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Unraveling the Role of the Tumor Extracellular Matrix to
Inform Nanoparticle Design for Nanomedicine
Marco Cassani,* Soraia Fernandes, Stefania Pagliari, Francesca Cavalieri, Frank Caruso,*
and Giancarlo Forte*

The extracellular matrix (ECM)—and its mechanobiology—regulates key
cellular functions that drive tumor growth and development. Accordingly,
mechanotherapy is emerging as an effective approach to treat fibrotic
diseases such as cancer. Through restoring the ECM to healthy-like
conditions, this treatment aims to improve tissue perfusion, facilitating the
delivery of chemotherapies. In particular, the manipulation of ECM is gaining
interest as a valuable strategy for developing innovative treatments based on
nanoparticles (NPs). However, further progress is required; for instance, it is
known that the presence of a dense ECM, which hampers the penetration of
NPs, primarily impacts the efficacy of nanomedicines. Furthermore, most 2D
in vitro studies fail to recapitulate the physiological deposition of matrix
components. To address these issues, a comprehensive understanding of the
interactions between the ECM and NPs is needed. This review focuses on the
main features of the ECM and its complex interplay with NPs. Recent
advances in mechanotherapy are discussed and insights are offered into how
its combination with nanomedicine can help improve nanomaterials design
and advance their clinical translation.
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1. Extracellular Matrix Homeosta-
sis

The extracellular matrix (ECM) is a non-
cellular component that constitutes the
scaffolding structure of tissues and organs.
In addition to providing structural support,
the ECM delivers biochemical and mechan-
ical cues to the embedded cells to initiate
intracellular signaling pathways. The ECM
is structured as a bioactive network of
macromolecules assembled in a complex
3D architecture and presides over different
physiological processes and cellular func-
tions such as cell growth and motility.[1]

The composition and 3D structure of the
ECM are tissue-specific and show sig-
nificant heterogeneity within the same
tissue. The ECM undergoes continuous
remodeling in a context-specific fashion
owing to traction forces and the enzymatic
activity of cells with which it interacts.[2]

It is estimated that more than 300 core
proteins and hundreds of associated proteins contribute to the
so-called matrisome; the core proteins are grouped into two
main classes i.e., proteoglycans and fibrous proteins (collagens,
elastins, fibronectins, and laminins).[3] The ECM is formed by an
interwoven interstitial matrix and a basement membrane (Figure
1A). The interstitial matrix is mainly composed of different col-
lagen types (such as collagens I and III), proteoglycans (such as
hyaluronan), and glycoproteins (such as fibronectin and elastin)
and forms the 3D network of the ECM connecting the cells within
the stroma. The basement membrane is mainly composed of
laminins, collagen IV, nidogens, and perlecan and controls cell
organization and differentiation by direct interaction with cell
surface receptors.[3,4] The importance of the ECM in the physi-
ology of living tissues can be exemplified by the conditions and
syndromes that are caused by mutations in ECM protein-coding
genes.[5] Diseases such as Marfan syndrome, Ehlers-Danlos syn-
drome (EDS), and osteogenesis imperfecta arise from genetic
mutations that affect the synthesis or structure of ECM com-
ponents, leading to weakened or improperly organized tissue
structures.[6]

For instance, Marfan syndrome is an inherited disorder caused
by autosomal dominant mutations in the fibrillin 1 protein.[7]

These defects reduce the amount of extracellular fibrillin-rich mi-
crofibrils in the connective tissue, thus altering its organization
and weakening its structural integrity. Additionally, in healthy
conditions, these microfibrils act as a reservoir of transforming
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Figure 1. Structural and compositional desmoplastic ECM alterations occurring during cancer development. A) The ECM is generally divided into an
interstitial matrix and a basement membrane, which is specific to different tissues and organs. The basement membrane, which is rich in laminins
and collagen IV, provides structural and organizational stability to the upper cell layer. The interstitial matrix lies below the basement membrane and
is rich in collagens, proteoglycans (such as hyaluronan), and glycoproteins (such as fibronectin).[12] B) In a healthy microenvironment, epithelial cells
interact with neighboring cells, including immune cells and resident fibroblasts, to maintain ECM homeostasis. C) However, during carcinogenesis,
the ECM undergoes significant alterations, supporting a TME that sustains cancer development. These changes involve the activation of fibroblasts
into cancer-associated fibroblasts (CAFs) and the development of a fibrotic, stiff environment through: (1) posttranslational modifications of ECM
components (collagen (COL), integrins (ITG), fibronectin (FN), elastin (ELN), glycosaminoglycans (GAGs); (2) excessive ECM deposition of collagen,
laminin, hyaluronic acid, proteoglycans, and glycoproteins; (3) excessive ECM remodeling; and (4) excessive ECM degradation. These modifications
support angiogenesis and the growth, survival, and invasion of tumor cells.
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growth factor beta (TGF-𝛽), hence Marfan syndrome also results
in dysregulated TGF-𝛽 signaling.[7] Marfan syndrome mainly af-
fects the skeleton, eyes, and cardiovascular tissues but can also af-
fect many other systems, as the connective tissues are widespread
in the body.[6]

In a different example, EDS encompasses a group of disorders
that primarily affect collagen types I, III, and V, which are essen-
tial for tensile strength in the ECM.[8] Mutations in these collagen
genes impair fibril formation and collagen cross-linking, leading
to structural weakness. Consequently, tissues with high collagen
content, such as skin, joints, and blood vessels, become hyper-
flexible and fragile. Clinically, patients with EDS often present
joint hypermobility, skin extensibility, and vascular complications
due to the compromised structural integrity of the ECM.[9]

Another disease that affects collagen is osteogenesis imper-
fecta, which is mainly caused by mutations in collagen type I
genes such as COL1A1 and COL1A2.[10] Mutations in collagen
type I—the main structural protein in bone—lead to improp-
erly assembled collagen fibrils, resulting in reduced bone density,
which renders the tissue prone to fractures.[10]

These conditions highlight how mutations in specific ECM
components disrupt normal physiology, weakening tissue struc-
ture, altering cell signaling, and ultimately leading to the func-
tional impairment of whole tissues or organs.

2. ECM in Cancer Biology and Therapy

As introduced in Section 1, in healthy conditions, the homeosta-
sis of tissues relies on the precise regulation of ECM deposition,
modification, degradation, and organization; these processes col-
lectively define the biochemical and biophysical properties of the
ECM (Figure 1B).[11] During pathology, changes in the ECM can
result from increased ECM deposition, posttranslational modifi-
cation, proteolytic degradation, and force-mediated physical re-
modeling (Figure 1C).[11] In particular, ECM alteration has been
described to occur in solid tumors, in a process termed desmo-
plasia. Specifically, desmoplasia refers to the fibrotic process that
leads to the aberrant deposition of a dense and stiff ECM charac-
terized by high cross-linking and remodeling.[12]

Desmoplasia is known to occur in a wide range of solid can-
cers and is considered essential for tumor development and
metastatic dissemination.[3] Different cell types that compose the
tumor microenvironment (TME) contribute to the formation and
rearrangement of the ECM, including cancer cells and cancer-
associated fibroblasts (CAFs).[3,13] CAFs are highly represented
in the tumorigenic stroma and are the main contributors to the
production of the ECM.[14] Through excessive deposition of ECM
proteins, such as collagen and fibronectin, CAFs assist tumor
progression and morphologically influence the polarity and con-
formation of epithelial cells, consequently impairing the physiol-
ogy of the healthy epithelium.[13] Consequently, tumor cells un-
dergo epithelial-to-mesenchymal transition (EMT), switching to-
ward a more aggressive phenotype. In addition, by activating ma-
trix metalloproteinases (MMPs), continuous remodeling of the
matrix paves the way for tumor cell migration and invasion.[3]

This evidence highlights the importance of mechanical cues
in cancer development, making ECM deposition a primary target
for adjuvant therapies aimed at halting tumor dissemination.

Numerous clinical trials are underway with the aim of as-
sessing the efficacy of mechanotherapeutics on disease progres-
sion, as discussed further in Table 2. The term mechanothera-
peutics refers to a drug or treatment targeting mechanotrans-
duction pathways, with the aim of tackling tumor ECM de-
position and remodeling.[15] Several strategies have been pro-
posed, which include the use of collagenases, metalloproteinases,
hyaluronidases, and small molecules that can modulate ECM
degradation and remodeling.[16] More recently, a few strategies
based on monoclonal antibody (mAB) delivery have been evalu-
ated to target the desmoplastic transformation of the TME. For
instance, the combination of trastuzumab (a mAB that targets
human epidermal growth factor receptor 2 (HER2) in breast can-
cer) and hyaluronidase-oysk (Herceptin Hylecta) has shown that
the enzymatic digestion of the ECM, via hyaluronan degrada-
tion, facilitates the subcutaneous dispersion of the antibody.[17]

In a slightly different approach, simtuzumab, a mAB targeting
lysyl oxidase-like 2 (LOXL2), has been used to reduce fibrosis
in several solid tumors, including liver, colorectal, and pancre-
atic cancer.[18] LOXL2 catalyzes the cross-linking of collagen and
elastin, hence contributing to fibrotic ECM stabilization. The in-
hibition of LOXL2 has been shown to 1) suppress CAF activ-
ity, 2) reduce ECM deposition, 3) inhibit angiogenesis, and 4)
prevent tumor cell invasion and metastasis.[19] These results led
to the investigation of simtuzumab in a phase II trial clinical
study in patients with idiopathic pulmonary fibrosis and colorec-
tal and pancreatic cancers. However, the study was discontinued
as it did not support a clinical benefit.[20] In a different example,
pamrevlumab, a mAB against connective tissue growth factor
(CTGF), is under phase III study as a neoadjuvant for chemother-
apy in advanced unresectable pancreatic cancer (clinicaltrials.gov
identifier: NCT03941093) and in metastatic pancreatic cancer
(NCT04229004). CTGF, a secreted glycoprotein produced in dif-
ferent cell types including CAFs, can interact with several TME
effectors such as TGF- 𝛽), vascular endothelial growth factor
(VEGF), and integrins, playing a key role in fibrosis.[21]

Overcoming the physicochemical and biological barriers
posed by the ECM has also been challenging for nanodrugs,
formulations in which common chemotherapeutics are embed-
ded or encapsulated into NPs.[22] NPs enable the spatiotemporal
distribution and control of drug delivery at the TME. Although
some of the developed NPs have reached preclinical stages,[23]

efficient and effective NP delivery to tumors remains challeng-
ing because of 1) the limited and heterogeneous enhanced per-
meability and retention (EPR) effect among tumors, 2) ineffec-
tive targeting arising from protein corona formation on NPs,
3) rapid NP clearance by the mononuclear phagocytes system,
4) off-target phenomenon with prominent nanodrug accumula-
tion in the liver and other clearance organs, and 5) poor trans-
lational significance of results obtained in mouse models to
humans.[24]

Only recently, the potential to integrate nanomedicine with
mechanotherapy has emerged as an area of investigation.[25] Al-
though this combination of therapies holds promise to address
solid tumor progression, it is important to elucidate the fun-
damental mechanistic processes that govern the interaction of
NPs with ECM components. Understanding how these phenom-
ena work in vitro and in vivo is essential for advancing cancer
therapy.
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Figure 2. Mechanical cues in tumoral ECM support cancer development. A) In normal tissues, the epithelium is surrounded by a soft, compliant
ECM that maintains tensional homeostasis (left panel). During carcinogenesis, proliferating epithelial cells exert outward compressive forces on the
surrounding ECM, promoting CAF-driven ECM remodeling, cross-linking, and stiffening, which further contribute to immune infiltration (right panel).
B) As a result of these escalating tensions, mechanical cues—such as topography, stiffness, elasticity, compression, and shear stress (stemming from
interstitial pressure accumulation due to impaired lymphatic drainage and vessel compression)—become markedly distinctive of tumoral ECM. C)
These mechanical cues contribute to further ECM and tumor tissue reorganization, stimulating angiogenesis and promoting cellular adaptation to the
evolving microenvironment. This adaptation affects cell differentiation, proliferation, adhesion, migration, invasion, metabolism, and survival against
programmed cell death and shear stress (e.g., during extravasation).

3. ECM Mechanobiology

Cellular elasticity and cell-generated forces are inherently
interconnected.[26] The intracellular and extracellular mechano-
responsive elements engage in constant, reciprocal interactions,
linking mechanical signals with the cellular response.[1] To-
gether, these forces—referred to as mechanical cues—interact
with intracellular signaling pathways to maintain mechanical bal-
ance (Figure 2A), and regulate various cellular behaviors, includ-
ing adhesion, spreading, receptor signaling, gene expression,
and remodeling of the ECM.[26]

Mechanical cues include properties such as stiffness, elasticity,
shear stress, compression, and topography of the surrounding
ECM (Figure 2B; Section 3.1).[27] The loss of mechanical home-
ostasis, along with the disruption of biochemical signaling, is
a distinctive feature of the desmoplastic ECM.[28] Posttransla-
tional modifications of ECM components, their overexpression,
excessive remodeling, and the deregulation of mechanosensing
pathways all contribute to the imbalance in ECM homeostasis
and the initiation of carcinogenic processes (see Figure 1).

Owing to the substantial alterations of the ECM occurring dur-
ing carcinogenesis, tumors exhibit significant heterogeneity in
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their mechanical properties compared to normal and benign tis-
sues. For instance, as cancer cells undergo transformation, they
become increasingly compliant, with highly metastatic tumor
cells being less stiff than normal cells.[29] This variability in stiff-
ness has been recognized as an important hallmark for cancer
prognosis, and it has been shown to influence cancer cell behav-
ior (Figure 2C).[30]

3.1. Definition of Mechanical Cues

Mechanical stress refers to the internal resistance of a material
against an external force. It occurs when an object is subjected to
forces that cause deformation. Stress is quantified as the amount
of force applied per unit area of the material (N m−2, where N is
newton and m is meter). There are three types of forces: tension,
compression, and shear. Tension is caused by pulling forces that
stretch the material; compression is caused by pushing forces
that compress the material; shear stress is caused by forces that
act parallel to the surface, leading to sliding between layers.

Stiffness indicates how much a material will deform (stretch
or compress) in response to a given load. Stiffer materials deform
to a lower extent under the same amount of stress compared with
more flexible materials. It is measured in Pascal (Pa). Stiffness re-
lates to elasticity, though stiffness may change as force increases.

Elasticity refers to the ability of a material to return to its orig-
inal shape and size after the removal of an applied force. It de-
scribes how materials deform (stretch or compress) under stress
and recover when the stress is released. Linear elasticity is directly
proportional to the applied stress, meaning that linear elastic ma-
terial will return to its original shape once the stress is removed
if it is within the elastic limit. Nonlinear elastic materials can un-
dergo substantial changes in shape without breaking when force
is applied. Their response to stress does not follow a straight
line. This means that as more force is applied, the relationship
between the force and the resulting deformation becomes more
complex and less predictable.

Force refers to an interaction that causes an object to change its
motion, direction, or shape. It is typically defined as a push or pull
acting upon an object. Force has both magnitude and direction,
making it a vector quantity. It is measured in newton (N) and is
represented by the symbol F.

