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Abstract
Background: Pancreatic cancer (PC) is a highly aggressive malignancy associated with low survival
rates. Many chemotherapeutic regimens have been investigated for advanced unresectable and
metastatic PC, but with only minimal improvement in survival and prognosis. The present study aimed to
investigate the anti-cancer function of free and nano-encapsulated hydroxytyrosol (Hyd) and curcumin
(Cur), and its combinations (Hyd-Cur) on the PANC-1 cell line.

Methods: The poly lactide-co-glycolide-co-polyacrylic acid (PLGA-co-PAA) nano-encapsulated Hyd and
Cur were synthesized, and MTT assay was performed to evaluate cytotoxic effects of free and nano-
encapsulated Hyd, Cur, and Hyd-Cur. Moreover, effects of free and nano-encapsulated Hyd, Cur, and Hyd-
Cur were evaluated on viability, migration, morphological alterations, colony formation, and apoptosis on
PANC-1 cell line. The mRNA expression levels of MMP2, MMP9, BAX, BCL-2, and Cas9 genes were
assessed after treated PANC-1 cells with free and nano-encapsulated Hyd, Cur, and Hyd-Cur.

Results: The obtained results showed that free and nano-encapsulated Hyd, Cur, and Hyd-Cur treatments
signi�cantly decreased the viability, migration, and colony formation in the PANC-1 cells. Furthermore,
apoptosis rates in PANC-1 cells were increased in a concentration and time dependent manner in all of
the treatment groups. Moreover, anti-proliferative activity of nano-encapsulated Hyd-Cur was signi�cantly
more than other treatments.

Conclusions: According to our results, Hyd-Cur combination and nano-encapsulation therapy exerts more
profound apoptotic and anti-proliferative effects on PANC-1 cell line than free Hyd or Hyd monotherapy.

Background
Pancreatic cancer (PC) is an invasive neoplasm and one of the most cause of cancer death worldwide [1].
Surgery is a common method for treatment of PC, because most patients with PC are diagnosed at a late
stage, and thus a small number of patients can bene�t from surgery [2]. The Gemcitabine-based
chemotherapy has been used as another treatment method for patients with advanced PC. However,
chemotherapy is associated with various side effects, decreased life quality, and poor survival [3]. In order
to obtain appropriate treatment strategies for the management of PC and other cancer types, new
alternative therapies including minimally toxic natural compounds, such as hydroxytyrosol (Hyd) and
curcumin (Cur), have been considered [4].

Cur is a natural polyphenolic compound isolated from turmeric (Curcuma longa), which used commonly
as a dietary supplement [5]. This compound indicates several bene�cial drug effects, including
antioxidant, anti-in�ammatory, and anti-microbial activity. Moreover, anti-cancer activity of Cur on various
types of cancer has been reported through modifying several signaling pathways [6, 7]. Therefore, the
underlying mechanisms of anti-cancer activity of Cur has recently been studied [8, 9]. Evidence suggests
that Cur has an inhibitory effect on proliferation of cancer cells through targeting several cancer-related
pathways, such as apoptosis and cell cycle [10].
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Olives are a nutrient with antioxidant, anti-in�ammatory and anti-cancer effects. Hyd is one of the
important compounds of olive oil that indicates appropriate anti-tumor activity through modi�cation of
several cancer-related pathways, such as cell cycle inhibition as well as apoptosis induction [11, 12]. The
anti-cancer activity of Hyd has been reported against several human cancers, and roles of several
involved mechanisms has been evaluated [13–15]. However, our knowledge from underlying
mechanisms of anti-proliferative activity of Hyd against PC cells is very limited.

The polyethylene co-glycolic acid (PLGA) is one of the most appropriate polymers for drug delivery due to
reduced toxicity [16]. The short half-life and low solubility in aquatic and physiological environments
cause to limited use of Hyd and Cur in cancer treatment [17]. The PLGA nanoparticles protect various
drugs and introduce drugs into the cells through endocytosis and modi�cation of Clathrin [18]. Recently,
nano-encapsulation has been introduced as one of the most important methods to increase e�ciency of
various drugs and natural compounds [19]. The nano-encapsulated Hyd and Cur are more effective than
free forms [20]. However, very limited studies have been performed on the anti-cancer activity of free and
nano-encapsulated Hyd, Cur, and Hyd-Cur (combination form), and underlying mechanisms of action.

