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Abstract: Pancreatic cancer is one of the most malignant tumors with one of the worst 
survival rates due to its insidious onset and resistance to therapies. Most therapeutics show a 
desired anticancer effect in vitro; however, very poor efficacy in vivo because of the limited 
drug delivery and penetration into pancreatic tumors attributed to the abundance of the tumor 
stroma, ie, the fibrotic tumor microenvironment surrounding the cancer cells. For a better 
understanding of the challenges posed by the pancreatic tumor stroma, we outline the key 
features of the tumor microenvironment. Then we highlight major strategies used to tackle 
the challenges to improve drug penetration into the tumor and achieve enhanced efficacy 
(pre)clinically. Furthermore, we describe nanomedicine strategies to modulate the tumor 
stroma, degrade the extracellular matrix, and co-deliver multi-functional drugs, to improve 
the chemotherapeutics delivery and penetration into pancreatic tumors. 
Keywords: pancreatic ductal adenocarcinoma, cancer-associated fibroblasts, tumor stroma, 
tumor vasculature, drug perfusion, drug penetration

Introduction
Pancreatic cancer is one of the most fatal solid tumors in the world, with a very low 5- 
year overall survival rate of less than 8%.1 Based on the GLOBOCAN estimation in 
2020, pancreatic cancer is listed the seventh leading cause of death worldwide in both 
males and females, with the highest incidence rates in Europe and Northern America.2 

Pancreatic cancers are generally classified as endocrine cancer and exocrine cancer, 
among which pancreatic ductal adenocarcinoma (PDAC) is an exocrine tumor and 
accounts for around 90% of all malignant pancreatic neoplasms.3 Due to its poor 
diagnosis and prognosis, the number of deaths resulting from PDAC almost equalizes 
with the number of cases.2 According to a report, 458,918 PDAC cases were 
diagnosed, with 432,242 deaths worldwide in 2018.4 A study from 28 European 
Union countries predicts that pancreatic cancer may become the third leading cause 
of cancer-related deaths in Europe by 2025.5 Nowadays surgical treatment, che-
motherapy, and radiotherapy are still the routine methods in the clinic. However, 
surgical resection is reported to be applicable in only 10–15% of patients with PDAC, 
as most PDAC cases, due to the nonspecific clinical symptoms, are diagnosed at the 
advanced stage which usually presents widespread metastasis already.6,7 Moreover, 
development of high resistance has been observed in PDAC against traditional 
chemotherapy and radiotherapy, attributing to the complex tumor microenvironment 
and aggressive nature of PDAC, leading to most treatments being ineffective.8 

Currently, gemcitabine is used as alone or in combination with other cytotoxic agents, 
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and is applied as the first-line chemotherapy for PDAC in 
the clinic.8 However, mostly only a few months of survival 
extension after treatment are observed for patients due to the 
accumulated side-effects resulting from systemic adminis-
tration, non-specific drug target, and limited drug delivery in 
tumors.9–12

A typical feature of PDAC is the abundant desmoplasia, 
ie, highly fibrotic stroma in the tumor which can occupy up 
to 90% of the total tumor mass.13 The interplay between the 
tumor microenvironment and cancer cells promotes this 
desmoplastic reaction, leading to formation of a dense 
stroma in PDAC. Several studies have shown that a higher 
stromal content is associated with poor survival rate.14 The 
PDAC stroma closely surrounds the cancer cells and inter-
acts with these cells in both a paracrine and juxtacrine 
manner. The tumor stroma is composed of extracellular 
matrix (ECM) and various stroma cells, such as cancer- 
associated fibroblasts (CAFs) or pancreatic stellate cells, 
inflammatory immune cells such as tumor-associated macro-
phages (TAMs), natural killer (NK) cells, and vascular-cells 
including endothelial cells and pericytes15 (Figure 1). In 

addition, the distorted blood vessels promotes hypoxia in 
the tumor, which drives the chemoresistance.16

Nanomedicine to Treat Pancreatic 
Cancer
The development of nanotechnology to formulate a nano- 
scale drug delivery system provides possibilities to achieve 
improved therapy outcome, such as prolonged circulation, 
reduced side-effects, and site-specific drug delivery.17,18 

Nanocarriers can enter tumors via the phenomenon so- 
called Enhanced Permeability and Retention (EPR) effect 
– the process which occurs due to the immature and leaky 
blood vessels allowing nanocarriers to enter the tumor and 
poor lymphatic system which does not allow them to 
escape.19 However, the EPR effect varies in patients 
depending on the type of tumor and vascularization.20 In 
addition, due to the inherent property of nanocarrier-based 
delivery systems, they are able to load a high amount of 
chemotherapeutics which allow them to deliver a higher 
drug concentration to the tumor site in vivo compared to 
free drug. In 2013, albumin-bound paclitaxel nanoparticle 

Figure 1 Key features of the PDAC microenvironment. This diagram highlights highly dense stroma and its impact on immune infiltration (entrapped immune cells) leading 
to immunosuppression, collapsed blood vessels due to high interstitial pressure, and poor enhanced permeability and retention (EPR) effect hindering nanoparticles to 
penetrate into the tumor.
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(nab-paclitaxel) was approved to use in combination with 
gemcitabine as the frontline treatment for advanced stage 
pancreatic cancer patients.21 Paclitaxel was proposed to 
reduce the tumor stroma content and the expression of 
gemcitabine-metabolizing enzyme in patients with PDAC, 
thus improving the efficacy of gemcitabine in the tumor and 
leading to a significant survival rate.17 Although an effect 
on tumor stroma was seen, this is likely non-specific and 
due to a general cytotoxic effect on CAFs, which resulted in 
the stroma depletion. Nevertheless, nab-paclitaxel has deliv-
ered improved therapeutic efficacy in the clinic. In 2015, 
another nanomedicine, MM-398, a liposomal formulation 
encapsulating irinotecan, the topoisomerase I inhibitor was 
approved as a combinational therapy with 5-fluorouracil 
and folinic acid, for the second-line treatment of metastatic 
PDAC patients.17 This combination therapy showed an 
improved overall survival in patients compared to 5-fluor-
ouracil and folinic acid therapy alone due to the enhanced 
intratumoral drug level of irinotecan.22,23 Currently, grow-
ing nanomedicines for PDAC treatment have been under-
going clinical trials, which are summarized in Table 1.