The ECM is a highly dynamic system that is susceptible
to alterations during disease progression. For example, post-
translational modifications and cross-linking may significantly
alter the properties of the ECM over time. Numerous cytokines
and growth factors are tethered to the ECM proteins. Growth
factors include hepatocyte growth factor (HGF), and members
of the insulin-like growth factor (IGF), fibroblast growth fac-
tor (FGF), and TGF-𝛽 families. Continuous ECM remodeling
determines the timely exposure and release of these cytokines
and growth factors from storage, thereby contributing to tumor
growth and development.[31] Post-translational modifications of
specific ECM components, such as low molecular mass hyaluro-
nan and collagens I, III, and V, along with the enzymatic activity
of MMPs and LOXL2, are also involved in tumor development.[3]

Both the abundance and architecture of ECM components, as
well as the interactions between different matrix elements and
the presence of specific cell populations involved in fibrosis pro-

gression and matrix remodeling, are essential for developing a
pro-tumorigenic environment (Figure 3A). In this regard, colla-
gen XII has been demonstrated to regulate the organization of
collagen I fibrils in a temporal dynamic fashion that promotes
breast cancer cell invasion and metastasis.[32] In a different ex-
ample, netrin-4, a basement membrane protein, has been shown
to bind to laminin and modify its ternary structure, thus lowering
ECM stiffness and reducing cancer cell invasion.[4]

Conversely, the excessive buildup and alteration of ECM pro-
teins that lead to tumor stiffening are triggered by the abnor-
mal expression or secretion of pro-fibrotic proteins and factors
within the TME (Figure 3B).[33] Pro-fibrotic elements present
in the TME include TGF-𝛽, transforming growth factor 𝛼,
platelet-derived growth factor (PDGF), and epidermal growth
factor (EGF). Moreover, tissue mechanosensing is intertwined
with the ECM configuration.[34] Various mechanosensing path-
ways are aberrantly activated upon ECM stiffening, perpetuat-
ing ECM remodeling and deposition (Figure 3C). This reciprocal
interaction—known as “oncogenic mechanosignaling”—fosters
tumor progression.[34]

The increased stiffness and altered chemical composition of
the ECM both at cancer primary sites and in metastatic niches
have also been shown to promote cell extravasation, a process crit-
ically involved in the formation of metastasis.[35] Cell migration
and intravasation are pivotal for disseminating cancer cells from
a primary tumor to secondary sites within the body. The initial
step of this process involves the intravasation of migrating cells
into the bloodstream or lymphatic vessels (Figure 3D). Thus, mi-
grating cells must breach the endothelial cell layer and withstand
the damaging effects of shear stress present in the vasculature.[36]

Intravasation of tumor cells is often observed in regions charac-
terized by low fluid shear, where angiogenesis-induced abnormal
and leaky tumor-associated blood vessels are typically present.[37]

The presence of desmoplastic ECM poses several challenges
to the clinical treatment of cancers (Figure 3E). Owing to its in-
tricate 3D structure, desmoplastic ECM represents a major ob-
stacle to drug diffusion toward solid tumors, thereby hindering
the success of therapeutic interventions.[3] Tumor drug resis-
tance has been attributed to the low penetration and diffusion
of chemotherapeutics through the abundant ECM.[38]

The ECM also hampers immune cell infiltration, preventing
immune surveillance and tumor clearance, and thus facilitating
tumor immune escape and progression.[39] This is particularly
undesirable when developing immunotherapies. A TME that is
characterized by a stiff and compact ECM can prevent T cell infil-
tration and lead to T cell exhaustion, even under conditions where
immunotherapy induces a cellular immune response.[40]

In this regard, it is important to highlight the significant role
of the immune system in determining the course of the disease,
as discussed elsewhere.[41]

During tumorigenesis, a positive feedback loop sustaining
ECM deposition and remodeling is established between the me-
chanical cues from the TME and the intracellular biochemical
signals.[1] Cells can sense and respond to these stimuli through
a process known as mechanotransduction, by which they
convert mechanical signals into biochemical responses
(Figure 4). In these conditions, desmoplasia can direct the
activation of several mechano-sensitive signaling pathways that
promote the proliferation, survival, migration, and invasion of
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Figure 3. ECM composition, organization, and remodeling sustain the evolution of the TME and promote cancer progression and development. A) The
TME is a complex system composed of various cellular and acellular components. The tumor ECM is significantly different from that in healthy tissues in
composition and mechanical properties. An increased and abundant deposition of collagens and stiffening of the surrounding stroma is characteristic
of pathology and, together with fiber reorganization, establish the hallmarks of desmoplasia.[42] B) The irregular secretion of different factors (such as
TGF-𝛽, PDGF, and EGF) and the increased activity of MMPs in the preneoplastic niche foster tumorigenicity and perpetuate the effects of desmoplasia.
These occurrences facilitate the creation of a TME that supports the survival of cancer cells and the progression of the tumor. C) Mechanosensing
pathways are commonly dysregulated in cancer cells, orchestrating the transcription of genes associated with cell proliferation, survival, and migration.
A reciprocal loop forms between these pathways and ECM remodeling, mutually reinforcing one another and thereby promoting cancer progression.
D) The presence of desmoplasia and the occurrence of ECM remodeling play a role in prompting cancer cells to adopt a more aggressive phenotype.
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This includes heightened migratory and invasive capabilities, which allow cancer cells to extravasate from the tumoral niche and enter the bloodstream,
taking advantage of the newly formed vessels resulting from angiogenesis. During the process, some cells may evade clearance mechanisms and survive
shear stress-induced death, potentially leading to metastasis. E) The presence of tumor-associated ECM presents several clinical challenges in cancer
treatment. It acts as a physical barrier, limiting drug penetration and reducing the effectiveness of chemotherapy and immunotherapy, while releasing
biochemical signals that promote immune evasion and foster drug resistance. It also enhances tumor cell migration and supports metastasis, which is
responsible for most cancer-related deaths. ECs, endothelial cells; CAFs, cancer-associated fibroblasts; CCs, cancer cells.

cancer cells.[1] Uncontrolled cell growth (characteristic of solid
tumors), with cell spreading and sustained ECM deposition,
results in increased stiffness at the TME, which consequently
triggers Rho-GTPase activity to maintain the integrity of the actin
fibers composing the cytoskeleton. ECM stiffness also enhances
angiogenesis and increases VEGF signaling in endothelial cells
(ECs), which leads to the generation of neovasculature.[43] Recent
evidence has indicated that YAP translocation in the nucleus
of breast cancer cells in contact with a stiff ECM reinforces
cell–ECM interactions by promoting the expression of genes
involved in focal adhesion assembly in a positive loop.[44]

Intracellular signaling pathways exhibit substantial overlap in
the activation of their primary effectors downstream from the
contact point between cells and ECM. Therefore, understanding
the molecular mechanisms that guide TME remodeling, and

consequently, devising effective therapeutic intervention, is chal-
lenged by stage-of-disease-dependent activation of these path-
ways and the distinct roles of specific ECM components on the
development of the pathology. At the cell membrane, integrins—
the main point of contact with the ECM—ensure the mechanical
connection between the cells and the surrounding microenvi-
ronment (Figure 4A). Integrins are a class of transmembrane
heterodimeric proteins comprising 24 different subtypes in
mammals, due to the combination of 18 𝛼 and 8 𝛽 subunits. Cell
interaction with ECM structural proteins (such as fibronectin,
collagen, vitronectin, and laminin) induces integrin clustering
and recruitment of adaptor proteins. This process promotes the
assembly of more mature multiprotein structures known as focal
adhesions.[47] Extracellular mechanical stimuli can dictate the or-
ganization of focal adhesions at the cell membrane and regulate

Figure 4. The aberrant tumorigenic ECM modulates several intracellular signaling pathways involved in tumor development and progression. A) The
cell membrane is the main hub that conveys changes occurring at the ECM level into the cell; receptors on the cell membrane such as integrins,
hyaluronan receptor (CD44), G protein-coupled receptor (e.g., Frizzled receptor), and TGF-𝛽 receptor play a major role in the mechanosignaling cascade.
B) Importantly, the ECM directly interacts with these receptors and promotes the retention of secreted soluble factors (e.g., Wnt and TGF-𝛽B) at the TME,
which can consequently be activated during disease development and fuel tumor progression by initiating a signaling cascade that can inhibit growth
suppressors and pro-apoptotic proteins (e.g., via FAK-Src signaling), promote cell proliferation and differentiation (e.g., via Wnt/𝛽-catenin pathway),
and enhance migration and invasiveness through EMT (e.g., via TGF-𝛽 pathway).[1] C) ECM stiffness also regulates the activity of Piezo1 ion channel,
leading to the influx of Ca2+ ions and subsequent activation of downstream signaling pathways that modulate cell behavior. Mechanical cues also control
the activity of angiomotin (AMOT) proteins and neurofibromin 2 (NF2, also known as Moesin-Ezrin-Radixin-Like (MERLIN) tumor suppressor), which
are negative regulators of yes-associated protein (YAP). Following increased ECM stiffness, the assembly of actin results in the sequestration of AMOT,
which prevents its interaction with NF2. This leads to the inhibition of the Hippo signaling pathway, resulting in the shuttling of YAP to the nucleus, where
it promotes the transcription of genes encoding proteins that participate in focal adhesion assembly,[44] immune evasion,[45] resistance to therapy,[46]

and ECM remodeling.
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the strength of binding between integrins and ECM components.
This consequently promotes the activity of focal adhesion kinase
and steroid receptor coactivator (FAK-Src) signaling and the
downstream activation of the Rho-family GTPases ras homolog
family member A (RhoA), ras-related C3 botulinum toxin sub-
strate (Rac), and cell division control protein 42 homolog (Cdc42),
which control actin assembly in stress fibers.[48] Healthy tissues
generally display a softer ECM, attenuated FAK-Src axes signal-
ing, and enhanced activity of the Hippo pathway large tumor
suppressor 1/2 kinase (LATS1/2). These conditions, together
with the reduced GTPase Rho activity, promote the degradation
of Yes-associated protein/transcriptional coactivator with PDZ-
binding motif (YAP/TAZ) complex and prevent the shuttling
of the complex into the nucleus. The presence of YAP/TAZ in
the cytoplasm inhibits the formation and activation of specific
co-transcriptional complexes, and thus their co-transcriptional
activity.[49] In contrast, ECM stiffening contributes to the acti-
vation of the mechanosensing YAP/TAZ axis.[49c] Together with
transcriptional enhanced associate domain (TEAD) transcription
factors, YAP/TAZ leads to the expression of genes encoding for
ECM-related proteins, such as CTGF and CYR61, thus contribut-
ing to cell mechanics and cytoskeleton rearrangement.[44,50]

Mechanical cues from the tumoral ECM can also promote
actin assembly, enhancing cell motility and invasiveness, thus
contributing to cancer progression via mechanically regulated
Piezo channels ion-channel receptors (Figure 4C).[51] Through
the mechanical forces exerted on the cell membrane, Piezo1 is
directly regulated by ECM stiffness owing to its ability to convert
mechanical cues of the extracellular environment into biochem-
ical signals.[52] When active, Piezo1 opens up, thus allowing the
intracellular influx of calcium cations (Ca2+) that trigger several
cancer signaling pathways including Akt/mechanistic targeting
of rapamycin (mTOR) and YAP.[53] Mechanical stimuli also influ-
ence the activity of AMOT and NF2 proteins, which act as neg-
ative regulators of YAP by preventing its shuttling into the nu-
cleus and therefore inhibiting its transcriptional activity.[54] Fol-
lowing an increase in cytoskeleton tension, AMOT is sequestered
by forming actin bundles, and its binding to NF2 and YAP is dis-
rupted. This leads to the inhibition of the Hippo pathway and the
nuclear translocation of YAP.[54]

The aberrant TME remodeling occurring at tumor sites also
influences TGF-𝛽 and Wnt/𝛽-catenin-mediated signaling path-
ways, favoring the extracellular retention of soluble factors TGF-𝛽
and Wnt (Figure 4B).[42,55] Upon activation, these pathways serve
a dual role. On one hand, they promote the nuclear shuttling of
transcription factors mothers against decapentaplegic homolog
(SMAD)2/3/4 and 𝛽-catenin, which transcriptionally regulate the
expression of genes involved in migration and invasiveness. On
the other hand, they establish a positive feedback loop that en-
hances cell mechanics under mechanical stress conditions by ac-
tivating RhoA-GTPase.[42]

TGF-𝛽 has been involved in the resistance of various anti-
cancer treatments and in the regulation of the immune response
by inhibiting tumor suppression and conferring resistance to
checkpoint blockade therapies.[56] Nevertheless, TGF-𝛽 can dis-
play both pro- and anti-tumorigenic functions depending on the
stage of disease and type of cancer, thus affecting the outcome of
different therapies that target this signaling pathway.[57] In this
context, we have recently demonstrated that TGF-𝛽 signaling and

tumor desmoplasia collaborate to promote cancer cell EMT and
tumor progression in prostate cancer.[58] By thoroughly examin-
ing a cohort of 80 patients, diagnosed with prostate cancer at
different stages and undergoing radical prostatectomy, desmo-
plasia was identified as a hallmark of this type of cancer. Con-
sistent ECM changes, including excessive deposition of colla-
gen I and fibronectin, as well as alignment of collagen fibers
were identified using various microscopy techniques. The role of
TGF-𝛽 in desmoplasia was confirmed by the presence of nuclear
TGF-𝛽 effector SMAD2/3 in prostate cancer tissues. Moreover,
by modulating TGF-𝛽 signaling pathway in 3D prostate cancer
tumoroids (PCTs), established from patient samples, we revealed
an interplay between TGF-𝛽 expression and ECM accumulation
and remodeling in primary prostate cancer. Through perform-
ing multi-omics studies of the PCTs and a range of functional
assays, we also demonstrated the relationship between TGF-𝛽 -
driven desmoplasia, EMT, and the migratory phenotype occur-
ring in prostate cancer cells (Figure 5).[58]

4. NP–ECM Interactions

Delivering NPs to solid tumors remains a significant challenge
in achieving the successful clinical translation of nanomedicine,
with estimates suggesting that only 0.7% of intravenously admin-
istered NPs reach the tumor.[59] The clearance of NPs through
renal and hepatic pathways, where the mononuclear phagocyte
system (MPS) cells such as Kupffer cells can phagocytose a wide
variety of particles, accounts for most of their removal from the
body.[60] In addition, the effects of the ECM structure and fea-
tures, as well as properties inextricably linked to the TME (such as
shear stress, hydrostatic pressure, and tension), on the penetra-
tion of nanomedicines into tumors pose a substantial challenge
to cancer therapy.[61]

Aberrant ECM deposition impacts the delivery of NPs by trap-
ping them in the extracellular space and hindering their diffu-
sion toward the tumor.[62] In addition, ECM composition and or-
ganization influence the mechanical state of the cells and their
differentiation,[63] which may impact their interaction with NPs.
The correlation between cell mechanics, cell differentiation, and
the endocytic pathway has been recently shown;[64] the endocytic
pathway depends on the activity of 𝛽-catenin, RhoA, and ezrin–
radixin-moesin (ERM) proteins that determines an increase in
membrane tension and a decrease in endocytosis. In addition,
besides cancer cells, several cell types—such as CAFs and tumor-
associated macrophages (TAMs)—reside in the TME, contribute
to tumor development, impact ECM remodeling, and determine
the fate of nanomedicines by preventing NPs from reaching the
desired therapeutic site.[61] Therefore, understanding how ECM
pathological remodeling drives disease development may help in
designing more effective nanodrugs and improving the efficiency
of cancer therapies.

In the next section, we present the key factors that regulate
NP–ECM interactions—as well as the interactions with the cel-
lular components such as CAFs and TAMs that contribute to
ECM physiology—and determine the fate of nanodrugs in the
complex environment of a tumor (Figure 6). We also discuss dif-
ferent strategies that have been employed in NP design to over-
come detrimental interactions with the tumoral ECM (Table 1).
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Figure 5. TGF-𝛽 promotes prostate cancer (PCa) development by inducing desmoplasia, EMT, cancer cell invasion, and migration. A) Representative
images of Masson’s trichrome staining of tumor and adjacent non-tumor prostate tissues. Collagen is stained in blue. Scale bars: 2000 and 200 μm
(magnified area). B) Representative confocal microscopy images of the indicated ECM markers, such as collagen I (COL1) and fibronectin (FN), in
tumor and adjacent non-tumor prostate tissues. Scale bars: 200 μm. C) Representative confocal images of tumor tissues stained for 4′,6-diamidino-2-
phenylindole (DAPI) (blue), SMAD 2/3 (red), vimentin (green), and f-actin (white). Scale bar in all images: 50 μm. D) Representative confocal images
of the PCTs showing the expression levels of epithelial-cadherin (E-CAD, green) and N-cadherin (N-CAD, red)—markers of benign epithelium and EMT,
respectively—in the presence or absence of TGF-𝛽 pathway activation. The tumoroids were fixed with 4% paraformaldehyde and then embedded in
optical cutting temperature compound for slicing, prior to immunofluorescence staining. Scale bars: 50 μm. E) Protein quantification by western blot
of SMAD2/3 and phospho-SMAD2 (p-SMAD2), which is phosphorylated and activated downstream of the TGF-𝛽 pathway. F) Representative confocal
images depicting the expression of collagen I and fibronectin in PCTs in the presence or absence of TGF-𝛽 pathway activation. Scale bars: 50 μm.[58]

Reproduced with permission.[58] Copyright 2023, Elsevier B.V.

4.1. Physicochemical Properties of the ECM and NPs

The penetration of nanodrugs and, therefore, their efficiency at
the tumor core can be significantly impaired by interactions with
the surrounding ECM. Leveraging the properties of NPs and fea-
tures of the desmoplastic ECM to optimize their interaction can
maximize NP retention at the target site and help avoid undesired
pitfalls. Hydrogen bonding and steric, hydrodynamic, electro-
static, and hydrophobic interactions at the interface between NPs
and ECM components strongly affect NP diffusion throughout

the ECM (Figure 6A).[66] For example, the presence of negatively
charged hyaluronan and chondroitin sulfate in the ECM was
shown to hamper the diffusion of NPs by displacing or directly
interacting with the coating molecules on the NP surface.[67] Fur-
thermore, the osmotic pressure generated by proteoglycans and
other components of the ECM can influence the stability of NPs,
promoting their aggregation and potentially reducing drug de-
livery efficiency.[68] Anionic and hydrophilic NPs diffuse deeper
within the TME than positive and hydrophobic NPs.[69] The as-
pect ratio of the particles can also affect their delivery. For in-
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Figure 6. The different features of the ECM contribute to restricting the accumulation of NPs at the tumor site, thereby reducing the effectiveness of
nanomedicines. A) The biochemical features of the ECM affect its interaction with NPs, which consequently influences the optimal physicochemical
properties of the NPs—i.e., surface charge, shape, hydrophilicity, and surface functionalization. Considering the physicochemical properties of both
the ECM and NPs, it is essential to evaluate the outcome of NP–ECM interactions. B) Concurrently, ECM density impairs the diffusion of NPs via
steric hindrance. Consequently, smaller NPs (<50 nm) are better able to penetrate the ECM than larger NPs. C) Likewise, IFP limits the diffusion of
drugs and NPs at the TME. Abnormal angiogenesis, increased matrix deposition, and fibrosis can alter the hydration of the stroma surrounding the
tumor, creating an interstitial fluidic gradient that hinders the extravasation of small molecules or favors their clearance via lymphatic vessels.[65] D)
Two main mechanisms drive the accumulation of NPs in tumors: 1) EPR effect and 2) transcytosis. EPR relies on the leakiness of the fast-growing
vessels typical of the angiogenesis of tumors. Transcytosis involves the active internalization of the NPs by ECs of the blood vessels at the apical level
and their subsequent exocytosis at the basal level. Although EPR has been demonstrated to be heterogeneous and inconsistent between animal and
human tumors, and even among different human cancers, to date, transcytosis has only been observed in animal models. Once extravasated, NPs face
interactions with and possible clearance by different cells residing at the TME, mainly by fibroblasts (CAFs) and macrophages (TAMs). Thus, targeting
these cells may enhance the accumulation of NPs and drugs at the TME.

stance, it was reported that negatively charged, disk-shaped NPs
with a low aspect ratio (height/diameter ratio) penetrated better
the ECM and were internalized to a greater extent than spher-
ical NPs or NPs with a similar shape but with a higher aspect
ratio.[69a,70] Even among small NPs, e.g. gold NPs with diame-
ters ranging between 2 and 5 nm, high hydrophilicity and a neg-
ative surface charge were found to facilitate diffusion across the
ECM.[69b]

Several coatings have been used to decorate the surface of NPs
to enhance nanodrug penetration and maximize their favorable
interactions with the tumoral ECM. The presence of biocom-
patible and biodegradable moieties, such as chondroitin sulfate
and erythrocyte membrane, resulted in increased circulation
lifetime of particles and cargo protection from degradation or
inactivation.[71] Xu et al. developed a micellar NP composed
of an assembly of maleimide-terminated poly(ethylene glycol)-
block-poly(𝛽-amino ester) and succinic anhydride-modified
cisplatin-conjugated poly(𝜖-caprolactone)-block-poly(ethylene
oxide)-triphenylphosphonium that could bind to thiolated col-
lagenase through the maleimide groups of the block-copolymer
(Figure 7).[71b] The outer layer of this nanoformulation was coated

with chondroitin sulfate, which formed a shell that protected
collagenase from deactivation in blood circulation and overall in-
creased the half-life of the nanoformulation in vivo. The final size
and surface charge of the obtained NPs were ≈100 nm and ≈−15
mV, respectively. The presence of collagenase in the NPs in-
creased their accumulation in a model of breast cancer spheroids
in vitro (Figure 7A). Furthermore, the intravenous injection of
the NPs in a murine breast tumor model showed that the pres-
ence of collagenase significantly inhibited tumor growth and
increased the survival rate of the mice without causing systemic
toxicity (Figure 7B–G). Other approaches to target cancer cells
have leveraged the metabolic properties of the TME. For example,
pH-sensitive coatings and linkers, such as ferritin heavy chains,
alginate, and platinum prodrug-conjugated poly(amidoamine),
were used for the delivery of DOX, cisplatin, and collagenase;
these pH-sensitive materials triggered the release of drugs upon
contact with the acidic environment of the tumor.[72] In addition,
the increased activity of proteases in the TME has been exploited
to enhance the efficiency of nanodrug delivery. For example, an
MMP-2-sensitive gelatin-based coating was designed to exploit
the activity of pro-tumorigenic MMPs to increase the delivery
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Table 1. Overview of insights from selected studies on NP–ECM interactions.

