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Abstract

Nanovehicles can efficiently carry and deliver anticancer agents to tumour sites. Compared with
normal tissue, the tumour microenvironment has some unique properties, such as vascular
abnormalities, hypoxia and acidic pH. There are many types of cells including tumour cells,
macrophages, immune and fibroblasts cells, fed by defective blood vessels in the solid tumour.
Exploiting the tumour microenvironment can benefit the design of nanoparticles for enhanced
therapeutic effectiveness. In this review article, we summarized the recent progress in various
nanoformulations for cancer therapy, with special emphasis on tumour microenvironment stimuli-
responsive ones. Numerous tumour microenvironment modulation strategies with promising
cancer therapeutic efficacy have also been highlighted. Future challenges and opportunities of
design consideration are also discussed in details. We believe that these tumour microenvironment
modulation strategies offer a good chance for the practical translation of nanoparticle formulas

into clinic.

Graphical abstract

Exploiting the tumour microenvironment can benefit the design of nanomaterials for enhanced

therapeutic effectiveness.

Hypaoria pe [ #]

%%

L
Nanomaterials

Tmumosuppression

Tumour microenvironment

Corresponding authors: xiaolian-sun@xmu.edu.cn (X.S.); shawn.chen@nih.gov (X.C.).



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Dai et al.

Page 2

1. Introduction

Cancer is one of the world’s leading cause of death.! Many efforts from different fields have
been made to explore and improve the strategies to treat the disease efficiently and safely.
Various nanomaterials (including but not limited to polymeric, inorganic and biomolecular)
attracted a great deal of attention for cancer treatment due to their unique physicochemical
properties, which give rise to the desired diagnostic and/or therapeutic applications.2~7 For
example, carbon based nanoparticles (NPs) are intrinsically photothermal therapeutic agents
with high light absorption and photothermal conversion efficiency.® Rare earth upconversion
NPs can convert low-energy near-infrared (NIR) light to high-energy ultraviolet (UV) and
visible light, and therefore, serve as inner transducers for effective UV-based phototherapy
upon exposure to NIR laser irradiation.’ With the high surface to volume ratio, finely-
tuneable morphologies and surface properties, NPs are also capable of carrying diverse
theranostic functionalities into one vehicle vialoading, chemical conjugation or integration
for cancer imaging and treatment.!%-12 Different drug delivery systems have different
loading capacities. For the polymer micelles, the loading amount is typically within the
range of 10-20 % (wt/wt).13 Inorganic NP delivery systems such as mesoporous silica
nanoparticles (MSNs), however, offer much higher loading capacity. In particular, the
hollow structured MSNs can load as much as 1 g of lipophilic drug molecules per gram of
silica).!* Compared with single modality imaging or therapeutic agents, multifunctional NPs
can show the desired synergistic properties to endow early-stage diagnosis, provide more
comprehensive information of the tumour region and improve the treatment efficacy.1>-23

A major concern of cancer treatment is the non-targeted distribution of theranostic agents
throughout the body. Most conventional anticancer agents do not distinguish normal cells
and cancer cells. 24 25 NPs have preferential accumulation in the tumour area due to the
enhanced permeation and retention (EPR) effect.26-2° The physical and biological barriers in
the body can affect the accumulation of NPs in the tumour. However, most NPs can be
sequestered by the reticuloendothelial system (RES) before they reach the tumour, which not
only causes a decrease in tumour accumulation, but also leads to possible damage to RES-
rich organs.30 Engineering the physicochemical properties of NPs can help minimize the
RES sequestration of NPs. For example, protein resistant ligands such as poly(ethylene
glycol) (PEG) and zwitterionic molecules, are widely used as antifouling surface ligands for
NPs to avoid nonspecific protein adsorption and cell adhesion before reaching the tumour
sites.9%- 70 Despite these progresses, only a median of 0.7% of the administered NPs can
reach tumours.3! Design of NPs that can specifically respond to tumour microenvironment is
significant to reduce the side effect to healthy tissues. The tumour microenvironment is
complicated and quite different from normal tissues.32-34 The abnormal structures increase
the interstitial fluid pressure, leading to unevenness of blood flow, hypoxia and acidic pH.
Owing to these unique characteristics, stimulus-responsive therapeutic NPs are developed to
exploit or modulate the physiology of tumour for anti-tumour applications. This review
summarizes the recent NP designs by exploiting tumour microenvironment to enhance the
anticancer therapy effect. We aim to give a comprehensive view of the use of NPs for cancer
therapy affected by tumour microenvironment.
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2. Tumour microenvironment

The solid tumour consists of cancer cells and numerous other type of stromal cells including
fibroblasts, macrophages, lymphocytes, adipocytes, etc.33- 3541 Each cell type has its own
functions. All the cells are embedded in the extracellular matrix composed of collagen and
proteoglycans, which provides a hydrated matrix to support tumour growth (Fig. 1).4% 43
The tumour blood vessels have irregular diameters and leaky structures. Some focal regions

even lack endothelial cells or basement membrane. 4

2.1 Cancer-associated fibroblasts

Cancer-associated fibroblasts (CAFs) are the main component in cancer stroma which can
secret extracellular matrix components, growth factors, cytokines and hormones.*>- 46
Compared with normal fibroblasts which produce collagen subtypes to connect tissues,
CAFs are large, spindle-shaped mesenchymal cells, which can promote tumour initiation,
progression and metastasis. The CAFs take part in a heterotypic cross-talk with the cancer
cells lining the desmoplastic invasion front.*” They are effected by growth factors secreted
by cancer cells, such as transforming growth factor-p1 (TGF-pB1) and platelet derived growth
factor (PDGF).#7- 48 On the other hand, CAFs can secrete fibroblast growth factor (FGF),
stromal cell-derived factor 1 (SDF1), matrix metalloproteinases (MMPs) and insulin-like
growth factor 1 (IGF1), which further promote tumour growth, angiogenesis and

metastasis.*9

2.2 Immune cells

Immune cells are another important component in mouse and human tumours. Immune cells
can secrete inflammatory mediators to affect tumour microenvironment. Tumour infiltrating
lymphocytes (TIL), including T cells, B cells and NK cells, are mainly responsive for local

stimulation. The role of immune response in tumour has been controversial, either inhibit or

actively promote tumour growth.>0

2.2.1 T cells—T cells play an important role in cell-mediated immunity. There are several
kinds of T cells, including cytotoxic T cells, alpha beta T cells and gamma delta T cells,
each of which has its unique functions.’! For example, cytotoxic CD8* T cells can destroy
tumour cells and eliminate large solid tumour.52- 33 CD4™* T cells play a major role in
protecting body from infection and modulating immune responses to tumour cells.*
However, cancer cells and tumour stromal cells in tumour microenvironment can produce
monocyte chemoattractant protein-1 (MCP-1), which inhibit the functions of T cells.
Therefore, activation of the immune system is important for cancer therapy. Besides, some
studies demonstrated that the immune recognition of CD4* T cells might not be always

advantageous.

2.2.2 Tumour-associated macrophages—Tumour-associated macrophages are
particularly abundant and are present at all stages of most human and experimental murine
tumours.3”- 3 Macrophages are located in the stromal compartment of solid tumours and can
participate either in the tumour progression (e.g. cell proliferation, metastasis and invasion)
or in the anti-tumour processes, depending on the subtypes of macrophages.3”- 3¢ The
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tumour-associated macrophages are the major immunoregulatory cells to immune response,

interacting with a wide range of growth factors, cytokines and chemokines.3’

2.2.3 Dendritic cells—Dendritic cells (DCs) are unique immune cells in the tumour. DCs
can induce, maintain and launch the antitumor immunity, and therefore are employed for
cancer immunotherapy.>® Some DCs can activate B cells, natural killer (NK) cells and
natural killer T (NKT) cells.’®~©! Some DCs have been found to suppress T cell responses in
tumour tissues, and the DCs can be employed as the sensor by capturing invading microbes
and transmitting the resulting information to lymphocytes. Furthermore, DCs also play an

important role in tumour-specific effector T cell generation.®?

2.2.4 B cells—B cells are one type of lymphocytes, located in the draining lymph nodes
and lymphoid structures adjacent to the tumour microenvironment.%3 There are
heterogeneous populations of B cells with distinct functionalities in the tumour.®* %5 B cell-
associated autoimmune responses are frequently found in different tumours. B cells can
secret cytokines and influence the functions of other cells in the cancer development.®¢ For
instance, B cells can secret IL10 and Ig G to gain antigen IgG antibody complexes to realize
immunosuppression or facilitate tumour progression.®” In addition, B cells can recognize

specific antigens, regulate antigen processing and modulate T cell immune responses.®*

2.3 Myeloid-derived suppressor cells (MDSCs)

MDSCs are a group of heterogenous immune cells raised from bone marrow progenitor
cells.%8 There are two major types of MDSCs: monocytic MDSCs and polymorphonuclear
MDSCs. The former are similar to monocytes, and the latter are similar to neutrophils.%”
MDSCs mainly accumulate in tumour tissues and peripheral lymphoid organs, and can
suppress tumour progression by inhibiting the functions of T cells and NK cells.”°
Therefore, one promising cancer therapeutic strategy is the expansion of MDSCs. Moreover,
MDSCs can be used as target to enhance the accumulation of chemotherapeutic and
immunotherapeutic agents.

