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1. Introduction

As a new drug delivery system, NPs have many essential advan-
tages in targeted therapy. It improves the bioavailability of
insoluble drugs, enhances the anti-tumor therapeutic effect, re-
duces side effects and enhances patient compliance' °. Through
advancement of diagnosis techniques, prevention strategies and
treatment, nanotechnology has shown great potential in improving
cancer treatment. Nowadays, NPs have been widely used in
various fields of pharmaceutical research. Combining with the
tumor microenvironment (TME), researchers have designed
various NPs and modified their surfaces. The nano-drug delivery
system has specific physical and chemical properties, thereby
improving the treatment efficiency of the corresponding tumors.
At present, common nanocarriers for drug delivery, especially for
targeted cancer therapy, include liposomes, micelles, polymeric
NPs, dendrimers, inorganic carriers’, such as silica®, carbon’ ',
gold'>""7, magnetic carriers'®, etc.

In order to design an effective nanoparticulate system for drug
delivery, it is necessary to have a comprehensive understanding of
the interactions between nanomaterials and biological systems.
The nano-drug delivery system needs to go through three stages to
be delivered to the tumor. First, they circulate in the body and are
partially engulfed by macrophages from the reticuloendothelial
system'*'?"2"; second, they continue to penetrate and release
drugs to the tumor; finally, they accumulate in tumor and exert
therapeutic effects. However, before NPs reach the tumor site,
they suffer from the problem of foreign body recognition and
phagocytosis by macrophages®>. Even when they reach the
vascular systems surrounding the tumor tissues, complex physio-
logical conditions (such as high interstitial pressure and dense
tumor matrix) are another major obstacle for NPs to penetrate into
the tumor site’®*. These obstacles increase the difficulty and
complexity of using NPs to treat tumors, so that only 0.7% of NPs
reach the tumor site™. For example, the changes in pharmacoki-
netics of NPs in vivo, the poor stability of NPs, the insufficient
accumulation of selective tumors, the early release of drugs at
non-tumorous sites, etc. In the changeable physiological and
pathological environment, NP systems can be adjusted to over-
come their main shortcomings, even if they can not overcome all
shortcomings, in order to maintain their desired biological effects.

During the in vivo delivery process, the cell membrane presents
a huge challenge to the effective localization and drug delivery of
NPs. The outer surface of the membrane is decorated with a va-
riety of receptors, which act as the key to signal transduction,
mediation, binding and internalization of cells*’. Receptors are
proteins that respond to specific chemical signals and perform
signal transducers. Their structures are usually composed of
extracellular, transmembrane and intracellular domains’'. Differ-
ential expressions of receptors on the surface of normal and ma-
lignant cells can be used as a method to identify cancer cells. Folic
acid (FA) receptor, integrin, prostate specific membrane antigen,
CD44 (a cell surface glycoprotein), vascular endothelial growth
factor (VEGF), epidermal growth factor (EGF) receptor and so on
are overexpressed on the surface of specific cancer cells™ ~’.
Therefore, in the process of designing nano-drug delivery systems,
designers need to take the interaction between NPs and cells into
consideration’®,

Depending on the internalization mechanism, NPs are
mainly transported via endolysosome channels®. In this case,
NPs and their loaded drugs will experience harsh environments
in lysosomes®’. For example, lower pH value and degradation

by various enzymes will greatly reduce the therapeutic effect”’.
It is very significant for NPs to escape the nucleosome before
being digested. Lysosomes are composed of intracellular
components, which poses a huge challenge to nano-drug de-
livery systems. Recently reported, metal-phenolic networks
(MPNs) uses polycation polymer and cell penetrating peptides
(CPPs) to form a nontoxic coating in order to escape from the
lysosomal compartment*'. Another challenge is the subcellular
targeting efficiency of NPs. The necessity of subcellular
localization depends on the drug delivered, such as mRNA and
peptides. In these cases, NPs need to penetrate the cytoplasm to
find the target organelle and induce drug transfer. This trans-
port strategy can further improve the processing efficiency, but
it requires careful design of NPs. For example, camptothecin is
carried in the trastuzumab-coated nanorods, while doxorubicin
(DOX) is wrapped in the trastuzumab corona around the NPs*>,
The nanorods show cell-specific internalization. The results
showed that trastuzumab circulated to the plasma membrane,
camptothecin nanorods remained in the perinuclear region, and
DOX was introduced into the nucleus, thereby inhibiting tumor
growth.

This review summarizes the interactions between nano-
materials and biological systems at different stages in targeted
cancer therapy. These stages are divided into several nodes to
describe the interactions between NPs and TME, cell membrane
and receptor, respectively. In each section, we will discuss the
chemical and structural composition of each biological environ-
ment and the environmental challenges associated with NPs
transportation. At the same time, we will also list methods to
ameliorate the composition and structure of NPs, in order to in-
crease the efficiency of NP transmission.

2. Circulation of nanocarriers in blood and their
interactions with RES

In the first stage of drug delivery, nanocarriers first enter the hu-
moral circulation and interact with the RES. In this process,
macrophages of liver and spleen play primary roles***°. On the
one hand, the ligands on the surface of NPs cause the recognition
of macrophage surface receptors. Macrophages quickly engulf
NPs, thus shortening their circulation time in the blood. Scavenger
receptor (SR) usually binds to a variety of ligands through
phagocytosis, adhesion and signal transduction®® and degrades or
removes foreign foreign bodies, such as SR-A, SR-B and SR-D*’.
On the other hand, NPs often adsorb some recognizable serum
proteins (mainly immunoglobulins and complement proteins) in
the circulation process, and then they are swallowed by phago-
cytes”**%° NP, as an exogenous substance, can produce corre-
sponding antibodies in the body. After binding, it can promote
macrophage recognition and phagocytosis’*>'. At the same time,
the surface receptors of other hepatocytes (such as sinusoidal
endothelial cells and hepatic stellate cells) also affect the meta-
bolism of NPs**%,

It is necessary to study the pharmacokinetics (PK) of NPs
in vivo from the perspective of biological safety and drug delivery
system. There are four speed limiting steps in the process of drug
delivery to tumor tissue: blood flow limitation, extravasation
limitation, diffusion limitation, local binding or metabolic re-
striction’*. The abnormal blood vessels and the disorder of
intercellular fluid in tumor tissue greatly weaken the active tar-

geting transport of nanodrugs®>>°. Due to the lack of endothelial
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cell adhesion molecule and tight junction protein, the vascular
wall of tumor tissue contains a large number of microporous
structures with the size of 100—780 nm’’. Tumor blood vessels
have stronger permeability than normal blood vessels, and nano
drugs overflow faster from blood vessels, which is also called
passive targeting effect’®. Due to the retention effect (EPR effect)
of tumor tissue, nano drug delivery system can show passive
targeting effect, thus improving the efficacy and reducing the side
effects”.

Nanodrug delivery system mainly enters cells through endo-
cytosis. The main endocytosis pathways include megacytic pino-
cytosis, reticulin mediated endocytosis, caveolin mediated
endocytosis and reticulin/caveolin independent endocytosis. The
PK performance and endocytosis pathway of NPs in vivo mainly
depend on its chemical and physical properties, such as size,
charge and surface properties. Compared with the smaller nano-
particles, the larger nanoparticles have a slower internalization
rate®. Liu et al®' injected radiolabeled 30—400 nm nano-
liposomes into mice through vein. They found that 4 h after
administration, the distribution of nanoliposomes with particle
size of 100—200 nm in tumor tissue and blood was four times
higher than that of nanoliposomes larger than 300 nm or less than
50 nm. For small size NPs, although it is easy to enter the tissue
through discontinuous epithelial cells in RES tissue, it also has a
high probability of returning to the blood through endothelial
cells. When the nanoparticles permeate through the blood vessels,
they are difficult to continue to deliver due to the hindrance of the
interstitial macromolecular network, and can only produce local
effects. Therefore, the absorption and distribution of small-sized
NPs in tumor tissues can be significantly increased by specific
surface modification (Fig. 1). The endocytosis of positively
charged NPs is mainly via the reticulin mediated pathway®. It has
a stronger interaction with cells and is easier to enter the cell than
its negative charged counterpart, and tends to bypass the lyso-
somal pathway. There are many kinds of surface properties, such
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as the composition of copolymer monomer, degree of substitution,
hydrophilicity and hydrophobicity. Studies have shown that the
hydrophobic segment of polymer micelles plays an important role
in the transport speed, and the hydrophilic segment determines the

localization of intracellular organelles®.

