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A B S T R A C T

Aims: This study aims to develop and evaluate oleuropein loaded surface functionalized folate-targeted – PEG
liposomes for the effective management of prostate cancer in an animal model.
Materials and methods: Film hydration-cum-extrusion technique was used to produce liposomes. Particle size,
entrapment efficiency, drug loading, electron microscopy, and drug release study were performed for the
characterization. Cell viability and various in vitro studies (phosphatidylserine internalization, TUNEL assay,
measurement of mitochondrial membrane potential and caspase-3 assay) were performed to compare the an-
ticancer and apoptotic effects of developed liposomes against the plain oleuropein. Comparative pharmacoki-
netic profiling and anticancer efficacy studies including a change in tumor volume, body weight, and survival
analysis were performed in mice model.
Key findings: The developed liposomes (OL-FML) showed the particle size of 184.2 ± 9.16 nm, the zeta po-
tential of 1.41 ± 0.24 mV, entrapment efficiency of 63.52 ± 4.15% and drug loading of 21.31 ± 2.37%. OL-
FML showed higher in vitro anti-proliferative effect and apoptosis on 22Rv1 cells. In vivo pharmacokinetic study
revealed a nearly 6 fold increase in the bioavailability of OL-FML (AUC0→∞ = 641.78 ± 103.764 μg/mL·hr) as
compared to OL solution (AUC0→∞ = 104.11 ± 18.374 μg/mL·hr) in mice. Increased tumor suppression, weight
loss resistance, and survival probability were observed in 22Rv1 induced tumor-bearing mice with OL-FML
treatment as compared to OL.
Significance: The study provides conclusive evidence for the utilization of combining passive and active targeting
strategy to enhance the anticancer effect of OL.

1. Introduction

According to global cancer statistic 2015, prostate cancer is one of
the major cause of cancer death in men. With 1.6 million cases
worldwide, it is the fifth leading cause of cancer mortality among men
(mortality burden > 300,000 deaths per year) [1]. Furthermore, Cas-
tration-resistant prostate cancer (CRPC) is the second leading cause of
oncological deaths among the United States men's population (32,000
deaths per year). Treatment of localized tumors are generally curable,
however, nearly 25% of the patients develop metastatic castration-

resistant prostate cancer which is highly resistant to chemotherapy [2].
Oleuropein (OL), a richly found natural compound in unprocessed

olive fruit and leaves is a major constituent of the secoiridoid family.
Chemically, it is a heterosidic ester of elenolic acid and dihydrox-
yphenylethanol, which upon hydrolysis yields other bioactive sub-
stances like eleonolic acid and hydroxytyrosol [3]. OL has been shown
to possess numerous pharmacological effects which include cardio-
protective, antiarrhythmic, hypotensive, spasmolytic as well as anti-
inflammatory properties [4]. Moreover, a few in vivo and in vitro results
also suggest its activity against tumor cell growth and invasiveness as
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well as angiogenesis [5–7]. OL has also been shown to possess some
activity against prostate cancer cell lines. Acquaviva et al. studied the
effects of OL on prostate cancer cell lines, LNCaP, and DU145 in com-
parison to non-malignant BPH-1 cells. They concluded that OL lessens
the cell viability through pro-oxidant mechanisms on cancer cells while
it shows antioxidant effects on BPH-1 cells [6]. Although, with a wide
range of established bioactivities in the laboratory, this molecule is still
far from being included into mainstream therapeutics. Oral pharma-
cokinetic profile of OL being one of the major setbacks. Boccio et al.
showed that after oral administration of a 100 mg/kg of OL in rats, Cmax

of only 200 ng/mL was detected in plasma at 2 h [8]. Another study
conducted on freely moving rats showed that only 0.5% of OL is
bioavailable when given orally [9]. Moreover, a human pharmacoki-
netic study concludes that there is a rapid absorption, metabolism and
renal clearance of olive phenolic compounds (OL and HT) after oral
administration. Also, the bioavailability and metabolism of oleuropein
were found to be highly heterogeneous and dependent on formulation
characteristics as well as gender [10]. So, to overcome the drawback of
oral administration, the intravenous route is generally preferred.
However, there is no study that clearly demonstrates the pharmacoki-
netic profile of OL after i.v. administration in animal models. Moreover,
due to rapid metabolism and clearance, minimal exposure to the
prostate tissue is expected. So, for effective use of OL in prostate cancer
management, there is a need of a long-circulating intravenous system
that could avoid the hindrances caused by oral route and would be
effectively targeting the prostate cancer cells.