2.4 Tumour endothelial cells (TECs)

Compared with normal endothelial cells, TECs are heterogeneous and can respond to growth
factors and different drug molecules. Many factors including VEGF and FGF in the tumour
can stimulate TECs for cancer growth. It is well documented that tumour blood vessels with
irregular shapes and leaky structure play critical roles in tumour progression and metastasis.
TECs are phenotypically similar among almost all cancers, therefore are a promising target
for most cancer types.”! Several TEC targeting systems have been reported. For example,
arginine-glycine-aspartic acid (RGD) peptide has been used to recognize integrin avf33,

which is overexpressed in TECs.”?

2.5 Natural killer (NK) cells and natural killer T (NKT) cells

NK and NKT cells are key players in regulating antitumor immunity, sharing similar
phenotypes and functions.” NK cells are located in lymphocytic infiltrates among and
around the tumour tissue, not in direct contact with tumour cells,’> but can cause a fast
immune response in the tumour stroma. NKT cells are a heterogeneous group of T cells
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which have properties of both T cells and NK cells. NKT cells express ap T-cell receptors
and a variety of molecular markers that are typically associated with NK cells. NKT cells
can actively stimulate NK cells by secreting IFN+y, which then participate in shaping the
adaptive immune response.’* They can also directly stimulate immune response, such as
recognizing glycolipid antigen and producing pro-inflammatory T helper 1 (TH1) cytokines

and anti-inflammatory TH2 cytokines.”>

2.6 Pericytes

Pericytes are contractile cells that wrap around the endothelial cells of blood capillaries
throughout the body.”® In tumour vasculature, pericytes provide support structure for blood
vessels.”” They are important regulators of angiogenesis and vascular stability,’® and can be
employed as a stromal target for cancer therapy. For example, Sood group found that dual
targeting of endothelial cells and pericytes by anti-VEGF therapy and PDGF-p aptamer is
more effective than monotherapy in human ovarian carcinoma models.”® However, the
pericyte coverage of tumour vasculature is low due to the high level of pro-angiogenic
factors, which also correlates with poor prognosis and unusual metastases.8? Hence, increase
of pericyte coverage has also been considered as a promising strategy for cancer therapy.

2.7 Tumour-associated neutrophils (TANs)

TANS play an essential role in enhancing angiogenesis and immunosuppression at the
tumour site via secreting cytokines and chemokines. Many studies found that TANs can
release matrix metalloprotease 9 (MMP9) and VEGF,8! and also have great influence in
tumour motility, migration and invasion.82 Another important function of TAN's is to
produce reactive oxygen species (ROS), the level of which is highly related to
carcinogenesis. Stossel group demonstrated that neutrophils can induce mutation in Chinese
hamster ovary (CHO) cells.33 Under physiological conditions, TANSs rapidly undergo
apoptosis and have a short blood circulation half-life of around 6-8 h.8!-84

3 Tumour vascular abnormalities

Although tumour blood vessels, like normal blood vessels, are composed of endothelial
cells, mural cells and basement membrane, the blood vessels of cancerous tumours have
multiple structural and functional abnormalities.8 86 The vessels are leaky, poorly
organized, irregularly shaped and tortuous.

Most chemotherapeutic agents face the challenge of lacking tumour selectivity. Nanosized
vehicles are excellent candidates for efficient tumour delivery.8”- 8 Exploiting the tumour
microenvironment can help design nanoparticles with high tumour accumulation by passive

or active targeting, and thus, enhance their cancer therapy efficacy. 8- 86 89

3.1 Passive targeting to tumour by enhanced permeability and retention (EPR) effect

The EPR effect is the property by which NPs of suitable sizes tend to accumulate in tumour
tissue much more than they do in normal tissues and prolong the retention time of NPs in the
tumour region (Fig. 2).26-29 The reason for this phenomenon is that the abnormal tumour
blood vessels promote vascular permeability.2? NPs in the size range of 20-200 nm tend to
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penetrate inside the interstitial space due to the poorly aligned defective endothelial cells.3¢
Moreover, the clearance of NPs from the interstitial space of tumour tissue tends to be slow
owing to shortage of lymphatic drainage in tumour tissue.”? The EPR effect can be
optimized by evading immune surveillance and enhancing circulation of NPs.87 The
properties of NPs strongly influence the EPR effect.

3.1.1 The effect of size and shape of NPs—The size and shape of NPs can
significantly affect their biodistribution and accumulation in the tumour tissue.?!~4 The size
should be larger than 4-5 nm to avoid kidney filtration for a longer blood circulation.
Meanwhile, they should be less than 200 nm so that they could extravasate the leaky
vasculature.”> Meng er al. demonstrated that 50 nm MSNs coated with PEI-PEG copolymer
achieved better passive tumour accumulation than 100 nm ones in KB-31 tumour model.%2
MSNs are emerging as a drug carrier for cancer therapy. Tang’s group has investigated the
distribution, absorption, excretion and toxicity of 110 nm MSNs.?® They found that the
MSNs were difficult to absorb after hypodermic and intramuscular administration.
Furthermore, Kim et al. systematically investigated particle size-dependent tumour
accumulation using PEGylated MSNs in a U87MG tumour model. They found that the 100—
150 nm-sized particles had an 4-6.5 fold higher tumour uptake than the ones with diameter
<30 or >300 nm.?’ Decuzzi et al. also studied the MDA-MB-231 breast tumour uptake of
spherical silica beads with sizes ranging from 700 nm to 3 um.* They found that the
number of beads accumulated in the tumour site increased monotonically as the diameter
decreased from 3 pm to 700 nm. Even through all the above works employed spherical silica
as the model to investigate EPR effect, the EPR effect is also highly dependent on the
tumour type and tumour size due to the differences of tumour vascularization and

angiogenesis. 28 88

The biodistribution pattern of NPs is also highly dependent on their shape and rigidity.”8-102

Non-spherical NPs have different in vivo behaviours from spherical ones.193 For example,
spherical particles with a diameter larger than 200 nm would not pass through the spleen, but
concave-shaped red blood cells (~10 pm in diameter) can infiltrate the splenic tissue rather
easily.”8 Huang e al. found short-rod MSNs (aspect ratio of 1.5) had a more rapid clearance
rate than long-rod MSNss (aspect ratio of 5).9° Rapid clearance of NPs from blood is a main
issue for their clinical application. Keeping NPs in the blood can help them reach tumour
tissue by EPR effect. The long-rod MSNs could improve blood residence of NPs and
enhance EPR effect. Alexis ef al. found that compared with spherical micelles, the wormlike
micelles intend to remain in the circulation for longer time due to a slower clearance by the
mononuclear phagocyte system.!%* It’s worth mentioning that the understanding of shape
effect on in vivo behaviour is still limited due to the lack of proper synthetic methods to
prepare uniform NPs with finely tuned morphology.

3.1.2 The effect of surface properties—Modification of surface property is also
widely used to improve the blood circulation and tumour accumulation of NPs.1%5 The blood
vessels have a negatively charged surface, and therefore, positively charged NPs can bind to
the luminal surface of vascular walls and be cleared rapidly from the blood circulation.!0

Negatively charged particles, on the other hand, show a higher accumulation in the liver due
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to charge-selective filtration.1%® A promising strategy to prevent NPs from clearance is to
camouflage them with antibiofouling synthetic polymers or cell membranes.'% It has been
reported that neutral synthetic polymers can reduce undesirable adhesion of protein.!08
Poly(ethylene glycol) (PEG), an FDA approved polymer is well-known for its ability to
enhance surface hydrophilicity of NPs and reduce protein association.!? PEG is generally
regarded as safe (GRAS). An early report by Abuchowsky et al. found that the modification
of albumin and catalase by PEGylation can enhance blood circulation in mice.!10- 111 In fact,
PEGylation strategy has been successfully applied to various agents including nanovehicles.
Recently, Chan’s group reported that molecular weight and surface density of PEG greatly
influence the ability of NPs to resist protein adsorption with longer PEG chains and higher
PEG surface density being better.!12- 113 Zwitterionic materials which contain both
positively and negatively charged groups and remain an overall neutral charge are promising
alternatives that can effectively resist nonspecific protein adsorption.!14 115 Zwitterionic
polymers such as poly(phosphorylcholine),!16- 117 poly(sulfobetaine)! 18 and
poly(carboxybetaine) demonstrated comparable performance with PEG to resist protein
adsorption from plasma.!17- 119 Yang et al. demonstrated that zwitterionic
poly(carboxybetaine) (PCB)-coated gold NPs (PCB-GNP) exhibited much longer circulation
half-life (t;, = 55.8 h) than PEG-coated GNPs (8.7 h). Furthermore, while the second dose
of PEG-G NPs suffered from a dramatic decrease of t{;; to 5.2 h, the PCB-G NPs retained a
similar blood circulation half-life (t;;, = 55.6 h for the second dose).!!?

