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Digestive tumours, a common kind of malignancy worldwide, have recently led to the most
tumour-related deaths. Angiogenesis, the process of forming novel blood vessels from
pre-existing vessels, is involved in various physiological and pathological processes in the
body. Many studies suggest that abnormal angiogenesis plays an important role in the
growth, progression, and metastasis of digestive tumours. Therefore, anti-angiogenic
therapy is considered a promising target for improving therapeutic efficacy. Traditional
strategies such as bevacizumab and regorafenib can target and block the activity of
proangiogenic factors to treat digestive tumours. However, due to resistance and some
limitations, such as poor pharmacokinetics, their efficacy is not always satisfactory. In
recent years, nanotechnology-based anti-angiogenic therapies have emerged as a new
way to treat digestive tumours. Compared with commonly used drugs, nanoparticles
show great potential in tumour targeted delivery, controlled drug release, prolonged cycle
time, and increased drug bioavailability. Therefore, anti-angiogenic nanoparticles may be
an effective complementary therapy to treat digestive tumours. In this review, we outline
the different mechanisms of angiogenesis, the effects of nanoparticles on angiogenesis,
and their biomedical applications in various kinds of digestive tumours. In addition, the
opportunities and challenges are briefly discussed.

Keywords: digestive tumours, angiogenesis, anti-angiogenesis, nanoparticles, therapy
INTRODUCTION

The human digestive system consists of digestive gland organs (salivary glands, liver, and pancreas)
and digestive tubes (oral cavity, pharynx, oesophagus, stomach, small intestine, large intestine, and
rectum). Digestive tumours, principally hepatocellular carcinoma, pancreatic cancer, oesophageal
cancer, gastric cancer, and colorectal cancer, lead to the greatest number of tumour-related deaths
worldwide (1, 2). Moreover, digestive tumours accounted for 43.3% of the cancer incidence from 2000
to 2015 in China (3). The current therapeutic strategies for digestive tumours mainly consist of
surgical resection, chemotherapy, radiotherapy, molecular targeting therapy, and immunotherapy.
Because of indefinite clinical symptoms, deficient imaging features, and sensitive biomarkers, most
patients are diagnosed at an advanced stage with an unsatisfactory 5-year survival rate (4, 5).
Chemotherapy, including neoadjuvant and postoperative therapy, which is currently the primary
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approach to treat such patients, cannot achieve gratifying curative
effects because of the multidrug resistance mechanisms in tumours
(6, 7). Therefore, novel therapeutic strategies are required to better
treat patients with digestive tumours.

Angiogenesis is the formation of novel blood vessels from
pre-existing vessels and is a highly regulated process (8–10).
Judah Folkman, considered the father of angiogenesis research,
advanced the notion in 1971 that tumour growth depends on
angiogenesis, which is essential for removing metabolites,
supplying oxygen and nutrients, and promoting the metastatic
ability of cancer cells (11, 12). Additionally, Folkman proposed
that the tumour size would be limited to less than 2 mm3 in the
absence of angiogenesis and would then enter a dormant state,
thus raising the possibility of using anti-angiogenic antibodies
for the treatment of cancers (13, 14). Although a variety of anti-
angiogenic drugs, such as bevacizumab and sunitinib, were
approved worldwide in the following half-century and have
certain effectiveness, adaptive resistance and some adverse
events associated with poor pharmacokinetics have limited the
further application of this therapy (15, 16). The mechanisms for
anti-angiogenic therapeutic resistance have been widely reported
mainly including direct effects of hypoxia (co-option of normal
vessels in paracancerous tissues, vascular mimicry, and induction
of tumour invasion and metastasis), the influence of tumour
stromal cells (recruitment of tumour-associated macrophages,
endothelial progenitor cells, and pro-angiogenic myeloid cells),
and upregulating alternative pro-angiogenic factors (17–19).
Additionally, some tumour cells have been reported that could
continuously grow without angiogenesis, which might result in
the resistance of anti-angiogenic therapies (20, 21). Thus,
exploring novel anti-angiogenic tactics to surmount the
resistance and side effects to achieve better therapeutic effects
is urgent.

The rapid advancement of nanotechnology has brought
about more opportunities for anti-angiogenic therapies to
treat digestive tumours. Due to the highly leaky blood
vasculature and absence of functional lymphatic vessels in
solid tumours, nanoparticles (20–200 nm in diameter) could
avoid immune clearance, further prolonging their half-life and
specifically accumulating in tumour tissues, called the
enhanced permeability and retention (EPR) effect (22–24).
Thus , nanotechnology-based medic ine , a lso ca l led
nanomedicine, has made many advances in cancer treatment,
especially in the areas of targeted delivery of drugs and medical
imaging (25, 26). Moreover, nanoparticles could also solve the
aforementioned shortcomings of current conventional anti-
ang iogenic therap ies . In fac t , nanopar t i c l e s have
demonstrated great advantages as anti-angiogenic drugs
through targeted delivery, controlled release, prolonged half-
life, and increased bioavailability. However, due to their
dissimilar physicochemical properties, different nanoparticles
possess corresponding features of biodistribution properties
and half-lives (27, 28). Therefore, this article aimed to
summarize the different mechanisms of angiogenesis and the
actual applications of anti-angiogenic nanoparticles in digestive
tumours and discuss the current opportunities and challenges.
Frontiers in Oncology | www.frontiersin.org 2
MECHANISMS OF ANGIOGENESIS

Angiogenesis primarily consists of four sequential steps:
I) dissolution of extracellular matrix components surrounding
blood vessels like basement membrane glycoproteins by
proteolytic enzymes; II) activation and migration of endothelial
cell; III) proliferation of endothelial cell; and IV) formation of
capillary tubes (29). However, when the balance between anti-
angiogenic factors and pro-angiogenic factors is broken in some
pathological conditions (like asthma, atherosclerosis, myocardial
ischaemia, hypertension, and tumour progression), angiogenic
activators will be upregulated, further resulting in aberrant
angiogenesis (30).

Mechanisms of Tumour Angiogenesis
In 1971, Folkman proposed that tumours could not grow more
than 2 mm3 without vascular supply because of insufficient
oxygen and nutrition supply and poor clearance of metabolic
waste, which would further cause hypoxia or acidosis (31). The
physiological angiogenic process is maintained under the
dynamically relative homeostasis, which is being referred to as
“angiogenic switch” (32). Once this homeostasis is disrupted in
tumours, the “angiogenic switch” will be active, and the vascular
endothelial cells will be affected to upregulate the secretion of
angiogenic promoters and downregulate the secretion of
angiogenic inhibitors (33, 34). Over the past 50 years, the
complex mechanisms of tumour angiogenesis have been
exposed with more intensified researches.

Different types of angiogenic regulators could be released
from tumour cells, blood, endothelial cells, and extracellular
matrix (35, 36). Currently reported angiogenic promoters
include vascular endothelial growth factor (VEGF), epidermal
growth factor (EGF), transforming growth factor (TGF),
fibroblast growth factor (FGF), angiopoietin-1 and -2 (ANG-1
and -2), and platelet-derived growth factor (PDGF), while
angiogenic inhibitors include angiostatin; endostatin; platelet
factor-4; tissue inhibitors of metalloproteinases (TIMPs);
thrombospondin-1 (TSP-1); interferon (IFN)-a, -b, and -g; and
interleukin (IL)-12 (37). Some biological pathways like metabolic
stress (hypoxia, hypoglycaemia, and lower pH), gene mutation
(activation of oncogenes and inactivation of anti-oncogene),
inflammatory response (tissue inflammatory infiltration), and
mechanical stress (interactions by proliferating cells) can turn on
the “angiogenic switch”, further resulting in tumourigenesis (38,
39). Among these pathways, hypoxia plays an important role in
driving tumour angiogenesis, which can stimulate the expression
of angiogenic stimulating factors in cancer cells. The
transcriptional programs mediated by hypoxia-inducible factor
(HIF) can activate hypoxia, which acts as a central regulator of
detection and adaptive oxygen levels. HIF promotes the
overexpression of VEGF A (VEGFA) and its receptors VEGF
receptor-1 and -2 (VEGFR-1 and -2) (16). Moreover, HIF can
promote the expression of ANG-2, which helps the proliferation
of endothelial cells in hypoxic tumour areas, further destroying
the integrity of the vascular wall (40). Tumour hypoxic
conditions can also upregulate the expression of PDGF, which
January 2022 | Volume 11 | Article 789330
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conducts as the mitogen of fibroblast and mesenchymal cells and
induces different angiogenic actions (41). Additionally, matrix
metalloproteinases (MMPs) can degrade the extracellular matrix,
further mediating various changes in tumour microenvironment
to advance the angiogenic process (42).
Conventional Anti-Angiogenic Therapy
and Limitations
In the past 20 years, various anti-angiogenic agents were
developed and prolonged the survival time of patients to some
extent. Among them, more than 10 anti-angiogenic agents have
been approved for the treatment of different digestive
malignancies (Table S1 of the Supplementary Material) (43,
44). The mechanism of such agents is to prevent tumour cells
from obtaining nutrition by restricting available blood vessels
and blocking the formation of novel blood vessels in tumour
sites. Briefly, the mechanisms of most existing anti-angiogenic
strategies include blocking the interactions of VEGF and VEGFR
to their respective receptors (Figure 1) (43). It was also reported
that metronomic chemotherapy, which was defined as using
small doses of the high-frequency chemotherapeutic drug to
achieve a lower but effective range of drug concentrations over
long periods without significant toxicity, could downregulate
VEGF, further upregulating the expression of TSP-1 to play an
important role in inhibiting tumour angiogenic dormancy (45–
47)[a-c]. However, these therapies often have adverse reactions
like drug resistance, toxicity, and even thrombotic and
haemorrhagic diseases (48).

Despite that anti-angiogenic therapies sometimes stabilize
diseases and prolong survival, such treatment might lead to
more drug-resistant tumours and a higher patient recurrence
rate. Such clinical harm might be related to the compensatory
upregulation of angiogenic factors, further promoting tumour
angiogenesis and tumour escape mechanism, which lead to
acquired drug resistance. Among them, hypoxia plays an
Frontiers in Oncology | www.frontiersin.org 3
important role in tumour resistance to anti-angiogenic
therapies and leads to more aggressive metastatic diseases with
worse prognosis. Hypoxia-related HIF-1 pathway plays an
important role in the resistance to anti-angiogenic therapies
and is the main survival factor for cancer cells to overcome the
hypoxic environment. Hypoxia is reported to regulate hepatocyte
growth factor/mesenchymal–epithelial transition factor (HGF/c-
MET) signal pathway, further activating mitogen-activated
protein kinases/extracellular signal-regulated kinase (MAPK/
ERK) cascades, phosphoinositide 3-kinase/protein kinase B/
mammalian target of rapamycin (PI3K/Akt/mTOR) pathway,
and so on to promote tumourigenesis, progression, and drug
resistance (49–52)[y3-y6]. In the phase III METEOR trial,
advanced renal cell carcinoma (RCC) patients after previous
VEGFR-targeted therapy were given cabozantinib (tyrosine
kinase inhibitor), which could raise the survival rate (53)[y7].

For example, the anti-angiogenic efficacy of bevacizumab
might be greatly weakened by the alternative pro-angiogenic
signals generated during tumour proliferation and metastasis
(46). The hypoxic microenvironment produced in the anti-
angiogenic process could induce HIF-1 a and stimulate the
expression of b1 integrin, which had been upregulated in
bevacizumab-resistant tumours. Meanwhile, targeting b
integrin could enhance anti-angiogenic therapies and inhibit
the growth of bevacizumab-resistant tumours in xenograft
models (54)[y8]. Additionally, many preclinical and phase I/II
clinical trials have shown that a single anti-angiogenic strategy
cannot effectively inhibit tumour growth, which promoted the
development of multi-drug combination therapies (55).
However, in addition to causing serious side effects,
combination therapies usually performed poor biodistribution
and pharmacokinetic characteristics (56).