2.1.  Strategies to reduce RES uptake of NPs

2.1.1.  Chemical modification of NPs
Polyethylene glycol (PEG) is a common method of surface
modification that affects the interaction between NPs and RES®.
PEG can prevent NPs from binding to serum albumin, and pro-
mote NPs to enter cells through matrix®***~%_ According to re-
ports, 114-nm-diameter NPs tightly packed in PEG could diffuse
into the brains of humans and rats, and circulate for a long
time’*’!. Magnetic nanoparticles (MNPs) were coated with ami-
nated cross-linked starch (DN) and aminosilane (A), and then
modified with 5 kDa (AS, D5) or 20 kDa (A20, D20) PEG chains.
It was found that the absorption of MNPs by macrophages
RAW264.7 was reduced to half of the original level””. In addition
to PEG, modification with other chemicals (as shown in
Table 17°7%) can also extend the blood circulation time of NPs.
The surface modification of NPs can endow them with active
targeting ability and increase their tumor permeability. There are
many tumor specific receptors, such as vascular endothelial
growth factor receptor, integrin and endothelin, which are highly
expressed on the surface of tumor vessels’™’'. Specific ligands of
these receptors, such as RGD or VEGF, have been attached to the
surface of nanodrug delivery systems to improve tumor targeting
efficiency and tumor permeability. iRGD is a circular tumor
homing and tissue penetrating peptide. Integrin receptors (av(3,
avBS, and avB1) highly expressed in tumor endothelial cells and
tumor cells can bind to iRGD closely”>. In order to introduce self-
assembly properties into iRGD, Jiang et al.”” linked a hydrophilic
arginine rich sequence and a hydrophobic alkyl chain sequence to

Tumor
penetrating
peptides

Cell
membrane

NPs coated with different materials.
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Table 1  Surface modification materials that can modify NPs

effectively.
Surface modification Carrier Ref.
material
PEG PEG-NPs, PEG-liposome 73,74
Chitosan Microswimmer 75
Hyaluronic acid CuS NPs, CaP NPs 76,77
PVMMA mPEG-b-PLA NPs 78
Cyclodextrin Porous silicon NPs 79
Folic acid, BSA Bi—Bi,S; NPs 80
Tween 80 SPIONs 81
PEO Micelle 82
Poloxamer PLA/PLGA NPs 83,84
HPMA Liposome 85
PVP Liposome 85
PMOX Liposome 85
PDMA Liposome 85
PAcM Liposome 85
iRGD Self-assembling 86

nanovesicles

iNGR Liposome 87
Angiopep-2 PEG-PCL NPs 88
Linear TT1 peptide Tron oxide NPs 89

NPs, nanoparticles; PEG, polyethylene glycol; PLA, polylactide;
PLGA, poly (lactic-co-glycolic acid); PVMMA, poly(vinyl methyl
ether/maleic anhydride); BSA, bovine serum albumin; SPIONs,
superparamagnetic ironoxide NPs; PEO, poly(ethylene oxide);
HPMA, poly[N-(2-hydroxypropyl)methacrylamide]; PVP, poly(vinyl-
pyrrolidone); PMOX, poly(2-methyl-2-oxazoline); PDMA, poly-
(N,N-dimethyl acrylamide); PAcM, poly(/N-acryloyl morpholine).

the iRGD motif. This method endows NPs with tumor targeting
and deep tumor penetration.

iNGR specifically recognizes the tumor vessels mediated by
CD13 receptor, which is overexpressed in glioma neovascularized
endothelial cells. At the same time, it can also be cleaved into
iNGRt peptide by specific enzymes near the tumor, which spe-
cifically binds to NRP-1 overexpressed receptor in tumor blood
vessels and glioblastoma cells”*. Kang et al.”> demonstrated that
functionalized poly(ethyleneglycol)-poly  (L-lactic-co-glycolic
acid) nanoparticles with an iNGR moiety (iNGR-NPs) can achieve
specific deep penetration of tumor tissue. iNGR-NPs can signifi-
cantly enhance the cell uptake of human umbilical vein endo-
thelial cells, and has good pharmacokinetics and tumor homing
characteristics.

LyP-1, as a disulfide cyclized peptide, interacts with cell sur-
face protein P32/gCIgR = C (LyP-1) to specifically bind tumor
cells and lymphatic vessels’®. LyP-1 modified dendrimers showed
good cytocompatibility in the concentration range of
0.1—10 pmol/L for 24 h, with satisfactory radiochemical purity
(>99%) and stability (>16 h, 90%)”’. LinTT1 can be localized in
CD31 positive tumor vessels, including transdifferentiation
endothelial cells, and co localization with tumor macrophages and
lymphatic vessels. LinTT1 targeting strategy can be used to in-
crease the uptake of glioblastoma nanoparticles throughout the
body to improve imaging and treatment’®. These tumor penetra-
tion peptides can specifically recognize tumor cells, promote the
development of receptor-mediated endocytosis, and accelerate the
penetration of nanomedicine into tumors. It can be concluded that
the coated tumor infiltrating peptide can be used to achieve tumor

homing and tissue penetration, which provides a new strategy to
improve the accumulation and penetration of NPs.

Different molecular weights of PEG have different effects on
NPs’. For PEG mesoporous silica nanoparticles (MSNs) of the
same size, the phagocytic correlation decreases with the increase
of PEG molecular weight (10—40 kDa)'%. Although PEG reduces
the interaction between NPs and RES, excessive PEG will affect
NP instability. For example, when the surface-modified PEG ex-
ceeds 8%, ordinary PEGylated particles DSPE-PEG2000 can
degrade liposomes. PEG can induce antibody production and
neutralize long-term efficacy'®"*'*. In addition, repeated injection
of PEGylated liposomes may result in accelerated blood clearance

103

(ABC) by inducing anti-polyethylene glycol antibodies .

2.1.2.  Cell membrane surface coating

Although PEG modification can improve the pharmacokinetic
properties of NPs, RES still has significant scavenging effect on
NPs. This leads to an unsatisfactory distribution and accumulation
of NPs in the body. To avoid removal, covering NPs with cell
membranes can disguise NPs as endogenous substances, such as
erythrocyte membrane'*, leukocyte membrane'?®, platelet mem-
brane'%, mesenchymal stem cell membrane'"’, tumor cell mem-
brane”®!'%%, and autopeptide'””. The bionic method is not to make
the preparation invisible directly, but to interact with the body
directly. This leads the body system to believe that it is an
endogenous substance in the body, thus escaping the clearance of
the immune system. As one of the most basic units of biology,
cells can interact with various substances in the complex internal
environment without rejection, such as proteins, other cells and
intercellular substance.

In 2011, Hu et al."'” first reported the cell membrane coating
technology, which directly used the whole cell membrane as the
material of NP coating. The first cell used to wrap NPs is red
blood cell (RBC). After hypotonic treatment, the source cells are
repeatedly squeezed through a 100-nm porous membrane to form
vesicles derived from the red blood cell membrane. Negatively
charged polymer NPs can be wrapped in them for camouflage. The
half-life of the NPs encapsulated in RBC membrane is more than
twice the half-life of PEG-coated NPs. When gold nanoparticles
(AuNPs) are placed on the red blood cell membrane from top to
bottom, the phagocytosis of RES can reduce' ™.

It can also be seen that the nanoporous silicon particles are
wrapped in the purified leukocyte membrane'”. The fusion of
erythrocyte membranes and platelet membranes forms double-
coated NPs with two cell origin characteristics'''. When coated
with platelet membrane, the clearance rate of NPs by macrophages
is reduced, and the binding of NPs to platelet adhesion pathogens
is increased'*®. The NPs based on mesenchymal stem cell (MSC)
membrane have good biocompatibility, and can maintain the MSC
specific tumor targeting in vitro and in vivo'®’. The NPs composed
of 4T1 breast cancer cell membrane and paclitaxel polymer have
high cell-specific targeting effect on homologous tumors, whether
it is primary or metastatic'”. The cancer cell membrane-
encapsulated nanoparticles derived from the source cells have
immune escape ability and homologous targeting ability. The self-
peptide is a kind of polypeptide designed to be similar to human
cell membrane protein CD47 (with self recognition function). It
can escape macrophage phagocytosis through signal transduction
of phagocyte receptor CD172a'®. Rodriguez et al.''” pointed out
that NPs combined with “self” peptide would greatly reduce the
clearance rate. As a method of biomimetic replication of cell
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membrane characteristics, biomimetic cell membrane combines
the advantages of protocell and core nanoparticles, thus greatly
improving the biocompatibility. By promoting this bionic strategy,
it is possible one day to develop a multifunctional nano-drug
delivery system that spans multiple diagnostic and therapeutic
modes. We firmly believe that these bionic cell membrane-
encapsulated nanomaterials will open up an exciting new field
in precise diagnosis and tumor treatment.

2.1.3.
NPs
In a certain form, the particle size greatly affects the interaction
between NPs and RES. And the size of NPs is also a critical
element in tumor penetration. Generally speaking, RES is easy to
remove NPs with too small particle size, and the kidney can
directly remove NPs smaller than 10 nm''*''*, However, NPs
larger than 150 nm cannot be internalized into cells''”. Among
gold and silver NPs in the range of 2—100 nm, 40—50 nm-sized
particles can most effectively bind to receptors and induce
receptor-mediated endocytosis''®. Therefore, particles with a
diameter of 40—100 nm can avoid the scavenging eftect of RES to
the greatest extent. It will make full use of the enhanced tumor
permeability and EPR effect, and have the ability of intracellular
differentiation''"-''%,

The morphology of NPs also contributes significantly to the
circulatory time and the aggregation in the tumor site. In general,
macrophages have a tendency to engulf spherical NPs. Adnan
et al.'® compared the DOX release of spherical, rod-shaped and
star shaped AuNPs in living cells. Despite the highest graft density
of spherical AuNPs, rod-like NPs exhibited better drug delivery
performance. Compared with spherical micelles, fiber micelles
have demonstrated promising long-term properties''”. A series of
results show that the cycle life of rod micelles is much higher than
that of spherical micelles'**'?".

