, salmon lecithin presented the
highest growth-inhibitory effect on MCF-7 cells (two times lower growth than the control group for
12 µM of curcumin and four times lower for 20 µM of curcumin). The soya and rapeseed lecithins
showed a similar growth-inhibitory effect on the tumor cells. Moreover, coating nanoliposomes with
chitosan enabled a higher loading efficiency of curcumin (88% for coated liposomes compared to 65%
for the non-coated liposomes) and a stronger growth-inhibitory effect on MCF-7 breast cancer cells.
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1. Introduction

Curcumin is a yellow natural polyphenolic compound extracted from turmeric root (Curcuma longa).
Curcumin has been widely used in traditional medicine due to its pharmacological effects such as its
antioxidant, anticancer, anti-inflammatory, and anti-microbial activities [1,2]. The anticancer properties
of curcumin are owed to its ability to target multiple cellular and molecular cancer pathways, such as the
nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB), tumor protein p53, phosphatase
and tensin homolog (PTEN), mitogen-activated protein kinase (MAPK), and the microRNAs (miRNAs)
network [3]. Recent studies have indicated that the anticancer properties of curcumin could be exerted
via targeting various miRNAs, such as the upregulation of miR-7, miR-9, miR-21 and miR-181a, and
the downregulation of miR34a and miR-200c [3–5].

However, the poor oral bioavailability of curcumin limits its therapeutic efficacity [6,7]. In fact, its
poor solubility in an aqueous medium and weak stability in alkaline pH conditions or gastrointestinal
fluids restrict its availability to cross into the blood circulation by oral administration. To overcome such
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limitations, curcumin has been previously encapsulated in polymeric nanoparticles [8], liposomes [9],
biodegradable microspheres [10] and hydrogels [11,12].

Liposomes are some of the oldest delivery carriers that are widely used to deliver bioactive agents
to cells and tissues while protecting them from physiological barriers [13,14]. When encapsulated
in liposomes, bioactive agents can be protected from stomach digestion and absorbed in substantial
amounts in the gastrointestinal tract [15]. The main constituents of liposomes are the amphiphilic
phospholipids, which are also the main constituents of cell membranes [16,17]. The amphiphilic
property of phospholipids allows liposomes to self-seal and deliver hydrophobic drugs in aqueous
media. Nanoparticles such as nanoliposomes, which are in the range of 100 to 200 nm, possess an
extended bloodstream circulation time due to their size, which is large enough that it helps them in
avoiding selective uptake in the liver, but small enough that it helps them in avoiding mechanical
filtration by the spleen. Additionally, nanoliposomes possess improved intracellular accumulation
and localization in the tumor area, and they can passively target tumor cells through the enhanced
permeability and retention (EPR) effect [18,19].

Lecithin nanoliposomes can be extracted and produced from salmon, soya and rapeseed [20–22].
These types of nanoliposomes contain a high percentage of omega-3 long-chain polyunsaturated fatty
acids (n-3 LC-PUFAs), such as docosahexaenoic acid (DHA, 22:6 n-3) and eicosapentaenoic acid (EPA,
20:5 n-3) [23]. These n-3 LC-PUFAs have anticancer effects which are poorly understood, but it has
been reported that they are based on the generation of reactive oxygen species [24], alteration in gene
expression [25], increase in drug transport across the cell membrane [24,26], induction of apoptosis [27],
lipid peroxidation [24], and the modulation of cellular proliferation [28] and differentiation [29].

Chitosan has been well considered for use in bio-adhesive drug delivery systems, in order to
improve the bioavailability of drugs by increasing their time in residence at the absorption site.
As highlighted by Kotze et al. and Rengel et al., chitosan is a hydrophilic polymer with good
biocompatible and biodegradable properties, leading to a low toxicity level [30,31]. It has been used
previously as a coating material for many types of nanoparticles to reduce their cytotoxicity and
improve their mucoadhesive properties [32–35]. Due to the presence of amino groups, chitosan is
polycationic. To achieve a prolonged and controlled release, a positively charged chitosan coating is
generally formed on the surface of negatively charged liposomes via an ionic interaction [35–37].

Here, we characterized the physicochemical properties of different formulations of chitosan-coated
lecithin nanoliposomes extracted from salmon, rapeseed and soya. In addition, we also investigated the
effect of curcumin-loaded nanoliposomes on the viability of Michigan Cancer Foundation-7 (MCF-7)
breast cancer cells.

2. Results and Discussion

2.1. Nanoliposomes Size and ζ-potential

The particle size, polydispersity index (PDI) and ζ-potential of different formulations were
measured immediately after preparation and presented in Figure 1. The average diameter of a
chitosan-coated nanoliposome was 317, 358 and 318 nm for nanoparticles from soya, salmon and
rapeseed lecithins, respectively. We observed that salmon nanoliposomes coated with chitosan had
the largest diameter. This can be explained by the interaction between the lipid and chitosan, which
caused a greater bilayer expansion in the nanoliposomes rich in unsaturated fatty acids compared to
the ones rich in saturated fatty acids [38].

The PDI of soya, rapeseed and salmon nanoliposomes coated with chitosan was 0.23, 0.23 and
0.22, respectively. This indicates that particle size was well controlled, with a narrow dispersity, since
the PDI value is <0.3. According to the mean values and PDIs, there was no significant difference
between the breadths of distribution of the samples. We found that the PDI of the curcumin-loaded
nanoparticles is slightly greater than the unloaded curcumin nanoparticles.
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Uncoated nanoliposomes showed negative ζ-potential values, which became positive after
coating with chitosan. The ζ-potential increased from -43.3, -40.9 and -43.5 mV for soya, salmon and
rapeseed liposomes, respectively, to 60.9, 66.2 and 66.8 mV after coating with chitosan, respectively.
The ζ-potential of uncoated nanoliposomes was negative, probably due to the anionic fractions of
lecithin [20]. The increase in the surface charge of chitosan-coated nanoliposomes was attributed to the
increase in the positively-charged amino groups of chitosan molecules, proving that the nanoliposome
coating was successfully achieved [39]. Regarding the stability of the formulations, no significant
variation in particle size or charge was observed during storage periods of 30 days at 4 ◦C and 37 ◦C,
which suggests that the liposomes can be stored without lyophilization for a minimum of 1 month
without showing any changes in their properties.
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Figure 1. Schematic and physicochemical characterization of salmon, rapeseed and soya nanoliposomes,
curcumin-loaded nanoliposomes and curcumin-loaded nanoliposomes coated with chitosan.

