
Materials Today Bio 16 (2022) 100364
Contents lists available at ScienceDirect

Materials Today Bio

journal homepage: www.journals.elsevier.com/materials-today-bio
Tumor extracellular matrix modulating strategies for enhanced antitumor
therapy of nanomedicines

Meng Li a, Yijing Zhang a, Qin Zhang b,**, Jingchao Li a,*

a State Key Laboratory for Modification of Chemical Fibers and Polymer Materials, College of Biological Science and Medical Engineering, Donghua University, Shanghai,
201620, China
b Institute of Translational Medicine, Shanghai University, Shanghai, 200444, PR China
A R T I C L E I N F O

Keywords:
Extracellular matrix
Cancer therapy
Nanomedicines
Tumor accumulation
Immunotherapy
* Corresponding author.
** Corresponding author.

E-mail addresses: sabrina_1985@shu.edu.cn (Q.

https://doi.org/10.1016/j.mtbio.2022.100364
Received 5 June 2022; Received in revised form 8
Available online xxxx
2590-0064/© 2022 The Authors. Published by Else
A B S T R A C T

Nanomedicines have shown a promising strategy for cancer therapy because of their higher safety and efficiency
relative to small-molecule drugs, while the dense extracellular matrix (ECM) in tumors often acts as a physical
barrier to hamper the accumulation and diffusion of nanoparticles, thus compromising the anticancer efficacy. To
address this issue, two major strategies including degrading ECM components and inhibiting ECM formation have
been adopted to enhance the therapeutic efficacies of nanomedicines. In this review, we summarize the recent
progresses of tumor ECM modulating strategies for enhanced antitumor therapy of nanomedicines. Through
degrading ECM components or inhibiting ECM formation, the accumulation and diffusion of nanoparticles in
tumors can be facilitated, leading to enhanced efficacies of chemotherapy and phototherapy. Moreover, the ECM
degradation can improve the infiltration of immune cells into tumor tissues, thus achieving strong immune
response to reject tumors. The adoptions of these two ECM modulating strategies to improve the efficacies of
chemotherapy, phototherapy, and immunotherapy are discussed in detail. A conclusion, current challenges and
outlook are then given.
1. Introduction

Effective treatments of cancer remain a major challenge in clinical
oncology [1]. Conventional methods including surgery, chemotherapy,
and radiotherapy often have some limitations and fail to achieve ideal
therapeutic goals [2–4]. Surgery has the problem of incomplete excision
that will lead to tumor recurrence [5]. Chemotherapy and radiotherapy
encounter the predicaments of low therapeutic efficacy, severe side effect
and therapy resistance [6–8]. Recently, nanomedicines have been
developed to improve the efficacy and safety of cancer therapy [9–11].
The utilizations of nanoplatforms as drug nanocarriers can improve the
pharmacokinetics of small-molecular anticancer drugs, and mediate their
delivery into tumor sites, which not only allows enhanced anticancer
efficacies, but also reduces the side effects [12–14]. Through producing
toxic signals, such as heat and reactive oxygen species (ROS), nano-
medicines themselves can serve as therapeutic agents for cancer treat-
ment [15–17]. In addition, nanoplatforms can enable the integrations of
different therapeutic components into single systems to achieve combi-
national therapy [18–20].
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Although nanomedicines have provided an alternative approach for
cancer treatment, the dense extracellular matrix (ECM) in tumors can
establish a physical barrier to hinder the accumulation and diffusion of
nanotherapeutics at the tumor sites, thus greatly compromising the
therapeutic efficacies [21–26]. Some solid tumors, such as breast cancer,
pancreatic cancers, and bladder cancers often consist of abundant ECM
[27]. The ECM components in tumors such as collagen and hyaluronic
acid (HA) mainly secreted by stromal cells are highly dysregulated and
cross-linked to form a complex network [28–30]. Recent studies have
shown that the degradation of tumor ECM and inhibition of tumor ECM
formation can promote the accumulation and penetration of nano-
therapeutics at tumor sites, and thus the therapeutic efficacies of nano-
medicines can be improved [21]. In addition, the dense ECM hinders the
infiltration of immune cells into tumor tissues to limit the antitumor ef-
fect of immunotherapy [31–33]. To solve this problem, the compactness
of ECM can be reduced via degrading the main components of ECM, and
thus the permeability of tumor tissues can be improved to facilitate the
migrations and infiltrations of immune cells into tumors [34]. Therefore,
modulation of ECM in tumors not only contributes to the improved
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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enrichments and diffusions of nanomedicines, but also facilitates the
infiltrations of immune cells in tumor tissues, thereby enhancing the
antitumor effect.

In this review, the recent progresses of tumor ECM modulating stra-
tegies for enhanced cancer therapy of nanomedicines are summarized
(Fig. 1). In the following sections, degradation of tumor ECM and inhi-
bition of tumor ECM formation to improve the efficacies of
nanomedicine-mediated chemotherapy, phototherapy, and immuno-
therapy of tumors are introduced, respectively. Then, a brief conclusion
of this review and future perspectives of ECM modulating strategies for
cancer therapy are discussed.

2. ECM modulation for enhanced chemotherapy

2.1. Tumor ECM degrading strategy

Due to the abundant collagen in tumor ECM, some enzymes that can
degrade collagen have been used to modulate tumor ECM for enhanced
chemotherapy. As an example, Tang's group developed a bromelain-
immobilized and lactobionic acid (LA)-modified chitosan nanoparticle
to improve the drug penetration in tumor tissues for enhanced chemo-
therapy [35]. Such dual-functional nanoparticles were used as nano-
carriers for doxorubicin (DOX), in which, bromelain possessed a
proteolytic activity to degrade tumor ECM and thus enhanced the
permeation and diffusion of DOX-loaded nanoparticles in tumors, and LA
further increased the nanoparticle accumulation via active
tumor-targeting mechanism. As such, the dual-functional chitosan
nanoparticles could perform superior targeting and permeation ability
within tumor tissues, leading to higher drug concentration in tumor area
and superior antitumor effect relative to control nanoparticles without
modification of bromelain in H22 tumor-bearing mice. Recently, the
same group constructed a pH-sensitive bromelain nanoparticle to facili-
tate penetration of DOX in solid tumors for enhanced chemotherapy [36].
Fig. 1. Summary of ECM modulating strategies for enhanced chemot

2

The pH-sensitive nanocarriers were prepared via crosslinking of brome-
lain using an ortho ester-based crosslink agent, followed by encapsula-
tion of DOX into nanoparticles. The formed nanoparticles exhibited
pH-responsive DOX release due to their degradation in mildly acidic
condition, and the released bromelain enabled destruction of tumor ECM
to further promote nanoparticle penetration in tumor sites. In addition,
bromelain inhibited the growth of tumor cells at high concentration,
synergizing with DOX to cause antitumor effects. Therefore, such
bromelain-based pH-sensitive nanoparticles delivered more drugs into
tumors and led to a high tumor growth inhibition of 62.5% for H22
tumors.