Liposomal drug delivery systems have been extensively explored for
the delivery of anticancer drugs during the last two decades because of
its ability to encapsulate both hydrophilic and hydrophobic drugs,
biocompatibility, passive/active target-ability as well as the possibility
of their expedited cellular uptake and cytoplasmic delivery [11]. In
relation to the application of liposomes in prostate cancers, most of the
preclinical studies have utilized the passive targeting of anticancer
drugs through EPR (enhanced permeation and retention) effect, thereby
achieving greater efficacy, lowering the total effective dose and con-
sequently decreasing the side effects [12]. PEGylated or stealth lipo-
somes show additional benefits of longer circulation through RES (re-
ticuloendothelial system) escape mechanism. The combined effect of
RES escape and EPR enhances the targeting efficiency of liposomes in
Non-RES organs [13]. Many studies have also focussed on active (li-
gand-mediated) liposomal targeting of tumor cells. Different targeting
strategy and surface functionalization techniques of liposomes and its
use in solid tumors have been extensively reviewed [14]. An active
targeting strategy utilizing liposomes for prostate targeting was devel-
oped by Xiang et al. They dually incorporated prostate-specific antigen
(PSA) responsive activatable cell-penetrating peptide moiety and
prostate-specific membrane antigen (PSMA) targeted folate moiety into
siRNA loaded liposomes. They showed that folate moiety actively
bonded to PSMA-positive tumors, while PSA-responsive moiety was
cleaved by PSA to expose cell-penetrating peptide. The dually activated
liposomes (folate and cell-penetrating peptides) were internalized by
tumor cells. They concluded that targeting capacity and therapeutic
potency of the developed system presented a promising strategy for
prostate cancer theranostics [15]. From the published findings, it can be
concluded that the effect of oleuropein on prostate cancer cells has been
established and few reports show the incorporation of oleuropein into
nanocarriers. However, till now none have compared the effect of plain
oleuropein with oleuropein loaded nanocarrier system in the in vitro
and in vivo prostate cancer model. Thus, in this study we exhibit the
development and characterization of folate decorated oleuropein lipo-
somes; establish pharmacokinetics of OL and OL loaded folate deco-
rated PEG-liposomes through intravenous route, compare the effec-
tiveness of the prepared system in human prostate cancer cell line with
plain oleuropein; and evaluate in vivo anticancer activity of the pre-
pared system in tumor-bearing mice with respect to plain oleuropein.

2. Materials and methods

2.1. Materials

Oleuropein (98%) was obtained from Sigma Aldrich Sigma
Aldrich Co. (St. Louis, MO, USA). 1,2‑distearoyl‑sn‑glycero‑3‑
phosphoethanolamine‑N‑[folate(polyethylene glycol)‑5000] (ammo-
nium salt) (DSPE-PEG(5000)) and 3β‑[N‑(N′,N′‑dimethylaminoethane)‑
carbamoyl] cholesterol hydrochloride (Cholesterol DC) was procured
from Avanti Polar Lipids Inc., Alabaster, AL, USA. All other chemicals
and reagents were of analytical grade and used without further pur-
ification.

2.2. High-performance liquid chromatography (HPLC)

The RP-HPLC method presented by Grizis et al., modified and used
to quantify OL in both formulation and plasma [16]. A binary pump
enabled UV–Visible based HPLC system with a manual injector system
(HPLC-3000, Analytical Technologies Ltd., India) was used to cross-
validate the method. The data analyses of the method were performed
through CXTH-3000 software. ACE® 5 C18 column (250 mm × 4.6 mm,
5 μm) (Advanced Chromatography Technologies Ltd., Scotland) was
used for separation. Methanol: acetic acid 2% aqueous solution (45:
55 v/v) was used as mobile phase with a flow rate of 1 mL/min). In-
jection volume was 20 μL and a detection wavelength was set at
279 nm. Six dilutions of OL with concentrations ranging from 10 to
200 μg/mL were prepared in Methanol: 0.1 M phosphate buffer saline,
pH 7.4 (PBS) (99:1 v/v) solution for the calibration curve.

For the calibration curve in plasma, standards were prepared by
spiking 90 μL aliquots of pooled drug-free plasma with 10 μL of me-
thanolic dilutions of OL to make final concentrations ranging from 0.1
to 2.0 μg/mL.

For extraction of OL, 50 μL of 0.5 M HCl was added to 100 μL of
plasma sample and vortexed for 15 s. 10 mg of anhydrous sodium sul-
fate was then added and dissolved by vortex. 300 μL of ethyl acetate
was consequently added to each sample, vortexed for 2 min and cen-
trifuged for 5 min at 2000 rpm. The supernatant organic layer was
transferred into a 1 mL centrifuge tube. The leftover aqueous layer was
again extracted with 300 μL of ethyl acetate. The combined ethyl
acetate layer was evaporated at 50 °C under a gentle stream of nitrogen.
The dry residue was reconstituted in 100 μL of mobile phase and 20 μL
sample was injected into the HPLC system.

2.3. Preparation of oleuropein-loaded liposome

Oleuropein loaded folate-modified liposomes (OL-FML) were pre-
pared by the method described by Xiang et al. with some modifications
[15]. Briefly, a 100 mg mixture of SPC (48%), DC-cholesterol (40%),
Cholesterol (8%), DSPE-mPEG2000 (3%) and DSPE-PEG5000-Folate
(1%) were taken in a 500 mL round bottom flask and dissolved in
chloroform: methanol (3:1 v/v). Using a rotary evaporator, the solvent
was removed under vacuum to form a thin lipid film. 5 mL of 20 mg/mL
aqueous solution of OL was added to the lipid film and rotated using
rotary evaporator under a nitrogen atmosphere for 6 h at 50 °C. The
lipid dispersion was then sequentially extruded 10 times through
400 nm and 200 nm polycarbonate membranes using a manual extruder
(Avanti, Canada) to control liposomal size. The liposomal dispersion
was then centrifuged at 12,000 rpm for 1 h. The pellet was washed
twice with 0.1 M phosphate buffer saline, pH 7.4 (PBS) and re-dispersed
in the same medium by vortexing. The dispersion was lyophilized for
storage and reconstituted in PBS whenever required.