2.2. Encapsulation Efficiency of Curcumin

The encapsulation efficiency of curcumin was 87.15, 88.61 and 88.72% in rapeseed, soya and
salmon chitosan-coated nanoliposomes, respectively. Compared to our previous study [23], these
results indicate that the encapsulation efficiency of curcumin significantly increases when liposomes
are coated with chitosan.

2.3. Membrane Fluidity

The fluidity of the liposomes reflects the order and dynamics of the phospholipids’ alkyl chains in
the vesicle’s bilayer. The fatty acid (FA) composition tunes the membrane’s fluidity level. Membrane
fluidity decreases when saturated FAs are present, due to an increase in the packing between the
phospholipids, whilst unsaturated FAs increase membrane fluidity by reducing the packing between
the phospholipids [40].

To recognize the action of curcumin and chitosan on membrane fluidity, it is necessary to
understand the behavior of curcumin and chitosan with respect to solution composition variation.
According to our previous study [23], membrane fluidity depends on the lipid composition of
nanoliposomes, as a lower membrane fluidity was found for rapeseed and salmon liposomes compared
to soya liposomes. This can be explained by the higher proportion of PUFAs with short chains found
in soya liposomes compared to rapeseed and salmon liposomes.

As shown in our previous results [23], curcumin decreased the membrane fluidity of all
nanoliposomes, as its presence can weaken the hydrophobic interactions among acyl chains.



Mar. Drugs 2020, 18, 217 4 of 11

In this study, as shown in Table 1, the presence of chitosan also reduced the membrane fluidity
of nanoliposomes, as this new layer around the liposome was probably incorporated within the
membrane bilayer, thus increasing the rigidity of the bilayers and decreasing the movement of the
FA chains. Consequently, the membrane bilayer fluidity decreased and the motional freedom of the
phosphate group was reduced [41].

Table 1. Membrane fluidity of the chitosan-coated liposomes (each value represents the mean
of triplicates).

Sample Membrane Fluidity

Soya CEL 3.21 ± 0.10
Soya CLL 2.56 ± 0.10

Salmon CEL 2.70 ± 0.10
Salmon CLL 2.62 ± 0.20

Rapeseed CEL 3.21 ± 0.10
Rapeseed CLL 2.71 ± 0.10

CEL: chitosan-coated empty liposomes; CLL: chitosan-coated curcumin-loaded liposomes.

2.4. Morphology of the Liposomes

Small unilamellar vesicles (SUV) can be observed in the TEM images of nanoliposomes that were
prepared via sonication followed by high-pressure homogenization (Figure 2a). A small quantity (10%)
of oil droplets in each formulation, in the form of nanoemulsions, can be observed. Figure 2b shows a
chitosan contrasting band surrounding the nanoliposomes. The TEM images confirm the size results
measured via the dynamic light scattering (DLS) technique.
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Figure 2. Transmission Electron Microscopic (TEM) images of a curcumin-loaded nanoliposome before
(a) and after (b) coating with chitosan.

2.5. Growth-Inhibition by Real-time Cell Analysis

The growth-inhibition of uncoated and chitosan-coated nanoliposomes, that were empty or loaded
with curcumin, was measured via an impedance-based analysis method. Their composition and
concentration effects on MCF-7 cells’ growth was investigated. Curcumin concentrations of 12 µM or
higher showed a significant effect on cell index (CI), whereas the 5 µM curcumin concentration showed
no significant difference (Figure 3). Reports on the anti-tumor activity of curcumin were based on two
opposite mechanisms: inhibiting anti-apoptosis proteins and activating the pro-apoptosis proteins [42].

Some studies suggest that curcumin acts as an antioxidant and prevents reactive oxygen species
(ROS) production [43,44]. Other studies suggest that curcumin induces ROS production at high
concentrations and quenches ROS production at low concentrations [45,46]. The antioxidant mechanism
mediates NF-κB-suppressive effects and the pro-oxidant mechanism mediates apoptotic effects [45].
Other studies report that tumor cells show the preferential uptake of curcumin compared to normal
cells and that the toxicity clearly increases with increasing curcumin uptake; therefore, this advantage
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makes it an attractive agent for cancer therapy. Among various factors that are responsible for higher
curcumin uptake in tumor cells against normal cells could be their difference in membrane structure,
protein composition and bigger size [47–49].

Curcumin, in its free form, has limited clinical efficacy due to being weakly absorbed in the
gastrointestinal tract. The nanoliposome encapsulation of curcumin could improve its systemic
administration. For certain concentrations, nanoliposomes can have anticancer effects. According to
our previous study [23], nanoliposomes produced from vegetable lecithin can significantly decrease
the cell proliferation of cancer cells at a concentration of 20 µM. Interestingly, salmon-derived
nanoliposomes can have a growth-inhibitory effect with a lower concentration (5 µM). This could be
due to the difference in their lecithin composition, as salmon lecithin possess a higher polyunsaturated
fatty acid composition, mainly eicosapentaenoic acid (EPA) and Docosahexaenoic acid (DHA), which
exert anticancer effects [50–52]. This study evaluated the in vitro anti-tumor activity of curcumin-loaded
nanoliposomes on the MCF-7 cancer cell line. The results show that free curcumin of 5 µM has a lower
growth-inhibitory impact on MCF-7 cells compared to curcumin loaded in salmon nanoliposomes
(Figure 3). This suggests that a synergic MCF-7 growth-inhibitory effect exists between salmon
nanoliposomes and curcumin.

