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Abstract. Pancreatic ductal adenocarcinoma (PDAC) is one
of the most aggressive and lethal cancers with a median
survival of 6 months after diagnosis. Intrinsic resistance to
chemotherapeutics and lack of effective targeted therapies are
the major factors contributing to dismal prognosis. Several
important genetic alterations (i.e., mutations, deletions) have
been identified to be involved in the initiation and progression
of pancreatic cancer, including KRAS and inactivation of
tumor suppressors, such as TP53, SMAD4 and CDKN2A.
Unique tumor microenvironment with excessive stroma due
to desmoplastic reaction is one of the major characteristics
of PDAC, promoting tumor growth and leading to treatment
failures. In addition, tumor stroma represents an important
biological barrier for drug delivery and successful treatment
of PDAC. Small interfering RNA (siRNA) has recently
emerged as a potential and targeted therapeutic approach
which is now evaluated in clinical trials. However, siRNAbased therapeutics face important challenges, including rapid
serum degradation, poor tumor cell uptake and cellular
uptake, leading to off-target effects. Therefore, there is a great
need for the development of safe and effective nanoparticles
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for better tumor-specific delivery of anti-cancer therapeutics.
In this article, the main challenges in the treatment of
pancreatic cancer and recent advancements on nano delivery
systems of chemotherapeutics and gene-targeted agents, used
both in preclinical and clinical trials are reviewed.

Pancreatic ductal adenocarcinoma (PDAC) is one of the most
lethal human malignancies and the fourth leading cause of
cancer-related deaths. Currently, median patient survival is
about 6-8 months after diagnosis (5-year survival 1-5%) and
accounts for approximately 42,000 deaths per year in the US
(1). PDAC incidence is on the rise and predicted to be the
second cause of cancer-related deaths by 2030 (2). Despite
significantly increased knowledge in biology and genetics and
efforts in the development of new methods for early detection
and therapeutic approaches, poor survival rates have not
significantly changed in the last 30 years and PDAC is still
associated with an extremely poor prognosis (1). The poor
survival rates are attributed to its highly aggressive nature,
intrinsic resistance to chemotherapeutics and lack of effective
therapeutics, as well as late diagnosis due to non-specific
symptoms and unavailability of early diagnostic tools.
Although both the endocrine and exocrine cells of the
pancreas can transform to cancerous cells, pancreatic cancer
(PaCa) formed from exocrine cells is much more common and
nearly all of PDAC tumors are adenocarcinomas. The
overwhelming majority (~85%) of patients present with locally
advanced or metastatic disease and progression of disease is
virtually unstoppable with current therapies having a minimal
impact on survival. Beside single-agent treatments including
gemcitabine, 5-fluorouracil (5-FU), irinotecan, oxaliplatin,
albumin-bound paclitaxel (i.e., Abraxane), cisplatin, paclitaxel
(Taxol), docetaxel (Taxotere), different combinations of
chemotherapeutics (2 or more drugs) are used. In the metastatic
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PaCa, FOLFIRINOX (folinic acid, 5 fluorouracil, irinotecan,
and oxaliplatin), and nab paclitaxel plus gemcitabine have
yielded only modest improvements in survival (3).
FOLFIRINOX (FOL-folinic acid (leucovorin), a vitamin B9
derivative that reduces the side-effects of fluorouracil; F–
fluorouracil (5-FU), a pyrimidine analog and antimetabolite
which incorporates into the DNA molecule and stops DNA
synthesis; IRIN–irinotecan, a topoisomerase inhibitor, which
prevents DNA from uncoiling and duplicating; and OX–
oxaliplatin, a platinum-based antineoplastic agent, which
inhibits DNA repair and/or DNA synthesis) has been tested in
clinical trials of PaCa therapy and showed advantage over
gemcitabine since it slightly but significantly increased in
median survival (4). The overall survival was increased when
gemcitabine was used in combination with nab-paclitaxel (8.5
months) compared to treatment with gemcitabine alone (6.7
months) (5). However, during the last three decades, the
outcomes of patients with PDAC have not changed
significantly. Chemotherapy can be given along with radiation,
which is known as chemoradiation or chemoradiotherapy.
However, these combinations can also cause more severe sideeffects, limiting their common use in clinical practice. Other
treatment options for PaCa are being investigated, with the main
focus on the development of different small-molecule inhibitors
targeting specific receptors on tumor cells, their use in
combination with approved chemotherapeutic agents, or
inhibition of overexpressed genes by siRNA molecules. For
improved drug and siRNA delivery, efficient nanoparticles have
been developed. Nanoparticle-mediated targeted delivery is also
being investigated to lower drug-related toxicity, to improve
drug bioavailability and increase efficacy of drugs in PDAC.
In this article, the genetics and biology of PDAC and the
recent advancements in targeted therapies are reviewed with a
special focus on nanotherapeutics. Particular attention is paid
to highly specific potential molecular targets and nanoparticles
used for either targeted delivery or gene therapy.