Another effective approach is to use cell-membrane to camouflage NPs.120-124 The NPs
have been entrapped in various types of cell membrane, such as human platelets, red blood
cells, leukocytes and cancer cells. The membrane-cloaked NPs could mimic cells in order to
escape from the macrophage uptake. Hu er al. reported the preparation of polymeric NPs
enclosed in the plasma membrane of human platelets. These NPs displayed platelet-
mimicking properties and a reduction in macrophage uptake by macrophage-like cells in
autologous human plasma.20 Red blood cells were also employed as a masquerade for gold
NPs (RBC-Au NPs).!22 The resulting RBC-AuNPs could avoid macrophage uptake by
bestowing immunosuppressive functionalities and shield the particles from interacting with
thiolated compounds on the AuNPs. Leukocyte and cancer-cell membranes have also been

investigated to enhance the blood circulation and tumour accumulation.!23- 126

3.2 Active targeting of NPs

Although NPs intend to accumulate in the tumour tissue due to the EPR effect, passive
tumour targeting is dependent on the tumour vascularization and angiogenesis, and therefore
lacks specificity and consistency. Both tumour model type and tumour condition can
seriously affect the passive targeting effectiveness. 28 88 Ligands which could specifically
bind to the corresponding receptors overexpressed in the tumour area (either the tumour cells
or the tumour microenvironment) have been attached to the NPs for active targeting.127-131
In this review, we mainly focus on targeting to tumour endothelium, including tumour
vascular endothelial growth factor receptor (VEGFR),132 133 integrin a,B3 13% 133 and

vascular cell adhesion molecule-1 (VCAM-1).! 36
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3.2.1 Vascular endothelial growth factor (VEGF)—Angiogenesis is essential for
tumour growth and metastasis,. VEGF receptor (VEFR) is an important signalling protein
inducing tumour angiogenesis overexpressed in the endothelium of most solid tumours.!37
Senger et al. first identified vascular permeability factor (VPF), a protein inducing vascular
leakage in guinea pigs, hamsters, and mice in 1983.138 Since then, anti-VEGF monoclonal
antibodies and other VEGF blockers have been reported to successfully inhibit tumour
growth. Goel et al. proposed the use of MSNs for VEGFR specific targeting. Compared with
non-targeted NPs, the targeted NPs showed almost three times enhancement of tumour
accumulation in a U8§7MG human glioblastoma xenograft model. The MSNs were also
modified with macrocyclic chelator 1,4,7-triazacyclononane-triacetic acid (NOTA) and
labelled with ®*Cu for positron emission tomography (PET) imaging and loaded with anti-
VEGFR drug (sunitinib) for therapy (Fig. 3A).13° VEGF has also been applied to a variety
of NPs for active targeting. For example, Chen et al. conjugated VEGF and 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA, 64Cu chelator) onto quantum dots
(QDs) for VEGFR-targeted PET/near-infrared fluorescence (NIRF) imaging.!4? Chekhonin
group developed a magnetic system that monoclonal antibodies against vascular endothelial
growth factor (nAbVEGF) was coupled to BSA coated magnetic NPs (Fe30,4).!4! VEGF
has also been coupled to organic NPs like boronated polyamidoamine dendrimers.
Fluorescence imaging confirmed selective accumulation of the dendrimer at the periphery of
4T1 breast carcinoma tumour. These dendrimers were further employed for boron neutron
capture therapy (BNCT).!42

3.2.2 aB3 integrin—a, B3 integrin is another important endothelial cell receptor, which is
expressed in tumour-associated endothelial cells of various fast growing tumours.!43 The
a.,B3 integrin is important for mediating cell-to-cell and cell-to-matrix interactions.!4*
Researchers have paid much attention to develop a,fB3-targeted NPs for cancer diagnosis
and therapy. Cai et al. reported the development of cyclic RGD peptide-labelled QDs for
tumour vasculature targeted NIR fluorescence imaging.!#> Graf et al. described the cyclic
pentapeptide c(RGDyK) modified poly(D,L-lactic-co-glycolic acid)-block-polyethylene
glycol (PLGA-PEG) NPs for platinum prodrug delivery.!4® The PLGA is a FDA approved
polymer due to its non-toxicity, good bioavailability and biocompatibility.'4” PLGA can
undergo hydrolysis in the body to produce the original monomers, lactic acid and glycolic
acid. Zhen et al. used RGD modified ferritin (RFRT) as a carrier to selectively deliver zinc
hexadecafluorophthalocyanine (ZnF;¢Pc, a photosensitizer) to the tumour endothelium. 48
The RFRT has a strong binding affinity for integrin a,f3_The 10, produced by ZnF¢Pc
increases tumour vascular permeability and leads to a higher tumour uptake of the second
dose of therapeutic NPs (Fig. 4A—C). Other NPs including but not limited to dendrimers,
copolymer NPs, magnetic NPs and upconversion NPs have also been modified with RGD
for enhancing tumour accumulation, 149-155

3.2.3 Vascular cell adhesion molecule-1 (VCAM-1)—VCAM-1 is expressed on both
luminal and lateral sides of endothelium during inflammation and cancer, mediating cell
adhesion and spreading.!36- 156 157 Molecules that bind specifically to VCAM-1 are
promising ligands for NPs to improve tumour accumulation. Gosk et al. prepared PEG

modified immunoliposomes (IL) directed against VCAM-1 and investigated the targetability
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to tumour vessels.!?® Since VCAM-1 is also aberrantly overexpressed on breast cancer cells,
it has been reported as a potential therapeutic target against lung metastasis of breast
cancer.!%9 Cao er al. encapsulated water-insoluble VCAM-1 inhibitor, succinobucol (SCB)
in triblock polymer NPs.100 These SCB loaded NPs significantly reduced VCAM-1
expression on 4T1 cells. After oral administration, these NPs could efficiently inhibit the
lung metastasis of breast cancer. The same group further developed SCB-loaded pH-
responsive wormlike micelles for lung metastasis treatment. 16!

4 Tumour microenvironment mediated nanotherapeutics

4.1 Tumour hypoxia

Tumour hypoxia means that oxygen level in the tumour tissue is lower than physiological
level.162- 163 Rapid tumour cell proliferation and tumour structural and functional
abnormalities limit oxygen diffusion.!®* The oxygen pressure can be near zero mmHg in
some solid tumours, while it is about 30 mmHg in normal tissue.!®5 Oxygen availability also
decreases as the distance from the blood vessel increases. Therefore, the hypoxic cells are
far away from blood vessels and cannot be exposed to anticancer drugs effectively during the
treatment.!66- 167 A a result, the hypoxic cells in solid tumours cannot be effectively killed
by chemotherapy and radiotherapy. To enhance the tumour therapy efficacy, many efforts
have been devoted to modulate tumour oxygen level.168-173

4.1.1 Modulating tumour oxygen level—Photodynamic therapy (PDT) is a powerful
treatment, which involves light and photosensitizer (PS).174. 175 The PS can generate
reactive oxygen species (ROS) from oxygen to kill cells under light activation at specific
wavelength.!76 However, the application of PDT is limited by the hypoxia condition in
tumours. To enhance the PDT efficacy, it is highly desirable to selectively heighten the local
oxygen level in the tumour area. Cheng ef al. reported the oxygen self-enriching
photodynamic therapy (Oxy-PDT) by loading a near-infrared photosensitizer IR780 into
perfluorocarbon nanodroplets.!”” Due to the high solubility of respiratory gases in
perfluorocarbon, the perfluorocarbon is a good candidate as oxygen carrier.!78: 179 The NIR
photosensitizer IR780 and perfluorohexane (PFH) were employed to prepare lipid
nanodroplets with PEG on the surface (Fig. SA). After PEGylation, the size of nanodroplets
is around 200 nm, which is suitable for passive targeting to tumour. When the Oxy-PDT was
irradiated with 808 nm laser, oxygen enriched in the PFH was activated to generate cytotoxic
singlet oxygen by IR780. In addition, they found that the lifetime of !0, in PFH (5x1072 s)
is much longer than that in water (5%1070 s) and intracellular environment (6x1077 s). Oxy-
PDT treatment with NIR laser irradiation showed the maximum amount of 102, and
therefore the highest cell mortality (Fig. 5B and C). The in vivo experiment further proved
that Oxy-PDT had a favourable tumour targeting due to the EPR effect (Fig. 5E) and
improved tumour inhibition compared with traditional PDT (Fig. 5F). In addition, hollow
BiySes NPs also displayed their ability of delivering perfluorocarbon for enhanced
radiotherapy.!89 Haemoglobin (Hb) which can bind with oxygen to form oxygenated Hb has