2.4. Formulation characterization

2.4.1. Visual observation
10 mg of the OL-FML was dispersed in 50 mL PBS with vigorous
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shaking and visually observed under white light for a characteristic
opalescence and presence of any particle aggregates.

2.4.2. Particle size distribution and zeta potential
Vesicular size of the OL-FML was measured by using Zetasizer

(Nano-ZS, Malvern Instruments, UK). Here, 10 mg of the lyophilized
formulation was diluted in 100 mL of PBS with vigorous shaking.
0.5 mL of the sample was taken in a disposable zeta sizing cuvette and
analyzed at 25 °C at a measurement angle of 90°. Zeta potential was also
determined using the same instrument employing zeta potential cuv-
ette.

2.4.3. Scanning electron microscopy
Surface morphology of freeze-dried liposomes was observed under a

scanning electron microscope. The dried samples were coated with
5 nm gold and photomicrographs were obtained from a Zeiss Gemini 5
1530 FEG scanning electron microscope (Carl Zeiss Microscopy GmbH,
Jena, Germany).

2.4.4. Transmission electron microscopy
Morphology of the liposomes was observed by transmission electron

microscopy. A transmission electron microscope (JEOL 2100F) capable
of a 0.18 nm point to point resolution was set at 200 kV. The dispersed
liposomal sample was directly deposited on the holey film grid and
observed after drying.

2.4.5. Entrapment efficiency and drug loading
100 mg of the lyophilized formulation was dispersed in 10 mL of

PBS and 0.1%w/v of Triton X-100 added and vortexed for the lysis of
liposomes. The lipid dispersion was then subjected to ultracentrifuga-
tion at 12000 rpm for 1 h. 100 μL of the supernatant was diluted with
9.9 mL of mobile phase (dilution factor = 100) and analyzed by HPLC
method described in earlier section. The entrapment efficiency (%EE)
and drug loading (%DL) was calculated by the following formula:

%EE [OL found in the liposomes/amount of OL added] 100%DL
[OL found in the liposomes/Total weight of liposomes] 100

= ×
= ×

2.4.6. Differential scanning calorimetry (DSC)
Differential scanning calorimeter (Perkien Elmer, USA) was used to

study the thermal behavior of liposomes and plain OL. 10 mg each of
lyophilized liposome samples and equivalent amount of plain OL was
put in hermetic aluminium pans and heated under an inert nitrogen
atmosphere at a rate of 10 °C/min over the range of 20–200 °C. Empty
aluminium pans were used as reference.

2.4.7. In-vitro drug release
The drug release from OL loaded liposome was performed using the

dialysis bag method. The dialysis bags (MWCO 12KD, Sigma) were
activated using the standard procedure. 1 mL of re-constituted lipo-
somes (containing 100 mg/mL of OL, calculated on the basis of %DL)
was put into the dialysis bag and placed in a beaker containing 100 mL
dissolution medium kept at 37 °C, pre-stirred at 100 rpm. An aliquot of
the dissolution medium (0.1 mL) was withdrawn at time intervals of
0.25, 0.5, 0.75, 1, 2, 3, 4, 5, 6, 8, 12, 18, 24 h. The sample (0.1 mL) was
mixed with 9.9 mL of methanol and analyzed by the HPLC method
described previously.

2.5. In vitro activities on 22Rv1 cells

2.5.1. Cell culture
The human prostate cancer cell line 22Rv1 (ATCC® CRL-2505™) was

procured from ATCC and grown in RPMI 1640 medium at 37 °C
(pH 7.4) supplemented with 10% fetal bovine serum (FBS), penicillin
(100 IU mL−1) and streptomycin (100 μg mL−1) and 2 mM L‑glutamine

in a humidified atmosphere of 5% CO2. The cells were sub-cultured in
fresh RPMI-1640 medium at an average density of 2 × 105 cells mL−1.

2.5.2. Cell viability study by MTT assay
MTT [3‑(4,5‑dimethylthiazol‑2‑yl)‑2,5‑diphenyltetrazolium bro-

mide] assay was performed as per the method reported previously [17].
In a flat bottom 96-well plate, 5 × 104 counts (200 μL) of cells were
seeded and incubated in 5% CO2 at 37 °C for 48 h. Plain OL aqueous
solution and aqueous OL-FML dispersion were added to the wells OL
concentrations of 50, 100 and 250 and 500 μM. 2 mL of MTT solution
(5 mg/mL) was added to each well and incubated (37 °C/5% CO2). After
4 h of incubation, the medium of each well was replaced with 2 mL of
DMSO and the optical density was measured at 570 nm. Percentage cell
viability was calculated as a measure of the optical density ratio of
treated and untreated sample.

2.5.3. Cell apoptosis studies
2.5.3.1. Phosphatidylserine externalization assay. As previously
reported, we evaluated the phosphatidylserine (PS) externalization as
a measure of cell apoptosis. Double staining technique with Annexin-V
and PI was utilized for PS externalization assay. OL and OL-FML in the
concentrations of 50, 100, 250 and 500 μM were administered to 22Rv1
cells and incubated for 24 h at 37 °C under 5% CO2 humidified
condition. Consequently, the cells were centrifuged (10 min,
3000 ×g), washed twice in cold PBS, re-suspended in 100 μL Annexin
V-FLUOS labeling solution and incubated (15 min, dark, 26 °C). After
which, 400 μL of incubation buffer was added, mixed and observed
under flow cytometer (BD LSR II) [18].