Zeta potential (§) indicates the electrostatic charge on the
surface of particles. Cells have strong internalization ability of
cations, but the weakest absorption of anions122. Since the cell
membrane is negatively charged, the positively charged NPs on
the surface are easier to contact and take up with the cell. Posi-
tively charged NPs enter cells in various forms, such as reticulin-
dependent  endocytosis'*>,  macropinocytosis'**,  caveolin-
dependent endocytosis or others. Negatively charged NPs enter
cells mainly through caveolin-dependent endocytosis. The NPs
with negative charge interact with the positive position of mem-
brane proteins and are highly internalized due to membrane
repulsion'*’. However, positive charges tend to adhere to serum
proteins in the blood. Therefore, when NPs are transported in the
blood, the surface charge should be as close as possible to an
intermediate state of —10 to 10 mV. It is not only necessary to
avoid adhesion to serum proteins and clearance by macrophages,
but also to be easily absorbed by cancer cells®™'*°. In tumor tis-
sue, AuNPs with mixed charge have a higher accumulation and a
slower clearance rate than PEG-AuNPs127.

Adjusting the particle size, morphology and potential of

2.1.4.  Optimizing the composition of NPs

When NPs enter the blood, they interact nonspecific with selective
plasma proteins to form protein corona'**~'*®. The pigments and
complement proteins in corona layer promote the recognition of
NPs by macrophages'?’. Although surface modification can
reduce the binding of additional biomolecules, the binding of
some biomolecules may still occur'*®. From the thermodynamic
point of view, non-ionic and hydrophilic polymers are considered

to have higher potential to prevent protein adsorption'>”'*’.

Recently, Zou et al.'*' found that at 30% (w/w), polyglycerol (PG)
coated NP almost completely prevented corona formation.
Regardless of the size of NP and the core material, PG was more
effective than PEG in shielding protein adsorption and completely
escaping from being absorbed by macrophages. Protein-bound
drugs retain longer in the body than unbound drugs, so the half-
life of the drug after protein-bound drugs increases. The protein
with high affinity to NP surface can replace the precoated protein
through Vroman effect. Peng et al.'** demonstrated that pre-
formed albumin corona could inhibit the adsorption of plasma
proteins, reduce complement activation, and ultimately prolong
blood circulation time. The affinity and quantity of adsorbed
proteins depend on the composition and surface chemical prop-
erties of nanomaterials. It is also related to the structure of natural
protein and the thickness of adsorbed protein layer'*’. Super-
paramagnetic iron oxide nanoparticles (SPIONs) have special
magnetic properties and good biocompatibility'**. Now it has
been used as a passive targeting material combining peptides and
proteins in clinical applications.

2.2.  Reduction of RES vitality and adjustment of individualized
dose

Reducing RES activity is also a way to prolong the cycle time of
NPs. The real purpose is to increase the accumulation time of NPs
at the tumor site. Prolonged contact between drugs and normal
tissues will cause more damage to normal tissues. Using polymer
materials such as polyethylene glycol to modify NPs reduces the
interaction with phagocytes, but also reduces the binding of target
cells'*. Tang et al.'*® designed an anti-enzyme peptide ligand
derived from CD47 and placed it in liposomes. CD47 is a
glycoprotein expressed on mammalian cell membrane. Its extra-
cellular domain interacts with signal regulated protein alpha
(SIRP«) in phagocytes to produce inhibitory signals. Therefore,
CD47 is a hypothetical “self” marker that gives phagocytes a
“don’t eat me” signal. The cycle time of the nanocarrier injected
intravenously has been prolonged.

Different doses of NPs will not accumulate in the same
location'*’. During the entire administration period, the perfu-
sion status of different blood vessels may change'*®. In the
course of treatment, we hope to extend the main focus of
treatment time and reduce adverse reactions. Firstly, according
to the responsiveness of different patients, the dosage should be
adjusted separately to reduce side effects. Secondly, considering
the bidirectional reaction between NPs and renewable energy,
careful planning should be made when formulating multiple
dose regimens. Under certain conditions, PEG or PMOX
modified liposomes can cause IgM reactions, so the ABC of
liposomes during the second injection'*’. Amphoteric poly
(carboxyethylamine) (PCB) modified siRNA can effectively
avoid ABC phenomenon in the treatment of drug liposomes'>".
It has been proved that the liposomes modified with PVP,
PDMA, PACM or HA have good invisibility properties and will
not cause ABC phenomenon or increase liver uptake’*".

3. Extravasation of NPs from tumor vessels and their
retention in tumor tissues

Using the EPR effect, NPs penetrate into the tumor tissue from
blood vessels around the tumor site. Cancer cells are embedded in
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a matrix composed of lymphocytes, monocytes, fibroblasts,
macrophages and extracellular matrix (ECM)>'2%!3!7153  Hyp-
oxia, interstitial fluid pressure (IFP), acidity and drug resistance
ensue, as the distance between the tumor and blood vessel in-
creases (Fig. 2). This is the second stage of drug delivery on
nanocarriers.

3.1.  Tumor vessels

In normal tissues, there is a continuous and complete blood vessel
wall between blood and tissue, which can prevent the entry of
macromolecules and coarse particles'>*. However, compared with
normal tissues, the microenvironment of solid tumors is highly
complex and disordered, often accompanied with vascular ab-
normalities and unique pathological features'>. Tumor tissue has
a series of characteristics, including high vascular density, poor
maturity, large lumen, branch disorder, highly irregular distribu-
tion, including isomerization, uneven perfusion and perme-
ability'®. These vascular abnormalities, combined with pressure
from rapidly spreading tumors, can affect blood flow and impair
tumor perfusion'”’. At the same time, in order to maintain the
rapid proliferation of tumors, tumor cells and stromal cells secrete
VEGF and EGF to continuously promote the growth of new blood
vessels'®'?°. This may lead to abnormal angiogenesis or physi-
ological damage to tumors. Due to the excessive angiogenesis
catalysts, including VEGEF, basic fibroblast growth factor (BFGF)
and tumor necrosis factor alpha (TNF-«), endothelial gap junction
defects (usually 200—800 nm)'®°. Therefore, the vascular density
gradually decreases from the edge to the center of the tumor, and
the drug distribution in solid tumors is uneven'®'~'%*. Moreover,
the absorption of NPs is positively correlated with tumor vascular
density'®*. Wang et al.'® found that NPs with a diameter of about
100 nm were mainly concentrated on the edge of the tumor. This
indicated that the invasion of NPs mainly came from the tumor
margin diffusion.

Blood Vessel

‘ Lymphocyte
@ Stem cell Jfff’ Extracellular matrix

. Cancer cell

Figure 2
Elsevier.
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3.2.  Extracellular matrix

Extracellular matrix (ECM) is a complex non-cellular and dy-
namic structure where cells reside, remodel and interact to allow
tissue homeostasis, differentiation and histomorphogenesis' .
The ECM is composed of locally sequestering biomacromolecules
secreted by epithelial cells and stromal cells, which is typically
classified into three categories according to their functions: (1)
structural proteins, including collagen and elastin, that are orga-
nized into a fibrillar network and provide tensile strength to the
skeleton of ECM'’. (2) connexins, including fibronectin (FN),
laminin (LN) and tenascin (TN), that provide adhesive binding
sites for cell binding and thereby facilitating the process of cell
adhesion, spreading, migration and even differentiation. (3) Pro-
teoglycan (PG) and its graft glycosaminoglycans (GAG),
including HA, chondroitin sulfate, heparin, heparin sulfate (HS)
and keratan sulfate, which indirectly sequester water molecules
through a cationic intermediary, resulting in a hydrogel-like
network, and endows ECM with unique biophysical properties
such as high compressive strength, viscoelastic effects, and
streaming potentials'®®. In terms of spatial structure, ECM is
typically divided into basement membrane (BM) and interstitial
connective tissue (ICT) which are responsible for separating the
epithelium from the surrounding stroma. ICT primarily consists of
collagen I and FN, which provides a structural scaffold for tissues
and controls the differentiation of resident cells through interact-
ing with their surface receptors. In contrast, the BM is denser than
ICT and composed of collagen IV, LN, HS and proteoglycan'®’. In
addition, lysyl oxidase (LOX), matrix metalloproteinases (MMPs)
and other regulatory enzymes responsible for the posttranslational
processing of ECM proteins are often considered as components
of ECM.

The cytoskeleton remodeling, structural plasticity and me-
chanical strength of ECM are increasingly recognized as the key
factors determining the penetration and spatial distribution of NPs.