Interactiona) Key aspect NP system Mechanism Ref.

Physico-chemical Promote the optimal
interaction of NPs
with the tumoral
ECM

Gold NPs High hydrophilicity and a negative surface charge facilitated NP
diffusion across the ECM

[69b]

ECM components, such as hyaluronan, can bind to the NPs and
compete for the surface ligands

[67a]

Pegylated-quantum dots Negatively charged ECM components, such as chondroitin sulfate,
can hamper the diffusion of positive NPs in the ECM

[67b]

Liposomes The osmotic pressure generated by proteoglycans induces stresses
that instigate the alteration of the structure of the lipid-based
particles

[68]

Disk-shaped NPs Negatively charged, disk-shaped NPs with a low aspect ratio
penetrate the ECM more efficiently than spherical NPs or NPs with
a high aspect ratio

[69a, 70]

Collagenase-conjugated
micellar NPs

The enzymatic activity of collagenase bound to the NPs increased the
accumulation of the NPs in tumor

[71b]

pH-sensitive coating and linkers pH-Sensitive materials trigger the release of drugs in the acidic TME [72]

MMP-2-sensitive coating The increased proteolytic processes occurring at the TME are
exploited to increase the selective delivery of nanodrugs

[73]

Legumain-sensitive peptide The increased proteolytic processes occurring at the TME are
exploited to increase the selective delivery of nanodrugs

[75]

Density Reduce ECM density
and alter its
organization

Gold nanorods Physical methods such as PTT and MHT mediated by gold and iron
oxide NPs respectively impair fibrillar collagen structure and
promote tumoral ECM degradation, thus promoting NP
penetration in the TME

[77a]

Mesoporous nanorods Papain-loaded NPs for enhanced tumoral ECM degradation and PTT
combining enzymatic and physical methods

[79b]

Iron oxide NPs Physical methods such as PTT and MHT mediated by gold and iron
oxide NPs respectively impair fibrillar collagen structure and
promote tumoral ECM degradation, thus promoting NP
penetration in the TME

[81]

Semiconductor polymer
nanoenzyme

Near-infrared irradiation enhances the collagen-degrading activity of
the nanoenzyme and increases PTT efficacy

[82]

FAK siRNA/PD-L1
siRNA-loaded LNPs

The inhibition of FAK reduces ECM deposition and the stiffness of
cancer cells, thus promoting the penetration of the LNPs in
tumoral ECM and their internalization in cancer cells, while
inhibiting immune checkpoint.

[25a]

IFP Increase the perfusion
of NPs and drugs in
the TME

Imatinib/ DOX-loaded
liposomes

Imatinib reduces IFP and promotes the delivery of drugs to cancer
cells

[86]

Quercetin/ docetaxel-loaded
lipid nanocarriers

Imatinib reduces IFP and promotes the delivery of drugs to cancer
cells

[87]

Anti-miR-210/KRAS
siRNA/CXCR4
antagonist-loaded polymeric
NPs

The codelivery of anti-miR-210 (to inactivate stroma-producing
pancreatic stellate cells), siKRASG12D (to kill pancreatic cancer
cells), and CXRC4 antagonist (to block cancer-stroma interactions)
modulates the desmoplastic TME and improves cytotoxic T cells
infiltration at the tumor

[88a]

ATRA/HSP47 siRNA-loaded
gold NPs

The inhibition of pancreatic stellate cells through the combined
delivery of ATRA and siRNA reduces ECM deposition, IFP, and
consequently the anticancer efficacy of chemotherapeutics

[89]

PFD-loaded liposomes,
MMP-2-responsive

PFD reduces IFP and hampers ECM deposition, thus promoting the
delivery of chemotherapeutics to the tumor

[90b]

Telmisartan-loaded gelatin NPs
in combination with
paclitaxel-loaded platinum
NPs

The angiotensin II antagonist telmisartan reduces collagen
deposition in tumoral ECM and IFP, promoting NP penetration
and increasing the anticancer efficacy of drugs

[91]

(Continued)
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Table 1. (Continued)

Interactiona) Key aspect NP system Mechanism Ref.

Hydralazine-loaded liposomes The antihypertension vasodilator hydralazine reduces tumor stroma
and promotes NP penetration in tumors

[92]

Losartan-loaded CDs in
combination with
DOX-loaded CDs

The angiotensin receptor 1 inhibitor losartan mitigates ECM
deposition and hypoxia in the TME, enhancing the penetration of
CDs and the release of DOX at the tumor

[93a]

Perivascular cells Limit the interaction of
NPs with undesired
cells or ECM
components

Paclitaxel/ vactosertib-loaded
polymeric NPs functionalized
with EDB-targeting peptide

Functionalization with the EDB-targeting peptide increases the
accumulation of the NPs at the tumor, while the release of TGF-𝛽
inhibitor vactosertib further promotes NP accumulation and drug
release by inhibiting fibrosis

[102a]

Exploit the targeting of
CAFs and TAMs to
accumulate NPs and
chemotherapeutics at
the tumor stroma

sTRAIL plasmid-loaded
lipid-coated protamine
complexes functionalized
with anisamide-targeting
CAFs

sTRAIL is transfected in CAFs and the released peptide promotes the
apoptosis of the adjacent tumoral cells

[105]

Photosensitizer-loaded
apoferritin NPs
functionalized with
FAP-targeting scFv

In combination with PDT and immunotherapy, the NPs stimulate
anticancer immunity and elicit immune responses against CAFs

[106]

Cisplatin prodrug-loaded
polymeric NPs

TAMs engulf the NPs and act as a depot for the slow release of the
cisplatin drug to the adjacent cancer cells

[110]

Combining NP-based
treatments with
immunotherapies to
restrain the
immune-suppressive
TME

Hyaluronidase-conjugated
dextran NPs in combination
with photosensitizer-loaded
liposomes

Pretreatment with dextran NPs leads to tumoral ECM degradation
and enhances PDT efficacy and penetration of cytotoxic T
lymphocytes in tumoral ECM in combination with immunotherapy

[113]

TGF-𝛽 receptor inhibitor/PD-L1
siRNA-loaded pH-responsive
nanoclusters

The pH-responsive NPs, sensitive to the acidic TME, can effectively
reduce the deposition of collagen and promote the infiltration of
cytotoxic T cells

[114]

a)
NP: nanoparticle; ECM: extracellular matrix; TME: tumor microenvironment; MMP-2:matrix metalloproteinase 2; PTT: photothermal therapy; MHT: magnetic hyperthermia;

FAK: focal adhesion kinase; PD-L1: programmed death-ligand 1; LNPs: lipid nanoparticles; DOX: doxorubicin; IFP: interstitial fluid pressure; PFD: pirfenidone; CDs: carbon
dots; KRAS: Kirsten rat sarcoma virus, an oncogene encoding the K-Ras protein, which is a component of the RAS/MAPK signaling pathway; CXCR4: C-X-C motif chemokine
receptor 4, G protein-coupled receptors directly involved in a number of biological processes including organogenesis, hematopoeisis, and immune response; ATRA: all-trans
retinoic acid; EDB: extra domain B splice variant of fibronectin; TGF-𝜷: transforming growth factor 𝛽; sTRAIL: secretable tumor necrosis factor (TNF)-related apoptosis-inducing
ligand; CAFs: cancer-associated fibroblasts; PDT: photodynamic therapy; scFV: single-chain fragment variable; TAMs: tumor-associated macrophages.

and diffusion of DOX and NPs in the TME.[73] In another study,
polymeric micelles coated with a pro-peptide sensitive to the
cleavage of legumain (a lysosomal cysteine protease overex-
pressed in several cancer cells and macrophages at the TME)[74]

were used for the simultaneous release of the photosensitizer
IR-780 iodide and the kinase inhibitor sorafenib.[75] This resulted
in the effective penetration of the nanodrug into the tumor core
and the reduction of cancer growth owing to the synergistic
photothermal–chemotherapy treatment.[75]

4.2. ECM Density

The mesh size of collagen fibrils and interfibrillar proteoglycans
and the content of glycosaminoglycans are responsible for the
formation of a dense and highly interconnected protein network
that can hamper the penetration of NPs.[16a,76] It was shown
that NPs larger than 50 nm accumulated at the periphery of the
tumor vasculature, whereas smaller particles could penetrate
deeper in the tumor (Figure 6B).[77] Overall, an inverse correla-
tion between NP size and the diffusion rate has been observed

for many nanodrugs.[78] Consequently, several approaches have
been developed, focusing on the degradation of ECM using
collagenases, metalloproteinases, hyaluronidases, and small
anti-fibrotic molecules such as 𝛼-mangostin and pirfenidone
(PFD).[16b,c] The encapsulation of these molecules and enzymes
inside NPs enables the preservation of the NP activity and their
accumulation at the tumor site, where they can be released
and can degrade the ECM components, thus facilitating NP
penetration.[16d] Similar strategies have been applied by encap-
sulating exogenous proteases, such as bromelain (extracted from
pineapple) and papain (isolated from papaya), into inorganic NPs
or polymeric micelles.[79] As broad-spectrum proteases, these
exogenous enzymes are less specific than the endogenous coun-
terparts but are highly stable and display optimal activity across a
wide range of pH and temperature.[79] Apart from enzymatic di-
gestion, physical methods, such as photothermal therapy (PTT),
photodynamic therapy (PDT), ultrasound therapy, and magnetic
hyperthermia (MHT), can influence the architecture of the ECM
and promote the penetration of NPs.[80] For instance, PTT me-
diated by gold nanorods resulted in an altered fibrillar structure
of collagen I and an increased penetration of the nanorods
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Figure 7. The use of biocompatible coatings to protect NPs and their cargo can increase the delivery efficacy at the TME of drugs and enzymes that are
suitable for hampering the deposition and stiffening of ECM, thus increasing the anti-tumoral efficacy of the nanoformulation. A) Representative con-
focal images showing the in vitro penetration of NPs in breast cancer spheroids; the NPs were coated with chondroitin sulfate, labeled with fluorescein
isothiocyanate, and encapsulated collagenase enzyme (CS/col-TFPPB); the CS/TFPPB formulation does not contain collagenase enzyme. Scale bar for
all images: 200 μm. B) Efficiency of the nanoformulation was corroborated in vivo in 4T1 breast tumor-bearing mice. Comparison of the images of tumors
obtained from mice treated with control groups (saline, poly(ethylene glycol)-block-poly(𝛽-amino ester) (PPB), cis-diamminedichloroplatinum (CDDP,
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throughout the TME.[77a] Similarly, MHT triggered by iron oxide
NPs resulted in the reduction in the level of intact collagen
fibers and degradation of the ECM structure.[81] The application
of PTT, PDT, and MHT using magnetic NPs can be combined
with enzymatic treatment to improve the intratumoral accumu-
lation of the NPs, thereby increasing the heat dose delivery.[82]

Alternatively, gene therapy against ECM deposition might be a
promising strategy to target solid tumors. Recently, it was shown
that the codelivery of lipid NPs (LNPs) carrying FAK siRNA
and CRISPR-PD-L1 effectively reduced ECM deposition and
stiffening of cancer cells, thus increasing transfection efficiency
and resulting in knock-down of immune checkpoint protein
programmed death ligand 1 (PD-L1) (Figure 8A).[25a] The LNPs
were constructed using ionizable lipid 5A2-SC8, cholesterol, 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine, 1,2-dimyristoyl-rac-
glycero-3-methoxy-poly(ethylene glycol)-2000 (DMG-PEG2000),
and DSPE-PEG2000 at a molar ratio of 15:30:15:2:1. The obtained
LNPs had a size of ∼120 nm and a surface charge of ∼10 mV.
The specific composition selected for the synthesis of the LNPs
facilitated endosomal escape. This enabled the concomitant
release of siRNA targeting FAK and Cas9 mRNA with sgRNA
targeting PD-L1 (CRISPR gene editing), aiming to inhibit the
expression of the immune checkpoint protein in the target cells.
The inhibition of FAK reduced ECM deposition and stiffness and
modulated the mechanical properties of cancer cells, resulting
in an increased penetration of the LNPs in an in vitro spheroid
model of IGROV1 cells (Figure 8B,C). In vivo studies on mice
bearing ovarian tumors revealed that the reduction of ECM
stiffness through gene silencing of FAK and the gene editing
of PD-L1, with the consequent suppression of the immune
inhibition, effectively inhibited tumor growth and increased the
infiltration of immune cells in the tumor tissue (Figure 8D,E).

Tackling desmoplasia can be achieved through a range of tech-
niques, considering the properties of the nanomaterials and the
presence of disease-specific ECM components related to the ac-
tivation of desmoplasia molecular pathways. The combination of
these approaches and their administration at specific time points
has the potential to effectively inhibit ECM deposition, enhance
the penetration of nanodrugs, and reduce TME stiffness, thereby
mitigating disease progression.