2.5.3.2. TUNEL assay. TdT (Terminal deoxynucleotidyl transferase)
mediated Nick end labeling method was used to study DNA
fragmentation. OL and OL-FML in the concentrations of 50, 100, 250
and 500 μM were administered to 22Rv1 cells. The cells washed with
PBS and 4% paraformaldehyde was added for fixation and incubated on
ice for 1 h. Cells were again washed and 3% H2O2 in methanol was
added and incubated for 10 min at 25 °C. After washing the cells with
PBS, freshly prepared chilled Triton X-100 solution (0.1%v/v) was
added for cell membrane perforation. Now, cells were washed and
incubated (37 °C for 1 h) after addition of 50 mL of reaction mixture
containing FLUOS-labelled dUTP and TdT. The cells were washed, re-
suspended in PBS, and observed under a flow cytometer [18].
Untreated cells were observed as a control.

2.5.3.3. Measurement of mitochondrial membrane potential
(∆ψm). Mitochondrial membrane potential (∆ψm) was determined by
analysis of JC-1 dye retention in 22Rv1 cells [17]. 1 μg/mL of JC1 dye
was loaded in OL, OL-FML treated or untreated cells (5 × 104 per well),
incubated (30 min, 37 °C, 5% CO2) and washed twice with PBS. J-
aggregate of JC1 was analyzed by fluorescence measurement at 570 nm
excitation/595 nm emission. Mitochondrial membrane potential was
measured as the ratio of the fluorescence intensity of J-aggregate
(aqueous phase) and monomer (membrane-bound) forms of JC1.

2.5.3.4. Caspase-3 assay. 5 × 104 per well of the 22Rv1 cells were
seeded in 96-well plate containing 200 μL culture medium. After 16 h,
equivalent doses of 50, 100, 250 and 500 μM of OL solution and OL-
FML were put into the wells to induce apoptosis. Caspase-3 activity was
observed as per the method prescribed in Caspase-3 kit manual (EMD
Biosciences) and analyzed using a fluorometer [19].

2.5.4. In-vivo studies
2.5.4.1. Animals. 6-week-old male BALB/c nude mice (30 ± 2 g) were
used for all the in vivo studies. Proper authorization was obtained from
Committee of Bio-Medical Ethics, Umm Al-Qura University, Holy
Makkah, KSA, and their guidelines were adhered to for the complete
duration of the study (Approval no. HAPO-02-K-012-2016-05-160). The
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animals were kept under standard laboratory conditions i.e. 25 ± 2 °C,
55 ± 5% RH, housed in polypropylene cages, with free access to
standard laboratory diet and water ad libitum.

2.5.4.2. In vivo pharmacokinetic studies. 12 BALB/c male nude mice
(30 ± 2 g) were divided into 2 groups (n= 6). The aqueous dispersion
of OL and OL-FML (containing OL concentration of 5 mg/mL) were
prepared in phosphate buffer saline (pH 7.4) and sterilized as per the
method described by [20]. 150 μL of the sterilized OL and OL-FML
(dose equivalent = 25 mg/Kg) was administered to the group I and
group II respectively through the tail vein. 30 μL of blood was
withdrawn from the saphenous vein at the time point of 0.5, 1, 2, 8,
16, 24 and 48 h. The blood samples were kept in heparinized tubes and
plasma was obtained by centrifugation. OL was extracted from plasma
by liquid-liquid extraction and analyzed by HPLC method.

2.5.4.3. Biodistribution study. 22Rv1 cells (1.0 × 106 cells) were
subcutaneously injected in 54 BALB/c male nude mice for the
induction of tumor growth. After 12 days (tumor size ~0.1 cm3), they
were divided into three groups with 18 mice in each. 150 μL of the
sterilized OL (plain solution), OL-L (liposomes without targeting
moiety), OL-FML (liposomes with targeting moiety) (dose
equivalent = 25 mg/Kg) were intravenously administered to group I,
II and III respectively. At each time points of 0.5, 2, 8, 16, 24 and 48 h
with respect to respective injection time (time zero), 3 animals were
anesthetized and dissected to extract different organs (liver, spleen,
kidney, heart and lungs) as well as whole tumor volume. They were
blotted dry using paper tissue, weighed and 2 mL/g tissue mass of ice-
cold KCl solution was added. The mixture was homogenized in a tissue
homogenizer and centrifuged (4000 rpm, 4 °C, and 15 min). The
supernatant was extracted for OL as per the method described for
plasma in HPLC section and analyzed.

2.5.4.4. Induction of tumor in nude mice and dosing regime. Antitumor
efficacy of the developed OL-FML was compared with OL solution in a
xenograft tumor model. 22Rv1 cells (1.0 × 106 cells) were
subcutaneously injected in BALB/c male nude mice. After 12 days,
tumor size of approximately 0.1 cm3 was observed. The mice were then
randomly divided into three groups (n= 10). To the groups I, II and III
the mice were intravenously administered normal saline (Tumor
Control), plain OL solution (25 mg/kg), and OL-FML dispersion in NS
(containing OL dose equivalent to 25 mg/Kg) respectively. The doses
were administered every 24 h for 30 days. Group IV mice (Normal
Control; n= 10) were not induced with the tumor but the normal saline
was administered at each dosing time.