Therefore, the aim of present study was to investigate anti-proliferative activity of free and poly lactide-
co-glycolide-co-polyacrylic acid (PLGA-co-PAA) nano-encapsulated Hyd, Cur, and Hyd-Cur combination
against PC cell line PANC-1. Moreover, the effects of this compounds were evaluated on mechanisms of
apoptosis induction in PANC-1 cancer cells.

Methods
Hyd and Cur loaded PLGA-PAA copolymer

The hydrogen terminated poly acrylic acid (PAA-OH) synthesize was performed using radical
telomerization of acrylic acid monomers (AAc), agent, Azobisisobutironitrilo (AIBN) as a radical initiator,
and mercaptoethanol (ME) as a chain transfer. Also, Poly lactide-co-glycolide-co-polyacrylic acid (PLGA-
co-PAA) copolymer synthesize was performed using L-lactide (LA) with (PAA-OH) and ring-opening
polymerization of glycolide (GA). The PLGA-co-PAA nanoparticles were dissolved in Dimethylsulfoxide
(DMSO), and then Hyd or Cur was added and dropped gradually into polymer contained Hyd or Cur
solution to make dual drug nanoparticles. The obtained nanoparticles were centrifuged and the
supernatant was collected as Hyd or Cur loaded PLGA-co-PAA nanoparticles [20].

Cancer cell line culture
The PANC-1 cancer cell line was prepared from Cell Bank of Pasteur Institute (Tehran, Iran). The cell
culture was performed using Roswell Park Memorial Institute (RPMI)-1640 medium containing 10% fetal
bovine serum (FBS) and 1% penicillin (100 units/mL)-streptomycin (100 µg/mL). The cells were then
incubated at 37oC with 95% humidity and 5% CO2.

Cell viability assay
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The cancer cells were seeded in a 96 well culture plates (1.5 × 104 cells/well) in 200 µL complete medium
and then incubated for 24 hours in standard condition. Next, cancer cells were treated with different
concentrations of free and nano-encapsulated Hyd, Cur, and Hyd-Cur (10, 32, 100, and 320 µM) for 24, 48,
and 72 hours. The cancer cell viability was evaluated using Tetrazolium Micro-culture (MTT) method. The
old culture medium was substituted with 200 µL complete medium containing 50 µL MTT agent solution
in PBS (2 mg/mL) and incubated in standard condition for 4 hours. Then, the culture medium was
removed and 200 µL of dimethyl sulfoxide (DMSO) was added and incubated for 30 min. The optical
density (OD) was measured at 570 nm using ELISA reader instrument. Finally, viability percentage of
treated cancer cells were measured using the following formula: ([treated sample OD / untreated sample
OD] × 100) and Graph Pad Prism (v8.0.2) software.

Morphological alterations assay
The cancer cells were seeded in a 6 well culture plates (1.5 × 105 cells/well) in 2 mL culture medium and
then incubated for 24 hours in standard condition. Next, cancer cells were then treated with Hyd (19 µM),
Cur (73 µM), Hyd-Cur (7 µM), nano-Hyd (9 µM), nano-Cur (26 µM), and nano-Hyd-Cur (6 µM), and then
incubated for 72 hours. Finally, morphological alterations of cancer cells were monitored by an inverted
phase contrast microscope.

Colony formation assay
The cancer cells were seeded in a 6 well culture plates (3 × 104 cells/ well) in 2 mL culture medium and
incubated in standard condition for 24 hours. The cancer cells were treated with Hyd, Cur, Hyd-Cur, nano-
Hyd, nano-Cur, and nano-Hyd-Cur, and incubated in standard conditions 8 days. Then, the formed cancer
cell colonies were �xed by paraformaldehyde (4%) and stained using crystal violet (0.1%). Finally, the
colony formation was evaluated and counted using an inverted phase contrast microscope.