With the development of science and technology, the field of
nanobiology has attracted increasing attention in recent years.
Nanotechnology-based medicine, also known as nanomedicine,
has promoted tremendous advances in cancer treatment,
FIGURE 1 | Anti-angiogenic mechanisms of targeting (A) angiogenic growth factors and (B) proteolytic enzymes of the extracellular matrix by anti-angiogenic
strategies. Reproduced with permission (42). Copyright 2018, Ivyspring International Publisher.
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especially in the areas of targeted drug delivery and medical
imaging. Meanwhile, nanomedicine has made remarkable
achievements in the research and development of drug
development for clinical tumour treatment. Among them,
many nanobased drugs have been used in the clinical
chemotherapy of multiple gastrointestinal tumours, such as
colorectal cancer, including doxorubicin liposomes, paclitaxel
liposomes, and albumin-bound paclitaxel (27). The drugs
mentioned above not only can improve the local treatment
concentration but also can significantly reduce the non-specific
toxicity of organs. Moreover, they can solve the problem of
allergies to solvents (such as castor oil) caused by the poor water
solubility of some common chemotherapy drugs (such as
paclitaxel), further improving the quality of life of patients
(57). These nanoparticles take different easily modified and
highly biocompatible materials as their main body (such as
organic compounds, proteins, lipids, and polymers), which are
rationally modified and designed to be multifunctional drugs to
achieve specific imaging and precise treatment of tumours (58).
MECHANISM AND SUPERIORITY
OF NANOPARTICLES

Generally, nanomedicine is defined as a technology used to study
the properties and potential applications of materials sized 20–
200 nm (59). Compared with traditional drugs, nanoparticles
have unique properties and advantages, such as a large surface
area, to achieve a high drug loading rate, easy surface
modification to add new functions, protection of drugs from
degradation or metabolism, controlled release of drugs, and
Frontiers in Oncology | www.frontiersin.org 4
passive accumulation in tumours (60). They have the potential
to modulate the pharmacokinetic and pharmacodynamic
characteristics of drugs to increase their therapeutic
concentration. Compared with traditional drug delivery
methods, intravenous administration of nanoparticles can
passively accumulate drugs in tumour tissues through the EPR
effect, further improving the drug concentration in the tumour
site, which is realized based on the special histopathological
characteristics of tumour tissue (61). Briefly, normal blood
vessels are composed of dense endothelial cells, which can
prevent the escape and extravasation of nanoparticles.
However, the blood vessels of tumours are leaky and highly
permeable, resulting in the preferential accumulation of
nanoparticles in tumour tissues (Figure 2) (43). In addition,
targeting molecules can be modified on the surface of
nanoparticles to bind to highly expressed receptors on the
surface of tumour cells to play an active targeting role of
tumour tissue (62). Nanoparticles are increasingly widely
considered for the diagnosis and treatment of tumours because
of their important properties of passive and active targeting.

Passive Targeting of Nanoparticles
Passive-targeting nanomaterials, which can be transported into
tumour tissues through the EPR effect, are also the most widely
studied nanoparticle drug delivery systems at present. To ensure
that the tumour tissues receive sufficient nutrients and oxygen to
facilitate rapid tumour growth, the blood vessels of most solid
tumours have structural defects and produce a large number of
vascular permeability factors so that most tumours exhibit high
vascular permeability (63). The phenomenon produced by this
special pathological anatomy that can promote the accumulation
FIGURE 2 | Schematic diagram of nanoparticles targeting tumour tissues through enhanced permeability and retention (EPR) effect. Normal blood vessels are
composed of dense endothelial cells, which can prevent the escape and extravasation of nanoparticles. Blood vessels of tumour tissue are leaky and highly
permeable, allowing the preferential accumulation of nanoparticles in the interstitial space of the tumour. Reproduced with permission (42). Copyright 2018, Ivyspring
International Publisher.
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of nanomaterial substances in tumour tissues is called the EPR
effect, which mainly manifests as macromolecules with
molecular weights greater than 40 kDa selectively leaking out
of tumour tissues and accumulating in solid tumours but not in
normal tissues (64). The EPR effect is mainly related to the size of
nanoparticles. Briefly, when the diameter is less than 4 nm,
nanoparticles are not only likely to be filtered through the
glomerulus in the systemic circulation and then discharged
through the kidney but also diffuse back into the blood
circulation after entering the tumour tissue because of the large
pores between the vascular endothelium, which reduces the
passive-targeting effect.

Nanoparticles greater than 400 nm in diameter are easily
swallowed up by the reticuloendothelial system as foreign matter
during blood circulation. Even if they reach the blood vessels
near the tumour, they cannot permeate into tumour tissues
because they are larger than the blood vessels. That is why the
EPR effect is best when the size of the nanoparticles is from 20 to
200 nm (65–67). The EPR effect based on the characteristics of
solid tumours is a milestone for tumour-targeted drug delivery
and has been widely used in the development of nanobased
antitumour drugs.
Stimulus-Responsive Nanoparticles
Stimulus-responsive nanoparticles achieve targeted delivery and
controlled release of drugs by responding to the stimulation of
physics, chemistry, and biomolecules (68). Their advantage is
that they can realize the controlled release of drugs through the
stimulation of trigger conditions, further reduce the loss of drugs
during the process of blood circulation and reduce the toxicity of
drugs (69).

It is well known that tumour tissue has a lower pH than
normal tissue because cells in normal tissue are powered by
oxidative phosphorylation, while in tumour tissue, cells are
powered by glycolysis, resulting in the production of large
amounts of lactic acid, which is known as the Warburg effect
(70). The pH value in normal tissues is close to neutral (7.4),
while in most tumour cells, it is slightly acidic (≤6.5) (70).
Nanoparticles are prepared using pH-dependent chemical
bonds to make them stable under physiological conditions. In
a weakly acidic tumour environment, the chemical bonds can
break, release the drugs, and improve the local accumulation rate
of drugs in the tumour site (71).

According to the literature, cancer stromal cells actively
secrete glutathione (GSH), resulting in a concentration of GSH
in tumour cells (2~10 mmol/L) 100~1,000 times that in normal
cells (2~20 mmol/L) and 100 times that in normal tissue,
resulting in a strongly reducing environment in colorectal
cancer (72, 73). Due to the existence of the mercaptan group
in GSH, it can act as a reducing agent and become an important
antioxidant, further decomposing some essential chemical bonds
such as disulfide bonds and diselenide bonds (74, 75). Therefore,
GSH stimulation-responsive nanoparticles are widely used for
targeted delivery and controlled release of antitumour drugs. In
addition, temperature, magnetic force, light, electric field, force,
ATP, DNA, RNA, and enzymes can also be used as factors to
Frontiers in Oncology | www.frontiersin.org 5
stimulate drug release in nanoparticles, further improving the
tumour treatment efficiency (76, 77).
Active Targeting of Nanoparticles
Active-targeting nanomaterials, a novel approach to antitumour
nanotechnology, can specifically bind to receptors overexpressed
on the surface of tumours and tumour vascular endothelial cells
by modifying the corresponding ligands on the surface of
nanoparticles. Active targeting mainly depends on the
interaction between ligand molecules and the surface receptors
of tumour cells. Therefore, the ideal ligands used for active
targeted delivery of antitumour drugs should be able to bind to
tumour cells as much as possible but not to normal cells. A
variety of ligands have been used for active antitumour drug
targeted delivery, including folic acid, glucose, peptides, proteins,
antibodies, and small interfering RNAs (siRNAs) (78, 79). The
advantage of active targeting nanocarriers is that off-target effects
can be avoided as much as possible (80). In summary, the aim of
active targeting nanomedicine is to achieve a high affinity
between receptors and ligands. Compared with passive
targeting, the active targeted nanomaterial delivery system can
enhance the binding of nanomaterials to tumour cells, reduce the
non-specific uptake of nanomaterials, avoid the generation of
drug resistance, and increase the distribution of drugs at the
tumour site (81). In addition, nanocarriers have a variety of drug
delivery capabilities, such as timely administration of
chemotherapeutic drugs, targeted drugs, prodrugs, and drug
kinases (82).
Imaging Diagnosis
Because different tumour stages require corresponding treatment
methods, the treatment of digestive tumours largely depends on
accurate imaging diagnostic technology. CT, MRI, and PET are
the most commonly used imaging techniques for diagnosing
digestive tumours in the clinic. Nevertheless, these techniques are
mainly based on the histomorphology and metabolic changes of
tumours, which exhibit poor sensitivity in some cases, such as
micrometastasis and small tumours (83). Nanoparticles can wrap
high concentrations of imaging agents such as iodine, magnetic
materials, and radioactive substances inside themselves to
amplify the signals generated by tumours. In addition,
nanocarriers can weaken the signal intensity of normal tissue,
further reducing any interference with the diagnosis (84, 85).

In addition, new technologies such as near-infrared (NIR)
fluorescence imaging can be used to observe the tissue
morphology and metabol ism, providing addit ional
possibilities to detect important anatomical structures and
tumour lymph node metastasis in real-time during surgery
(86). The wavelength of NIR fluorescence is from 700 to 900
nm, with high tissue penetration (at the centimetre level) (87).
After packaging NIR agents into nanoparticles and injection,
the fluorescence signal can be captured by a laparoscopic
fluorescent imaging system in real time, while human eyes
are not sensitive to the NIR wavelength, and their presence will
not change the surgical field.
January 2022 | Volume 11 | Article 789330
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Synergistic Therapy
Phototherapy, a light-mediated therapy, has gradually attracted
increasing attention recently because of its advantages of
minimal invasiveness, spatiotemporal controllability, and low
toxicity in tumour treatment. Phototherapy includes
photodynamic therapy (PDT) and photothermal therapy
(PTT). PDT mainly relies on photosensitizers to absorb energy
under light conditions, causing a series of photochemical and
photobiological reactions and producing cytotoxic substances
such as reactive oxygen species (ROS), which selectively damage
tumour tissues (88). Indocyanine green (ICG), which has been
approved by the Food and Drug Administration (FDA) for
intraoperative fluorescence imaging in the clinic, is currently
widely studied as a PDT agent due to its antitumour effects (89).
The principle of PTT is that the photothermal medium converts
light energy into heat energy after being irradiated by a laser,
causing an increase in the local tissue temperature to achieve the
killing effect (90). PTT has a wide antitumour spectrum because
the process does not need oxygen. Additionally, most PTT agents
are excited by NIR lasers, which can penetrate deeply into tissues
and kill more tumour cells (91).

A synergistic system of phototherapy and chemotherapy was
constructed through nanotechnology, in which the improvement
of vascular permeability caused by phototherapy could increase
the accumulation of nanoparticles in tumours, further enhancing
the effect of chemotherapy (92). The thermal effect induced by
PTT not only promotes the release of drugs by the nanoparticles
but also changes the permeability of the cell membrane, further
increasing the endocytosis of cancer cells to chemotherapeutic
drugs (93). Nanotechnology can integrate different therapeutic
functions into single nanoparticles, achieving a more thorough
treatment mode and bringing new ideas and hope for tumour
treatment. Moreover, nanoparticles can achieve tumour
theranostics, which means that effective treatment is performed
Frontiers in Oncology | www.frontiersin.org 6
at the same time as tumour diagnosis, while the curative effect is
monitored by diagnostic methods at the same time (94).
ANTI-ANGIOGENIC NANOPARTICLES IN
DIGESTIVE TUMOURS

Based on the advantages mentioned above, researchers had
developed many novel nanoparticles to overcome the drug
resistance of anti-angiogenic therapies in digestive tumours.
The fundamental mechanisms of enhanced anti-angiogenic
treatment through nanoparticles are shown in Figure 3 (95).
Nanoparticles loaded with anti-angiogenic drugs had high drug
release efficiency and bioavailability, which could actively target
tumour tissues. As for some drugs with poor solubility,
nanocarriers could provide better delivery characteristics
through liposome coating. In addition, nanoparticles can
specifically control drug release through surface modification,
effectively reduce the therapeutic dose and administration
frequency, and further reduce the cytotoxicity and adverse
reactions of chemotherapeutic drugs. For example, some
nanoparticles could be transferred to tumour tissues in vivo
through a magnetic field and then respond to acidic tumour
environment for releasing loaded drugs (96). More
importantly, combining anti-angiogenic therapies with other
targeted therapeutic drugs and/or immunotherapy could
effectively reduce resistances by blocking their occurrence
mechanism. Co-delivering anti-angiogenic agents and
hypoxia-specific siRNA through nanoparticles, the most
critical step of tumour resistance (hypoxia) was inhibited to
defeat drug resistance and acquire a better therapeutic effect
(97, 98). Additionally, tumour-targeted nanoparticles co-
delivered by oxygen-generating MnO2 and sorafenib could
FIGURE 3 | Mechanisms of anti-angiogenic nanoparticles in hepatocellular carcinoma. Improving the biocompatibility of anti-angiogenic agents through different
nanocarriers (top left). Increasing the targeting and responsiveness of anti-angiogenic agents through modification methods (top right). Enhancing curative effect and
overcoming resistance through combined with other therapies (bottom) (95). Copyright 2018, Ivyspring International Publisher.
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decompose H2O2 to oxygen to alleviate hypoxia-driven drug
resistance further enhance anti-angiogenic effect and provide
benefits to digestive tumours treatment (99). The reported anti-
angiogenic nanotherapeutics are described below, which we are
looking forward to overcoming the limitations of the current
strategies, further improving their antitumour therapeutic
outcomes in digestive tumours.
Metal and Metallic Compounds
in Nanoparticles
Metal nanoparticles have been widely considered with various
applications in digestive tumours for anti-angiogenic treatment.
Among them, gold (Au) nanoparticles are considered one of the
most appropriate therapeutic options against tumours, and they
have the advantages of chemical stability, small dimensions, low
cytotoxicity, and inherent biocompatibility (100). Additionally,
some studies have indicated that Au nanoparticles (AuNPs)
possess anti-angiogenic properties. Mukherjee et al. first
reported in 2005 that Au nanoparticles could specifically bind
to VEGF-165 and basic FGF, further resulting in inhibition of
endothelial and fibroblast cell proliferation in vitro as well as
VEGF-induced permeability and angiogenesis in vivo. In
addition, such nanoparticles exhibited no significant hepatic or
renal toxicity in tumour-bearing mice (101). Based on the
superior PTT characteristics of Au nanoparticles, CD44v6-
GNSs (Au nanoparticle-conjugated CD44v6 monoclonal
antibodies) were constructed. Such CD44v6-GNSs could
inhibit the growth of gastric cancer and remarkably extend
survival in tumour-bearing mice. Moreover, photoacoustic
imaging indicated that CD44v6-GNSs could specifically target
the gastric cancer vascular system after intravenous injection in
vivo (102).

