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Abstract 

Curcumin (CUR), a natural compound, has multiple antineoplastic properties and specificity toward 
tumor cells, however its bioavailability and water solubility are poor. Liposomes increase the 
therapeutic index of CUR by protecting the drug from enzymatic degradation and can be made long 
circulating by surface modification with polyethylene glycol (PEG). Folate receptor α (FRα) is 
overexpressed in several types of cancer. Therefore, a folate-conjugated liposomal CUR 
nanoconstruct can enhance tumor targeted drug therapy. In this study, we synthesized, 
characterized and tested the cytotoxicity of CUR loaded liposomes (folate modified and non-folate 
modified) and CUR free drug in non-malignant breast epithelial cells and breast cancer cells, in 
addition to assessing the effects of CUR on cell cycle. The breast cancer cells not only had increased 
uptake of liposomes compared to non-malignant cells, but also more showed greater cytotoxicity 
resulted from treatments with free CUR and liposomal CUR (folate surface-modified and non-folate 
liposome types). The imaging and killing results, indicated that the liposomal CUR formulations do 
not alter the therapeutic efficacy and selectivity of CUR to provide anticancer benefits. Moreover, 
the differences in cellular uptake between the two liposomal nanoconstructs were studied using 
flow cytometry which showed targeting of folate surface-modified liposomes in cancer cells based 
on the findings presented. 
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Introduction 
Curcumin (CUR) is a naturally derived phenolic 

compound from the rhizome Curcuma longa [1-4]. 
CUR is a small molecule hydrophobic drug derived 
from turmeric, a routinely consumed spice by several 
Asian communities. CUR has biological and 
pharmacological relevance making it an exciting 
molecule with anti-inflammatory, anti-carcinogenic, 
anti-malarial and anti-viral properties, in addition to 
low toxicity [3, 6-11]. Efforts by others have shown the 
selectivity of CUR towards tumor cells compared to 
healthy cells which embarked the use of curcumin for 
cancer treatment [5, 12-18]. CUR has multiple 
anticancer facets including blocking tumor initiation, 
as well as suppressing tumor progression and 

inhibiting invasion and metastasis [8, 12, 18-23]. CUR 
acts on matrix metalloproteinases, cyclooxygenase, 
vascular endothelial growth factor (VEGF), tumor 
necrosis factor alpha (TNF-α), among other signal 
transduction pathways [8, 12-15, 24, 25]. However, 
CUR as a free drug has a short plasma half-life 
because the liver rapidly metabolizes it [6]. Further, 
CUR is poorly water-soluble, <0.125 mg/L, and 
susceptible to enzymatic degradation in the blood 
stream, all of which limit the drug’s bioavailability 
and therapeutic potential as a chemotherapeutic drug 
[5, 6, 15, 21, 24, 26, 27]. These issues can be addressed 
using drug delivery systems (DDS) to increase blood 
plasma residence time [28, 29]. Different forms of DDS 
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have been explored to encapsulate curcumin for 
treatment of various cancer types [16, 17, 30-32]. 

 In particular, liposomal nanoconstructs are 
extensively studied to improve the bioavailability of 
CUR, as these DDS are approved by the Food and 
Drug Administration (FDA) [3, 23, 33-37] [28, 38]. In 
fact, a study by Mondal et al demonstrated how 
effective liposomal encapsulation of CUR can be by 
increasing the solubility to 500 ug/mL, an impressive 
improvement compared to the aforementioned 
solubility value of <0.125 mg/L reported by Feng et al 
[5, 39]. The benefits of using a phospholipid bilayer 
nanoconstruct, as shown in Figures 1 (A), 1 (B), and 1 
(C), include dual loading of hydrophilic and 
hydrophobic drugs, improved bioavailability to target 

site cell and tissue, stability of encapsulated drugs, 
pharmacological inactivity and minimal toxicity of 
phospholipids [29, 40]. Several investigations have 
shown the benefits of encapsulating curcumin in 
different cancer types such as pancreatic adeno-
carcinoma, osteosarcoma, liver cancer etc [41-44]. 
Different types of lipid based nanosystems, such as 
long circulating PEGylated, cationic liposomes and so 
on, have shown promise due to the flexibility of 
altering its properties by changing the composition 
and concentration of lipids [41, 45, 46]. Mahmud et. al. 
for example, demonstrated the anticancer activity of 
long-circulating liposomes encapsulating curcumin in 
vitro in pancreatic cancer cell lines. Kitajima et. al. 
demonstrated the anticancer activity of liposomal 

formulations of curcumin in vivo 
against osteosarcoma in mice [42]. 
Nanoemulsions encapsulating curcu-
min have also been explored for activity 
against cancer [43]. Several studies that 
have explored the use of nanoparticles 
for curcumin delivery are reviewed by 
Yallapu et. al. [10, 44]. Most of the 
studies involve the use of non-targeted, 
nano-formulations of curucmin [10, 44]. 
Enhanced delivery and uptake of 
curcumin encapsulated in liposomes 
was explored by Miyazawa et. al. by 
incorporating amadori-glycated phos-
phatidylethanolamine in the lipid 
vesicles which helped lower the 
negative membrane potential of the 
liposomes which improved cellular 
uptake [47]. Liposomal delivery of CUR 
has also been tested in clinical trials for 
cancer therapy [48]. Storka et al. found 
that intravenous doses up to 120 mg/m2 
are safe short-term in healthy 
individuals [48]. In an ongoing phase 1b 
dose escalation study by SignPath 
Pharma, Inc., solid tumor cancer 
patients were given intravenous 
liposomal curcumin to determine the 
maximum tolerated dose (MTD), safety, 
and pharmacokinetic (PK) profiles of 
CUR [48]. No limiting adverse side 
effects have been reported thus far and 
the company is planning a Phase 2 trial 
in glioblastoma patients this year. 
Nutraceutical development of 
micronized CUR is also on the market 
as Source Naturals Theracurmin® 
which has 27 times more bioavailability 
than pure curcumin by blood plasma 

 

 
Fig 1. (A) Free CUR in water, active (folate conjugated) CUR liposomes, and passive CUR liposomes 
are shown to demonstrate how the free drug precipitates out of solution due to its poor water 
solubility, while liposomal formulations encapsulate CUR for improved drug delivery. A black arrow 
indicates the location of dark orange CUR precipitate in water. A previous study found the aqueous 
solubility of CUR to be <0.125 mg/L [5]. Transmission electron microscopy (TEM) images are shown 
in (B) and (C) for passive CUR liposomes and active CUR liposomes, respectively. TEM is used to 
confirm the sizes of liposomes, as well as the shape of the nanoconstructs. Scale Bar=20 nm. 
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concentration [7, 18, 49, 50]. Theracurmin® is made 
with gum ghatti to improve gut absorption and 
enhance the effects of CUR in the body which range 
from cardiovascular health to free radical protection 
[7, 18, 50]. Other products such as Longvida® use 
solid lipid curcumin particle (SLCP) technology to 
enhance the bioavailability of CUR by protecting CUR 
from degradation in the stomach and promoting free 
drug absorption in the gut.  