Etiology, Genetics and Biology of Pancreatic
Ductal Adenocarcinoma

The pancreas is an organ located in the abdominal cavity and
consists of four main anatomical components, head, neck,
body and tail, where the head is oriented towards lower parts
of the duodenumand the tail is ending near spleen (Figure 1).
Pancreas constists of two functional units, exocrine and
endocrine pancreas. Endocrine pancreas constitutes only 2%
of the total pancreatic mass. Exocrine cells including acinar
and duct cells are responsible for secretion of digestive
enzymes, while endocrine cells also called islets of
Langerhans mainly function in the regulation of metabolism
and glucose homeostasis through hormone (i.e., insulin)
secretion (6). Most pancreatic cancers arise from cells in the
ductal epithelium located at the head of the pancreatic gland.
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The most common type of pancreatic cancer is ductal
adenocarcinoma and accounts for about 90% of tumors in the
exocrine pancreas (7). Other types of pancreatic cancer are
less common and include neuroendocrine tumors such as
insulinomas, glucagonomas and gastrinomas.
Even though factors causing PDAC are not known; smoking,
alcohol, chronic pancreatitis, obesity and longstanding diabetes
represent the main risk factors for the development of pancreatic
tumors (8). Genetic factors also represent a risk for PDAC and
about 5-10% can be inherited (9). The occurrence of pancreatic
cancer increases with age and people over 65 years old have a
poorer prognosis (10, 11).
PDAC in most cases evolves from pre-invasive lesions
named as microscopic pancreatic intraepithelial neoplasia
(PanIN) (12). Loss of cellular polarity and enlargement are
observed within three types of lesions also classified as
grades (13). Low-grade lesions are observed in the PanIN-1A
and PanIN-1B, moderate in PanIN2 and severe cytological
and architectural atypias are dominant in PanIN3 (13, 14)
(Figure 1). PanIN3 grade lesions are also called “carcinoma
in situ” (13, 14) and are closely associated with aggressive
and metastatic PDAC. Unfortunately, most patients are not
diagnosed prior to this stage and most metastatic cells already
have escaped to surrounding tissues. Even though the exact
genetic features that drive the progression of these precursor
lesions to advanced disease are not fully understood, cells
continue to grow and expand and acquire additional
mutations during the progression of PanIN (15).
There are several well-defined driver genes that are
important in the tumorigenesis and progression of PDAC. The
most commonly mutated gene in pancreatic cancer is KRAS
(Kirsten Rat Sarcoma) seen in approximately 90-95% of all
pancreatic cancer cases. KRAS gene encodes a protein of the
RAS family that is involved in many cellular functions such as
proliferation and cell survival (16). Oncogenic KRAS mutation
is present from the early beginning of the low-grade lesions
and its frequency increases as the grade of PanIN lesions is
increased and detected in about 87% in PanIN2 and PanIN3
(17). The most frequently observed genetic abnormalities in
PanINs and invasive PDAC include inactivation of tumor
suppressor genes (i.e., TP53, SMAD and CDKN2A) as well as
epigenetic alternations, chromosomal changes (rearrangements,
losses and amplifications) and other gene mutations (16).
Tumor suppressor genes that are inactivated in PDAC
include TP53 (mutated in 75-90% PDAC cases), P16/CDKN2A
(mutated in 50-98%) and SMAD4 (mutated in 20-50%) (12).
TP53 encodes the p53 protein, the guardian of the genome,
which is involved in many cellular processes, in DNA damage
and in the regulation of cell-cycle checkpoints, cell-cycle arrest,
and apoptosis (18). The mutation inactivates the
antiproliferative properties of TP53, leading to promotion of
tumor growth and metastasis (18). Inactivation of cyclindependent kinase inhibitor 2A (CDK2A) gene encoding p16,
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Figure 1. General overview of the anatomy of pancreas and development and progression of the pancreatic cancer with its subtypes.

results in the loss of function of this regulatory protein
involved in the G1-S checkpoint of the cell cycle leading to an
increase in cell proliferation. Mutations in the SMAD4 gene
result in the aberrant activation of the transforming growth
factor (TGFβ) signaling pathway that is important for cellular
growth and differentiation (19, 20). Other mutations affect
signaling pathways such as Notch, Wnt, DDR, Hedgehog
(SHH), or various cellular processes including stem cell growth
and maintenance, apoptosis and epigenetic regulation.
Mutations in epigenetic regulators or deletions in genes, such
as ARID1A can result in defective pathways regulating DNA
damage (21) and can promote cell survival and oncogenic
signals (22). Mutations in other genes including BRCA1,
BRCA2, ATM, ERBB2, EGFR, MET, and FGFR1 have been
reported to be important in PDAC development (12, 22, 23).
Amplification of MYC has been reported to be crucial for both
initiation and progression of PDAC (22). Epidermal growth
factor receptor (EGFR) has certain significance as it is
expressed in all grades of PanIN lesions, and is essential for
the generation of KRAS oncogene lesions (24). EGFR
expression in pancreatic lesions can also activate STAT and
AKT signaling pathways, which are also thought to be
involved in PDAC development and progression (24).

PaCa microenvironment is composed of a highly
heterogeneous collection of cancer cells, extracellular matrix
and various stromal, endothelial cells, inflammatory cells,
immune cells (T cells, tumor-associated macrophages) and
cancer stem cells that have tumor-promoting functions (25,
26). Extreme desmoplastic reaction and excess stroma
formation is an important charasteristic of PDAC, promoting
tumor growth, progression and drug resistance (27). There is
a dynamic bi-directional crosstalk between stromal and
cancer cells, leading to activation of oncogenic signaling
pathways and immune suppression.
Pancreatic stellate cells (PSCs) are tumor-associated
fibroblast-type cells that play a key role in the formation of
tumor stroma (26). PSCs carry characteristics of
myofibroblasts, and can migrate, proliferate and secrete
collagen proteins, growth factors and other components of the
extracellular matrix that support the progression of cancer.
PSCs are activated by molecules such as growth factors,
including PDGF, TGF-beta, TNF-alpha and cytokines such as
IL-6 and IL-10 (26). Activated PCSs also secrete various
growth factors such as TGF-β, PDGF and sonic hedgehog
(sHH) and activate signaling pathways promoting tumor
growth (7, 28).
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Treatment of Pancreatic Ductal Adenocarcinoma

Only a small percentage of patients diagnosed with early-stage
pancreatic cancer is eligible for surgical resection and their
5-year survival rate has increased to about 20% (2, 29). Most
PDAC patients receive treatments such as chemotherapy and/or
radiotherapy along with or after surgery, however, these
treatments have a minimal impact on survival rate because of
their intrinsic resistance to apoptosis. Thus, identification of
new biomarkers for early diagnosis and identification of novel
molecular targets involved in the progression of pancreatic
cancer are urgenty needed. There are various therapy options
available for the treatment of non-metastatic and advancedstage PaCa. Besides primary chemotherapy, radiation is also a
promising approach that can slightly improve survival and the
quality of life of patients. In contrast to other types of cancer,
targeted therapies do not have a relative impact on metastatic
pancreatic cancer due to the complex molecular mechanisms
involved. The most promising strategy for the treatment of
PDAC seems to be the inhibition of mutated genes, such as
KRAS and molecules that are part of signaling pathways that
highly contribute to the progression of the disease. Targeted
agents used in combination with chemotherapy have been
extensively studied, but most of the gene inhibition approaches
are still only available in preclinical settings. More importantly,
recent studies indicate that the major challenge for the
successful treatment of PDAC is the effective delivery of
therapeutic agents into tumor and tumor microenvironment,
highlighting the significance of nanoparticles and nanodelivery.