Collagenase is a water-soluble matrix metalloprotease that can spe-
cifically degrade collagen, and thus has be used for tumor ECM modu-
lation [37]. For example, Cao's group reported the construction of
collagenase IV and clusterin-modified polycaprolactone-polyethylene
glycol (PEG) nanoparticles with loading of DOX for enhanced cancer
chemotherapy [38]. Such nanoparticles not only exhibited reduced
phagocytosis by the reticuloendothelial system, but also showed
increased penetration ability through 2D and 3D ECM models via colla-
genase IV-mediated tumor ECM degradation. Thus, the nanoparticles
obviously reduced the distribution of DOX in normal organs, but signif-
icantly increased DOX accumulation in tumor tissues, leading to
remarkable antitumor effect to inhibit the growth of MCF tumors in
mouse models. Tang's group reported a hybrid pH-sensitive alginate--
based and ortho ester-contained nanogel with surface functionalization
of collagenase as DOX carriers for enhanced cancer chemotherapy [39].
The pH-triggered swelling and degradation of ortho ester components in
mildly acidic environments led to sustained release of DOX. Via
collagenase-mediated degradation of tumor ECM, the
collagenase-functionalized nanogels showed higher penetration ability
and delivered more DOX into tumor area relative to control counterparts,
leading to a better antitumor efficacy in inhibiting the growth of H22
tumors.
herapy, phototherapy and immunotherapy using nanomedicines.
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In another study, Zhou's group reported a size-changeable collage-
nase-modified nanoscavenger to increase the penetration and retention
of nanomedicine in deep tumor tissues for chemotherapy [40]. A
self-assembled polymer micelle was modified with collagenase through
click chemistry, followed by an electrostatic adsorption of chondroitin
sulfate as a shell layer to avoid inactivation of collagenase in blood cir-
culation and mask the surface positive charges of nanoparticles (Fig. 2a).
Upon acidic stimulation (pH ¼ 6.8) in the tumor microenvironment, the
collagenase-containing components on the nanoscavengers changed
from hydrophobic to hydrophilic via the protonation of tertiary amine
groups to allow partial dissolution of collagenase segments. The colla-
genase segments acted as scavengers to digest collagen fibers of tumor
tissues, greatly enhancing the penetration of nanocarriers (Fig. 2b). The
remaining components in the nanocarriers caused the nanoscavenger size
expanding to improve their intratumoral retention. Such an enhanced
penetration and retention mechanism resulted in a significantly
improved accumulation of anticancer agent in tumors. In addition, tri-
phenylphosphonium (TPP) within nanoscavengers could achieve mito-
chondria targeting and release of cisplatin drugs in mitochondria to
destroy the mitochondrial deoxyribonucleic acid (DNA) for killing of
cancer cells. As a consequence, the nanoscavenger-mediated chemo-
therapy showed an excellent anticancer efficacy and could greatly inhibit
the growth of 4T1 tumors.

To maintain the active sites of enzyme, Du's group reported a mild
acid-responsive “nanoenzyme capsule” through combining collagenase
nanocapsules with DOX-encapsulated heavy-chain ferritin nanocages for
Fig. 2. (a) Schematic illustration of the fabrication of collagenase-based nanoscav
components in response to the acidic pH. (b) Schematic illustration of the increased p
action of collagenase digestion of collagen fibers and particle size increase, and the d
of cisplatin drugs into mitochondria. Reproduced with permission from Ref. [40]. C
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cancer chemotherapy [41]. Collagenase nanocapsules protected the ac-
tivity of enzymes, which were degraded in mildly acidic tumor micro-
environment to release collagenase, resulting to the digestion of collagen
in tumor ECM. This allowed improved accumulation and penetration of
DOX-encapsulated nanoparticles in solid tumors and alleviated hypoxia
inside the tumor to enhance the antitumor effects of DOX. As such, the
nanoenzyme capsule-mediated chemotherapy could inhibit the growth of
4T1 tumors by 85%.

In view of the abundant content of hyaluronic acid (HA) in tumor
ECM, hyaluronidase (HAase) that can specifically degrade HA can also be
utilized to modulate tumor ECM to enhance penetration of drug-loaded
nanoparticles for enhanced chemotherapy [42]. Shi's group reported a
HAase-modified 2D layered double hydroxide (LDH) nanodisk with
loading of DOX for enhanced tumor penetration and augmented
chemotherapy [43]. LDH nanodisks formed via a co-precipitation were
functionalized with HAase by electrostatic attraction, which were then
used as carriers to load DOX. Such a formed DOX/LDH-HAase nanodisk
showed a pH-responsive DOX release profile with a faster release rate in
acidic tumor microenvironment. The surface HAase enabled digestion of
HA in tumor ECM to allow obviously improved penetration of
DOX/LDH-HAase into tumors. The DOX/LDH-HAase-mediated chemo-
therapy showed an enhanced efficacy in inhibiting the growth of
SW1990 tumors. In another similar study, Sun and coworkers developed
a HAase-functionalized drug-loaded micelle to increase solid tumor
penetration and antitumor efficacy [44]. Anionic HAase was function-
alized onto surface of cationic epirubicin-loaded micelles through
engers and their size increase and dissociation of the collagenase containing
enetration and retention of nanoparticles in deep tumor tissues via the combined
estruction of mitochondrial DNA via mitochondria-specific targeting and release
opyright 2020, Wiley-VCH.
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electrostatic interaction. The polymer segments within micelles showed a
pH-sensitive property to allow pH-responsive drug release in lysosome.
The surface HAase degraded HA in tumor ECM to improve the penetra-
tion efficacy of epirubicin-loaded micelles, leading to their enhanced
accumulation and deep tumor penetration in HepG2 tumors. In view of
the combinational action of HAase-enabled deep tumor penetration and
pH-responsive drug release, this micelle-based chemotherapy showed an
enhanced inhibition for the growth of HepG2 tumors.