While extensive work has been conducted with 
the liposomal CUR formulation, our study focused on 
aiding the selectivity of CUR by actively targeting the 
liposomes to the overexpressed receptors on cancer 
cells. This was achieved by surface modification of 
liposomes with folic acid which binds to 
overexpressed folate receptors (FRα) on tumor cells 
[51-56]. FRα, a glycosylphosphatidylinositol (GPI) 
anchored cell surface protein, belongs to the folate 
receptor family which uses unidirectional transport of 
folate into cells [52, 56, 57]. FRα is found on the acinar 
cells of the breast [57]. The high affinity of folate 
receptors such as FRα for folate and folate analogs 
make this receptor an ideal target for folate 
conjugated liposomes [57]. These conjugates have 
been shown to have high affinity and specificity for 
folate receptors [52, 53]. The hypothesis of our study 
was that curcumin encapsulating folate targeted 
liposomes show preferential cellular uptake and 
killing of tumor cells compared to normal cells, as 
found in previous studies which used free CUR [6, 58] 
and to establish targeting potential of folate 
functionalized liposomes using flow cytometry 
experiment. To our knowledge, a direct comparative 
results showing the difference in curcumin efficiency 
between non-malignant and cancer cells using folate 
decorated liposomes has not been demonstrated thus 
far. To test this comparison in vitro and challenge the 
selective attribute of curcumin when encapsulated in 
a targeted liposomal modality, we decided to conduct 
a parallel study using non-malignant mammary 
epithelial cells, MCF-12A, and triple negative breast 
cancer cells (TNBC), MDA-MB-231[51, 59-63].  

TNBC is the most aggressive form of breast 
cancer that accounts for approximately 15-20% of 
breast cancer cases in the U.S. [28, 64, 65]. TNBC cells 
do not express estrogen receptor (ER), progesterone 
receptor (PR), or human epidermal growth factor 
(HER-2) genes, rendering this type of cancer 
particularly difficult to treat due to a lack of endocrine 
response [65, 66]. Fortunately, TNBC shows 
sensitivity towards chemotherapy [67], making it 
viable for curcumin therapy. Furthermore, FRα is 
overexpressed on TNBC cells [51, 53, 68], providing 
an additional route for targeted treatment which can 

enhance cellular uptake of folate liposomes. Thus, the 
idea behind comparing cell lines was to demonstrate 
that CUR has preferential uptake and killing in 
MDA-MB-231, while remaining less harmful to 
MCF-12A. 

We have synthesized, characterized and tested 
the cytotoxicity of CUR loaded liposomes and CUR 
free drug in normal breast cells and TNBC cells. We 
have also compared the cellular uptake of 
fluorescently labeled active (folate modified) empty 
liposomes and passive (non-folate modified) empty 
liposomes in normal and TNBC cells. This research 
was designed to provide a foundation for 
understanding the comparative effects of liposomal 
curcumin on normal breast epithelial cells and TNBC 
cells. While curcumin nanoformulations have been 
tested in the treatment of breast cancer, our study is 
unique in that, to the best of our knowledge, no other 
research has investigated folate-targeted CUR 
liposomes in MCF-12A and MDA-MB-231 cell lines or 
compared the cell lines directly for cell killing and 
uptake of these targeted nanoparticles.  

Materials and Methods 
Materials 

1,2-distearoyl-sn-glycero-3-phosphocholine 
(DSPC), cholesterol, 1,2-Distearoyl-sn-glycero-3- 
phosphoethanolamine (DSPE-PEG) 2000, DSPE-PEG 
2000 folate were purchased from Avanti Polar Lipids. 
Inc. (Alabaster, AL), and curcumin (CUR) was 
obtained from Sigma Aldrich (St. Louis, MO). 
DSPE-Fluorescein isothiocyanate (FITC) was 
purchased from Nanosoft Polymers (Winston-Salem, 
NC). Acetone was ordered from Acros Organics 
(Waltham, MA). Chloroform was purchased from 
Sigma Aldrich (St. Louis, MO). All chemicals obtained 
were analytical grade and were used without any 
further purification. 

Methods 

Liposome Synthesis 
The components used to make passive and 

active liposomes (DSPC, cholesterol, DSPE-PEG 2000 
(passive) or DSPE-PEG 2000-folate (active). The ratio 
of lipids used was 2:1:0.2, DSPC:Cholesterol: 
DSPE-PEG or DSPE-PEG-folate, respectively. The 
lipid concentration used 10 mg/mL, or 50 mg for a 
5-mL organic solution in chloroform, thus the weight 
of lipid was 50 mg. CUR was approximately 40% by 
weight of the lipid mass, or 20 mg. The lipids, 
curcumin and chloroform solvent were combined 
under the fume hood in a glass vial. The organic 
solvent chloroform was evaporated using the BUCHI 
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Rotavapor R-3® apparatus under vacuum pressure at 
a slow rotation rate for 1 hour. The lipid film was 
rehydrated with deionized water and placed in a 60°C 
water bath for 24 hours. A LIPEX™ extruder at 60°C 
under 300 psi compressed nitrogen gas was used to 
extrude unilamellar vesicles from the multilamellar 
solution through a 100-nm polycarbonate membrane. 
Gas extrusion was repeated 11 times for each sample. 
Overnight dialysis of the liposomal solution was then 
done at room temperature using MWCO 20 kD 
dialysis tubing in a 1 L deionized water bath under 
stirring conditions at 200 rpm. The liposomes were 
filtered using a 0.22 µm filter and characterized the 
following day. Empty FITC labeled active and passive 
liposomes were prepared using the above method, 
however CUR was not loaded into these liposomes 
and DSPE-FITC was 0.2% of DSPC by weight. 