The coating of liposomes extends their in vivo life span and permits the accumulation of liposomes
in the target sites. Because of its bioadhesive and permeation-enhancing properties, chitosan has
received substantial attention as a drug delivery system [30]. We observed that chitosan-coated
liposomes inhibited more tumor growth compared to uncoated liposomes, especially at high
concentrations (Figure 3).
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Figure 3. MCF-7 cell index kinetics exposed to (a) free curcumin, (b) rapeseed, (c) salmon and (d) soya,
empty liposomes (EL), curcumin-loaded liposomes (LL), chitosan-coated empty liposomes (CEL) and
chitosan-coated curcumin-loaded liposomes (CLL). Cell index values were recorded after 96 h of
liposome exposure. The reported data are the means of six replicates. Parametric data were analyzed
using a one-way (a) and two-way (b–d) ANOVA followed by Dunnett’s test. Significance was indicated
as * (p < 0.05), ** (p < 0.01) and *** (p < 0.001).
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The results presented in Figure 3 indicate that growth-inhibition increased for all types of
lecithin coated with chitosan. These data indicate the increased sensitivity of MCF-7 cells toward
curcumin-loaded chitosan-coated liposomes. Rapeseed and soya liposomes induced the proliferation
of MCF7 cells at low concentrations, but they increased the growth-inhibition at higher concentrations.
Salmon liposomes were toxic to MCF-7 cells at different concentrations. Moreover, the coating of
liposomes with chitosan led to the growth of MCF7 cells at low concentrations, whereas it significantly
increased growth-inhibition at higher concentrations.

3. Materials and Methods

Salmon lecithin, from Salmo salar, was obtained by enzymatic hydrolysis. The lipids were extracted
by the use of an enzymatic process without any organic solvent, as described previously [53], whilst
rapeseed and soya lecithins were commercial lecithins from the Solae Europe SA society. Chitosan
(deacetylation degree up to 75%), curcumin, boron trifluoride (14% in methanol), acetonitrile (≥99.9%),
chloroform (≥99.9%), methanol (≥99.9%) and hexane (≥99.9%) were all purchased from Sigma-Aldrich
(Saint-Quentin-Fallavier, France) and Fisher Scientific (Illkirch, France). Acetic acid (≥99.8%) was
supplied by Prolabo-VWR. All the organic solvents were analytical grade reagents.

3.1. Preparation of Chitosan-coated Liposomes

To prepare the liposome solution, 1.5 g of lecithin and 10 mg curcumin were dissolved in ethanol,
then a thin lipid film was formed on the wall of the flask using a Rotavapor by completely evaporating
the ethanol under vacuum, then the lipid film was hydrated with 47.5 mL of distilled water and the
suspension was agitated using a magnetic stirrer for 4 h in an inert nitrogen atmosphere. In total, 0.5 g
of chitosan and 0.5 mL of acetic acid were then added to the solution. The suspension was mixed again
for 4 h under the same conditions. After that, the solution was first sonicated at 40 kHz for 5 min (1s
on, 1s stop) in an ice bath and then homogenized using a high-pressure homogenizer (EmulsiFlex-C3,
Sodexim SA, Muizon, France) in aliquots of 50 mL under a pressure of 1500 bar for 7–8 cycles.

3.2. Physicochemical Characterization and Stability Analysis

The mean diameter, particle size distribution and ζ-potential of vesicles were determined upon the
dilution of the samples (1:200) using the DLS technique, by employing a Zetasizer Nano ZS (Malvern
Instruments Ltd., Worcestershire, UK).

Empty and curcumin-loaded chitosan-coated liposomes were stored in a drying room at 4 ◦C and
37 ◦C for five weeks. The mean particle size, PDI and ζ-potential of all formulations were analyzed
every 3 days.

3.3. Encapsulation Efficiency of Curcumin

The curcumin’s concentration was determined via reverse-phase HPLC (Shimadzu, Kyoto, Japan),
using a Zorbex SB-C18 column (5µm, 4.6mm×250mm). The mobile phase consisted of 2% acetic
acid, methanol and acetonitrile, at a ratio of 30:5:65. The elution was carried out with a flow rate
of 0.5 mL/min. A twenty microliter aliquot of the solution was injected into the HPLC at ambient
temperature and a wavelength of 425 nm was used for detection. The retention time for curcumin was
about 8.49 min and its linearity was obtained in the range of 2 to 20 µg/mL. The total drug content of
the suspensions was determined by dissolving chitosan-coated liposomes in methanol and measuring
the drug content with HPLC. First, the entrapment efficiencies of the curcumin were determined by
the centrifugation of the nanoliposome at 1000 g for 10 min, to separate the free curcumin, and then
the supernatant was re-centrifuged at 200,000 g for 4 h to separate the unloaded curcumin. The free
drug in the supernatant was detected by HPLC. The total drug content of the suspensions was also
determined using a similar procedure. The encapsulation efficiency was calculated as:

EE % = ((total drug - free drug)/total drug) × 100
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3.4. Membrane Fluidity

The membrane fluidity of all samples was measured by fluorescence anisotropy measurements.
TMA–DPH was used as the fluorescent probe. The measurement was carried out according to the
method described by Maherani et al. [54]. In brief, the solution of TMA–DPH (1 mM in ethanol)
was added to the liposome suspension to reach a final concentration of 4 µM and 0.2 mg/mL for the
probe and the lipid, respectively. The mixture was lightly stirred for 1 h at ambient temperature in
the dark. Then, 180 µL of the solution was distributed into each well of a 96-well black microplate.
The fluorescent probe was vertically and horizontally oriented in the lipid bilayer. The fluorescent
intensity of the samples was measured with a Tecan INFINITE®200 PRO (Grödig, Austria) equipped
with fluorescent polarizers. Samples were excited at 360 nm and emission was recorded at 430 nm
under constant stirring at 25 ◦C. The Magellan 7 software was used for data analysis. The polarization
value (P) of TMA–DPH was calculated using the following equation:

P =
III −GI

III + 2GI

where III is the fluorescent intensity parallel to the excitation plane, I⊥ the fluorescent intensity
perpendicular to the excitation plane, and G is the factor that accounts for transmission efficiency.
Membrane fluidity was defined as 1/P. The results were measured in triplicate.