Wound healing assay
The cancer cells were seeded in a 6 well culture plates (5 × 104 cells/well) in 2 mL culture medium, and
then incubated at standard condition for 24 hours. After reaching to 90% con�uence, a scratch was
created in the center of each well using a sterile yellow pipette tip and the detached cells were washed
away with phosphate-buffered saline. Next, the cancer cells were treated with Hyd, Cur, Hyd-Cur, nano-
Hyd, nano-Cur, and nano-Hyd-Cur, and incubated in standard conditions at 0–20 hours. Finally, migration
of cancer cells was monitored by an inverted phase contrast microscope.

Apoptosis assay
The cancer cells were seeded in a 6 well culture plates (1.5 × 105 cells/well) in 2 mL culture medium, and
then incubated at standard condition for 24 hours. Next, cancer cells were treated with Hyd, Cur, Hyd-Cur,
nano-Hyd, nano-Cur, and nano-Hyd-Cur, and incubated for 72 hours. The cancer cells were detached,
washed, and resuspended in binding buffer (400 µL) containing annexin V-�uorescein iso-thiocyanate
(FITC) (5 µL), and propidium iodide (PI) (10 µL), and then incubated at room temperature in dark for 15
minutes. Finally, the apoptosis rate of cancer cells was determined using a �ow cytometry instrument
(Becton Dickinson Bioscience).
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Gene expression assay
The cancer cells were seeded in a 6 well culture plates (1.5 × 105 cells/well) in 2 mL culture medium, and
then incubated overnight. Then, the cancer cells were treated with Hyd (19 µM), Cur (73 µM), Hyd-Cur
(7 µM), nano-Hyd (9 µM), nano-Cur (26 µM), and nano-Hyd-Cur (6 µM), and then incubated for 72 hours.
The cancer cells were detached, washed, and resuspended in TRIzol reagent, and total RNA extraction
was performed according to the manufacturer’s instructions (TaKaRa, Japan). The quality and quantity
of the extracted RNA were investigated by electrophoresis on 1% agarose gel and NanoDrop nstrument.
Then, 1 µg of total RNA was reversely transcribed into cDNA using oligodT primers. The mRNA
expression levels of MMP2, MMP9, BAX, BCL-2, and Cas-9 genes were evaluated using quantitative Real-
Time PCR (qRT PCR), and speci�c oligonucleotide primers (Table 1). The Real Time PCR was performed
in 10 µL including: 5µL of PCR pre-Mix, 1 µL cDNA, 0.5 µL forward and reverse primers (5 µM). The
cycling program was as follows: 1 cycle for initial denaturation at 94 °C for 1 minute, followed by 40
cycles of denaturation at 94 °C for 10 seconds, annealing for 30 seconds and extension at 72 °C for 20
seconds. The ACTB gene (β-actin) was considered as endogenous control. The data were analyzed by
using comparative 2−ΔΔCt threshold cycle.

Table 1
The sequences and characteristics of primers used for detection of genes

mRNA expression.
Genes Primers sequences Tm Products size

BAX F-CCCGAGAGGTCTTTTTCCGAG

R-CCAGCCCATGATGGTTCTGAT

60 °C 155 bp

60 °C

BCL-2 F-GATGGGATCGTTGCCTTATG

R-GCGGAACACTTGATTCTGG

56 °C 223 bp

56 °C

Cas-9 F-GCAGGCTCTGGATCTCGGC

R-GCTGCTTGCCTGTTAGTTCGC

62 °C 152 bp

62 °C

MMP2 F-CACATAGTGATGGTTCCCCTGTT

R-CGGCCACTCAGTAGGTGTCTTT

60 °C 177 bp

62 °C

MMP9 F-ATTTCTGCCAGGACCGCTTCTAC

R-ATCCGGCAAACTGGCTCCTTC

62 °C 187 bp

63 °C

ACTIN F-AGAGCTACGAGCTGCCTGAC

R-AGCACTGTGTTGGCGTACAG

61 °C 184 bp

60 °C

 
Statistical analysis
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All experiments were repeated three times. The obtained data from three independent experiments were
presented as mean ± standard deviation (SD). The statistical analyses were performed by the Student t
test, one-way analysis of variance (ANOVA), and the Tukey (post‐hoc) by the Graph Pad Prism software
(version 7.0), and differences with p < 0.05 were considered as signi�cant.