4.3. ECM and Interstitial Fluid Pressure

The interstitial flow within the TME differs significantly from
that found in healthy tissues and is strongly influenced by ECM
composition.[65] For instance, high-content proteoglycans, such

as hyaluronan, are associated with increased interstitial flow, as
these molecules can bind and trap water in the ECM.[83] A dis-
ordered blood vessel network, a dense ECM, and rapid cell pro-
liferation generate high interstitial fluid pressure (IFP), which
is not conducive to drug delivery and NP accumulation into
tumors (Figure 6C).[84] Although small NPs can overcome the
steric hindrance of the dense ECM, they still face rapid clear-
ance from the tumor site due to the high IFP.[78a] In this re-
gard, a possible strategy to overcome IFP involves using polymers
with temperature-sensitive phase transition properties to synthe-
size polymeric NPs combined with PDT and PTT therapy.[85]

In one example, a thermoresponsive polymer, p(MEO2MA160-
co-OEGMA40)-b-pSS30 was synthesized via atom transfer radical
polymerization and used to form nanoaggregates loaded with the
photosensitizer indocyanine green (ICG).[85a] Following intratu-
moral injection of the nanoaggregates into 4T1 tumor-bearing
mice, light irradiation stimulated dendritic cells and cytotoxic
T-cells through the release of danger-associated molecular pat-
terns and induced immunogenic cell death. Noteworthy, due to
the phase-transition property of the polymer, the nanoaggregates
remained in the tumor, thereby improving the PDT effect and
minimizing phototoxicity to surrounding tissues.[85a]

Other approaches have been focused on directly targeting IFP
and the molecular effectors that contribute to it. Tyrosine ki-
nase inhibitor imatinib (against platelet-derived growth factor re-
ceptor 𝛽) and bevacizumab (a mAb against VEGF) have been
encapsulated into NPs and used in different therapeutic strate-
gies to reduce IFP. For instance, liposomes loaded with ima-
tinib and DOX reduced IFP and promoted the delivery of DOX
to cancer cells.[86] In another study, imatinib was encapsulated
into nanostructured lipid nanocarriers and delivered in combi-
nation with docetaxel and quercetin (with phosphatidylinositol
3-kinase inhibitory activity), demonstrating interstitial flow re-
duction and improved antitumor efficacy.[87] In addition, several
other inhibitors have been used as anti-fibrotic drugs to hamper
ECM deposition and reduce IFP, including miRNA,[88] siRNA,[89]

PFD,[90] telmisartan,[91] and hydralazine.[92] For example, Ji et al.
developed an MMP-2-responsive peptide hybrid liposome by co-
assembly of a tailor-designed MMP-2-responsive amphiphilic
peptide with a phospholipid (l-𝛼-phosphatidylcholine). The lipo-
somes were loaded with PFD for targeted delivery of the drug at
the tumor site. The NPs were ≈65 nm in size and displayed a
negative surface charge of ≈−22 mV (Figure 9A).[90b] The PFD-
loaded liposomes effectively reduced the deposition of key ECM
components secreted by pancreatic stellate cells, such as colla-
gen I, fibronectin, versican, and tenascin C, both in vitro and in
vivo, in a murine model of pancreatic tumor model (Figure 9B).

cisplatinum), and succinic anhydride-modified cisplatin-conjugated poly(𝜖-caprolactone)-block-poly(ethylene oxide)-triphenylphosphonium (TCPP)) and
the nanoformulations CS-Col-TCPPB and CS/TCPPB revealed a significant reduction in tumor volume for the group treated with CS-Col-TCPPB NPs.
Scale bar: 2 cm. C) Comparison of the weight of the tumors excised from the different treated mice confirmed that CS-Col-TCPPB was more effective
in halting tumor progression than that of other formulations. D) This efficacy was not associated with systemic toxicity, as only the free drug (CDDP)
treatment was associated with a reduction in mouse body weight. E) Tumor growth inhibition (TGI) for the nanoformulations coated with chondroitin
sulfate was significantly higher than that of the uncoated NPs, with the presence of collagenase further increasing TGI. F) The data were further con-
firmed by assessing the survival rate of the 4T1 tumor-bearing mice treated with various regimens. G) Hematoxylin and eosin (H&E) staining, terminal
deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL), and immunohistochemical analyses (Ki67) were used to further evaluate the
antitumor effect. In H&E staining, nuclei are stained blue and the cytoplasm is stained red. Ki67-positive proliferating cells and TUNEL-positive apoptotic
cells are stained brown. Scale bar for all images: 200 μm.[71b] Reproduced with permission.[71b] Copyright 2020, WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim.
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Figure 8. The combination of ECM-targeting therapy and immunotherapy can enhance NP penetration into tumors and improve cancer therapy. A)
Schematic of the mechanism of the delivery of LNPs encapsulating FAK siRNA, Cas9 mRNA, and targeted sgRNAs to the tumor. This approach aims to
enhance NP penetration by targeting the mechanical properties of cancer cells while simultaneously improving immunotherapy by knocking down PD-
L1 via gene editing.[25a] B) Representative images of the penetration of NPs into the IGROV1 tumor spheroids treated with LNPs carrying a scrambled
siRNA (siCtrl + Cy5-mRNA-LNPs) or an siRNA against FAK (siFAK + Cy5-mRNA-LNPs) after 48 h incubation. Scale bar for all images: 50 μm. C)
mCherry expression (left) and deep distribution (right) in tumor spheroids treated with phosphate-buffered saline (PBS), siCtrl + Cy5-mRNA-LNPs,
siFAK + Cy5-mRNA-LNPs, carrying mRNA for expressing the red fluorescent mCherry protein. Scale bars: 100 μm. D) Excised tumors (left) and tumor
size (right) show the in vivo therapeutic efficacy of the LNPs carrying siFAK and CRISPR/Cas9 construct for PD-L1 silencing in cancer cells (siFAK +
CRISPR-PD-L1-LNPs) and the other control groups in mice bearing ID8-Luc xenograft tumors. Scale bar for all images: 1 cm. E) Flow cytometry analyses
of macrophages, CD8+ T cells, and CD4+ T cells in the tumors from mice treated with PBS, cargo-free (Empty) LNPs, siCtrl + CRISPR-PD-L1-LNPs,
siFAK + CRISPR-Ctrl-LNPs, or siFAK+CRISPR-PD-L1-LNPs after 30-day therapy. Reproduced with permission.[25a] Copyright 2022, Nature.

The long-term treatment of the tumor in vivo with the protease-
responsive liposomes loaded with PFD increased the intratu-
moral accumulation of small molecules, such as rhodamine, and
the therapeutic efficacy of gemcitabine drug (Figure 9C,D). In
the context of drug delivery for reducing IFP and improving tu-
mor perfusion, losartan (LOS) has been applied in several pre-

clinical studies.[93] LOS is an angiotensin receptor II antagonist
that exerts its adjuvant activity by reducing fibrosis and IFP.[94]

For example, Hou et al. reported the preparation of nanoassem-
blies of carbon dots (CDs) functionalized with an FAP-responsive
peptide for the codelivery of DOX and LOS.[93a] The amine-
rich CDs were cross-linked by the carboxyl groups of the
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Figure 9. The use of drugs acting on the pathways involved in ECM deposition and organization can reduce IFP and improve the perfusion of
nanomedicines and small molecules into tumors, thus improving their antitumor efficacy. A) Schematic of the delivery strategy of NPs loaded with
PFD in the ECM-enriched environment typical of pancreatic tumor. The NPs can achieve a tumor-specific release of PFD in the tumor stroma via a pro-
cess mediated by MMP-2 activity. The subsequent release of PFD inhibits ECM deposition and increases the perfusion of small molecules in the tumor
tissue. B) Expression levels of multiple ECM components (collagen I, fibronectin, versican, and tenascin C) from immunohistochemistry measurements
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responsive peptide Asp-Ala-Thr-Gly-Pro-Ala to produce meso-
porous nanoassemblies. Subsequently, DOX molecules were
loaded via 𝜋–𝜋 stacking interactions into the nanoassemblies,
and Fe ions were chelated on the surface of CDs, while LOS
was trapped in mesopores that were generated during NP for-
mation. The final hydrodynamic diameter of the NPs was ≈106
nm and their surface charge was slightly positive (≈ +2 mV). In
vivo treatment of 4T1 tumor-bearing mice with the nanoassem-
blies carrying LOS resulted in a significant reduction of fibro-
sis and hypoxia, consequent to the decrease in deposition of col-
lagen I, hypoxia-inducible factor-1a and VEGF (Figure 9E). As
consistent with these findings, a reduction was observed in the
protein levels of stromal cell-derived factor-1 (SDF-1) and alpha-
smooth muscle actin (𝛼-SMA)—two canonical markers of fibrob-
lasts involved in the activation of CAFs—and TGF-𝛽 in the tumor
(Figure 9F).

Recently, the treatment of advanced pancreatic ductal adeno-
carcinoma with a combination of LOS and FOLRINOX (thera-
peutic regimen composed of folinic acid, fluorouracil, irinotecan,
and oxaliplatin) has demonstrated enhanced efficacy and down-
staging of the disease.[95] By inhibiting the angiotensin system,
LOS reduces collagen and hyaluronan production by suppress-
ing pro-fibrotic signals such as TGF-𝛽1, thus improving the deliv-
ery of chemotherapeutics.[96] In addition, TGF-𝛽, Wnt/𝛽-catenin,
and Hedgehog signaling pathways have been successfully tar-
geted to remodel the ECM structure, reducing its density and
consequently the IFP.[97]

In this regard, a comprehensive understanding of the path-
ways that drive desmoplasia in different types of cancers and
stages is expected to contribute to defining the timely application
of a therapy targeting several molecular features of the disease.

4.4. Perivascular Cell Interactions

Endothelial cells (ECs) in the vessels are the first cellular bar-
rier that NPs encounter during circulation in the bloodstream
(Figure 6D). A common topic of discussion in nanomedicine
is the presence of a leaky vasculature at tumor sites, which
would favor the delivery of NPs by passive targeting through
the EPR effect.[98] However, EPR has been shown to be a het-
erogeneous phenomenon, with significant differences observed
between murine models and human subjects.[99] More recently,
transcytosis has been proposed as an alternative mechanism de-
scribing NP extravasation from the bloodstream into the tumor
site.[100] For example, Kingston et al. demonstrated that the ac-
cumulation of 50 nm PEGylated (methoxy-poly(ethylene glycol)-

thiol, 5 kDa) gold NPs in a murine breast tumor model was driven
by specific tumor ECs (referred to as nanoparticle transport en-
dothelial cells; N-TECs), which allowed the transport of NPs
from the lumen of blood vessels into the TME (Figure 10).[101]

This mechanism is a size-dependent process that occurs for NPs
smaller than 100 nm. It has been shown that free drugs, such as
cisplatin, tend to extravasate in a passive way and mainly through
a leaky tumoral endothelium.[99b,100b] These findings may also ex-
plain the higher penetration rate generally observed for smaller
NPs in the TME, as discussed above.

A strategy proposed to enhance the specificity of nanodrugs
and prevent their nonspecific uptake by stromal cells involves tar-
geting ECM proteins such as extra domain B (EDB) of fibronectin
and tenascin C, which are abundant in the tumor ECM. Using
this strategy, the accumulation of agents—such as the cytotoxic
drug paclitaxel or antifibrotic and pro-inflammatory molecules
(e.g., 𝛼-mangostin and TNF superfamily member 14, also known
as LIGHT cytokine)—in the TME has been demonstrated to sup-
press fibrosis and tumor growth while stimulating the immune
response.[102] For example, Zhao et al. designed NPs that targeted
the EDB of fibronectin, an isoform of the protein abundant in
the TME of pancreatic ductal adenocarcinoma, and encapsu-
lated paclitaxel and vactosertib, which is a TGF-𝛽1 inhibitor
(Figure 11A).[102a] Specifically, a size-switchable nanosystem
was devised by incorporating paclitaxel within the hydrophobic
layer of small PEG-poly(lactic-co-glycolic acid) nanospheres,
which were encapsulated into PEGylated liposomes carrying vac-
tosertib within the hydrophobic core of the phospholipid bilayer.
The PEGylated liposome consisted of lecithin, 1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene
glycol)-2000] (DSPE-mPEG2000), 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[maleimide(polyethylene glycol)-2000]
(DSPE-PEG2000-Mal), and cholesterol at molar ratio 10:2:1:4:1.7.
The NPs were subsequently functionalized with an EDB-
targeting peptide. The obtained NPs displayed a hydrodynamic
diameter of ≈224 nm and a surface charge of ≈−25 mV. The
NPs functionalized with the EDB-targeting peptide accumulated
at the tumor to a higher extent than NPs functionalized with a
scrambled peptide (Figure 11B,C). Furthermore, the addition of
vactosertib to the NP formulation led to an increase in the tumor
penetration of the NPs, which accumulated into the inner part
of the tumor owing to the inhibitory effect of vactosertib on the
pro-fibrotic activity of pancreatic stellate cells (Figure 11D,E).

Cells other than ECs that reside in the perivascular region can
also determine the fate of NPs upon extravasation. CAFs and
TAMs are the most represented cells in the TME and actively con-
tribute to ECM remodeling.[103] For instance, CAFs were found

derived from in vitro (left) and in vivo (right) treatments of pancreatic stellate cells and a murine pancreatic tumor model, respectively, with various
formulations: MMP-2-responsive liposomes (MRPL) alone or encapsulating PFD (MRPL-PFD) and MMP-2-nonresponsive liposomes (MNPL) alone or
encapsulating PFD (MNPL-PFD). C) Rhodamine (Rhd) penetration and distribution in a murine model of pancreatic tumor after 2 weeks of treatment
with the different PFD formulations. Frozen tumor sections were stained with DAPI (blue) to label nuclei. Rhd is visible in red. Scale bar for all images:
100 μm. D) Quantification of the depth of Rhd penetration in tumors treated with the PFD formulations (left). Growth curves of pancreatic tumors in
mice treated with the different PFD formulations and subsequently injected with gemcitabine (right).[90b] E) Immunofluorescence analysis of calretic-
ulin (CRT; red), CAFs (green), collagen I (red), hypoxia-inducible factor-1𝛼 (HIF-1𝛼) (green), and VEGF (red) at the endpoint after treatment with CD
nanoassemblies carrying DOX and LOS (Pep-APCDs@Fe/DOX-LOS) compared to control saline treatment. Scale bar for all images: 100 μm. F) Western
blot analysis showing the protein levels of SDF-1, 𝛼-SMA, and TGF-𝛽 found in 4T1 tumor-bearing mice after treatment with different nanoformulations
(left) and the relative quantification (right).[93a] (A–D) Reproduced with permission.[90b] Copyright 2017, American Chemical Society. (E, F) Reproduced
with permission.[93a] Copyright 2020, Wiley-VCH GmbH.
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Figure 10. The accumulation of NPs at the tumor can be mediated by processes beyond the classical EPR effect, such as transcytosis by a specific subset
of ECs present in the tumor vasculature. A) 3D microscopy image of murine tumor derived from 4T1 cells showing blood vessels in green and 50 nm
gold NPs in red. Scale bar: 500 μm. B) Magnified region of (A) (b-squared selection) showing an individual vessel with clusters of NPs, indicated by
white arrows (i). 2D section of a representative blood vessel stained with vascular endothelial (VE)-cadherin to highlight EC boundaries; clusters of NPs
are highlighted with white arrows (ii). Schematic showing NP transport mediated by specific ECs; black arrows indicate clusters of NPs (iii). Scale bar:
50 μm. C) Transmission electron microscopy image of a representative tumor blood vessel (left) and a close-up image of a region of the vessel where
NPs accumulated (right). The solid black arrow shows NPs packaged in a vacuole of an endothelial cell (N-TEC). The open arrow shows NPs in the
extravascular space surrounded by the basement membrane. The N-TEC is highlighted in green, cells without NP uptake are in red, and the basement
membrane is shown in blue. Scale bars: 5 μm (left), 1 μm (right). D) Schematic of the mechanism of NP transcytosis by N-TECs at the interface between
blood vessels and the extracellular space. Clusters of NPs are indicated by black arrows.[101] Reproduced with permission.[101] Copyright 2021, American
Chemical Society.

to uptake most NPs in a study involving the delivery of lipid-
coated calcium phosphate NPs to tumor spheroids; the NPs were
18 and 50 nm in size and displayed a positive surface charge of
≈20 mV.[104]

Considering the different cellular components of the TME and
their role in impairing nanodrug accumulation at the tumor core,
NPs can be used to target CAFs or TAMs in combination with
chemo- and/or immunotherapies to enhance the success of anti-
cancer therapies.

CAFs have been proposed as eligible targets for NP deliv-
ery aimed at suppressing their pro-fibrotic activity and possi-
ble normalization of ECM production and deposition. This strat-
egy has been exploited to deliver a plasmid encoding the sec-
retable tumor necrosis factor (TNF)-related apoptosis-inducing
ligand (sTRAIL) via lipid-coated protamine complexes com-
posed of 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP)
and cholesterol at a molar ratio of 1:1, followed by the post-
insertion of 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethyleneglycol-2000) (DSPE-PEG2000)] and DSPE-

PEG-anisamide for CAF targeting purpose.[105] The final particles
had a diameter of ≈70 nm and a surface charge of ≈25 mV. The
plasmid was effectively transfected into CAFs and the released
sTRAIL induced apoptosis in adjacent tumor cells.[105] In another
study, a single-chain fragment variable (scFv) against fibroblast-
activation protein (FAP) was used to functionalize apoferritin
NPs that were loaded with a photosensitizer (ZnF16PC).[106] In
combination with PDT and anti-programmed cell death protein 1
therapy, the NPs stimulated anticancer immunity and elicited im-
mune responses against CAFs.[106] Noteworthy, although CAFs
are generally considered as tumor-promoting cells, there is also
evidence of their role in impairing tumor progression.[107] The
diverse functions of CAFs within the TME are likely driven by
distinct degrees of their activation at different stages of tumor
progression.[107] Therefore, selecting the most suitable marker
for targeting CAFs is advisable. For instance, CD90+CD73+ per-
itumoral mesenchymal cells, which are considered to be precur-
sors of fibroblasts, were recently demonstrated to suppress the
immune system and to be responsible for ECM deposition in
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Figure 11. The modulation of the TME via the inhibition of pro-fibrotic cells and the reduction of ECM deposition can increase the accumulation
of nanodrugs at tumors. A) Schematic of the synthesis of NPs (specifically nanospheres (NS)) encapsulating vactosertib (VAC) and paclitaxel (TAX)
(NS-TAX@Lipo-VAC) and functionalized with a peptide specific for the fibronectin EDB (APTEDB) (APTEDB-NS-TAX@Lipo-VAC). PLGA, poly(lactic-co-
glycolic acid). B) NPs functionalized with APTEDB or a scrambled peptide (APTSCR) and labeled with Cy5.5 dye were injected intravenously into mice with
orthotopic pancreatic cancer. Ex vivo Cy5.5 fluorescence images of major organs and tumors show the prevalent accumulation of the NPs functionalized
with APTEDB at the tumor. C) The results were further confirmed with photoacoustic imaging, by encapsulating ICG into the nanoformulation, which
revealed the higher accumulation of the APTEDB-functionalized NPs at the tumor compared to the NPs functionalized with APTSCR. D) By adding
vactosertib to the nanoformulation, the NPs functionalized with APTEDB showed higher accumulation at the tumor, and E) could penetrate deeper into
the tumoral mass compared to the NPs without the drug.[102a] Reproduced with permission.[102a] Copyright 2021, American Chemical Society.

non-squamous cell lung carcinoma.[108] Therefore, they may be
suitable markers to target tumor-promoting CAFs.