3.5. Transmission Electron Microscopy (TEM)

The morphology of the nanoliposomes was monitored via TEM, using a negative staining method,
as previously described [21]. In brief, the liposomal formulation was diluted in distilled water (1:10 ratio)
and then mixed with 2% ammonium molybdate solution with a ratio of 1:1. The mixture was reserved
at room temperature for 3 min. Then, one drop was placed and dried on a Formvar carbon-coated
copper grid (200 mesh, 3 mm diameter HF 36). Then, the morphology of the nanoliposomes was
examined using a Philips CM20 TEM equipped with an Olympus TEM CCD camera at 200 kV.

3.6. In Vitro Evaluation of the Anti-cancer Activity of Encapsulated Curcumin

3.6.1. Cell Culture

Human breast cancer MCF-7 cells (NCCS Pune) were cultured in an RPMI 1640 medium without
phenol red (Gibco™, ThermoFisher Scientific, Grand Island, NY, USA), supplemented with 10%
(v/v) fetal bovine serum, 1% penicillin/streptomycin and 2mM l-Glutamine, at 37◦C in a humidified
atmosphere of 5% CO2.

3.6.2. Evaluation of Drug Toxicity

The in vitro cellular effect on MCF-7 cells of the curcumin-loaded nanoliposome was studied
using the xCELLigence system (Roche Diagnostics GmbH, Mannheim, Germany), as described
previously [23]. In brief, 1 x 104 cells per well were cultured overnight in 96-well E-PlatesTM. Three
different concentrations of curcumin, encapsulated in nanoliposomes (5, 12 and 20 µM), were mixed
with the culture medium. The concentrations of nanoliposomes and chitosan corresponding to 5, 12,
and 20 µM of curcumin are presented in Table 2. The xCELLigence system (real-time cell analyzer
single plate, RTCASP®) allows the real-time monitoring of cell proliferation based on impedance
measurement. The technology uses specific 96-well cell culture E-PlatesTM with bottoms covered with
microelectrodes as an electrical impedance cell sensor. The analysis is based on the measurement
of electrical impedance created by attached cells across the high-density electrode array coating the
bottom of the wells [55]. The impedance value is automatically converted to a dimensionless parameter
called a cell index, which is defined as the relative change in electrical impedance created by the
attached cells. As a quantitative measure of cellular status, the CI value represents the extent of the
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cell-covered area, and it is directly related to cell number, cell proliferation, cell size and morphology,
cell viability and attachment forces [56,57].

Table 2. Concentrations of nanoliposomes and chitosan corresponding to 5, 12, and 20 µM of curcumin.

Concentration Curcumin Nanoliposomes Chitosan

1 20 µM 1.1 mg/mL 0.37 mg/mL
2 12 µM 0.66 mg/mL 0.22 mg/mL
3 5 µM 0.28 mg/mL 0.09 mg/mL

Control wells were composed of different concentrations of curcumin solubilized in ethanol,
and curcumin-free nanoliposomes. Impedance was measured every 15 min to continuously monitor
cell growth.

4. Conclusions

In summary, we extracted lecithin from natural marine (salmon) and vegetable (rapeseed and soya)
sources. These formulations were used to produce liposomes, which were loaded with curcumin and
coated with chitosan. Liposomal formulations were characterized to determine their morphological
and physicochemical properties. Coating nanoliposomes with chitosan increased their size, changed
their charge from negative to positive and achieved a higher encapsulation efficiency of curcumin.
Growth-inhibition assays on MCF-7 breast cancer cells showed an increase in growth-inhibition
when concentrated liposome formulations were loaded with curcumin or coated with chitosan.
As mentioned before, curcumin, in its free form, has limited clinical efficacy as it is weakly absorbed
in the gastrointestinal tract. The liposomes increase the bioavailability of curcumin and the chitosan
coating increases its circulation time. These findings show the potential of marine- and plant-derived
coated nanoliposomal formulations as controlled drug delivery systems for breast cancer treatment.
The next steps should be to check if this growth-inhibitory effect is caused by the inhibition of the cells’
proliferation or the cells’ death, and to study these formulations on other breast cancer cell types, such
as SKBR3 and MDA-MB231, before progressing to in vivo studies.

Author Contributions: Conceptualization, M.H. and N.B.; Methodology, M.H., N.B., C.K. and M.L.; Software,
M.H. and K.E.; Validation, M.B.-H., E.A.-T. and M.L.; Formal Analysis, M.H., and K.E.; Investigation, M.H. and
K.E.; Resources, E.A.-T. and M.L.; Data Curation, M.H. and K.E.; Writing-Original Draft Preparation, M.H. and
K.E.; Writing-Review & Editing, K.E., M.B.-H., A.T. and E.A.-T.; Visualization, K.E., C.K. and E.A.-T.; Supervision,
M.L. and E.A.-T.; Project Administration, M.L. and E.A.-T.; Funding Acquisition, M.L. and E.A.-T. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Acknowledgments: M.H. acknowledges support from the Syrian Ministry of Higher Education and
Aleppo-University. K.E. acknowledges support from the French Ministry of Higher Education, Research
and Innovation.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Saengkrit, N.; Saesoo, S.; Srinuanchai, W.; Phunpee, S.; Ruktanonchai, U.R. Influence of curcumin-loaded
cationic liposome on anticancer activity for cervical cancer therapy. Colloids Surf. B Biointerfaces 2014, 114,
349–356. [CrossRef]