2.5.4.5. Change in tumor volume. Tumor volume (TMV) for each
passing day was recorded and represented on TMV vs time curve. The
tumor volume was calculated using the formula.

TMV (length width )/22= ×

2.5.4.6. Change in body weight. Average body weights of each group
were recorded daily for 30 days and percentage change in body weight
vs time graph was plotted.

2.5.4.7. Kaplan–Meier survival analysis. Survival probability for 30 days
was calculated as a number of animals surviving at the start of each day
divided by the number of animals at risk. Each term in the product is
the conditional probability of survival beyond time ti, given the subject
has survived up to time t. Cumulative survival probability, s(t) was
obtained by the following equation:

s(t) n d
nti t

i i

i
=

where, ni = number of animals at the starting of the day, and

di = number of death.

2.6. Statistical analysis

All the quantitative data were expressed as an average ± SD. In all
cases, comparisons between two groups of observations were made
using the 2-tailed Student's t-test. However, for in vitro activities, sig-
nificance level at each concentration was compared between OL and
OL-FML treatments. Log-rank test was used to analyze Kaplan-Meier
survival curve. Values of p < 0.05 were considered to be statistically
significant.

3. Results

3.1. Formulation characterization

3.1.1. Visual observation
The dispersion of OL-FML in PBS was found to be transparent with a

characteristic opalescence. Also, there was no suspended particulate
matter visible.

3.1.2. Particle size distribution, zeta potential
OL-FML showed a particle size of 184.2 ± 9.16 nm (Fig. 1A). Also,

the poly dispersity index (PDI) revealed a fairly uniform particle size
distribution (PDI = 0.113 ± 0.088). Zeta potential of OL-FML was
found to be 1.41 ± 0.24 mV (Fig. 1B).

3.1.3. Entrapment efficiency (%EE) and drug loading
The percentage entrapment efficiency and drug loading of the for-

mulation were determined to be 63.52 ± 4.15% and 21.31 ± 2.37%
respectively.

3.1.4. Scanning and transmission electron microscopy
Transmission electron microscopic (TEM) images revealed distinct

spherical boundaries of the liposomes with a narrow particle size dis-
tribution. TEM photomicrograph of the selected formulation is given in
Fig. 2A. Furthermore, the representative scanning electron micro-pho-
tograph of the freeze-dried liposome is shown in Fig. 2B. The image
shows aggregates of liposomes having non-smooth surface.

3.1.5. Differential scanning calorimetry
DSC analysis revealed the melting point of OL to be 88.12 °C

(Fig. 3A). The lyophilized formulation, OL-FML showed multiple peaks
with varying intensity. There were no OL peaks observed in OL-FML
DSC curve (Fig. 3B).

3.1.6. In-vitro drug release
The in-vitro release profiles of OL-FML in PBS pH 7.4 showed a

controlled release behavior with a maximum release of 78.12 ± 3.88%
in 24 h. OL solution released > 75% of OL from the dialysis membrane
within 1 h (Fig. 4).

3.2. In vitro activities on 22Rv1 cells

3.2.1. Cell viability study by MTT assay
MTT assay revealed both OL solution (p < 0.05) and OL-FML

(p < 0.01) showed the cytotoxic effect on 22Rv1 cells when compared
with normal control (98.6 ± 0.92% cell viability). However, inhibition
of cell viability was significantly higher with OL-FML as compared to
OL solution at all concentrations (50–500 μM) (p < 0.05). Both the
treatments showed a dose-dependent increase in 22Rv1 cell viability.
For the calculation of IC50, all non-zero concentrations were converted
to log values and the plot was transformed to Log concentration [μM] vs
% Cell viability. The IC50 was calculated as the antilog of Log con-
centration that kills 50% of the cells. IC50 was found to be
391.47 ± 1.22 μM and 132.23 ± 1.12 μM respectively for OL solution
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and OL-FML (Fig. 5).

3.2.2. Cell apoptosis studies
3.2.2.1. Phosphatidylserine externalization assay. Annexin V/PI dual
staining technique was used to differentiate between the stages of
apoptosis. In the early stage of apoptosis, phospholipids translocate
towards the outer layer of the plasma membrane. Annexin V has a high
affinity for phosphatidylserine (PS) and thus used to show PS
externalization. However, annexin V can also label necrotic cells. So,
propidium iodide (PI) is used additionally to differentiate between live
cells (annexin V- and PI-), the early apoptotic cells (annexin V+ and PI-
), late apoptotic cells (annexin V+ and PI+) and necrotic cells (annexin
V- and PI+). In our study, Percentage Annexin V binding was
significantly higher with both OL and OL-FML as compared to control
(6.55 ± 0.95%) at all concentrations. A maximum of 77.36 ± 3.67%

Fig. 1. A) Particle size and B) zeta potential distribution of the developed liposome (OL-FML).

Fig. 2. A) Scanning and B) Transmission electron microscopic images of OL-FML.

Fig. 3. Differential scanning calorimetric thermogram of A) Oleuropein and B)
OL-FML.
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and 27.9 ± 1.63% of Annexin V binding was observed at 500 μL with
OL-FML and OL solution respectively (Fig. 6).