Apart from CAFs, TAMs act as the main effectors of NP–cell
interactions in the perivascular tumor environment.[109] The in-
nate tendency of TAMs to interact with NPs can be exploited to
improve the accumulation of nanodrugs at the TME. For exam-
ple, in the delivery of a cisplatin pro-drug using polymeric NPs
composed of poly(lactide-co-glycolide)-block-poly(ethylene glycol)
methyl ether, TAMs acted as drug depot by internalizing most
of the administered NPs and slowly releasing the active platin
drug to adjacent cancer cells, thus hampering tumor growth.[110]

In another example, negatively charged gold NPs of 15, 55 and
100 nm (−9.6 ± 3, −7.8 ± 0.3, and −7.1 ± 0.2 mV, respectively)

and silica NPs of 100 nm (slightly positively charged; 3.8 ± 0.2
mV) and 140 nm (slightly negatively charged; −0.7 ± 1.2 mV)
were shown to mainly accumulate in TAMs at the tumor site,
regardless of the presence of trastuzumab or folic acid as spe-
cific targeting ligands for cancer cells.[111] The controlled target-
ing consistently reduced the amount of particles accumulating
in clearing organs, although there was no significant difference
in the percentage of particles reaching the cancer cells with or
without targeting. Despite these limitations, targeting specific
proteins expressed exclusively or predominantly by cancer cells,
such as CD44 or epidermal growth factor receptor, has been ex-
plored as a strategy to deliver different cargos with the aim of
suppressing fibrosis and inhibiting tumor growth; the cargos
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studied included collagenase, doxorubicin (DOX), and retinoic
acid.[112]

As TAMs play a significant role in clearing NPs within the
TME, employing immunotherapies to restrain their immune-
suppressive properties is promising. Similar to cancer cells and
other immune-suppressive myeloid-derived suppressor cells,
TAMs express immune checkpoint molecules, such as PD-L1, so
that leveraging their propensity for NP clearance can be strate-
gically exploited to enhance anti-tumor immunity. In this re-
gard, the combination of ECM modulation with immunother-
apies appears as a promising strategy to tackle cancer devel-
opment and the immunosuppressive TME environment. For
example, biocompatible dextran 20 kDa-based NPs conjugated
with hyaluronidases through a pH-sensitive 3-(bromomethyl)-4-
methyl-2,5-furandione linker (NP size of ≈97 nm) were used as
adjuvants in treatments performed with liposomes loaded with
the photosensitizer chlorine e6 and immunotherapy with anti-
PD-L1.[113] Pretreatment with dextran-based NPs conjugated with
hyaluronidase led to an enhanced PDT efficacy and improved im-
mune checkpoint blockade owing to the increased penetration
of the liposomes and cytotoxic T lymphocytes (CD3+CD8+), fol-
lowing the enzymatic degradation of the tumoral ECM.[113] In a
different study, pH-responsive clustered NPs of ∼100 nm in size
and with a surface charge of ≈25 mV were used for the concomi-
tant delivery of TGF-𝛽 receptor inhibitor (LY2157299) and siRNA
against PD-L1; the NPs were obtained through self-assembly of
poly(ethylene glycol)-block-poly(𝜖-caprolactone) polycaprolactone
homopolymer and poly(amidoamine)-graft-polycaprolactone.[114]

The pH-responsive NPs, which were sensitive to the acidic tumor
environment, effectively reduced the deposition of collagen and
promoted the infiltration of cytotoxic CD8+ T cells.[114]

Recent advances in immunotherapy have highlighted the pos-
sibility of reprogramming macrophages using a chimeric anti-
gen receptor (CAR-M), similar to chimeric antigen receptor T
cells.[115] The engineered CAR-M was constituted of an scFv
against a specific tumoral marker (e.g., HER2 or CD19), a trans-
membrane domain (e.g., CD8), and an intracellular domain
for downstream signaling (e.g., CD3𝜁 ). The engineered CAR-
M aimed at 1) enhancing phagocytosis of cancer cells, 2) stim-
ulating the degradation of the ECM, and 3) improving antigen
presentation and T cell activation.[115] In summary, the study of
TAMs as potential targets for nanomedicines seeks to either re-
program their activity toward immune-stimulatory functions or
utilize their phagocytic properties as drug reservoirs, as discussed
in previous reviews.[116]

5. Future Perspectives

Since the first pioneering studies addressing the role of ECM in
tissue homeostasis and disease development,[117] it is now well
established that ECM constitutes a dynamic environment under-
going continuous remodeling in response to mechanical and bio-
chemical perturbations during tissue development or pathology
progression, thus determining the stage of the disease.[12]

The distribution, abundance, and interaction of different
spliced isoforms of ECM and ECM-associated proteins, as well as
their post-translational modifications, are collectively referred to
as matrisome, which determines the bio-mechanophysical prop-
erties of specific tissues.[118]

Accordingly, capturing the diversity and complexity of the
ECM and its interactions with NPs poses challenges that need to
be addressed from multiple perspectives and requires concomi-
tant investigation of materials properties, biological features, and
clinical aspects.

5.1. In Vitro Models for Mimicking the ECM

To date, most studies on NP–cell interactions have been con-
ducted on tissue culture surfaces such as glass or tissue culture
plastic, which have rigidities in the gigapascals (GPa) range, ex-
ceeding the physiological stiffness of tissues by many folds.[34]

Additionally, under these conditions cells are often cultured on
flat, rigid substrates, which fail to replicate the 3D complexity of
the ECM present in living tissues. As a result, these models do
not accurately capture the spatial and mechanical properties of
the ECM, limiting their ability to reflect actual cellular behaviors
and interactions with ECM components.

To overcome this limitation, ECM from different sources and
a range of methodologies have been proposed to study NP–ECM
interactions. The design of synthetic matrices, which are widely
used in tissue bioengineering,[119] aims to 1) support the implant
of scaffolds with improved physiological properties for regener-
ative medicine or 2) study the pathophysiology of diseases. The
biological properties of tissue-specific ECMs also need to be care-
fully considered as the use of synthetic polymers may not always
reproduce the functionality and physiology of biological matri-
ces. For example, by using synthetic scaffolds, the susceptibility
of ECM to spatiotemporal changes at the nanoscale level during
the disease should be considered. These changes can determine
the formation of stiff fibers without altering the overall bulk mod-
ulus of the fibrillar space, while inducing significant property
modifications.[42] Additionally, synthetic matrices may not act as a
reserve of soluble factors or molecular signals that can influence
the dynamic evolution of the TME during disease progression.
For these reasons, it is advisable to use scaffolds that consider
the interplay between soluble factors and ECM remodeling.[120]

For example, dynamic molecular strategies have been employed
to create ECM-mimicking surfaces that can present or remove
ligands in response to specific stimuli, such as light, pH, or elec-
tric field.[121] By using reversible covalent and noncovalent bonds,
these materials allow precise and reversible control over cellular
interactions, supporting applications in tissue engineering and
regenerative medicine.[121] This approach allows biomaterials to
interact adaptively with cells, promoting desired cellular behav-
iors and more accurately recapitulating the biological and physic-
ochemical properties of the TME. This, in turn, may help to im-
prove the assessment of biomaterials in preclinical setups.

Another promising approach to overcome the limitations of
synthetic matrices is the application of 3D-bioprinted models,
where a variety of cells—from cell culture lines to patient-derived
cells—can be embedded in a hydrogel scaffold that aims to re-
semble the pathophysiology of tumors and is being used to pre-
dict therapeutic outcomes and design personalized therapies.[122]

These matrices can be composed of different natural ECM com-
ponents, such as fibrin, laminin, hyaluronic acid, heparan sul-
fate, and gelatin (a hydrolyzed form of collagen), and have the
advantage of being biocompatible and tunable by the remodel-
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ing activity of cancer cells.[123] In addition, 3D-bioprinted scaf-
folds can be implemented with a vasculature network for fur-
ther recapitulating the characteristic of the TME and study-
ing angiogenesis and cell invasion processes during disease
development.[124] 3D-Bioprinted models can also provide bet-
ter outcomes in terms of drug screening and disease progres-
sion studies than Matrigel.[125] The latter is a widely used so-
lution of ECM components derived from murine Engelbreth–
Holm–Swarm sarcoma and is extensively used for the genera-
tion of in vitro 3D tumor models and evaluation of NP–ECM
interactions.

Ideally, the most representative model for studying NP–ECM
interactions relies on the use of patient-derived samples. The
ECMs from patient tumors and tissues have been used in vitro
to better recapitulate the functions and roles of ECM composi-
tion and structure in the development of diseases or to design
scaffolds for regenerative medicine.[126] Efficient and conserva-
tive decellularization protocols[127] and techniques, such as high-
resolution imaging,[128] quantitative proteomics,[129] and second
harmonic generation,[130] have led to the disclosure of important
aspects of ECM biology.[58] These findings can be useful at the
preclinical stage for developing personalized nanomedical ap-
proaches based on the ECM features of a given tumor. Neverthe-
less, accessibility to these materials is limited to collaborations
with hospitals, the presence of suitable equipment, and the man-
agement of ethics documentation.[131] An ideal platform to evalu-
ate mechanotherapeutics and the efficiency of NP-mediated drug
delivery in general, starting from patients’ tissues, entails the use
of cancer organoids (or tumoroids). These can recapitulate the pe-
culiar cellular and acellular composition of the TME, its architec-
ture, and its functionality.[132] These models offer great promise
in the field of personalized therapy and can also be used to assess
the efficiency of drugs against aberrant ECM deposition and re-
modeling in a variety of tumors.[133] However, a limitation is that
organoids may not fully replicate the ECM characteristics found
in the original tissue. This is because organoids are typically de-
rived from digested and processed samples, which can alter the
composition and structure of the ECM. This aspect requires care-
ful consideration when interpreting results from organoid cul-
tures. The outcomes of these studies may need to be comple-
mented with other model systems, such as scaffolds originating
from decellularized orthotopic tissues,[126a] or with in vivo studies
to comprehensively understand the complexities of tissue biology
and drug responses.

5.2. Designing NP Properties for Interactions with the ECM

The size, shape, and surface charge of NPs have been highlighted
as key factors that determine their tumor penetration efficiency,
as discussed sections Physicochemical Properties of the ECM and
NPs (Section 4.1) and ECM Density (Section 4.2). In terms of
shape, anisotropic particles, such as nanorods, have been shown
to penetrate ECM better than spherical particles. Particle elastic-
ity is also likely to play a prominent role in promoting ECM pen-
etration. Softer NPs have been shown to accumulate significantly
more in tumors than their stiffer counterparts.[134] Although this
is likely to be a direct consequence of the different interactions
that NPs display with different cell types,[135] it is reasonable to as-

sume that soft NPs can extravasate and penetrate the ECM more
efficiently than stiffer NPs.

Regarding surface charge, neutral and anionic NPs exhibit bet-
ter ECM penetrability than cationic NPs, mainly due to reduced
interactions with the charged components of the ECM, in partic-
ular the negatively charged hyaluronan and chondroitin sulfate.
Therefore, considerations on this matter need to account for pro-
tein corona, colloidal stability issues, and target tissue.[136]

In terms of size, NPs smaller than 100 nm can diffuse
through the ECM more efficiently than larger NPs. However,
to avoid renal clearance, NPs with a threshold size of 10 nm
are preferable; they may also display longer bioavailability and
biodistribution.[137] Considering the latter two properties, hy-
drophilicity is an important feature for the circulation of NPs in
the body and has been demonstrated to improve the penetration
of NPs in the ECM. The use of PEG or other amphiphilic ligands
is essential for the efficient penetration of NPs in the ECM. In
particular, the grafting density of these ligands correlates with in-
creased diffusion of nanomedicines in the TME, likely due to re-
duced interactions with peripheral phagocytic cells and increased
diffusion in the ECM network.[138]

Regarding composition, a wide range of materials have been
used for the synthesis of NPs, with polymer-based, metal, and
lipid-based particles being the most representative. Although the
choice of material depends on the intended application, afford-
ability, long-term biocompatibility, and scalability are key param-
eters for their successful clinical translation. For instance, poly-
meric particles are ideal for drug delivery, metal particles for
physical treatments such as MHT and PTT, and LNPs for nu-
cleic acid therapy. Stimuli-responsive polymers can be both ad-
vantageous and disadvantageous. Smart nanosystems that can
respond to the changes of the ECM (such as MMP-sensitive ma-
terials) and the TME (such as pH-sensitive materials) are ap-
pealing. However, in most cases, they rely on complex synthetic
polymers that are poorly biocompatible and costly, display low
yields and poor scalability, and require lengthy preparation.[139]

Alternatively, biocompatible and biodegradable polysaccharides,
such as neutral glycogen or anionic alginate that are naturally
abundant and display tunable properties, may be used as coat-
ing materials or as stand-alone NPs for various drug delivery
applications.[140]

Metal NPs, such as iron and gold NPs, have been extensively
used for MHT and PTT applications.[141,142] Provided that metal
NPs can accumulate at tumor sites at a sufficiently high concen-
tration for an effective treatment—not only via intratumoral in-
jection but more importantly via intravenous injection—their use
may represent an efficient strategy to undermine the ECM struc-
ture and organization, thereby allowing the penetration of drugs
or other nanomedicines as a second line of treatment.

Lipid-based NPs have emerged as the main delivery vectors in
nanomedicine for a range of compounds, from drugs to proteins
and nucleic acids, in virtue of their unique properties in terms of
composition, flexibility, and scalability.[41] Varying the composi-
tion and nature of the lipids allows for selective organ targeting
(SORT) and increased likelihood of accumulation at the desired
site of the body.[143] The dependence of protein corona composi-
tion on the lipid composition of LNPs, and its relationship with
SORT, has been established.[144] In contrast, the role of the ECM
composition in different tissues, particularly tumoral ECM, on
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the fate of LNPs composed of different formulations has been
poorly investigated. Understanding this role could uncover im-
portant aspects of the SORT mechanism and facilitate the devel-
opment of NPs with improved targeting specificity.

Along with the structural identity of the NPs, the presence of
targeting ligands grafted onto the NP surface is likely to influ-
ence the interactions with ECM components. In contrast to the
effect of protein corona on the surface properties and biological
identity of NPs that has been extensively studied,[145] the role of
ECM components has been less investigated. In this context, tar-
geted interstitial transport may represent a promising strategy
by exploiting the presence of selective molecular markers in the
tumor ECM to facilitate the accumulation and release of drugs.
Regarding targeting, although the delivery of drugs loaded into
NPs can be more influenced by the hindrance of the ECM than
a free-drug formulation, it is important to highlight that as nan-
odrugs can load and release several drug molecules within the
same moiety, the therapeutic efficacy of NPs is likely to remain
competitive, if not superior.[146]

In summary, negatively charged anisotropic soft NPs that are
smaller than 100 nm seem to represent the most suitable choice
to maximize the penetration of nanodrugs in the ECM. While
also considering the affordability and scalability of the nanoma-
terials, which ultimately would dictate their successful clinical
translation, it is possible to weigh the different properties of the
NPs (as discussed in Section 3) according to their relevance in
overcoming the ECM barrier at the tumor (Figure 12). For in-
stance, properties such as charge, size, and surface functionaliza-
tion are more critical for optimizing cellular uptake and interac-
tion with the ECM, while scalability and composition become key
factors for large-scale manufacturing and regulatory approval.

However, a consensus for the rational design of NPs is
challenged by the intrinsic complexity of the ECM and is far
from a “one size fits all” approach. Moreover, this design cannot
overlook other biological barriers that nanomedicines face in
the human body, such as the protein corona, clearance by the
reticuloendothelial system, and interaction with the MPS.[147]

Notwithstanding these key factors, the implementation of ECM
models at the preclinical level, which accurately represent its
complexity,[148] may greatly improve the initial screening of
nanodrugs and help in the selection of optimal physicochem-
ical parameters, considering the nature of a given tumor on a
case-by-case basis.

5.3. Mechanotherapy in Cancer Treatment

Different therapeutic approaches have been developed with the
aim of increasing the permeability of tumors.[78a] Anti-fibrotic
therapies, focused on the inhibition of the TGF-𝛽 pathway, have
been applied for reducing ECM deposition and hamper cancer
cell proliferation and metastasis.[114,149] Although the disruption
of the tumor ECM allows easier interstitial transport of therapeu-
tics, it also lowers the barriers for tumor cells to undergo metasta-
sis, thus questioning the clinical relevance of treatments aimed at
impairing ECM deposition.[150] Hence, to circumvent this draw-
back, a different approach using metalloproteinase inhibitors
(MPIs) to halt tumoral ECM remodeling and limit cancer cells

motility, extravasation, and metastasis has been attempted.[151]

However, the lack of specificity for cancer-associated MMPs could
affect the migration of effector immune cells at the tumor site,
reduce the activation of cytokines such as TNF-𝛼, which play
roles in promoting inflammation, anti-tumor immunity and im-
pair tissue repair.[151] Though MPIs offer a strategy for reduc-
ing metastasis and angiogenesis, their broad impact on immune
function and a lack of specificity pose challenges, particularly in
balancing immune activity and tumor suppression.