Tumor Penetration Challenges in 
PDAC
Despite having some successful examples of nanomedicine 
against PDAC, nanomedicine still faces great challenges for 
its penetration into the tumor. The accumulation of nanome-
dicine into tumors depends on the physical microenviron-
ment of the tumor, including tumor vascularization 
(abundance of blood vessels and maturity of vessels), inter-
stitial fluid pressure, tumor stroma content, and tumor lym-
phatic flow. Unfortunately, the PDAC microenvironment 
represents one of the most unfavorable features for the 
penetration of nanomedicine. PDAC is a poorly vascularized 

tumor type with dense tumor stroma in the surrounding, with 
tightly packed CAFs within the ECM. CAFs produce enor-
mous amounts of ECM such as collagen and promote their 
crosslinking by producing lysyl oxidase (LOX) enzymes. 
Furthermore, due to the contractile nature, CAFs contract 
the ECM and enhance tumor stiffness (rigidity and elasti-
city) within PDAC. Wang et al24 have demonstrated that 
tissue stiffness measured using elastography correlates with 
drug delivery in orthotopic PDAC models. They proposed 
that shear modulus (a measurement of stiffness) increases 
with increased collagen density and is inversely related to 
drug delivery. Furthermore, Nia et al25 suggested that drug 
delivery is not only dependent on the tissue stiffness but also 
on the solid stress which is caused by increased cell prolif-
eration, matrix deposition, and gel swelling. Since the lym-
phatic vessels in PDAC are non-functional, the accumulated 
fluid is not able to escape. Besides that, ECM molecules 
such as hyaluronic acid, that has a high capability of retain-
ing fluids, swell and increase the tumor interstitial fluid 
pressure (IFP). High IFP leads to the compression of 
tumor blood vessels and sometimes a full collapse, impair-
ing the perfusion of small molecules to nanomedicine into 
the tumor. Furthermore, the ECM proteins such as fibrillar 
collagens form a complex network which acts as a physical 
barrier for the penetration of macromolecules, nanomedi-
cine, as well as immune cells. Consequently, due to col-
lapsed blood vessels and a high stroma barrier the EPR 
effect is minimal in PDAC.

In summary, the main features of PDAC turning them into 
highly impenetrable to small drug molecules, nanocarriers 
and immunotherapies are illustrated in Figure 1 and summar-
ized in Table 2. Developing new strategies is urgently needed 
to improve the bioavailability of drugs to the tumor. Below 
we discuss the current progress on different strategies to 
increase the intratumoral drug uptake in pancreatic cancer.

Table 1 Pancreatic Cancer Clinical Trials of Nanomedicine Strategies for Drug Delivery (Referring from https://clinicaltrials.gov/)

Agent and Nanotechnology Approach Status and Relevant 
Findings

NASOX: liposomal irinotecan with S-1 and oxaliplatin Phase I/IIa

PanDox: thermoliposome doxorubicin Phase I

Liposomal irinotecan with vactosertib, 5-FU and LV Phase I
AGuIX gadolinium-chelated polysiloxane based nanoparticles with radiotherapy Phase I/II

NBTXR3: hafnium oxide-containing nanoparticles with radiotherapy Phase I

Nanoparticle paclitaxel albumin-bound protein in combination with ascorbic acid, cisplatin and gemcitabine Phase I/II
Nanoparticle paclitaxel albumin-bound protein in combination with 5-FU, gemcitabine, cisplatin, irinotecan and folinic 

acid and radiotherapy

Phase II
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Strategies to Improve Tumor 
Penetration
To improve the penetration of (nano)drug into PDAC, 
many strategies have been proposed which are summar-
ized in Figure 2. These strategies can be divided into two 
major categories: 1) Modulating nanomedicine physico-
chemical properties; and 2) Modulation of tumor stroma.

Modulation of Nanomedicine
Size Reducing Strategies to Improve 
Penetration
Reducing the size of nanoparticles may facilitate the penetra-
tion into tumor. Li et al26 developed a size-switchable nano-
particle with cisplatin loaded to treat pancreatic tumor. This 
nano-system, with an initial volume around 80 nm, was 
triggered by the acidic environment in the tumor tissues 
(pH 6.5–7.0) and then dissociated into ~10 nm sized dendri-
mer building blocks, showing significantly deeper intratu-
moral penetration and thus improved efficacy.26 Cun et al27 

designed a dual-loading nano-system that was composed of a 

large nanoparticle with 18β-glycyrrhetinic acid loaded which 
regulated CAFs, and small nanoparticles with gemcitabine 
encapsulation which exhibited deeper penetration after 
releasing from the big particles in response to MMP-2 in 
the pancreatic tumor model. Li et al28,29 reported a series of 
poly(amidoamine)-based small nanoparticles which 
achieved a deep tumor penetration. They developed a light 
sensitive, oxygen-responsive copolymeric vesicle system 
containing hydrogen peroxide and poly(amidoamine) den-
drimer conjugating chlorin e6/cypate (CC-PAMAM) to gen-
erate oxygen and release the small photoactive CC-PAMAM 
particles for the deep penetration in tumor, which showed a 
significant inhibition of tumor growth in a human pancreatic 
tumor model.30 A recent study from Sun et al31 applied a 
gemcitabine-conjugated polymer to co-load with paclitaxel 
and an immunomodulating agent in a micelle system with a 
diameter of ~15 nm. They showed that this small nanoparti-
cle induced clearly increased drug accumulation compared to 
large-sized nanoparticles (~160 nm), thus improved efficacy 
in the PDAC tumor model.31 Taken together, nanoparticles 
with reduced size may lead to an improved intratumoral 