Characterization 

Size, PDI, and zeta potential 
The hydrodynamic diameter, polydispersity 

index (PDI), and zeta potential were measured using a 
dynamic light scattering (DLS) machine (Malvern 
Zetasizer Nano – ZS90). For DLS, 60 µL of the sample 
was diluted with 940 µL of deionized water and the 
results were measured in a plastic cuvette at 25°C. 
Samples were tested in triplicate for reproducibility. 

Drug encapsulation efficiency 
The ThermoScientific NanoDrop 2000c machine 

was used to measure the absorbance of samples at 425 
nm, the maximum wavelength for CUR. Samples 
were prepared by mixing 10 µL of the liposome 
sample with 490 µL of 1% Triton-X in deionized water 
and 500 µL of ethanol to make a 1:1 ethanol:1% Triton 
X mixture. The drug loading efficiency of the 
liposomes was calculated using the encapsulation 
efficiency equation below, whereby the initial 
synthesis weight of curcumin loaded into liposomes 
was 20 mg, or 40% of the lipid weight (as previously 
mentioned in liposome preparation). 

Encapsulation Efficiency (%)

=
amount of CUR encapsulated (mg)

initial amount of CUR used in synthesis (mg)  x 100% 

Samples were tested in triplicate for 
reproducibility and the lipid ratio was kept constant 
for all liposome preparations. 

Transmission electron microscopy (TEM) 
Samples were prepared for TEM microscopy 

using the phosphotungstic acid staining technique. 
An aliquot of liposome sample was placed on a 400 
mesh, carbon coated copper grid, allowed to dry for 

15 minutes, excess sample removed, followed by 
another 30-minute drying period, and, finally, 
addition of 5 uL of 2% phosphotungstic acid (or PTA) 
solution to negative stain the liposome sample. TEM 
was performed using a Phillip’s EM400T Electron 
Microscope.  

Stability studies 
Active and passive liposomes were tested for 

stability based on size and zeta potential stored at 
37℃ in a 1:1 ratio in fetal bovine serum (FBS) over a 
3-day period. The temperature and storage media was 
chosen to simulate human body conditions. A 20 µL 
aliquot of the sample was added to 980 µL DI water in 
a plastic cuvette and the sample was placed in the 
DLS machine to assess size, PDI and zeta potential. 
Samples were tested in triplicate for reproducibility. 

Drug release kinetics 
Drug release profiles of the passive and active 

liposomes were obtained by placing 1 mL samples in 
20 kD MWCO dialysis tubing (Spectrum Labs, Rancho 
Dominguez, CA) in a 1L 1X PBS solution at 37℃ and 
pH of 7.4 or 5.5. A pH of 5.5 was adjusted by adding 
1N HCl to the 1L of 1X PBS solution. The absorbance 
of curcumin at 425 nm in each sample was measured 
at selected time points t=0 minutes, t=90 minutes and 
every 24 hours thereafter until greater than 80% drug 
release occurred. The samples were prepared by 
removing the entire contents of the dialysis tubing, 
measuring the volume, replacing lost volume with DI 
water to bring the volume to 1 mL, and removing a 20 
µL aliquot. The aliquot was diluted with a 1:1 1% 
Triton-X:ethanol mixture, gently vortexed to rupture 
the liposome sample, and the absorbance measured 
using UV-Vis Spectroscopy at 425 nm. Samples were 
tested in triplicate for reproducibility. 

In vitro Studies 

Monolayer Cell Culture 
MDA-MB-231 and MCF-12A cell lines were 

obtained from and cultured using the standard 
protocol provided by American Type Culture 
Collection (ATCC). The MCF-12A cell line is an 
adherent, non-tumorigenic, epithelial cell line derived 
from the mammary glands. MDA-MB-231 cells were 
cultured in DMEM: Ham’s F12 1:1 media with 10% 
fetal bovine serum and 1% penicillin/streptomycin. 
MCF-12A cells were grown in DMEM: HAM’s F12, 
5% horse serum, 20ng/mL EGF, 0.01 mg/mL bovine 
insulin, 100 ng/mL cholera toxin, 500 ng/mL 
hydrocortisone and 1% penicillin/streptomycin. 



 Oncomedicine 2018, Vol. 3 

 
http://www.oncm.org 

98 

Imaging Experiment 
Fluorescence microscopy was utilized to assess 

the accumulation of CUR in cells using the green 
fluorescence protein filter setting at fixed 
transmittance and GFP light intensities which was 
constant for all imaged cells. GFP has a maximal 
excitation wavelength at 400 nm, followed by a 
smaller peak at 475 nm, both of which surround the 
maximal excitation wavelength for CUR at 425 nm. 
The imaging was conducted using a monolayer cell 
culture of TNBC MDA-MB-231 and normal breast 
epithelial cells MCF-12A. MDA-MB-231 and 
MCF-12A cells were sub cultured in 35 mm single 
chambered dishes at a seeding density of 1X106 cells 
and incubated for 24 hours at 37°C, 5% CO2. Both cell 
types were dosed with free CUR and CUR 
encapsulated passive and active liposomes at a 
concentration of 50 µM the following day. Post 4-hour 
incubation at 37°C, 5% CO2, the dishes were washed 
twice with 1X PBS to remove excess drug and imaged 
in media at 40x magnification to compare CUR uptake 
in MDA-MB-231 and MCF-12A cells. 

Cytotoxicity Studies 
MCF-12A and MDA-MB-231 cells were sub 

cultured in 96 well plates at a seeding density of 
40,000 cells/well and incubated for 24 hours at 37ºC, 
5% CO2. Cells were dosed with free CUR, passive and 
active liposomes at concentrations of 5, 10, 25 and 50 
µM in their respective media and incubated for 72 
hours at 37ºC, 5% CO2. Cytotoxicity studies were 
performed using the CellTiter 96® AQueous 
Non-Radioactive Cell Proliferation MTS 
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphe
nyl)-2-(4-sulfophenyl)-2H-tetrazolium) Assay. MTS 
cell viability was measured at 490 nm using the 
Molecular Devices SpectraMax M2 plate reader.  

Cell Cycle Analysis 
The effects of CUR on cell cycle were 

investigated using propidium iodide staining in both 
cell lines previously dosed with the LD50 
concentration of CUR for MDA-MB-231 cells obtained 
through cytotoxicity studies. MDA-MB-231 and 
MCF-12A cells were sub cultured in 35 mm single 
chambered dishes at a seeding density of 1X106 cells 
and incubated for 24 hours at 37°C, 5% CO2. Both cell 
types were dosed with free CUR and CUR 
encapsulated passive and active liposomes at a 
concentration of 19 µM the following day. Post 
72-hour incubation at 37°C, 5% CO2, the cells were 
trypsinized, centrifuged at 500g for 5 minutes, 
washed with 1x PBS, centrifuged again in 1x PBS at 
500 g for 5 minutes, and fixed using 70% ethanol. 