Results
Cancer cell viability

Our study indicated that the anti-proliferative effects of free and nano-encapsulated Cur, Hyd, and Hyd-
Cur were in a time- and concentration‐dependent manner. The MTT assay showed that the viability of the
treated cancer cells was signi�cantly decreased in high concentrations of all compounds. However, the
anti-proliferative activity of free Hyd-Cur and nano-Hyd-Cur was signi�cantly more than other four
compounds (Hyd, Cur, nano-Hyd, and nano-Cur) in the same concentrations. Moreover, nano-
encapsulation of the Hyd-Cur combination led to increase of anti-proliferative activity. The half maximal
inhibitory concentration (IC50) of used compounds were Hyd (19 µM), Cur (73 mM), Hyd-Cur (7 µM), nano-
Hyd (9 µM), nano-Cur (26 µM), and nano-Hyd-Cur (6 µM) on PANC-1 cancer cells after 72 hours (Fig. 1).

Cancer cell morphology
We observed several morphological alterations in the PANC-1 cancer cells treated with free and nano-
encapsulated Cur, Hyd, and Hyd-Cur, which are indicators of programmed cell death. The morphological
alterations of treated cancer cells include fragmented nuclei, cell shrinkage, decreased cell size, and
membrane damage (Fig. 2A). However, the number of morphological alterations in the treated cancer
cells with free Hyd-Cur and nano-Hyd-Cur were signi�cantly more than Hyd, Cur, nano-Hyd, and nano-Cur
treated cells (Fig. 2B).

Colony formation
The colony diameter, colony size, and colony formation of PANC-1 cancer cells were decreased
signi�cantly following treatment with free and nano-encapsulated Cur, Hyd, and Hyd-Cur. However,
inhibition of colony formation of the PANC-1 cancer cells treated with Hyd-Cur and nano-Hyd-Cur was
signi�cantly more than other treatment groups. Moreover, inhibition of colony formation by free and
nano-encapsulated Cur, Hyd, and Hyd-Cur was in a dose and time-dependent manner (Fig. 3).

Cancer cell migration
In the wound healing assay, a signi�cant decrease in the PANC-1 cancer cells migration was observed
following the treatment with the free and nano-encapsulated Cur, Hyd, and Hyd-Cur in compared with
control cells (Fig. 4A). However, inhibition of migration of the PANC-1 cancer cells treated with Hyd-Cur
and nano-Hyd-Cur was signi�cantly more than other treatment groups. Moreover, wound healing assay
showed that inhibition of migration of free and nano-encapsulated Cur, Hyd, and Hyd-Cur were as a dose
and time-dependent manner (Fig. 4B).

Cancer cell apoptosis
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Our study indicated that both early and late apoptosis rate were increased signi�cantly in PANC-1 cancer
cells treated with free and nano-encapsulated Cur, Hyd, and Hyd-Cur compared to the untreated cells. The
total apoptosis rate of the treated cancer cells was Hyd (21%), Cur (26%), Hyd-Cur (31%), nano-Hyd (31%),
nano-Cur (30%), and nano-Hyd-Cur (41%). However, the total apoptosis rate of the cancer cells treated
with free Hyd-Cur and nano-encapsulated Hyd-Cur treated cancer cells was signi�cantly more than other
treatment groups (Fig. 5).

Expression of migration related genes
The mRNA expression levels of MMP2 and MMP9 genes were signi�cantly decreased in treated PANC-1
cancer cells with free and nano-encapsulated Cur, Hyd, and Hyd-Cur. However, regulation of migration
related genes expression in the treated cancer cells with Hyd-Cur and nano-Hyd-Cur were signi�cantly
more profound than cells treated with other compounds (Fig. 6A, B).