Table 2 Summarizing the PDAC Features Effecting Tumor Perfusion and Penetration and Potential Solutions

Key Features of PDAC Mechanisms Impact on Different Therapeutics Potential Strategies to Enhance 
Penetration

Highly dense stroma 

(Increased stiffness and 

solid stress)

- Excessive ECM 

production by CAFs 

- Reduced ECM 
degradation 

- Crosslinked matrix 

- Contractile CAFs

Poor diffusion and penetration of 

- Macromolecules, eg, monoclonal antibodies 

- Nanomedicine

- Inducing ECM degradation 

- Targeting CAFs (inhibit CAF- 

induced matrix production and CAF 
contraction)

Compressed and 

collapsed vasculature

- Infantile 

vasculature 
- High interstitial 

fluid pressure 

- Non-functional 
lymphatics

Poor perfusion of 

- Small drug molecules, eg, chemotherapeutics 
- Nanomedicine

- Reduce IFP using hypotensive agents 

- vasculature normalization

Poor EPR* effect - Compressed and 

collapsed blood 

vessels 
- Excessive matrix 

deposition

Reduced extravasation 

- Macromolecules, eg, monoclonal antibodies 

- Nanomedicine

- Improve blood perfusion, eg, 

normalization of vasculature 

- Enhance ECM degradation and 
inhibit ECM deposition

Immuno-suppressive 

environment

- Interaction 

between TAMs and 

cancer cells 
- Dense stroma

- Poor immuno-surveillance and efficacy of 

immunotherapy, eg, cell-based therapies and 

checkpoint inhibitors

- Targeting immune cells, eg, 

reprogram TAMs into anti-tumoral 

type 
- Anti-stromal agents to enhance 

penetration

Abbreviation: *EPR, Enhanced Permeability and Retention effect.
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distribution and thus achieve an improved therapeutic effi-
cacy. While this strategy is not suitable for different types of 
payloads due to their inability to be encapsulated in dendri-
mers, the concept can be explored to develop new systems 
based on other nanomaterials.

Triggered Local Release to Enhance Drug 
Uptake
Locally quick-trigger release of drug in the tumor may 
also offer an alternative strategy to increase chemothera-
peutics uptake by tumor tissues, due to the fact that as the 
result of rapid intravascular release, the established high 

drug concentration gradient between tumor vessel and 
tumor interstitium drives these small drug molecules diffu-
sion and promotes penetration and uptake in the tumor. Lu 
et al and others have shown the advantages of using these 
quick-triggered local drug release nanosystems to 
improved drug uptake by different tumor models.32–35 

Similarly, Malekigorji et al36 reported an externally ther-
mally-triggered nano-drug delivery system in pancreatic 
tumor models. They observed a clear tumor growth inhibi-
tion after applying a local irradiation which triggered the 
release of drug from the nanoparticles, improving tumor 
take-up of the drugs.36 Emamzadeh et al37 synthesized a 

Figure 2 Diagrammatic representation of different strategies to enhance tumor penetration of nanomedicine. To enhance the penetration, either nanomedicine can be 
engineered or the tumor stroma can be re-programmed. Nanomedicines can be tuned by size reduction strategy in which the size of nanoparticles (NP) is reduced upon 
reaching the tumor site, which allows deeper penetration into the tumor. In another strategy, one may induce triggered release of drug allowing rapid diffusion of small 
molecules into the tumor. In the third strategy, use of a transcytosis mechanism is interesting to induce penetration of nanoparticles through endothelial cells, for example 
using iRGD peptide. Other approaches are based on reprogramming of tumor stroma. In this approach, one may induce degradation of ECM using enzymes such as MMPs to 
reduce the physical barrier and solid stress or by reducing stiffness by normalization of CAFs. These approaches help in enhancing penetration by modulating physical 
microenvironment. Although reduction of ECM will lead to decompression of blood vasculature, relaxation of blood vessels using anti-hypertensive agents can induce tumor 
blood perfusion.
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novel thermoresponsive copolymer (poly(diEGMA-co- 
OEGA300)-b-PEHMA) to self-assemble into micelles 
which showed a heat-triggered drug release at mild 
hyperthermia of 40°C. They observed an increased cyto-
toxicity after applying hyperthermia in a pancreatic cancer 
in vitro study.37 These studies suggest that quick-trigger 
release nano-systems may offer an alternative manner to 
improve drug penetration and uptake in pancreatic tumor 
treatment.