Even though an increased stiffness is generally regarded as
hallmark of cancer, only a few studies have demonstrated that a
reduced and soft ECM can promote tumor invasion and immune
suppression.[152] For instance, although the Hippo pathway ki-
nases LATS1/2 are traditionally regarded as tumor suppressors
(as discussed in ECM Mechanobiology, Section 3), their inhibition
in murine melanoma, head and neck squamous cell carcinoma
and breast cancer models has been shown to enhance tumor
immunogenicity.[152b] This occurs through the release of nucleic-
acid-rich extracellular vesicles, which activate immune pathways,
including the Toll-like receptors and type I interferon pathways,
thereby stimulating anti-tumor immune responses.[152b] Target-
ing LATS1/2 in specific tumoral environments could, therefore,
represent a promising strategy to increase the immunogenicity
of tumors and improve outcomes in cancer immunotherapy by
enhancing immune detection of cancer cells. In another exam-
ple, ovarian cancer cells have been shown to preferentially ad-
here to softer microenvironments, where they exhibit an increas-
ingly malignant phenotype.[152a] In soft conditions, the activation
of the Rho–ROCK pathway enhances cell malignancy by increas-
ing ovarian cancer cell adhesion, proliferation, migration, and
chemoresistance. This mechanotransduction effect on soft matri-
ces, rather than stiffer ones, induces a more mesenchymal, inva-
sive, cell phenotype, facilitating metastatic spread and resistance
to carboplatin treatment.[152a]

Notwithstanding these limitations, mechanotherapy has re-
cently emerged as a promising approach to normalize the ECM
by improving tumor perfusion and reducing hypoxia and IFP,
as our understanding of the relationship between mechanobi-
ology and cancer development continues to evolve.[15] Several
treatments targeting mechanotransduction pathways involved in
different pathologies, such as integrin, angiotensin, FAK, and
TGF-𝛽, have shown promising outcomes at the preclinical stage
and are undergoing clinical trials (Table 2).[15] Besides the use
of LOS for targeting angiotensin receptor, defactinib, a specific
FAK inhibitor, efficiently blocks the Akt/PKB signaling pathway
and reduces the expression of several oncogenes involved in cell
survival, motility, and proliferation.[153] Another example is
M7824, a bispecific fusion protein that is designed to concomi-
tantly bind the TGF-𝛽 receptor and PD-L1, thus simultaneously
blocking the fibrotic cascade triggered by TGF-𝛽 pathway and
the immune checkpoint blockade that represses the activation
of cytotoxic T cell.[154] Conversely, the application of integrin in-
hibitors has been more challenging to date. Despite the exten-
sive number of small molecules and antibodies developed in the
last decades, the use of integrin inhibitors has yet to produce
successful clinical outcomes.[155] Although their use has shown
promising preclinical stage results, further progress is required
at the clinical stage, which is limited due to the lack of speci-
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Figure 12. Factors to consider in the design of NPs for cancer treatment to overcome or exploit the properties of the ECM and TME. A) Arbitrary radar
graph representing the balance among the different properties that NPs should ideally exhibit for optimal interaction with the ECM. The graph illustrates
the relative importance of each selected property based on arbitrary values. B) Bar plot showing the importance of the NP properties selected from the
radar graph in (A). On a scale of values from 0 to 10, 10 is the most important and 0 is the least important for interaction with the ECM. C) Schematic
showing the different nanomaterial properties that inform the rational design of NPs for their interaction with the ECM to maximize drug delivery
and efficacy in cancer treatment. In addition to physicochemical properties—size, shape, charge, composition, hydrophilicity, and stiffness—scalability
factors such as low cost, high yield, and time efficiency should be considered in the design of NPs.
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Table 2. Selection of mechanotherapeutic drugs in a clinical trial for the treatment of cancer.

Identifiera) Condition Drug Target Combination therapy Status

NCT01008475 Metastatic colorectal cancer Abituzumab 𝜶𝝂 integrins + Cetuximab
+ Irinotecan

Completed
(no benefit)

NCT00848510 Colorectal and ovarian cancer
with liver metastasis

Monotherapy Completed
(no benefit)

NCT03688230 Metastatic colorectal cancer + Cetuximab
+ FOLFIRI

Withdrawn

NCT05669482 Metastatic pancreatic cancer Defactinib FAK +Avutometinib
+ Gemcitabine
+ Nab-paclitaxel

Phase I

NCT02546531 Advanced pancreatic cancer + Pembrolizumab
+ Gemcitabine

Phase 1

NCT05512208 Refractory gynecological cancer + Avutometinib Phase 2

NCT04620330 NSCLC Phase 2

NCT05787561 Advanced or recurrent
mesonephric gynecologic
Cancer

Phase 2

NCT03727880 Pancreatic ductal
adenocarcinoma

+ Pembrolizumab Phase 2

NCT02523014 Meningiomas GSK2256098 + Abemaciclib
+ Capivasertib
+Vismodegib

Phase 2

NCT03941093 Pancreatic cancer Pamrevlumab CTGF + Gemcitabine
+ Nab-paclitaxel or

FOLFIRINOX

Phase 3

NCT04229004 Metastatic pancreatic cancer Phase 3

NCT04729725 Solid tumor SAR439459 TGF-𝜷 + Cemiplimab Phase 1

NCT04031872 Colorectal cancer LY3200882 + Capecitabine Phase 1
Phase 2

NCT05322408 Pancreatic cancer HCW9218 – Bifunctional TGF-𝛽
antagonist/IL-15 protein complex

Monotherapy Phase 2

NCT05198505 Advanced tumors TQB2868 -
Bifunctional TGF-𝛽 antagonist/PD-1

protein complex

Monotherapy Phase 1

NCT05998941 Metastatic cervical cancer + Paclitaxel
+ Cisplatin

+ Bevacizumab

Phase 2

NCT05653284 Advanced tumors AK130 – TIGIT/TGF-𝛽 bifunctional
fusion protein

Monotherapy Phase 1

NCT04976218 EGFR-positive solid tumors CAR-EGFR-TGF𝛽R-KO T cells CAR T cells KO for TGF-𝛽
receptor II and specific for

EGFR

Phase 1

NCT04064190 Urothelial carcinoma failing
checkpoint inhibition

Vactosertib + Durvalumab Phase 2

NCT05145569 Metastatic ovarian cancer Bintrafusp alfa
Bifunctional TGF-𝛽 antagonist/PD-L1

protein complex

+ Carboplatin
+ Paclitaxel

Phase 1

NCT05005429 Advanced pleural mesothelioma Monotherapy Phase 2

NCT05077800 Pancreatic cancer Losartan AT1R + FOLFIRINOX
+ GSK3B inhibitor

Phase 2

NCT03900793 Osteosarcoma + Sunitinib Phase I

NCT05861336 Pancreatic cancer + Gemcitabine
+ Nab-paclitaxel

Phase 2

NCT03563248 + Nivolumab
+FOLFIRINOX

Phase 2

(Continued)
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Table 2. (Continued)

Identifiera) Condition Drug Target Combination therapy Status

NCT05097248 TNBC + Camrelizumab
+ Liposomal DOX

Phase 2

a)
Sourced from Clinicaltrials.gov. Cetuximab: anti-EGFR antibody; Irinotecan: DNA topoisomerase inhibitor; FOLFIRI: therapeutic regimen of leucovorin calcium (folinic

acid), fluorouracil, irinotecan hydrochloride; Avutometinib: inhibitor of Ras-Raf-MEK-ERK pathway; Gemcitabine: chemotherapeutic antimetabolite, interrupts DNA synthesis;
Nab-paclitaxel: albumin-bound paclitaxel, causes mitotic arrest by stabilizing microtubules; Pembrolizumab: anti-programmed death-ligand 1 (anti-PD-L1) antibody; NSCLC:
non-small cell lung cancer; FAK: focal adhesion kinase; Abemaciclib: cyclin-dependent kinase (CDK) inhibitor selective for CDK4 and CDK6; Capivasertib: Akt kinase inhibitor;
Vismodegib: Hedgehog pathway inhibitor; CTGF: connective tissue growth factor; FOLFIRINOX: therapeutic regimen of leucovorin calcium (folinic acid), fluorouracil, irinote-
can hydrochloride, and oxaliplatin; TGF-𝜷: transforming growth factor 𝛽; Cemiplimab: anti-PD-L1 antibody; Capecitabine: chemotherapeutic antimetabolite, interrupts DNA
synthesis; Bevacizumab: anti-vascular endothelial growth factor (VEGF) antibody; TIGIT: T cell immune receptor with immunoglobulin (Ig) and immunoreceptor tyrosine-
based inhibitory motif (ITIM) domains, inhibitor of anti-tumor responses; EGFR: epidermal growth factor receptor; CAR T cells: chimeric antigen receptor T cell; Durvalumab:
anti-PD-L1 antibody; AT1R: angiotensin receptor II; GSK3B: glycogen synthase kinase-3 𝛽; Sunitinib: multitargeted receptor tyrosine kinase inhibitor; Nivolumab: anti-PD-L1
antibody; TNBC: triple-negative breast cancer; Camrelizumab: anti-programmed cell death protein 1 (anti-PD1) inhibitor.

ficity, pathway redundancy, and inter-patient variability of inte-
grin receptors.[155]

5.4. Mechanotherapy and Nanomedicine: The Road to a
Synergistic Approach

The application of combined treatments using mechanother-
apy, immunotherapy, and chemotherapy is steadily increas-
ing (Table 2).[156] These therapies can be combined with
nanomedicine to improve the delivery of NPs to tumors while
suppressing the pro-tumorigenic stimuli of abnormal ECM,
thereby addressing the disease from multiple facets.[157] Consid-
ering the combination of mechanotherapy and nanomedicine,
we have recently shown that YAP activity hinders NP binding
and internalization by cancer cells.[25b] This phenomenon has
been ascribed to several functions that YAP exerts in cancer
cells, including the regulation of cell mechanosensing, the tran-
scriptional inhibition of proteins involved in endocytosis, the
perturbation of cell membrane tension and organization, and
the promotion of the deposition of an abundant and rich ECM
network.[25b] Few studies have highlighted the role of the me-
chanical properties of substrates and cell mechanobiology in cell–
NP interactions (Figure 13A).[158] Recently, Voigt et al. demon-
strated that the uptake of carboxylated polystyrene NPs of 40 and
200 nm in size by HeLa cervical cancer cells increased on soft sub-
strates with stiffness of<5 kPa, on which cells exhibited lower cell
adhesion, membrane stiffness, and surface area compared with
cells grown on stiffer substrates.[159] Lee et al. reported that the
reduction of focal adhesion, membrane stiffness, and cell spread-
ing exhibited by A549 lung adenocarcinoma cells and J774A.1
murine macrophage cell line correlated with a decrease in sub-
strate stiffness, leading to increased uptake of 120 and 360 nm
silica NPs.[160] Moreover, cells grown on soft substrates displayed
a higher YAP expression than cells cultured on standard tissue
culture plates (which have Young’s modulus in the GPa range)
and protein expression correlated with increased NP uptake. Al-
though these findings contrast with previous observations,[25b,161]

it is worth considering that the different mechanosensing pro-
teins could have differing roles depending on the state of the
cells, their differentiation, and the nature of the cell–substrate
interaction, which consequently influence cell–NP interaction
mechanisms. In another example, Athirasala et al. demonstrated
a higher transfection efficiency of LNP-mRNA in human bone

marrow-derived mesenchymal stem cells for soft substrates (<10
kPa) compared with that for stiffer substrates (>40 kPa), as well
as greater relative mRNA translation as a result of higher inter-
nalization of LNPs by the cells.[162] The findings of these studies
suggest the effects of different regulators in determining cell–
NP interaction mechanisms. The roles of FAK, YAP, myosin II,
or mTOR on NP uptake,[25,159,160,162] and their interplay and the
possible involvement of other mechanosensing machineries in
the process remain unclear (Figure 13B).

Yankaskas et al. have recently shown that cancer cell migration
and extravasation (and thus the ability to enter vascular vessels
and form distant metastasis) depend on the response of cells to
shear stress and the activation of RhoA GTPase.[37] In particu-
lar, the inhibition of Rho-associated protein kinase (ROCK) ren-
dered the cells unresponsive to shear stress and promoted cell
extravasation. As ROCK activity positively correlated to that of
YAP, ERM proteins, and membrane tension, the study reveals
that migrating cells may be more sensitive to NP targeting owing
to changes in membrane forces and organization, as previously
hypothesized by Wei et al.[158b] This evidence suggest the pos-
sibility of exploiting the deregulation of mechanosensing path-
ways in cancer cells to selectively target highly migrating cells and
cancers with pro-metastatic features. Cell mechanics are also in-
volved in the organization and structural assembly of the plasma
membrane and consequently may significantly influence the ki-
netics of cell–NP association.[163]

Further studies are needed to clarify the interconnection be-
tween mechanosensing and nanomaterials and particularly to as-
sess its pre-clinical and clinical value. Ideally, the role that cell
mechanobiology plays in cell–NP interactions and the functions
of the main pathways and effectors may have in improving the
delivery of NPs to cancer cells could be exploited to improve
the design of NPs, with the development and characterization of
more efficient nanomaterials in terms of interactions with cell
membranes.

In this matter, NPs engage with membranes via hydrophobic
and electrostatic interactions, which are influenced by the char-
acteristics of the NPs and the curvature of the membranes.[147]

The receptor-ligand approach is widely used to enhance these
interactions by modifying the surfaces of nanomedicines. Var-
ious nanomedicines have been developed to target different
membranes for better therapeutic outcomes,[164] and it has been
shown that physically adsorbed ligands tend to aggregate within
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Figure 13. Mechanical properties of the ECM and the mechanosensing components of the cells contribute to cell–NP interactions. A) The abundant
deposition of the ECM at the tumor influences the mechanical properties of the TME, driving the mechanical state of the cells to increased stiffness
and ultimately reducing the internalization of NPs by cancer cells. Targeting ECM deposition in cancer may effectively enhance tumor penetration of
nanomedicines, concurrently reduce the membrane tension of cancer cells, and thereby increase NP endocytosis. B) Different mechanosensing proteins,
such as mTOR, YAP, myosin II (MYH2), and FAK, have been proposed to regulate cell–NP interactions through a mechanobiology cascade. However,
the precise role of each protein, their interplay, and the involvement of other components in this process remain unclear. The understanding of this
phenomenon is still in its infancy.

lipid bilayers, influencing membrane integrity and boosting cel-
lular uptake.[147] Therefore, the choice of the right ligand and the
most appropriate bioconjugation strategy is essential for achiev-
ing effective targeting.[147]

It is worth mentioning that mechanical forces can be strategi-
cally harnessed in an active way to overcome the challenges posed
by the tumoral ECM, aiming to modulate immune responses
and enhance drug delivery. To this end, medical nanorobots have
been designed to exploit power sources such as near-infrared
light, ultrasound, or magnetic forces.[165] These nanorobots dif-
fer from conventional nanomaterials as they rely on active power
systems to target the desired cell or tissue rather than pas-
sive mechanisms.[165] For instance, magnetic nanorobots can
generate mechanical cues that guide macrophage polarization,
allowing it to shift immune responses to a more therapeu-
tic state.[166] Additionally, biomimetic nanorobots with near-
infrared-triggered capabilities can penetrate dense tumor stroma,
breaking down ECM barriers and improving drug distribution
within tumors.[167] These innovative approaches leverage me-

chanical forces to overcome ECM-related obstacles, opening new
possibilities for effective cancer therapies targeting the TME.

6. Conclusion

A comprehensive understanding of the relationship between the
evolving ECM and tumor cells is essential for advancing ef-
fective cancer screening and prevention programs. This knowl-
edge would enable the prediction of disease progression and the
identification of functional and compositional changes occurring
within the TME during disease progression.[1] Similarly, the de-
velopment of advanced nanodrugs should consider the proper-
ties of the tumor ECM that determine their successful applica-
tion in cancer treatment. As cell mechanobiology is intrinsically
connected to the nature of the ECM, a thorough understanding of
the mechanosensing pathways involved in bio–nano interactions
can also be leveraged to improve the design of nanomaterials for
cancer treatment. Based on these assumptions, research on new
targets and drugs with modulated functions may, in the future,
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pave the way to the development of effective next-generation nan-
otherapies to address the challenges posed by cell targeting and
selective drug delivery through nanomedicines. Finally, the strat-
ification of patients based on disease-specific ECM features and
mechanobiology signatures, such as key components associated
with poor prognosis and evidence of stromal invasion, is essential
for tailoring the most appropriate therapeutic regimen, leverag-
ing the diverse array of anticancer treatments available, including
nanomedicines, to achieve optimal treatment outcomes.
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H. Ďuríková, A. Caravella, P. Fiore, G. Azzato, G. De Marco, A.
Lauria, V. Izzi, V. Bosáková, J. Fric, P. Filipensky, G. Forte, Matrix
Biology: Journal of the International Society for Matrix Biology 2024,
125, 12.

[59] S. Wilhelm, A. J. Tavares, Q. Dai, S. Ohta, J. Audet, H. F. Dvorak, W.
C. W. Chan, Nat. Rev. Mater. 2016, 1, 16014.

[60] B. Ouyang, W. Poon, Y.-N. Zhang, Z. P. Lin, B. R. Kingston, A. J.
Tavares, Y. Zhang, J. Chen, M. S. Valic, A. M. Syed, P. MacMillan,
J. Couture-Senécal, G. Zheng, W. C. W. Chan, Nat. Mater. 2020, 19,
1362.

[61] Y. Tian, T. Cheng, F. Sun, Y. Zhou, C. Yuan, Z. Guo, Z. Wang, Adv.
Colloid Interface Sci. 2024, 326, 103124.

[62] a) M. Li, Y. Zhang, Q. Zhang, J. Li, Mater. Today Bio. 16, 100364; b)
X. Xu, Y. Wu, X. Qian, Y. Wang, J. Wang, J. Li, Y. Li, Z. Zhang, Adv.
Healthcare Mater. 2022, 11, e2101428.

[63] a) L. R. Smith, S. Cho, D. E. Discher, Physiology (Bethesda) 2018, 33,
16; b) X. Zhang, S. Zhang, T. Wang, Stem Cell Research & Therapy
2022, 13, 415.

[64] H. De Belly, A. Stubb, A. Yanagida, C. Labouesse, P. H. Jones, E. K.
Paluch, K. J. Chalut, Cell Stem Cell 2021, 28, 273.

[65] C.-H. Heldin, K. Rubin, K. Pietras, A. Östman, Nat. Rev. Cancer 2004,
4, 806.

[66] T. Stylianopoulos, M. Z. Poh, N. Insin, M. G. Bawendi, D. Fukumura,
L. L. Munn, R. K. Jain, Biophys. J. 2010, 99, 1342.