To achieve enhanced tumor penetration and precise and rapid drug
release at tumor sites, Li's group developed a reduction/oxidation-
responsive hierarchical nanoparticle with co-encapsulation of paclitaxel
(PTX) and pH-stimulated HAase for precise cancer chemotherapy [45]. A
HA-stearic acid amphiphilic conjugate containing disulfide bond was
used to fabricate the hierarchical nanoparticles, which were used to
entrap PTX and pH-stimulated HAase. In slightly acidic tumor
Fig. 3. (a) Schematic of self-assembly and tumor-specific self-degradation of the colla
D/aH-cNG for cancer therapy. (i) D/aH-cNG accumulate into tumor; (ii) slight tumor
and the extracellular release of active HAase to degrade the HA-composing ECM for
region. (iv) D/aH-cNG are internalized by the tumor cell; (v) endocytic acidity fully ac
intracellular release of DNase I; (vi) the released DNase I digests the DNA to cause
treated with different formulations. (d) Images of the tumors stained with H&E 30 d af
with the Ki-67 antibody 30 d after initial treatment with different formulations. Rep
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microenvironment, pH-stimulated HAase was partially activated to
mediate the degradation of tumor ECM for deep tumor penetration of
nanoparticles. Via CD44-mediated endocytosis, the nanoparticles spe-
cifically bound to CD44 receptor on the cancer cell membrane to promote
their cellular uptake. The release of PTX from nanoparticles was accel-
erated under intracellular redox microenvironment within endo/lyso-
somes due to the destruction of nanoparticles by the completely activated
pH-stimulated HAase. As such, these nanoparticles afforded the highest
tumor inhibition (93.71%) in MDA-MB-231 tumor-bearing mouse
models.

HAase-mediated tumor ECM degradation has also been used to in-
crease the penetration of toxic proteins for cancer therapy. As an
example, Mo's group constructed a self-driven degradable nanogel with
acidity-responsive action for efficient delivery of deoxyribonuclease I
(DNase I) and enhanced antitumor efficacy [46].
boratively crosslinked D/aH-cNG. (b) Schematic of enhanced protein delivery by
acidity partially activates aHAase, which leads to the swelling of the D/aH-cNG
enhanced diffusion in the stroma. (iii) D/aH-cNG penetrate to the deep tumor
tivates aHAase, which causes the complete degradation of the cNG and the rapid
the tumor cell death. (c) Tumor size variation of the tumor-bearing nude mice
ter initial treatment with different formulations. (e) Images of the tumors stained
roduced with permission from Ref. [46]. Copyright 2018, Wiley-VCH.
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Cholesteryl-6-aminohexylcarbamate methacrylated HA (cm-HA) was
used to form collaboratively crosslinked nanogels (cNG) via both phys-
ical and chemical crosslinking to load DNase I and a
tumor-acidity-activatable HAase (aHAase, the amino residues in HAase
were shielded by the citraconic anhydride modification). The DNase I
and inactive aHAase loaded cNG (designated as D/aH-cNG) could accu-
mulate into tumor sites, and the extracellular slightly acidic condition
could activate aHAase partially and the cNG underwent a self-driven
degradation to allow release of aHAase in the stroma (Fig. 3a). The
released reactivated aHAase mediated the degradation of tumor ECM to
increase the diffusion of cNG into the deep region of tumors. The inter-
nalization of D/aH-cNG was improved via CD44 receptor-mediated
endocytotic pathway (Fig. 3b). In acidic endocytic vesicles, cNG was
completely disintegrated to release DNase I for causing tumor cell death.
Therefore, a high inhibitory ratio (62%) of A549 tumors was observed
after D/aH-cNG-mediated therapy, and antitumor efficacy was further
reinforced in combination with vitamin K3 (VK3) that could activate
endogenous DNase I to degrade DNA (Fig. 3c–e).
2.2. Tumor ECM formation inhibiting strategy

Cancer-associated fibroblasts (CAFs) are the major component of the
stromal cells in tumor sites to secrete mass ECM components [47].
Therefore, suppression of CAF activity can lead to inhibition of tumor
ECM production, thus contributing to improved penetration of drugs and
nanotherapeutics for enhanced cancer chemotherapy [48]. Chen's group
constructed a CAF-targeting biodegradable polymer nanoparticle coated
with CREKA peptide and loaded with α-mangostin (α-M) to modulate
tumor ECM for cancer therapy [49]. Surface CREKA peptide allowed the
targeting of nanoparticles to CAFs via the surface overexpressed fibro-
nectin. The nanoparticles could effectively inactive CAFs, reduce the
production of tumor ECM, and facilitate tumor vascular normalization at
tumor sites. Thus, the uptake and penetration of gemcitabine and
triptolide-loaded micelles modified with CRPPR peptide in orthotopic
pancreatic tumors were obviously improved after pretreatment of
α-M-loaded nanoparticles. This nanoparticle-mediated tumor ECM
modulation enhanced the therapeutic efficacies of both gemcitabine and
nanotherapeutics. Huang and coworkers reported a hydralazine
(HDZ)-based liposome to promote nanoparticle penetration in advanced
desmoplastic tumors for chemotherapy [50]. In murine models of des-
moplastic melanoma, the tumor ECM was significantly reduced after
three injections of HDZ-liposomes, leading to increased nanoparticle
accumulation and penetration inside desmoplastic tumors. As a result,
the HDZ-liposome pretreatment remarkably improved the antitumor ef-
ficacy of DOX-liposomes in desmoplastic tumors.

Golgi apparatus within hepatic stellate cells (HSCs) play key roles for
the production of ECM in liver cancer, and thus the destruction of Golgi
apparatus in HSCs would reduce ECM formation and promote the
penetration of cargos in tumors [51]. Ma's group constructed a
chondroitin-modified lipid nanoparticle with loading of DOX and reti-
noic acid (RA) to target Golgi apparatus and degrade ECM for chemo-
therapy of liver cancer [52]. The surface modification of chondroitin
enabled the targeting of nanoparticles to both hepatoma cells and HSCs
via CD44 receptor-mediated internalization. Thus, the nanoparticles
could be efficiently taken up by SMMC-7721 hepatoma cells and HSCs, in
which, these nanoparticles released RA to destroy the Golgi apparatus
and inhibit ECM production. As such, the nanoparticles remarkably
improved the accumulation and penetration of DOX and RA into tumors,
showing high antitumor efficacy in mice with primary liver cancer and
H22 allograft tumors.