Transcytosis Using Specific Peptides
Lo et al38 designed tumor-penetrating nanocomplexes 
by utilizing cyclic iRGD peptide (targeting αvβ3/5 

integrins and neuropilin-1) with a cell penetrating pep-
tide to deliver anti-Kras siRNA to PDAC. They 
showed that the nanocomplexes delivered anti-Kras 
siRNA into a PDAC mouse model and significantly 
delayed the tumor growth. In order to enhance the 
penetration across the tumor, a transcytosis mechanism 
has been explored. Transcytosis refers to the transfer of 
molecules from one side of the cell to another side that 
involves endocytosis, transfer of vesicle, and exocyto-
sis. Wang et al39 developed a polyamidoamine dendri-
mer-camptothecin conjugate that actively penetrates 
deep into PDAC tissue through γ-glutamyl transpepti-
dase-triggered cell endocytosis and transcytosis. In 
vivo, this dendrimer–drug conjugate exhibited high 
antitumor activity in patient-derived xenograft and 
orthotopic tumor models compared to gemcitabine for 
advanced pancreatic cancer. A study from Chen et al40 

demonstrated a central stroma targeting strategy to 
improve drug delivery in pancreatic tumors. They 
developed peptide conjugated micelles with pH-sensi-
tivity to specifically target the uPAR (urokinase type 
plasminogen activator receptor), a receptor overex-
pressed in tumor and stroma cells, which showed 
more nanoparticle accumulation in the tumor and selec-
tively released chemotherapeutics in the low pH part of 
the tumor (eg, center of stroma or lysosome), signifi-
cantly improving the efficacy. The strategy based on 
transcytosis is highly interesting to efficiently deliver 
nanoparticles across endothelial cells and stromal cells. 
More experimental evidence is, however, required to 
establish the translational value of this concept in vivo 
in terms of tumor specificity, applicability in highly 
desmoplastic and heterogenic tumors, and off-target 
effects.

Modulation of Tumor Stroma
Targeting CAFs to Improve Penetration
The PDAC microenvironment is enriched with a large 
number of stromal cells, in particular CAFs are the most 
abundant cell type. During tumorigenesis, stromal cells are 
either derived from resident cells or recruited from the 
bone marrow. Once recruited, they get activated by neo-
plastic cell-derived cytokines, chemokines, and exosomes, 
creating a tumor-favoring microenvironment, which 
further promotes the tumor development.41,42 In pancreatic 
cancer, pancreatic stellate cells (PSCs) are the most abun-
dant cell type in the stroma, constituting around 50% of 
it.43 Within the tumor microenvironment, the quiescent 
PSCs can be stimulated into the activated form and then 
differentiated into different subtypes of CAFs such as 
myofibroblastic CAFs (myCAFs), inflammatory CAFs 
(iCAFs), and (ap-CAFs).44–46 Moreover, more subtypes 
might be present in the complex microenvironment. 
MyCAFs (defined by α-SMA+, FAP+), mainly activated 
by transforming growth factor (TGF)-β, are largely 
responsible for the synthesis and production of ECM pro-
teins such as collagen, fibronectin, epidermal growth fac-
tor (EGF), connective tissue growth factor (CTGF), and 
matrix metalloproteinases (MMPs). iCAFs (α-SMA±, 
FAP±, IL6+) are the cytokines-secreting phenotype which 
are crucial for cell–cell interaction via paracrine signal. 
Ap-CAFs (CD74+, MHCII+) display immunomodulatory 
effects via activation of cytotoxic T-cells. Altogether, these 
features of different CAFs are essential to the pancreatic 
tumor growth, invasion, and resistance to 
chemotherapeutics.43,47,48

Increasing studies have shown that the CAF targeting 
strategy may provide improved drug delivery into the 
tumor. There are a number of experimental studies which 
have shown the use of nanoparticles to either co-encapsu-
late an anti-stromal drug and chemotherapeutics into a 
nanoparticle or combine anti-stromal drug with a nanopar-
ticle containing chemotherapeutic agent. Sonic hedgehog 
(SHH), secreted by tumor cells, is reported to stimulate 
PSCs to significantly promote the formation of desmopla-
sia in pancreatic tumors.49–51 Bailey et al50 observed a 
significant decrease of desmoplastic reaction in PDAC 
after using the antibody to inhibit SHH signaling. A land-
mark study from Olive et al52 reported the semi-synthe-
sized IPI-926 which was expected to block the SHH 
pathway via inhibiting the hedgehog receptor 
Smoothened in CAFs to improve drug delivery, as 
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Smoothened is highly upregulated in pancreatic CAFs.49 

They found that IPI-926 increased the vascular density and 
reduced desmoplasia, and thus improved gemcitabine con-
centration in the tumor.52 However, in the follow-up clin-
ical study IPI-926 was halted in a Phase II trial due to the 
increased mortality compared to the control group in pan-
creatic cancer treatment.53 One explanation could be from 
the work by Lee et al,54 who found that when Smoothened 
is inhibited in the SHH pathway, it accelerates the progres-
sion and metastasis of PDAC while indirectly decreasing 
desmoplasia. Besides, Rhim et al55 also observed a more 
aggressive tumor development after deleting the SHH in a 
PDAC mouse model. A recent clinical study of vismode-
gib, another SHH inhibitor, failed to show efficacy advan-
tages in combination with chemotherapeutics in patients.56 

Similarly, Ozdemir et al57 reported that depletion of CAFs 
in pancreatic tumors induced immunosuppression, pro-
moted tumor growth, and reduced survival. Although 
these studies raised concerns about the potential tumor- 
progressing role of CAFs, it also triggered the better 
understanding of the heterogeneity of CAFs, pathway- 
related effects, and discrepancies due to the total depletion 
of CAFs. Considering these issues, modulation of CAFs, 
preferably specific subtypes, rather than removal of all 
CAFs might provide improved therapeutic benefits.58

Integrins are a cell adhesion receptors family consist-
ing of α and β subunits. Integrins are proposed as an 
important player in mediating cell migration, proliferation, 
survival, and signal transduction between the cell and 
ECM.59,60 Previously we have shown that integrin α11 
was overexpressed in activated fibroblasts of pancreatic 
tumors, making it a potential target for CAFs.61 After 
knockdown of integrin α11, an inhibition of activation of 
PSCs was observed, showing a reduction in differentia-
tion, ECM production, and contraction. Furthermore, PSCs 
with α11 knockdown showed a reduced tumor cell migra-
tion enhancing effect compared to activated PSCs.61 