3.2.2.2. TUNEL assay. During apoptosis, the nuclear DNA breaks into
nucleosomal units, which expose some DNA nicks. dUTP– FLUOS binds
to these nicked ends through TdT. Thus, the fluorescence intensity
obtained from dUTP–FLUOS provides a measure of the magnitude of
fragmentation. Significantly higher DNA nicking was observed in
22Rv1 cells when treated with OL and OL-FML in a dose-dependent
manner as compared to control. There was a remarkable increase in the
mean fluorescence intensity (MFI) with OL-FML treatment as compared
to OL solution at each dose in varying significance levels. MFI obtained
with OL and OL-FML at all the treatment concentrations are presented
in Fig. 7.

3.2.2.3. Measurement of mitochondrial membrane potential
(∆ψm). Fluorescent cationic dye, JC-1 freely permeates to the
mitochondrial membranes of the viable cells to form red J-aggregates
and emits red fluorescence. Due to reduction mitochondrial membrane
potential in apoptotic cells, JC-1 remains as cytosolic monomers and
emits green fluorescence. The ratio of J-aggregates (red) to monomers
(green) is thus a measure of mitochondrial membrane potential which

is indicative of apoptosis. In control 22Rv1 cells, the red/green
fluorescence ratio was found to be 17.9 ± 1.51. The respective
decline with the treatment of varying concentration of OL and OL-
FML was observed. However, the effect was significantly pronounced
with OL-FML as compared to OL (p < 0.05) (Fig. 8).

3.2.2.4. Caspase-3 assay. Caspase-3 acts through aspartate-specific
cleavage of numerous cellular substrates and its increase is a general
marker for the detection of both apoptosis and inflammation.
Treatment with OL and OL-FML showed varying degree of increase in
caspase-3 activity in a dose-dependent manner. Liposomal formulation
caused a significantly higher increase in caspase-3 activity as compared
to OL-FML (Fig. 9).

Fig. 4. The comparative drug release profile of OL and OL-FML.

Fig. 5. % Cell viability vs concentration chart for the determination of IC50 after
OL and OL-FML treatment of 22Rv1 cells.

Fig. 6. Mean % apoptosis study by phosphatidylserine externalization assay
method.

Fig. 7. Comparative TUNEL assay. Mean fluorescence intensity was determined
as a measure of the amount of DNA nicking.
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3.3. In-vivo studies

3.3.1. In vivo pharmacokinetic and biodistribution study
The comparative intravenous pharmacokinetic profile of OL-FML

and OL solution suspension and has been presented in Fig. 10A. The
data revealed that there was > 6 times increase in AUC with OL-FML
(AUC0-∞ = 641.78 ± 103.764 μg/mL·hr) as compared to OL-Solution
(104.11 ± 18.374 μg/mL·hr). Different pharmacokinetic parameters
were calculated and have been listed in Table 1. The results of biodis-
tribution study are shown in Fig. 10B. The concentration vs time plots
in different organs (Heart, Liver, Lungs, Kidney and Spleen) as well as
excised tumor are presented. The tumor targeting effect was well

pronounced with OL-FML as compared to OL and OL-L. There was a
sustained concentration of OL at the tumor site with 0.83 ± 0.034 μg/
g even after 48 h of i.v. administration. With OL-L, there was a gradual
increase in concentration upto a maximum of 0.61 ± 0.073 μg/g in
8 h.

3.3.2. Change in tumor volume
Tumor volume was measured each day for 30 days and it was ob-

served that tumor control (group I) had the highest rate of tumor
growth with a maximum of 442 ± 12.832% on the 30th day (From
0.11 ± 0.011 cm3 to 0.56 ± 0.050 cm3). The rate of tumor increase
was significantly lower in both OL (p < 0.05) (From
0.11 ± 0.002 cm3 to 0.40 ± 0.039 cm3) and OL-FML treatment
(p < 0.01) groups (From 0.12 ± 0.022 cm3 to 0.26 ± 0.037 cm3) as
compared to tumor control (group I). Moreover, the developed for-
mulation (OL-FML) showed a significantly higher rate of tumor growth
inhibition as compared to OL when administered in solution form
(p < 0.05) (Fig. 13).

3.3.3. Change in body weight
After 30 days the maximum decrease in average body weight was

observed in the case of the tumor control group (group I,
−20.39 ± 3.429%). Initially, we have taken a total of 10 animals in
each group but as the days passed some animals died in each group so
we have taken into consideration the relative standard deviation in the
presentation of data. OL-FML group (group III) was able to resist the
negative change in body weight and showed a non-significant change as
compared to normal control group. There were non-significant differ-
ence observed in OL treated group (group II) animals as compared to
tumor control group (group I). Also, the effect of OL treated group
(group II) was significantly lesser than group III (p < 0.001) (Fig. 12).

3.3.4. Kaplan–Meier (KM) survival analysis
KM survival plot for OL and OL-FML liposomes in comparison to

normal and tumor control is presented in Fig. 11. The plot revealed that
survival probability with OL-FML (group III) treatment was sig-
nificantly higher as compared to the tumor control group (group I)
(p < 0.001). However, OL treated group (group II) did not show sta-
tistically significant improvement in the survival probability with re-
spect to tumor control group. Also, a significant and improved differ-
ence in survival probability was observed in OL-FML group with respect
to the OL group (p < 0.001).