Conventional Therapies

There are several drugs and drug combinations that have been
approved by FDA for pancreatic cancer among which 5flourouracil, albumin bound paclitaxel, gemcitabine, and
FOLFIRINOX are the most commonly used. Since gemcitabine
has a short half-life and experiences rapid body clearance, it is
usually administered in higher and repeated doses that lead to
many negative side effects (30, 31). It has also been shown to
rapidly induce resistance in cancer cells through many different
but unclear mechanisms (32). Gemcitabine and erlotinib (EGFR
inhibitor) remain the only two agents approved for use in
advanced disease despite their modest benefits. Despite the
survival benefits observed in clinical studies, only 5-10% of
PDAC cases exhibit response to gemcitabine therapy.
Combination of gemcitabine with erlotinib prolongs one-year
survival by only 23% (33). FOLFIRINOX significantly
improves overall survival in patients with metastatic PDAC by
about 4 months (11.1 months), compared to gemcitabine
showing the overall survival of 6.8 months (4).
There are several reasons why pancreatic cancer is still
difficult to treat with conventional therapies. High frequency of
genomic changes seen in PDAC leads to significant genomic
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instability and may limit the effectiveness of therapy, especially
of targeted agents, by contributing to secondary or acquired
chemoresistance. Mutations in some genes including p53 can
result in loss of their suppressor functions that can later lead to
more genetic instability, decrease of apoptosis and reduced
response to therapeutics.The number of gene mutations is shown
to be strongly correlated with overall survival of patients (34).
These combined mutations make PDAC patients respond weakly
to the conventional treatments. There is an extremely complex
network of signaling and genetic alternations and cross talk
between cells and microenvironment that make it more difficult
to treat. Approximately 63 genetic alternations are defined in 12
different signaling pathways that are usually abnormally
activated in the majority of PDAC cases (35). Hypovascularity
and high desmoplastic reaction are thought to act as an important
barrier for delivery of chemotherapeutic agents (36) leading to
reduced exposure of PDAC cells to inadequate doses.

Targeted Therapies

As mentioned above, PDAC has a genetically heterogenous
nature, and conventional therapies that target different cellular
processes fail to distinguish between cancerous and normal
cells leading to unacceptable side-effects. Therefore, there is
a need for targeted therapies using small-molecule inhibitors
and monoclonal antibodies targeting either cancer cell surface
receptors, growth factors or other proteins that contribute to
the overall progression of the disease.

Targeting Signaling Pathways in PDAC

Abnormal activation or deregulation of different signaling
pathways highly contribute to the heterogeneity of pancreatic
cancer. Many efforts have been made towards development of
effective inhibitors such as biological or small molecule agents,
however most of these signaling inibitors are still under
investigation, and have not been yet aproved for clinical usage.
Comparing to the conventional agents used in the clinic,
targeted therapies work more precisely by inhibiting a
significant signaling pathway that functions as a critical driver
of cell proliferation, survival, metastasis and progression.
KRAS signaling; KRAS mutation is detected in about 90%
of PDAC cases and represents one of the most important
therapeutic targets since activating mutations of this oncogene
are the major driver of the disease and its onset (37). KRAS
proto-oncogene encodes a protein that has GTP-ase activity. The
KRAS Mutation G12D leads to constitutive phosphorylation and
activation of this pathway (38). KRAS mutations activate
different signaling pathways such as RAF, MEK, ERK as well
as P13K/AKT pathway (39) which play important roles in cell
division, survival, and drug resistance inhibiting apoptosis,
promoting tumor growth and progression. KRAS activity can
influence the microenvironment of PDAC by producing factors
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such as Sonic Hedgehog (40), interleukin-6 (41), prostaglandin
E (42), and in this way regulate stroma maintenance (43).
KRAS signaling was also shown to act in the promotion of
immunosuppression (43).
Although over 90% of PDAC harbor activating mutations in
KRAS, one of the most potent of all human oncogenes, still
there are no KRAS targeted therapies in the clinic. Direct
inhibition of KRAS has proven challenging due to relatively
smooth surface of 3D structure, classifying KRAS as an
undrugable target (44, 45). Instead, multiple groups have
investigated the efficacy of targeting KRAS indirectly and
targeted its downstream mediators such as MEK and PI3K
pathways. However, inhibition of PI3K is complicated by the
existence of multiple isoforms of the PI3K protein and the fact
that not all isoforms of PI3K interact with KRAS (46). New
strategies for the treatment of advanced stage PDAC need to
be developed to overcome the high drug resistance and
increase survival of patients. Targeting KRAS opens many
possibilities to develop novel strategies for suppressing KRAS
activity. Allosteric compounds that access an inducible pocket
formed in the structureof KRAS, have been reported, but these
compounds require further optimization to enable their
advancement into drugs that can be used in the clinic. Recently,
covalent inhibitors of KRAS G12C have been reported (47, 48)
a few of which could be tested in clinical trials by 2020.
TGF-β signaling; TGF-β plays an important role in
homeostasis and various cellular processes, including cell
growth, differentiation and apoptosis (49). At the early stages
of tumor progression TGF-β has a tumor suppressive function
and inhibits cell growth but with the progression of
tumorigenesis, it gains an oncogenic function in PDAC (50).
SMAD proteins that can be classified as receptor-regulated,
mediators or inhibitors, usually activate TGF-β signaling.
Binding of TGF-β ligand to type II receptor leads to SMAD2
and SMAD3 phosphorylation, which then make a complex
with SMAD4 tumor suppressor protein (7). Inhibitory
SMADs (SMAD6 and SMAD7) can disrupt this signaling via
binding to the receptor. This pathway is usually up-regulated
in patients with PDAC. Mutation in SMAD4 is observed in
about 40% of pancreatic tumor cases, leading to its reduced
expression and inactivation (51). SMAD4 mutation is
recognized and seen in high-grade PanIN lesions (51).
Activation of pathways due to SMAD4 mutation promotes
tumor cell survival, stimulates angiogenesis and contributes
to the resistance to chemotherapy. Mutations in TGF-β1 and
TGF-βR-1-2 are observed in most of the pancreatic
carcinoma cell lines and patients with advanced pancreatic
cancer, and contribute to the poor survival of patients (52). It
has been shown that immune activation of TGF-β gene
knockdown mice can result in tumor cell apoptosis and
prolonged survival. Targeting TGF-β with siRNA induced
apoptosis via activation of RIG-I signaling, significantly
reduced TGF-β serum levels, and demonstrated antitumor