2. Said, D.E.; El Samad, L.M.; Gohar, Y.M. Validity of silver, chitosan, and curcumin nanoparticles as anti-Giardia
agents. Parasitol. Res. 2012, 111, 545–554. [CrossRef] [PubMed]

3. Mirzaei, H.; Masoudifar, A.; Sahebkar, A.; Zare, N.; Sadri Nahand, J.; Rashidi, B.; Mehrabian, E.;
Mohammadi, M.; Mirzaei, H.R.; Jaafari, M.R. MicroRNA: A novel target of curcumin in cancer therapy.
J. Cell Physiol. 2018, 233, 3004–3015. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.colsurfb.2013.10.005
http://dx.doi.org/10.1007/s00436-012-2866-1
http://www.ncbi.nlm.nih.gov/pubmed/22392135
http://dx.doi.org/10.1002/jcp.26055
http://www.ncbi.nlm.nih.gov/pubmed/28617957


Mar. Drugs 2020, 18, 217 9 of 11

4. Momtazi, A.A.; Shahabipour, F.; Khatibi, S.; Johnston, T.P.; Pirro, M.; Sahebkar, A. Curcumin as a MicroRNA
Regulator in Cancer: A Review. In Reviews of Physiology, Biochemistry and Pharmacology; Nilius, B., de Tombe, P.,
Gudermann, T., Jahn, R., Lill, R., Petersen, O.H., Eds.; Springer: Cham, Switzerland, 2016; Volume 171,
pp. 1–38, ISBN 978-3-319-43813-9.

5. Zhou, S.; Zhang, S.; Shen, H.; Chen, W.; Xu, H.; Chen, X.; Sun, D.; Zhong, S.; Zhao, J.; Tang, J. Curcumin inhibits
cancer progression through regulating expression of microRNAs. Tumour Biol. 2017, 39, 101042831769168.
[CrossRef] [PubMed]

6. Song, W.; Su, X.; Gregory, D.; Li, W.; Cai, Z.; Zhao, X. Magnetic Alginate/Chitosan Nanoparticles for Targeted
Delivery of Curcumin into Human Breast Cancer Cells. Nanomaterials 2018, 8, 907. [CrossRef] [PubMed]

7. Zhang, J.; Tang, Q.; Xu, X.; Li, N. Development and evaluation of a novel phytosome-loaded chitosan
microsphere system for curcumin delivery. Int. J. Pharm. 2013, 448, 168–174. [CrossRef]

8. Chopra, M.; Jain, R.; Dewangan, A.K.; Varkey, S.; Mazumder, S. Design of Curcumin Loaded Polymeric
Nanoparticles-Optimization, Formulation and Characterization. J. Nanosci. Nanotechnol. 2016, 16, 9432–9442.
[CrossRef]

9. Hasan, M.; Latifi, S.; Kahn, C.; Tamayol, A.; Habibey, R.; Passeri, E.; Linder, M.; Arab-Tehrany, E. The Positive
Role of Curcumin-Loaded Salmon Nanoliposomes on the Culture of Primary Cortical Neurons. Mar. Drugs
2018, 16, 218. [CrossRef]

10. Blanco-García, E.; Otero-Espinar, F.J.; Blanco-Méndez, J.; Leiro-Vidal, J.M.; Luzardo-Álvarez, A. Development
and characterization of anti-inflammatory activity of curcumin-loaded biodegradable microspheres with
potential use in intestinal inflammatory disorders. Int. J. Pharm. 2017, 518, 86–104. [CrossRef]

11. Udeni Gunathilake, T.; Ching, Y.; Chuah, C. Enhancement of Curcumin Bioavailability Using Nanocellulose
Reinforced Chitosan Hydrogel. Polymers 2017, 9, 64. [CrossRef]

12. Ning, P.; Lü, S.; Bai, X.; Wu, X.; Gao, C.; Wen, N.; Liu, M. High encapsulation and localized delivery of
curcumin from an injectable hydrogel. Mater. Sci. Eng. C 2018, 83, 121–129. [CrossRef]

13. Uster, P.S. Liposomes as Drug Carriers: Recent Trends and Progress. J. Pharm. Sci. 1989, 78, 693. [CrossRef]
14. Elkhoury, K.; Russell, C.S.; Sanchez-Gonzalez, L.; Mostafavi, A.; Williams, T.J.; Kahn, C.; Peppas, N.A.;

Arab-Tehrany, E.; Tamayol, A. Soft-Nanoparticle Functionalization of Natural Hydrogels for Tissue
Engineering Applications. Adv. Healthc. Mater. 2019, 8, 1900506. [CrossRef]

15. Takahashi, M.; Inafuku, K.; Miyagi, T.; Oku, H.; Wada, K.; Imura, T.; Kitamoto, D. Efficient preparation of
liposomes encapsulating food materials using lecithins by a mechanochemical method. J. Oleo Sci. 2006, 56,
35–42. [CrossRef]

16. Shin, G.H.; Chung, S.K.; Kim, J.T.; Joung, H.J.; Park, H.J. Preparation of Chitosan-Coated Nanoliposomes for
Improving the Mucoadhesive Property of Curcumin Using the Ethanol Injection Method. J. Agric. Food Chem.
2013, 61, 11119–11126. [CrossRef]

17. Brandl, M. Liposomes as drug carriers: A technological approach. Biotechnol. Annu. Rev. 2001, 7, 59–85.
18. Aslan, B.; Ozpolat, B.; Sood, A.K.; Lopez-Berestein, G. Nanotechnology in cancer therapy. J. Drug Target.