Recently, another study from our group reported that the 
overexpression of integrin α5 in PDAC tumor stroma can 
be an interesting therapeutic target in CAFs.14 

Interestingly, knockdown of α5 in PSCs led to the reduced 
activation of PSCs in vitro and reduced desmoplasia in 
vivo in mouse xenograft co-injection tumor models. 
Besides that, we demonstrated that using an antagonist 
against integrin α5 could reduce the desmoplasia (collagen 
content), resulting into decompression of blood vessels in 
co-injection and patient-derived xenograft mouse models. 
This decompression led to the enhanced tumor perfusion 

and therefore higher efficacy of gemcitabine into these 
mouse tumor models.14

Connective tissue growth factor (CTGF) is highly 
expressed in PDAC tissues including CAFs and, in turn, 
this factor also induces CAFs proliferation, migration, and 
ECM deposition.62,63 Aikawa et al64 demonstrated that 
using CTGF-specific monoclonal antibody (FG-3019) sig-
nificantly inhibited tumor growth, metastasis, and angio-
genesis in a mouse pancreatic cancer model. The 
following clinical trials indicated that patients who were 
treated with FG-3019 had increased potential for surgery 
and survival.65 These promising results have also granted 
this regimen for the Phase III clinical trial recently.65 A 
study from Resov et al66 investigated two synthetic pep-
tides targeting CTGF and showed an increased tumor 
inhibition when administered in combination with gemci-
tabine. It is worthy to note that the peptide did not improve 
the gemcitabine level in the PDAC tumor model.66

Furthermore, Han et al67 reported a dual-enzyme-sen-
sitive nano-system with gemcitabine encapsulation to tar-
get pancreatic tumors, which showed significantly 
improved tumor inhibition via the targeted uptake and 
maintenance of gemcitabine in the tumor cells. A study 
from the same group demonstrated a strategy of using 
metformin to disrupt the dense stroma followed by gemci-
tabine-loaded nanoparticles treatment.68 Metformin, an 
antihyperglycemic drug, is reported to suppress tumor 
growth by activating the AMPK (adenosine monopho-
sphate activated kinase) pathway which is closely asso-
ciated with desmoplasia via downregulation of TGF-β.69 

The authors observed an increase of gemcitabine nanopar-
ticle accumulation in the tumor after metformin therapy, 
which showed significant suppression of tumor growth 
compared with other groups.69

Pirfenidone, an antifibrotic drug, is commonly used to 
treat the idiopathic pulmonary fibrosis by down-regulating 
the TGF-β signaling pathway and collagen synthesis.70,71 

Kozono aet al72 reported that using pirfenidone to target 
the PSCs inhibited the proliferation, invasion, migration, 
and secretion of collagen, fibronectin, and periostin in the 
pancreatic cancer cell-activated PSCs. In addition, it 
showed a significant reduction of peritoneal dissemination 
and liver metastasis as well as the overall tumor growth in 
the PDAC mouse model when co-administrating pirfeni-
done and gemcitabine compared with gemcitabine alone.72 

A recent study from Gao et al73 investigated a pH-trig-
gered nanosystem to co-deliver pirfenidone and gemcita-
bine to the pancreatic tumor, which showed reduced 
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desmoplasia of tumor stroma, thus promoting drug pene-
tration in the tumor and improved efficacy. Ji et al74 

designed a MMP-2 responsive liposome with pirfenidone 
(PFD) encapsulated to down-regulate the components of 
ECM first, followed by gemcitabine treatment. The result 
showed a clearly deeper penetration of drug after the 
liposomal PFD treatment, thus leading to improved 
tumor inhibition.74

PSCs are known to store vitamin A (retinol)-storing 
lipid droplets inherently, which they lose when activated.75 

As a consequence, PDAC patients are generally deficient in 
this fat-soluble vitamin, which further promotes the activa-
tion of PSCs.76,77 Evidence has shown that using all-trans 
retinoic acid (ATRA) can restrain the desmoplasia forma-
tion and inhibit the tumor growth in PDAC, making it a 
promising agent for activated PSC-targeted therapy.76,78,79 

Han et al80 utilized a pH-responsive nanosystem to deliver 
ATRA in a PDAC mouse model. This treatment induced 
quiescence of PSCs and inhibited the ECM accumulation 
significantly, thus providing an increased delivery of gem-
citabine into the tumor. A recently finished Phase I trial of 
ATRA in combination of gemcitabine and nab-paclitaxel in 
pancreatic cancer treatment has supported the validity, 
showing expected stroma normalization after administration 
of all-trans retinoic acid.81

Relaxin-2, an endogenous hormone, has been reported 
with the properties to reduce fibrosis by inhibiting the 
pSmad2 signaling pathway.82,83 Mardhian et al84 utilized 
a nanosystem to deliver relaxin-2 to the pancreatic tumor 
model, observing a significant tumor inhibition by redu-
cing the collagen expression, thus also improving gemci-
tabine efficacy. A recent study from Hu et al85 

demonstrated the delivery of relaxin gene to the pancreatic 
tumor model, ameliorating the stroma environment and 
significantly inhibiting progression of metastasis to the 
liver.