activity upon systemic treatment of orthotopic PDAC mice
models (53). One of the molecules that negatively regulate
TGF-β pathway is SnoN (Ski-related novel protein N) protein
and its silencing leads to a decrease in proliferation and
increase in apoptosis of cancer cells in vitro (54), suggesting
that TGF-β signaling represents and important molecular
target in PDAC tumors.
Hedgehog signaling; Overexpression of Sonic Hedgehog
ligands (SHH) in PDAC tumors results in cancer initiation and
metastasis and in a significant desmoplastic reaction (36). It
binds to the PTCH1 receptor that acts in the regulation of
Smoothened protein (SMO) and downstream of the pathway.
Overexpression of Hedgehog SMO results in aberrant
activation of the sHH pathway in pancreatic cancer (55).
Currently, many ongoing studies investigate the role of
inhibition of SMO receptors in PDAC. Inhibition of SMO
receptor by saridegib in combination with gemcitabine
significantly decreased desmoplasia and collagen deposition
and increased intratumoral gemcitabine concentration
improving overall survival of mice (36). However, promising
results were not obtained in clinical trials by using combination
of hedgehod signaling inhibitor with gemcitabine. As a part of
one pilot study and phase II clinical trial, small-molecule SMO
antagonist vismodegib showed disappointing results in patients
with metastatic pancreatic cancer (56) (NCT01064622).
Targeting any molecule in the Hedgehog pathway seems a
good strategy as it can affect both the tumor and its
surrounding stroma, as well as their interaction.
Notch and Wnt signaling; Overexpression of Notch genes,
Notch receptors and ligands were recognized even in early
PanIN lesions (57, 58). Up-regulation of Notch signaling
pathway leads to the invasive phenotype of pancreatic cancer
by interacting with oncogenic pathways and deregulating
EGFR and NF-kB signaling (59). Notch 1 has been shown to
be highly expressed in BxPC-3, HPAC, and PANC-1
pancreatic cancer cell lines and its inhibition by siRNA
significantly decreased cell growth and induced apoptosis (60).
Wnt signaling pathway was also shown to be abnormally
activated in PDAC (59, 61). Wnt receptor is activated by
ligand binding, resulting in the activation of β-catenin. In
normal cells, β-catenin is inactive, however, in pancreatic
carcinoma, active β-catenin levels are increased. Extracellular
proteins can act as positive regulators, such as Hsulf-1, 2, of
Wnt signaling pathway and are usually shown to be
overexpressed in tumor cells but not in normal cells (62),
suggesting that Wnt signaling pathway is constitutively
activated and represents a therapeutic target. Biological
therapeutic agent OMP-54F28, a type of decoy receptor
protein that binds to the Wnt ligands was recently developed,
and is being used as part of a phase I clinical trial in
combination with paclitaxel and gemcitabine in patients with
stage IV pancreatic cancer. Results of the mentioned study
are yet to be announced (NCT02050178).
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Expression of several surface receptors has been associated
with progression of pancreatic cancer. Only a few inhibitors
have been developed including the EGFR inhibitor erlotinib,
but did not improve survival of patients significantly. New
inhibitors are being developed against various receptors, but
more specific therapeutic targets are still needed.
Targeting Transferrin Receptors (TFRC); TFRC is a
membrane bound protein overexpressed in 93% of pancreatic
cancer cells and is considered a specific marker of malignant
cells (63). It has an essential role in the progression and
growth of pancreatic cancer (63, 64). Tumor-specific
liposome-based nanocomplex conjugated with a single- chain
antibody fragment (TfRscFv) for targeting transferrin receptor
has been used in vivo in PDAC models in mice (65) in
combination with gemcitabine. This complex system was
shown to successfully localize within tumor tissue via
transferrin receptor, to successfully decrease tumor growth
and to prolong median survival of metastatic pancreatic
cancer mouse model.
Folate receptor (FR); FR a glycosylphosphatidylinositolanchored receptor is another promising target for pancreatic
cancer therapy, as it is expressed in more than 80% of
analyzed patients with PDAC tumors, with intermediate or
high expression levels (66). FR is expressed mostly on tumor
cells, with limited expression in normal cells (67) and may
serve as an excellent receptor for targeted drug delivery by
nanoparticles.
Epidermal growth factor receptor (EGFR), VEGF and IGF
receptor targeted delivery; Epidermal growth factor receptor
(EGFR or HER1) (68), VEGF (69), and IGF receptors have
been targeted by monoclonal antibodies (Mab), and have been
evaluated in both preclinical and clinical trials. Targeting
EGFR in phase III clinical trial did not improve the outcome
of patients with advanced pancreatic cancer compared to the
use on gemcitabine alone.

Tumor-specific Nanotherapeutics
for Targeting PDAC

The use of nanoparticles (NPs) for the treatment of pancreatic
cancer has emerged in recent years because of their unique
properties. Cellular internalization of nanoparticles is
depended on their size, shape and charge. In addition to
avoiding unwanted and dose-limiting toxicity to normal cells,
specific and selective targeting by tumor targeting
nanodelivery systems is critical to improve efficacy of the
anti-cancer therapeutics in PDAC. Conjugation or
encapsulation of drugs to the nanoparticles improve their
stability and half-life and allow them to be released in a more
controlled manner. Modified nanoparticles can significantly
increase pharmacokinetics and biodistribution profile of
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drugs. Various features of nanoparticles such as size play
important role in determining the biodistribution of cargo
drugs and allow them to penetrate tumors through enhanced
permeability and retention effect (EPR). They can easily
penetrate the cell membrane, interact with different biological
molecules and accumulate within tumors. Charged particles
develop electrostatic attraction or repulsion with charged
components, which further hinders their diffusion. Their
stability can be increased by functionalizing their surfaces
with molecules that prolong their circulation throughout the
body. Chemotherapeutic agents or therapeutic RNA
molecules (siRNA) for gene therapies can be conjugated or
encapsulated within nanoparticles that acts as nanocarriers to
increase the intracellular delivery of a drug to cancer cells,
but also for the knockdown of an abnormal gene or protein
expression in cancer. All of these properties of NPs represent
an advantage for utilizing nanoparticle-mediated targeted
delivery that can significantly lower the drug dosage and
toxicity, and improve drug bioavailability and gene therapy
for better prognosis of hardly treated pancreatic cancer.