also been employed as an oxygen carrier to promote cancer therapy.!81-183
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Besides as oxygen carrier, NPs can also serve as oxygen generator under the stimulation of
tumour microenvironment. Guo group developed H,O,-activatable, and O,-evolving PDT
NPs (HAOP NPs).!84 As shown in Fig. 6A, the photosensitizer methylene blue (MB) and
catalase were encapsulated in the HAOP NPs and black hole quencher (BHQ) was doped in
the poly(D,L-lactic-co-glycolic acid) (PLGA) polymer shell to quench the energy of excited
photosensitizer. Compared with normal cells, cancer cells produce excessive amount of
H,0, (up to 0.5 nmol/10* cells/h).185 The H,O5 can be catalysed by catalase to generate
oxygen, which then ruptures the PLGA, releases MB and decreases the Forster resonance
energy transfer (FRET) and improves the PDT efficacy of MB (Fig. 6B). The tumour
inhibition results showed that HAOP NPs had significantly higher in vivo PDT therapeutic
effect than the group without catalase or without laser (Fig. 6C). Catalase-loaded tantalum
oxide (TapOs5) nanoshells were reported by Liu’s group. The catalase can enhance oxygen
level in the tumour, benefiting radiotherapy performance of TayOs.18¢ Some inorganic
materials can also be employed to generate oxygen. Manganese dioxide (MnO,) has high
catalytic reactivity for HyO, decomposition to produce oxygen under acidic pH. The MnO,
can also release Mn2* ion in the body. The Mn2* is a necessary element for humans to
survive with low concentration. Liu ef a/. designed a multifunctional pH-responsive human
serum albumin (HSA)-coated MnO, NPs (Fig. 6D)!87 that contain chlorin e6 (Ce6,
photosensitizer), c,t,c-[Pt(NH3),-(0,CCH,CH,COOH)(OH)Cl,] (cis-Pt(IV)SA, Pt prodrug)
and BSA. At acidic pH, H,O, reacts with MnO, to generate oxygen promoting both chemo-
and photodynamic therapy. The immunostaining indicated that these NPs could overcome
tumour hypoxia-associated resistance (Fig. 6E). Furthermore, the chemo- and photodynamic
dual therapy synergistically inhibited the tumour growth (Fig. 6F). Prasad ef al. reported the
polyelectrolyte albumin with MnO, (A-MnO,) nanocomplex.!88 The nanocomplex can
generate oxygen and increase tumour pH to enhance radiotherapy efficacy. MnO, has also
been used to combine with upconversion NPs for pH/H,O, responsive upconversion
imaging and synergetic therapy.'8? The oxygen-elevated synergetic radio/PDT was achieved
by generating oxygen due to the MnO,-H,0O, reaction in tumour acidic environment.

4.1.2 Hypoxia-responsive drug release—The hypoxia in tumour can also be used to
control drug release or activate prodrug in the tumour tissue. 10%- 190185 Gy’s group reported
hypoxia-responsive conjugated polymer-based doxorubicin hydrochloride (DOX) release
nanocarrier capable of light triggered ROS generation (Fig. 7A).19! The dithiophene-
benzotriazole (DB), 2-nitroimidazole (NI) and polyvinyl alcohol (PVA) were the main parts
of the polymer. The DB part can generate ROS under visible/near-infrared (Vis/NIR) light
activation. NI, a hydrophobic molecule, can be converted to hydrophilic 2-aminoimidazole
under a hypoxic environment. The hydrophilic PVA can prolong the nanocarrier circulation
time in bloodstream. DOX was encapsulated in the polymer nanocarrier. As given in Fig.
7B, the TEM results indicated that these nanocarriers disassemble gradually. Under 532 nm
light irradiation, this nanoformula completely inhibited tumour growth (Fig. 7C). However,
living tissues have a strong absorption of light in the visible range below 600—700 nm, thus
the penetration of 532 nm light is limited. Future studies might require the use of NIR light
for PDT. The N=N double bond of azobenzene (AZO) is another widely used hypoxia-
sensitive moiety to control cargo release or detect hypoxia.!70- 190. 192-194 Torehilin group

demonstrated a hypoxia-targeted siRNA delivery system based on AZO.!70
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Polyethyleneimine (PEI) and 1,2-dioleyl-sn-glycero-3-phosphoethanolamine (DOPE) were
employed as the siRNA carriers (PAPD). AZO was used as a hypoxia-responsive
bioreductive linker (Fig. 7D). Under hypoxic tumour environment, the PEG group can be
detached due to the degradation of the AZO linker. In vitro experiment showed that these
hypoxia-responsive NPs can penetrate multicellular spheroids (Fig. 7E). Further animal
experiments confirmed that these PAPD/siRNA NPs can downregulate the target gene (Fig.
7F). As the hypoxia responsive drug release system only releases the drugs in the tumour
microenvironment, it reduces undesired side effects to normoxic tissues.

4.2 Acidic pH in tumour microenvironment

Acidic extracellular pH is an important character of solid tumour microenvironment.!%> In
the 1930s, Warburg first found that due to a lack of full capacity of glucose oxidation to
produce energy of proliferating tumour cells, the extracellular tumour pH is within the range
of 6.0-7.0, whereas the extracellular pH of normal tissue and blood is maintained at 7.4.196
The acidic pH microenvironment has been widely utilized to selectively trigger nanovehicles
for enhanced cancer therapy efficacy. On the other hand, the acidic extracellular pH can
activate some lysosomal enzymes to balance pH. Lactic acid is the main metabolite by
anaerobic glycolysis in hypoxia.!?® Moreover, acidic microenvironment can increase drug
resistance and affect tumour metastasis.!97> 198 To combat these effects, it is important to
develop nanosystems to modulate the tumour extracellular pH. We classified the pH
responsive NPs into two categories: inorganic ones and organic ones.

4.2.1 pH sensitive inorganic NPs—Inorganic NPs have received increasing attention in
cancer treatment due to their feasible and finely tuneable synthesis, as well as ease of
functionalization. Acid soluble inorganic NPs such as calcium carbonate (CaCO3),199-201
calcium phosphate (CaP)292- 203 and manganese dioxide (MnO5,),!88- 189 have emerged as
excellent candidates for pH-responsive cancer therapy. Achilefu group synthesized CaCOj3
NPs to modulate the tumour environment.2%0 CaCO3 can decompose gradually under mild
acidic environment (pH ~6.8) into Ca2* and CO», and the pH can be modulated by
consuming protons at the same time. The animal experiment further confirmed the tumour
inhibition effect of these NPs. Furthermore, Liu’s group loaded Mn2*-chelated Ce6
(Ce6(Mn)) and DOX into CaCOs3 by a co-precipitation method, and then modified the
monodisperse CaCO3 NPs with PEG (Fig. 7A).!%° The 100 nm sized Ce6(Mn)@ CaCO3-
PEG gradually decomposed at pH 6.5 and dissociated rapidly at pH 5.5. As the Ce6 (Mn)
was released from the CaCOs3, the Mn2* Tj-weighted magnetic resonance (MR) signal
significantly enhanced (Fig. 8C). These NPs were successfully used for imaging guided
therapy. CaP is another pH responsive biomaterial widely used for siRNA and drug
delivery.203-205 Compared with CaCO3, CaP is nontoxic, biocompatible and degradable in
the early lysosome.293-205 However, the highly charged CaP surface is easy to bind with
proteins, which shortens the blood circulation life of CaP. MnOj is also pH sensitive. It can
react with H>O, to generate oxygen and relieve tumour hypoxia. The detail has been
discussed in Section 4.1.1.

4.2.2 pH sensitive polymer—Various pH-sensitive polymers have been developed in the
last few years for tumour targeted delivery. Most polymers are sensitive to relatively low

Chem Soc Rev. Author manuscript; available in PMC 2018 June 21.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Dai et al.