Using miRNA to modulate the activated PSCs also 
provides a possible target therapy in pancreatic tumors, 
as miRNA can act as a tumor-promoter or suppressor.86 

Kadera et al87 reported an overexpression of miRNA-21 in 
PDAC tumor associated fibroblasts, and this high expres-
sion significantly correlates with the poor overall survival. 
Sicard et al88 demonstrated that depletion of miRNA-21 
strongly inhibited PDAC tumor progression in vivo. MiR- 
200 has been reported to be a regulator in reprogramming 
CAFs. CAFs showed an enhanced migration and invasion 
when down-regulating miRNA-200 in fibroblasts.89 A 
recent study from Vanessa et al90 indicated that the 

miRNA-200 family can act as a tumor suppressor gene, 
suggesting the potential therapy target in pancreatic tumor 
treatment. Another study from our group reported miRNA- 
199a and −214 to be overexpressed in activated PSCs and 
patient-derived pancreatic CAFs.91 We observed a signifi-
cant reduction of migration, proliferation, and collagen 
expression in these PSCs after treating with the miRNA 
inhibitors92 or anti-microRNA.93

Lee et al94 designed a urokinase plasminogen activator 
receptor (uPAR)-targeted magnetic iron oxide nanoparticle 
with gemcitabine loaded system showing uPAR-expres-
sing tumor and stromal cells targeted delivery in pancrea-
tic tumors. A significant inhibition of tumor growth was 
observed as a result of improved uptake of gemcitabine by 
the tumor tissue.94 Another strategy was reported by Chen 
et al,95 in which they developed a two-step sequential 
delivery system to enhance pancreatic cancer therapy. 
First, they delivered the nitric oxide (NO) donor S- 
nitroso-N-acetylpenicillamine (SNAP) loaded liposomes 
to PSCs to inhibit the production of dense stroma and 
subsequently administered gemcitabine loaded liposomes 
(Lip-GEM). This sequential approach led to enhanced 
intratumoral penetration of Lip-GEM due to the stromal 
disruption and enhanced efficacy, demonstrated in both a 
subcutaneous and orthotopic tumor mouse model.

Taking together, targeting CAFs is a promising strategy 
to inhibit CAF-induced desmoplasia barrier and thereby 
enhance the penetration of nanomedicine into PDAC.

Targeting the Immune Cells in Pancreatic 
Cancer
Macrophages and other immune cells such as T-cells, NK 
cells, and neutrophil are the main inflammatory cells infil-
trating in the tumor tissues, in which these macrophages can 
be polarized to either anti-tumorigenic M1 phenotype or 
pro-tumorigenic M2 phenotype.42,96,97 M1 macrophages 
can generate a high level of proinflammatory cytokines 
such as IL-12 and IL-23, promoting leukocytes recruitment 
and activation to against tumor growth.98 M2 macrophages, 
the most common type of tumor associated macrophages 
(TAMs), produce cytokines including TGF-β and vascular 
endothelial growth factor, and promote the progression and 
metastasis of tumor by enhancing angiogenesis, immune 
suppression, and tumor cell invasion.99,100 Modulation of 
Thus, target to TAMs could be a possible strategy to 
improve pancreatic cancer treatment.
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Lipoxin, a family of bioactive lipid mediators locally 
secreted by immune cells, has been reported to have 
ability in anti-inflammation and anti-carcinogenesis.101 

Zhou et al102 showed that Lipoxin A4 (LXA4) exhibited 
a protection effect in the acute pancreatitis model by 
reducing the pro-inflammatory cytokines as a result of 
inhibition of the NF-κB signaling pathway. Zong et al103 

revealed that LXA4 inhibited pancreatic cancer cell 
invasion by suppressing the ROS/ERK/MMPs pathway. 
In addition, a following study from the same group 
demonstrated that LXA4 could reverse the mesenchymal 
phenotype of pancreatic tumor cells, thus suppressing 
the invasion and metastasis of tumor, on the basis of 
down-regulating TGF-β1signaling.104 Simoes et al105 

tested ATL-1, an analog of LXA4, and found that 
ATL-1 inhibited tumor growth by stimulating TAM 
from M2- to M1-like profile change, thus inducing 
tumor cell apoptosis. In a follow-up study, they further 
investigated the mechanism of lipoxin anti-tumor pro-
file, and demonstrated that ATL-1 reduced the TAM- 
precursor monocyte population compared to the control 
group and attenuated the M2 markers expression on 
TAMs, impairing the progression of tumor.106

Besides the lipoxins, others targeting the inflamma-
tion in the tumor may also improve tumoral drug 
delivery.107 Inflammation induces the increased extra-
cellular fluid accumulation (known as edema) in the 
tumor, which hinders the effective intratumoral drug 
delivery.107 Cui et al108 performed a detailed meta- 
analysis of aspirin intake and found that, compared to 
low dose, high-dose aspirin intake might be correlated 
with the reduced risk of pancreatic cancer. It is sug-
gested that non-steroidal anti-inflammatory drugs 
(NSAIDs) may suppress cyclooxygenases (COX) to 
inhibit vascular hyperpermeability, thus facilitating 
drug delivery in the tumor.107 Studies have shown the 
overexpression of COX observed in pancreatic cancer.-
109–112 A recent study from Ceponyte et al113 has 
compared NSAIDs activities in pancreatic cancer cul-
ture. They found that fenamates, coxibs, and salicylates 
showed significant cancer cell growth inhibition. 
Another study from Lyons et al114 demonstrated a 
reduction of collagen fibrillogenesis as well as inhib-
ited cell migration in a breast cancer model after treat-
ment with NSAIDs.

Taking together, this evidence suggests the potential 
benefit of targeting immune cells in pancreatic cancer 
treatment to reduce tumor stroma and enhance penetration.