Mechanisms of NPs Accumulation in Tumors

Tumor targeting can be classified as passive or active. In the
passive targeting, NPs accumulate within neoplastic tissue as
a result of EPR effect. Besides NP size, EPR effect is based
on two main characteristics, leaky and defective vasculature
and impaired lymphatic drainage that are distinctive properties
of cancerous tissues (70). The permeability of vasculature and
retention lead to the accumulation of nanoparticles, thus
significantly increasing their tumor concentration (71). Passive
targeting happens mostly through diffusion-mediated transport.
Therefore, size, shape, geometry and surface properties of
nanoparticles are critically important factors for their
internalization into cells. Active targeting is achieved by
receptor-mediated targeting into the tumor or tumor
microenvironment (71). Some receptors that are specifically
overexpressed or only unique to cancer cells enable and
facilitate the uptake of NPs and therapeutic cargo
accumulation of chemotherapeutic agents in the tumor.
Targeting moieties, such as high affinity ligands (i.e.,
antibodies, Ab-fragments, peptides, aptamers) that bind to the
specific receptors on tumors are usually used to functionalize
the surface of the delivery system to increase NP/drug uptake.

NP-mediated Delivery of Chemotherapeutic Drugs

Gemcitabine is incorporated into nanoparticles to increase its
distribution into cancer cells at lower doses. Rejiba et al.,
showed increased efficacy of Gem (4-(N)-tris-nor-squalenoylgemcitabine (SQ-Gem) nanoparticle formulation (72) in PDAC
tumor models (73). This nano-formulation had an anti-tumor
effect through inhibiting cell proliferation, and inducing

Aslan et al: Pancreatic Cancer Therapies (Review)

apoptosis when administered at a concentration of 5 μM in
resistant Panc1 cells that resulted in 40% of apoptotic cells,
while the treatment with free gemcitabine resulted in only 10%
of apoptotic cells and significantly inhibited tumor growth and
prolonged survival of mice. Similar results were obtained with
gemcitabine–squalene nanoassemblies both in vitro and in vivo
mouse model, where inhibition of tumor volume by
approximately 70% was observed (74).

Inorganic NPs. These NPs such as iron oxide, carbon
nanotubes (CNT), quantum dots (QDs), gold nanoparticles
(AuNP) functionality have been investigated as drug or gene
carriers to improve drug therapeutic efficacy and prolong
survival of pancreatic cancer models in preclinical and patients
in clinical studies (75). Administration of (intravenous) IONPs
conjugated with IGF-1 and loaded with Dox (size: 20.4 nm)
into orthotopic pancreatic PDX models (76) have demonstrated
increased specificity and accumulation of nanoparticles within
a tumor area (Figure 2) and lead to significant inhibition of cell
proliferation and tumor growth (untreated vs. IGF1-IONPDox). Selective targeting against IGF-1R resulted in higher
levels of Dox within a tumor (5 mg/kg dose) that also
contributed to the reduction of tumor mass.
Gelatin-based drug delivery: Gelatin has been suggested as
an effective gemcitabine carrier due to its safety,
biocompatibility and biodegradability (77). To facilitate uptake
of this NP by pancreatic cancer cells, EGFR peptide was
conjugated on the surface of gelatin through a PEG linker (MW
2,000 Da, size: 150 to 250 nm) for targeted delivery. PEGyation
is known to provide better and longer systemic circulation.
Gemcitabine release into Panc-1 cells from Gem-Gel-PEGEGFR nanoparticle occurs following disulfide bonds cleavage.
Intravenous injection (once per week for 4 weeks) of EGFRtargeted Gem-Gel-PEG nanoparticle significantly diminished
tumor volume (about 70%). Even though nanoparticles were
also trapped in liver or spleen, no side effects were determined.
Dual or multidrug delivery can be achieved by incorporating
two chemotherapeutic agents into the nanoparticle. Selfassembled so-called nanoscale coordination polymers (NCPs)based nanoparticles containing two agents (oxaliplatin and
gemcitabine) demonstrated good antitumor effect by induction
of apoptosis both in vitro by 75% in AsPc-1 and 80% in BxPc3 cells, and in vivo by 80% (78). This formulation inhibited
tumor growth in subcutaneous AsPc-1 xenograft models
resulting in 11-fold smaller tumor size compared to that of the
control group.

NP-based Delivery of siRNAs

Gene silencing can be achieved by three main ways that are
part of the RNA interference (RNAi) pathway: small
interfering (siRNA), microRNA (miRNA), and short hairpin
RNA (shRNA). siRNA also called small interfering RNA or