Page 12

acidic condition (pH 4.5-5.5) and only can respond in endo-/lysosome pH. Polymers which
can be triggered by tumour extracellular environment (pH 6.5-7.0) are highly

desired.93- 206-208 2_Propionic-3-methylmaleic anhydride (CDM) is a representative linker,
which can be cleaved at a mild acidic environment (pH~6.8). Wang’s group conjugated
platinum (Pt) prodrug onto poly(amidoamine) (PAMAM) via ester bond, and then used
CDM to connect (PAMAMY/Pt) and polycaprolactone (PCL).2% By assembling PCL-CDM-
PAMAMY/Pt, PEG-b-PCL and PCL, they constructed iCluster/Pt NPs with a diameter of
around 100 nm (Fig. 9A). The iCluster/Pt NPs are stable in physiological environment and
can be shattered to small PAMAMY/Pt dendrimers in the acidic tumour microenvironment by
cleaving DCM (Fig. 9B-D). Once the dendrimers enter the tumour cells, the Pt drug can be
rapidly released in the redox environment. To monitor the penetration of these NPs in acidic
tumour microenvironment, the PCL block of the hydrophobic core was labelled with
rhodamine B (RhB, red) and PAMAM was labelled with fluorescein (Flu, green). As shown
in Fig. 9E, there was nearly no green fluorescence detected in the internal area even after 24
h incubation with cluster/Pt NPs without CDM. However, for iCluster/Pt NPs, green signals
can be clearly seen both in the internal and edge of spheroids after 24 h incubation.
Furthermore, the iCluster/Pt NPs significantly delayed tumour growth and prolonged the
median survival time of A549R cisplatin-resistant human lung tumour model in mice (Fig.
9F). Wang’s group also extended the pH sensitive assembly based on CDM for siRNA and
docetaxel delivery.208. 210

Reversible protonation/deprotonation systems have also been exploited for the design of pH
sensitive polymers.21! Zwitterionic-to-cationic charge conversion blocks, such as
acylsulfonamide,?12 carboxybetaine?!3 and phosphorylcholine,2!4 are excellent candidates.
For example, Mizuhara ef al. developed a pH-responsive zwitterionic ligand based on the
alkoxyphenyl acylsulfonamide, which can keep neutrality under physiological condition and
become positively charged at tumour microenvironment (pH < 6.5) with concomitant
enhancement of cellular uptake.212 L-Histidine (His), an amino acid with a pKy of 6.5, is
also a representative protonation/deprotonation ligand to respond to mild acidic tumour
pH.215.216 Bae’s group prepared a micelle from polyHis-b-PEG and poly(L-lactic acid)
(pLLA)-b-PEG-b-polyHis-biotin.2! DOX was encapsulated in the micelle. As the pH
decreased to below 7.0, most biotin molecules were exposed on the surface due to the
ionization of polyHis and could interact with cells. When the pH was lower than 6.5, the
micelles destabilized, resulting in enhanced drug release. They further conjugated polyHis
with TAT peptide or PEI for cancer treatment.2!”- 218 Recently, an ultrasensitive pH-
responsive fluorescent micellar structure containing tertiary amine substituents as pH
detector has been reported by Gao’s group.2!1- 219 These NPs can rapidly respond to
difference in less than 0.25 pH units in the tumour extracellular microenvironment.

4.2.3 pH Low Insertion Peptide (pHLIP)—pH low insertion peptide (pHLIP) is 36-aa
peptide which can bind and insert across cell membrane to form an alpha-helix at low pH.220
The molecular mechanism of a pHLIP peptide is that the protonation of pHLIP’s residues
such as Asp and Glu at acidic pH can increase peptide hydrophobicity and trigger peptide
folding to insert into the cell membrane. The N terminus of pHLIP stays outside the cell

membrane, and the C terminus can go inside a cell.22! Moreover, NPs can be modified
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easily by conjugating to the C terminus.?22 Due to the low pH in the tumour
microenvironment, pHLIP can be employed as a targeting moiety to distinguish acidic
tumour and normal tissues. Yao et al. investigated tumour targeting ability of pHLIP
modified gold NPs.223 They compared the binding of Au-pHLIP, Au-K-pHLIP (Asp
residues replaced by Lys), and Au NPs with HeLa-GFP cells at pH 7.4 and 6.5. As shown in
Fig.10, cells had higher uptake of Au-pHLIP NPs at pH 6.5 and that at pH 7.4, while the two
formulas were pH insensitive. Tests in vivo in HeLa xenograft model further confirmed that
pHLIP is a promising tumour acidic pH targeting peptide to enhance tumour accumulation
of NPs.

4.3 Inmune responses

Immune responses play important roles in our body. Immunotherapy is a broad category of
anti-cancer therapies that use the body’s immune system for cancer treatment, which could
enhance specific and durable anticancer responses.22* For effective therapy, immune system
should be activated first, the effector cells are expanded and infiltrated to the tumour tissue.
Finally, the tumour cells are destroyed.225 However, the cancerous cells can escape these
immune responses, and the tumour microenvironment can remarkably dampen these
processes.”2 NPs are good candidates to induce antitumor immune responses for
immunotherapy. Once NPs are delivered into tumour tissue, they have the ability to
modulate the immunosuppressed tumour microenvironment and activate immune system.
Delivery of immunostimulatory drugs to antitumor immune cells is another strategy for
cancer therapy. Antigens are the molecules that can induce an immune response on the part
of the host organism with high degree of specificity.22° NPs can be employed as vehicles to
deliver antigens to trigger antitumor immune responses. Compared with conventional
chemotherapies, immunotherapy will only need low doses of antigens to activate immune
responses, and decrease the side effect of anticancer drugs.

One key regulator of immune dysregulation in the tumour microenvironment is signal
transducer and activator of transcription 3 (STAT3), which has key roles in vertebrate
development and mature tissue function including control of inflammation and immunity.227
STAT3 can be activated by phosphorylation of its tyrosine and serine residues via signalling
from upstream regulators.227 STAT3 can mediate immune suppression by increasing the
expression of MMPs, inducing suppressive cytokine secretion, and reducing the production
of pro-inflammatory cytokines in tumour.228-230 Liao et al. developed ligand-targeted 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE)-PEG NPs encapsulating a hydrophobic
small molecule STAT3 inhibitor.23! The NPs showed an effective therapeutic inhibition of
STAT3 activation in primary tumour. Alshamsan et al. prepared stearic acid modified PEI
(PEI-StA) NPs to deliver siRNA for efficient STAT3 downregulation in B16 melanoma
cells.232 Compared to the PEI complexes, the PEI-StA complexes showed higher potency in
STAT3 silencing in B16 cells accompanied by a significant induction of IL-6 secretion and a
reduction of VEGFR production. In vivo results indicated significant regression in tumour
growth after siRNA/PEI-StA treatment as compared to the siRNA/PEIL.

NPs can also be used as therapeutic cancer vaccines to treat existing cancer. The ability to
overcome relevant tissue barriers and efficiently deliver therapeutic cancer vaccines to
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particular tissue destinations is the key for designing tumour vaccine delivery systems.
Lymph nodes, the major sites of antigen-presenting cells (APCs), can be employed as the
target site for vaccine delivery. DCs can induce antigen-specific cytotoxic T cells, which
elicit an effective anti-tumour response.233 In order to realize effective vaccine delivery to
lymph nodes, the vehicle should be taken up into lymphatic vessels and retained in draining
lymph nodes. The size of vehicle is quite critical and should be less than 100 nm to improve
the vehicle uptake into lymphatic vessels.234 Zhang’s group designed a nanovaccine that
delivered 30 nm a-Ap-FNP to mature DCs directly.23> Furthermore, an adjuvant, a
pharmacological or immunological agent, can enhance the efficacy of a vaccine. NPs
carrying both tumour antigens and adjuvants can be designed to co-deliver vaccine
components.230
Multifunctional hybrid NPs integrating different immune effectors have also been designed
to overcome the immunoinhibitory nature of the tumour microenvironment and promote
immunotherapy. Fahmy’s group encapsulated hydrophobic small molecule inhibitor of the
immune suppressive cytokine transform growth factor-p (TGF-p) and the T cell mitogenic
cytokine interleukin-2 (IL-2) into nanoscale liposomal polymeric gels (nLGs, Fig. 11A).237
The polymer can release TGF-B inhibitor (SB505124) and IL-2 to the tumour
microenvironment, causing significant reduction of tumour growth. (Fig. 11B and 11C). In
addition, they used dual-labelled nL.Gs formulated by incorporating fluorescein-labelled
PEG-phosphoethanolamine into the lipid membrane of rhodamine-loaded nLGs to assess
trafficking of the particles versus trafficking of the payload. Results demonstrated that both
vehicle and payload accumulated in subcutaneous tumours and lung metastases (Fig. 11D).
Therefore, this system can deliver both hydrophilic and hydrophobic immunomodulators to
enhance anti-tumour activity against subcutaneous and metastatic melanomas. Huang’s
group used lipid-calcium-phosphate (LCP) NPs to induce antigen-specific immune response
and liposome-protamine-hyaluronic acid (LPH) NPs to deliver siRNA.238 The delivery of
siRNA using LPH NPs resulted in efficient knockdown of TGF-P in the late stage tumour
microenvironment. TGF-p down-regulation boosted the vaccine efficacy and inhibited

tumour growth more than vaccine treatment alone.