Furthermore,Aunanoparticles possess considerable advantages
as carriers for targeted drug delivery. 5-Fluorouracil (5-FU), a
thymidylate synthase inhibitor, is a commonly used
chemotherapeutic drug against colorectal cancer with various side
effects, such as bone marrow suppression, anorexia, and vomiting
(103). Liszbinski et al. loaded 5-FUonAunanoparticles coatedwith
anti-EGFR (EGF receptor) antibodies to treat colorectal cancer.
Such AuNP-5FU-EGFR nanoparticles showed superior efficiency
in apoptosis induction over single 5-FU with no significant
cytotoxic effects in human colorectal cancer cells (104). Delivering
siRNA to tumour tissues has always been a great challenge. Because
of their highermolecular weight and polyanionic properties, naked
siRNAs would be degraded swiftly by serum ribonucleases, causing
difficulties in crossing cellular membranes (105). It was reported
that Au nanoparticles might be an appropriate and safe choice to
deliver siRNA. A novel sequence of siRNA that targeted the
oncogene c-Myc was designed and bound to branched
polyethylenimine (bPEI)-modified Au nanoparticles. Such
siRNA/bPEI/AuNPs could effectively deliver siRNA into human
hepatoma cells and successfully silence the c-Myc gene with no
significant cytotoxicity (106). Interestingly, the expression of the c-
Myc gene was positively correlated with the expression of
proangiogenic-related genes in many digestive tumours,
Frontiers in Oncology | www.frontiersin.org 7
including hepatocellular carcinoma, pancreatic cancer, and
colorectal cancer (107–109).

Radiation therapy is a common clinical treatment for
digestive tumours and could be used as a supplement to
neoadjuvant therapy or as an auxiliary mean to prevent
postoperative tumour recurrence. As a high atomic number
element, Au could cause tumour tissue to have a mass energy
coefficient and a higher atomic number than normal tissue
while targeting the tumour region, further improving the
treatment rate of radiotherapy. Au nanoparticles could
enhance the efficacy of radiotherapy by regulating the cell
cycle, inducing DNA damage, producing oxidative stress, and
potentially interfering with bystander effects (110). Alhussan
et al. functionalized Au nanoparticles with polyethylene glycol
(PEG) and arginine-glycine-aspartate (RGD), the ligand for
integrins, to acquire the GNPPEG-RGD complex. GNPPEG-RGD
could not only target pancreatic cancer cells but also be used as
a drug carrier and radiosensitizing agent. Moreover, the uptake
of GNPPEG-RGD by cancer-associated fibroblasts (CAFs) could
be 10% higher than that of pancreatic cancer cells, causing the
targeted killing of CAFs and achieving an antitumour effect
(111). As a significant stromal cell component, CAFs could
promote angiogenesis in digestive tumours by upregulating
proangiogenic factors and controlling the biomechanical
properties of the tumour matrix, such as elasticity, stiffness,
and interstitial fluid pressure (112, 113). There are also studies
report ing that biodegradable honeycomb-l ike gold
nanoparticles (HGNs) could act as both radiosensitizing
agents and photothermal agents to achieve synergistic
photothermal radiotherapy. Such an approach could help
nanoparticles accumulate more efficiently to improve the
oxygen supply and damage double-stranded DNA in the
tumour tissues of xenograft pancreatic cancer mice (114).

As a trace element, copper (Cu) plays an important role in
multiple biological processes, such as oxidative metabolism,
angiogenesis, tumourigenesis, metastasis, and relapse, while its
imbalance can cause various diseases (115). A retrospective study
demonstrated that a higher serum copper level was associated
with relapse or disease progression in haematological
malignancies. In addition, it was positively related to some
adverse prognostic markers in chronic lymphocytic leukaemia,
such as an increased percentage of unmutated IgVH and higher
expression of ZAP70 and CD38 (116). Bai et al. reported hollow
copper sulfide (CuS) nanoparticles encapsulating sorafenib and
surface modified with anti-VEGFR antibodies. While CuS-SF@
CMV nanoparticles kill hepatoma cells by CuS-mediated PTT,
sorafenib and anti-VEGFR antibodies inhibit tumour
angiogenesis through the PI3K/AKT and Ras/Raf/MEK/ERK
pathways to achieve continuous inhibition against tumour
metastasis (117). Cui et al. modified the surface of CuS with
PEG and cyclic RGDfK peptide [c(RGDfK)] to acquire CuS-
PEG-c(RGDfK) nanoparticles, which not only possessed the
property of selective tumour uptake but also significantly killed
hepatoma cells through thermal ablation (118). There are also
studies reporting that cetuximab was modified on CuS to acquire
active targeting of CuS nanoparticles (CuS-Ab NPs) with
January 2022 | Volume 11 | Article 789330
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excellent PTT efficacy and superior biocompatibility in xenograft
models (119).

Silver (Ag) nanoparticles are another important therapeutic
noble metal widely used in medical applications. Gurunathan
et al. first reported that Ag nanoparticles could have anti-
angiogenic potential by inhibiting the VEGF-induced PI3K/Akt
cell survival signal in bovine retinal endothelial cells (120). It was
also reported that Ag nanoparticles could inhibit the process of
angiogenesis by exhibiting dose-dependent cytotoxic effects on
endothelial cells (121). Ag nanoparticles also had effective
antitumour activities in lung cancer, melanoma, cervical
cancer, breast cancer, and lymphoma cell lines (122–124).
Given the lack of relevant research, additional animal
experiments and preclinical studies are expected to validate the
effectiveness of Ag nanoparticles in treating digestive tumours.

Superparamagnetic iron oxide nanoparticles (SPIONs) are
widely used as targeted drug carriers with superior
biocompatibility, good chemical stability, and low toxicity (125).
Wang et al. loaded gambogic acid onto magnetic Fe3O4

nanoparticles (MNP-Fe3O4) called GA-MNP-Fe3O4, which
inhibited the migration and proliferation of pancreatic cancer cells
and downregulated the downstream target gene of angiogenesis,
VEGF (126). It has also been reported that using hyaluronate (HA)-
and trimethyl chitosan (TMC)-recoated SPIONs could significantly
prevent the angiogenesis of colorectal cancer cells (127).
Additionally, SPIONs modified with vasculature-specific binding
peptides could potentially be used to observe the angiogenic status
of gastric cancer in vivo (128).

Non-Metallic Nanoparticles
With the advantages of a large relative surface area, adjustable pore
size, higher drug loading efficiency, easy functionalization, and good
biocompatibility, silica-based nanoparticles have been widely used
as drug delivery systems in nanomedicine (129). In addition, silicate
nanoparticles have been found to have potential anti-angiogenic
effects against retinal neovascularization. Jo et al. demonstrated that
intravitreal injection of silicate nanoparticles could effectively reduce
anomalous retinal angiogenesis in retinopathy mice without direct
toxicity. The specific mechanism might be that such nanoparticles
could inhibit VEGF-related angiogenesis by suppressing VEGFR-2
phosphorylation and blocking the activation of ERK (130).
Additionally, Setyawati et al. confirmed that silica nanoparticles
could inhibit the proliferation, migration, invasion, and viability of
endothelial cells, further restraining angiogenesis by triggering the
production of intracellular ROS and activating the p53 gene-related
pathway. This study also reported that compared with 40- and 100-
nm nanoparticles, nanoparticles with a diameter of 60 nm exhibited
the most effective inhibitory effect against angiogenesis (131). In
another study, mesoporous silica nanoparticles (MSNs) were used
to encapsulate evodiamine (EVO) and berberine (BBR) to acquire a
delivery platform with temperature and pH responsiveness. This
dual drug delivery platform exhibited excellent synergistic
therapeutic effects against angiogenesis, cell migration, and
invasion in hepatoma and colon cancer cells (132). Fluorescent
silica nanoparticles marked by endoglin aptamers have been
demonstrated to interfere with the TGF-b pathway by binding to
tumour vascular endothelial cell membrane proteins, further
Frontiers in Oncology | www.frontiersin.org 8
inhibiting angiogenesis and reducing vascular density in xenograft
hepatocellular carcinoma mice (133). Silica-based nanoparticles
have also been reported to have anti-angiogenic potential in
pancreatic and colorectal cancers (134–136).

Carbon is the second most abundant element in the body, and
the application of carbon-based nanoparticles such as graphene,
nanodiamonds, carbon nanotubes, and carbon nanodots in the
antitumour, especially anti-angiogenic, field has been widely
studied recently (137). Murugesan et al. reported first that
carbon-based nanoparticles such as graphite, multiwalled
carbon nanotubes, and fullerenes exhibited remarkable anti-
angiogenic activity against both FGF- and VEGF-induced
angiogeneses in a chick chorioallantoic membrane model
(138). Lai et al. found that bovine serum albumin-capped
graphene oxide (BSA-GO) could strongly bind to VEGF-A165

and act as an effective angiogenesis inhibitor. Such nanoparticles
could thereby block the interaction of VEGF-A165 with the VEGF
receptor and stop the downstream signalling pathway of
angiogenesis in hepatoma cells (139).

Recently, Ding et al. developed PEI-modified single-walled
carbon nanotubes (SWNTs) to deliver VEGF-targeted siRNA
(siVEGF) for synergistic targeted treatment against angiogenesis.
The observations in xenograft pancreatic adenocarcinoma mice
indicated that such nanoparticles could significantly accumulate
in tumour tissues and inhibit the growth and angiogenesis of the
tumours. Moreover, low cytotoxicity, good biocompatibility, and
negligible organ toxicity were observed in this study (140).
However, the renal clearance, toxicology, and biocompatibility
of carbon-based nanoparticles are still controversial and limit
their further application. Some studies have suggested that they
might penetrate the cell membranes of healthy tissue, resulting in
harmful inflammatory and fibrotic responses and cell death
(141, 142).

Polymeric Nanoparticles and Liposomes
Synthetic and naturally derived polymeric nanoparticles have also
received great attention in various biomedical fields, especially in
drug delivery systems for cancer treatment and other diseases
(143). As a naturally alkaline polysaccharide, chitosan has been
widely used as a candidate material for drug carriers, taking
advantage of its biodegradability, lower immunogenicity, better
biocompatibility, and non-toxicity (144). Chitosan-based
nanoparticles have been widely used in the treatment of
digestive tumours, including anti-angiogenic therapies. Zhang
et al. designed N-deoxycholic acid-glycol chitosan (DGC) as a
carrier loaded with the commonly used chemotherapeutic agent
docetaxel (DCT) and the angiogenic marker peptide for gastric
cancer (GX1) to obtain multifunctional vascular targeting
nanoparticles (GX1-DGC-DCT). GX1 could effectively promote
the uptake of nanoparticles by cells, as observed by confocal laser
scanning microscopy. After intravenous injection of GX1-DGC-
DCT, tumour growth in xenograft gastric cancer models showed a
tumour inhibition rate of 67.05% compared with the single DCT
group (145). Some similar studies in gastric cancer reported that
chitosan oligosaccharide (COS)-conjugated selenium (Se) and
carboxymethyl chitosan (CMCS)-conjugated norcantharidin
(NCTD) could remarkably enhance its antitumour efficacy
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TABLE 1 | Representative nanoparticles mentioned in review for anti-angiogenic therapies in different digestive tumours.
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through regulating the VEGF-related pathway to repress
angiogenesis with non-toxic effects (146, 147). In addition, the
delivery of siRNA by chitosan-based nanoparticles was also
studied extensively. Nikkhoo et al. reported carboxymethyl
dextran-conjugated TMC (TMC-CMD) nanoparticles loaded
with signal transducer and activator of transcription 3 (STAT3)-
specific siRNA and BV6, a well-known inhibitor of apoptosis
(IAP) inhibitor. The results showed that such nanoparticles could
reduce both in vitro and in vivo tumour growth and angiogenesis
by decreasing the expression of related genes, including TGF,
VEGF, and FGF, in colorectal cancer (148). Some similar studies
reported that chitosan-based nanoparticles loaded with IL-6-
specific siRNA and HIF-1a-specific siRNA could inhibit
colorectal cancer progression and angiogenesis (149, 150).
Epirubicin (EPI), as an anthracycline derivative, is a first-line
chemotherapy drug against various digestive tumours (151). Nasr
et al. loaded EPI in chitosan nanoparticles to treat hepatocellular
carcinoma, and it exhibited lower cardiotoxicity and superior
results in reducing angiogenesis, overcoming resistance, and
enhancing the therapeutic efficacy (152). Chitosan-based
nanoparticles have also been reported as potential candidates for
anti-angiogenic treatment in other digestive tumours, such as
cholangiocarcinoma and pancreatic cancer (153–156).