(& ‘O‘xg

ri\:) Monocyte 4. Fibroblast

@ Macrophage

Schematic portraying complex microenvironment of tumors. Reprinted with the permission from Ref. 151. Copyright © 2011
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The biomechanical properties of ECM are strictly regulated by the
specific components in the matrix as well as post-translational
modifications, such as glycosylation, transglutamination and
crosslinking'’’. The occurrence of collagen crosslinking is pri-
marily mediated by lysyl oxidase (LOX) and the LOX family of
secreted amine oxidases, which catalyze the crosslinking of
collagen through the oxidative deamination of lysine residues.
Concurrently, components of ECM undergo degradation by
matrix-degrading enzymes, including heparanase, cathepsins, hy-
aluronidases, MMPs, and ADAMs (a disintegrin and metal-
loproteinases). This tightly regulated ECM homeostasis is
sensitive to the altered expression of these proteases, and will lead
to excessive ECM remodeling upon abnormal changes occur'”’".

It is known that the poor diffusion in ECM together with the
structural and functional abnormalities in tumor vasculature lead
to a reduced oxygen availability in the regions of solid tumor
stroma'’>. As one of the target gene products regulated by
hypoxia-inducible factor (HIF), the expression and activity level
of LOX enzymes showed remarkable enhancement in response to
hypoxia, which in turn led to the accumulation of abundant col-
lagens in the tumor stroma as a result of desmoplasia' . The
crosslinking of collagens is primarily initiated by the LOX family
of secreted enzymes, which are usually overexpressed in a variety
of tumors and negatively correlated with the survival rate of pa-
tients. It has been found that collagen crosslinking induced by
LOX promoted the invasion of premalignant epithelium into a
stiffened, cross-linked ECM, as well as clustering of 1 integrin
that facilitated focal adhesions and PI3K signaling enhance-
ment'’*. More importantly, the excessive collagen deposition and
cross-linkage contributes to the stiffening of ECM through
extensive post-translational modifications that increase tensile
strength, in addition to the building of an interstitial matrix. The
elevated hypoxia and metabolic stress caused by poor diffusion in
stiff tumor ECM lead to the upregulation of multiple immunosup-
pressive cytokines such as IL-10, TGF-3, PGE2 and VEGF-A'".
Accordingly, abundant and highly compact ECM inevitably attenu-
ates the infiltration of either drugs, resulting in only poor paratumoral
tissues being supplied by individual vessels'’®'"”.

4. Strategies to enhance NPs into tumors

4.1.  Physicochemical properties of designed NPs

Small size NPs have better tumor penetration ability than large
size NPs'’®, The same trend has been observed in various NPs,
such as polymer NPs”’, super-small gold NPs*® and silicon di-
oxide quantum dots (QDs) composite NPs'”’. 25 nm particles
exuded from the blood vessels twice as much as 60 nm particles.
This is due to the existence of collagen network, making it diffi-
cult for particles larger than 60 nm to infiltrate the tumor'®". In
order to evenly distribute NPs and their inclusions in the tumor
stroma, a smaller size design is required. However, small particles
less than 5.5 nm can be quickly cleared by bone marrow cells, and
the total accumulation of tumors at 20—30 nm is almost one third
of that at 60—100 nm'®'. When studying the size dependence of
particle distribution in tumors, Popovic et al.'”® found that 60 nm
particles would ooze out, but they would not leave the perivascular
space immediately. Therefore, the optimal particle size of NPs is
40—60 nm, which can not only avoid the scavenging effect of
liver, spleen and kidney, but also can infiltrate into tumor tis-
sue' 82183 (Fig. 3).

In terms of particle shape, rod-shaped NPs with the same
particle size have stronger internal velocity and penetration effi-
ciency'®. Black et al.'”’ compared the ability of AuNPs to
penetrate tumors in four forms: gold nanospheres, nanodiscs,
nanorods and cubic NPs. The results showed that gold nano-
spheres and nanodiscs had a high absorption rate to tumors, but
mainly remained at the edge of the tumor, while nanorods and NPs
penetrated the core of the tumor. Compared with nanospheres with
similar plasma half-life, nanorods have better tumor transport and
distribution in the body, and the permeability of nanorods is 1.7
times that of nanospheres®.

The distance that neutral particles (£10 mV) penetratie the
tumor is several times that of similar charged particles. And the
distribution of the neutral particles in the tumor is more even'®.
This is because cationic or anionic particles can form aggregates
with the charge components of the matrix, such as HA reaction
and collagen reaction. These reactions will greatly hinder the
transport of NPs in tumors. Cells are more capable of absorbing
cations than neutral ions, while the weakest anions absorb'%°.
However, anionic NPs have the strongest diffusion in cancer
tissues, while cationic NPs have the weakest diffusion'””.
Therefore, considering many factors (such as penetration and
absorption), NPs with a charge of —10-0 mV are the most
suitable.

It has been found that the target rigidity played a decisive role
in phagocytosis'*®. The effects of mechanical properties of nano
carriers on in vivo transport include cycle time, tumor accumu-
lation, tumor infiltration and cell internalization'®’. Compared
with soft nanocarriers, macrophages give preference to phagocy-
tize rigid counterparts'*®'*°. Hui et al.'"®® designed liquid filled
silica nanocapsules (SNCs, ~ 150 nm) with a wide stiffness range
(Young’s modulus ranging from 704 kpa to 9.7 Gpa). The results
showed that the uptake of macrophages in soft SNCs was 3 times
less than that in hard SNCs. Soft particles also perform well in
terms of physical infiltration and permeability’*>'*'. High
deformable NPs are easily trapped in the fenestrations of spleen
for a short time, and then released back to the blood circulation,
which may be the reason for the formation of extremely long
elimination half-life. During the observation period of two and

Tumor stroma

Tumor cells

Blood capilary

@ Large micelles e Small micelles

Figure 3  The role of micelle size in tumor accumulation, pene-
tration, and treatment. Reprinted with the permission from Ref. 165.
Copyright © 2019 American Chemical Society.
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48 h later, the accumulation of hard (15 kPa) discoid particles in
the liver was much higher than that of soft (1.3 kPa) discoid
particles'*""'®°, These examples confirm that the softness of
nanoparticles regulates their organ accumulation. Liang et al.'*
proved that DOX@3D-MPs, softer nanomedicines, are superior
to DOX@2D-MPs in blood extravasation and tumor infiltration.
These advantages are attributed to their softness. During the
preparation of amphiphilic polyethylene glycol-b-(poly (e-capro-
lactone-g-butyl acrylate) (PEG-(PCL-g-PBA)), Deng et al.'*?
increased the content of PBA to increase the softness. The rigid-
ity of core—shell NPs was reduced by 42.5 GPa. At the same time,
it has also been proved that the less rigid NPs can pass through the
tumor extracellular matrix more easily. Several examples have
shown that cancer cells prefer to internalize hard NPs. For
example, in HeLa cells, rigid (1.2 GPA) PLGA lipid NPs showed
higher cellular uptake than soft (0.76 GPA) counterparts'*’. These
prove once again that the mechanical properties of nanoparticles
play key roles in regulating their interactions with biological
systems. When the nanostructures involved have variable me-
chanical properties, the relationship between nanoparticle hard-
ness and passive/active tumor targeting efficiency becomes more
complex.

4.2.  Tumor stroma

Studies have shown that there is a special interaction between
tumors and stromal cells to control tumor growth, invasion and
metastasis'*""'"%. The tumor stroma is mainly composed of
vasculature, ECM, and fibroblasts, which determines the depth of
NP penetration into the tumor'?*'>"'®! Tumor stroma not only
provides a physical scaffold for tumor growth, but also acts as a
source of various paracrine cytokines and chemokines. It regulates
the recruitment, infiltration, polarization and function of immune
cells. Therefore, targeting and reconstruction of tumor stroma may
provide a better opportunity to assist NP infiltration. The small
size, large surface area and unique physicochemical properties of
NPs enable them to overcome various biological obstacles and
deliver anti-tumor drugs to targeted tumor tissues. Herein we
summarize the barriers of matrix components to NP penetration
into tumors. More importantly, we emphasize the recent attempts
to remodel inhibitory tumor stroma through carefully designed
and manufactured NPs, which provides promising strategies for
improving the effectiveness of anti-tumor treatments and are of
great significance (Table 2).

Owing to the fast-paced growth of nanomaterials in recent
years and a deeper understanding of matrix remodeling in anti-
tumor therapy, NPs have been put to extensive use for regulating
the tumor stroma and improving tumor therapy. (1) Synthetic and
natural NPs, such as lipids, proteins, polymers, and inorganic
materials, have unique physicochemical properties, which enable
them to serve as drug carriers to meet medical needs. (2) With
reference to the unique properties of tumor stroma, NPs with
different types of environmental stimuli responses can be designed
and developed. Examples include hypoxia, weakly acidic pH and
tumor pressure gradient, and the nature of ECM. It is desired to
achieve precise delivery of anti-tumor drug components to specific
cells or non-cellular components in the matrix'”. (3) NPs can
easily undergo functional chemical or biological modifications.
Tumor stroma and cancer cells typically overexpress or specif-
ically express specific cell surface molecules and secreted factors,
thus providing a general idea for the functional design of NPs.
Targeting these cell markers has the potential to increase the

Table 2 The paths of targeted reconstruction of tumor
stroma.