4.4 Tumour pathological pressure gradients

The tumour pathological pressure gradient plays an integral role to control intratumoral
delivery of NPs. Pressure gradients are established in the body for the flow of interstitial
fluid to exchange nutrient, oxygen and wastes between blood and cells.239 In the normal
tissue, there is a balance between tissue pressure and structure to allow cell growth and
realize tissue functions. By contrast, the tissue pressure is increased in the abnormal tumour
region.24? Young er al. first investigated tumour tissue pressure in 1950s and found that the
pressure of malignant tumours is always higher than that of normal tissues.2*! The increased
tumour pressure is due to the higher density of tumour cells, higher concentration of ECM,
blood vessel leakiness and lymph-vessel abnormalities.2* The high tumour pressure is an
obstacle to inefficient uptake of therapeutic agents for cancer treatment. Modulation of
intratumoral pressure gradients is a promising strategy to enhance extravasation and
therapeutic efficacy of NPs. Angiotensin II is a peptide hormone which can increase blood
pressure and cause vasoconstriction. Suzuki ef al. reported that infusion of Angiotensin II
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can result in 5.7-fold selective increase of blood flow in tumour and that in normal tissue
was virtually unchanged.242 Normalization of tumour pressure gradients using VEGF,
platelet-derived growth factor (PDGF) or transforming growth factor-f (TGFp) inhibitors is
another approach. VEGF inhibitor can improve blood flow by normalizing blood vessels.2*3
The PDGF inhibitor can decrease contraction of stromal fibroblasts with ECM.24+ TGF@
inhibitor can decrease the extracellular-matrix molecules.?4> Furthermore, some drugs can
improve blood flow and decrease microvascular pressure, such as nicotinamide,

dexamethasone and bradykinin agonists.246-248

4.5 Tumour extracellular matrix (ECM)

The extracellular matrix functions as a scaffold for tissue morphogenesis. ECM is composed
of highly interconnected collagen fibres and associated large glycoproteins, proteoglycans as
well as various proteins that regulate tissue homeostasis, organ development and tissue
lesion.2*? The components of tumour ECM are determinants for the growth and cell
migration of solid tumours.2>% Due to the presence of high collagen turnover, increased level
of lysyl oxidase (LOX), and enhanced integrin receptors, solid tumours have the dense
extracellular matrix for the transmission of extracellular signals to the cells, which increase
solid stress inside tumours, and compress tumour blood vessels to reduce tumour
perfusion.231-253 Fyrthermore, the thick tumour ECM also prevents the penetration of NPs,
reducing tumour treatment efficacy. Modulation of tumour ECM provides an alternative

strategy for enhancing cancer therapy.

One approach is the use of enzymes, such as hyaluronidase (HAase) and collagenase, to
degrade the matrix structure.2>* Liu’s group modulated the tumour microenvironment by
administration of HAase, which breaks down hyaluronan, a major component of ECM in
tumours (Fig. 12A).255 The C18PMH-PEG-Ce6 nanomicelles were prepared and co-injected
with HAase-PEG into mice for cancer treatment. Both the tumour vascular density and
effective vasculature area were increased after HAase administration, inducing enhanced
perfusion inside the tumour. After treatment with HAase, the hypoxia stained signals
became obviously lower within the whole tumour compared to the control group (Fig. 12B),
and the tumour growth was almost completely inhibited (Fig. 12C). Cheng’s group prepared
the recombinant human hyaluronidase PH20 (rHuPH20) modified PLGA-PEG NPs.25° The
rHuPH20 can degrade hyaluronic acid for enhanced NPs penetration in tumour (Fig. 12E).
The DOX encapsulated NPs can efficiently inhibit tumour growth and promote survival rate
(Fig. 12F). Fluorescence imaging proved that HA on the diffusion path of NPs were
degraded while the signal of HA maintained in the normal tissue. The HPEG-PH20-NP
signal can be clearly seen around blood vessels in tumour (Fig. 12G).

Cyclopamine, a naturally occurring steroidal jerveratrum alkaloid, can inhibit the hedgehog
signalling pathway (Hh) by acting on the SMO receptor.2>’ Zhang et al. reported that
cyclopamine can disrupt tumour extracellular fibronectins, decompress tumour blood vessels
and improve tumour perfusion. The cyclopamine and paclitaxel encapsulated PEG-PLA NPs
could change extracellular matrix deposition, improve pancreatic cancer tumour perfusion
and achieve significant tumour growth inhibition. Oligosaccharides of hyaluronan (oHA)
can also disrupt the HA matrix by replacing HA for the binding on CD44.258-259 Gao’s
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group developed oHA-lipid-PTX NPs, which can efficiently disrupt the tumour HA matrix
260

and promote the drug delivery into the cells.
Bromelain can cleave the synthetic peptide sequence Bz-Arg-Arg-p-nitroanilide and digest
extracellular matrix.261- 262 Tasciotti’s group modified MSN with bromelain and found an
enhanced diffusion of MSN in tumour extracellular matrix.2%3 Collagenase is another
enzyme that improves extracellular matrix penetration depth by breaking the peptide bonds
in collagen.26% 265 Goodman e al. developed polystyrene NPs immobilized with
collagenase.2% The collagenase treatment of spheroids resulted in significantly increased
penetration of polystyrene NPs. Collagenase-functionalized superparamagnetic NPs
synthesized by Giorgio group also demonstrated the ability to degrade the extracellular
matrix for enhanced interstitial mobility.267 Recently, Vallet-Regi group designed hybrid
MSN NPs attached with collagenase-polymeric nanocapsules to improve their tumour
penetration.2%8 These polymeric nanocapsules protect the collagenase against proteolytic
degradation and hydrolysis during circulation in bloodstream while allowing collagenase
release at tumour pH to enhance tumour matrix degradation.

MMPs represent the most prominent family of proteinases associated with
tumourigenesis.2%® MMPs-mediated tumour extracellular matrix degradation leads to cancer
cell invasion and metastasis.26? MMP-2 and MMP-9 are the most studied MMPs and are
upregulated during progression of various tumour types, including prostate, stomach,
colorectal, breast, lung and ovarian.2’0 Moreover, MMPs promote invasion, growth, the
survival of malignant cells and metastasis to other organs.271 Therefore, direct inhibition of
MMP activity is an ideal therapeutic strategy. Vyavahare group prepared MMP-inhibitor
batimastat loaded poly(D,L-lactide) NPs and then conjugated with an antielastin antibody to
prevent aneurysmal growth.2’2 Xiao and Wang developed a poly(lactic-co-glycolic acid)
NPs loaded with batimastat to promote cancer chemotherapy.2’3 Additionally, MMPs can
act a novel target for tumour therapy.2’* MMP can selectively recognize and cleave MMP
responsive peptides. Chen and Wang’s group coated 1,2-distearoyl-snglycero-3-
phosphoethanolamine-polyethyleneglycol (DSPE-PEG) nanovesicles with a thin polymeric
shell of MMP-2 degradable polymeric peptides Gly-Pro-Leu-Gly-Val-Arg-Gly-Lys
(GPLGVRGK,),2”> and then conjugated with a cyclic RGD peptide to promote tumour
targeting. Irinotecan hydrochloride was encapsulated into the nanovesicle for cancer therapy.
The GPLGVRGK peptides were degraded by MMP-2 in the tumour microenvironment. ITC
can be released fast (Fig. 13A). Compared with ITCCN, the fluorescence intensity of
ITCCN-G-C from the centre of the MCs is higher (Fig. 13B). This indicated the N-G-C can
enhance penetration through the spheroids. The in vivo tumour suppression studies were
further carried out. The ITCCN-G-C had better tumour suppression efficiency compared
with all the other groups (Fig. 13C). The therapeutic efficacy achieved with ITCCN-G-C
can be attributed to the synergistic contribution from improved tumour accumulation,
penetration, and MMPs-responsive drug release in the tumour microenvironment. Similar
designs have been applied to other nanovehicles.2’0-27 Li’s group developed a tumour
microenvironment-adaptive hybrid micelle constructed by two amphiphilic polymers,
polyethyleneimine (PEI)-block-poly[(1,4-butanediol)-diacrylate-p-5-hydroxyamyl -amine]
(PDHA) (PEIPDHA) and PEG-block-PDHA (PEG-PDHA) co-loading PTX and the anti-
metastasis siRNA.277 The NPs consists of a pH-sensitive core (PDHA), a cationic shell
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(PEI), and a matrix MMP-cleavable PEG conjugated via a peptide linker. PEG will be cut
away in the tumour microenvironment and the NPs will change from neutral to positive
charge, which promotes NPs internalization into tumour cells.