2013, 21, 904–913. [CrossRef]
19. Nguyen, D.H.; Lee, J.S.; Bae, J.W.; Choi, J.H.; Lee, Y.; Son, J.Y.; Park, K.D. Targeted doxorubicin nanotherapy

strongly suppressing growth of multidrug resistant tumor in mice. Int. J. Pharm. 2015, 495, 329–335.
[CrossRef] [PubMed]

20. Arab Tehrany, E.; Kahn, C.J.F.; Baravian, C.; Maherani, B.; Belhaj, N.; Wang, X.; Linder, M. Elaboration and
characterization of nanoliposome made of soya; rapeseed and salmon lecithins: Application to cell culture.
Colloids Surf. B Biointerfaces 2012, 95, 75–81. [CrossRef]

21. Latifi, S.; Tamayol, A.; Habibey, R.; Sabzevari, R.; Kahn, C.; Geny, D.; Eftekharpour, E.; Annabi, N.; Blau, A.;
Linder, M.; et al. Natural lecithin promotes neural network complexity and activity. Sci. Rep. 2016, 6, 25777.
[CrossRef]

22. Kadri, R.; Bacharouch, J.; Elkhoury, K.; Ben Messaoud, G.; Kahn, C.; Desobry, S.; Linder, M.; Tamayol, A.;
Francius, G.; Mano, J.F.; et al. Role of active nanoliposomes in the surface and bulk mechanical properties of
hybrid hydrogels. Mater. Today Bio 2020, 6, 100046. [CrossRef] [PubMed]

23. Hasan, M.; Belhaj, N.; Benachour, H.; Barberi-Heyob, M.; Kahn, C.J.F.; Jabbari, E.; Linder, M.; Arab-Tehrany, E.
Liposome encapsulation of curcumin: Physico-chemical characterizations and effects on MCF7 cancer cell
proliferation. Int. J. Pharm. 2014, 461, 519–528. [CrossRef] [PubMed]

http://dx.doi.org/10.1177/1010428317691680
http://www.ncbi.nlm.nih.gov/pubmed/28222667
http://dx.doi.org/10.3390/nano8110907
http://www.ncbi.nlm.nih.gov/pubmed/30400634
http://dx.doi.org/10.1016/j.ijpharm.2013.03.021
http://dx.doi.org/10.1166/jnn.2016.12363
http://dx.doi.org/10.3390/md16070218
http://dx.doi.org/10.1016/j.ijpharm.2016.12.057
http://dx.doi.org/10.3390/polym9020064
http://dx.doi.org/10.1016/j.msec.2017.11.022
http://dx.doi.org/10.1002/jps.2600780819
http://dx.doi.org/10.1002/adhm.201900506
http://dx.doi.org/10.5650/jos.56.35
http://dx.doi.org/10.1021/jf4035404
http://dx.doi.org/10.3109/1061186X.2013.837469
http://dx.doi.org/10.1016/j.ijpharm.2015.08.083
http://www.ncbi.nlm.nih.gov/pubmed/26325307
http://dx.doi.org/10.1016/j.colsurfb.2012.02.024
http://dx.doi.org/10.1038/srep25777
http://dx.doi.org/10.1016/j.mtbio.2020.100046
http://www.ncbi.nlm.nih.gov/pubmed/32259100
http://dx.doi.org/10.1016/j.ijpharm.2013.12.007
http://www.ncbi.nlm.nih.gov/pubmed/24355620


Mar. Drugs 2020, 18, 217 10 of 11

24. Corsetto, P.; Colombo, I.; Kopecka, J.; Rizzo, A.; Riganti, C.ω-3 Long Chain Polyunsaturated Fatty Acids as
Sensitizing Agents and Multidrug Resistance Revertants in Cancer Therapy. IJMS 2017, 18, 2770. [CrossRef]
[PubMed]

25. Allam-Ndoul, B.; Guénard, F.; Barbier, O.; Vohl, M.-C. A Study of the Differential Effects of Eicosapentaenoic
Acid (EPA) and Docosahexaenoic Acid (DHA) on Gene Expression Profiles of Stimulated Thp-1 Macrophages.
Nutrients 2017, 9, 424. [CrossRef]

26. Li, J.; Elkhoury, K.; Barbieux, C.; Linder, M.; Grandemange, S.; Tamayol, A.; Francius, G.; Arab-Tehrany, E.
Effects of Bioactive Marine-Derived Liposomes on Two Human Breast Cancer Cell Lines. Mar. Drugs 2020,
18, 211. [CrossRef]

27. Sun, Y.; Jia, X.; Hou, L.; Liu, X.; Gao, Q. Involvement of apoptotic pathways in docosahexaenoic acid-induced
benefit in prostate cancer: Pathway-focused gene expression analysis using RT2 Profile PCR Array System.
Lipids Health Dis. 2017, 16, 59. [CrossRef]

28. Guo, Y.; Zhu, S.; Wu, Y.; He, Z.; Chen, Y. Omega-3 free fatty acids attenuate insulin-promoted breast cancer
cell proliferation. Nutr. Res. 2017, 42, 43–50. [CrossRef]

29. Bianchini, F.; Giannoni, E.; Serni, S.; Chiarugi, P.; Calorini, L. 22: 6 n -3 DHA inhibits differentiation of
prostate fibroblasts into myofibroblasts and tumorigenesis. Br. J. Nutr. 2012, 108, 2129–2137. [CrossRef]

30. Kotze, A.F.; Luessen, H.L.; Thanou, M.; Verhoef, J.C.; de Boer, A.B.G.; Junginger, H.E.; Lehr, C.-M. Chitosan
and chitosan derivatives as absorption enhancers for peptide drugs across mucosal epithelia. In Bioadhesive
Drug Delivery Systems Fundamentals, Novel Approaches, and Development; Mathiowitz, E., Chickering, D.E., III,
Lehr, C.-M., Eds.; Marcel Dekker: New York, NY, USA, 1999; pp. 341–386.