Targeting the Vasculature System in 
Pancreatic Cancer
The tumor vasculature system mainly consists of endothe-
lial cells and pericytes, which play a crucial role in the 
tumor development, progression, and metastasis. It has 
been recognized that angiogenesis promotes not only the 
growth of the tumor by delivering nutrients, but also the 
progression towards a more malignant and invasive tumor 
phenotype. Inhibiting the formation of vessels is, there-
fore, supposed to attenuate the progression of tumor. Early 
studies showed a high level of vascular endothelial growth 
factor (VEGF) production in PDAC as a result of 
angiogenesis.115 Anti-VEGF treatment has shown the cap-
ability of decreasing tumor growth and prolonging the 
survival of many cancer patients.116 However, many clin-
ical studies showed frustrating results that anti-angiogen-
esis therapy tended to cause an increased invasion and 
metastasis profile on tumors.117–119 As the induced highly 
hypoxic tumor microenvironment stimulates tumor cells to 
escape by promoting EMT (epithelial-to-mesenchymal- 
transformation) which leads to a more flexible phenotype 
on tumor cells.120 Besides that, anti-angiogenic agents 
may also damage the integrity of the vessels, reduce the 
coverage of pericyte and decrease microvessel density, 
thus facilitating the intravasation of cancer cells.121 

Therefore, the use of bevacizumab, an approved monoclo-
nal antibody of VEGF, in combination with gemcitabine 
failed to show benefit in overall survival in pancreatic 
cancer patients in the clinical phase III study.122 A similar 
phase I/II study also confirmed that multiple chemother-
apeutics with bevacizumab did not improve efficacy in 
metastatic pancreatic cancer patients.123 However, a recent 
study from Shen et al124 reported that using renin-angio-
tensin inhibitor in combination with bevacizumab signifi-
cantly prolonged the survival in metastatic colorectal 
cancer patients.

The tumor vasculature system is not only crucial for 
delivering nutrients but also therapeutics and therefore is a 
pivotal component controlling the effect of therapeutics. In 
pancreatic tumors, the tumor vasculature is often col-
lapsed, distorted, and poorly functional due to abundant 
stroma, high intratumoral pressure, leading to poor tumor 
perfusion, and insufficient intratumor drug delivery into 
the tumor.125–127 Major strategies to improve tumor perfu-
sion have reduced desmoplasia using CAF-targeting 
approaches, as discussed above. Another approach is the 
vessel normalization which has been suggested to improve 
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the chemotherapy perfusion and efficacy.128,129 

Nagathihalli et al130 showed that inhibition of STAT3 
(signal transducer and activator of transcription 3) com-
bined with gemcitabine effectively normalized the vascu-
lature of pancreatic tumor by attenuating the expression of 
osteonectin and increasing microvessel density, exhibiting 
an improved chemotherapeutics delivery into the tumor 
and thereby improved tumor inhibition. Kim et al used 
HS-173, the phosphoinositide 3-kinase inhibitor to nor-
malized pancreatic tumor vessels by inhibiting vascular 
leakage and neoangiogenesis. With this method, they 
observed an increased perfusion and improved therapeutic 
response when co-administrating with doxorubicin.131 A 
study from Trindade et al132 reported that increasing Dll4/ 
Notch signaling decreased the VEGF-induced endothelial 
proliferation and improved the maturation functionality of 
tumor vessels, thus reducing the metastasis and promoting 
the drug delivery. Vessel normalization can also benefit the 
immune effector cells infiltration to the tumor. Hamzah et 
al133 inhibited the regulator of G-protein signaling 5, indu-
cing vascular normalization in a pancreatic islet cancer 
model. A more uniformly distributed and less leaky vas-
culature was observed, facilitating immune cell infiltration 
and significantly improving the survival of the model 
mice.

Improvement of tumor blood perfusion is one of the 
strategies to resolve tumor-associated hypoperfusion hin-
dering nanoparticle penetration. Wei et al134 developed 
doxorubicin-loaded liposomes that carried low-density 
cilengitide, an αvβ3 integrin-specific cyclic peptide, via a 
membrane type 1-matrix metalloproteinase (MT1-MMP) 
cleavable peptide. In vivo, cilengitide, at a low dose 
showed the proangiogenic activity through cleavage by 
MT1-MMP on tumor endothelial cells and increased 
tumor blood perfusion, thereby improving the tumor accu-
mulation and distribution of doxorubicin-loaded lipo-
somes. These liposomes then displayed enhanced 
penetration and increased cellular uptake upon heat-trig-
gered release, leading to the improved efficacy in vivo. 
Kuninty et al14 applied AV3, which was an antagonist 
against integrin α5 to inhibit the ECM and fibroblast con-
traction induced by activation of CAFs, to treat pancreatic 
tumors followed by administration of gemcitabine, obser-
ving the decompression of blood vessels and thus improv-
ing intratumoral perfusion. This decompression facilitated 
the therapeutics perfusing into the tumor and produced 
higher drug uptake level, thus significantly inhibiting the 

tumor growth compared with other groups in these mouse 
tumor models.

Targeting the Extracellular Matrix in 
Pancreatic Cancer
The excess deposition of extracellular matrix (ECM) is a 
hallmark of pancreatic cancer. These ECM proteins and 
other components (eg, collagens, hyaluronic acid) in the 
tumor stroma form a physical barrier, increasing intratu-
moral pressure as well as contract the vessels, leading to 
limited drug delivery to the tumor.135 Evidence has shown 
that PDAC patients with high stromal hyaluronic acid 
exhibited much shorter overall survival compared to 
those with low hyaluronic acid.136 Similarly, patients 
with a high level of collagen expression showed a poor 
overall survival compared to those with low collagen 
levels.136,137 These studies indicate that excessive ECM 
deposition is negatively correlated with the patient out-
come and therefore represents a crucial target. Targeting 
the ECM may provide new therapeutic strategies in PDAC 
treatment.