Propidium iodide (20x concentrated), RNase (200x 
concentrated) and 1x PBS were added 15 minutes 
prior to flow cytometry analysis using the procedure 
from the Abcam Propidium Iodide Flow Cytometry 
Kit®. Flow cytometry was performed by collecting 
10,000 events using the Amnis® FlowSight® Imaging 
Flow Cytometer using the 488nm excitation laser. 
Results were analyzed using IDEAS® software. 

FITC Uptake studies using Flow Cytometry 
Flow cytometry was used to assess the uptake of 

FITC labeled empty passive and active liposomes in 
both cell lines. In order to reduce the likelihood of 
folate interference in cellular uptake of liposomes, 48 
hours prior to flow cytometry studies, the cell culture 
media was switched to folate free media. Folate free 
media for the MDA-MB-231 cells was comprised of 
folate free RPMI, 2% FBS, 1% penicillin/streptomycin. 
Folate free media for the MCF-12A cells was 
comprised of folate free RPMI, 2% horse serum, 20 
ng/mL EGF, 0.01 mg /mL bovine insulin, 100 ng/mL 
cholera toxin, 500 ng/mL hydrocortisone and 1% 
penicillin/ streptomycin. Preparation for flow 
cytometry analysis included addition of TrypLE 
express to detach cells, followed by centrifugation of 
the cell suspension at 200x g for 10 minutes. Cell 
pellets were reconstituted in folate free media, dosed 
with a fixed quantity of FITC labeled empty 
liposomes, and incubated at room temperature for 90 
minutes on a cell rocker apparatus (to avoid cell 
settlement). Thereafter, cells were centrifuged again at 
200x g for 10 minutes. Removal of the supernatant 
and addition of 1X PBS followed to wash cells of 
excess unbound liposomes. The cells were washed 3 
times. Formaldehyde was used to fix the cells for 2 
hours prior to flow cytometry analysis. Flow 
cytometry was performed by collecting 10,000 events 
using the Amnis® FlowSight® Imaging Flow 
Cytometer using the 488nm excitation laser. Results 
were analyzed using IDEAS® software. 

Statistical Analysis 
The results are presented as the average mean ± 

standard deviation for 3 independent repeats of 
experiments with triplicate samples in each group, 
unless stated otherwise. The statistical significance 
was evaluated using unpaired Student’s two-tailed 
t-test. P<0.05 was considered statistically significant. 
P<0.05 was represented as *, P<0.01 as ** and P<0.001 
as ***.  

Results 
In this study, we synthesized curcumin-loaded 

passive liposomes (PL) and actively targeted 
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liposomes (AL). An active targeting moiety was 
achieved by using folate-functionalized PEG lipid. 
The folate molecule on the liposomes binds to the 
folate receptor overexpressed on TNBC cells for 
targeted drug delivery. The purpose of this study was 
to compare the efficiency of the liposomal 
nanoconstructs between non-tumorigenic mammary 
epithelial cells, MCF-12A, and TNBC cells, 
MDA-MB-231 [69]. 

Physicochemical Characterization of 
Liposomes for Size, PDI, and Zeta Potential 

The liposomal constructs synthesized were 
monodisperse and reproducible. Table 1 below shows 
that the size of curcumin loaded passive and active 
liposomes was 120 nm and 130 nm, respectively, with 
a polydispersity index (PDI) close to 0.1, indicative of 
a narrow size distribution. The sizes were also 
analyzed using transmission electron microscopy 
(TEM). The TEM images verified the DLS results and 
confirmed the spherical morphology of the two 
liposomal nanoconstructs as shown in Figure 1 (B) 
and (C). DLS was also used to measure the zeta 
potential of PL and AL. Both nanoconstructs showed 
negative zeta potential of -25 mV and -23 mV for PL 
and AL, respectively, as Table 1 below and further in 
Figure 2 (A) (bottom left chart) for zeta potential 
stability.  

 

Table 1. Characterization Results for Liposome Size, 
Polydispersity and Zeta Potential (n=10). 

 Size (dnm) Polydispersity Zeta Potential 
(mV) 

Encapsulation 
Efficiency of CUR (%) 

PL 120.16 ± 12 0.13 ± 0.06 -25.10 ± 5.78 4.16 ± 0.88% 
AL 130.44 ± 16 0.14 ± 0.05 -22.87 ± 6.87 4.15 ± 0.98% 

 

Encapsulation Efficiency 
The average encapsulation efficiency that was 

estimated by UV-Vis spectrometry were 4.16 ± 0.88% 
and 4.15 ± 0.98% for passive and active curcumin 
liposomes, respectively, shown above in Table 1. The 
lipid ratio was kept constant throughout the study 
where DSPC:Cholesterol:DSPE-PEG or DSPE-PEG- 
Folate was 2:1:0.1. The encapsulation efficiency was 
used to assess the improvement of solubility in the 
liposomal form of CUR. The solubility of CUR in the 
liposomes was approximately 266 ug/mL, based on 
the initial weight of CUR loaded in the liposomes (20 
mg CUR per 50 mg total lipid content). The average 
volume of liposomal suspension per batch was 
approximately 3 mL, yielding an average of 0.266 
mg/mL concentration of CUR for both passive and 
active formulations. 