31. Rengel, R.G.; Barisic, K.; Pavelic, Z.; Grubisic, T.Z.; Cepelak, I.; Filipovic-Grcic, J. High efficiency entrapment
of superoxide dismutase into mucoadhesive chitosan-coated liposomes. Eur. J. Pharm. Sci. 2002, 15, 441–448.
[CrossRef]

32. Mazzarino, L.; Loch-Neckel, G.; Bubniak, L.D.S.; Mazzucco, S.; Santos-Silva, M.C.; Borsali, R.; Lemos-Senna, E.
Curcumin-Loaded Chitosan-Coated Nanoparticles as a New Approach for the Local Treatment of Oral
Cavity Cancer. J. Nanosci. Nanotechnol. 2015, 15, 781–791. [CrossRef]

33. Luo, Y.; Teng, Z.; Li, Y.; Wang, Q. Solid lipid nanoparticles for oral drug delivery: Chitosan coating improves
stability, controlled delivery, mucoadhesion and cellular uptake. Carbohydr. Polym. 2015, 122, 221–229.
[CrossRef]

34. Chirio, D.; Peira, E.; Sapino, S.; Dianzani, C.; Barge, A.; Muntoni, E.; Morel, S.; Gallarate, M. Stearoyl-Chitosan
Coated Nanoparticles Obtained by Microemulsion Cold Dilution Technique. IJMS 2018, 19, 3833. [CrossRef]

35. Hasan, M.; Ben Messaoud, G.; Michaux, F.; Tamayol, A.; Kahn, C.J.F.; Belhaj, N.; Linder, M.; Arab-Tehrany, E.
Chitosan-coated liposomes encapsulating curcumin: Study of lipid–polysaccharide interactions and
nanovesicle behavior. RSC Adv. 2016, 6, 45290–45304. [CrossRef]

36. Hasan, M.; Elkhoury, K.; Kahn, C.J.F.; Arab-Tehrany, E.; Linder, M. Preparation, Characterization, and Release
Kinetics of Chitosan-Coated Nanoliposomes Encapsulating Curcumin in Simulated Environments. Molecules
2019, 24, 2023. [CrossRef]

37. Takeuchi, H.; Yamamoto, H.; Niwa, T.; Hino, T.; Kawashima, Y. Enteral absorption of insulin in rats from
mucoadhesive chitosan-coated liposomes. Pharm. Res. 1996, 13, 896–901. [CrossRef]

38. Wydro, P.; Krajewska, B.; Hac-Wydro, K. Chitosan as a lipid binder: A Langmuir monolayer study of
chitosan—Lipid interactions. Biomacromolecules 2007, 8, 2611–2617. [CrossRef]

39. Mazzarino, L.; Travelet, C.; Ortega-Murillo, S.; Otsuka, I.; Pignot-Paintrand, I.; Lemos-Senna, E.; Borsali, R.
Elaboration of chitosan-coated nanoparticles loaded with curcumin for mucoadhesive applications. J. Colloid
Interface Sci. 2012, 370, 58–66. [CrossRef]

40. Leekumjorn, S.; Cho, H.J.; Wu, Y.; Wright, N.T.; Sum, A.K.; Chan, C. The role of fatty acid unsaturation in
minimizing biophysical changes on the structure and local effects of bilayer membranes. Biochim. Biophys.
Acta Biomembr. 2009, 1788, 1508–1516. [CrossRef]

41. Shi, X.-Y.; Sun, C.-M.; Wu, S.-K. Evaluation of in vitro stability of small unilamellar vesicles coated with
collagen and chitosan. Polym. Int. 1999, 48, 212–216. [CrossRef]

42. Shi, M.; Cai, Q.; Yao, L.; Mao, Y.; Ming, Y.; Ouyang, G. Antiproliferation and apoptosis induced by curcumin
in human ovarian cancer cells. Cell Biol. Int. 2006, 30, 221–226. [CrossRef]

43. Das, K.C.; Das, C.K. Curcumin (diferuloylmethane), a singlet oxygen (O-1(2)) quencher. Biochem. Biophys.
Res. Commun. 2002, 295, 62–66. [CrossRef]

http://dx.doi.org/10.3390/ijms18122770
http://www.ncbi.nlm.nih.gov/pubmed/29261109
http://dx.doi.org/10.3390/nu9050424
http://dx.doi.org/10.3390/md18040211
http://dx.doi.org/10.1186/s12944-017-0442-5
http://dx.doi.org/10.1016/j.nutres.2017.04.008
http://dx.doi.org/10.1017/S0007114512000359
http://dx.doi.org/10.1016/S0928-0987(02)00030-1
http://dx.doi.org/10.1166/jnn.2015.9189
http://dx.doi.org/10.1016/j.carbpol.2014.12.084
http://dx.doi.org/10.3390/ijms19123833
http://dx.doi.org/10.1039/C6RA05574E
http://dx.doi.org/10.3390/molecules24102023
http://dx.doi.org/10.1023/A:1016009313548
http://dx.doi.org/10.1021/bm700453x
http://dx.doi.org/10.1016/j.jcis.2011.12.063
http://dx.doi.org/10.1016/j.bbamem.2009.04.002
http://dx.doi.org/10.1002/(SICI)1097-0126(199903)48:3&lt;212::AID-PI127&gt;3.0.CO;2-8
http://dx.doi.org/10.1016/j.cellbi.2005.10.024
http://dx.doi.org/10.1016/S0006-291X(02)00633-2


Mar. Drugs 2020, 18, 217 11 of 11

44. Mishra, S.; Kapoor, N.; Ali, A.M.; Pardhasaradhi, B.V.V.; Kumari, A.L.; Khar, A.; Misra, K. Differential
apoptotic and redox regulatory activities of curcumin and its derivatives. Free Radic. Biol. Med. 2005, 38,
1353–1360. [CrossRef] [PubMed]