Target Path

TVEC The normalization of tumor vasculature

ECM  Inhibiting of collagen synthesis

Degradation of stromal collagen

Hyaluronic acid as a therapeutic target

Treatment of hypoxia

Paracrine pathway

Remodeling ECM

Promoting tumor angiogenesis

Targeting CAFs to normalize tumor stiffness
Reprogramming CAFs to an immunosupportive state

CAFs

TVEC, tumor vascular endothelial cells; ECM, extracellular
matrix; CAFs, cancer-associated fibroblasts.

uptake of NPs by the tumor stroma and reduce the adverse effects
on normal cells.

4.2.1.  Tumor vascular endothelial cells

Tumor vascular endothelial cells originate from normal vascular
endothelial cells surrounding the tumor. Its functional character-
istics and cellular phenotypes have undergone significant changes
due to the long-term exposure to TME. For example, the
expression of adhesion molecules is reduced, the adhesion of
white blood cells is weakened, and the expression and secretion of
a large number of ECMs are poor. Certain secretory functions of
vascular endothelial cells in tumor stroma are changed due to the
induction of tumor cells, which facilitates tumor cell growth,
metastasis and immune escape. Tumor vascular endothelium not
only provides nutrition for tumor growth and progression, but also
is the first barrier for NPs to enter tumor tissue.

The abnormality of tumor vascular system is manifested as
heterogenous vessel diameter, tortuosity and distribution, and
insufficient blood and oxygen supply. This directly leads to hyp-
oxia, pH reduction, interstitial pressure enhancement in the tumor
stroma. Therefore, the normalization of tumor vasculature may be
a way to improve the penetration of NPs into tumors'”*. One of
the important considerations for the success of anti-tumor therapy
is the dose of anti-angiogenic agents. Unlike normal blood vessels,
the tumor vasculature is abnormally tortuous and branched, which
poses a challenge to the effective diffusion of the therapeutic part
within tumor stroma'”>. In view of the over-expression and
secretion of VEGF-A in the tumor stroma can cause abnormalities
in tumor vasculature, current anti-angiogenesis therapies pre-
dominantly target this molecule or its receptor'*®. Anti-vascular
drugs mainly include tyrosine kinase inhibitors (TKI) that target
pro-angiogenesis-related receptors to block their signal trans-
duction pathways, such as sunitinib and sorafenib. There are also
monoclonal antibodies that directly target circulating VEGF or
VEGFR, such as bevacizumab. Nevertheless, the tumor vascular
network exposed to a high dose of VEGF antagonist often suffers
destruction, which aggravates the hypoxia in TME and prevents
TAM from polarizing towards the inflammatory phenotype. In
addition, the absence of vascular system further impaired the
diffusion of NPs within the tumor stroma'®’. Therefore, it is
important to normalize the tumor vasculature, rather than
completely destroy it. The rational use of anti-vascular drugs to
promote tumor blood vessel normalization is expected to improve
the penetration of NP into tumor depth.
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In the process of NP design, it can be considered to add
components to reduce IFP. For example, hyaluronidase inhibits
tumor angiogenesis, degrade stromal cells and ECM'?®. And the
destruction of VEGF signaling pathway can inhibit the over-
expression of vascular growth factor in tumor tissues'>". Limiting
the expression of VEGF can block the excessive division of
vascular endothelial cells, thus increasing blood perfusion and
enhancing the delivery capacity of small molecule
drugs®>!'%1992% " Fang et al.*’ combined the tumor vascular
remodeling strategy and adopted the NP design to improve the
transmission of tumor vascular remodeling to solid tumors
(Fig. 4). Transforming growth factor-@ (TGF-() inhibitors can also
increase tumor vascular permeability, thereby improving the de-
livery of NPs'®?.

In order to explore the effect of tumor vascular normalization
on the delivery of nanomedicine, Chauhan et al.'"”® carried out
VEGFR?2 blockade to modulate the penetration rates of quantum
dot-based NPs in orthotopic mammary tumors. They showed that
blocking VEGFR2 to repair abnormal vessels in breast tumors
could reduce the size of pores in the blood vessel walls and
alleviate IFP in tumors, thus allowing smaller NPs (~ 12 nm) to
enter them more rapidly. Concomitantly, the increase in steric
hindrance and hydrodynamic disturbances associated with the
reduction of vascular wall pores hindered the transport of larger
particles (~ 125 nm)'(’o . Their results indicated that the restoration
of dysfunctional tumor vasculature could reconstruct the pressure
gradient between the intravascular and interstitial spaces, which is
essential for the delivery of nanomedicine into solid tumors.
Although NPs smaller than 10 nm in size maximally benefited
from tumor vascular normalization for enhanced nanomedicine
delivery, their applicability is severely limited due to the too small
particle size. It was later demonstrated that tumor revasculariza-
tion could enhance the transvascular delivery of medium-sized
NPs, up to 40 nm?’. Upon entering the tumor stroma, however,
smaller NPs will encounter lower diffusional hindrances, resulting
in a more homogeneous distribution within the tumor interstitium.
The findings suggested that anti-angiogenesis-based NPs can be
adjustable in size to meet the multi-stage delivery of nano-
medicines in solid tumors.

Pre-treatment

Hydrostatic
pressure
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lymphatic

Figure 4

Copper chelation has been proven to be an effective anti-
angiogenic treatment strategy for breast cancer. Zhou et al.”"'
synthesized a coil-comb block copolymer capable of chelating
coppers, in which poly-L-histidine (PHis) and RGD-coupled poly-
v-glutamic acid (y-PGA) served as hydrophobic and hydrophilic
motifs, respectively. In the neutral systemic circulation, the
polymers could self-assemble into multifunctional NPs due to
aggregation of PHis segments via hydrophobic interaction and
therefore load resiquimod (R848), an agonist of Toll-like receptor
7/8 (TLR7/8). Upon intravenous administration, the NPs could
reach the targeted tumor tissues via specific binding of RGD
peptide with integrin av(3 that is overexpressed on tumor neo-
vasculature, thereby exhibiting strong anti-angiogenic activity.

The study of Schmittnaegel et al.”*> revealed that a combined
blockade of angiopoietin-2 (ANG?2) and VEGF-A by a bispecific
antibody (A2V) normalized the remaining blood vessels and
facilitated the extravasation and perivascular accumulation of
activated CTLs. Consequently, the promotion of vascular regres-
sion, tumor necrosis, and antigen presentation through intra-
tumoral phagocytes was achieved. As one of the promising
nanocarries, AuNPs possess excellent performance for drug de-
livery and inherent anti-tumor activities. Huang et al.”** synthe-
sized AuNPs targeting folic acid receptor. The NPs were stabilized
by an amphiphilic block copolymer of poly (ethylene glycol)-b-
poly (diethylaminoethyl acrylate) (PEG-PDEAEA). The studies
have found that in addition to inhibiting tumor angiogenesis,
AuNPs normalize the tumor vascular system by increasing the
expression level of VE-cadherin, as well as pericyte coverage and
strengthening tight junctions, thereby attenuating vascular
permeability, improving vascular perfusion and relieving tissue
hypoxia.

In order to combine vascular normalization therapy and tumor
cell metabolism treatment, Jet-lagged NPs with chitosan cationic
core were constructed to load apatinib (APA) and lonidamine
(LND), respectively. APA acted as an antiangiogenic agent for
vascular normalization therapy by specifically blocking the A TP-
binding sites of VEGFR2, while LND could be employed for
restraining the lactic acid efflux and alleviating acidosis by
downregulating the monocarboxylic acid transporter receptor 4

Post-treatment
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The mechanism of NPs entering tumor before and after vascular reconstruction. (a) Before treatment, NPs (expressed in the form of

gold ring) leakage occurre in tumor blood vessels. (b) After the reconstruction of the pressure gradient, NPs effectively transfer from the vascular
cavity to the stroma (light blue line: collagen) and distribute evenly, reaching the depth of the tumor. Reprinted with the permission from Ref. 27.

Copyright © 2019 American Chemical Society.
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(MCT4)***. Then the secondary assembling of negative hyal-
uronic acid (HA) and polystyrene sulfonate were following to
ensure the stable and safe delivery of NPs in vivo. After treatment,
Jet-lagged NPs could remarkably reduce the LA level in TME by
limiting the efflux of lactic acid. In addition, the pericytes
coverage increased to 69%, which was significantly higher than
that of the mono APA group (47%).

4.2.2.  Extracellular matrix

4.2.2.1.  Inhibiting of collagen synthesis. ~As the major struc-
tural component of ECM, excessive secretion and deposition of
collagen predominantly contribute to the fibrosis of tumor tissues.
The dense collagen network in the tumor stroma significantly
abbreviates the permeability and efficacy of nanotherapeutics. It is
generally believed that the activation of the SMAD-2/3 intracel-
lular pathway via TGF-( ligand is heavily implicated in fibrosis,
in which TGF-£1 is considered to be a major driving force of
fibrotic pathology””. The blockade of TGF-8 improved the
recruitment and migration of perivascular cells toward tumor
vasculature, as well as the fraction of perfused vessels. In addition,
the normalization of the neoplastic ECM was achieved by
reducing the content of type I collagen, which allows both con-
ventional chemotherapeutics and nanotherapeutics to enhance the
permeability of tumor stroma.