Some lipases are also upregulated in the tumour microenvironment and can be employed for
NPs-based activation.280- 281 Phospholipase A2 (PLA2) is a lipase overexpressed in the
tumour extracellular matrix. This enzyme catalyses the hydrolysis of the ester bond of the
SN-2 acyl chain of phospholipids, leading to the generation of free fatty acids and
lysophospholipids.282- 283 This property can be used to create liposome-based drug delivery
system that can be triggered by PLA2 at the tumour site. Gu’s group reported a tumour
microenvironment responsive and transformable nanocarrier for cell membrane targeted
delivery of cytokine (Fig. 14).284 In their system, PLA2 degradable liposome was employed
as a shell to protect complementary DNA nanostructures (designated as nanoclews)
decorated with cytokines. After PLA2 activation, the cytokine loaded DNA nanoclews were
transformed into nanofibers for enhanced anticancer efficacy.

5 Conclusion and perspective

This review aims to present a survey on the design of therapeutic NPs by exploiting tumour
microenvironment. NPs offer many potential benefits that are now starting to be utilized in
the clinic. Tumour microenvironment provides a new strategy for cancer treatment.
Therefore, a deeper understanding of the realistic conditions and interactions involved in the
tumour microenvironment play a significant role to develop smart NPs. Even though the
tumour microenvironment has been investigated for many years, how to design NPs to make
use of tumour microenvironment is still in its infancy, and there are many challenges for the
design of effective therapeutic NPs for clinical cancer therapy.

First, high tumour accumulation of NPs is the key for effective cancer treatment. According
to Chan’s recent review, most of the reported NPs formulas have very poor delivery
efficiency to solid tumour.3! Therefore, how to reduce clearance by phagocytic blood cells
during blood circulation process and increase tumour accumulation is still one of the biggest
hurdles for the effective use of nanomaterials for cancer treatment. PEG and zwitterionic
materials are the promising candidates to decrease the blood clearance. More recently, the
cell membrane has been exploited to coat various NPs.283 This strategy provides new
inspirations for enhancing blood circulation time. The development of new materials to
significantly increase tumour accumulation will be of great importance. The EPR effect is
another important factor for tumour accumulation due to the abnormal vascular architecture
in the tumour site. The NPs with size between 20-200 nm can extravasate and accumulate in
the interstitial space. However, each tumour type has its specific endothelial pore size, no
single NPs size can fit all types of tumours. EPR effect also depends on the degree of tumour
vascularization and angiogenesis.38 In order to further improve tumour accumulation, active
targeting has been developed. The active targeting strategy also faces many challenges.
Some studies showed only a modest increase in tumour accumulation over the control NPs
without targeting molecules. Multi-targeting NPs system that consists of two or more
targeting stages or stimuli-responsive targeting macromolecules represents a promising
targeting strategy.
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Second, compared with normal tissues, the solid tumour has a unique microenvironment
including vascular abnormalities, hypoxia, low pH, dense tumour ECM, which has been
studied to design new therapeutic NPs. Modulation and exploitation of the tumour
microenvironment by NPs has been demonstrated. As cancer is a complex disease, a strategy
that combines multidimensional treatment modalities together has obvious advantages over a
single treatment approach. For instance, a single NPs drug delivery system can be designed
to modulate the tumour pH and promote oxygen concentration at the same time. It is also
possible to develop drug delivery systems with two targeting strategies and tumour pH
sensitive drug release together. It is interesting that some multifunctional drug delivery
systems can hold big size to enhance tumour vascular extravasation by EPR effect and
discharge small NPs to improve tumour penetration by tumour microenvironment.20- 286
Thus, development of smart nanomaterials that utilize the unique tumour properties could

lead to the significant progress of the NPs based cancer therapy.

Third, a deeper understanding of the tumour microenvironment and the tumour cell
physiology are keys for better design of new smart and effective cancer nanotherapeutics.
For example, low interstitial diffusion in solid tumours is one of the main challenges because
of the dense structure of extracellular matrix. Therefore, degradation of extracellular matrix
by NPs is promising to improve tumour treatment efficacy. Nowadays, radiation therapy is a
critical component in cancer therapy. The mechanism is that ionizing radiation can generate
oxygen-centred radicals to induce cell DNA damage.!” The hypoxic tumour environment
limits the application of radiotherapy. The NPs that deliver oxygen to tumour site can
improve the therapeutic outcomes of radiotherapy in cancer treatment. Based on numerous
different properties of solid tumour compared with normal tissue, how to further exploit the
tumour microenvironment and interaction between different kinds of cells by NPs in the
tumour is still a challenge.

The ultimate goal of developing nanomedicine is clinical translation. Although numerous
murine models including human xenograft models and genetically engineered mouse models
have been developed to study human cancer, human cancer is different from murine models
in many aspects, such as the size relative to host, stromal cells in tumour, metabolic rates
and pharmacokinetic properties.287-289 Most rodent tumours grow much faster than human
tumour. A mouse tumour is often grown up to 10% of the mouse body weight, which is as
big as a basketball of an equivalent tumour in a 70 kg human.?%0 Actually, the size of human
tumour is much smaller, ranging from a few millimeters to centimeters, at ime of diagnosis
and treatment.?%0 Therefore, there are many differences between human cancer and murine
models in tumour microenvironment. Athymic nude mice also lack a functional immune
system and the stromal cells including cancer-associated fibroblasts, endothelial cells, and
immune and inflammatory cells belong to murine cells.2! Therefore, xenograft tumour
models using human cell lines to test drug responses often do not recapitulate the clinical
reality in patients.28? Despite all these shortcomings, human xenograft model remains an
useful tool for improving our understanding of cancer development and treatment. Further
understanding of the tumour microenvironment in human cancers is critical to translate

nanomedicine into the clinic.
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In conclusion, this review discussed the exploitation of tumour microenvironment by NPs
for cancer therapy. The use of tumour microenvironment-sensitive NPs holds promise in
cancer therapy. Indeed, great progress has already been made towards this goal. Ideally, a
therapeutic NPs system should be able to deliver cargos just to the tumour and be degraded
without severe side effects to the body. Further work is still underway to develop new NP
systems specific for tumour microenvironment.
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Fig 1.
The main components of the tumour microenvironment, which include malignant cells,
many non-malignant cells (for example T cells, tumour associated fibroblasts and dendritic

cells), tumour extracellular matrix and blood vessels.
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Fig 2.
Schematic representation of the enhanced permeability and retention (EPR) effect.
Angiogenic vessels in the tumour site is abnormal in form with large vascular fenestrae.
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(A) Schematic illustration of radioisotope ®*Cu-labelled VEGF;,; conjugated mesoporous
silica NPs (6*Cu-NOTA-MSN-VEGF ;). (B, C) Region-of-interest (ROI) quantification of

liver,

US7MG tumour, blood, and muscle upon intravenous injection of (B) *4Cu-NOTA-

MSN-PEG-VEGF),, (targeted group), and (C) **Cu-NOTA-MSN-PEG (non-targeted
group) after various time points. (D, E) VEGFR targeted PET imaging in U§7MG tumour-
bearing mice. Coronal PET images of **Cu-NOTA-MSN-PEGVEGF,; (D) and %*Cu-
NOTA-MSN-PEG (E) injected intravenously in U§7MG tumour mice at various time points.
The location of the tumour is indicated by the yellow arrows. (Reprinted with permission

from ref. 139. Copyright 2014, American Chemical Society.)
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Fig 4.
(A) Working mechanism of ZnFgPc-loaded RGD peptide modified ferritin (P-RFRTSs)
mediated photodynamic therapy (PDT) was performed by accumulation of P-RFRTs in the

tumour after intravenous injection and irradiation with a 671 nm laser. (B) EPR
enhancement by PDT-induced P-RFRTs. At 24 h post-injection of P-RFRT, the right 4T1
tumour was irradiated by a 671 nm laser for 5 min followed by IRDye800-HSA injection.
The right tumour was enhanced EPR effect showed significantly higher albumin
accumulation. (C) EPR enhancement led to improved tumour therapy outcome. Doxil was
injected 5 min after the end of P-RFRT-mediated PDT. Control groups include animals
receiving P-RFRTs and Doxil but no irradiation, Doxil only, irradiation only, P-RFRTs and
irradiation but no Doxil, and PBS only. Compared to the control groups, animals receiving
the PDT and Doxil combination showed much more significant tumor growth suppression.
(Reprinted with permission from ref. 148. Copyright 2014, American Chemical Society.)
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Fig5.

(Ag) Schematic drawing of the oxygen self-enriched photodynamic therapy (Oxy-PDT) NPs.
(B, C) HDCFDA were employed to detect ROS generation by treating cells with various
agents. Nuclei were stained with Hoechst 33342. Scale bar, 50 um (B) and 10 um (C). (D)
Cell viability of CT-26 cells by the CCK-8 assay under hypoxic conditions. (E) Near-
infrared fluorescence images of mice at different time points after intravenous injection of
Oxy-PDT NPs. (F) Tumour therapy by single injection of Oxy-PDT NPs intravenously.
(Reprinted with permission from ref. 177. Copyright 2015, Nature Publishing Group.)
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Fig 6.