silencing RNA are non-coding RNAs that are produced from
double-stranded RNA molecules and are 20-25 base pairs in
length. These molecules act as a part of the RNAi
mechanism. Once siRNA is introduced into cells, it is cleaved
by the enzyme Dicer into short fragments, that later guides
loading of siRNA molecules to a protein complex called
RNA-inducing silencing complex (RISC). RISC proteins act
in the unwinding of siRNA and cleavage of siRNA sense
strand, leaving anti-sense strand free to complementary bind
to mRNA and induce post-transcriptional gene silencing (79).
In many preclinical and clinical studies, RNAi has been
used for the inhibition of oncogenes, growth or angiogenic
factors or receptors that are overexpressed in tumor cells and
involved in tumor progression. siRNA-based therapeutics
have many advantages compared to other oligonucleotides.
They can be easily chemically synthesized and efficiently
suppress gene expression. It carries a high degree of safety
and since it does not bind directly to DNA, there are no risks
for generation of new mutations during gene therapy (80).
Although siRNA have many advantages, there are also some
limitations for its use in cancer therapy. It is highly unstable
in body fluids and serum due to nuclease-induced
degradation. For successful delivery of siRNA to cancer cells,
many delivery systems including liposomes, polymers and
inorganic nanoparticles have been developed and conjugated
with cancer-specific targeting molecules (76).
Polymeric based NPs for siRNA delivery into PDAC:
Polymer-based NPs have been used as carriers for delivery of
siRNA targeting KRAS or other target genes both in vitro and
in vivo (80). LODER (Local Drug EluteR) local intratumoral
delivery system based on a polymer-scaffold has been shown
to be stabile, safe and effective in a PDAC mouse model (81).
LODER sufficiently delivered KRAS siRNA into PDAC
tumors and inhibited tumor growth and prolonged overall
survival of a mouse model.
Cationic poly (lactic acid) (CPLA) biodegradable
nanocapsules (CPLA-NC) with zeta potentials of +45 MV and
32 nm in diameter) have been tested for silencing the KRAS
oncogene in PDAC models (82). Negatively charged siRNA
was attached to its surface through electrostatic interactions.
CPLA-NC carrying siRNA against KRAS was able to suppress
the expression of KRAS gene by almost 50% in PDAC models
in vivo. This complex did not exert any nanoparticle-based
cytotoxicity, suggesting its safe use for in vivo applications.
PLGA/poloxamer
(polyethyleneimine-poly
(lactidecoglycolide) nanoparticle for siRNA delivery in to PDAC.
Hypoxia-inducible factor 2α (HIF-2α) also called endothelial
PAS domain protein-1 (EPAS1) was shown to be up-regulated
in most of the cancers (83) and in about 67% of PDAC patients
(84). Overexpression is correlated with poor prognosis,
advanced stage and lymph node metastasis, thus making it a
potential therapeutic target in PDAC. In vivo targeting of
EPAS1 by siRNA encapsulated in PLGA/poloxamer
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Figure 2. Targeted delivery of IGF1-IONPs into orthotopic pancreatic PDX tumors and in vivo antitumor effect. (A) NIR optical imaging of the
whole body 24 h after IONP administration; Ex vivo optical imaging of representative tumors and organs following sacrificing the mice (B) Pre
and post 24 h T2-weighted MR images. (C) Prussian blue staining of frozen tumor sections indicating the presence of IONPs in both tumor edge
and tumor center (green arrows) after IGF1-IONP administration via the tail vein. Blue: IONP-positive cells. Red: Nuclear fast red. (D) IGF1R
antibody labeled tumor tissue sections obtained from IGF1-IONP-treated mice dual stained with Prussian blue staining. IONPs (blue) were detected
in IGF1R highly expressing tumor cells (white arrows) and intermediate IGF1R expressing tumor stromal cells (light blue arrows). (E) Tumor
growth inhibition. The mean tumor weight (navy bar) and individual tumor weight distributions as color symbols after the treatment are shown.
*p<0.0001; **p<0.0006; ***p<0.005. Reprinted with permission from (76) © 2015 American Chemical Society.
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Figure 3. Biodistribution and gene-silencing activity of star 3-βIII-tubulin siRNA in orthotopic pancreatic tumors in mice. (A) Ex vivo fluorescent
images of heart, lungs, liver, spleen, kidney and orthotopic pancreatic tumors from mice injected (via the tail vein) with PBS, fluorescent siRNA
(AlexaFluor-647), or star 3-fluorescent siRNA (AlexaFluor-647). (B, C) Confocal images of frozen sections of orthotopic pancreatic tumors showing
the presence of fluorescent siRNA (red) in tumor tissue in mice administered with star 3-fluorescent siRNA, 24 h postinjection. Fluorescent siRNA
was extravasated from the tumor vasculature into the surrounding tumor cells. Mice injected with fluorescent siRNA (AlexaFluor-647) alone served
as controls. Fluorescent siRNA (red) and nuclear DNA (blue), tumor vessels (green) (white arrows indicate the location of siRNA). (D) Graph
showing knockdown of βIII-tubulin mRNA expression in orthotopic pancreatic tumors in mice 24 h after the final injection with star 3-βIII-tubulin
siRNA (4 mg/kg). (E, F) Western blot and immunohistochemistry staining from 2 individual mice showing reduced βIII-tubulin protein expression
in orthotopic pancreatic tumors in mice injected with star 3-βIII-tubulin siRNA (4 mg/kg) 24 h after the final injection. Reprinted with permission
from (86) © 2016 American Chemical Society.

(polyethyleneimine-poly (lactide-coglycolide) nanoparticle led
to better intracellular uptake (85). PLGA has been used for
many years for siRNA delivery, however, due to the low
electrostatic interaction between PLGA and siRNA, cationic
polyetheyleneimine (PEI) polymer is coated on the surface of
PLGA to overcome this limitation. In vivo testing in PDAC
models suggested the significant diminishing in tumor volume
upon treatment of a nude mouse model with EPAS1 siRNA
nanoparticles.

Reversible addition−fragmentation chain transfer
polymerization based NPs was used for the synthesis of star
polymers to be used as carriers for delivery of siRNA to
pancreatic cancer cells (86). Combination of poly
(dimethylaminoethyl methacrylate) (PDMAEMA) and poly
oligo (ethylene glycol) methyl ether methacrylate)
(POEGMA) in different amounts, that were conjugated with
anti-siRNA targeting βIII-tubulin, type of proteins of the
cytoskeleton could lead to effective delivery of siRNA.
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PEGylation of nanoparticles with POEGMA (38 nm) was
used to overcome the problem of opsonization and increase
the efficcay of gene silencing. High transfection efficiency
and uptake of fluorescently-labeled siRNA star-POEGMA
nanoparticles into MiaPaca-2 cells were observed (Figure 3).
There was a significant, more than 80%, reduction in βIIItubulin gene expression following systemic delivery
(4 mg/kg) of star nanoparticle. Stability of nanoparticles with
POEGMA was achieved and star polymeric nanoparticles
carrying siRNA against βIII-tubulin showed a therapeutic
effect in an in vivo orthotopic pancreatic mouse model (86).
Inorganic nanoparticles (INPs). INPs (ranges from 1-100 nm)
such as iron, silver, gold, and copper sulfide have been
investigated for the delivery of siRNA for in vitro and in vivo
gene knockdown (87, 88). Multifunctional superparamagnetic
iron oxide nanoparticles (SPIONs) have been developed and
used for silencing PLK1 (Polo-like kinase) through RNAi
mechanism and imagining both nanoparticle delivery in vivo,
tumor progression and response to treatment (88). PLKs are a
type of serine-threonine-kinases which, in most of pancreatic
cancer patients, are involved in cell-cycle processes and are
thought to contribute to the oncogenesis of pancreatic cancer
(89). SPIONs were coated with dextran and functionalized with
streptavidin for the conjugation of biotinylated EPPT1, which is
a peptide targeting overexpressed underglycosylated MUC1
antigen on the surface of the pancreatic cancer cells. Biotinylated
myristoylated polyarginine peptides (MMAP) (increased tumorspecific targeted delivery of nanoparticles (123 nm) with PLK
siRNA and improved cellular uptake of nanoparticles followed
by sufficient release of siRNA for silencing of PLK1. Delivery
of nanoparticles specifically to a tumor tissue in a mouse model
after intravenous injection (3qD/ 4 weeks, 5 mg/kg of iron) was
successful and led to a reduction in tumor volume. In vivo
silencing of PLK1 was shown to induce apoptosis, and inhibit
proliferation of cancer cells. The main problem of siPLK1-StAvSPIONs was the relatively short half-life of siPLK1-StAvSPIONs that can result in rapid body clearance, therefore
limiting its therapeutic efficacy (88).
Overall, studies suggest that application of siRNA as a
therapeutic agent for pancreatic cancer with the possibility for
in vitro and in vivo imaging of tumor response, represents a
viable strategy, that has many advantages over conventional
therapies used in the treatment of this devastating disease.