 

 
Fig. 2 (A) Stability studies are shown for size (top) and zeta potential (bottom) for 3 days (left). Passive (blue bars) had overall smaller sizes than active (green bars) 
liposomes, while both formulations had similar zeta potential values. (B) Release study results for active and passive CUR loaded liposomes are shown at 37°C (B) pH 
5.5 (top-right) and (C) pH 7.4 (bottom-right). Increasing pH appeared to decrease the rate of drug release in both active and passive liposomes significantly. Active 
liposomes displayed faster initial dissolution at pH 5.5 and 7.4 compared to passive liposomes. These data are mean values ± standard deviation for 3 independent 
repeats. 
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Stability Studies 
Stability studies for both liposomal 

nanoconstructs were performed at 37°C to mimic in 
vivo testing conditions, as shown in Figure 2 
proceeding. Passive and active liposomes were stable 
for the duration of the 3-day study. Passive liposomes 
showed relatively smaller sizes than active liposomes 
as observed in Figure 2 (A) top, although these 
differences can be attributed to the effects of swelling 
caused by folate on the surface of active liposomes. 
Both nanoconstructs demonstrated desirable stability 
in serum. There was no appreciable change in zeta 
potential over the duration of the study as well for 
passive and active alike. It was noted, however, that 
upon initial addition of serum to the liposomal 
suspension, the zeta potential appeared to become 
less negative. The zeta potential thereafter remained 
more negative compared to day 0, a desirable 
characteristic for the liposomal preparations for in vivo 
uses to avoid recognition by the immune system and 
extend circulation time in the body. Statistical 
significance testing was performed using the 
Student’s t-test which revealed no statistical 
difference in stability data or zeta potential for each 
treatment arm tested. The zeta potential values 
remained negative for both passive and active, as 
shown in Figure 2 (A) bottom. A stable size close to 
100 nm, PDI values between 0.1 and 0.2, and negative 
zeta potential are preferable to promote enhanced 
retention and permeability of nanoparticles by 
evading recognition by macrophages, reduce protein 
adsorption on the surface of the nanoparticle which 
elicit an immune response, and any subsequent 
immune-mediated deleterious physical side effects in 
patients. 

Drug Release Kinetics 
The drug release kinetics were conducted 37°C 

in 1X PBS at pH 5.5 and 7.4, as shown in Figure 2 (B) 
and (C), respectively. Excel DD Solver was utilized to 
find the best fit for the release profiles using various 
drug delivery rate equations [70]. At 37°C the release 
profiles for PL and AL at both pH values of 5.5 and 7.4 
best fit the Korsmeyer-Peppas (KP) model with an 
R2 value greater than 0.99 for all data curves. The KP 
model describes drug dissolution using the power 
law mathematical model in a simple manner, 
whereby drug release occurs in a one-dimensional 
mechanism. Value “n” is the release exponent and 
“kKP” is the release constant, as indicated in the 
mathematical equation for % drug release using the 
KP model that follows. 

 % Drug Release (using KP power law) = kKP × tn 

Values of n 0.5 or less indicate Fickian diffusion, 
or the flux of mass due to diffusion from an area of 
higher concentration to an area of lower concentration 
[71, 72]. The values for the constants and 
accompanying are shown in Table 2 below. 

 

Table 2. Constants for drug release kinetics using Korsmeyer- 
Peppas model (n=3). 

 pH = 5.5 
kKP 

pH = 5.5 
n 

pH = 7.4 
kKP 

pH = 7.4 
n 

PL 42.774 0.186 29.681 0.247 
AL 59.971 0.081 23.317 0.331 

 
Table 3 below shows a comparison between PL 

and AL CUR release based on pH. The time points 
used to demonstrate the clear differences in release 
rate were 50% and 75%. A faster release rate was seen 
at reduced pH for both passive and active liposomes 
when compared to a higher pH. At both pH values 
tested, however, passive liposomes displayed slower 
release profiles compared to active. The time to 75% 
drug release was more than 2-fold faster at a lower pH 
for both PL and AL, while 50% drug release occurred 
in 5-fold less time than that of the higher pH for PL 
and approximately 14-fold less time for AL.  

 

Table 3. Effect of pH on CUR release from liposomal constructs. 

 PL pH = 
5.5 

PL pH = 
7.4 

AL pH = 
5.5 

AL pH = 
7.4 

 Time for 50% CUR release 
(hours) 

2 10 0.75 11 

 Time for 75% CUR release 
(hours) 

22 50 17 39 

 

In Vitro Studies 
After establishing the reproducible synthesis of 

the two liposomal constructs, we conducted a series of 
experiments comparing CUR delivery efficiency of PL 
and AL in MCF-12A and MDA-MB-231.  

Imaging cellular delivery using fluorescence 
microscopy 

Figure 3 (A) shows the fluorescent intensity 
variation for comparing CUR uptake in cell lines 
treated with 50 uM CUR in free and encapsulated 
form. An incubation period of 90 minutes was used 
for the study. Figure 3 (A) shows higher CUR 
fluorescence in MDA-MB-231 (right) compared to 
MCF-12A (left) indicating that more of CUR was 
taken up by the TNBC cells compared to normal 
breast cells. Across the treatment arms, MCF-12A had 
greater uptake for free CUR followed by AL, while PL 
showed minimal signal. MDA-MB-231 displayed 
similar trend as MCF-12A however the CUR signal 
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was brighter. PL again had weak signal, while free 
CUR and AL had stronger fluorescence. The brighter 
fluorescence of free CUR compared to other treatment 
arms may be attributed to the behavior of the free 
drug in media, whereby free CUR would precipitate 
out of solution, given CUR insolubility in water, and 
settle at the bottom of the dish where the cells are 
adhered. Passive diffusion of free CUR would then 

result in an enhanced fluorescence. The fluorescent 
intensity values shown in Figure 3 (B) do not display a 
remarkable difference across treatment arms, 
however free CUR and AL appeared to have slightly 
higher values in MDA-MB-231 cells. MCF-12A cells 
had similar results for intensity across all treatment 
arms. 

 

 
Fig. 3 (A) Fluorescence microscopy results comparing cell lines and the uptake of 50 uM free drug CUR, PL and AL after 90 minutes incubation with PL or AL. Images 
were taken at 40x magnification using GFP filter for CUR. The left side images under each cell type are transmittance images, while right side images are GFP filter 
images showing CUR fluorescence in cells. Images shown are representative of 3 independent repeats. (B) Fluorescent intensity values for CUR corresponding to the 
images shown in (A) to compare the differences found between cell lines. * p<0.05, **p<0.01, and ***p<0.005 using Student’s t-test. These data are mean values ± 
standard deviation for 3 independent repeats. 
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Cytotoxicity Results 
After confirming the difference in the CUR 

uptake, we investigated the killing efficacy of the two 
liposomal constructs on MCF-12A and MDA-MA-231 
as shown in Figure 4 below. The cytotoxicity 
experiments were performed over a period of 
72-hours for each treatment arm, free CUR, PL and AL 
at concentrations of 5 uM, 10 uM, 25 uM and 50 uM. 
MCF-12A showed no cell death compared to no 
treatment, while MDA-MB-231 demonstrated LD50 
around 19 uM for all treatment arms. At lower 
concentrations, 5uM and 10 uM, both cell lines 
showed no cell death for free CUR, PL and AL. 
Cytotoxicity was mainly observed at 25 uM and 50 
uM for MDA-MB-231, unlike MCF-12A which 
showed cell viability closer to 100%. The difference in 
the killing efficiency for both cell lines was statistically 
significant for all treatments. 