Pancreatic stellate cells (PSCs) are the most critical stroma cells in
establishing tumor ECM for pancreatic ductal adenocarcinoma (PDAC) as
they secrete excessive ECM proteins [53]. Therefore, inhibition of the
activity of PSCs provides an alternative strategy for enhanced
5

chemotherapy. Gao's group recently reported a two-step sequential de-
livery strategy for enhanced chemotherapy of PDAC [54]. Metformin
(MET) that could suppress the activity of PSCs was first administrated
into tumor-bearing mice to disrupt the formation of dense tumor ECM via
inhibiting the generation of α-smooth muscle actin and collagen, leading
to enhanced accumulation and delivery of gemcitabine and pH (low)
insertion peptide (pHLIP) co-modifiedmagnetic nanoparticles into tumor
sites. The pHLIP increased the binding affinity of nanoparticles to
pancreatic cancer cells (PANC-1), in which, gemcitabine was released in
response to cathepsin B for cancer cell killing. The combination of MET
and nanoparticles could greatly inhibit the growths of both subcutaneous
and orthotopic pancreatic tumors.

To overcome the ECM barrier for drug delivery and penetration in
PDAC, Nie's group reported a tumor microenvironment-activated nano-
system based on PEGylated polyethylenimine (PEI)-coated gold nano-
particles (Au@PP) to improve chemotherapeutic efficacy of gemcitabine
[55]. Successive integrations of Au@PP with all-trans retinoic acid
(ATRA, an inducer of PSC quiescence) and siRNA targeting heat shock
protein 47 (HSP47, a collagen-specific molecular chaperone) led to the
formation of nanosystem (Au@PP/RA/siHSP47) (Fig. 4a). Under acidic
tumor extracellular pH, surface PEG was detached to increase the cellular
uptake of nanoparticles by PSCs, in which, ATRA and siHSP47 were
released to convert activated PSCs into quiescent phenotype, leading to
inhibition of tumor ECM formation (Fig. 4b). As such, the major ECM
components were remarkably decreased to improve drug delivery and
penetration in 3D PDAC stroma-rich tumor spheroid model and desmo-
plastic PDAC xenograft tumor model. Such a tumor ECM modulating
nanosystem greatly improved the antitumor efficacy of gemcitabine to
inhibit the growths of aggressive subcutaneous and orthotropic pancre-
atic tumors (Fig. 4c–e).

In another study, Nie and colleagues developed a size switchable
nanosystem for improving the therapeutic efficacy of PDAC [56]. Pacli-
taxel (TAX)-incorporated PEG-PLGA nanospheres in hydrophobic layer
were encapsulated with hydrophobic vactosertib (VAC)-carrying lipo-
somes and the surface-modified with the fibronectin extra domain B
targeting peptide to construct the nanosystems. In a mouse model of
orthotopic pancreatic cancer, anchoring of fibronectin extra domain B
targeting peptide to abundant tumor-associated fibronectin in ECM
promoted the retention of these nanosystems in the tumor stroma after
intravenous injection. The subsequent collapse of nanosystems not only
released TAX-loaded liposomes with a smaller size for further tumor
penetration, but also delivered VAC for inhibiting the expression of ECM
proteins, such as fibronectin and collagen. The inhibition of ECM hy-
perplasia thus promoted more access of TAX to cancer cells in addition to
its small size. Such size switchable nanosystem combining ECM modu-
lation overcame the PDAC stromal barrier to drug penetration and led to
effective suppression of PANC-1 tumor progression.

Losartan (LOS) is a clinically approved angiotensin II receptor
antagonist that can inhibit collagen I production and thus reduces tumor
ECM formation [57]. The use of LOS to inhibit ECM formation in tumor
tissues for enhanced chemotherapy was reported by Gao's group [58].
4T1 tumor-bearing mice were pretreated with LOS to reduce the collagen
networks in tumor ECM. This improved the penetration and distribution
of size shrinkable nanoparticles that were fabricated via conjugating
small sized DOX loaded gold nanoparticles onto matrix
metalloproteinase-2 (MMP-2) degradable gelatin nanoparticles. After
accumulation into tumor tissues, the high-expressed MMP-2 triggered
the size shrinkage of nanoparticles and release of DOX. As such, a high
intratumoral concentration of DOX was achieved by the
co-administration LOS with size shrinkable nanoparticles, leading to
higher chemotherapy efficacy in inhibiting the growth of 4T1 tumors in
comparison to treatment with nanoparticles alone.

In addition to abovementioned drugs, nitric oxide (NO) has been
reported to modulate the tumor ECM to overcome obstacles for enhanced



Fig. 4. (a) Schematic diagram of the fabrication of the ATRA and HSP47 siRNA codelivery system based on pH-responsive gold nanoparticles. Anionic ATRA and
siRNA were electrostatic absorbed onto “sheddable” PEG-grafted PEI-coated AuNP. (b) Schematic diagram of PSCs re-education and tumor ECM modulation by
nanosystem for enhanced chemotherapy. The nanosystem is “activated” (PEG shedding, size decrease, charge increase, and hydrophobic ligand exposure) in the acidic
pancreatic tumor microenvironment (pHe~6.5) and exhibits pHe and ATRA dual-enhanced cellular uptake and HSP47 knockdown in PSCs. Consequently, activated
PSCs revert to quiescent phenotype and the desmoplastic stroma is homoeostatically restored, with improved blood perfusion and drug delivery. (c) Tumor growth
curves during treatment. (d) Image of excised tumors. (e) Image of excised tumors with spleens. Reproduced with permission from Ref. [55]. Copyright 2018,
Springer Nature.
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penetration of nanoparticles. As reported by Jin's group, a NO-induced
stromal depleting strategy was adopted for enhanced chemotherapy of
pancreatic cancer [59]. S-Nitroso-N-acetylpenicillamine (SNAP, a NO
donor) loaded liposomes after delivery into PSCs in tumor tissues could
suppress the production of ECM via inhibiting the expressions of fibro-
nectin, α-smooth muscle actin and collagen. Such a tumor ECM disrup-
tion by NO treatment greatly increased the intratumoral penetration of
gemcitabine loaded liposomes, thus significantly improving the drug
delivery efficiency into tumors. After sequential delivery of SNAP-loaded
liposomes and gemcitabine-loaded liposomes, the tumor growths of both
subcutaneous and orthotopic pancreatic tumors in mouse models were
remarkably suppressed, suggesting the obviously improved therapeutic
6

efficacy for this NO-induced tumor ECM depleting strategy.