PEG, polylactic acid (PLA), and polycaprolactone (PCL) are
FDA-approved commercially available biodegradable
copolymers that are widely used to prepare nanoparticles for
drug delivery (157). Apatinib (a selective VEGFR-2 inhibitor)
and DCT (Taxotere) are widely used for combined treatment in
digestive tumours, but their curative effects appear to be
impaired due to the disadvantages of the i r poor
pharmacometabolic characteristics (158). Yu et al. constructed
PEG-PCL liposomes as a drug delivery system for apatinib and
DCT. They could achieve locally higher drug concentrations and
prolong the release time, further decreasing angiogenesis,
promoting apoptosis, and inhibiting proliferation in xenograft
colorectal cancer mice (159). Liu et al. prepared PEG-PLA
micelles to coencapsulate paclitaxel (PTX) and itraconazole
(ITA) to produce PTX-ITA micelles (PIM) nanoparticles. PIM
showed excellent systemic pharmacokinetics and increased drug
accumulation in the tumour site. Additionally, PIM normalized
blood vessels and inhibited tumour growth in both a human
orthotopic pancreatic cancer model and genetically engineered
spontaneous pancreatic ductal adenocarcinoma mice (160).
Liposomal nanodelivery systems have also been widely studied
in various digestive tumours, such as hepatocellular carcinoma
and gastric cancer (161–163).
FUTURE PERSPECTIVES AND SUMMARY

Digestive tumours account for nearly half of the cancer incidence
in China and cause the most tumour-related deaths worldwide.
As a common molecular targeted therapy in the clinic,
angiogenesis plays an important role in the development of
digestive tumours. Anti-angiogenic therapies have been
identified as an effective direction in digestive tumour
treatment, but they are associated with some limitations, such
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as potential resistance and adverse reactions. Nanomaterials are
considered superior tools to solve the above problems and
achieve individual therapies. However, the successful
translation of nanoparticles from the laboratory to the clinic
could improve cancer treatment, but many challenges remain. In
recent years, nanoparticles have been shown to possess stronger
biocompatibility and more efficient tumour targeting capability
through reasonable functionalization and modification. By
adjusting their surface properties and the size and shape of
nanoparticles, their drug toxicity and pharmacokinetics can be
changed both in vitro and in vivo (164). In this article, we
reviewed the biomedical applications of different nanoparticles,
inc luding metal /meta l l ic compounds, non-metal l ic
nanoparticles, polymeric nanoparticles, and liposomes, in
various digestive tumours (Table 1). These nanoparticles can
be used in various ways, such as delivering siRNA, antihypoxia,
molecular targeting peptide phototherapy, and photothermal
anti-angiogenic therapy.

Although nanoparticles have potential therapeutic effects,
their application still has some limitations. The complexity and
diversity of tumours and the different properties of nanoparticles
would lead to different uptake in vivo. A better understanding of
their intracellular transport and cellular uptake mechanisms
might effectively reveal the potential therapeutic benefits of
nanoparticles. Moreover, careful evaluation of their toxicity is
required before the clinical applications of nanoparticles.
Although various studies have proven that nanoparticles
exhibit better biocompatibility and scarce cytotoxicity in
preclinical models, their potential toxicity and an uncertain
fate in the human body are still worrying. Therefore,
developing more appropriate models to further evaluate the
toxicity of nanoparticles is of great importance. In addition,
Frontiers in Oncology | www.frontiersin.org 11
nanoparticles also need to solve the phenomenon of drug
resistance against anti-angiogenic therapies. Although some
scientific and technical considerations are required before
translational clinical applications, we have adequate reason to
believe that combined with existing treatment strategies, anti-
angiogenic therapies could become part of the treatment
approach to digestive tumours.
AUTHOR CONTRIBUTIONS

All authors made substantial contributions to this review. ZZ and
HY conceived and designed the review. ZY, WD, XZ, YA, and YL
retrieved and reviewed the literatures. ZY, WD, and XZ wrote the
manuscript. ZZ and HY reviewed and edited the manuscript. All
authors read and approved the manuscript.
FUNDING

This work was supported by grants from the National Key
Technologies R&D Program (No. 2015BAI13B09), National Key
Technologies R&DProgramofChina (No. 2017YFC0110904), and
Clinical Center for Colorectal Cancer, Capital Medical University
(No. 1192070313).
SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fonc.2021.
789330/full#supplementary-material
REFERENCES

1. Zhou DD, Liu XF, Lu CW, Pant OP, Liu XD. Long Non-Coding RNA PVT1:
Emerging Biomarker in Digestive System Cancer. Cell Prolif (2017) 50(6):
e12398. doi: 10.1111/cpr.12398

2. Blondy S, Christou N, David V, Verdier M, Jauberteau MO, Mathonnet M,
et al. Neurotrophins and Their Involvement in Digestive Cancers. Cell Death
Dis (2019) 10(2):123. doi: 10.1038/s41419-019-1385-8

3. Wei W, Zeng H, Zheng R, Zhang S, An L, Chen R, et al. Cancer Registration
in China and Its Role in Cancer Prevention and Control. Lancet Oncol
(2020) 21(7):e342–9. doi: 10.1016/S1470-2045(20)30073-5

4. Bruni D, Angell HK, Galon J. The Immune Contexture and Immunoscore in
Cancer Prognosis and Therapeutic Efficacy. Nat Rev Cancer (2020) 20
(11):662–80. doi: 10.1038/s41568-020-0285-7

5. Kobayashi H, Enomoto A, Woods SL, Burt AD, Takahashi M, Worthley DL.
Cancer-Associated Fibroblasts in Gastrointestinal Cancer. Nat Rev
Gastroenterol Hepatol (2019) 16(5):282–95. doi: 10.1038/s41575-019-0115-0

6. Wei L, Wang X, Lv L, Zheng Y, Zhang N, Yang M. The Emerging Role of
Noncoding RNAs in Colorectal Cancer Chemoresistance. Cell Oncol (2019)
42(6):757–68. doi: 10.1007/s13402-019-00466-8

7. Wei L, Sun J, Zhang N, Zheng Y, Wang X, Lv L, et al. Noncoding RNAs in
Gastric Cancer: Implications for Drug Resistance. Mol Cancer (2020) 19
(1):62. doi: 10.1186/s12943-020-01185-7

8. Mishra S, Kass DA. Cellular and Molecular Pathobiology of Heart Failure
With Preserved Ejection Fraction. Nat Rev Cardiol (2021) 18(6):400–23. doi:
10.1038/s41569-020-00480-6
9. Ma Q, Reiter RJ, Chen Y. Role of Melatonin in Controlling Angiogenesis
Under Physiological and Pathological Conditions. Angiogenesis (2020) 23
(2):91–104. doi: 10.1007/s10456-019-09689-7

10. Zhao Z, Sun W, Guo Z, Zhang J, Yu H, Liu B. Mechanisms of lncRNA/
microRNA Interactions in Angiogenesis. Life Sci (2020) 254:116900. doi:
10.1016/j.lfs.2019.116900

11. Hwang C, Heath EI. Angiogenesis Inhibitors in the Treatment of Prostate
Cancer. J Hematol Oncol (2010) 3:26. doi: 10.1186/1756-8722-3-26

12. El Aichouchi A, Gorry P. Delayed Recognition of Judah Folkman’s
Hypothesis on Tumor Angiogenesis: When a Prince Awakens a Sleeping
Beauty by Self-Citation. Scientometrics (2018) 116(1):385–99. doi: 10.1007/
s11192-018-2752-4

13. Folkman J. What is the Evidence That Tumors Are Angiogenesis
Dependent? J Natl Cancer Inst (1990) 82(1):4–6. doi: 10.1093/jnci/82.1.4

14. Teleanu RI, Chircov C, Grumezescu AM, Teleanu DM. Tumor Angiogenesis
and Anti-Angiogenic Strategies for Cancer Treatment. J Clin Med (2019) 9
(1):84. doi: 10.3390/jcm9010084

15. Iwamoto H, Abe M, Yang Y, Cui D, Seki T, Nakamura M, et al. Cancer Lipid
Metabolism Confers Antiangiogenic Drug Resistance. Cell Metab (2018) 28
(1):104–17.e5. doi: 10.1016/j.cmet.2018.05.005

16. Rey S, Schito L, Wouters BG, Eliasof S, Kerbel RS. Targeting Hypoxia-
Inducible Factors for Antiangiogenic Cancer Therapy. Trends Cancer (2017)
3(7):529–41. doi: 10.1016/j.trecan.2017.05.002

17. Lugano R, Ramachandran M, Dimberg A. Tumor Angiogenesis: Causes,
Consequences, Challenges and Opportunities. Cell Mol Life Sci (2020) 77
(9):1745–70. doi: 10.1007/s00018-019-03351-7
January 2022 | Volume 11 | Article 789330

https://www.frontiersin.org/articles/10.3389/fonc.2021.789330/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fonc.2021.789330/full#supplementary-material
https://doi.org/10.1111/cpr.12398
https://doi.org/10.1038/s41419-019-1385-8
https://doi.org/10.1016/S1470-2045(20)30073-5
https://doi.org/10.1038/s41568-020-0285-7
https://doi.org/10.1038/s41575-019-0115-0
https://doi.org/10.1007/s13402-019-00466-8
https://doi.org/10.1186/s12943-020-01185-7
https://doi.org/10.1038/s41569-020-00480-6
https://doi.org/10.1007/s10456-019-09689-7
https://doi.org/10.1016/j.lfs.2019.116900
https://doi.org/10.1186/1756-8722-3-26
https://doi.org/10.1007/s11192-018-2752-4
https://doi.org/10.1007/s11192-018-2752-4
https://doi.org/10.1093/jnci/82.1.4
https://doi.org/10.3390/jcm9010084
https://doi.org/10.1016/j.cmet.2018.05.005
https://doi.org/10.1016/j.trecan.2017.05.002
https://doi.org/10.1007/s00018-019-03351-7
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Yang et al. Anti-Angiogenic Nanoparticles in Digestive Tumours
18. Bergers G, Hanahan D. Modes of Resistance to Anti-Angiogenic Therapy.
Nat Rev Cancer (2008) 8(8):592–603. doi: 10.1038/nrc2442

19. Zarrin B, Zarifi F, Vaseghi G, Javanmard SH. Acquired Tumor Resistance to
Antiangiogenic Therapy: Mechanisms at a Glance. J Res Med Sci (2017)
22:117. doi: 10.4103/jrms.JRMS_182_17

20. An J, Du Y, Fan X,Wang Y, Ivan C, Zhang XG, et al. EGFL6 Promotes Breast
Cancer by Simultaneously Enhancing Cancer Cell Metastasis and
Stimulating Tumor Angiogenesis. Oncogene (2019) 38(12):2123–34. doi:
10.1038/s41388-018-0565-9

21. Wang C, Li L, Fu D, Qin T, Ran Y, Xu F, et al. Discovery of Chalcone-
Modified Estradiol Analogs as Antitumour Agents That Inhibit Tumour
Angiogenesis and Epithelial to Mesenchymal Transition. Eur J Med Chem
(2019) 176:135–48. doi: 10.1016/j.ejmech.2019.04.071

22. Danhier F. To Exploit the Tumor Microenvironment: Since the EPR Effect
Fails in the Clinic, What is the Future of Nanomedicine? J Control Release
(2016) 244(Pt A):108–21. doi: 10.1016/j.jconrel.2016.11.015

23. Park J, Choi Y, Chang H, Um W, Ryu JH, Kwon IC. Alliance With EPR
Effect: Combined Strategies to Improve the EPR Effect in the Tumor
Microenvironment. Theranostics (2019) 9(26):8073–90. doi: 10.7150/
thno.37198

24. Yang Z, Wang J, Liu S, Li X, Miao L, Yang B, et al. Defeating Relapsed and
Refractory Malignancies Through a Nano-Enabled Mitochondria-Mediated
Respiratory Inhibition and Damage Pathway. Biomaterials (2020)
229:119580. doi: 10.1016/j.biomaterials.2019.119580

25. Li X, Xia S, Zhou W, Ji R, Zhan W. Targeted Fe-Doped Silica Nanoparticles
as a Novel Ultrasound-Magnetic Resonance Dual-Mode Imaging Contrast
Agent for HER2-Positive Breast Cancer. Int J Nanomedicine (2019) 14:2397–
413. doi: 10.2147/IJN.S189252

26. Naz S, Wang M, Han Y, Hu B, Teng L, Zhou J, et al. Enzyme-Responsive
Mesoporous Silica Nanoparticles for Tumor Cells and Mitochondria
Multistage-Targeted Drug Delivery. Int J Nanomedicine (2019) 14:2533–
42. doi: 10.2147/IJN.S202210

27. Li R, Liu B, Gao J. The Application of Nanoparticles in Diagnosis and
Theranostics of Gastric Cancer. Cancer Lett (2017) 386:123–30. doi: 10.1016/
j.canlet.2016.10.032

28. Ai S, Zhen S, Liu Z, Sun F, He X, Chu F, et al. An iRGD Peptide Conjugated
Heparin Nanocarrier for Gastric Cancer Therapy. RSC Adv (2018) 8
(52):30012–20. doi: 10.1039/C8RA05071F

29. Fan T-PD, Jagger R, Bicknell R. Controlling the Vasculature: Angiogenesis,
Anti-Angiogenesis and Vascular Targeting of Gene Therapy. Trends
Pharmacol Sci (1995) 16(2):57–66. doi: 10.1016/S0165-6147(00)88979-8