Flow cytometry experiments 
While the imaging and killing studies showed 

the specificity of CUR towards cancer cells versus 
non-malignant cells, a quantitative analysis was 
needed to assess the effects of CUR on cell cycle, as 
well as the targeting behavior of the liposomal 
constructs. The cell cycle analysis results are shown in 
Figure 5. While MCF-12A (Figure 5 (B)) cells appeared 
to have no notable difference in the percentages of 
cells in G0/G1, S and G2/M across all treatment arms 
when compared to the no treatment group, the 
MDA-MB-231 (Figure 5 (A)) cells showed an increase 
in the number of cells arrested in the G2/M phase, 
compared to the no treatment group. CUR did not 
appear to alter the cell cycle of normal cells, while 
cancer cells demonstrated a shift in cell cycle results 
upon treatment with CUR, both in free and 
encapsulated formulation. There was no apparent 
difference, however, in the effect of free CUR, PL, and 
AL on MDA-MB-231 when compared to one another 
(further shown in Figure 5 (C) bar graph 
representation), the values to which in shown in the 
supplementary table S1.  

 

 
Fig. 4 Killing comparison results show the differences in cytotoxic effects of free drug CUR, PL and AL in normal breast epithelial cells and TNBC cells at various 
concentrations. A significant change in cytotoxicity between cell lines, where TNBC cells had dramatically less cell viability among all treatment arms compared to 12A 
normal cells. Statistical significance was found at 25 uM and 50 uM concentrations. * p<0.05, **p<0.01, and ***p<0.005 using Student’s t-test. These data are mean 
values ± standard deviation for 3 independent repeats. 
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Fig. 5 Cell cycle analysis using propidium iodide revealed cellular arrest in G2/M phase in CUR treated groups (A) for MDA-MB-231 cells, while (B) MCF-12A cells 
did not display appreciable difference in the frequency of cells in G2/M after incubation with CUR treatment arms. The overall results in (C) demonstrate these 
differences between cell lines comparing the frequency of cells found in each phase of the cell cycle as a percent of total cells gated using flow cytometry. 

 

Table 4. Flow cytometry regions shown in fluorescence intensity 
results and their corresponding cell population with specific FITC 
intensity.  

Region Intensity of FITC 
1 0-5,000 
2 5,000-10,000 
3 10,000-30,000 
4 30,000-130,000 
5 130,000-1,000,000 

 
To study the targeting potential of each 

liposomal formulation, we decided to conduct a flow 
cytometry experiment (Figure 6). The treatment arms 
in Figures 6 (A) and 6 (B) are indicated by no 
treatment (orange peak), passive liposomes (blue 
peak) and active liposomes (green peak). The flow 
cytometry results showed increased uptake of active 

empty FITC labeled liposomes in MDA-MB-231 cells 
compared to MCF-12A, whereas no difference was 
observed for passive liposomes in both the cell lines.  

Furthermore, the FITC intensity (x-axis) was 
divided into 5 regions as described in Table 4 above, 
where the “positive uptake” cell population (light 
green) was defined as cells in regions 4 and 5, shown 
by maroon and purple horizontal lines in Figures 6 
(A) and 6 (B), shown to the right. Figure 6 (C) displays 
the differences in % positive cells based on the uptake 
of liposomes. The relative % positive cells were 
similar between cell lines for passive liposomes, 
however active liposomes showed approximately 15% 
difference in % positive cells. Within the 
MDA-MB-231 cell line, there was a marked difference 
between empty PL and empty AL showing 4% and 
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18% positive cell uptake, respectively, the data to 
which is shown in the supplementary table S.2. This 
proves that the mechanism of uptake is different 
between PL and AL whereby receptor mediated 
endocytosis resulted in increased % positive cells 
when treated with empty FITC AL.  

Discussion 
Curcumin is a natural polyphenol compound 

that has shown anti-inflammatory and anti- 
carcinogenic abilities [20, 30]. As of 2017 there are 56 
clinical trials reported on clinicialtrials.gov pertaining 
to using curcumin as a monotherapy or in 
combination for cancer treatment. This data exhibits 
the potential of curcumin related therapy to get 
clinical approval for cancer treatment. While its ability 

as a chemotherapeutic and chemopreventative drug is 
indisputable, its hydrophobicity renders curcumin 
ineffective due to poor systemic bioavailability and 
rapid clearance from the body [30, 37]. The purpose of 
this study was to address these issues by 
encapsulating curcumin in folate targeted liposomes 
and studying the difference in its therapeutic 
efficiency between nonmalignant cells and cancer 
cells. Our hypothesis was that folate targeted 
liposomes only aid curcumin’s specificity to fight 
against cancer. To test this hypothesis, in vitro cellular 
uptake and killing were designed to test the 
therapeutic specificity of curcumin loaded folate 
targeted liposomes. The representative cell lines used 
in this study were MCF-12A, as non-malignant 
mammary epithelial cell line and MDA-MB-231, as 

triple negative breast cancer cell line. 
While several studies have 
demonstrated therapeutic efficacy of 
curcumin loaded folate targeted 
liposomes either as a monotherapy or 
combination therapy [73, 74], we 
wanted to design an experiment to 
conduct a direct comparison of 
liposomal CUR between nonmalignant 
cells and cancer cells. 