4. Discussion

OL loaded liposomal formulation was prepared by commonly used
film hydration technique and further extruded to get nanosized vesicles
with a narrow sized distribution. It is known that enhanced permeation
and retention (EPR) effect play an important role in the passive tar-
geting of cancer cells. Cancer cell membranes contain larger fenestra-
tions (200 nm) as compared to normal cells which generally have 50 nm
fenestrations. Thus, nanocarriers in size range of 50 to 200 nm are likely
to be entrapped specifically within tumor tissues. Moreover, longer
retention of the nanocarriers is also observed due to the feeble lym-
phatic system within the tumor site [21]. OL-FML developed was well
within the desired particle size range. The particle size and the uni-
formity of articles were also evident forms the SEM and TEM micro-
photograph. Cancer cells have been proven to possess negatively
charged surface due to lactic acid secretion in oxygen-deficient cells
[22]. The positive zeta potential of the developed liposome (OL-FML)
was obtained because of DC cholesterol incorporation within lipid bi-
layer as it has one positive charge head group. The positively charged
liposomes were aimed to provide additional tumor retention. However,
at this low positive potential, there is a chance of low electrostatic re-
pulsion and decrease stability. But the presence of PEG on the liposome
surface would have provided a strong inter-bilayer repulsion to

Fig. 8. Mitochondrial membrane potential determination after OL and OL-FML
treatment of 22Rv1 cells at various concentrations.

Fig. 9. Caspase-3 activation profile.
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overcome the attractive Van der Waals forces and decreased aggrega-
tion [23]. Comparative differential scanning calorimetry (DSC) ther-
mogram of OL and OL-FML showed a diminished peak of OL in the
liposomes which suggest that OL molecules were majorly enclosed
within the vesicular core. However, there is a possibility of some OL
molecules to be adsorbed on the surface of liposomes because of the
polar surface as well as a presence for hydrophilic PEG strands. This
effect was evident from in vitro drug release profile where a burst re-
lease effect was observed in which 27.54 ± 2.995% of OL was released
from OL-FML within 1 h of study. It was followed by a sustained release
pattern continuing up to 24 h. OL solution showed a typical release
pattern of any aqueous soluble drug. > 75% of OL was released within
a 1st hour of study. Cell viability study is considered one of the pre-
liminary study to determine the anticancer efficacy of the molecules
and drug delivery system. Our observations showed significant inhibi-
tion of cell viability by OL-FML with respect to OL at all selected con-
centration. The concentration vs % cell viability plot was transformed
to logarithmic plot to get straight line curves which were used to cal-
culate the IC50. The marked lowering of IC50 with OL-FML was seen as
compared to OL solution. The multiple mechanisms can be attributed to
this increased activity. The attraction of positively charged liposomes

Fig. 10. A) Pharmacokinetic profile after the intravenous administration of OL and OL-FML. Longer and enhanced plasma concentration with OL-FML was achieved
due to the stealth effect. B) Biodistribution study showing the concentration of OL at different time interval in various organs and tumor tissue.

Table 1
The pharmacokinetic parameters calculated after intravenous administration of
OL and OL-FML (OL dose = 25 mg/Kg).

Parameters OL OL-FML

Intercept 1.23 ± 0.049 1.352 ± 0.011
Slope −0.066 ± 0.013 −0.011 ± 0.001
Kel (h−1) 0.154 ± 0.031 0.026 ± 0.004
t1/2 (h) 4.529 ± 0.904 26.068 ± 4.188
Cmax (μg/mL) 21.774 ± 3.03 28.194 ± 2.826
Tmax (h) 0.5 0.5
Cp0 (μg/mL) 17.026 ± 1.904 22.51 ± 0.585
Vd (mL) 44.142 ± 5.096 33.32 ± 0.869
Cl (mL/h) 6.781 ± 1.041 0.888 ± 0.121
AUC0-t (μg·h/mL) 101.233 ± 16.584 379.256 ± 13.384
AUC0-∞ (μg·h/mL) 104.112 ± 18.374 641.779 ± 103.764

Kel (h−1) = elimination rate constant; t1/2 (h) = elimination half-life; Cmax (μg/
mL) = maximum plasma concentration; Tmax (h) = time to reach Cmax; Cp0

(μg/mL) = concentration at zero time; Vd (mL) = volume of distribution; Cl
(mL/h) = clearance; AUC = area under curve.
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towards negatively charged cell surface, anchoring of folate moiety to
its receptor, cellular surface adsorption of liposomes and consequent
endocytosis. These phenomena have been well explained in a previous
report [24]. It has been shown that insistent oxidative stress within
cancer cells activates growth-promoting signals and apoptosis [25]. OL
possess excellent antioxidant and anti-inflammatory effects which can
reduce inhibitory effects on apoptotic pathways [26]. Also, OL down
regulates pAkt leading to inhibition of Akt signaling is also responsible
for induction of apoptosis in cancer cells [27]. So, the apoptotic effects
were expected to be more pronounced with increased cellular uptake of
OL. The cell apoptosis assay confirmed the hypothesis as there was
increased phosphatidylserine externalization (demarcated by increased
Annexin V binding) in case of OL-FML treatment as compared to plain
OL. During programmed cell death, there are alterations in the nuclear
material which can be analyzed using TUNEL assay. OL has been
evaluated for in situ TUNEL of nicked DNA in SH-SY5Y cell line and
proven to show apoptosis [28]. Similarly, TUNEL assay has shown the
pro-apoptotic effect of both OL and OL-FML in 22Rv1 cells. However,
the effect was significantly enhanced with OL-FML. Another important