3. ECM modulation for enhanced phototherapy

Phototherapy including photothermal therapy (PTT) and photody-
namic therapy (PDT) provides a precision treatment strategy for tumor
suppression [60–62]. PTT involves the light irradiation of photothermal
agents to produce heat for killing cancer cells [63]. PDT utilizes gener-
ated ROS during light stimulation of photosensitizers to cause cancer cell
death [64]. Both PTT and PDT show unique advantages for cancer
treatment, while the dense tumor ECM often obstructs the accumulation
and penetration of photothermal agents and photosensitizers into tumor
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sites, thus greatly compromising the therapeutic efficacy [65,66]. Mod-
ulation of tumor ECM is a promising strategy for enhancing the thera-
peutic efficacy of PTT and PDT.

3.1. Tumor ECM degrading strategy

PTT effect can be enhanced through enzyme-mediated tumor ECM
degradation and subsequent improved accumulation of photothermal
nanoagents in tumors. For example, Pu's group constructed a polymer
nanoenzyme to overcome the nanoparticle penetration obstacle for
enhanced cancer PTT [67]. Bromelain with a temperature-responsive
enzymatic activity was conjugated onto the surface of poly-(-
cyclopentadithiophene-alt-benzothiadiazole) (PCB)-based semi-
conducting polymer nanoparticles to form the polymer nanoenzyme
(Fig. 5a). To increase the conjugating efficacy of bromelain, PCB1 with
grafting of short-chain methoxy-PEG and long-chain carboxyl-PEG was
used. The formed PCB1-Bro effectively accumulated into 4T1 tumor tis-
sues via the enhanced permeability and retention (EPR) effect, in which,
PCB1-Bro was irradiated by 808 nm laser in a discontinuous manner to
produce mild heat (around 42 �C) due to PTT effect. The produced heat
could obviously improve the enzymatic activity of bromelain to degrade
collagen in tumor ECM (Fig. 5b). As such, the accumulation of PCB1-Bro
in tumor sites would be further improved (Fig. 5c). Under the second 808
nm laser irradiation in a continuous manner, the temperature of tumors
for PCB1-Bro treatment was obviously higher than that for PCB1 treat-
ment. Therefore, PCB1-Bro showed amuch better PTT efficacy than PCB1
and could completely eradicate 4T1 tumors in living mice (Fig. 5d).

In another study, Ping's group reported a synergistic optical strategy
for enhanced deep-tumor of nanoparticles via mediating tumor ECM
degradation for enhanced PTT in the second near-infrared (NIR-II) win-
dow [68]. Gold nanorods with surface coating of mesoporous polydop-
amine were utilized to encapsulate papain (a natural protease that can
degrade peptides) inside the mesopores. Mesoporous polydopamine
coating layer served as a protective shelter for papain to prevent its hy-
drolysis in tissues. Gold nanorods showed an excellent photothermal
efficacy under 1064 nm laser irradiation to increase local temperature.
Fig. 5. (a) Chemical structures of PCB1 and PCB2 and schematic for the synthesis of
intratumoral injection of saline, PCB1, or PCB1-Bro with or without 808 nm laser irra
Bro towards collagen digestion for enhanced accumulation of nanoparticles in tum
Reproduced with permission from Ref. [67]. Copyright 2018, Wiley-VCH.

7

Therefore, the temperature-responsive papain could be readily released
upon 1064 nm laser irradiation, and its enzymatic activity was improved
to degrade collagen in tumor ECM. As such, the penetration of photo-
thermal gold nanorods in deep tumors was greatly enhanced. Therefore,
the synergistic optical strategy (first mild NIR-II laser irradiation for 15
min and then therapeutic NIR-II laser irradiation for 5 min) improved the
PTT effect of gold nanorods to inhibit HT-29 tumor growth.

The degradation of tumor ECM has also been utilized to improve the
efficacy of PDT. As an example, Liu and coworkers used HAase to degrade
tumor ECM for enhancing nanoparticle-based PDT of tumors [69].
Administration of free HAase mediated the degradation of HA in tumor
ECM, and the tumor vessel densities and effective vascular areas were
increased, leading to enhanced tumor uptake of chlorine e6 (Ce6)-con-
jugated nanomicelles by ~2-fold. In addition, the tumor oxygenation
level was also obviously increased to effectively relieve the hypoxic
condition inside tumors. As such, under 660 nm laser irradiation, the
efficacy of Ce6-conjugated nanomicelle-mediated PDT was significantly
improved to inhibit the growth of 4T1 tumors.

3.2. Tumor ECM formation inhibiting strategy

Pang's group reported the use of cyclopamine to modulate tumor ECM
and thus improve the PTT efficacy of PDAC [70]. Erythrocyte
membrane-camouflaged biomimetic gold nanorods with stronger pho-
tothermal conversion efficacy and longer in vivo circulation than
un-camouflaged gold nanorods were developed as the photothermal
nanoagents. The treatment of cyclopamine could disrupt the dense tumor
ECM and thus significantly increased the accumulation of biomimetic
gold nanorods in tumors by 1.8-fold. This led to higher photothermal
efficiency in tumor sites under 808 nm laser irradiation than the other
treatment group. Thus, the combination of cyclopamine treatment with
biomimetic gold nanorod-mediated PTT effect achieved the highest ef-
ficacy in inhibiting the growth of xenografted Capan-2 tumors.

The therapeutic efficacy of combinational chemotherapy and PTT can
also be improved through modulating tumor ECM. As reported by Shen's
group, a programmed drug-releasing nanoparticle was developed for
PCB-Bro. (b) Immunofluorescence collagen I staining images of 4T1 tumors after
diation. (c) Illustration of photothermally triggered enzyme activation of PCB1-
or. (d) Tumor growth curves of 4T1 tumor-bearing mice in different groups.
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tumor ECM remodeling and chemo-photothermal combination therapy
of breast cancer [71]. Telmisartan-loaded gelatin nanoparticles were
conjugated with platinum nanoparticles attached with PTX through a
dual redox responsive diselenide bond to form the drug-releasing nano-
particles. In tumor microenvironment, matrix metalloproteinase-2
mediated the degradation of gelatin to release telmisartan, and dis-
elenide bonds could be destroyed by ROS or glutathione to achieve PTX
release. Tumor ECM was degraded due to the released
telmisartan-mediated inhibition of transforming growth factor-β (TGF-β)
signaling and the direct ablation via photothermal effect of platinum
nanoparticles. This allowed enhanced penetration of drug-releasing
nanoparticles into deep tumor regions, in which, the released PTX
mediated chemotherapy and platinum nanoparticles enabled PTT under
808 nm laser irradiation, achieving chemo-photothermal combination
therapy. In vivo results indicated that these drug-releasing nanoparticles
had a significant antitumor effect to inhibit the growth of 4T1 tumors.