The angiotensin II receptor antagonists such as losartan have
been proved to inhibit collagen I synthesis and improve the dis-
tribution and efficacy of nanotherapeutics in tumors>"®. Losartan’s
anti-fibrotic effect is partly attributed to its antagonism with the
angiotensin II type I receptor (AGTR1), which leads to the down-
regulation of positive regulator of TGF-G1 such as
thrombospondin-1 (TSP-1) and thereby the suppression of TGF-
61 levels. It was found that intraperitoneal administration of los-
artan led to a dose-dependent reduction in stromal collagen in
desmoplastic models of melanoma and sarcoma in mice. More-
over, it also improved the intratumoral distribution and therapeutic
efficacy of both oncolytic herpes simplex viruses and liposomal
DOX. Later, it was discovered that Losartan depleted the stromal
collagen of human ovarian cancer cells through up-regulating the
expression of anti-fibrotic miRNAs such as miR-1332"",

During the process of tumor progression, the cancer-related fi-
broblasts (CAFs) are the major factor leading to the imbalance of
collagen fiber turnover. This promotes excessive deposition of
collagen fibers in the tumor matrix, which leads to tumor fibrosis
(desmoplasia). It has been shown that CAFs can be reprogrammed
from an active myofibroblast state to a quiescent one, such as
through blocking angiotensin II (Ang II) signaling, which promotes
myofibroblast activity or regulating the main transcriptional myofi-
broblast phenotype through vitamin D receptors regulator. Drugs
such as angiotensin receptor blocker (ARB) can block Ang II signal
transduction, inactivate the fibroblast state of CAFs, and reduce
aSMA + CAFs levels. Chauhan et al.”*® constructed a compound
library based on combinatorial chemistry and high-throughput
screening technology to screen polymer carrier materials that are
highly sensitive to the pH value (6.7) of TME. They have synthe-
sized a series of polyacetals from polyols and acetals or vinyl ether
monomers through modular reactions of acetal exchange or poly-
condensation. These acetals were expected to be degraded under
acidic conditions. The ARB was then chemically conjugated to the
screened polymer most sensitive to the slightly acidic TME. And
then the generated TME selectively activated polymer (TMA-ARB)
was formulated into NPs via nanoprecipitation, which would
provide ARBs with enhanced tumor permeability and locally

responsive release of active immunoregulators through TME.
Compared with free ARB, TMA-ARB reduced the expression of a-
SMA and collagen I, as well as the level of solid stress within the
tumor stroma of mammary tumor-bearing mice. This reduced tumor
blood vessel and increased vascular perfusion, indicating that TMA-
ARB treatment was facilitated to the normalization of the tumor
stroma driven by CAFs reprogramming. RNA sequencing of the
mammary tumors in mice showed that TMA-ARB treatment alle-
viated the expression of hypoxia and TGF-8 in the tumor stroma,
which was consistent with the alleviated vascular compression and
CAFs activation.

4.2.2.2.  Degradation of stromal collagen. As the most prev-
alent component of tumor ECM, collagen is increasingly
becoming an attractive therapeutic target for cancer immuno-
therapy. Therefore, collagenase for collagen degradation is
employed to improve the penetration of immunomodulators and
nanotherapeutics into tumor stroma. Inspired by this context,
studies have implemented the synergistic treatment of nano-
therapeutics and collagenase.

Oncolytic virus (OV) therapy is a novel and promising thera-
peutic approach for tumors that involves selective infection and
lysis of tumor mass. Nevertheless, the inability to efficiently
propagate throughout the tumor stroma and infect target cells
distant from the administration site has restricted their capacity to
achieve consistent therapeutic responses. This limitation seems to
be size-dependent caused by the fibrillar collagen network within
the ECM. Because NPs of equivalent size manifest the same
extent of intratumoral infiltration, while smaller particles are more
widely distributed. Accordingly, simultaneous administration of
bacterial collagenase led to an oncolytic herpes simplex virus
(HSV) vector that is enhanced and more homogenous distributed
within the xenograft model of melanoma®”.

In view of the fact that collagen dominates most of the stroma
of pancreatic ductal adenocarcinoma (PDAC), it reaches 12.8% of
the volume, while the proportion in healthy tissues is 1.4%.
Therefore, liposomal collagenase sized 100 nm has been devel-
oped to decompose the dense collagen stroma of PDAC and
improve drug penetration into the pancreatic tumor. The liposomal
encapsulation protected the collagenase from premature inacti-
vation and prolonged its release rate at the target site. Intravenous
administration of liposomal collagenase allowed a remarkable
reduction of fibrotic tissue (5.6%) as well as tumor burden”'’.

In addition to exogenous collagenase, an anti-fibrotic hormone,
relaxin, can also be used to stimulate collagenase synthesis and
down-regulate the secretion of collagen. As a naturally occurring
peptide hormone in the human body, relaxin has been well-
demonstrated to abrogat the Smad2 phosphorylation via its
cognate G protein-coupled receptor, relaxin family peptide re-
ceptor 1 (RXFP1). Thus, it inhibits the TGF-81-induced aberrant
myofibroblast differentiation and collagen deposition. Besides, an
extracellular signal-regulated kinase 1/2 phosphorylation (pERK1/
2) and neuronal nitric oxide synthase (nNOS)/cGMP-dependent
pathway are also involved in this signal transduction. In particular,
studies have shown that relaxin can exert an anti-hepatic fibrosis
effect by reducing the level of «-SMA, collagen and tissue in-
hibitor of metalloproteinases 1 (TIMP-1) in activated hepatic
stellate cells (aHSC). Accordingly, Hu et al.*'' hypothesized that
this endogenous repair mechanism on hepatic fibrosis may be
leveraged for the treatment of liver metastasis via enforced relaxin
expression. They developed lipid-calcium-phosphate (LCP) NPs
with aminoethylanisamide (AA) as the targeting moiety, which
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predominately transfected both metastatic tumor cells and aHSCs
within the metastatic lesion by the loaded pDNA encoding relaxin
(pPRLN), thereby transforming them into depots that express
relaxin in situ. The local expression of relaxin deactivated aHSCs
and remodeled the matrix environment in the metastatic lesion.
Compared with PBS control, a-SMA expression and collagen
content decreased dramatically. The prometastatic chemokine of
CXCL12, the profibrogenic factor of TGF-g, platelet-derived
growth factor (PDGF) and fibroblast growth factor (FGF) were
all down-regulated.

4.2.2.3. HA as a therapeutic target to remodel ECM. As the
most abundant non-sulfated glycosaminoglycans in the ECM, HA
has emerged as another attractive target for remodeling fibrotic
tumor stroma. It is believed that the accumulation of HA pre-
dominantly contributes to reducing the elasticity in tumor stroma
and increasing the pressure of the hydrogel®'”. In fact, it has been
proved that HA production is related to the plasticizing reaction in
PDAC, which generates inordinately high IFP and induces
vascular collapse, thereby presenting substantial barriers to the
perfusion and diffusion of therapeutics®'”. Systemic delivery of
hyaluronidase to ablate existing stromal HA has been explored for
normalizing IFP as well as re-expanding the tumor microvascu-
lature. For example, Zhou et al.>'* reported the conjugation of
recombinant human hyaluronidase (HAase) on the surfaces of
poly (lactic-co-glycolic acid)-b-polyethylene glycol (PLGA-PEG)
NPs, which facilitated the diffusion of NPs and quadrupled their
accumulation in 4T1 xenograft breast tumors.

At present, a PEGylated HAase has entered the later clinical
trial, which endows HAase with reduced immunogenicity and
prolonged circulation time'>. To further improve its tumor speci-
ficity, a dextran biocompatible polymer (DEX) has been employed
to couple with HAase via a pH-sensitive traceless linker. Compared
to free HAase, the obtained DEX-HAase NPs with enhanced
enzyme stability against protease and diminished immunogenicity
exhibit greatly prolonged blood circulation half-life post intrave-
nous injection. Upon passive accumulation in tumors, DEX-HAase
within the acidic TME would be dissociated to release native
HAase. The decomposition of HA is then triggered to loosen the
ECM structure, which subsequently leads to enhanced penetration
of oxygen and therapeutic NPs. The largely relieved tumor hypoxia
would promote the therapeutic effect of photodynamic therapy
(PDT), accompanied by the reverse of the immunosuppressive TME
to boost immune checkpoint blockade therapy?'®.

4.2.2.4. Treatment of hypoxia. The rapid growth of tumor
cells consumes a large amount of oxygen, which keeps the part of
tumor tissue far away from blood vessels in a state of hypoxia®'’.
Most chemotherapy drugs, photodynamic therapy and radio-
therapy have little response to cancer cell proliferation and hyp-
oxia cell’'®?!°. In addition, when cells are anoxic, anaerobic
glucose decomposition, lactate production and many other factors
lead to tumor microenvironment acidification.