30. Carmeliet P. Angiogenesis in Health and Disease. Nat Med (2003) 9(6):653–
60. doi: 10.1038/nm0603-653

31. Folkman J. Tumor Angiogenesis: Therapeutic Implications. N Engl J Med
(1971) 285(21):1182–6. doi: 10.1056/NEJM197111182852108

32. Ribatti D, Nico B, Crivellato E, Roccaro AM, Vacca A. The History of the
Angiogenic Switch Concept. Leukemia (2007) 21(1):44–52. doi: 10.1038/
sj.leu.2404402

33. Baeriswyl V, Christofori G. The Angiogenic Switch in Carcinogenesis. Semin
Cancer Biol (2009) 19(5):329–37. doi: 10.1016/j.semcancer.2009.05.003

34. Cubillo A, Alvarez-Gallego R, Munoz M, Pond G, Perea S, Sanchez G, et al.
Dynamic Angiogenic Switch as Predictor of Response to Chemotherapy-
Bevacizumab in Patients With Metastatic Colorectal Cancer. Am J Clin
Oncol (2019) 42(1):56–9. doi: 10.1097/COC.0000000000000474

35. Ferrara N, Adamis AP. Ten Years of Anti-Vascular Endothelial Growth
Factor Therapy. Nat Rev Drug Discov (2016) 15(6):385–403. doi: 10.1038/
nrd.2015.17

36. Eelen G, de Zeeuw P, Simons M, Carmeliet P. Endothelial Cell Metabolism
in Normal and Diseased Vasculature. Circ Res (2015) 116(7):1231–44. doi:
10.1161/CIRCRESAHA.116.302855

37. Li T, Kang G, Wang T, Huang H. Tumor Angiogenesis and Anti-Angiogenic
Gene Therapy for Cancer. Oncol Lett (2018) 16(1):687–702. doi: 10.3892/
ol.2018.8733

38. Shen Y, Wang X, Lu J, Salfenmoser M, Wirsik NM, Schleussner N, et al.
Reduction of Liver Metastasis Stiffness Improves Response to Bevacizumab
in Metastatic Colorectal Cancer. Cancer Cell (2020) 37(6):800–17.e7. doi:
10.1016/j.ccell.2020.05.005
Frontiers in Oncology | www.frontiersin.org 12
39. Kerbel RS. Tumor Angiogenesis: Past, Present and the Near Future.
Carcinogenesis (2000) 21(3):505–15. doi: 10.1093/carcin/21.3.505

40. Schmittnaegel M, De Palma M. Reprogramming Tumor Blood Vessels for
Enhancing Immunotherapy. Trends Cancer (2017) 3(12):809–12. doi:
10.1016/j.trecan.2017.10.002

41. Schito L. Hypoxia-Dependent Angiogenesis and Lymphangiogenesis in
Cancer. Adv Exp Med Biol (2019) 1136:71–85. doi: 10.1007/978-3-030-
12734-3_5

42. Jiang X, Wang J, Deng X, Xiong F, Zhang S, Gong Z, et al. The Role of
Microenvironment in Tumor Angiogenesis. J Exp Clin Cancer Res (2020) 39
(1):204. doi: 10.1186/s13046-020-01709-5

43. Abdalla AME, Xiao L, Ullah MW, Yu M, Ouyang C, Yang G. Current
Challenges of Cancer Anti-Angiogenic Therapy and the Promise of
Nanotherapeutics. Theranostics (2018) 8(2):533–48. doi: 10.7150/
thno.21674

44. Zhu XD, Tang ZY , Sun HC. Targeting Angiogenesis for Liver Cancer: Past,
Present, and Future. Genes Dis (2020) 7(3):328–35. doi: 10.1016/
j.gendis.2020.03.010

45. Bocci G, Fioravanti A, Orlandi P, Di Desidero T, Natale G, Fanelli G, et al.
Metronomic Ceramide Analogs Inhibit Angiogenesis in Pancreatic Cancer
Through Up-Regulation of Caveolin-1 and Thrombospondin-1 and Down-
Regulation of Cyclin D1. Neoplasia (New York N Y ) (2012) 14(9):833–45.
doi: 10.1593/neo.12772

46. Natale G, Bocci G. Tumor Dormancy, Angiogenesis and Metronomic
Chemotherapy. In: Y Wang and F Crea, editors. Tumor Dormancy and
Recurrence. Cham: Springer International Publishing (2017). p. 31–49.

47. Natale G, Bocci G. Does Metronomic Chemotherapy Induce Tumor
Angiogenic Dormancy? A Review of Available Preclinical and Clinical
Data. Cancer Lett (2018) 432:28–37. doi: 10.1016/j.canlet.2018.06.002

48. Kubota Y. Tumor Angiogenesis and Anti-Angiogenic Therapy. Keio J Med
(2012) 61(2):47–56. doi: 10.2302/kjm.61.47

49. Yan B, Jiang Z, Cheng L, Chen K, Zhou C, Sun L, et al. Paracrine HGF/c-
MET Enhances the Stem Cell-Like Potential and Glycolysis of Pancreatic
Cancer Cells via Activation of YAP/HIF-1alpha. Exp Cell Res (2018) 371
(1):63–71. doi: 10.1016/j.yexcr.2018.07.041

50. Zambelli A, Biamonti G, Amato A. HGF/c-Met Signalling in the Tumor
Microenvironment. Adv Exp Med Biol (2021) 1270:31–44. doi: 10.1007/978-
3-030-47189-7_2

51. Tirpe AA, Gulei D, Ciortea SM, Crivii C, Berindan-Neagoe I. Hypoxia:
Overview on Hypoxia-Mediated Mechanisms With a Focus on the Role of
HIF Genes. Int J Mol Sci (2019) 20(24):6140. doi: 10.3390/ijms20246140

52. Masoud GN, Li W. HIF-1alpha Pathway: Role, Regulation and Intervention
for Cancer Therapy. Acta Pharm Sin B (2015) 5(5):378–89. doi: 10.1016/
j.apsb.2015.05.007

53. Escudier B, Powles T, Motzer RJ, Olencki T, Aren Frontera O, Oudard S,
et al. Cabozantinib, a New Standard of Care for Patients With Advanced
Renal Cell Carcinoma and Bone Metastases? Subgroup Analysis of the
METEOR Trial. J Clin Oncol (2018) 36(8):765–72. doi: 10.1200/
JCO.2017.74.7352

54. Carbonell WS, DeLay M, Jahangiri A, Park CC, Aghi MK. Beta1 Integrin
Targeting Potentiates Antiangiogenic Therapy and Inhibits the Growth of
Bevacizumab-Resistant Glioblastoma. Cancer Res (2013) 73(10):3145–54.
doi: 10.1158/0008-5472.CAN-13-0011

55. Kamba T, McDonald DM. Mechanisms of Adverse Effects of Anti-VEGF
Therapy for Cancer. Br J Cancer (2007) 96(12):1788–95. doi: 10.1038/
sj.bjc.6603813

56. Ebos JM, Kerbel RS. Antiangiogenic Therapy: Impact on Invasion, Disease
Progression, and Metastasis. Nat Rev Clin Oncol (2011) 8(4):210–21. doi:
10.1038/nrclinonc.2011.21

57. Jain MM, Gupte SU, Patil SG, Pathak AB, Deshmukh CD, Bhatt N, et al.
Paclitaxel Injection Concentrate for Nanodispersion Versus Nab-Paclitaxel
in Women With Metastatic Breast Cancer: A Multicenter, Randomized,
Comparative Phase II/III Study. Breast Cancer Res Treat (2016) 156(1):125–
34. doi: 10.1007/s10549-016-3736-9

58. Wicki A, Witzigmann D, Balasubramanian V, Huwyler J. Nanomedicine in
Cancer Therapy: Challenges, Opportunities, and Clinical Applications.
J Control Release (2015) 200:138–57. doi: 10.1016/j.jconrel.2014.12.030
January 2022 | Volume 11 | Article 789330

https://doi.org/10.1038/nrc2442
https://doi.org/10.4103/jrms.JRMS_182_17
https://doi.org/10.1038/s41388-018-0565-9
https://doi.org/10.1016/j.ejmech.2019.04.071
https://doi.org/10.1016/j.jconrel.2016.11.015
https://doi.org/10.7150/thno.37198
https://doi.org/10.7150/thno.37198
https://doi.org/10.1016/j.biomaterials.2019.119580
https://doi.org/10.2147/IJN.S189252
https://doi.org/10.2147/IJN.S202210
https://doi.org/10.1016/j.canlet.2016.10.032
https://doi.org/10.1016/j.canlet.2016.10.032
https://doi.org/10.1039/C8RA05071F
https://doi.org/10.1016/S0165-6147(00)88979-8
https://doi.org/10.1038/nm0603-653
https://doi.org/10.1056/NEJM197111182852108
https://doi.org/10.1038/sj.leu.2404402
https://doi.org/10.1038/sj.leu.2404402
https://doi.org/10.1016/j.semcancer.2009.05.003
https://doi.org/10.1097/COC.0000000000000474
https://doi.org/10.1038/nrd.2015.17
https://doi.org/10.1038/nrd.2015.17
https://doi.org/10.1161/CIRCRESAHA.116.302855
https://doi.org/10.3892/ol.2018.8733
https://doi.org/10.3892/ol.2018.8733
https://doi.org/10.1016/j.ccell.2020.05.005
https://doi.org/10.1093/carcin/21.3.505
https://doi.org/10.1016/j.trecan.2017.10.002
https://doi.org/10.1007/978-3-030-12734-3_5
https://doi.org/10.1007/978-3-030-12734-3_5
https://doi.org/10.1186/s13046-020-01709-5
https://doi.org/10.7150/thno.21674
https://doi.org/10.7150/thno.21674
https://doi.org/10.1016/j.gendis.2020.03.010
https://doi.org/10.1016/j.gendis.2020.03.010
https://doi.org/10.1593/neo.12772
https://doi.org/10.1016/j.canlet.2018.06.002
https://doi.org/10.2302/kjm.61.47
https://doi.org/10.1016/j.yexcr.2018.07.041
https://doi.org/10.1007/978-3-030-47189-7_2
https://doi.org/10.1007/978-3-030-47189-7_2
https://doi.org/10.3390/ijms20246140
https://doi.org/10.1016/j.apsb.2015.05.007
https://doi.org/10.1016/j.apsb.2015.05.007
https://doi.org/10.1200/JCO.2017.74.7352
https://doi.org/10.1200/JCO.2017.74.7352
https://doi.org/10.1158/0008-5472.CAN-13-0011
https://doi.org/10.1038/sj.bjc.6603813
https://doi.org/10.1038/sj.bjc.6603813
https://doi.org/10.1038/nrclinonc.2011.21
https://doi.org/10.1007/s10549-016-3736-9
https://doi.org/10.1016/j.jconrel.2014.12.030
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Yang et al. Anti-Angiogenic Nanoparticles in Digestive Tumours
59. Deshantri AK, Varela Moreira A, Ecker V, Mandhane SN, Schiffelers RM,
Buchner M, et al. Nanomedicines for the Treatment of Hematological
Malignancies. J Control Release (2018) 287:194–215. doi: 10.1016/
j.jconrel.2018.08.034

60. Rodriguez-Nogales C, Gonzalez-Fernandez Y, Aldaz A, Couvreur P, Blanco-
Prieto MJ. Nanomedicines for Pediatric Cancers. ACS Nano (2018) 12
(8):7482–96. doi: 10.1021/acsnano.8b03684

61. Maeda H. Macromolecular Therapeutics in Cancer Treatment: The EPR
Effect and Beyond. J Control Release (2012) 164(2):138–44. doi: 10.1016/
j.jconrel.2012.04.038

62. Rosenblum D, Joshi N, Tao W, Karp JM, Peer D. Progress and Challenges
Towards Targeted Delivery of Cancer Therapeutics. Nat Commun (2018) 9
(1):1410. doi: 10.1038/s41467-018-03705-y

63. Torchilin V. Tumor Delivery of Macromolecular Drugs Based on the EPR
Effect. Adv Drug Deliv Rev (2011) 63(3):131–5. doi: 10.1016/j.addr.2010.03.011

64. Iyer AK, Khaled G, Fang J, Maeda H. Exploiting the Enhanced Permeability
and Retention Effect for Tumor Targeting. Drug Discov Today (2006) 11(17-
18):812–8. doi: 10.1016/j.drudis.2006.07.005

65. Fang J, Islam W, Maeda H. Exploiting the Dynamics of the EPR Effect and
Strategies to Improve the Therapeutic Effects of Nanomedicines by Using
EPR Effect Enhancers. Adv Drug Deliv Rev (2020) 157:142–60. doi: 10.1016/
j.addr.2020.06.005

66. Yang M, Li J, Gu P, Fan X. The Application of Nanoparticles in Cancer
Immunotherapy: Targeting Tumor Microenvironment. Bioact Mater (2021)
6(7):1973–87. doi: 10.1016/j.bioactmat.2020.12.010

67. Chauhan VP, Stylianopoulos T, Martin JD, Popovic Z, Chen O, Kamoun
WS, et al. Normalization of Tumour Blood Vessels Improves the Delivery of
Nanomedicines in a Size-Dependent Manner. Nat Nanotechnol (2012) 7
(6):383–8. doi: 10.1038/nnano.2012.45