In another study, Yuan's group reported a NIR light induced LOS and
DOX co-delivery system based on hollow mesoporous prussian blue
nanoparticles to degrade tumor ECM and enhance tumor penetration of
nanoparticles for synergistic photothermal-chemotherapy [72]. LOS and
DOX were loaded in mesoporous prussian blue nanoparticles coated with
thermal-responsive lauric acid. Under 808 nm laser irradiation, prussian
blue nanoparticles mediated PTT effect to produce heat that activated the
release of LOS and DOX. Due to the released LOS, tumor ECM was
Fig. 6. (a) Schematic illustration of PCPP-mediated tumor ECM degradation to enh
oxygen supply as well as the limited uptake of NM-PpIX in tumor. 2) Selective del
depletion, promotion of tumor vasculature functionality, and alleviation of the hypox
improved oxygen supply and tumor uptake of NM-PpIX. (b) Expression of Collagen
treatments. (c) Representative fluorescence images of tumor slices from mice with v
pimonidazole. Reproduced with permission from Ref. [73]. Copyright 2020, Elsevie
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depleted and thus the penetration of nanoparticles and DOX was
improved. Via the synergistic action of PTT and chemotherapy, the
growth of 4T1 tumors was inhibited by 81.3%.

By utilizing tumor ECM formation inhibition strategy, Zhang and
coworkers reported a functional covalent organic framework (COF) to
modulate tumor ECM for enhanced PDT (Fig. 6a) [73]. Antifibrotic drug
pirfenidone (PFD) was loaded into an imine-based COF containing 4,40,
4’’-(1,3,5-triazine-2,4,6-triyl)trianiline (TTA) and 2,5-dihydroxyterethal-
dehyde (DHTA) (COFTTA-DHTA) with surface decoration of
poly(lactic-co-glycolic-acid)-PEG (PLGA-PEG) to fabricate the nano-
particles (PCPP). After accumulation into tumor sites, PCPP released PFD
to down-regulate the levels of tumor ECM components, such as collagen I
and HA (Fig. 6b). On the one hand, PCPP treatment could improve the
accumulation of protoporphyrin IX (PpIX)-conjugated peptide-based
nanomicelles (NM-PpIX) serving as the photosensitizer due to the
digestion of tumor ECM. On the other hand, PCPP treatment could
decompress the tumor blood vessels, restore vascular functionality, thus
improving supply of oxygen into tumors to relieve tumor hypoxia
(Fig. 6c). The alleviated tumor hypoxia and improved tumor accumula-
tion of nanoagents after PCPP treatment obviously amplified the gener-
ation of ROS in tumor sites under 660 nm laser irradiation, achieving
enhanced PDT effect to eradicate CT26 tumors and inhibit lung
metastasis.
ance tumor PDT effect. 1) Restricted tumor PDT effect due to the insufficient
ivery and release of PFD in tumor tissues by PCPP, PFD-mediated tumor ECM
ic state of tumor. 3) Enhanced ROS generation and tumor PDT effect due to the
I and HA in tumors detected by immunocytochemistry of mice after various

arious treatments stained with hypoxia-inducible factor 1-α (HIF-1α) tracer and
r.
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4. ECM modulation for enhanced immunotherapy

Immunotherapy is a promising treatment strategy for cancer via uti-
lizing the host immune system to kill cancer cells [74–76]. Compared to
traditional therapeutic modalities, immunotherapy has unique advan-
tages because of its ability to treat primary and metastatic tumors and
prevent tumor recurrence [77–79]. However, the barrier of tumor ECM
often limits the penetration of therapeutic agents and infiltrations of
immune cells into tumors, and thus the therapeutic efficacy of immu-
notherapy will be compromised. The modulations of tumor ECM have
provided an effective solution to overcome this predicament.

4.1. Tumor ECM degrading strategy

To increase the penetration of therapeutic agents into tumors for
enhanced immunotherapy, Liu's group reported the use of a pH-
responsive HAase-dextran as an adjuvant nanomedicine for enhanced
PDT-immunotherapy of cancer [80]. HAase-dextran nanoparticles were
dissociated in acidic tumor microenvironment to release native HAase,
which led to degradation of HA in tumor ECM to loosen the ECM struc-
ture. This would increase the penetration of oxygen, Ce6-loaded lipo-
somes serving as photosensitizers and anti-programmed death-ligand 1
(anti-PD-L1) antibody as immunotherapeutic agents. The enhanced ox-
ygen penetration greatly relieved tumor hypoxia to promote the PDT
effect of Ce6-loaded liposomes under 660 nm laser irradiation, and
reversed the immunosuppressive tumor microenvironment to boost
cancer immunotherapy. With HAase-dextran as the adjuvant nano-
medicine, the therapeutic efficacy of PDT-combinational anti-PD-L1
checkpoint blockade therapy was significantly enhanced. Both the pri-
mary and metastatic CT26 tumors could be treated by this method.

To enhance the tumor infiltration of immune cells for enhanced
immunotherapy, Tian's group combined HAase with nanovaccine for
treatment of melanoma [81]. The nanovaccine was constructed via
co-loading antigen ovalbumin (OVA) and the adjuvant unmethylated
cytosine-phosphate-guanine (CpG) into polycationic PEI by electrostatic
binding. The positively surface charge of nanovaccines allowed their
enhanced uptake by dendritic cells (DCs) to facilitate OVA delivery into
the cytoplasm, leading to enhanced maturation of DCs. HAase treatment
degraded HA in tumor ECM and thus increased the permeability of tu-
mors, which would enhance the tumor infiltrations of the
nanovaccine-generated tumor-specific T cells. High antitumor efficiency
was achieved via combining HAase with nanovaccines, and the growth of
melanoma was obviously inhibited.

Shen's group reported a microneedle with loading of HAase-modified
semiconducting polymer nanoparticles and immune adjuvant
polyinosine-polycytidylic acid (PIC) to achieve HAase-mediated tumor
ECM degradation and immune cell penetration for effective
photothermal-immunotherapy [82]. PIC is a Toll-like receptors 3 (TLR3)
agonist that can activate natural killer cells, macrophage, and T cells
activities via promoting the maturation of DCs and secretion of inter-
feron-γ (IFN-γ) [83]. After piercing into tumor sites, microneedles were
degraded to release HAase-modified semiconducting polymer nano-
particles and PIC. HAase dissolved HA in tumor ECM to promote the
penetration of nanoparticles, PIC and immune cells into deeper tumors,
in which, the semiconducting polymer nanoparticles mediated PTT
under 808 nm laser irradiation, and PIC promoted the activation of CD4þ

and CD8þ T cells, thus triggering antitumor immunity. Such
microneedle-mediated PTT and immunotherapy combination effect
could greatly inhibit the growth of melanoma.