[67] a) S. Zhang, Y. Moustafa, Q. Huo, ACS Appl. Mater. Interfaces 2014,
6, 21184; b) R. Walters, I. L. Medintz, J. B. Delehanty, M. H. Stewart,
K. Susumu, A. L. Huston, P. E. Dawson, G. Dawson, ASN neuro.
2015, 7, https://doi.org/10.1177/1759091415592389

[68] S. R. Bandara, T. G. Molley, H. Kim, P. A. Bharath, K. A. Kilian, C.
Leal, Mater. Horiz. 2020, 7, 125.

[69] a) R. Agarwal, P. Jurney, M. Raythatha, V. Singh, S. V. Sreenivasan,
L. Shi, K. Roy, Adv. Healthcare Mater. 2015, 4, 2269; b) M. Le Goas,
F. Testard, O. Taché, N. Debou, B. Cambien, G. Carrot, J.-P. Renault,
Langmuir 2020, 36, 10460.

[70] V. P. Chauhan, Z. Popovíc, O. Chen, J. Cui, D. Fukumura, M. G.
Bawendi, R. K. Jain, Angewandte Chemie (International ed. in English)
2011, 50, 11417.

[71] a) T. Jiang, B. Zhang, S. Shen, Y. Tuo, Z. Luo, Y. Hu, Z. Pang, X. Jiang,
ACS Appl. Mater. Interfaces 2017, 9, 31497; b) F. Xu, X. Huang, Y.
Wang, S. Zhou, Adv. Mater. 2020, 32, 1906745.

[72] a) H. Yao, X. Guo, H. Zhou, J. Ren, Y. Li, S. Duan, X. Gong, B. Du,
ACS Appl. Mater. Interfaces 2020, 12, 20214; b) X. Wang, J. Luo, L.
He, X. Cheng, G. Yan, J. Wang, R. Tang, J. Colloid Interface Sci. 2018,
525, 269; c) H. J. Li, J. Z. Du, X. J. Du, C. F. Xu, C. Y. Sun, H. X. Wang,
Z. T. Cao, X. Z. Yang, Y. H. Zhu, S. Nie, J. Wang, Proc. Natl. Acad. Sci.
USA 2016, 113, 4164.

[73] a) S. Ruan, X. Cao, X. Cun, G. Hu, Y. Zhou, Y. Zhang, L. Lu, Q. He,
H. Gao, Biomaterials 2015, 60, 100; b) C. Wong, T. Stylianopoulos, J.
Cui, J. Martin, V. P. Chauhan, W. Jiang, Z. Popovíc, R. K. Jain, M. G.
Bawendi, D. Fukumura, 2011, 108, 2426.

[74] B. D. Reddy, N. M. Beeraka, C. M. K. Chitturi, S. V. Madhunapantula,
Curr. Pharm. Des. 2021, 27, 3337.

[75] J. Wang, Y. Wang, H. Cao, H. Wang, J. Li, Y. Li, Y. Li, Z. Zhang, J.
Controlled Release 2020, 323, 59.

[76] A. B. Engin, D. Nikitovic, M. Neagu, P. Henrich-Noack, A. O. Docea,
M. I. Shtilman, K. Golokhvast, A. M. Tsatsakis, Part. Fibre Toxicol.
2017, 14, 22.

Adv. Sci. 2024, 2409898 2409898 (28 of 32) © 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202409898 by N

ational H
ealth A

nd M
edical R

esearch C
ouncil, W

iley O
nline L

ibrary on [10/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advancedscience.com
https://doi.org/10.1177/1759091415592389


www.advancedsciencenews.com www.advancedscience.com

[77] a) V. Raeesi, W. C. W. Chan, Nanoscale 2016, 8, 12524; b) S. Huo,
H. Ma, K. Huang, J. Liu, T. Wei, S. Jin, J. Zhang, S. He, X.-J. Liang,
Cancer Res. 2013, 73, 319.

[78] a) H. Cabral, Y. Matsumoto, K. Mizuno, Q. Chen, M. Murakami,
M. Kimura, Y. Terada, M. R. Kano, K. Miyazono, M. Uesaka, N.
Nishiyama, K. Kataoka, Nat. Nanotechnol. 2011, 6, 815; b) T. T.
Goodman, P. L. Olive, S. H. Pun, Int. J. Nanomed. 2007, 2, 265.

[79] a) J. A. Ataide, E. F. Gérios, P. G. Mazzola, E. B. Souto, Adv. Colloid
Interface Sci. 2018, 254, 48; b) D. Wu, X. Chen, J. Zhou, Y. Chen, T.
Wan, Y. Wang, A. Lin, Y. Ruan, Z. Chen, X. Song, W. Fang, H. Duan,
Y. Ping, Mater. Horiz. 2020, 7, 2929.

[80] a) H. S. Jung, P. Verwilst, A. Sharma, J. Shin, J. L. Sessler, J. S.
Kim, Chem. Soc. Rev. 2018, 47, 2280; b) P.-C. Lo, M. S. Rodríguez-
Morgade, R. K. Pandey, D. K. P. Ng, T. Torres, F. Dumoulin, Chem.
Soc. Rev. 2020, 49, 1041; c) S. Lee, H. Han, H. Koo, J. H. Na, H. Y.
Yoon, K. E. Lee, H. Lee, H. Kim, I. C. Kwon, K. Kim, Journal of Con-
trolled Release: Official Journal of The Controlled Release Society 2017,
263, 68; d) J. Kolosnjaj-Tabi, I. Marangon, A. Nicolas-Boluda, A. K.
A. Silva, F. Gazeau, Pharmacological Research 2017, 126, 123; e) D.
Zhang, F. Feng, Q. Li, X. Wang, L. Yao, Biomaterials 2018, 173, 22; f)
D. G. You, H. Y. Yoon, S. Jeon, W. Um, S. Son, J. H. Park, I. C. Kwon,
K. Kim, Nano Convergence 2017, 4, 30.

[81] S. Piehler, L. Wucherpfennig, F. L. Tansi, A. Berndt, R. Quaas, U.
Teichgraeber, I. Hilger, Nanomedicine: Nanotechnology, Biology, and
Medicine 2020, 28, 102183.

[82] a) F. L. Tansi, F. Fröbel, W. O. Maduabuchi, F. Steiniger, M.
Westermann, R. Quaas, U. K. Teichgräber, I. Hilger, Nanomaterials
(Basel, Switzerland) 2021, 11, 438; b) H. Gong, Y. Chao, J. Xiang, X.
Han, G. Song, L. Feng, J. Liu, G. Yang, Q. Chen, Z. Liu, Nano Lett.
2016, 16, 2512; c) J. Li, C. Xie, J. Huang, Y. Jiang, Q. Miao, K. Pu,
2018, 57, 3995.

[83] C. C. DuFort, K. E. DelGiorno, M. A. Carlson, R. J. Osgood, C. Zhao,
Z. Huang, C. B. Thompson, R. J. Connor, C. D. Thanos, J. Scott
Brockenbrough, P. P. Provenzano, G. I. Frost, H. Michael Shepard,
S. R. Hingorani, Biophys. J. 2016, 110, 2106.

[84] H.-R. Lan, F. Lin, Q. Zhou, L. Huang, K. Jin, 2016.
[85] a) H. Zhao, J. Xu, Y. Wang, C. Sun, L. Bao, Y. Zhao, X. Yang, Y. Zhao,

ACS Nano 2022, 16, 3070; b) H. Zhao, J. Xu, C. Feng, J. Ren, L. Bao,
Y. Zhao, W. Tao, Y. Zhao, X. Yang, Adv. Mater. 2022, 34, 2106390.

[86] Y. Fan, W. Du, B. He, F. Fu, L. Yuan, H. Wu, W. Dai, H. Zhang,
X. Wang, J. Wang, X. Zhang, Q. Zhang, Biomaterials 2013, 34,
2277.

[87] X. Gao, J. Zhang, Z. Huang, T. Zuo, Q. Lu, G. Wu, Q. Shen, ACS Appl.
Mater. Interfaces 2017, 9, 29457.

[88] a) Y. Xie, Y. Hang, Y. Wang, R. Sleightholm, D. R. Prajapati, J. Bader,
A. Yu, W. Tang, L. Jaramillo, J. Li, R. K. Singh, D. Oupický, ACS Nano
2020, 14, 255; b) J. Fan, G. Xu, Z. Chang, L. Zhu, J. Yao, Clinical
science 2020, 134, 807.

[89] X. Han, Y. Li, Y. Xu, X. Zhao, Y. Zhang, X. Yang, Y. Wang, R. Zhao, G.
J. Anderson, Y. Zhao, G. Nie, Nat. Commun. 2018, 9, 3390.

[90] a) S.-B. Wang, Z.-X. Chen, F. Gao, C. Zhang, M.-Z. Zou, J.-J. Ye, X.
Zeng, X.-Z. Zhang, Biomaterials 2020, 234, 119772; b) T. Ji, J. Lang,
J. Wang, R. Cai, Y. Zhang, F. Qi, L. Zhang, X. Zhao, W. Wu, J. Hao, Z.
Qin, Y. Zhao, G. Nie, ACS Nano 2017, 11, 8668.

[91] T. Fang, J. Zhang, T. Zuo, G. Wu, Y. Xu, Y. Yang, J. Yang, Q. Shen, ACS
Appl. Mater. Interfaces 2020, 12, 31292.

[92] Y. Chen, W. Song, L. Shen, N. Qiu, M. Hu, Y. Liu, Q. Liu, L. Huang,
ACS Nano 2019, 13, 1751.

[93] a) L. Hou, D. Chen, R. Wang, R. Wang, H. Zhang, Z. Zhang, Z. Nie,
S. Lu, Angew Chem Int Ed Engl 2021, 60, 6581; b) B. Diop-Frimpong,
V. P. Chauhan, S. Krane, Y. Boucher, R. K. Jain, Proc Natl Acad Sci
2011, 108, 2909.

[94] A. Hauge, E. K. Rofstad, Journal of Translational Medicine 2020, 18,
207.

[95] J. E. Murphy, J. Y. Wo, D. P. Ryan, J. W. Clark, W. Jiang, B. Y. Yeap,
L. C. Drapek, L. Ly, C. V. Baglini, L. S. Blaszkowsky, C. R. Ferrone,
A. R. Parikh, C. D. Weekes, R. D. Nipp, E. L. Kwak, J. N. Allen, R. B.
Corcoran, D. T. Ting, J. E. Faris, A. X. Zhu, L. Goyal, D. L. Berger,
M. Qadan, K. D. Lillemoe, N. Talele, R. K. Jain, T. F. DeLaney, D. G.
Duda, Y. Boucher, C. Fernández-Del Castillo, et al., JAMA oncology
2019, 5, 1020.

[96] V. P. Chauhan, J. D. Martin, H. Liu, D. A. Lacorre, S. R. Jain, S. V.
Kozin, T. Stylianopoulos, A. S. Mousa, X. Han, P. Adstamongkonkul,
Z. Popovíc, P. Huang, M. G. Bawendi, Y. Boucher, R. K. Jain, Nat.
Commun. 2013, 4, 2516.

[97] a) X. Cun, J. Chen, M. Li, X. He, X. Tang, R. Guo, M. Deng, M. Li,
Z. Zhang, Q. He, ACS Appl. Mater. Interfaces 2019, 11, 39545; b) J.
Zhao, H. Wang, C. H. Hsiao, D. S. Chow, E. J. Koay, Y. Kang, X. Wen,
Q. Huang, Y. Ma, J. A. Bankson, S. E. Ullrich, W. Overwijk, A. Maitra,
D. Piwnica-Worms, J. B. Fleming, C. Li, Biomaterials 2018, 159, 215.

[98] S. K. Golombek, J. N. May, B. Theek, L. Appold, N. Drude, F.
Kiessling, T. Lammers, Adv. Drug Delivery Rev. 2018, 130, 17.

[99] a) F. Danhier, Journal of Controlled Release: Official Journal of the Con-
trolled Release Society 2016, 244, 108; b) S. Fernandes, M. Cassani, S.
Pagliari, P. Filipensky, F. Cavalieri, G. Forte, Curr. Med. Chem. 2020,
27, 7234.

[100] a) Q. Zhou, S. Shao, J. Wang, C. Xu, J. Xiang, Y. Piao, Z. Zhou, Q.
Yu, J. Tang, X. Liu, Z. Gan, R. Mo, Z. Gu, Y. Shen, Nat. Nanotechnol.
2019, 14, 799; b) S. Sindhwani, A. M. Syed, J. Ngai, B. R. Kingston,
L. Maiorino, J. Rothschild, P. MacMillan, Y. Zhang, N. U. Rajesh, T.
Hoang, J. L. Y. Wu, S. Wilhelm, A. Zilman, S. Gadde, A. Sulaiman,
B. Ouyang, Z. Lin, L. Wang, M. Egeblad, W. C. W. Chan, Nat. Mater.
2020, 19, 566.

[101] B. R. Kingston, Z. P. Lin, B. Ouyang, P. MacMillan, J. Ngai, A. M.
Syed, S. Sindhwani, W. C. W. Chan, ACS Nano 2021, 15, 14080.

[102] a) X. Zhao, X. Yang, X. Wang, X. Zhao, Y. Zhang, S. Liu, G. J.
Anderson, S. J. Kim, Y. Li, G. Nie, ACS Nano 2021, 15, 14149; b)
Y. Huang, Y. Chen, S. Zhou, L. Chen, J. Wang, Y. Pei, M. Xu, J. Feng,
T. Jiang, K. Liang, S. Liu, Q. Song, G. Jiang, X. Gu, Q. Zhang, X. Gao,
J. Chen, Nat. Commun. 2020, 11, 622.

[103] H. Sugimoto, T. M. Mundel, M. W. Kieran, R. Kalluri, Cancer Biol.
Therapy 2006, 5, 1640.

[104] L. Miao, J. M. Newby, C. M. Lin, L. Zhang, F. Xu, W. Y. Kim, M. G.
Forest, S. K. Lai, M. I. Milowsky, S. E. Wobker, L. Huang, ACS Nano
2016, 10, 9243.

[105] L. Miao, Q. Liu, C. M. Lin, C. Luo, Y. Wang, L. Liu, W. Yin, S. Hu, W.
Y. Kim, L. Huang, Cancer Res. 2017, 77, 719.

[106] S. Zhou, Z. Zhen, A. V. Paschall, L. Xue, X. Yang, A. G. Bebin-
Blackwell, Z. Cao, W. Zhang, M. Wang, Y. Teng, G. Zhou, Z. Li, F.
Y. Avci, W. Tang, J. Xie, Adv. Funct. Mater. 2021, 31.

[107] Z. Wang, Q. Yang, Y. Tan, Y. Tang, J. Ye, B. Yuan, W. Yu, Frontiers in
cell and developmental biology 2021, 9, 613534.

[108] L. Wang, H. Yang, P. Dorn, S. Berezowska, F. Blank, C. Wotzkow, T.
M. Marti, R.-W. Peng, N. Harrer, W. Sommergruber, G. J. Kocher, R.
A. Schmid, S. R. R. Hall, eBioMedicine 2021, 73, 103664.

[109] T. Haber, Y. R. Cornejo, S. Aramburo, L. Flores, P. Cao, A. Liu, R.
Mooney, M. Gilchrist, R. Tirughana, U. Nwokafor, W. Abidi, E. Han,
T. Dellinger, M. T. Wakabayashi, K. S. Aboody, J. M. Berlin, Proc. Natl.
Acad. Sci. USA 2020, 117, 19737.

[110] M. A. Miller, Y.-R. Zheng, S. Gadde, C. Pfirschke, H. Zope, C.
Engblom, R. H. Kohler, Y. Iwamoto, K. S. Yang, B. Askevold, N.
Kolishetti, M. Pittet, S. J. Lippard, O. C. Farokhzad, R. Weissleder,
Nat. Commun. 2015, 6, 8692.

[111] Q. Dai, S. Wilhelm, D. Ding, A. M. Syed, S. Sindhwani, Y. Zhang, Y.
Y. Chen, P. MacMillan, W. C. W. Chan, ACS Nano 2018, 12, 8423.

[112] a) J. Luo, T. Gong, L. Ma, Carbohydr. Polym. 2020, 249, 116887; b)
M. R. Villegas, A. Baeza, A. Noureddine, P. N. Durfee, K. S. Butler, J.
O. Agola, C. J. Brinker, M. Vallet-Regí, Chem. Mater. 2018, 30, 112.

Adv. Sci. 2024, 2409898 2409898 (29 of 32) © 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202409898 by N

ational H
ealth A

nd M
edical R

esearch C
ouncil, W

iley O
nline L

ibrary on [10/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

[113] H. Wang, X. Han, Z. Dong, J. Xu, J. Wang, Z. Liu, 2019, 29, 1902440.
[114] Y. Wang, Z. Gao, X. Du, S. Chen, W. Zhang, J. Wang, H. Li, X. He, J.

Cao, J. Wang, Biomater. Sci. 2020, 8, 5121.
[115] S. Wang, Y. Yang, P. Ma, Y. Zha, J. Zhang, A. Lei, N. Li, eBioMedicine

2022, 76, 103873.
[116] a) F. T. Andón, E. Digifico, A. Maeda, M. Erreni, A. Mantovani, M.

J. Alonso, P. Allavena, Semin. Immunol. 2017, 34, 103; b) Y. He,
R. F. de Araújo Júnior, L. J. Cruz, C. Eich, Pharmaceutics 2021, 13,
1670.

[117] a) C. M. Nelson, M. J. Bissell, Annu. Rev. Cell Dev. Biol. 2006, 22, 287;
b) G. Helmlinger, P. A. Netti, H. C. Lichtenbeld, R. J. Melder, R. K.
Jain, Nat. Biotechnol. 1997, 15, 778.