Studies have shown that hyaluronic acid degradation in 
pancreatic tumor stroma led to the normalization of inter-
stitial fluid pressure and re-opening of collapsed vessels, 
thus improving drug delivery to the tumor.125,126 

PEGylated hyaluronidase 20 (PEGPH20) has been formu-
lated to improve hyaluronic acid degradation in vivo.138 In 
a PDAC mouse model, Provenzano et al126 showed a 
substantial reduction in the tumor size when PEGPH20 
was used in combination with gemcitabine attributed to 
enhanced drug delivery, thus observing a significant pro-
longed survival compared to gemcitabine alone. A similar 
study from Jacobetz et al,125 showed that administration of 
PEGPH20 reduced the vascular collapse and improved 
intratumoral uptake of gemcitabine. Given the effects 
observed in animal models, clinical studies were per-
formed with PEGPH20. A phase Ib/II study showed a 
significant increase of perfusion in PDAC patient treated 
with PEGPH20 in tumors with high hyaluronic acid 
levels.139 Furthermore, PEGPH20-related adverse events 
such as musculoskeletal and extremity pain, peripheral 
edema, and thromboembolic events were reported in 
patients. Recently, a phase III study reported that 
PEGPH20, however, did not show improved outcome 
when co-administration with nab-paclitaxel/gemcitabine 
compared to chemotherapy alone (median overall survival: 
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11.2 versus 11.5 months; median progression free survival: 
7.1 versus 7.1 months).140

A study from Ji et al74 reported a MMP-2 responsive 
liposome with pirfenidone (PFD) encapsulated to down- 
regulate the components of ECM first, followed by gem-
citabine treatment. The result showed a clearly deeper 
penetration of drug after the liposomal PFD treatment, 
thus leading to improved tumor inhibition.74 Although 
degradation of collagen in stroma may also be a therapeu-
tic approach to enhance drug delivery, there have been 
several studies reporting that lower stroma content may 
promote the development of PDAC.57,141 A recent study 
from Chen et al142 also showed that deletion of type I 
collagen in myofibroblasts induced immune suppression 
and reduction of overall survival. The reason could, in 
part, be the excessive depletion of matrix proteins, which 
in turn facilitates the tumor cells invasion and dissemina-
tion. Another study from Zinger et al143 reported pretreat-
ment of collagenase liposome to the pancreatic tumor 
allowed the follow-up drug penetration. They found that, 
based on this regimen, degrading the ECM facilitated 
paclitaxel micelles penetration and suppressed the tumor 
growth without affecting tumor cell metastasis.143

Altogether, these findings suggest that ECM can be an 
alternative target for pancreatic cancer treatment, but how to 
maximize this ECM-targeted therapy benefit with nanome-
dicine still needs more understanding. Probably reduction of 
ECM proteins in the tumor to some extent then followed by 
(nano)chemotherapy may achieve a better efficacy since it 
induces the deep drug penetration and uptake.

Conclusion
Poor perfusion and penetration of therapeutics into the 
PDAC tissue poses a great challenge to achieve an effec-
tive therapeutic response in patients. PDAC tissue has 
several barriers associated with the drug penetration due 
to the inherently developed compressed blood vasculature 
hindering tumor perfusion and excessive ECM deposition 
forming a physical barrier for deep penetration. These 
features not only limit the effective delivery of therapeu-
tics and impede the efficacy, but also make this tumor 
highly aggressive and resistant to therapy. Besides the 
primary tumor, treatment of (micro)metastasis is a key 
feature for most advanced PDAC and is a serious problem. 
Tumor penetration into micrometastatic tumors is there-
fore an important issue to address. These micrometastatic 
tumors are poorly vascularized and difficult to access for 
small drug molecules and nanomedicine. To our 

knowledge there is no focused study to enhance drug 
penetration in metastatic tumors and most studies are 
dedicated to the primary tumor.

In efforts to enhance tumor penetration, both the nano-
medicine field and tumor microenvironment fields have 
advanced technologies which are discussed herein. 
Nanomedicine technologies such as size reduction, triggered 
enhanced drug release, and tumor penetration via transcyto-
sis are some of the reported strategies which are proven in 
vivo in PDAC models. Yet, these strategies are fundamen-
tally confirmed and their clinical translation still needs to 
progress. On the other hand, different anti-stromal therapies 
developed during the last decade showing enhanced efficacy 
in experimental models were rushed to the clinical trials. 
Many of these strategies, however, resulted in clinical fail-
ures, either due to intolerable adverse effects or lack of 
efficacy. This opened up a debate about the “pro-tumori-
genic” or “anti-tumorigenic” role of tumor stroma in 
PDAC. It is more likely that complete depletion of stroma 
(ECM or CAFs) is not an optimal solution which indicate 
towards re-programming of the tumor stroma.

Of note, in contrast to the many other tumor-associated 
mechanisms, our understanding on the role of stroma is still 
in its juvenile stage. In the last 5 years, several subtypes of 
CAFs and other roles of stroma have been identified and 
understood, which will enrich the therapeutic pipeline for 
developing new strategies to overcome stromal barriers. 
Furthermore, repurposing of drugs such as losartan, all- 
trans retinoic acid, etc., as reported in this review, will expe-
dite the drug development against stroma barrier. Yet, new 
pathways are urgently needed to be explored to enhance the 
drug penetration in this hard-to-treat cancer. Furthermore, 
nanomedicine approaches provide great tools to combine 
different drugs either for co-delivery or sequential delivery 
of anti-stromal drugs and chemotherapeutic agents. We have 
increasingly seen many creative and innovative ideas from 
researchers to enhance the penetration of nanomedicine and 
also deliver complex molecules such as siRNA and 
microRNA. Yet, the challenge to bring these emerging tech-
nologies to clinic is massive and remains limited to the 
scientific publications. Overall, enhancement of drug pene-
tration in the pancreatic tumor is a vital approach which 
needs clinical validation in future.
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