Two types of liposomal 
nanoconstructs were engineered for the 
purpose of this study, folate targeted 
curcumin loaded liposomes (AL) and 
non-targeted curcumin loaded 
liposomes (PL) (as a control). The 
liposomes were synthesized using a 
mature process of thin-film hydration 
which produced reproducible, 
consistent and clinically preferable 
unilamellar, monodisperse liposomal 
constructs, based on the average size of 
125 nm and PDI close to 0.1 for passive 
and active formulations [75]. Mono-
dispersity in nanoparticles is necessary 
to avoid causing an immune response 
[76-78]. The negative zeta potential of 
both PL and AL indicates that they 
have better systemic stability, and are 
less likely to cause immunogenicity in 
vivo [74, 79, 80]. Nanoparticles which 
are close to 100 nm can cross the 
blood-brain barrier and evade the 
reticuloendothelial system, resulting in 
prolonged circulation time, thus 
making smaller liposomes even more 
attractive as a biocompatible drug 
delivery system [5, 81]. The 

 
Fig. 6 The fluorescence intensity of FITC is shown for the treatment arms (no treatment (orange), 
passive empty liposomes (blue), and active empty liposomes (green)) for (A) MCF-12A cells and (B) 
MDA-MB-231 cells. The percent positive cells for FITC fluorescence are also shown in (C) as a 
histogram to demonstrate the differences between cell lines for cellular uptake of passive and active 
empty liposomes. A shift can be seen in the fluorescence intensity in (B) for MDA-MB-231 uptake of 
active empty liposomes where increased uptake occurred, compared to normal cells in (A). These data 
are mean values ± standard deviation for 2 independent repeats. 
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morphological attributes of the liposomes were 
confirmed using transmission electron microscopy, 
TEM, which validated the DLS findings for liposome 
size and showed that they were spherical in shape (as 
shown previously in Figure 1 (B) images).  

The release studies were performed at 37°C (pH 
7.4 and 5.5) in 1X PBS to determine the profile of CUR 
release from the liposomes, whereby 37℃ was chosen 
to simulate physiological conditions. The active 
liposomes demonstrated faster drug release kinetics 
than passive liposomes at 37°C at later time points. In 
vivo testing of liposomal formulations would be 
expected to follow the release kinetics found in the 
37°C testing parameter, although interactions with 
serum proteins may increase drug release rates due to 
protein interactions and subsequent disturbances in 
liposome stability over time in the bloodstream. The 
liposomes prepared in this study, however, do 
demonstrate acceptable stability and sustained release 
over several days, a key attribute of the liposomal 
design in drug delivery applications in vivo.  

The effect on release of CUR at reduced pH is 
relevant to the behavior of the drug in relation to the 
acidic endosomal environment. CUR rapidly 
degrades as pH increases in free drug form, as shown 
in previous work by Feng et al., therefore liposomal 
encapsulation is ideal to reduce the effects of pH in 
drug delivery [5]. An increase in drug release at lower 
pH was observed in our study, among other 
investigations as well. This increase in drug release is 
due to the collapse of the transmembrane pH gradient 
of the liposomes. After being internalized by 
endosomes, the liposomes will release CUR. Lee et al 
also observed an increase in the release of CUR at 
lower pH using folate-tagged liposomes [82, 83]. The 
folate decorated liposomes used in the study may 
have had faster release because folate incorporation in 
the lipid bilayer surface results in reduced rigidity 
and stability of the lipid membrane [82]. Folate lipids 
also possess more heterogeneity and subsequent poor 
lipid packing, thus causing higher permeability and 
susceptibility to the effects of reduced pH [82]. The 
general release profile of active CUR liposomes 
displayed faster release at higher temperature and 
reduced pH and could be attributed to the 
characteristic traits of the lipid bilayer 
aforementioned. Stability and drug release studies 
were performed to confirm that the liposomal 
nanoconstructs were durable and provide gradual 
drug escape, thus ensuring not only the shelf life of 
the product, but also gradual liposome degradation 
and desirable release profiles. Rapid degradation in 
the blood stream would be undesirable due to 
increased toxicity and less cellular uptake in tumor 

tissue, exacerbated by the mononuclear phagocytic 
system (MPS) which is a primary clearance route for 
intravenous liposomal drug delivery, thus making 
release kinetics critical testing parameters useful for 
clinical application [84].  

The size, PDI, and zeta potential results for 
stability showed that both passive and active 
liposomes are stable at body temperature conditions 
of 37°C in FBS. Ligand modification of the liposomes 
did not appear to impede the stability of liposomes in 
this study. The effects of protein adsorption and 
charge repulsion on zeta potential measurements are 
evident, as the zeta potential fluctuated from less 
negative to increasing negativity as the stability study 
in FBS progressed for several days. The stability of 
liposomes in suspensions is dependent on the 
repulsive interactions which must be similar to the 
magnitude and range of the van der Waals force, or 
the weak, induced electrical intermolecular forces 
between atoms [85, 86]. Electrostatic and steric 
stabilization prevent the close interaction of 
liposomes, while aggregation can occur when 
proteins are adsorbed on the surface and alter the 
charge. The variation of charge indicated by our 
results may be a result of these interactions with 
proteins in serum and subsequent decrease in 
negativity upon initial exposure to FBS on day 1, 
while thereafter repulsion and steric hindrance 
among liposomes in suspension overcame such 
interactions and drove zeta potentials back to strong 
negative values, indicating stability over time [85]. 

After ensuring the physicochemical character-
istics, the liposomes were tested in a series of in vitro 
cell culture experiments. We investigated the ability 
of PL and AL to deliver CUR to both cell lines using 
fluorescence microscopy. A 90-minute incubation 
period was set for the imaging study because the 
release rate at 37°C of both PL and AL was the same at 
this time point (~28%). This was critical to minimize 
the effect of differences in curcumin release from the 
two liposomal constructs. CUR fluorescence was 
greater in MDA-MB-231 for all treatment arms 
compared to MCF-12A primarily because of 
difference in the metabolism such as cell doubling 
period, morphology and rate of endocytosis [87], 
however a similar trend was observed for MCF-12A. 
The brighter fluorescence of free CUR compared to 
other treatment arms may be attributed to the 
behavior of the free drug in media, whereby free CUR 
would precipitate out of solution, given CUR 
insolubility in aqueous solution, and settle at the 
bottom of the dish where the cells are adhered. 
Passive diffusion of free CUR would then result in an 
enhanced fluorescence. CUR uptake in cells when 
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treated with PL is mainly via diffusion of released 
drug in the extracellular space, while for AL treated 
cells, in addition to passive diffusion, an additional 
mechanism of uptake is via folate receptor-mediated 
endocytosis (RME). All cells have folate receptors, 
which enables folate based targeting. However, folate 
receptors are overexpressed in several tumor cells 
including MDA-MB-231[88], which is another reason 
why AL treated MDA-MB-231 cells have stronger 
signal compared to AL treated MCF-12A.  