[118] Z. Rekad, V. Izzi, R. Lamba, D. Ciais, E. Van Obberghen-Schilling,
Matrix biology: journal of the International Society for Matrix Biology
2022, 111, 26.

[119] A. Z. Unal, J. L. West, Bioconjugate Chem. 2020, 31, 2253.
[120] A. E. Gilchrist, S. Lee, Y. Hu, B. A. C. Harley, 2019, 8, 1900751.
[121] W. He, Q. Wang, X. Tian, G. Pan, Exploration 2022, 2, 20210093.
[122] S. Pozzi, A. Scomparin, S. Israeli Dangoor, D. Rodriguez Ajamil, P.

Ofek, L. Neufeld, A. Krivitsky, D. Vaskovich-Koubi, R. Kleiner, P. Dey,
S. Koshrovski-Michael, N. Reisman, R. Satchi-Fainaro, Adv. Drug De-
livery Rev. 2021, 175, 113760.

[123] L. Neufeld, E. Yeini, S. Pozzi, R. Satchi-Fainaro, Nat. Rev. Cancer
2022, 22, 679.

[124] L. Neufeld, E. Yeini, N. Reisman, Y. Shtilerman, D. Ben-Shushan, S.
Pozzi, A. Madi, G. Tiram, A. Eldar-Boock, S. Ferber, R. Grossman,
Z. Ram, R. Satchi-Fainaro, Sci. Adv. 2021, 7, eabi9119.

[125] F. Arends, C. Nowald, K. Pflieger, K. Boettcher, S. Zahler, O. Lieleg,
PLoS One 2015, 10, e0118090.

[126] a) G. S. van Tienderen, O. Rosmark, R. Lieshout, J. Willemse, F. de
Weijer, L. Elowsson Rendin, G. Westergren-Thorsson, M. Doukas,
B. Groot Koerkamp, M. E. van Royen, L. J. W. van der Laan, M. M.
A. Verstegen, Acta Biomater. 2023, 158, 115; b) B. Yi, Q. Xu, W. Liu,
Bioactive Materials 2022, 15, 82.

[127] A. R. Perestrelo, A. C. Silva, J. O.-D. L. Cruz, F. Martino, V. Horváth,
G. Caluori, O. Polanský, V. Vinarský, G. Azzato, G. d. Marco,
V. Žampachová, P. Skládal, S. Pagliari, A. Rainer, P. Pinto-do-
Ó, A. Caravella, K. Koci, D. S. Nascimento, G. Forte, 2021, 128,
24.

[128] A. E. Mayorca-Guiliani, C. D. Madsen, T. R. Cox, E. R. Horton, F. A.
Venning, J. T. Erler, Nat. Med. 2017, 23, 890.

[129] A. Naba, O. M. T. Pearce, A. Del Rosario, D. Ma, H. Ding, V. Rajeeve,
P. R. Cutillas, F. R. Balkwill, R. O. Hynes, J. Proteome Res. 2017, 16,
3083.

[130] R. de Andrade Natal, J. Adur, C. L. Cesar, J. Vassallo, Surgical and
Experimental Pathology 2021, 4, 7.

[131] S. Kim, S. Min, Y. S. Choi, S.-H. Jo, J. H. Jung, K. Han, J. Kim, S. An,
Y. W. Ji, Y.-G. Kim, S.-W. Cho, Nat. Commun. 2022, 13, 1692.

[132] a) J. Drost, H. Clevers, Nat. Rev. Cancer 2018, 18, 407; b) E. Driehuis,
K. Kretzschmar, H. Clevers, Nat. Protoc. 2020, 15, 3380; c) B. L.
LeSavage, R. A. Suhar, N. Broguiere, M. P. Lutolf, S. C. Heilshorn,
Nat. Mater. 2022, 21, 143.

[133] V. Veninga, E. E. Voest, Cancer Cell 2021, 39, 1190.
[134] P. Guo, D. Liu, K. Subramanyam, B. Wang, J. Yang, J. Huang, D. T.

Auguste, M. A. Moses, Nat. Commun. 2018, 9, 130.
[135] Y. Hui, X. Yi, D. Wibowo, G. Yang, A. P. J. Middelberg, H. Gao, C. X.

Zhao, Sci. Adv. 2020, 6, eaaz4316.
[136] M. J. Mitchell, M. M. Billingsley, R. M. Haley, M. E. Wechsler, N. A.

Peppas, R. Langer, Nat. Rev. Drug Discovery 2021, 20, 101.
[137] G. H. Zhu, A. B. C. Gray, H. K. Patra, Trends Pharmacol. Sci. 2022,

43, 709.
[138] S. Zalba, T. L. M. ten Hagen, C. Burgui, M. J. Garrido, J. Controlled

Release 2022, 351, 22.
[139] Y. Herdiana, N. Wathoni, S. Shamsuddin, M. Muchtaridi, OpenNano

2022, 7, 100048.

[140] a) Q. A. Besford, F. Cavalieri, F. Caruso, Adv. Mater. 2020, 32,
1904625; b) A. Radziwon, S. K. Bhangu, S. Fernandes, C. Cortez-
Jugo, R. De Rose, B. Dyett, M. Wojnilowicz, P. Laznickova, J. Fric, G.
Forte, F. Caruso, F. Cavalieri, Nanoscale 2022, 14, 3452.

[141] H. Gavilán, S. K. Avugadda, T. Fernández-Cabada, N. Soni, M.
Cassani, B. T. Mai, R. Chantrell, T. Pellegrino, Chem. Soc. Rev. 2021,
50, 11614.

[142] R. S. Riley, E. S. Day, Wiley Interdiscip Rev Nanomed Nanobiotechnol
2017, 9, e1449.

[143] Q. Cheng, T. Wei, L. Farbiak, L. T. Johnson, S. A. Dilliard, D. J.
Siegwart, Nat. Nanotechnol. 2020, 15, 313.

[144] S. A. Dilliard, Q. Cheng, D. J. Siegwart, Proc. Natl. Acad. Sci. USA
2021, 118, e2109256118.

[145] a) M. P. Monopoli, C. Åberg, A. Salvati, K. A. Dawson, Nat. Nan-
otechnol. 2012, 7, 779; b) A. Salvati, A. S. Pitek, M. P. Monopoli, K.
Prapainop, F. B. Bombelli, D. R. Hristov, P. M. Kelly, C. Åberg, E.
Mahon, K. A. Dawson, Nat. Nanotechnol. 2013, 8, 137; c) V. Francia,
K. Yang, S. Deville, C. Reker-Smit, I. Nelissen, A. Salvati, ACS Nano
2019, 13, 11107.

[146] K. Yokoi, M. Kojic, M. Milosevic, T. Tanei, M. Ferrari, A. Ziemys, Can-
cer Res. 2014, 74, 4239.

[147] H. Zhao, Y. Wang, L. Bao, C. Chen, Acc. Mater. Res. 2022, 3, 812.
[148] L. Tomasetti, M. Breunig, Adv. Healthcare Mater. 2018, 7, 1700739.
[149] a) Z. Xu, Y. Wang, L. Zhang, L. Huang, ACS Nano 2014, 8, 3636; b)

Z. Q. Zuo, K. G. Chen, X. Y. Yu, G. Zhao, S. Shen, Z. T. Cao, Y. L. Luo,
Y. C. Wang, J. Wang, Biomaterials 2016, 82, 48.

[150] M. A. Swartz, M. E. Fleury, Annu. Rev. Biomed. Eng. 2007, 9, 229.
[151] a) C. Chang, Z. Werb, Trends Cell Biol. 2001, 11, S37; b) I.

Stamenkovic, Semin. Cancer Biol. 2000, 10, 415.
[152] a) D. J. McGrail, Q. M. Kieu, M. R. Dawson, J. Cell Sci. 2014, 127,

2621; b) T. Moroishi, T. Hayashi, W.-W. Pan, Y. Fujita, M. V. Holt, J.
Qin, D. A. Carson, K.-L. Guan, Cell 2016, 167, 1525.

[153] L. Zhang, D. Zhao, Y. Wang, W. Zhang, J. Zhang, J. Fan, Q. Zhan, J.
Chen, Mol. Carcinog. 2021, 60, 113.

[154] Y. Lan, D. Zhang, C. Xu, K. W. Hance, B. Marelli, J. Qi, H. Yu, G.
Qin, A. Sircar, V. M. Hernández, M. H. Jenkins, R. E. Fontana, A.
Deshpande, G. Locke, H. Sabzevari, L. Radvanyi, K.-M. Lo, 2018,
10, eaan5488.

[155] R. J. Slack, S. J. F. Macdonald, J. A. Roper, R. G. Jenkins, R. J. D.
Hatley, Nat. Rev. Drug Discovery 2022, 21, 60.

[156] A. Wang-Gillam, K. H. Lim, R. McWilliams, R. Suresh, A. C. Lockhart,
A. Brown, M. Breden, J. I. Belle, J. Herndon, S. J. Bogner, K.
Pedersen, B. Tan, N. Boice, A. Acharya, M. Abdiannia, F. Gao, H. H.
Yoon, M. Zhu, N. A. Trikalinos, L. Ratner, O. Aranha, W. G. Hawkins,
B. H. Herzog, D. G. DeNardo, Clin. Cancer Res. 2022, 28, 5254.

[157] a) B. Diop-Frimpong, V. P. Chauhan, S. Krane, Y. Boucher, R. K. Jain,
Proc. Natl. Acad. Sci. USA 2011, 108, 2909; b) Z. Zhou, Y. Yan, Q.
Zhang, Y. Cheng, Biomater. Sci. 2020, 8, 1658.

[158] a) C. Huang, P. J. Butler, S. Tong, H. S. Muddana, G. Bao, S. Zhang,
Nano Lett. 2013, 13, 1611; b) Q. Wei, C. Huang, Y. Zhang, T. Zhao,
P. Zhao, P. Butler, S. Zhang, Adv. Mater. 2018, 30, 1707464; c) P.
Fattahi, Y.-T. Yeh, T. Zhao, M. Younesi, C. Huang, M. Terrones, S.
Zheng, J. L. Brown, D. D. Huh, S. Zhang, P. J. Butler, Adv. Mater.
Interfaces 2023, 10, 2300137.

[159] J. L. Voigt, J. Timmer, F. Pennarola, J. Christian, N. Meng, J. W.
Blumberg, U. S. Schwarz, D. Grimm, E. A. Cavalcanti-Adam, Ad-
vanced functional materials 2024, 34, 2304674.

[160] A. Lee, M. Sousa de Almeida, D. Milinkovic, D. Septiadi, P.
Taladriz-Blanco, C. Loussert-Fonta, S. Balog, A. Bazzoni, B. Rothen-
Rutishauser, A. Petri-Fink, Nanoscale 2022, 14, 15141.

[161] G. Halder, S. Dupont, S. Piccolo, Nat. Rev. Mol. Cell Biol. 2012, 13,
591.

[162] A. Athirasala, S. Patel, P. P. Menezes, J. Kim, A. Tahayeri, G. Sahay, L.
E. Bertassoni, Nanomedicine: Nanotechnology, Biology and Medicine
2022, 42, 102550.

Adv. Sci. 2024, 2409898 2409898 (30 of 32) © 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202409898 by N

ational H
ealth A

nd M
edical R

esearch C
ouncil, W

iley O
nline L

ibrary on [10/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advancedscience.com


www.advancedsciencenews.com www.advancedscience.com

[163] M. Cassani, F. Niro, H. Durikova, S. Morazzo, D. Pereira-Sousa, S.
Fernandes, J. Vrbsky, J. Oliver-De La Cruz, S. Klimovic, J. Pribyl, T.
Loja, P. Skladal, F. Caruso, G. Forte, bioRxiv 2024, https://doi.org/
10.1101/2024.07.07.599665.

[164] S. K. Bhangu, S. Fernandes, G. L. Beretta, S. Tinelli, M. Cassani,
A. Radziwon, M. Wojnilowicz, S. Sarpaki, I. Pilatis, N. Zaffaroni, G.
Forte, F. Caruso, M. Ashokkumar, F. Cavalieri, Adv. Mater. 2022, 34,
2107964.

[165] X. Kong, P. Gao, J. Wang, Y. Fang, K. C. Hwang, J. Hematol. Oncol.
2023, 16, 74.

[166] J. Jiang, F. Wang, W. Huang, J. Sun, Y. Ye, J. Ou, M. Liu, J. Gao, S.
Wang, D. Fu, B. Chen, L. Liu, F. Peng, Y. Tu, Exploration 2023, 3,
20220147.

[167] M. Yan, Q. Chen, T. Liu, X. Li, P. Pei, L. Zhou, S. Zhou, R. Zhang, K.
Liang, J. Dong, X. Wei, J. Wang, O. Terasaki, P. Chen, Z. Gu, L. Jiang,
B. Kong, Nat. Commun. 2023, 14, 4628.

Marco Cassani obtained his Ph.D. at the IIT of Genoa in 2018. In 2019, he was awarded a Marie Curie
fellowship co-funded by the Italian Association for Cancer Research and the European Research Coun-
cil, where he investigated the role of mechanobiology in cancer development. In 2021, he received
a Marie Curie Global Fellowship to investigate bio–nano interactions in cancer cells. In 2023, he re-
ceived support from the Ministry of Health of the Czech Republic to design RNA-based nanotherapeu-
tics using breast cancer organoids. His research focuses on studying the role of mechanical cues in the
interactions between cells and nanomaterials.

Soraia Fernandes obtained her Ph.D. in Natural Sciences from the University of Regensburg in collab-
oration with the University of Genoa and the Italian Institute of Technology under the EU-ITN network
Mag(net)icFun (PITN-GA-2012-290248). Since 2019, she has been working as a Senior Postdoctoral
Researcher at the International Clinical Research Center (ICRC) of the St. Anne’s University Hospital
in Brno, Czech Republic. In April 2023, she joined Frank Caruso’s group at the University of Melbourne
as a honorary fellow under the H2020 Marie Skłodowska-Curie Actions grant agreement no. 872233
(“PEPSA-MATE”). Her research focuses on studying solid tumor biology and its interactions with
nanomaterials.

Stefania Pagliari obtained her Ph.D. from the University of Rome “Tor Vergata” in 2011 and took up
a Japan Society for the Promotion of Science postdoctoral position at the National Institute for Ma-
terials Science. In 2013, she became a senior postdoctoral fellow at the ICRC of St. Anne’s University
Hospital Brno. She is currently a postdoctoral research associate at the British Heart Foundation Cen-
tre of Excellence at the School of Cardiovascular and Metabolic Medicine and Sciences, King’s College
London. Her research focuses on the molecular basis of pathological mechanosensing in cancer and
cardiovascular systems.

Adv. Sci. 2024, 2409898 2409898 (31 of 32) © 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202409898 by N

ational H
ealth A

nd M
edical R

esearch C
ouncil, W

iley O
nline L

ibrary on [10/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advancedscience.com
https://doi.org/10.1101/2024.07.07.599665
https://doi.org/10.1101/2024.07.07.599665


www.advancedsciencenews.com www.advancedscience.com

Francesca Cavalieri received her Laurea degree, ‘maxima cum laude,’ in Industrial Chemistry from the
University of Rome “La Sapienza” and Ph.D. in Chemistry from the University of Melbourne. She was
awarded many competitive research fellowships, including an ARC Future Fellowship and an RMIT
Vice Chancellor Senior Research Fellowship. Since 2014, she has received research grants from ARC,
National Health and Medical Research Council, Horizon2020, and Horizon Europe funding schemes.
She has made key contributions to the bioengineering of nanoparticles based on polysaccharides,
proteins, and nucleic acids for biomedical applications, resulting in>130 peer-reviewed publications
in top journals.

Frank Caruso is a Melbourne Laureate Professor and an NHMRC Leadership Investigator Fellow at
the University of Melbourne. He received his Ph.D. in 1994 from the University of Melbourne and
thereafter conducted postdoctoral research at CSIRO Division of Chemicals and Polymers. From
1997 to 2002, he was a Humboldt Research Fellow and Group Leader at the Max Planck Institute of
Colloids and Interfaces (Germany). Since 2003, he has been a professor at the University of Melbourne
and has held ARC Federation and ARC Australian Laureate Fellowships. His research interests focus
on developing advanced nano- and biomaterials for biotechnology and medicine.

Giancarlo Forte is a senior lecturer in Cardiac Mechanobiology at British Heart Foundation Centre
of Excellence at the School of Cardiovascular and Metabolic Medicine and Sciences, King’s College
London. He is the Principal Investigator of the Mechanobiology of Disease group at the ICRC of St.
Anne’s University Hospital Brno. He obtained his Ph.D. from the University of Rome “Tor Vergata”,
conducted his postdoctoral research at the Italian Institute for Cardiovascular Research, and started
an independent career at the National Institute for Materials Science, Japan. In 2014, he founded the
Center for Translational Medicine at ICRC. His research focuses on pathological mechanosensing
in cardiovascular diseases and cancer. The extracellular matrix (ECM) plays a key role in cancer de-
velopment and progression and significantly influences the therapeutic efficacy of nanomedicine. A
better understanding of the nature of tumor ECM and mechanobiology is expected to contribute to
the development of improved nanomaterial design and drug delivery, advancing the translation of
nanoparticle-based therapies in cancer treatment.

Adv. Sci. 2024, 2409898 2409898 (32 of 32) © 2024 The Author(s). Advanced Science published by Wiley-VCH GmbH

 21983844, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/advs.202409898 by N

ational H
ealth A

nd M
edical R

esearch C
ouncil, W

iley O
nline L

ibrary on [10/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advancedscience.com