68. de Las Heras Alarcon C, Pennadam S, Alexander C. Stimuli Responsive
Polymers for Biomedical Applications. Chem Soc Rev (2005) 34(3):276–85.
doi: 10.1039/B406727D

69. Ovais M, Mukherjee S, Pramanik A, Das D, Mukherjee A, Raza A, et al.
Designing Stimuli-Responsive Upconversion Nanoparticles That Exploit the
Tumor Microenvironment. Adv Mater (2020) 32(22):e2000055. doi:
10.1002/adma.202000055

70. Olah GA, Prakash GK, Goeppert A. Anthropogenic Chemical Carbon Cycle
for a Sustainable Future. J Am Chem Soc (2011) 133(33):12881–98. doi:
10.1021/ja202642y

71. Riley RS, June CH, Langer R, Mitchell MJ. Delivery Technologies for Cancer
Immunotherapy. Nat Rev Drug Discov (2019) 18(3):175–96. doi: 10.1038/
s41573-018-0006-z

72. Sun B, Luo C, Zhang X, Guo M, Sun M, Yu H, et al. Probing the Impact of
Sulfur/Selenium/Carbon Linkages on Prodrug Nanoassemblies for Cancer
Therapy. Nat Commun (2019) 10(1):3211. doi: 10.1038/s41467-019-11193-x

73. Ni D, Jiang D, Valdovinos HF, Ehlerding EB, Yu B, Barnhart TE, et al.
Bioresponsive Polyoxometalate Cluster for Redox-Activated Photoacoustic
Imaging-Guided Photothermal Cancer Therapy. Nano Lett (2017) 17
(5):3282–9. doi: 10.1021/acs.nanolett.7b00995

74. Zhang P, Wu J, Xiao F, Zhao D, Luan Y. Disulfide Bond Based Polymeric
Drug Carriers for Cancer Chemotherapy and Relevant Redox Environments
in Mammals. Med Res Rev (2018) 38(5):1485–510. doi: 10.1002/med.21485

75. Zhang F, Chen F, Yang C, Wang L, Hu H, Li X, et al. Coordination and
Redox Dual-Responsive Mesoporous Organosilica Nanoparticles Amplify
Immunogenic Cell Death for Cancer Chemoimmunotherapy. Small (2021)
17(26):e2100006. doi: 10.1002/smll.202100006

76. He Q, Chen J, Yan J, Cai S, Xiong H, Liu Y, et al. Tumor Microenvironment
Responsive Drug Delivery Systems. Asian J Pharm Sci (2020) 15(4):416–48.
doi: 10.1016/j.ajps.2019.08.003

77. Xiang J, Zhao R, Wang B, Sun X, Guo X, Tan S, et al. Advanced Nano-
Carriers for Anti-Tumor Drug Loading. Front Oncol (2021) 11:758143. doi:
10.3389/fonc.2021.758143

78. Ovais M, Guo M, Chen C. Tailoring Nanomaterials for Targeting Tumor-
Associated Macrophages. Adv Mater (2019) 31(19):e1808303. doi: 10.1002/
adma.201808303

79. Li Z, Di C, Li S, Yang X, Nie G. Smart Nanotherapeutic Targeting of Tumor
Vasculature. Acc Chem Res (2019) 52(9):2703–12. doi: 10.1021/
acs.accounts.9b00283
Frontiers in Oncology | www.frontiersin.org 13
80. Wang Y, Shang W, Niu M, Tian J, Xu K. Hypoxia-Active Nanoparticles
Used in Tumor Theranostic. Int J Nanomedicine (2019) 14:3705–22. doi:
10.2147/IJN.S196959

81. Zhen X, Cheng P, Pu K. Recent Advances in Cell Membrane-Camouflaged
Nanoparticles for Cancer Phototherapy. Small (2019) 15(1):e1804105. doi:
10.1002/smll.201804105

82. Hong Y, Rao Y. Current Status of Nanoscale Drug Delivery Systems for
Colorectal Cancer Liver Metastasis. BioMed Pharmacother (2019)
114:108764. doi: 10.1016/j.biopha.2019.108764

83. Tian X, Shao Y, He H, Liu H, Shen Y, Huang W, et al. Nanoamplifiers
Synthesized From Gadolinium and Gold Nanocomposites for Magnetic
Resonance Imaging. Nanoscale (2013) 5(8):3322–9. doi: 10.1039/c3nr00170a

84. Fan M, Han Y, Gao S, Yan H, Cao L, Li Z, et al. Ultrasmall Gold
Nanoparticles in Cancer Diagnosis and Therapy. Theranostics (2020) 10
(11):4944–57. doi: 10.7150/thno.42471

85. Liu Y, Bhattarai P, Dai Z, Chen X. Photothermal Therapy and Photoacoustic
Imaging via Nanotheranostics in Fighting Cancer. Chem Soc Rev (2019) 48
(7):2053–108. doi: 10.1039/C8CS00618K

86. Vahrmeijer AL, Hutteman M, van der Vorst JR, van de Velde CJ, Frangioni
JV. Image-Guided Cancer Surgery Using Near-Infrared Fluorescence. Nat
Rev Clin Oncol (2013) 10(9):507–18. doi: 10.1038/nrclinonc.2013.123

87. Shao J, Zheng X, Feng L, Lan T, Ding D, Cai Z, et al. Targeting Fluorescence
Imaging of RGD-Modified Indocyanine Green Micelles on Gastric Cancer.
Front Bioeng Biotechnol (2020) 8:575365. doi: 10.3389/fbioe.2020.575365

88. Hu J, Song J, Tang Z, Wei S, Chen L, Zhou R. Hypericin-Mediated
Photodynamic Therapy Inhibits Growth of Colorectal Cancer Cells via
Inducing S Phase Cell Cycle Arrest and Apoptosis. Eur J Pharmacol (2021)
900:174071. doi: 10.1016/j.ejphar.2021.174071

89. Liu L, He H, Luo Z, Zhou H, Liang R, Pan H, et al. In Situ Photocatalyzed
Oxygen Generation With Photosynthetic Bacteria to Enable Robust
Immunogenic Photodynamic Therapy in Triple-Negative Breast Cancer.
Adv Funct Mater (2020) 30(10):1910176. doi: 10.1002/adfm.201910176

90. Chen J, Zeng Z, Huang L, Luo S, Dong J, Zhou FH, et al. Photothermal
Therapy Technology of Metastatic Colorectal Cancer. Am J Transl Res
(2020) 12(7):3089–115.

91. He X, Bao X, Cao H, Zhang Z, Yin Q, Gu W, et al. Tumor-Penetrating
Nanotherapeutics Loading a Near-Infrared Probe Inhibit Growth and
Metastasis of Breast Cancer. Adv Funct Mater (2015) 25(19):2831–9. doi:
10.1002/adfm.201500772

92. Yang S, Chen C, Qiu Y, Xu C, Yao J. Paying Attention to Tumor Blood
Vessels: Cancer Phototherapy Assisted With Nano Delivery Strategies.
Biomaterials (2021) 268:120562. doi: 10.1016/j.biomaterials.2020.120562

93. Kirui DK, Koay EJ, Guo X, Cristini V, Shen H, Ferrari M. Tumor Vascular
Permeabilization Using Localized Mild Hyperthermia to Improve
Macromolecule Transport. Nanomedicine (2014) 10(7):1487–96. doi:
10.1016/j.nano.2013.11.001

94. Singh S. Nanomaterials Exhibiting Enzyme-Like Properties (Nanozymes):
Current Advances and Future Perspectives. Front Chem (2019) 7:46. doi:
10.3389/fchem.2019.00046

95. Kong FH, Ye QF, Miao XY, Liu X, Huang SQ, Xiong L, et al. Current Status
of Sorafenib Nanoparticle Delivery Systems in the Treatment of
Hepatocellular Carcinoma. Theranostics (2021) 11(11):5464–90. doi:
10.7150/thno.54822

96. Gandhi S, Shende P. Cyclodextrins-Modified Metallic Nanoparticles for
Effective Cancer Therapy. J Control Release (2021) 339:41–50. doi: 10.1016/
j.jconrel.2021.09.025

97. Choi YS, Jang H, Gupta B, Jeong JH, Ge Y, Yong CS, et al. Tie2-Mediated
Vascular Remodeling by Ferritin-Based Protein C Nanoparticles Confers
Antitumor and Anti-Metastatic Activities. J Hematol Oncol (2020) 13
(1):123. doi: 10.1186/s13045-020-00952-9

98. Jin W, Wang Q, Wu M, Li Y, Tang G, Ping Y, et al. Lanthanide-Integrated
Supramolecular Polymeric Nanoassembly With Multiple Regulation
Characteristics for Multidrug-Resistant Cancer Therapy. Biomaterials
(2017) 129:83–97. doi: 10.1016/j.biomaterials.2017.03.020

99. Chang CC, Dinh TK, Lee YA, Wang FN, Sung YC, Yu PL, et al. Nanoparticle
Delivery of MnO2 and Antiangiogenic Therapy to Overcome Hypoxia-
Driven Tumor Escape and Suppress Hepatocellular Carcinoma. ACS Appl
Mater Interfaces (2020) 12(40):44407–19. doi: 10.1021/acsami.0c08473
January 2022 | Volume 11 | Article 789330

https://doi.org/10.1016/j.jconrel.2018.08.034
https://doi.org/10.1016/j.jconrel.2018.08.034
https://doi.org/10.1021/acsnano.8b03684
https://doi.org/10.1016/j.jconrel.2012.04.038
https://doi.org/10.1016/j.jconrel.2012.04.038
https://doi.org/10.1038/s41467-018-03705-y
https://doi.org/10.1016/j.addr.2010.03.011
https://doi.org/10.1016/j.drudis.2006.07.005
https://doi.org/10.1016/j.addr.2020.06.005
https://doi.org/10.1016/j.addr.2020.06.005
https://doi.org/10.1016/j.bioactmat.2020.12.010
https://doi.org/10.1038/nnano.2012.45
https://doi.org/10.1039/B406727D
https://doi.org/10.1002/adma.202000055
https://doi.org/10.1021/ja202642y
https://doi.org/10.1038/s41573-018-0006-z
https://doi.org/10.1038/s41573-018-0006-z
https://doi.org/10.1038/s41467-019-11193-x
https://doi.org/10.1021/acs.nanolett.7b00995
https://doi.org/10.1002/med.21485
https://doi.org/10.1002/smll.202100006
https://doi.org/10.1016/j.ajps.2019.08.003
https://doi.org/10.3389/fonc.2021.758143
https://doi.org/10.1002/adma.201808303
https://doi.org/10.1002/adma.201808303
https://doi.org/10.1021/acs.accounts.9b00283
https://doi.org/10.1021/acs.accounts.9b00283
https://doi.org/10.2147/IJN.S196959
https://doi.org/10.1002/smll.201804105
https://doi.org/10.1016/j.biopha.2019.108764
https://doi.org/10.1039/c3nr00170a
https://doi.org/10.7150/thno.42471
https://doi.org/10.1039/C8CS00618K
https://doi.org/10.1038/nrclinonc.2013.123
https://doi.org/10.3389/fbioe.2020.575365
https://doi.org/10.1016/j.ejphar.2021.174071
https://doi.org/10.1002/adfm.201910176
https://doi.org/10.1002/adfm.201500772
https://doi.org/10.1016/j.biomaterials.2020.120562
https://doi.org/10.1016/j.nano.2013.11.001
https://doi.org/10.3389/fchem.2019.00046
https://doi.org/10.7150/thno.54822
https://doi.org/10.1016/j.jconrel.2021.09.025
https://doi.org/10.1016/j.jconrel.2021.09.025
https://doi.org/10.1186/s13045-020-00952-9
https://doi.org/10.1016/j.biomaterials.2017.03.020
https://doi.org/10.1021/acsami.0c08473
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Yang et al. Anti-Angiogenic Nanoparticles in Digestive Tumours
100. Yang H, Chen Y, Chen Z, Geng Y, Xie X, Shen X, et al. Chemo-
Photodynamic Combined Gene Therapy and Dual-Modal Cancer Imaging
Achieved by pH-Responsive Alginate/Chitosan Multilayer-Modified
Magnetic Mesoporous Silica Nanocomposites. Biomater Sci (2017) 5
(5):1001–13. doi: 10.1039/C7BM00043J

101. Mukherjee P, Bhattacharya R, Wang P, Wang L, Basu S, Nagy JA, et al.
Antiangiogenic Properties of Gold Nanoparticles. Clin Cancer Res (2005) 11
(9):3530–4. doi: 10.1158/1078-0432.CCR-04-2482

102. Liang S, Li C, Zhang C, Chen Y, Xu L, Bao C, et al. CD44v6 Monoclonal
Antibody-Conjugated Gold Nanostars for Targeted Photoacoustic Imaging
and Plasmonic Photothermal Therapy of Gastric Cancer Stem-Like Cells.
Theranostics (2015) 5(9):970–84. doi: 10.7150/thno.11632

103. Vodenkova S, Buchler T, Cervena K, Veskrnova V, Vodicka P , Vymetalkova
V. 5-Fluorouracil and Other Fluoropyrimidines in Colorectal Cancer: Past,
Present and Future. Pharmacol Ther (2020) 206:107447. doi: 10.1016/
j.pharmthera.2019.107447

104. Liszbinski RB, Romagnoli GG, Gorgulho CM, Basso CR, Pedrosa VA,
Kaneno R. Anti-EGFR-Coated Gold Nanoparticles In Vitro Carry 5-
Fluorouracil to Colorectal Cancer Cells. Materials (Basel) (2020) 13(2):375.
doi: 10.3390/ma13020375

105. Rana TM. Illuminating the Silence: Understanding the Structure and
Function of Small RNAs. Nat Rev Mol Cell Biol (2007) 8(1):23–36. doi:
10.1038/nrm2085

106. Shaat H, Mostafa A, Moustafa M, Gamal-Eldeen A, Emam A, El-Hussieny E,
et al. Modified Gold Nanoparticles for Intracellular Delivery of Anti-Liver
Cancer siRNA. Int J Pharm (2016) 504(1-2):125–33. doi: 10.1016/
j.ijpharm.2016.03.051

107. Guo P, Wang Y, Dai C, Tao C, Wu F, Xie X, et al. Ribosomal Protein S15a
Promotes Tumor Angiogenesis via Enhancing Wnt/beta-Catenin-Induced
FGF18 Expression in Hepatocellular Carcinoma. Oncogene (2018) 37
(9):1220–36. doi: 10.1038/s41388-017-0017-y

108. Zhang Z, Liu M, Hu Q, Xu W, Liu W, Sun Q, et al. FGFBP1, a Downstream
Target of the FBW7/c-Myc Axis, Promotes Cell Proliferation and Migration
in Pancreatic Cancer. Am J Cancer Res (2019) 9(12):2650–64.