Next, we tested the efficacy of the liposomal 
constructs to not induce cytotoxicity in both the cell 
lines, but also see how CUR affects the cell cycle of 
normal and cancerous cells. The killing studies were 
conducted over a period of 72 hours at 4 different 
concentrations ranging from 5 uM to 50 uM. The LD50 
values were not achieved for MCF-12A, while 
MDA-MB-231 showed LD50 around 19 uM for all three 
treatment arms. Moreover, at 50 uM the cell viability 
for MCF-12A remained similar to no treatment unlike 
MDA-MB-231, indicating that curcumin loaded 
liposomes at such concentrations can be more 
cytotoxic to cancer cells compared to normal cells. 
Moreover, the AL did not alter the therapeutic 
potential and selectively of CUR, but only helped in 
improving the bioavailability of the drug to enhance 
CUR potential as an anticancer drug. While the results 
looked promising with the in vitro model, it will be 
interesting to achieve similar outcome with 3D 
models using similar and different cancer types to 
closely simulate in vivo tumor penetration of 
curcumin-encapsulated liposomes [89, 90]. As a future 
perspective for this research 3D cell culture 
experiments would be useful to validate the findings 
of the 2D monolayer work presented here. In vivo 
studies will also provide crucial evidence of the ability 
to actively target tumor cells, however the in vivo 
study is outside the scope of the research presented. 
We sought to investigate the foundation framework of 
the comparison effects of free versus encapsulated 
CUR formulations between cell lines. In vivo studies 
on the effects of curcumin encapsulation have been 
performed previously in other cancer types [23, 27, 
91-93]. Dhule et al reported using mesenchymal stem 
cells that non-malignant cells are affected by CUR 
such that arrest in G0 occurs reversibly without 
apoptosis occurring, while also emphasizing how 
cancerous cell growth rate is critical in the uptake of 
liposomes and subsequent drug cytotoxicity. Multi 
drug resistance in cancer cells from mutations also 
contributes to insensitivity of tumor cells to 
pharmaceutical intervention. Varied growth rates 
between normal and cancerous cells affects drug 
sensitivity as well, whereby a cancer cell has more 

opportunity to evade destruction over time through 
ongoing genetic disturbances. 

The effects of CUR on cell cycle may be 
attributed to what has been studied previously in 
TNBC using polymeric based CUR encapsulation [94]. 
CUR has been found to cause cell cycle arrest at G1/S 
and G2/M phase in TNBC cells. Cell cycle arrest has 
been associated with the production of reactive 
oxygen species resulting from CUR treatment leads to 
DNA damage and reductions in CDK2, CDK4, cyclin 
D1 and cyclin E because of p38-MAPK activation [94]. 
Cell cycle arrest in the G2/M phase has been noted in 
previous work by Dhule et al which compared the use 
of curcumin liposomes, coencapsulated curcumin and 
C6 ceramide liposomes, in addition to folate 
decorated CUR-C6 ceramide combination liposomes 
in the treatment of osteosarcoma in vitro and in vivo. 
Dhule et al noted that the effect of curcumin-loaded 
liposomes exclusively induced the G2/M arrest by 
upregulating cyclin B1 specifically [27]. Ucisik, M.H. 
et. al. also showed that encapsulated curcumin 
increases cell cycle arrest at G2/M phases comparable 
to the results we found with MDA-MB-231 cells [43]. 

While we successfully determined that 
liposomal formulations were just as effective as free 
CUR in killing cancer cells, the 72-hour killing study 
did not show an appreciable difference in cytotoxicity 
between PL and AL. Although monolayer cell culture 
technique offers valuable insight on the drug efficacy, 
it comes with several limitations in understanding the 
interactions between the nanoparticles, the released 
drug(s) and the adherent cells, which makes it 
difficult to understand cellular uptake mechanisms 
[95]. This is mainly because, the nanoparticles and the 
released drug can bind to or diffuse through the cells 
respectively, without any restrictions as observed in 
in vivo models [27, 95, 96]. However, within the 
monolayer setup, the specificity of folate decorated 
nanosystems are often confirmed by conducting 
competition assays with free folic acid. In a recent 
study published, Jones, A.K. and colleagues showed 
that multivalency of the targeted nanosystems offers 
higher binding affinity to the overexpressed FAα than 
monovalent folic acid. This leads to questionable 
inference of the results obtained via competition assay 
rendering inconclusive indication of targeting 
potential of the folate functionalized nanosystems 
[97]. Hence, for the purposes of our study, we utilized 
fluorescent labeled empty liposomes to quantitatively 
distinguish between the uptake of our folate 
decorated and non-decorated liposomes. This was 
done by synthesizing empty (non-CUR loaded) 
passive and active fluorescein isothiocyanate (FITC) 
labeled liposomes to test the uptake using flow 
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cytometry. Empty liposomes were used to 
demonstrate targeted potential of AL to folate 
receptors and to eliminate any possible difference in 
the curcumin release rate from PL and AL. Thus, the 
mere distinguishing factors between FITC labeled 
empty passive and active liposomes is folate 
functionalization. The following pivotal information 
can be inferred from the flow experiments: a) 
Compared to MCF-12A, MDA-MB-231 showed 
greater FITC intensity, b) AL treated cells showed 
higher FITC intensity compared to PL for both the cell 
lines, indicating the specificity of folate functionalized 
liposomes to folate receptors, verifying that 
overexpressed folate receptors on tumor cells 
(compared to normal cells) make our liposomal 
construct beneficial for treatment of cancer cells. 
While these results showed strong evidence for our 
selected cell line, folate targeted liposomes can aid in 
curcumin therapy for other cancer types as well.  

Liposomes are useful vehicles to deliver CUR 
because of their ability to improve bioavailability and 
solubility of curcumin. They can be used as a potential 
targeted delivery system by folate-ligand surface 
modification, gradual release of CUR in the body, and 
subsequent improved efficacy of treatment in cancer 
patients [5, 39, 51, 98, 99]. It is important to 
understand the behavior of such surface modified 
drug delivery systems in both cancer and 
non-malignant cells as a preemptive means to 
postulate and further test said therapeutics in vivo. 
This study showed that folate-targeted liposomes do 
not alter the selective cytotoxicity behavior of 
curcumin in our comparative in vitro cell study. In 
fact, the use of folate in specializing CUR liposomes 
was verified in our studies to be an advantageous 
instrument for improving drug delivery and cellular 
uptake in cancerous cells. In conclusion, the 
comparison between MDA-MB-231 and MCF-12A 
confirmed the difference in the efficacy of curcumin 
for the both the cell lines when subjected to similar 
conditions. These results highlight the importance of 
folate-targeted liposomes and its role in delivery of 
curcumin for cancer treatment. 
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