(A) Work mechanism of H>O,-controllable release of photosensitizer and O, generation to
enhance PDT by encapsulating catalase in the core and black hole quencher (BHQ) in the
PLGA shell and modification with poly(vinylalcohol) (PVP) and cRGD to form a cell
specific, HyO,-activatable, and O,-evolving PDT NP (HAOP NP). (B) In vitrorelease
profiles of methylene blue (MB) under various conditions. (C) Relative tumour volume
(V/Vy) change with HAOP NPs under various treatments. (D) Schematic illustration for the
synthesis of HSA-MnO,-Ce6&Pt (HMCP) NPs. (E) Immunofluorescence staining of tumour
blood vessel (CD31) and hypoxia (pimonidazole) with and without HMCP treatment. (F)
4T1 tumour growth curves of mice after various treatments. Light irradiation was conducted
at 24 h p.i. by a 661 nm laser at the power density of 5 mW cm™2 for 1 h (n = 5/group). (Fig.
6A—C was reprinted with permission from ref. 184. Copyright 2015, American Chemical
Society. Fig.6 D-F was reprinted with permission from ref. 187. Copyright 2016, John
Wiley & Sons, Inc.)
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Fig 7.

(Ag) Formation of light-activated hypoxia-responsive drug-delivery system by hypoxia-
sensitive 2-nitroimidazole-grafted conjugated polymer (CP-NI) and polyvinyl alcohol
(PVA)-based surface coatings and encapsulated DOX. (B) TEM images of DOX/CP-NI NPs
at various time points after 5 min light irradiation (scale bar, 200 nm). (C) The HeLa tumour
growth curves upon different treatments (2.0 mg kg~! DOX, 3.6 mg kg~! CP-NI). *p < 0.05,
*#p < 0.01 (n = 5/group). (D) Schematic representation of the synthesized PEG-Azo-PEI-
DOPE and the work mechanism under hypoxic condition. (E) Images of siRNA distribution
in various sized multicellular spheroids after 4 h incubation under normaxia and hypoxia
conditions. (F) Ex vivo fluorescence optical imaging of tumours after intravenous injection
of PBS, PEG-Azo-PEI-DOPE/anti-GFP siRNA complexes (PAPD/siGFP), and PEG-Azo-
PEI-DOPE/negative siRNA complexes (PAPD/siNeg). ((Fig.7A—-C was reprinted with
permission from ref. 191. Copyright 2016, John Wiley & Sons, Inc. Fig.7 D-F was reprinted
with permission from ref. 170. Copyright 2014, John Wiley & Sons, Inc.)
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Fig 8.

(Ag) Schemes showing the synthesis and structure of Ce6(Mn)@CaCO3-PEG NPs. (B) TEM
images of Ce6(Mn)@CaCO3-PEG immersed with different pH values (5.5, 7.4 and 6.5) PBS
buffers after various times. (C) 77-weighted MR images of Ce6(Mn)@CaCOs3-PEG with
different concentrations and different pH values after 4 h incubation. (Reprinted with
permission from ref. 199. Copyright 2016, Elsevier Ltd.)
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Fig9.

(Ag) Chemical structure of PCL-CDM-PAMAMY/Pt and the mechanism of the self-assembly
Pt-containing pH-instable clustered (iCluster/Pt) NPs in response to tumour environment.
(B) Size distribution of iCluster/Pt measured by DLS. (C) TEM images of iCluster/Pt and
Cluster/Pt immersed with PBS at pH 6.8 for various amounts of time. (D) In vitrorelease
profiles of PAMAM (green line) and platinum drug (red line) from iCluster. (E)
Multicellular spheroid model of BxPC-3 cells to confirm the penetration of R'BiClustergy,
and RPBClusterp, at pH 6.8 after 4 h or 24 h incubation (Scale bar = 200 um). (F) Inhibition
of A549R cisplatin-resistant human lung cancer model by iCluster/Pt. Mice were i.v.
administered an equivalent platinum dose of 1.5 mg/kg on days 0, 3, and 6. (G) Kaplan-
Meier plots of the animal survival in 4T1 tumour mice (n = 10). Mice were treated at a
platinum dose of 3 mg/kg viai.v. administration on days 10, 15, and 20 after tumor
inoculation. (Reprinted with permission from ref. 209 with permission, Copyright 2016,
National Academy of Sciences.)
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Fig 10.

(A-F) Cell uptake of gold NPs and gold-pHLIP NPs at different pH values (7.4 vs. 6.5). (G-
-K-pHIP NPs with intratumoral
injection (G) and intravenous injection (H). (Reprinted with permission from ref.223 with

H) Biodistribution of gold NPs, gold-pHLIP NPs and gold

permission, Copyright 2013, National Academy of Sciences.)
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Fig 11.
(A) The synthesis and structure of NPs by entrapment of the drug-loaded CD (blue) and the

IL-2 (green) in the polymer matrix (red). (B) Plot of B16 melanoma tumour area vs. time
after intratumoral injection of different formulas. Tumours in the nLG-SB and nLG-SB +
IL-2 groups were significantly smaller when compared against all other groups from day 12
to day 22. (C) Survival rate of mice from the same study given in (B). (D) Analysis of lung
tissues under bright field and fluorescent microscopy demonstrate the presence of both lipid
carrier (green) and rhodamine payload (red) around individual lung tumours at early time
points post injection. (Reprinted with permission from ref. 237. Copyright 2012, Nature
Publishing Group.)
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Fig 12.
(A) Scheme showing the mechanism to modulate tumour microenvironment by HAase. (B)

Tumour slices immunofluorescence imaging by treatment with 1500 U HAase. Red: Blood
vessels; green: hypoxic regions; blue: nuclei. (C) Tumour inhibition under various
treatments with saline, HAase alone, PDT alone, and PDT plus HAase at days 0 and 6. PDT
effect is obviously enhanced by administration of HAase. (D) Ex vivo tumour pictures of the
same study described in (C). (E) Scheme of synthesizing hyaluronidase-modified
nanocarrier by conjugating thiolated rHuPH20 on the first PEG layer followed by anchoring
the second PEG layer. (F) Tumour growth inhibition curves and survival rate plots for 4T1
tumor-bearing mice treated with either saline, free DOX, DOX-HPEG or DOX-HPEG-PH20
NPs at 2 mg/kg equivalent dose of DOX. (G) Staining of sectioned tumour tissues collected
24 h post-injection of saline or various NP formulas. Scale bar: 50 pm (left); 200 um
(middle); 100 pum (right). ((Fig.12 A-D was reprinted with permission from ref. 255.
Copyright 2016, American Chemical Society. Fig.12 E-G was reprinted with permission
from ref. 256. Copyright 2016, American Chemical Society.)
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Fig 13.
(A) The mechanism of MMPs-responsive nanovesicles in the tumour microenvironment.

Nrp-1 receptor targeting mediates tumour penetration of ITCCN-G-C. MMP-2 enzyme
cleaves the cross-linker causes disassembly of the polymer network and the exposure of
ITCCN-C, which enters cells through Nrp-1 mediated endocytosis. (B) Images of HT-29
multicellular spheroids (MCs). Scale bar = 50 um. (C, D) Confocal microscopy images of
HT-29 MCs incubated with Cy5-labeled ITCCN (C) and ITCCN-G-C (D) for 8 h. (E)
Tumour inhibition under various treatments (N = 6). *P< 0.05. **P< 0.01. (G) Tumour
volume changes of the six treatment groups (ITCCN-G-C, ITCCN-G, ITCCN-C, ITCCN,
free ITC, 7.5 mg/kg equivalent of irinotecan and PBS) over the course of the treatments.
(Reprinted with permission from ref. 275. Copyright 2015, John Wiley & Sons, Inc.)
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Fig 14.
(A) Schematic of phospholipase activated membrane targeted cytokine delivery system. (a)

Preparation of TRAIL-NC-L. The DNA nanoclews were first prepared by rolling circle
amplification (RCA) and then modified with Ni2*. After loading TRAIL protein through
Ni2*-His tag affinity, the TRAIL-NC was encapsulated into a POPC liposome that could be
degraded by phospholipase A2 (PLA2). (B) PLA2 in the tumour microenvironment degrades
the liposome shell to release TRAIL-NC and complementary DNA NCs hybridize into
microscopic fibres. TRAIL loaded spherical NPs are efficiently internalized, while
hybridized DNA fibres are highly impermeable to cell membrane, facilitating the interaction
of TRAIL and death receptors. (Reprinted with permission from ref. 284. Copyright 2016,
Elsevier Ltd.)
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