Photothermal Therapy by Inorganic Nanomaterials

An important characteristic of some nanomaterials is that
they are able to convert light energy into heat energy,
making them effective therapeutics for targeting cancer
cells. There are several advantages of using this strategy to
treat cancer, including minimal invasion, fewer side-effects,
controllability and specificity to certain tumor regions.
Inorganic nanoparticles such as gold, carbon nanotubes or
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copper sulfide nanoparticles were shown to successfully
convert photoenergy into thermal energy (90).
Carbon nanotubes; Photothermal effects of multi-walled
carbon nanotubes functionalized with PEG were shown on
PANC-1 cells at different concentrations of nanoparticles (5,
10, 50 μg/ml) (91). In the presence of laser irradiation, a
significant increase in apoptotic cells was detected at doses
over 10 μg. Exposure to 50 μg/ml resulted in a significant
induction of reactive oxygen species (ROS)and 57% of
pancreatic cancer cells were ROS-positive.
Gold nanorods, recently, received much attention due to
their plasmonic photothermal therapy characteristics. Gold
nanorods are able to produce vapor nanobubbles known as
plasmonic nanobubbles after irradiation with short laser
pulses. However, tumor specific delivery and targeting is a
key factor in order to avoid the damaging effect on
bystander cells. In this regard, Patino et al., (92)
functionalized the surface of gold nanorods with thiol-PEGbiotin in order to get rid of cetyltrimethylammonium
bromide (CTAB) layer on the surface of gold nanorod,
which is known to be highly toxic for cells. In addition, in
order to achieve a targeted delivery by MUC-1 marker and
increase the cellular uptake of the gold nanorods, they
conjugated the nanorods with EPPT (MUC-1 specific
peptide) and MPAP (myristoylated polyarginine peptide)
peptides and showed a highly selective destruction of cells
upon laser irradiation with no obvious damage in
surrounding cells. In photothermal therapy approach a high
loading of nanomaterials is generally required to achieve
sufficient heating and, in this case, the uptake rate of gold
nanorods was increased by dual (EPPT and MPAP)
conjugation. In another study, Yin and colleagues (93)
studied the triple effect of KRAS gene silencing, doxorubicin
and photothermal therapy as a pancreatic cancer therapy.
They used a layered structure and coated the surface of gold
nanorods with negatively charged PSS polymer to capture
doxorubicin and also coated the surface with positively
charged PAH polymer to capture siRNA. Exposure to 665
nm light provided the controlled release of doxorubicin and
KRAS siRNA to the tumor cells and suppressed t tumor
growth for at least 25 days (Figure 4).

Combination Therapies with Gene Targeting

Co-delivery of chemotherapeutic agents and siRNAs
incorporated within one nanocarrier gain much attention and
has become an important part of both preclinical and clinical
applications for cancer treatments. Recent studies have also
focused on targeting more than a single gene using siRNA for
development of more effective combination therapies.
Zhao et al., employed the delivery of siRNA targeting
HIF1α and gemcitabine both in vitro and in vivo to pancreatic
cancer via lipid-polymer hybrid nanoparticles (94). High
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Figure 4. Antitumor activity of AuNRs/DOX/KRas siRNA in a Panc-1 xenograft animal model. (A) Representative images of mouse and tumor tissues
treated with (1) PBS, (2) free AuNRs, (3) free DOX, (4) AuNRs/DOX, (5) AuNRs/KRAS siRNA, (6) AuNRs/DOX/KRASsiRNA or (7)
AuNRs/DOX/KRASsiRNA with 665 nm light irradiation. For mice treated with both AuNRs/DOX/siRNA and 665 nm light, the strongest inhibition
rate was observed. (B) Relative changes in tumor volume versus time for mice treated by PBS, free AuNRs, free DOX, AuNRs/DOX, AuNRs/siRNA,
AuNRs/DOX/siRNA or AuNRs/DOX/siRNA with 665 nm light, respectively. Relative tumor volume was defined as (V-V0)/ V0, where V and V0
indicate the tumor volume on a particular day and day 0, respectively. Error bars represent SEMs for triplicate data. Mean tumor volumes were
analyzed using one-way ANOVA. *p<0.05, **p<0.01 (n=5-7 tumors). Reprinted with permission from (93) © 2015 Ivyspring International Publisher.