45. Sandur, S.K.; Ichikawa, H.; Pandey, M.K.; Kunnumakkara, A.B.; Sung, B.; Sethi, G.; Aggarwal, B.B. Role of
pro-oxidants and antioxidants in the anti-inflammatory and apoptotic effects of curcumin (diferuloylmethane).
Free Radic. Biol. Med. 2007, 43, 568–580. [CrossRef] [PubMed]

46. Chen, J.; Da, W.M.; Zhang, D.W.; Liu, Q.; Kang, J.H. Water-soluble antioxidants improve the antioxidant and
anticancer activity of low concentrations of curcumin in human leukemia cells. Pharmazie 2005, 60, 57–61.
[PubMed]

47. Kunwar, A.; Barik, A.; Mishra, B.; Rathinasamy, K.; Pandey, R.; Priyadarsini, K.I. Quantitative cellular uptake,
localization and cytotoxicity of curcumin in normal and tumor cells. Biochim. Biophys. Acta Gen. Subj. 2008,
1780, 673–679. [CrossRef] [PubMed]

48. Mirgani, M.T.; Isacchi, B.; Sadeghizadeh, M.; Marra, F.; Bilia, N.R.; Mowla, S.E.J.; Najafi, F.; Babaei, E.S.
Dendrosomal curcumin nanoformulation downregulates pluripotency genes via miR-145 activation in
U87MG glioblastoma cells. Int. J. Nanomed. 2014, 9, 403–417.

49. Singer, S.J. Some early history of membrane molecular biology. Ann. Rev. Physiol. 2004, 66, 1–27. [CrossRef]
50. Rahman, M.M.; Veigas, J.M.; Williams, P.J.; Fernandes, G. DHA is a more potent inhibitor of breast cancer

metastasis to bone and related osteolysis than EPA. Breast Cancer Res. Treat. 2013, 141, 341–352. [CrossRef]
51. Sharma, G.; Rani, I.; Bhatnagar, A.; Agnihotri, N. Apoptosis-Mediated Chemoprevention by Different Ratios

of Fish Oil in Experimental Colon Carcinogenesis. Cancer Investig. 2016, 34, 220–230. [CrossRef]
52. Haqq, J.; Howells, L.M.; Garcea, G.; Dennison, A.R. Targeting pancreatic cancer using a combination of

gemcitabine with the omega-3 polyunsaturated fatty acid emulsion, Lipidem TM. Mol. Nutr. Food Res. 2016,
60, 1437–1447. [CrossRef]

53. Linder, M.; Matouba, E.; Fanni, J.; Parmentier, M. Enrichment of salmon oil with n-3 PUFA by lipolysis,
filtration and enzymatic re-esterification. Eur. J. Lipid Sci. Technol. 2002, 104, 455–462. [CrossRef]

54. Maherani, B.; Arab-Tehrany, E.; Kheirolomoom, A.; Cleymand, F.; Linder, M. Influence of lipid composition
on physicochemical properties of nanoliposomes encapsulating natural dipeptide antioxidant l-carnosine.
Food Chem. 2012, 134, 632–640. [CrossRef]

55. Kirstein, S.L.; Atienza, J.M.; Xi, B.; Zhu, J.; Yu, N.C.; Wang, X.B.; Xu, X.; Abassi, Y.A. Live cell quality control
and utility of real-time cell electronic sensing for assay development. Assay Drug Dev. Technol. 2006, 4,
545–553. [CrossRef] [PubMed]

56. Yu, N.; Atienza, J.M.; Bernard, J.; Blanc, S.; Zhu, J.; Wang, X.; Xu, X.; Abassi, Y.A. Real-Time Monitoring
of Morphological Changes in Living Cells by Electronic Cell Sensor Arrays: An Approach To Study G
Protein-Coupled Receptors. Anal. Chem. 2005, 78, 35–43. [CrossRef] [PubMed]

57. Atienza, J.M.; Zhu, J.; Wang, X.B.; Xu, X.; Abassi, Y. Dynamic monitoring of cell adhesion and spreading on
microelectronic sensor arrays. J. Biomol. Screen. 2005, 10, 795–805. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.freeradbiomed.2005.01.022
http://www.ncbi.nlm.nih.gov/pubmed/15855053
http://dx.doi.org/10.1016/j.freeradbiomed.2007.05.009
http://www.ncbi.nlm.nih.gov/pubmed/17640567
http://www.ncbi.nlm.nih.gov/pubmed/15700780
http://dx.doi.org/10.1016/j.bbagen.2007.11.016
http://www.ncbi.nlm.nih.gov/pubmed/18178166
http://dx.doi.org/10.1146/annurev.physiol.66.032902.131835
http://dx.doi.org/10.1007/s10549-013-2703-y
http://dx.doi.org/10.1080/07357907.2016.1183023
http://dx.doi.org/10.1002/mnfr.201500755
http://dx.doi.org/10.1002/1438-9312(200208)104:8&lt;455::AID-EJLT455&gt;3.0.CO;2-Q
http://dx.doi.org/10.1016/j.foodchem.2012.02.098
http://dx.doi.org/10.1089/adt.2006.4.545
http://www.ncbi.nlm.nih.gov/pubmed/17115925
http://dx.doi.org/10.1021/ac051695v
http://www.ncbi.nlm.nih.gov/pubmed/16383308
http://dx.doi.org/10.1177/1087057105279635
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Nanoliposomes Size and -potential 
	Encapsulation Efficiency of Curcumin 
	Membrane Fluidity 
	Morphology of the Liposomes 
	Growth-Inhibition by Real-time Cell Analysis 

	Materials and Methods 
	Preparation of Chitosan-coated Liposomes 
	Physicochemical Characterization and Stability Analysis 
	Encapsulation Efficiency of Curcumin 
	Membrane Fluidity 
	Transmission Electron Microscopy (TEM) 
	In Vitro Evaluation of the Anti-cancer Activity of Encapsulated Curcumin 
	Cell Culture 
	Evaluation of Drug Toxicity 


	Conclusions 
	References