In a previous study of Lu's group, an ECM-degrading stimulator of
interferon genes (STING) nanoagonist was constructed for mild NIR-II
PTT-enhanced chemodynamic-immunotherapy [84]. The
thermal-responsive liposomes were utilized to load 2030-cyclic guanosine
monophosphate-adenosine monophosphate (cGAMP) as STING agonist
and ferrous sulfide (FeS2) nanoparticles as both NIR-II photothermal
agents and Fenton catalysts, and the surface of liposomes was modified
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with bromelain to construct the nanoagonist (dNAc). Under 1064 nm
laser irradiation in a discontinuous manner, the nanoagonist generated
mild heat (~45 �C) that not only destroyed thermal-responsive liposomes
to achieve cGAMP release, but also improved the Fenton reaction efficacy
of FeS2 nanoparticles to ablate cancer cells and trigger immunogenic cell
death (ICD) (Fig. 7a). The in-situ released cGAMP could activate STING
pathway to synergize with ICD action, leading to antitumor immunity
activation. In addition, the surface modified bromelain could degrade
collagen in the tumor ECM to promote the infiltration of effector T cells
into tumor tissues. Via such a treatment, the growths of both primary and
distant 4T1 tumors were inhibited and the liver and lung metastasis were
also obviously suppressed (Fig. 7b–d).

4.2. Tumor ECM formation inhibiting strategy

In addition to enzyme-mediated ECM degradation, the inhibition of
ECM production has been used for enhanced immunotherapy. David
Oupický and coworkers reported a tumor ECM-modulating nanoparticle
for the treatment of metastatic pancreatic cancer via improving anti-
tumor immunity [85]. Assembly of anti-miR-210 (to inactivate
stroma-producing PSCs) and siKRASG12D (to kill pancreatic cancer cells)
in the cholesterol-modified polymeric CXC motif chemokine receptor
type 4 (CXCR4) antagonist nanoparticles led to the formation of the final
nanoparticles. The nanoparticles blocked the interaction between cancer
cells and stroma to interfere with cancer progression through blocking
the binding between CXCR4 and C-X-C motif chemokine ligand 12
(CXCL12) with CXCR4 antagonists. The downregulation of miR-210 and
KRASG12D mediated by anti-miR-210 and siKRASG12D led to the inacti-
vation of the stroma-producing PSCs and death of pancreatic cancer cells.
In addition, the local intraperitoneal administration avoided compro-
mised EPR effect due to low vascular density and dense stroma, and
exhibited nearly 15-fold higher tumor aggregation compared to intra-
venous administration. Due to CXCR4 antagonism and miR-210/K-
RASG12D downregulation, such nanoparticles with triple-actions
favorably modulated desmoplastic tumor microenvironment and thus
promoted the infiltration of cytotoxic T cells into tumor tissues. Such an
effective therapy not only directly inhibited the growth and metastasis of
orthotopic KPC-derived pancreatic tumors, but also further interfered
with cancer progression by disrupting the interaction between cancer
cells and stroma.

To facilitate intratumoral T cell infiltration and drug penetration,
Wang's group developed a pH responsive nanoparticle to co-deliver TGF-
β receptor inhibitor (LY2157299) and siRNA targeting PD-L1 (siPD-L1)
for the combination of tumor ECM modulation and antitumor immuno-
therapy [86]. The nanoparticles formed by self-assembly of PEG-b-po-
ly(ε-caprolactone) (PCL), PCL homopolymer and
poly(amidoamine)-graft-PCL (PCL-CDM-PAMAM) were utilized to
encapsulate LY2157299 inside, while siPD-L1 was electrostatically
adsorbed on the surface by positively charged PAMAM. After accumu-
lation of nanoparticles into the tumor sites, LY2157299 inhibited the
activation of PSCs and resulted in a reduction in type I collagen for in-
hibition of tumor ECM formation. At the same time, the acidic tumor
microenvironment triggered the release of small-sized PAMAM that
adsorbed siPD-L1, and its penetration into the tumors was significantly
facilitated for downregulating the expression of immunosuppressive
PD-L1. In addition, the tumor ECM modulation greatly increased the
infiltration of CD8þ T cells into tumors. Such LY2157299-mediated
pancreatic tumor ECM modulation combined with inhibition of PD-L1
checkpoint significantly suppressed the growth of Panc02 tumors.

The ECM modulation has also been used to enhance the therapeutic
efficacy of combinational chemotherapy and immunotherapy. For
example, Lu's group reported a CAF-responsive honeycomb-like nano-
assembly to regulate multisite delivery for enhanced antitumor chemo-
immunotherapy [87]. To obtain such nanoasystems, DOX and
immunotherapeutic enhancer (Fe ions) immobilized on the surface of
carbon dots (CDs) with modification of aminoethyl anisamide (AEAA, a



Fig. 7. (a) Schematic illustration of NIR-II photoactivation of dNAc for mild photothermal effect-augmented chemodynamic-immunotherapy. (b) Relative tumor
volumes of primary tumors from mice after different treatments. (c) Relative tumor volumes of distant tumors from mice after different treatments. (d) Hematoxylin
and eosin (H&E) staining images of livers from mice after different treatments. (e) Hematoxylin and eosin (H&E) staining images of lungs from mice after different
treatments. Reproduced with permission from Ref. [84]. Copyright 2022, Springer Nature.

M. Li et al. Materials Today Bio 16 (2022) 100364
targeting ligand of sigma receptor) (APCDs) were crosslinked by fibro-
blast activation protein-α (FAP-α)-responsive Asp-Ala-Thr-Gly-Pro-Ala
peptides, followed by encapsulation of tumor microenvironment modi-
fier (LOS) in the mesopores between carbon dots within the nano-
assemblies (Fig. 8a). These nanoassemblies could effectively accumulate
into the tumors because of the EPR effect and the active targeting to
sigma receptors on CAFs mediated by AEAA. Upon response to overex-
pressed FAP-α on CAFs, the nanoassemblies disassociated into individual
CDs to release LOS for reducing intratumoral stromal collagen produc-
tion, resulting in ECM modulation and tumor hypoxia mitigation
(Fig. 8b). The individual CDs carrying DOX and Fe ions exhibited deeper
tumor penetration to induce optimized ICD, resulting in intensified
10
immune responses with increased T cell infiltration into tumor sites. Such
tumor microenvironment-regulated nanoassemblies combined with
synergetic chemoimmunotherapy significantly inhibited 4T1 tumor
growth in mouse models.