hypoxia in pancreatic cancer led to overexpression of HIF
(hypoxia-inducible factors) transcription factors that play
important role in activating other signaling pathways that
regulate tumor progression, mainly proliferation and
metastasis of cancer cells, but are also involved in drug

resistance. Gemcitabine was loaded in the core of the hybrid
lipid-polymer nanoparticles, while the surface is coted with
ε-polylysine co-polymer (ENPs) and siRNA was effectively
bound through electrostatic interactions, forming LENP-GemsiRNA nanoparticle with an average diameter of about 140 nm.
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LENP-Gem-siRNA successfully penetrated across the cell
membrane delivering gemcitabine and siRNA to PANC-1 cells
in vitro, that resulted in the reduction of their viability and a
90% decrease in HIF1α mRNA expression. The stability of
nanoparticles was confirmed upon administration intravenously
and contributed to longer systemic circulation and ability to
specifically and selectively target and accumulate within tumor
tissue, silencing HIF1α in vivo and inhibiting tumor growth.
This hybrid nanocomplex could suppress primary tumor
growth but also inhibit metastasis of the tumor and is suggested
for use in combination therapies carrying different siRNAs for
gene knockdown.
In addition to the already mentioned aberrantly activated
signaling pathways in PDAC, STAT3 (signal transducer and
activator of transcription 3) signaling was shown to be involved
in the poor outcome of patients through regulating the
expression of genes that play a role in proliferation and
apoptosis of cancer cells. STAT3 is also thought to be activated
in cancer stem cells, thus promoting resistance to chemo and
radiotherapy. Wu et al., prepared liposome vehicle carrying
STAT3 inhibitor FLLL32 and investigated its antitumor
efficacy both in vitro and in PANC-1 xenograft mouse model
(95). Lip-FLLL32 could inhibit the cell proliferation in several
pancreatic cancer cell lines, with an IC50 value two times
higher than that of FLLL32 alone. Administration of 15 mg/kg
Lip-FLLL32 in vivo significantly decreased STAT3 levels, as
well as its target genes including Bcl-xL, Survivin and
CCND1. Down-regulating the expression of STAT3 with LipFLLL32, demonstrated its ability to induce apoptosis and
reduce tumor growth. This nanoformulation sensitized PANC1 cells to gemcitabine, and in combination with X-ray radiation
significantly reduced tumor size, compared to the treatment
with radiation or Lip-FLLL32 alone.
Zeng et al., packaged siRNA against KRAS oncogene into
a nanocarrier formed from poly (ethylene glycol)-block-poly
(l-lysine) (PEG-PLL), and prepared another vehicle from poly
(ethylene glycol)-block-poly (dl-lactide) (PEG-PDLLA) to
encapsulate arsenic (As) for co-delivery and efficient
treatment in pancreatic cancer (96). With high transfection
efficiency (100 nM siRNA) in PANC-1 cells, KRAS mRNA
levels were down-regulated to ~40%, and cell-cycle arrested.
Combined synergetic effect of siRNA and As-NPs (si + AsNPs) resulted in a significantly higher number of apoptotic
cells (~40%) compared to that of the control and single NP
treatment groups. This NP approach led to a more than 60%
inhibition of the tumour compared with the PBS-treated
control group.
To overcome the problem with gemcitabine resistance, de
la Fuente et al., investigated the antitumor effect after coadministration of gemcitabine with polypropylenimine
dendrimer-coupled with siRNA or shRNA targeting ubiquitin
ligase ITCH that is a part of the p73 pathway involved in
apoptotic events in cells (97). These dendrimer complexes
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exhibit fast cell uptake and intracellular trafficking and
provide silencing targeted gene expression by 40%. In the
delivery with gemcitabine (100 mg/kg), tumor growth was
postponed, meaning that down-regulation of ITCH could
inhibit the cascade of events, therefore, inducing apoptosis
and promoting sensitivity of pancreatic cancer cells to
gemcitabine.
Conjugating siRNA targeting mutated KRAS gene on the
surface of gold nanorods (AuNR) and loading doxorubicin as
a chemotherapeutic agent led to the novel nanoformulation
named as AuNRs/DOX/K-RAS siRNA nanoplex for delivery
both in vitro and in vivo (93). Exposing to NIR light leads to
a significantly higher amount of siRNA and chemotherapeutic
agent release into cells for more improved antitumor activity.
The combination of chemotherapy and photothermal ablation
using AuNRs represents a good approach for effective
treatment of pancreatic cancer in vivo. Designing such
nanoformulations can be a good strategy to implement
personalized medicine.
In Table I, the nanotherapeutics that are developed or are
under research for pancreatic cancer therapy as a part of in
vivo preclinical studies in mice are summarized.

Conclusion Remarks

Over the recent years, there have been attempts to develop
different nanoparticles for delivery of chemotherapeutic
agents such as gemcitabine and gene inhibitors such as
siRNA. In addition to attempts to improve delivery of
gemcitabine, a front line therapeutic in PDAC, various
nanoparticles, including polymers, inorganic and lipid-based
NPs have been developed to inhibit PDAC growth and
metastasis. To overcome drug resistance, decrease off-target
toxicity and improve antitumor efficacy of chemotherapeutic
agents, siRNA therapeutics have also been used with the hope
of suppressing the progression of pancreatic cancer.
Targeting KRAS, EGFR and other genes have been shown
to be an effective strategy for treatment of PDAC. Designing
of nanoparticles to encapsulate both siRNA molecules and
chemotherapeutic agents and targeting them to cancer specific
receptors to improve active targeting of cancer cells, emerged
as a potential therapy of PDAC. Most nanoparticles exert
desired properties in vitro in terms of toxicity as well as
stability, but in vivo safety and toxicity profiles could be
different. Thus, extensive safety/toxicity studies should be
performed after in vivo administrations. Novel therapies are
also expected to target both cancer cells and tumor
microenvironment and disrupt stroma cancer cell
communication networks. Targeting signaling pathways that
are both active in the stroma and tumor compartments may
represent a valuable approach. In conclusion, NPs are
expected to be utilized more in the era of personalized
medicine for the development of single- or multi-gene
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Table I. Review of approaches targeting important genes and receptors along with the effective therapeutic agents for pancreatic cancer therapy.
Type of therapy

NP-mediated delivery of
chemotherapeutic drugs
NP-based delivery of siRNAs

Receptor-mediated targeting
Combination therapy
and Photothermal ablation

Targeted gene/
Receptor
IGF-1
EGFR
KRAS
HIF-2α
βIII-tubulin
PLK1
p53
HIF1α
STAT3
KRAS
ITCH
KRAS

Therapeutic
approach

Gemcitabine delivery
Doxorubicin delivery
Gemcitabine
Oxaliplatin and gemcitabine
siRNA
siRNA
siRNA
siRNA
Liposomes with TfRscFv
for gemcitabine delivery
siRNA and gemcitabine
STAT3 inhibitor FLLL32
siRNA and As-NPs
Co-administration of gemcitabine
and siRNA or shRNA
Chemotherapy and
photothermal ablation

targeting therapeutic approaches as well as in combination
with chemotheapeutics or small molecule inhibitor agents.
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