apoptotic marker is a decrease in mitochondrial membrane potential
(∆ψm), which is indicative of early apoptotic transformation. The re-
duction of ∆ψm after inner mitochondrial membrane permeabilization
activates the release of numerous apoptotic factors. The decrease in
mitochondrial membrane potential of olive leaf extract has been pre-
viously demonstrated by Bali et al. [29]. OL-FML has shown to enhance
this effect in 22Rv1 cells as compared to OL. Caspase-3 activation is
generally believed to be a hallmark of apoptosis. OL-FML treatment was
able to activate caspase-3 at a significantly higher level as compared to
OL. In vivo pharmacokinetic study revealed > 6 times increase in AUC0-

∞ of OL when administered as OL-FML as compared to OL solution.
Also, there was a reduced rate of elimination, increased elimination
half-life and reduced clearance observed with OL-FML (Table 1). The
major contributor of this result is polyethylene glycol (PEG) embedding
within the lipid bilayer of the liposome. PEG was amalgamated on the
liposomal surface by anchoring a cross-linked conjugated phospholipid
(DSPE-mPEG2000) on the surface of the liposome. PEG imparts long
circulating effect or stealth effect in liposomes by lowering re-
ticuloendothelial system (RES) or mononuclear phagocyte system

Fig. 11. Kaplan Meier survival plots for 30 days study. Tumor control (group I, Normal Saline, Tumor +ve), negative control (group IV, Normal Saline, Tumor -ve),
OL treated (group II, 25 mg/kg OL, Tumor +ve), OL-FML treated (group III, 25 mg/kg OL, Tumor +ve).

Fig. 12. Percentage change in body weight in different group of animals.
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(MPS) uptake [30]. Also, through OL-FML, oleuropein metabolism
might be hindered and enhanced plasma concentration was achieved
for the longer duration of time as compared to plain OL administration.
The biodistribution study showed a well pronounced tumor targeting
effect with OL-FML administration as compared to plain OL as well as
OL-L (liposomes without folate moiety). There was a sustained main-
tenance of OL concentration in tumor tissue with OL-FML even after
48 h. OL-L also showed some increase in OL concentration during 8 h
but declined gradually to a negligible amount in 48 h. This could be due
to long circulation and EPR (enhanced permeation and retention effect)
with OL-L. A significant higher retention of OL-FML might be due to
active targeting by folate moiety as well as passive targeting (Stealth
and EPR effect). In other organs, there was a quick and high increase
and fast decline in concentration of OL when administered in plain form
as compared to both OL-L and OL-FML. This might be due to higher
volume of distribution (Table 1) with plain OL. With PEGylated lipo-
somes (OL-L and OL-FML), the concentration was gradually increased
and decreased but up to lesser extent with respect to plain OL, this is
due to the long circulation and RES escape. This effect was directly
translated into the in vivo pharmacodynamics in mice model. The goal
of Kaplan Meier survival analysis was to estimate a population survival
curve from a sample. If every subject is followed until death, the curve
may be estimated simply by computing the fraction surviving at each
time. However, in most clinical studies patients tend to drop out, be-
come lost to follow up, move away, etc. (Censored data). A Kaplan-
Meier analysis allows estimation of survival over time, even when pa-
tients drop out or are studied for different lengths of time (censored
data). Many studies also used this method for animal survival analysis
[31,32]. KM survival plot revealed remarkable improvement in survival
probability after OL-FML treatment. The effect of plain OL adminis-
tration did not show significant improvement as compared to control.
The long circulation time, EPR effect, binding of liposomes to folate
receptors and increased endocytosis are the factors responsible for such
notable improvement in survival probability with OL-FML administra-
tion. Reduction in body weight is considered one of the most common
symptoms appearing in nearly all types of cancers [33]. This effect was
clearly manifested in tumor control (Tumor-induced + Normal saline)
group animals as compared to normal control group. Anorexia, nutri-
tional loss, tumor-host nutrient competition, nutrient uptake by tumors,
increased energy expenditure are some of the main causes of weight
loss. Our study showed a significant reduction in tumor volume by OL-

FML treatment as compared to plain OL treatment. This effect was di-
rectly reflected in body weight profile.

5. Conclusion

The effect of oleuropein (OL) loaded surface functionalized folate –
PEG liposomes (OL-FML) to inhibit the 22Rv1 prostate cancer cells was
studied and compared with plain oleuropein solution. Cell viability
assay and various apoptosis studies including phosphatidylserine ex-
ternalization assay, TUNEL assay, analysis of mitochondrial membrane
potential and caspase-3 activation assay were performed. In vivo
pharmacokinetic study revealed that OL-FML was able to maintain a
longer and increased the concentration of oleuropein in blood. Finally,
the comparative effect of the developed system and plain oleuropein
was studied in tumor-induced mice model in terms of change in tumor
volume, body weight, and the survival probability. In each study, a
noticeable improvement in the induced condition was observed with
OL-FML treatment. The effects were majorly attributed to passive tar-
geting mechanisms including long circulation, EPR, and liposomal en-
docytosis as well as active targeting through overexpressed folate re-
ceptor binding.
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