Therefore, the design of NPs should take into account the
microacidity in cancer tissues, such as the surface modification of
antibodies or small ligands*****'. Tian et al.”** synthesized a
selenium-rubyrin (NMe2Se4N2)-loaded NP which can specif-
ically recognize cancer cells through FA—FA receptor. It selec-
tively enters the lysosome to activate its pH sensitivity and
produce the spatiotemporal regulation of singlet oxygen. Human
ferritin NPs had the ability to preferentially bind to hypoxic tumor
tissues and combine with hypoxic inhibitors to restore the efficacy

of traditional systemic chemotherapy>>’. NPs can also be com-
bined with anaerobic agents or oxygen generators to effectively
reach hypoxic sites of tumors or generate oxygen’>***>, Manga-
nese dioxide (MnO,)/DOX albumin NPs can also improve the
microenvironment of hypoxic tumors and promote drug release®°.
Samanta D**’. combined with hypoxia-inducible factor inhibitors
to overcome the resistance of breast cancer stem cells to paclitaxel

or gemcitabine, thereby eradicating cancer.

4.2.3.  Cancer-associated fibroblasts (CAFs)

In most types of cancers, fibroblasts are the predominant cellular
component of tumor stroma. CAFs also known as tumor-associated
fibroblasts (TAFs), myofibroblasts or active stromal fibroblasts,
refer to a population of activated fibroblasts in the tumor stroma®>*.
Compared with resting fibroblasts in normal adult tissues, this cell
population has undergone significant changes in morphological
characteristics and functional protein expression as well as other
biological characteristics. The main manifestations are that the cells
are spindle-shaped, larger in size, and the nucleus has obvious de-
pressions or notches. Moreover, a variety of shrinkage filaments and
tension filaments were found in the cytoplasm, and rich in the rough
endoplasmic reticulum®*’. Therefore, they are more similar to those
transiently present in the developing fetus and wound healing pro-
cess. Like their wounds or fetal counterparts, CAFs exhibit
enhanced motility and proliferation, and provide essential functions

to promote tumor survival and growth”*’.

4.2.3.1. CAFs regulate NP permeability via paracrine path-
way.  As the main stromal cells of the TME (up to 90% in some
tumor interstitial tissues), CAFs are mainly distributed in the front
of tumor invasion, tumor mesenchymal interface or adjacent to the
vascular endothelial cells in the tumor stroma and surround the
cancer nest”'. They maintain interaction with tumor cells and
endothelial cells, and thus play an important regulatory role in
tumor occurrence, development and metastasis. In recent years, a
considerable number of research reports have clarified the rela-
tionship between CAFs and tumors, providing a theoretical basis
for CAFs as a new target for tumor therapy. CAFs not only pro-
mote the growth and metastasis of tumor cells through paracrine,
but also regulate angiogenesis and tumor immunity through
interaction with other cells®**,

Once activated into CAFs, fibroblasts can secrete a consider-
able amount of soluble cytokines, such as chemokine ligand 12
(CXCL12), chemokine ligand 7 (CCL7), transforming growth
factor 8 (TGF-(), hepatocyte growth factor (HGF), insulin-like
growth factor (IGF), etc”>. These secreted cytokines can cross-
talk with the corresponding receptors or ligands expressed on
adjacent tumor cells, and promote the malignant behavior of
tumor cells through a complex paracrine signal network. Among
them, TGF-g is particularly concerned, and HGF and CXCL12 are
also molecules that have been studied more. The TGF-3 secreted
by CAFs induces epithelial—mesenchymal transition (EMT) of
tumor cells through the TGF-G/SMAD signal transduction
pathway, which leads to remodeling of the extracellular stroma,
thereby creating a permissive microenvironment for tumor inva-
sion and distant metastasis>*. Studies have shown that Wnt7a
secreted by aggressive breast cancer cells could enhance the ac-
tivity of the TGF-# receptors, and the activation of TGF-G
pathway facilitated the conversion of fibroblasts into CAFs**.
HGF secreted by CAFs regulates the growth, proliferation, and
invasion of various tumor cells by acting on the c-MET receptor
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on tumor cells and thereafter activating the tyrosine signaling
cascade”®. As a chemokine highly expressed in CAFs, CXCL12
binds to the CXCR4 ligand expressed on tumor cells. This inter-
action induces tumor cells to perform EMT in breast and prostate
cancer, thereby promoting breast cancer cell proliferation and
prostate cancer metastasis. In addition, CXCL12 also mediates the
recruitment of endothelial progenitor cells through CAFs, thus

stimulating the formation of new blood vessels™’.

4.2.3.2. CAFs vregulate NP permeability by remodeling
ECM. The differentiation and function of related immune cells
in the TME depend to a large extent on the structure and physi-
cochemical characteristics of the surrounding tissues, especially
the hardness, density and plasticity of the ECM. The activated
CAFs can secrete a large amount of enzymes and proteins related
to ECM remodeling, such as Fas-associated phosphatase (FAP),
MMP as well as fibronectin and type I collagen”®. As a
membrane-bound glycoprotein, FAP can activate related growth
factors in the ECM, thereby promoting tumor cell proliferation
and angiogenesis. MMP is a group of endopeptidase that can
directly decompose the cadherin in the extracellular domain to
cause the normal epithelium disintegrate. This in turn leads to the
occurrence of EMT and the destruction of the histological barrier
against tumor cell invasion, thereby contributing to the infiltration
and metastasis of malignant tumors®’. As a major regulatory
enzyme of collagen secretion, the expression level of lysyl oxidase
(LOX) in CAFs was significantly increased, which can promote
the synthesis of collagen by CAFs and enhance the hardness of
ECM, so that the ECM could facilitate tumor cell metastasis while
inhibiting immune cell infiltration®*".

Another important consequence of CAF’s conversion of ECM
in the TME is to further aggravate the hypoxic environment™*'.
The existence of Warburg effect in tumor cells and a large number
of abnormal blood vessels cause a decrease in the partial pressure
of oxygen in the TME. Studies have shown that decreased oxygen
partial pressure can increase the expression levels of collagen
related genes in fibroblasts, so it is a positive regulation of CAFs
on collagen secretion®*”. In addition, CAFs-mediated signaling
pathways can regulate the cytoskeleton, promote the generation of
tension in the tumor stroma, and enhance the stiffness of ECM to
support the malignant process™*.

4.2.3.3. CAFs regulate NP permeability by promoting tumor
angiogenesis. Tumor vasculatures are the channels for tumor
nutrition supply and tumor cell dissemination, which play an
important role in tumor growth and metastasis. CAFs induce the
formation of vascular endothelial cell networks in the tumor
stroma by secreting vascular endothelial cell growth factors such
as VEGF and FGF, or recruiting CXCR4 positive endothelial
progenitor cells, thereby promoting tumor angiogenesis>**. The
TGF-B8 and SDF-1 secreted by CAFs can also elevate the
expression of E-cadherin, MMP-2 and laminin-5y2 through TGF-
BR1 and CXCR4 axis of tumor cells, thereby ultimately promot-
ing the formation of vascular mimicry>*’. Studies have shown that
stromal-derived WNT2 promotes the angiogenesis of colorectal
cancer (CRC) by increasing EMT molecules related to angio-
genesis, such as ANG-2, IL-6, G-CSF, and PGF**°. Autocrine
CXCLI14 can induce CAFs to secrete FGF-2, VEGF and
other cytokines, thereby promoting tumor angiogenesis’*’. The
activation of Ets2 (v-ets erythroblastosis virus E26 oncogene

homolog 2) in breast stromal fibroblasts can also induce the
expression of a large number of tumor-related genes such as
MMP9, VEGF-A, etc., and recruit endothelial progenitor cells to

jointly induce and promote the process of tumor
angiogenesis”*.
4.2.3.4. Targeting CAFs to normalize tumor stiffness. The

ECM, mainly generated from CAFs and accumulated in the TME,
can form a dense physical barrier and elevate the hydraulic
pressure of the tumor interstitium. This hinders the effective
penetration of nano-immunomodulators into deeper tumor tissues.
To this end, Ernsting et al.>** synthesized a conjugate of docetaxel
(DTX), PEG and acetylated carboxymethyl cellulose, termed as
Cellax-DTX, which could self-assemble into an aqueous NP with
a size of 120 nm. In the PDA xenografts derived both from highly
stromal primary patients and metastatic mouse models, more than
90% of Cellax-DTX NPs passively accumulated in SMA + CAFs,
which lead to the depletion of the stromal cellular populations,
thereby reducing the stroma density. As a result, the perfusion of
NPs to tumor tissues elevated more than ten folds, and effectively
alleviated tumor progression and metastasis. Zhen et al.”>” used a
dense nanoferritin cage as a photosensitizer carrier, and bound it
to a specific single-chain variable fragment of fibroblast activation
protein on the surface of ferritin. After irradiation, nano-pits could
effectively reduce CAF in tumor tissues and enhance T cell

infiltration.
In a recent study undertaken by Fang et al., a composite

nanoparticulate system with programmable drug release capa-
bility, termed G (TM) PPSP, was developed for TME remodeling
and treatment of mammary cancer”'. In this nanomedicine de-
livery system, an angiotensin II type one receptor (A TIR)
antagonist of telmisartan (TM) was loaded into gelatin NPs, and
paclitaxel (PTX) was linked with platinum nanoparticles (PtNPs)
via a diselenide bond of dual redox responsiveness. Finally, these
two NPs were covalently coupled together to form a composite NP
with a size of approximately 214 nm. Gelatin degradation induces
a tumor stroma responsive of TM released from gelatin NPs,
which is attributed to the MMP-2 secreted by CAFs. Then, due to
the high levels of reactive oxygen species (ROS) or glutathione in
the tumor cells, the disselenium bond is broken, and PTX can be
released in the cells. Therefore, the designed NP delivery system
allowed the programmable release of both agents in the correct
location of the tumor tissues. The down-regulation of TGF-8 by
TM leads to ECM depletion, which helps GTMPPSP penetrate
deep tumor stroma. Concomitantly, cytotoxic agents-mediated
chemotherapy and PtNPs-mediated photothermal therapy jointly
suppressed the progression of 4T1 tumors.