To further improve the infiltration of immune cells for immuno-
therapy, Chen's group reported a dual-mechanism based on nano-sapper
to simultaneously reduce the physical obstacles of tumor ECM and recruit
cytotoxic T cells (CTLs) to potentiate immunotherapy [88]. The
nano-sappers consisted an ECM glycoprotein (tenascin C) targeting
peptide-decorated calcium phosphate liposome with co-loadings of
antifibrotic phosphates-modified α-mangostin and plasmid encoding
immune-enhanced cytokine LIGHT (tumor necrosis factor superfamily



Fig. 8. (a) Schematic illustration for the preparation of drugs-loaded nanoassemblies. Small sized CDs are decorated with PEG with and without aminoethyl anisamide
(AEAA) (a targeting ligand of sigma receptor) conjugates to obtain APCDs. The APCDs are immobilized with DOX molecules and Fe ions on the surface, and crosslinked
by fibroblast activation protein-α (FAP-α)-sensitive Asp-Ala-Thr-Gly-Pro-Ala peptides. Subsequently, LOS (the TME modifier) are encapsulated in the mesoporous
nanoassemblies (Pep-APCDs@Fe/DOX-LOS). b) The transformation and enhanced antitumor immunity mechanism of Pep-APCDs@Fe/DOX-LOS. In response to CAFs
near blood vessels, the nanoassemblies disassociate into individual APCDs to release LOS to modulate TME by reducing the generation of stromal collagen and
improving oxygen perfusion inside tumors. The disassembled APCDs carrying DOX and Fe ions further penetrate into deep tumor sites to induce optimized immu-
nogenic cell death Reproduced with permission from Ref. [87]. Copyright 2021, Wiley-VCH.
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14). The surface peptide decoration enhanced the tumor retention of
loaded α-mangostin and plasmid. Phosphates-modified α-mangostin
reversed the activation of CAFs to decrease collagen production and
relieved the compressed vessels. The plasmid allowed the LIGHT
expression to stimulate lymphocyte-recruiting chemoattractant expres-
sion, which synergized with phosphates-modified α-mangostin to
improve the infiltration of CTLs in deep tumors and induced the tertiary
lymphoid structures to support the local generation of tumor-specific
immune responses. The expressions of α-smooth muscle actin, fibro-
blast activation protein and fibronectin in tumors were significantly
decreased after treatment of nano-sappers. The combination of
nano-sappers with anti-programmed death receptor-1 (anti-PD-1) anti-
body led to an obviously enhanced antitumor efficacy than sole
anti-PD-1-mediated immunotherapy in two orthotopic mouse PDAC
models.

5. Conclusion and perspectives

Dense ECM in tumor tissues is an indispensable component of the
tumor microenvironment that plays multiple crucial roles in tumori-
genesis, cancer progression, and metastasis [89–91]. In addition, the
ECM networks server as the physical barriers to limit the penetration and
diffusion of oxygen, therapeutic agents, and effector cells into tumors,
leading to significant resistance of different clinical therapeutic modal-
ities. Although tumor blockade therapy, a penetration-independent
antitumor modality has been reported [92], the dense ECM is still key
barriers for other therapeutic modalities. To overcome these barriers,
two major ECM modulating strategies including degrading ECM com-
ponents and inhibiting the productions of ECM have been adopted. This
review summarizes the recent progresses of these modulating strategies
to enhance the therapeutic efficacies of nanomedicines. Via modulating
the integrality and compactness of tumor ECM, the accumulation,
penetration, and diffusion of drug-based nanomedicines, photothermal
nanoagents and photosensitizers can be improved, thus greatly
enhancing the therapeutic efficacies of chemotherapy, PTT, and PDT.
Moreover, tumor ECM modulations can facilitate the infiltration of
effector immune cells into solid tumors, which has resulted in amplified
immune responses to treat both primary and metastatic tumors.

Despite abovementioned advances, the applications of ECM modu-
lating strategies to enhance the therapeutic outcomes of nanomedicines
still have some concerns need to be considered in the future. First,
degradation of tumor ECM possibly promotes the migration of tumor
cells, which will lead to tumor metastasis even the primary tumors have
been well treated. Combination of nanomedicines with anti-metastasis
drugs should be a promising strategy to reduce the risks of metastasis
[93–95]. Alternatively, NO donors can be used to deliver NO to effec-
tively inhibit tumor metastasis after tumor ECM modulation [96]. Sec-
ond, the bioavailability of drugs and enzymes that used to modulate
tumor ECM need to be increased, and their unwanted accumulations into
normal tissues potentially cause side effects. Development of tumor
microenvironment- and exogenous stimuli-responsive prodrugs or drug
delivery systems can increase the targeting release of these agents in
tumor sites [97–101]. Third, nanomedicines are the key components to
realize effective cancer treatment, but their clinical uses have not been
approved as the in vivo long-term safety, biodegradability, and clearance
remain questionable. Design of therapeutic nanomedicines with excel-
lent in vivo biodegradability or rapid clearance properties will greatly
promote their clinical translation [102–105]. Fourth, the physicochem-
ical properties of nanomedicines are important for the interaction with
ECM and tortuous transport paths, which should be considered. Smart
transformable nanoparticles with self-adjust physicochemical properties
can be developed to further improve the diffusion in solid tumors [106].
Fifth, current studies have been only conducted using mouse tumor xe-
nografts, while the ECM properties for these models are much different
from those of patient-derived xenograft models [107–109]. Therefore,
exploring the feasibilities to combine tumor ECM modulating strategies
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with nanomedicines for treatments of patient-derived xenograft models
are highly recommended [27].

Overall, these tumor ECM modulating strategies have shown great
promises to improve the effect of nanomedicines for cancer treatment.
Due to the facile design and constructions of nanomedicines, these
strategies may be utilized for other therapeutic modalities (such as
radiotherapy, sonodynamic therapy, and microwave therapy). Different
therapeutic elements (such as photothermal agents, chemotherapeutic
drugs, immunotherapeutic agents, photosensitizers, radionuclides and
sonosensitizers) can be integrated into a single nanomedicine to enable
multimodal therapy, which will help to achieve complete eradications of
tumors. In addition, other tumor microenvironment modulating strategy,
such as vasculature regulation can be combined with ECMmodulation to
further enhance the accumulation of nanomedicines [110]. Such a
combination of tumor ECM modulating strategies with nanomedicines
should be translated into clinical applications for cancer treatment.
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