109. Wu T, Wang G, Chen W, Zhu Z, Liu Y, Huang Z, et al. Co-Inhibition of BET
Proteins and NF-kappaB as a Potential Therapy for Colorectal Cancer
Through Synergistic Inhibiting MYC and FOXM1 Expressions. Cell Death
Dis (2018) 9(3):315. doi: 10.1038/s41419-018-0354-y

110. Rosa S, Connolly C, Schettino G, Butterworth KT, Prise KM. Biological
Mechanisms of Gold Nanoparticle Radiosensitization. Cancer Nanotechnol
(2017) 8(1):2. doi: 10.1186/s12645-017-0026-0

111. Alhussan A, Bromma K, Bozdogan EPD, Metcalfe A, Karasinska J,
Beckham W, et al. Investigation of Nano-Bio Interactions Within a
Pancreatic Tumor Microenvironment for the Advancement of
Nanomedicine in Cancer Treatment. Curr Oncol (2021) 28(3):1962–79.
doi: 10.3390/curroncol28030183

112. De Palma M, Biziato D, Petrova TV. Microenvironmental Regulation of
Tumour Angiogenesis. Nat Rev Cancer (2017) 17(8):457–74. doi: 10.1038/
nrc.2017.51

113. Zhang Q, Peng C. Cancer-Associated Fibroblasts Regulate the Biological
Behavior of Cancer Cells and Stroma in Gastric Cancer. Oncol Lett (2018) 15
(1):691–8. doi: 10.3892/ol.2017.7385

114. Zhang F, Han X, Hu Y, Wang S, Liu S, Pan X, et al. Interventional
Photothermal Therapy Enhanced Brachytherapy: A New Strategy to Fight
Deep Pancreatic Cancer. Adv Sci (Weinh) (2019) 6(5):1801507. doi: 10.1002/
advs.201801507

115. Shao S, Si J, Shen Y. Copper as the Target for Anticancer Nanomedicine. Adv
Ther (2019) 2(5):1800147. doi: 10.1002/adtp.201800147

116. Kaiafa GD, Saouli Z, Diamantidis MD, Kontoninas Z, Voulgaridou V,
Raptaki M, et al. Copper Levels in Patients With Hematological
Malignancies. Eur J Intern Med (2012) 23(8):738–41. doi: 10.1016/
j.ejim.2012.07.009

117. Ji B, Cai H, Yang Y, Peng F, Song M, Sun K, et al. Hybrid Membrane
Camouflaged Copper Sulfide Nanoparticles for Photothermal-
Chemotherapy of Hepatocellular Carcinoma. Acta Biomater (2020)
111:363–72. doi: 10.1016/j.actbio.2020.04.046

118. Cui L, Xiong C, Zhou M, Shi S, Chow DS, Li C. Integrin Alphavbeta3-
Targeted [(64)Cu]CuS Nanoparticles for PET/CT Imaging and
Frontiers in Oncology | www.frontiersin.org 14
Photothermal Ablation Therapy. Bioconjug Chem (2018) 29(12):4062–71.
doi: 10.1021/acs.bioconjchem.8b00690

119. Li B, Jiang Z, Xie D, Wang Y, Lao X. Cetuximab-Modified CuS Nanoparticles
Integrating Near-Infrared-II-Responsive Photothermal Therapy and Anti-
Vessel Treatment. Int J Nanomedicine (2018) 13:7289–302. doi: 10.2147/
IJN.S175334

120. Gurunathan S, Lee KJ, Kalishwaralal K, Sheikpranbabu S, Vaidyanathan R,
Eom SH. Antiangiogenic Properties of Silver Nanoparticles. Biomaterials
(2009) 30(31):6341–50. doi: 10.1016/j.biomaterials.2009.08.008

121. Baharara J, Namvar F, Mousavi M, Ramezani T, Mohamad R. Anti-
Angiogenesis Effect of Biogenic Silver Nanoparticles Synthesized Using
Saliva Officinalis on Chick Chorioalantoic Membrane (CAM). Molecules
(2014) 19(9):13498–508. doi: 10.3390/molecules190913498

122. Mukherjee S, Chowdhury D, Kotcherlakota R, Patra S, B V, Bhadra MP, et al.
Potential Theranostics Application of Bio-Synthesized Silver Nanoparticles
(4-in-1 System). Theranostics (2014) 4(3):316–35. doi: 10.7150/thno.7819

123. Yang T, Yao Q, Cao F, Liu Q, Liu B, Wang XH. Silver Nanoparticles Inhibit
the Function of Hypoxia-Inducible Factor-1 and Target Genes: Insight Into
the Cytotoxicity and Antiangiogenesis. Int J Nanomedicine (2016) 11:6679–
92. doi: 10.2147/IJN.S109695

124. Mukherjee S, Patra CR. Therapeutic Application of Anti-Angiogenic
Nanomaterials in Cancers. Nanoscale (2016) 8(25):12444–70. doi: 10.1039/
C5NR07887C

125. Liu S, Chen X, Bao L, Liu T, Yuan P, Yang X, et al. Treatment of Infarcted
Heart Tissue via the Capture and Local Delivery of Circulating Exosomes
Through Antibody-Conjugated Magnetic Nanoparticles. Nat BioMed Eng
(2020) 4(11):1063–75. doi: 10.1038/s41551-020-00637-1

126. Wang C, Zhang H, Chen Y, Shi F, Chen B. Gambogic Acid-Loaded Magnetic
Fe(3)O(4) Nanoparticles Inhibit Panc-1 Pancreatic Cancer Cell Proliferation
and Migration by Inactivating Transcription Factor ETS1. Int J
Nanomedicine (2012) 7:781–7. doi: 10.2147/IJN.S28509

127. Karpisheh V, Fakkari Afjadi J, Nabi Afjadi M, Haeri MS, Abdpoor Sough TS,
Heydarzadeh Asl S, et al. Inhibition of HIF-1alpha/EP4 Axis by
Hyaluronate-Trimethyl Chitosan-SPION Nanoparticles Markedly
Suppresses the Growth and Development of Cancer Cells. Int J Biol
Macromol (2021) 167:1006–19. doi: 10.1016/j.ijbiomac.2020.11.056

128. Su T, Wang Y, Wang J, Han D, Ma S, Cao J, et al. In Vivo Magnetic
Resonance and Fluorescence Dual-Modality Imaging of Tumor
Angiogenesis in Rats Using GEBP11 Peptide Targeted Magnetic
Nanoparticles. J BioMed Nanotechnol (2016) 12(5):1011–22. doi: 10.1166/
jbn.2016.2233

129. Kankala RK, Han YH, Na J, Lee CH, Sun Z, Wang SB, et al.
Nanoarchitectured Structure and Surface Biofunctionality of Mesoporous
Silica Nanoparticles. Adv Mater (2020) 32(23):e1907035. doi: 10.1002/
adma.201907035

130. Jo DH, Kim JH, Yu YS, Lee TG, Kim JH. Antiangiogenic Effect of Silicate
Nanoparticle on Retinal Neovascularization Induced by Vascular
Endothelial Growth Factor. Nanomedicine (2012) 8(5):784–91. doi:
10.1016/j.nano.2011.09.003

131. Setyawati MI, Leong DT. Mesoporous Silica Nanoparticles as an
Antitumoral-Angiogenesis Strategy. ACS Appl Mater Interfaces (2017) 9
(8):6690–703. doi: 10.1021/acsami.6b12524

132. Feng Y, Li NX, Yin HL, Chen TY, Yang Q, Wu M. Thermo- and pH-
Responsive, Lipid-Coated, Mesoporous Silica Nanoparticle-Based Dual Drug
Delivery System To Improve the Antitumor Effect of Hydrophobic Drugs.
Mol Pharm (2019) 16(1):422–36. doi: 10.1021/acs.molpharmaceut.8b01073

133. Tan J, Yang N, Zhong L, Tan J, Hu Z, Zhao Q, et al. A New Theranostic
System Based on Endoglin Aptamer Conjugated Fluorescent Silica
Nanoparticles. Theranostics (2017) 7(19):4862–76. doi: 10.7150/thno.19101

134. El-Zahaby SA, Elnaggar YSR, Abdallah OY. Reviewing Two Decades of
Nanomedicine Implementations in Targeted Treatment and Diagnosis of
Pancreatic Cancer: An Emphasis on State of Art. J Control Release (2019)
293:21–35. doi: 10.1016/j.jconrel.2018.11.013

135. Sui H, Zhao J, Zhou L, Wen H, Deng W, Li C, et al. Tanshinone IIA Inhibits
Beta-Catenin/VEGF-Mediated Angiogenesis by Targeting TGF-Beta1 in
Normoxic and HIF-1alpha in Hypoxic Microenvironments in Human
Colorectal Cancer. Cancer Lett (2017) 403:86–97. doi: 10.1016/
j.canlet.2017.05.013
January 2022 | Volume 11 | Article 789330

https://doi.org/10.1039/C7BM00043J
https://doi.org/10.1158/1078-0432.CCR-04-2482
https://doi.org/10.7150/thno.11632
https://doi.org/10.1016/j.pharmthera.2019.107447
https://doi.org/10.1016/j.pharmthera.2019.107447
https://doi.org/10.3390/ma13020375
https://doi.org/10.1038/nrm2085
https://doi.org/10.1016/j.ijpharm.2016.03.051
https://doi.org/10.1016/j.ijpharm.2016.03.051
https://doi.org/10.1038/s41388-017-0017-y
https://doi.org/10.1038/s41419-018-0354-y
https://doi.org/10.1186/s12645-017-0026-0
https://doi.org/10.3390/curroncol28030183
https://doi.org/10.1038/nrc.2017.51
https://doi.org/10.1038/nrc.2017.51
https://doi.org/10.3892/ol.2017.7385
https://doi.org/10.1002/advs.201801507
https://doi.org/10.1002/advs.201801507
https://doi.org/10.1002/adtp.201800147
https://doi.org/10.1016/j.ejim.2012.07.009
https://doi.org/10.1016/j.ejim.2012.07.009
https://doi.org/10.1016/j.actbio.2020.04.046
https://doi.org/10.1021/acs.bioconjchem.8b00690
https://doi.org/10.2147/IJN.S175334
https://doi.org/10.2147/IJN.S175334
https://doi.org/10.1016/j.biomaterials.2009.08.008
https://doi.org/10.3390/molecules190913498
https://doi.org/10.7150/thno.7819
https://doi.org/10.2147/IJN.S109695
https://doi.org/10.1039/C5NR07887C
https://doi.org/10.1039/C5NR07887C
https://doi.org/10.1038/s41551-020-00637-1
https://doi.org/10.2147/IJN.S28509
https://doi.org/10.1016/j.ijbiomac.2020.11.056
https://doi.org/10.1166/jbn.2016.2233
https://doi.org/10.1166/jbn.2016.2233
https://doi.org/10.1002/adma.201907035
https://doi.org/10.1002/adma.201907035
https://doi.org/10.1016/j.nano.2011.09.003
https://doi.org/10.1021/acsami.6b12524
https://doi.org/10.1021/acs.molpharmaceut.8b01073
https://doi.org/10.7150/thno.19101
https://doi.org/10.1016/j.jconrel.2018.11.013
https://doi.org/10.1016/j.canlet.2017.05.013
https://doi.org/10.1016/j.canlet.2017.05.013
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles


Yang et al. Anti-Angiogenic Nanoparticles in Digestive Tumours
136. Shi L, Hu Y, Lin A, Ma C, Zhang C, Su Y, et al. Matrix Metalloproteinase
Responsive Nanoparticles for Synergistic Treatment of Colorectal Cancer via
Simultaneous Anti-Angiogenesis and Chemotherapy. Bioconjug Chem
(2016) 27(12):2943–53. doi: 10.1021/acs.bioconjchem.6b00643

137. Revuri V, Cherukula K, Nafiujjaman M, Vijayan V, Jeong YY, Park IK, et al.
In Situ Oxygenic Nanopods Targeting Tumor Adaption to Hypoxia
Potentiate Image-Guided Photothermal Therapy. ACS Appl Mater
Interfaces (2019) 11(22):19782–92. doi: 10.1021/acsami.9b03889

138. Murugesan S, Mousa SA, O’Connor L J, Lincoln DW2nd, Linhardt RJ.
Carbon Inhibits Vascular Endothelial Growth Factor- and Fibroblast Growth
Factor-Promoted Angiogenesis. FEBS Lett (2007) 581(6):1157–60. doi:
10.1016/j.febslet.2007.02.022

139. Lai PX, Chen CW, Wei SC, Lin TY, Jian HJ, Lai IP, et al. Ultrastrong
Trapping of VEGF by Graphene Oxide: Anti-Angiogenesis Application.
Biomaterials (2016) 109:12–22. doi: 10.1016/j.biomaterials.2016.09.005

140. Ding X, Su Y, Wang C, Zhang F, Chen K, Wang Y, et al. Synergistic
Suppression of Tumor Angiogenesis by the Co-Delivering of Vascular
Endothelial Growth Factor Targeted siRNA and Candesartan Mediated by
Functionalized Carbon Nanovectors. ACS Appl Mater Interfaces (2017) 9
(28):23353–69. doi: 10.1021/acsami.7b04971

141. Bhattarai P, Hameed S, Dai Z. Recent Advances in Anti-Angiogenic
Nanomedicines for Cancer Therapy. Nanoscale (2018) 10(12):5393–423.
doi: 10.1039/C7NR09612G

142. Saleem J, Wang L, Chen C. Carbon-Based Nanomaterials for Cancer
Therapy via Targeting Tumor Microenvironment. Adv Healthc Mater
(2018) 7(20):e1800525. doi: 10.1002/adhm.201800525

143. Mitchell MJ, Billingsley MM, Haley RM, Wechsler ME, Peppas NA, Langer
R. Engineering Precision Nanoparticles for Drug Delivery. Nat Rev Drug
Discov (2021) 20(2):101–24. doi: 10.1038/s41573-020-0090-8

144. Zhang E, Xing R, Liu S, Qin Y, Li K, Li P. Advances in Chitosan-Based
Nanoparticles for Oncotherapy. Carbohydr Polym (2019) 222:115004. doi:
10.1016/j.carbpol.2019.115004

145. Zhang E, Xing R, Liu S, Li K, Qin Y, Yu H, et al. Vascular Targeted Chitosan-
Derived Nanoparticles as Docetaxel Carriers for Gastric Cancer Therapy. Int
J Biol Macromol (2019) 126:662–72. doi: 10.1016/j.ijbiomac.2018.12.262

146. Jiang Z, Chi J, Li H, Wang Y, Liu W, Han B. Effect of Chitosan
Oligosaccharide-Conjugated Selenium on Improving Immune Function
and Blocking Gastric Cancer Growth. Eur J Pharmacol (2021) 891:173673.
doi: 10.1016/j.ejphar.2020.173673

147. Chi J, Jiang Z, Qiao J, Zhang W, Peng Y, Liu W, et al. Antitumor Evaluation
of Carboxymethyl Chitosan Based Norcantharidin Conjugates Against
Gastric Cancer as Novel Polymer Therapeutics. Int J Biol Macromol (2019)
136:1–12. doi: 10.1016/j.ijbiomac.2019.05.216

148. Nikkhoo A, Rostami N, Farhadi S, Esmaily M, Moghadaszadeh Ardebili S,
Atyabi F, et al. Codelivery of STAT3 siRNAandBV6byCarboxymethylDextran
Trimethyl Chitosan Nanoparticles Suppresses Cancer Cell Progression. Int J
Pharm (2020) 581:119236. doi: 10.1016/j.ijpharm.2020.119236

149. Salimifard S, Karoon Kiani F, Sadat Eshaghi F, Izadi S, Shahdadnejad K,
Masjedi A, et al. Codelivery of BV6 and Anti-IL6 siRNA by Hyaluronate-
Conjugated PEG-Chitosan-Lactate Nanoparticles Inhibits Tumor
Progression. Life Sci (2020) 260:118423. doi: 10.1016/j.lfs.2020.118423

150. Izadi S, Moslehi A, Kheiry H, Karoon Kiani F, Ahmadi A, Masjedi A, et al.
Codelivery of HIF-1alpha siRNA and Dinaciclib by Carboxylated Graphene
Oxide-Trimethyl Chitosan-Hyaluronate Nanoparticles Significantly
Suppresses Cancer Cell Progression. Pharm Res (2020) 37(10):196. doi:
10.1007/s11095-020-02892-y

151. Capeloa T, Benyahia Z, Zampieri LX, Blackman M, Sonveaux P. Metabolic
and Non-Metabolic Pathways That Control Cancer Resistance to
Anthracyclines. Semin Cell Dev Biol (2020) 98:181–91. doi: 10.1016/
j.semcdb.2019.05.006

152. Nasr M, Nafee N, Saad H, Kazem A. Improved Antitumor Activity and
Reduced Cardiotoxicity of Epirubicin Using Hepatocyte-Targeted
Nanoparticles Combined With Tocotrienols Against Hepatocellular
Carcinoma in Mice. Eur J Pharm Biopharm (2014) 88(1):216–25. doi:
10.1016/j.ejpb.2014.04.016

153. Lee J, Jenjob R, Davaa E, Yang SG. NIR-Responsive ROS Generating Core
and ROS-Triggered 5’-Deoxy-5-Fluorocytidine Releasing Shell Structured
Frontiers in Oncology | www.frontiersin.org 15
Water-Swelling Microgel for Locoregional Combination Cancer Therapy.
J Control Release (2019) 305:120–9. doi: 10.1016/j.jconrel.2019.05.016

154. Bao X, Wang W, Wang C, Wang Y, Zhou J, Ding Y, et al. A Chitosan-Graft-
PEI-Candesartan Conjugate for Targeted Co-Delivery of Drug and Gene in
Anti-Angiogenesis Cancer Therapy. Biomaterials (2014) 35(29):8450–66.
doi: 10.1016/j.biomaterials.2014.06.025

155. Duan S, Song M, He J, Zhou N, Zhou S, Zhao J, et al. Folate-Modified
Chitosan Nanoparticles Coated Interferon-Inducible Protein-10 Gene
Enhance Cytotoxic T Lymphocytes’ Responses to Hepatocellular
Carcinoma. J BioMed Nanotechnol (2016) 12(4):700–9. doi: 10.1166/
jbn.2016.2216

156. Omar AI, Plengsuriyakarn T, Chittasupho C, Na-Bangchang K. Enhanced
Oral Bioavailability and Biodistribution of Atractylodin Encapsulated in
PLGA Nanoparticle in Cholangiocarcinoma. Clin Exp Pharmacol Physiol
(2021) 48(3):318–28. doi: 10.1111/1440-1681.13433

157. Dabbaghi A, Ramazani A, Farshchi N, Rezaei A, Bodaghi A, Rezayati S.
Synthesis, Physical and Mechanical Properties of Amphiphilic
Hydrogels Based on Polycaprolactone and Polyethylene Glycol for
Bioapplications: A Review. J Ind Eng Chem (2021) 101:307–23. doi:
10.1016/j.jiec.2021.05.051

158. Xu J, Zhang Y, Jia R, Yue C, Chang L, Liu R, et al. Anti-PD-1 Antibody SHR-
1210 Combined With Apatinib for Advanced Hepatocellular Carcinoma,
Gastric, or Esophagogastric Junction Cancer: An Open-Label, Dose
Escalation and Expansion Study. Clin Cancer Res (2019) 25(2):515–23. doi:
10.1158/1078-0432.CCR-18-2484

159. Yu T, Wu C, Zhu C, He Y, Yang D, Cheng Y, et al. Oral Administration of
Liposome-Apatinib and Locally Delivery of Docetaxel/MPEG-PCL by Fibrin
Glue Synergistically Improve Therapeutic Effect in Colorectal Cancer.
J BioMed Nanotechnol (2018) 14(12):2077–91. doi: 10.1166/jbn.2018.2651

160. Liu Z, Zhang L, Tian Z, Kong C, Liu C, Liu H, et al. Paclitaxel and
Itraconazole Co-Encapsulated Micelle Prolongs the Survival of
Spontaneous LSL-KrasG12D/+, LSL-Trp53R172H/+, Pdx-1-Cre
Genetically Engineered Mouse Model of Pancreatic Cancer. Adv Ther
(2019) 2(9):1900032. doi: 10.1002/adtp.201900032

161. Li Z, Ye L, Liu J, Lian D, Li X. Sorafenib-Loaded Nanoparticles Based on
Biodegradable Dendritic Polymers for Enhanced Therapy of Hepatocellular
Carcinoma. Int J Nanomedicine (2020) 15:1469–80. doi: 10.2147/
IJN.S237335

162. Khodabakhsh F, Muyldermans S, Behdani M, Kazemi-Lomedasht F.
Liposomal Delivery of Vascular Endothelial Growth Factor/Receptors and
Their Inhibitors. J Drug Target (2020) 28(4):379–85. doi: 10.1080/
1061186X.2019.1693578

163. Shi C, Gao F, Gao X, Liu Y. A Novel Anti-VEGF165 Monoclonal Antibody-
Conjugated Liposomal Nanocarrier System: Physical Characterization and
Cellular Uptake Evaluation In Vitro and In Vivo. BioMed Pharmacother
(2015) 69:191–200. doi: 10.1016/j.biopha.2014.11.025

164. Cotin G, Blanco-Andujar C, Perton F, Asin L, de la Fuente JM, Reichardt W,
et al. Unveiling the Role of Surface, Size, Shape and Defects of Iron Oxide
Nanoparticles for Theranostic Applications. Nanoscale (2021) 13(34):14552–
71. doi: 10.1039/D1NR03335B

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Yang, Deng, Zhang, An, Liu, Yao and Zhang. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.
January 2022 | Volume 11 | Article 789330

https://doi.org/10.1021/acs.bioconjchem.6b00643
https://doi.org/10.1021/acsami.9b03889
https://doi.org/10.1016/j.febslet.2007.02.022
https://doi.org/10.1016/j.biomaterials.2016.09.005
https://doi.org/10.1021/acsami.7b04971
https://doi.org/10.1039/C7NR09612G
https://doi.org/10.1002/adhm.201800525
https://doi.org/10.1038/s41573-020-0090-8
https://doi.org/10.1016/j.carbpol.2019.115004
https://doi.org/10.1016/j.ijbiomac.2018.12.262
https://doi.org/10.1016/j.ejphar.2020.173673
https://doi.org/10.1016/j.ijbiomac.2019.05.216
https://doi.org/10.1016/j.ijpharm.2020.119236
https://doi.org/10.1016/j.lfs.2020.118423
https://doi.org/10.1007/s11095-020-02892-y
https://doi.org/10.1016/j.semcdb.2019.05.006
https://doi.org/10.1016/j.semcdb.2019.05.006
https://doi.org/10.1016/j.ejpb.2014.04.016
https://doi.org/10.1016/j.jconrel.2019.05.016
https://doi.org/10.1016/j.biomaterials.2014.06.025
https://doi.org/10.1166/jbn.2016.2216
https://doi.org/10.1166/jbn.2016.2216
https://doi.org/10.1111/1440-1681.13433
https://doi.org/10.1016/j.jiec.2021.05.051
https://doi.org/10.1158/1078-0432.CCR-18-2484
https://doi.org/10.1166/jbn.2018.2651
https://doi.org/10.1002/adtp.201900032
https://doi.org/10.2147/IJN.S237335
https://doi.org/10.2147/IJN.S237335
https://doi.org/10.1080/1061186X.2019.1693578
https://doi.org/10.1080/1061186X.2019.1693578
https://doi.org/10.1016/j.biopha.2014.11.025
https://doi.org/10.1039/D1NR03335B
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/oncology#articles

	Opportunities and Challenges of Nanoparticles in Digestive Tumours as Anti-Angiogenic Therapies
	Introduction
	Mechanisms of Angiogenesis
	Mechanisms of Tumour Angiogenesis
	Conventional Anti-Angiogenic Therapy and Limitations

	Mechanism and Superiority of Nanoparticles
	Passive Targeting of Nanoparticles
	Stimulus-Responsive Nanoparticles
	Active Targeting of Nanoparticles
	Imaging Diagnosis
	Synergistic Therapy

	Anti-Angiogenic Nanoparticles in Digestive Tumours
	Metal and Metallic Compounds in Nanoparticles
	Non-Metallic Nanoparticles
	Polymeric Nanoparticles and Liposomes

	Future Perspectives and Summary
	Author Contributions
	Funding
	Supplementary Material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