Cun et al.”>” also reported a multifunctional NP with a
switchable size that could co-deliver gemcitabine (GEM) and 18-
glycyrrhetinic acid (GA) for TME remodeling, thereby promoting
deep tumor penetration (Fig. 5). The complex nanocarriers,
termed as DGL/GEM@PP/GA, were designed by conjugating
GEM with dendritic grafted poly-L-lysine (DGL), which is a kind
of dendrimer and is able to self-assembly with a smaller size.
Through the connection of the substrate peptide of MMP-2, DGL
was coupled with NPs of PEG-PCL pre-loaded with GA. Upon
systemic administration in the mice with pancreatic ductal
adenocarcinoma and mammary cancer models, GEM-coupled
small NPs were released from the complex nanocarriers due to
the enzymatic hydrolysis of MMP-2 overexpressed in the tumor
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stroma. The dissociated DGL particles could penetrate the deep
part of the tumor with a smaller size, and then release GEM
intracellularly to kill tumor cells. While the residual larger parti-
cles (PP/GA) with residual GA could accumulate around tumor
stromal vessels and be preferentially taken up by CAFs due to
their poor tissue permeability, thereby down-regulating the
secretion of WNT16. WNT16 is a signal molecule involved in the
DNA damage response program (DDRP) that can promote the
proliferation and invasion of adjacent cancer cells, leading to
tumor metastasis and gaining resistance to chemo/immunotherapy.
Targeting CAFs with GA resulted in effective suppression of
GEM-induced CAFs activation, as evidenced by the decrease in
expression of a-SMA and collagen in tumor stroma.

4.2.3.5. Reprogramming CAFs to an immunosupportive
state. In view of the research work of Huang’s research group, it
is shown that genotoxic chemicals can cause DNA damage in
CAFs, and thereafter induction of Wnt16 secretion can contribute
to the drug resistance in neighboring cancer cells*>. Many low-
toxic natural anti-fibrotic compounds, such as quercetin, puer-
arin, oz—mangostin254 and fraxinellone>> , have the ability to down-
regulate the expression of WNT/G-catenin in a variety of cell
lines, thereby reversing tumor resistance to cytotoxic chemicals.
Hu et al.>® encapsulated quercetin phosphate into targeted lipid
calcium phosphate nanoparticles (LCPs) with high loading ca-
pacity (26.6%, w/w) and small particle size (about 35 nm). The
systemic administration of quercetin-loaded LCP could effectively
remold the TME, as manifested in significantly reducing o-
SMA + fibroblasts and collagen in the tumor stroma, thereby
enhancing the entry of cisplatin-loaded NPs into the tumor after
subsequent administration position. When combined with cisplatin
NPs, a significant down-regulation of Wnt16 expression could be
observed in a matrix-rich urothelial bladder cancer model.

To reverse immunosuppressive TME of desmoplastic mel-
anoma primarily mediated by TGF-8, Hou et al.”*’ developed

a nanoemulsion that can target the anti-fibrotic agent frax-
inellone to CAFs. Upon systemic administration, the small
particle size of 145 nm enabled the formulation to efficiently
accumulate at the tumor site and was internalized into CAFs
and tumor cells.

5.  Summary and prospect

In collaboration with physiology and materials science, a series of
novel NPs are being developed for cancer therapy. They improve
their design in terms of uptake of reticuloendothelial system and
targeted regulation of tumor stroma, which provides an attractive
drug delivery method. It can effectively protect the degradation of
anti-tumor drugs, improve the biodistribution and pharmacoki-
netics in vivo, and increase its accumulation in the tumor site. In
addition, they can specifically target various tumor stromal com-
ponents, thus reducing their own specificity and improving the
efficacy of tumor treatment.

An effective drug delivery system must take all factors into
account and try to solve all possible delivery problems. At the
same time, we should seriously consider various mutually
restrictive factors. For example, when designing the size of NPs,
we should not only avoid being removed by RES in vivo, but also
allow NPs to effectively penetrate into tumor tissues. We should
remodel the TME to reduce IFP, but the normalization of blood
vessels will affect the effect of EPR, which is not conducive to
nano-drug delivery systems. Therefore, we should use nano-
composites flexibly, which is conducive to NPs effectively
achieving its goals in the body and minimizing its toxicity and
side effects to normal tissues. For example, in combination with
pH-sensitive materials, the particle size of NPs at different posi-
tions in the body can be changed. Endogenous substances (such as
erythrocyte membrane, cancer cell membrane, etc.) are used to
modify the surface of NPs and extend its circulation time in the
blood.

Retention in chemo-exposed stroma
® Regulating tumor microenvironment

Size switching

MMP-2

.\§\]:[ }
Deep tumor penetration
@ Killing tumor cells

® |[nsensitive to chemotherapy
Whtle _x_) ® Metastasis of tumors

Figure 5
switchable nanoparticle.

Tumor-associated fibroblast-targeted regulation and deep tumor delivery of chemotherapeutic drugs with a multifunctional size
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We should not only focus on killing cancer cells, but also
activate immune cells in the body to fight cancer, such as modi-
fying antibodies or enzyme inhibitors on the surface of NPs. The
tumor stroma is an extremely complex network in which there are
crosstalks among immune cells, stromal cells and tumor cells via
various autocrine and paracrine signaling pathway as well as
direct action. We currently lack a comprehensive understanding of
the immune regulation mechanisms of tumors, which is why we
are encountering a considerable of difficulties and confusions
when attempting to solve antitumor issues from an immune
perspective. An in-depth understanding of the crosstalks and
immunological attributes of the infiltrating components within the
tumor stroma will help to providing more immunotherapeutic
targets for stromal modulation of NPs, and lay the foundation for
the construction of intelligent nanomedicine delivery systems with
environmentally responsiveness. Further elucidating the dynamic
network of stromal signals facilitating immune tolerance and
tumor evasion from immune surveillance is expected to help guide
the implementation of new stromal immunomodulation strategies
by NPs, and more effectively relieve the suppressive effect of
tumor stroma milieu on immunotherapy.

In the prospective research work on tumor immunotherapy,
NPs with multiple stromal stimuli responsiveness (for instance,
extracellular acidity, hypoxia, and matrix enzymes) and external
stimulus responsiveness such as photothermal and photoacoustic
will emerge as hot research directions, which are expected to
overcome a variety of physiological barriers encountered while
delivering immunomodulators in vivo. Nevertheless, these
environmental stimuli responsive NPs also have issues related to
their complicated design and the synthesis of carrier materials,
such as difficult in quality control. It is believed that with the
continuous development of materials science, oncology and
immunology, these issues will be solved effectively, and intel-
ligent NPs will be developed towards direction of more rational
design and precise targeting. The combination of cancer
immunology and nanotechnology is becoming an emerging field
in biomedical science.

Although considerable progress has been made in drug de-
livery in recent years, there are still many problems and challenges
to be solved, such as the poor effect of long-term cycling and the
ABC phenomena caused by some commonly used drugs. In
addition, the current research on nano-drug delivery systems
mainly focuses on the penetration of EPR effects in tumors, but
few studies report the retention effects caused by tumor lymphatic
drainage. In addition to macrophages, other cells (such as white
blood cells) also have an impact on drug delivery system™®;
because of the limitation of blood—brain barrier, some methods for
improving the pharmacokinetics and permeability of NPs are not
suitable for brain tumors; different types of tumors and different
stages of tumors have certain differences in TME, which adds
more resistance to the strategy of NPs infiltrating the tumors.

Therefore, we should continue to develop more quantitative
imaging techniques to study the lymphatic function of tumor sites.
The next step is to explore how it affects the infiltration and
retention of IFP and NPs, and how to reduce the retention effect
caused by lymphatic drainage, for example, the use of photody-
namic therapy to reduce lymphatic drainage at the tumor site; the
normalization of blood vessels at the tumor site without affecting
the effective infiltration of NPs into the tumor tissue; the use of
more appropriate nanomaterials and delivery methods in the
design of NPs for the particularity of the blood—brain barrier; and

the connection between the therapeutic function of NPs and the
immune system. For tumors of different types and stages, we
should closely combine their particularity and individuality to
improve the composition design of NPs, which has not yet been
promoted.

It is believed that with the continuous development of mate-
rials science and oncology, these issues will be solved effectively,
and the intelligent NPs will be developed towards direction of
more rational design and precise targeting. In the future, we
should design a more advantageous nano-drug delivery system
based on the close collaboration of medical, chemical and material
disciplines, in order to achieve the greatest therapeutic effect and
realize the transformation from laboratory to clinical.
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