Expression of apoptosis related genes
The mRNA expression of the apoptosis related BAX and Cas-9 gene was signi�cantly increased in PANC-
1 cancer cells treated with free and nano-encapsulated Cur, Hyd, and Hyd-Cur (Fig. 6C, D). Moreover, the
mRNA expression of the apoptosis related BCL-2 genes was signi�cantly decreased in cancer cells
treated with free and nano-encapsulated Cur, Hyd, and Hyd-Cur (Fig. 6E). However, regulation of apoptosis
related genes expression in the treated cancer cells with Hyd-Cur and nano-Hyd-Cur were signi�cantly
more profound than other treatment groups.

Discussion
PC is a deadliest cancer worldwide, which surgical resection remains the only curative therapeutic
treatment [21, 22]. The chemotherapy following surgical method has been used for treatment of patients
with advanced PC. However, chemotherapy is associated with several side effects and poor survival [23,
24]. In order to improve the overall survival of patients with advanced PC, many studies combined various
chemotherapy drugs with different natural agents, although the results were not encouraging [25, 26].
Therefore, new alternative therapies involving natural compounds with minimal toxicity, such as Cur and
Hyd, have been considered for treatment of PC. However, short half-life and low solubility of Hyd and Cur
in aquatic and physiological environments is the main cause of limited use of these compounds [18].
Therefore, in the present study we increased half-life and solubility of Hyd and Cur using nano-
encapsulation by PLGA-PAA copolymer.

We observed that Hyd, Cur, and its combinations (Hyd-Cur) signi�cantly decreased the PC cells viability,
proliferation, metabolic activities, migration, and colony formation. Moreover, Hyd, Cur, and Hyd-Cur
signi�cantly increased the morphological alterations in PC cells, includes cell shrinkage, chromatin
condensation, and apoptotic bodies formation, which clearly showed that the inhibition of PC cells may
be due to apoptosis induction. Our study showed that the cytotoxic effects of nano-encapsulated Hyd,
Cur, and Hyd-Cur were signi�cantly more than its free form.
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The high lethality in patients with cancer is due to metastasis and tumor growth at distant tissues [27]. In
this study, wound healing assays demonstrated that migration of PC cells treated with free and nano-
encapsulated Hyd-Cur combination were decreased more signi�cantly, as compared Hyd or Cur
monotherapy. Moreover, migration of PC cells treated with nano-encapsulated Hyd, Cur, and Hyd-Cur
decreased more signi�cantly, as compared its free form. To investigate whether free and nano-
encapsulated Hyd, Cur, and Hyd-Cur decrease metastasis in PC cells, we evaluated involved genes
expression in metastasis of cancer cells. Our results showed that free and nano-encapsulated Hyd, Cur,
and Hyd-Cur signi�cantly inhibited the mRNA levels of MMP2 and MMP9 in PC cells. However, the mRNA
levels of MMP2 and MMP9 in PC cells treated with nano-encapsulated Hyd-Cur were decreased more
signi�cantly, as compared to other treatment groups. These results showed that free and nano-
encapsulated Hyd, Cur, and Hyd-Cur may inhibit the migration of PC cells through downregulation of
MMP2 and MMP9 genes.

The apoptosis induction is one of the most important mechanisms of cancer treatment with
chemotherapeutic drugs. We demonstrated that the apoptosis rate of the PC cells treated with free and
nano-encapsulated Hyd, Cur, and Hyd-Cur were increased, as compared with untreated PC cells. However,
the apoptosis rates of PC cells treated with nano-encapsulated Hyd-Cur indicated more signi�cant
increase in comparison with free Hyd or Cur monotherapies. Previous studies reported that Hyd and Cur
increased apoptosis rate in several cancer cells [28, 29]. Several factors have been identi�ed in the
regulation of apoptotic pathways. In particular, the evidence showed that Hyd and Cur are able to down-
regulate and up-regulate the anti-apoptotic and pro-apoptotic factors, respectively [30, 31]. In this regards,
we demonstrated that Hyd and Cur were able to down-regulate the mRNA expression of BCL-2 gene, as an
anti-apoptotic gene. Moreover, it was shown Hyd and Cur up-regulated the mRNA expression of BAX and
Cas-9 genes, as pro-apoptotic genes. As expected, nano-encapsulated and combined treatment with Hyd
and Cur resulted in the favor of apoptotic pattern of BCL-2, BAX, and Cas-9 genes mRNA expression.
These results indicated that free and nano-encapsulated Hyd, Cur, and Hyd-Cur could inhibit PC cells
viability and proliferation through induction of apoptotic pathways.

Conclusion
The current study represents a novel combination and nano-encapsulation chemotherapeutic approach
to treatment of patients with PC. It was shown that, nano-encapsulation enhanced the anti-proliferative
activity of Hyd and Cur against PC cells through induction of apoptotic. Therefore, the nano-
encapsulation and combined Hyd-Cur can be used in the future to control and even treatment of patients
with PC. However, further studies are required to identify the enhanced anti-growth mechanisms of free
and nano-encapsulated Hyd, Cur, and Hyd-Cur to better management of patients with PC and prescription
of lower doses of chemotherapeutic agents.

Abbreviations
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PC: Pancreatic Cancer; Hyd: Hydroxytyrosol; Cur: Curcumin; PLGA-co-PAA: Poly Lactide-co-Glycolide-co-
Polyacrylic Acid; PAA-OH: Hydrogen Terminated Poly Acrylic Acid; AAc: Acrylic Acid Monomers; AIBN:
Azobisisobutironitrilo; LA: L-Lactide; ME: Mercaptoethanol; DMSO: Dimethylsulfoxide; RPMI: Roswell Park
Memorial Institute; FBS: Fetal Bovine Serum; OD: Optical Density; FITC: Annexin V‐Fluorescein Iso-
Thiocyanate; PI: Propidium Iodide; qRT-PCR: Real-Time PCR; SD: Standard Deviation; ANOVA: Analysis of
Variance; IC50: Half Maximal Inhibitory Concentration.
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Figures

Figure 1

The inhibitory effects of free Cur (A), free Hyd (B), free Hyd-Cur (C), nano Cur (D), nano Hyd (E), and nano
Hyd-Cur (F) on viability of PANC-1 cell line in 24-72 hours.
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Figure 2

The morphological alteration of PANC-1 cell line treated with free Hyd (19 μM), free Cur (73 μM), free Hyd-
Cur (7 μM), nano Hyd (9 μM), nano Cur (26 μM), and nano Hyd-Cur (6 μM) for 72 hours. Treatment of
cancer cells with nano Hyd-Cur leads to signi�cant increase in the morphological alteration related to
apoptosis.
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Figure 3

The colony formation of PANC-1 cell line treated with free Hyd (19 μM), free Cur (73 μM), free Hyd-Cur (7
μM), nano Hyd (9 μM), nano Cur (26 μM), and nano Hyd-Cur (6 μM). Treatment of cancer cells with nano
Hyd-Cur leads to signi�cant decrease in the size and number of colonies.
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Figure 4

The PANC-1 cell line migration was evaluated with scratch wound healing assay following treatment with
free Hyd (19 μM), free Cur (73 μM), free Hyd-Cur (7 μM), nano Hyd (9 μM), nano Cur (26 μM), and nano
Hyd-Cur (6 μM) for 20 hours (A). The inhibition of migration in the cancer cells treated with nano Hyd-Cur
was signi�cantly more as compared with other treatments (B).
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Figure 5

Quanti�cation of apoptosis by annexin V‐FITC/PI assay in PANC-1 cell line treated with free Hyd (19 μM),
free Cur (73 μM), free Hyd-Cur (7 μM), nano Hyd (9 μM), nano Cur (26 μM), and nano Hyd-Cur (6 μM). The
induction of apoptosis in the PANC-1 cells treated with nano Hyd-Cur was signi�cantly more than other
treatments.
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Figure 6

The mRNA expression analysis of migration related MMP2 (A) and MMP9 genes (B) and apoptosis
related BAX (C), BCL2 (D), and Cas-9 (E) genes by qRT-PCR following treatment with free Hyd (19 μM),
free Cur (73 μM), free Hyd-Cur (7 μM), nano Hyd (9 μM), nano Cur (26 μM), and nano Hyd-Cur (6 μM) in
PANC-1 cell line. The regulation of migration, and apoptosis related genes expression in the PANC-1 cells
treated with nano Hyd-Cur was signi�cantly more than other treatments.


